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Abstract: To measure the angles of oblique surface cracks on a specimen, the method
of using the time difference between the reflected and scattered waves generated by the
interaction of the surface waves and the crack is proposed. Based on the reflection and
scattering waves’ paths at the surface crack, an analytical equation that involves the crack
depth, width, and inclined angle is developed. On the basis of establishing the ratio of
width to depth, At-@ curves and estimated error images without the width term can be
analyzed in detail. The finite element simulation and experimental results for aluminum
alloy samples show that a crack’s angle can be detected using the time difference method.
The effects of the width term in the analytical equation on the estimated angles of the
surface cracks are also verified. Measurement of the quantitative angle of inclined surface
cracks is first regarded as a multiparameter inversion problem. The simulation and the
experimental discussion of the interrelation between the depth, width, and angle of the
inclined surface crack in this work are very meaningful for quantitative determination
using laser ultrasound.

Keywords: laser ultrasonic; surface wave; crack angle measurement

1. Introduction

Surface cracks that are not detected in time will continue to expand due to the external
load, causing deterioration in the performance of the part, shortening the service time, and,
in severe cases, even causing the part to fracture, finally resulting in great safety hazards. A
crack is usually randomly distributed on the surface. Its dimensional parameters, such as
its width, depth, and angle, are key parameters directly affecting the speed of the crack’s
expansion from a microscopic to a macroscopic crack. Particularly for oblique cracks, the
angle of the crack determines the direction of expansion during its growth procedure. So,
how to quantitatively measure a crack’s angle is very worthy of deeper research.

Ultrasonic testing (UT) technology uses the transmission, reflection, and scattering
phenomena at the discontinuous interfaces generated by cracks to determine the mechanical
properties of detected materials. At the early stage, UT can only recognize and locate the
existence of large, open cracks according to the wave reflection and transmission at the
cracks during wave propagation [1]. After this point, the detection ability of UT is hugely
improved, and it can realize micro-crack and closed crack detection thanks to progress
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in electronic science and technology. To satisfy the ever more precise requirements in the
industrial field, a method for quantitively measuring cracks was developed. In addition,
another change in UT is the change from the traditional technique of using contact with a
specimen via liquid coupling to using non-contact methods suitable for detection under
harsh environments. Electromagnetic ultrasound [2], air-coupled ultrasound [3], and laser
ultrasonics [4] have emerged as new and non-contact UT methods. The laser ultrasonic
technique [5], which does not limit the detected material or the detection distance from the
specimen’s surface, was adopted in this work.

Laser ultrasonic inspection technology [6] has wide applications in defect detec-
tion [7,8], mechanical parameter measurement [9,10], and structural health monitoring [11]
due to advantages such as its wideband, high resolution, non-contact generation, and the
different wave types generated in one instance by a laser pump on the surface, including
longitudinal waves, shear waves, head waves, and Rayleigh waves. For surface crack
detection, Rayleigh waves are chosen as the detection waves on account of their propaga-
tion energy being concentrated at two times their wavelength deep under a specimen’s
surface, resulting in high sensitivity to surface imperfections. Research focused on Rayleigh
waves based on laser ultrasonics has demonstrated that they are an excellent tool for sizing
surface cracks. To simplify complex shapes and random distributions, the two kinds of
cracks studied in these publications are vertical and oblique cracks. To date, for vertical
cracks, crack depth measurement has been the main subject. Li [12] proposed a depth
measurement method that adopted a critical frequency for the energy conversion from
transmitted waves to reflected waves after the interaction of broadband Rayleigh waves
with rectangular cracks. Cooper [13] quantified the crack depth using the time difference
between reflected and slot-tip scattered waves to detect surface defects with depths of 0.1 to
0.5 mm. Jeong [14] also conducted an in-depth study of vertical cracks and used Cooper’s
method to quantitatively measure cracks with crack depths of 0.3-5 mm. Regarding the
research described above, Li’s methods are frequency methods, which are used to extract
the frequency characteristics of reflection and transmission acoustic signals to size the
crack depth. Cooper’s and Jeong’s methods are time domain methods that make use of
the time differences in wave propagation to quantify the crack depths. For oblique cracks,
Dutton [15] studied the amplitude and frequency enhancement behavior at oblique cracks
using a scanning laser line source or a detector to quantify the angle of the inclined cracks
and ultimately found that the scanning detector method was more suitable for detecting
oblique cracks. In terms of time domain measurement, Matsuda [16] established an an-
alytical equation by calculating the arrival times of waves along the surfaces of oblique
cracks to estimate the angles of these surface cracks. Ni [17] quantified the crack angles
based on the arrival times of different waves generated by a pulsed laser beam aimed
precisely at the cracks. During the process of measurement, the pulsed laser beam had
to be arranged to strike the crack precisely in both Matsuda’s method and Ni’s method.
In addition, in both Matsuda’s and Ni’s methods, the accuracy of the measurement was
affected if the laser’s position did not accurately irradiate directly above a surface crack.
According to the research described above, it can be seen that the time domain method is
an effective method for quantifying the depth of vertical cracks and the angles of inclined
cracks. However, the current time domain methods for quantifying the angles of inclined
cracks require the position of the surface crack to be known in order to direct the incident
laser accurately, leading to the failure of these measurement methods when the position
of a surface crack is not known. The methods for choosing the scattering waves for the
detection of surface cracks and determining their paths are key parts of many time domain
methods. In comparison to the other time domain methods, Cooper used a scattering wave
generated through mode conversion and reflected waves to size crack depths, and this
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measurement procedure did not require the position of the surface cracks to be known.
Meanwhile, Cooper’s method has not been applied to quantifying the angles of inclined
cracks. In addition, all of these publications about sizing surface cracks based on laser
ultrasonics regard the quantitative detection of surface cracks as a single-parameter inver-
sion problem. That is to say, the detection of oblique surface crack angles is realized using
one parameter, such as the amplitude capture [15] or the time difference in arrival [16,17].
However, surface cracks in the two-dimensional plane have three size parameters, such as
depth, width, and an inclined angle. For the quantitative detection of oblique surface crack
angles, the effects of the surface crack’s depth and width on the estimated results have
not been reported until now. So, the three-parameter inversion problem for sizing oblique
surface cracks is a more accurate detection method which will be studied in this work.

In this work, the arrival time difference method is applied to quantifying the angle of
oblique surface cracks using laser ultrasonics. The equation based on the wave propagation
path contains the three size parameters of the surface cracks, which are the angle, depth, and
width, all of which affect each other, allowing one of these three parameters to be measured
when the other values are known. The main project of this work is to quantify the angle
of oblique surface cracks. This work is mainly divided into four parts: (1) The interaction
between direct waves and cracks, producing transmission, reflection, and scattered waves,
is theoretically analyzed. (2) A finite element simulation using COMSOL Multiphysics
software verifies the applicability of the proposed formulas and analyzes the effect of
the surface crack’s width and depth on the accuracy of the angle measurement. (3) An
experimental platform for laser ultrasonic inspection is used to study aluminum alloy
samples, and the experimental results are analyzed in depth. (4) The main conclusions are
discussed in the final part.

2. Theoretical Analysis
2.1. Analytical Formula for Sizing Angle

An oblique surface crack is a crack starting from the material’s surface and ending at
a given location on the material, with a given angle between the crack interface and the
material’s surface. The anticlockwise direction is used in this work. The oblique angle of
a surface crack reaching from the side surface of a material to the vertical falls within 0°
to 90°. An angle of 90° is a special case for an oblique surface crack that is referred to as a
vertical crack. Based on the propagation process for acoustic waves and the formula for
depth measurements of straight rectangular defects proposed by Cooper [13], counterparts
can be obtained for oblique rectangular defects. Figure 1 depicts the acoustic propagation
process at an oblique angle defect with the depth d, width w, and inclination angle ¢.

Path 1 RR TR Path?2
————————— — — — — — — ————>
( ________

Path 3 RS
At

(a)The first mode conversion (c)The third mode conversion (b)The second mode conversion

Figure 1. The waveform conversion phenomenon at the tip of a surface defect.
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The waveform transition phenomenon at the tip of a defect is very complicated. The
main waveform in this process involves a reflected sound wave RR, a transmitted sound
wave TR, and a scattering wave RS at the tip of the defect, where the surface wave RS
is generated after the scattered wave S3 reaches the material’s surface. In Figure 1, the
surface wave propagation process is divided into three lines to allow for a clear analysis
of this process. The three lines are path 1 (labeled in black), the reflected surface wave
RR; path 2 (labeled in blue), the surface wave RT-SR1-SR,-TR; and path 3 (labeled in red),
RT-SR;-SR3-53-RS. The surface wave R excited by the laser propagates along the material’s
surface. When the surface wave encounters the left side of the defect, part of the component
is directly reflected by the defect, which directly constitutes the reflected surface wave RR
in path 1. Part of the component undergoes a mode shift at the defect boundary vertex, and
the resulting longitudinal wave and shear wave propagate to the lower left of the vertex
and radiate into the interior of the material. Since this mode transition is not analyzed
further in this article, it is not labeled in Figure 1. Another part of the component continues
to propagate forward along the defect’s surface to generate the surface wave RT. In the
process of propagation, the surface wave RT encounters the tip M on the left side of the
bottom of the defect and undergoes the first mode conversion, thereby branching out the
common SR; in path 2 and path 3. In this case, the point of impact M is equivalent to a
secondary sound source, and most of the energy of the acoustic signal propagating along
the defect’s surface radiates to the interior of the solid material as a shear wave signal in the
same direction as the original direction of propagation. The remaining part of the acoustic
wave’s energy continues to transmit along the bottom of the defect to generate the surface
wave SR; in the right direction. When the surface wave SR; encounters point N of the right
tip, the second mode conversion occurs, and the surface wave SR; in path 2 and the surface
wave SRj in path 3 are separated. The surface wave SR, propagates upward along the right
boundary of the defect and becomes the transmitted acoustic wave TR after reaching the
material’s surface. The surface wave SRj returns along the bottom of the defect, and the
third mode transition occurs at point M. Point M is regarded as another secondary sound
field, and most of the energy of SR3 enters the material along the bottom of the defect and
generates a shear wave S3 propagating along 0, which is equal to 30°, and continues to
transmit to the material’s surface and is converted into the surface wave RS. The angle 6
is a key parameter for calculating the path of the shear wave S3, and its value is verified
in Appendix A using a simulation method called the mass spring lattice model. The third
mode transition also generates a longitudinal wave, which propagates to the lower left
of point M and is not transmitted to the material’s surface and converted into a surface
wave. The reflected surface wave RR is the surface wave’s acoustic signal directly reflected
from the direct surface wave encountering the left surface of the defect in path 1, while
the tip-scattered surface wave RS is the surface wave’s acoustic signal generated by the
three mode conversions of the surface wave RT in path 3. According to this process, it can
be seen that the generation processes for the surface waves RR and RS are very different,
which leads to a time delay between these two waves, and this time delay is heavily related
to the depth, width, and angle of the oblique rectangular defect. Quantitative detection of a
defect’s geometric parameters provides detection methods. In this work, the time delay
of the different acoustic signals in path 1 and path 3 is used to measure the depth of the
surface defects. An equation for the relation between the angle ¢, depth d, and width w is
established, as shown in Equation (1):

_ 2u,sing + 20ssin(6 + @) — vs it 2w

At
2v,vssingsin(0 + @) Uy
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where v, and v; are the velocities of the surface wave and shear wave, respectively. Indeed,
At is a quantity that can be measured by observing the acquired wave signals, and 0 is the
scattering angle of the shear wave S3 of 30°. So, Equation (1) is an implicit function related
to the three size parameters of width w, depth d, and angle ¢. The detailed derivation
process for (1) can be seen in Appendix B. A three-parameter inversion problem using
Equation (1) is proposed in this work. According to a geometric model of a crack, a straight
crack can be regarded as an oblique crack with an angle of 90°. Therefore, when ¢ = 90° is
put into the equation, a calculation formula for the depth of a straight crack can be obtained.
The result is consistent with [13], which is well verified using the formula. When Jeong [14]
measured the depth, he did not consider the influence of width on the measured value, and
measurement errors could not be explained reasonably. Therefore, the influence of width
and depth on the angle measurement is needed for a further analysis.

2.2. The Curve of the Time Difference Versus the Angle

In measuring its angle using Equation (1), the depth d and width w of an oblique
surface crack also contribute to the measurement result. However, the effects of depth
d and width w are very different. The depth d is directly coupled with the angle of the
surface crack, but the width w is a correction item without any coupling with the angle
in Equation (1). So, the depth d cannot be ignored during quantitative determination
of a surface crack’s angle. The effect of the width w of the surface crack on the angle
measurement is an unknown problem to be solved. If the width w of the surface crack is
ignored in Equation (1), the calculation formula is transformed as follows:

_ 2v,sin ¢ 4 2vssin(0 + @) — vs
B 20,vssin gsin(0 + @)

At d )

Comparing Equations (1) and (2), the difference between them only lies in the subse-
2w
Or

difference. According to Equations (1) and (2), it is seen that the angle ¢ appears in the

quent term =%, which denotes the effect of the surface crack’s width on the arrival time
form of a trigonometric function, which then theoretically shows a critical value due to
Ising | <1.In order to analyze how the arrival time difference At based on Equations (1)
and (2) changes with the angle ¢, the depth d is set as 1 mm and the width w is set as
0.1 mm, and this crack size is chosen to highlight the relationship between the angle ¢
and time difference At. The At-@ curve is shown in Figure 2a. Figure 2b shows the first
derivatives of the two curves in Figure 2a, and the derivative curves of the two curves
coincide as one curve.

=N
e
(=

—-—- With the width term
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Figure 2. (a) The curve At-¢ based on Equations (1) and (2). (b) Equations (1) and (2) first-derivative
curve with respect to ¢.
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According to Figure 2a, it can be observed that with and without the term 2“’ , the
curves generated using Equations (1) and (2), respectively, follow the same trend in terms

2w is constant, so the trend in the

of their whole scope. The reason for this is that the term
curve At-@ based on Equation (1) does not change w1th0ut the term %” Moreover, the
curve has two parts: one part of the curve is a monotone function when the crack angles
are 0-61.35°, and the other part corresponds to when the crack’s tilted angle is larger than
61.35°, and the curve adheres to the phenomenon of decreasing first and then slightly
increasing. With the angle ranging within 61.35-90°, there is a pole point in the At-@ curve,
which is the minimum of the curve, leading to the two-valued function of the curve in
this range.

The time difference At at an angle of 61.35°and at an angle of 90° are the same at
0.585 us, which can be read directly on the curves. To verify this phenomenon, according to
Figure 2b, the first-derivative curve arrives at zero at a surface angle of 75.66°, which is the
pole of the curve in Figure 2a, demonstrating that the curve is a two-valued function in the
range of 61.35-90°. For this reason, if the time difference in Equation (1) is 0.573-0.585 vs,
the angle of the surface crack cannot be measured precisely. So, the resolution range of the
measured angle using the proposed method in this work is 0-61.35° for a corresponding
time difference within 0.585-1.304 us.

In this paper, the error caused by ignoring the term Y is defined as

Err = Ang,, — Ang (3a)
A —A
Ertr = % (3b)
w

where Ar1gW and Ang are the estimated angles of the surface crack with and without the
term Y when the arrival time difference At is the same value. Err is the absolute error
defmed by Equation (3a), and Err,, are the relative errors defined by Equation (3b). For
example, in Figure 2a, if the arrival time difference At is 0.83 us the estimated angle at
point Al is 15.4° according to the curve At-¢ without the term W and the estimated angle
at point A2 is 20° according to the curve At-¢ with the term 2% resultmg in the absolute
error Err = 4.6°. In the same way, Angg; = 30.14° and Anng = 40° result in the absolute
error Err = 9.86°. It can be seen that the absolute error Err increases with the angle of the

surface crack by comparing the At-¢ curves with and without the term 2¥.

2.3. The Influence of Depth and Width on the Estimated Angles

In order to analyze the influence of depth d and width w on the estimated angles in
Equations (1) and (2), the relative errors Err, defined using Equation (3b) are analyzed.
Figure 3a shows the relative errors Erry| obtained by changing the width and depth with
the crack’s angle fixed at 45°. Figure 3b shows the relative errors Err,| obtained by changing
the width and depth with the ratio w/d fixed at 0.2.

It can be ascertained from Figure 3a that the relative errors Err, increase with the
width w and decrease with the depth d of the surface crack. In addition, when the ratio
w/d, defined by the width and depth of the surface crack, in Figure 3a is constant, Err,
of the crack angle are constant. To show this phenomenon in detail, the At-¢ curves with

2w

and without the term <% under the conditions of the depth d being 1 mm and the width

2w under the conditions of

being 0.2 mm and the At—(p curves with and without the term
the depth d being 0.5 mm and the width being 0.1 mm are calculated and presented in
Figure 3b. Though the depths and the widths of the surface cracks are different, their w/d
ratios are the same at 0.2. The angle at point A2 with the term @ is 40° That is to say,

Ang,, =40° in Equations (3a) and (3b) at point A2. Without the term Ang 23.23° in
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Equations (3a) and (3b) at point A2. In the same way, Ang,, = 40° and Ang = 23.23° in
Equations (3a) and (3b) at point B2 and point B1, respectively. It can evidently be seen that
both the absolute error Err and the relative errors Err, are the same at point A2 and point
B2 though their depths and widths are different. This is very important for analyzing the
effect of the width w and the depth d of a surface crack on the quantitative measurement
of its angle. As discussed about Equation (1), the angle inversion problem is an implicit
function related to the three size parameters of width w, depth d, and angle ¢. Given that
Err,e of the crack angle are constant when the ratio w/d of the surface crack is constant, the
width w and the depth d of the surface crack are replaced by the w/d ratio when evaluating
the angle of the surface crack. On this basis, the three-parameter inversion problem is
reduced into a two-parameter problem. A plot of Err,, with the ratio w/d versus the angle
is shown in Figure 4.

EITrel 1.8 " :
2.0 i With the width term,d=1mm,w=0.2mm
: 1.6 o Without the width term,d=1mm,w=0.2mm
1.8 0.9030 — - — With the width term,d=0.5mm,w=0.1mm
16 0.8060 1.4 |— Without the width term,d=0.5mm,w=0.Imm
1.4 0.7090
g 12 0.6120 )
= 0.5150 A9=16.77
B, 1.0
5 0.4180
A 08
0.3210
0.6 0.2240
0.4 0.1270
0.2 0.03000 0 202323 40 60 80
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 o
Width(mm) Angle (°)
(a) (b)

Figure 3. (a) The relative errors Err, obtained with the crack angle fixed at 45°. (b) The relative
errors Err,, obtained with the ratio w/d fixed at 0.2.
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0.5600

0.4720

0.3840

0.2960

0.2080

0.1200
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Angle(°)

Figure 4. The relative errors Err, by the ratio w/d versus the angle.

The pixels in Figure 4 are labeled in different colors that denote the relative errors
Errye). The plot of Err, presents a complex distribution with the ratio w/d and the angle.
At the same angle, the relative errors Err, increase with the ratio w/d. However, at a ratio
w/d less than 0.8, Erry,| change with the angle. Meanwhile, at some angles, the relative
errors Err, are equal to one. And when the ratio w/d is greater than 0.8, the relative errors
Err, are always close to one. These zones where the relative errors Err, are equal to
one due to Ang in Equation (3b) are set at zero. The reason for Ang = 0° is that the angle
measurement method based on Equation (2) does not work because the width w of the
surface crack cannot be ignored. To analyze this phenomenon in detail, three dashed lines
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in black are shown at w/d ratios of 0.5, 0.05, and 3.33, respectively. Their curves At-¢ are
shown in Figure 5.

1.0 32
o |7~ With the width term ==+ With the width term
" |—— Without the width term 2.8 |— Without the width term
08 =~ At=2.54ps
07 F 24 R
— «— At=0.63us a \\ At=2.472us
206p A=0.494y1s,9=12.07° S 20 \
= O 5 At=1.078ps,p=75.66°
.o ; At=0.343p1s,90=61.35° L Q.
_ 1=0.494pis~ Line 1 @ 1.6
_________ . ‘s At=1.103ps,9=61.35°
03 F — 12 F ~=-_ |
=0.33815,0=75.66° e S, S
0.2 Line 2 r—
1 1 1 1 08 1 1 1 1
0 20 40 60 80 0 20 40 60 80
Angle (°) Angle (°)
(a) (b)
14 F—-—- With the width term
Y R Without the width term
1o [ ALOSTus At=0.836p15,6=61.35°

I Line 1 /

2 .
30.8 - /
o6k At=0.832ps,9=61.35°
0.4 e —At=0.371ps
0 N
1 1 1 1
0 20 40 60 80
Angle (°)
(c)

Figure 5. (a) The At-¢ curve based on Equations (1) and (2) at a ratio w/d = 0.5. (b) The At-¢ curve
based on Equations (1) and (2) at a ratio w/d = 0.05. (c) The At-¢ curve based on Equations (1) and
(2) at aratiow/d =3.33.

In Figure 5a—c, the curve which is calculated using Equation (1) is labeled Line 1, and
the curve which is calculated using Equation (2) is labeled Line 2. It can be seen that Line
1 and Line 2 are closest under w/d = 0.05 and the furthest apart from each other under
w/d =3.33. The smallest errors exist in Figure 5b, and the largest errors are shown in
Figure 5c. This is consistent with the results in Figure 4. For a ratio w/d = 0.05, the relative
errors Err are less than 0.35 when the angles range within 0~80°, and Err,, are greater
than 0.35 when the angles range within 80~90°. This is because both the At-¢ curves based
on Equations (1) and (2), respectively, are two-valued functions that have the lowest value
at 75.66°. So, when the measured angles are greater than 80°, the estimated errors Err, are
greatly increased. From the view of the dimension parameters of a surface crack, a ratio
w/d = 0.05 means that this surface crack has a relatively narrow width or a relatively long
depth. If the surface crack’s depth is constant, it is a crack that is narrow enough that the
angle measurement based on Equation (2) has low relative errors. This is also consistent
with Figure 4. If the ratio w/d is 3.33, the relative errors are equivalent to those in Figure 4.
It can be seen in Figure 5c that Line 1 is so far from Line 2 that no estimated angles exist at
both Line 1 and Line 2 under the same time difference. From a physical view, it is easy to
understand that when the ratio w/d is 3.33, the width is a very large value compared to the
depth of the surface crack, meaning that the width w cannot be ignored when quantifying
the angle of the surface crack. The two At-¢ curves when the w/d ratio is 0.5 are presented
in Figure 5a. When the angles range within 0~12.07°, the angle Ang at Line 2 has to be set
to zero in Equations (3a) and (3b) due to no angle Ang existing at Line 2 that corresponds
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to Angy, at Line 1. So, in Figure 4, in this angle range, at the line with a w/d ratio of 0.5,
this part of the image is labeled in red due to the relative errors being equal to one. It is
worth noting that even when Err, are one, or 100%, the estimated angle is regarded as
0°. In Figure 4, Erry of estimated angles from 20° to 70° are a little lower than those of
estimated angles from 70° to 90°. The reason for this is that the At-¢ curve is a two-valued
function, resulting in the estimated angles having larger Err, after the minimum value.
All in all, the At-¢ curve is a two-valued function in a given estimated angle range, and
this property increases the estimated errors. According to the Err, plot, the ratio w/d
heavily determines the effect of the width on the relative errors Err,|. And this effect is
also related to the estimated angles. So, the quantitative angles of inclined surface cracks
are complex inversion problems.

3. Analysis of the FEM Simulation and Results
3.1. Simulation Model

Two kinds of excitation sources usually used to generate acoustic waves in specimens
are spot sources [18] and line sources [19] according to the type of laser beam focusing
during laser ultrasonic detection. For the spot source type, the incident laser is focused
as a spot using a lens onto the surface of the specimen, and the Rayleigh wave generated
propagates from the spot’s position in all directions. The directivity of the Rayleigh wave
generated by a spot laser is weaker than that generated by a line source because the Rayleigh
wave generated by a line source only propagates in two opposite directions according to
the two sides of the excitation source [20]. So, in this paper, to obtain a vertically incident
Rayleigh wave at the surface crack, a line source is used to generate the Rayleigh waves
due to the better directivity of their propagation. In this study, in the two-dimensional
plane, the line source is described as a product of two Gaussian functions in the spatial and
time domains, which is shown as

s(x,t) = f(x)g(t)=e B -~ )

where xj is the laser operating point, Ry is the pulsed laser’s spot radius of 100 pm, and
tp is the rise time of the pulse laser at 15 ns. Figure 6 shows the spatial and temporal
functions of the line source laser. We set the material as aluminum metal, and the material’s
properties are shown in Table 1. Aluminum was chosen as the simulation medium with
a Rayleigh wave velocity of 2940 m/s because the same material was also used during
the experimental procedure. In this simulation model, the frequency and wavelength of
the Rayleigh wave generated by the line source are 1.5 MHz and 1.9 mm, respectively. A
rectangular model with a length of 30 mm and a width of 5 mm was meshed using the
triangle type with a minimum size of 6 x 10~* mm. The model’s right, left, and lower
boundaries were set as low-reflection boundary conditions. A simulation time of 10 ps
with a step of 10 ns was adopted in the whole simulation calculation to obtain the acoustic
fields generated by the pulsed laser beam.

Table 1. The simulation parameters of the aluminum model.

Parameters Values
Longitudinal wave 6300 m/s
Shear wave 3090 m/s
Rayleigh wave velocity 2940 m/s
Heat conductivity coefficient 238 W/(m-K)

Thermal expansion coefficient 23 x 1070 1/K
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Figure 6. Linear source laser function. (a) Spatial function. (b) Time function.

3.2. The FEM Simulation Results

The simulated acoustic fields, including the waves’ path of reflection and the trans-
mission and scattered waves around the surface defect, are presented in Figure 7 for an
oblique surface defect set to have a 1.0 mm depth, a 0.5 mm width, and a 60° angle. Four
transient moments in the process of wave propagation were chosen, corresponding to the
wave paths presented in Figure 7a—d.

RR \ RR

(@)

RR RR RS
N, r e e
SR, 0
Vi
Q
(c) (d)

Figure 7. The acoustic field around the notch at (a) 3.91 ps. (b) 4.38 ps. (c) 4.47 us. (d) 4.66 ps.

Figure 7a shows the first encounter between the incident surface wave R and the
defect: a part of the power forms a wave RT propagating along the surface, and the other
part forms a reflected wave RR in the opposite direction to the incident wave. The reflected
surface wave RR then propagates along the surface and reaches the position in Figure 7c,
forming path 1 in Figure 1. The surface wave RT continues to propagate along the sidewall
of the defect and reaches the bottom of the defect, and the first mode conversion occurs at
point M, resulting in the surface wave SR; and the shear wave component S, as shown
in Figure 7b. It can be seen that the surface wave SR; propagates along the bottom of the
defect, and the shear wave S; propagates into the material below the bottom of the defect.
Wave S, rotates clockwise along the defect’s base by a 30° scattering angle, causing the
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wave to propagate into the material and not be detected at the specimen’s surface. This not
only shows the correctness of the theoretical analysis of Equation (1) but also means that
the subsequent surface wave component RS is generated in other processes rather than by
the surface wave RT. The surface wave SR; undergoes a second mode transition at point
N, resulting in the reflected surface wave SR3, as shown in Figure 7c. The Rayleigh wave
SRj is divided into three parts, namely the surface wave SR; along the right side of the
surface of the crack, the shear wave S; scattered into the material, and the Rayleigh wave
SRj reflected along the bottom. The Rayleigh wave SR3 continues to propagate and forms
the emitted Rayleigh wave RT. This is the wave of path 2 in Figure 1. The surface wave
SR3 propagates along the bottom of the crack, and when it encounters the tip M, the third
mode transition occurs, and a shear component S; is generated at tip M in the material, as
shown in Figure 7d. This is path 3 in Figure 1. The wave S; propagates towards the surface
along the left surface of the defect with a counterclockwise rotation of 30°. Comparing
Figure 7b,d, it can be seen that before the shear wave S3 reaches the surface of the sample,
no other large-amplitude components are generated on the surface of the material; that is to
say, no surface wave RS is generated. Therefore, it can be proven that the surface wave RS
is generated by the shear wave S3 and not by the surface wave RT. The simulation results
obtained using the finite element method verify the theoretical analysis given in Section 2.1.

3.3. Simulation Results and Analysis

In order to study the influence of different width w and depth d values on the crack
angle measurement, three groups of cracks with different depths and widths are selected.
The geometric parameters of cracks that correspond to the w/d ratios at the three black
dashed lines in Figure 4 are shown in Table 2.

Table 2. Defect size.

Sample Angle/° Depth/mm Width/mm w/d
A 30-90 0.4 0.2 0.5
B 30-90 2 0.1 0.05
C 30-90 0.3 1 3.33

Based on the simulation setup in Table 2, the acquired acoustic signals in the time
domain for samples A, B, and C are shown in Figure 8.

As shown in Figure 8a—c, the wave DR is a direct Rayleigh wave generated using a
laser line source. Consistent with the theoretical analysis in Section 2.1 and the simulation
results in Section 3.2, the wave RR is a reflected wave at path 1 generated by the interface
of the surface crack. The wave RS is a mode-converted wave at the tip of the surface crack
which then arrives at the surface of the specimen. The RS wave’s propagation path is path
3. Combined with a B-scan image of the sample, the RS wave’s arrival time is determined
precisely. Here, as an example, a B-scan image of sample A at a notch angle of 60° is used,
and a value of At of 0.37 us can be determined from Figure 9.

Under different defect sizes, the arrival time of the surface wave RR is basically
unchanged and always remains around 5.5 pus. Given that the surface crack’s angle affects
the superposition of the horizontal wave and longitudinal wave, the polarity of the RR
wave variates with the oblique angle. For oblique defects with the same depth and width,
the defect angle decides the length of path 3 and then affects the propagation time for the
RS wave. It can be seen from Figure 8a that the arrival times of the surface wave RS are
significantly different. The surface defect angles in the simulation models are estimated
using Equations (1) and (2), and the estimated results for samples A, B, and C are shown in
Tables 3-5.
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Figure 8. (a) Sample A’s signals in the time domain. (b) Sample B’s signals in the time domain.
(c) Sample C’s signals in the time domain.
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Figure 9. B-scan images of surface cracks (the amplitude is normalized).

Table 3. Estimated crack angles and relative errors of sample A.

o With the Relative Without the Relative

Angle/ RR/ps RS/us At/us Width Item/° Error Width Item/° Erro
30 5.46 5.84 0.38 36.98 23.27% 9.48 83.82%
45 5.5 5.88 0.38 36.98 17.82% 9.48 68.4%
60 5.47 5.84 0.37 41.32 31.13% 10.63 82.28%
70 5.48 5.82 0.34 66.59/84.75  4.87%/21.07% 14.56 78.07%
80 5.43 5.76 0.33 75.66 5.43% 16.07 79.2%

90 543 5.77 0.34 66.59/84.75 14.9%/5.83% 14.56 79.91%
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Table 4. Estimated crack angles and relative errors of sample B.
o With the Relative Without the Relative
Angle/ RR/us RS/us Atlps Width Item/° Error Width Item/° Error
30 5.53 6.85 1.32 34.56 15.2% 30.14 0.47%
45 5.57 6.75 1.18 47.64 5.87% 40.36 10.31%
60 5.58 6.68 1.1 62.2/89.15 3.67%/48.58% 49.22 17.97%
70 5.56 6.66 1.1 62.2/89.15 11.14%/27.36% 49.22 29.69%
80 5.53 6.58 1.05 75.66 5.43% 57.67 27.91%
90 5.49 6.58 1.09 65.64/85.71  27.07%/4.77% 50.64 43.73%
Table 5. Estimated crack angles and relative errors of sample C.
o With the Relative Without the Relative
Angle/ RR/ps RS/us Atlps Width Item/° Error Width Item/° Error
30 5.46 6.78 1.32 0 100% 0 100%
45 5.48 6.5 1.02 2.83 93.71% 0 100%
60 5.46 6.32 0.86 38.75 35.42% 0 100%
70 5.45 6.31 0.86 38.75 44.64% 0 100%
80 5.43 6.23 0.8 75.66 5.43% 0 100%
90 5.45 6.17 0.72 75.66 15.93% 0 100%

To show the relative errors for the estimated angles with and without the width term,
respectively, more clearly, the estimated results with the width term and without the width
term from Tables 3-5 are presented in Figure 10.

Sample B

140 F — First-order fitting curve  Sample A 140 | First-order fitting curve
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Figure 10. (a) Estimated angle and error of sample A. (b) Estimated angle and error of sample B.
(c) Estimated angle and error of sample C.

The At-¢ curves at w/d ratios of 0.5, 0.05, and 3.33 for samples A, B, and C with and

2w

without the term o

are labeled as Line 1 and Line 2 and are presented in Figure 5. As
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found in the analyses in Section 2.3, the biggest Err,, are obtained when Line 1 and Line 2
are the farthest apart at a w/d ratio of 3.33, and the lowest Err,, are obtained when they
are closest at a w/d ratio of 0.05. Comparing the results in Figure 10a—c, it is seen that the
same conclusion can be reached using the simulation data from Tables 3-5, verifying the

analytical calculation based on Equation (1) for quantifying the angles of surface cracks
2w
[
For the angles estimated with the width term, the two angles estimated correspond to

and the applicable condition for Equation (2) that ignores the width term

one actual angle during the sizing of the angle of a surface crack in Tables 3-5. For example,
the angle of 70° for sample A has two estimated angles of 66.59° and 84.75°. The same
phenomenon applies to the 90° angle in sample A and the 60°, 70°, and 90° angles for
sample B. The reason for this was also discussed—the At-¢ curve is a two-valued function
in a given angle range where two estimated angles correspond to one actual angle—in
Section 2.3. According to Line 1 in Figure 5a, the part of Line 1 where the angles range
within 61.35-90° is a two-valued function. The angle of 70° is located within this range, so
there are two angles estimated for it. For other angles like the 90° angle for sample A and
the 60°, 70°, and 90° angles for sample B, the same explanation works. Moreover, the 80°
angle for sample A and the 80° angle for sample B, which are also in the range where the
At-@ curve is a two-valued function, only have one estimated angle. Because the arrival
time At is 0.33 ps, less than the smallest time difference 0.338 ps on Line 1 in Figure 5a, the
75.66° angle at At = 0.338 us on Line 1 in Figure 5a is picked as the estimated angle for the
80° angle for sample A. The same processing is applied to the 80° angle for sample B.

For angles estimated without the width term, the estimated angles for sample B
are closer than those for sample A to the actual angles. However, for sample C, the
measurement method without the width term does not work anymore, leading to all of
the estimated angles being zero. From the view of the w/d ratio of the surface crack, the
w/d ratios of sample A and sample B are lower that that of sample C; however, the w/d
ratio for sample B is even smaller that for sample A, and the best-estimated results are
obtained for sample B. That is to say, the width is such a small value compared to the depth
of the surface crack in sample B that the width term can be ignored with few errors. This
is consistent with the analyses in Section 2.3. For sample C, the reason why the results
estimated without the width term are zero is also presented in Section 2.3. Comparing Line
1 and Line 2 in Figure 5c, no angle estimated without the width term on Line 2 corresponds
to the angle calculated using the width term on Line 1. So, the angles estimated without
the width term are set to zero, leading to the relative errors Err,, being one, presented in
Figure 4 in red, or 100%, as presented in Table 5. In this case, the width of the surface crack
cannot be ignored when measuring the angle of the surface crack, or huge estimation errors
will be obtained.

In addition, for the angle measurement method using Equation (1) with the width
term, comparing the estimated results for samples A, B, and C, better results are obtained
for samples A and B than sample C. This is because the defect’s width is relatively large,
and too long an acoustic path will attenuate the amplitude of the SR; and SR; waves. As a
result, the arrival time of the surface wave RS becomes inaccurate. This result is consistent
with the experimental results in [13].

Above all, two points based on Equations (1) and (2) are validated here using the
simulation results. One of them is that the w/d ratio of the surface crack hugely affects
the accuracy of the estimated angle, meaning that quantitative angle determination for
surface cracks is a multiparameter inversion problem. The other point is that the At-¢
curve is a two-valued function, causing a poor evaluation result to be generated in the
two-valued range.
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4. Experimental Procedures
4.1. Experimental Measurement Design

The laser ultrasonic inspection platform used in this paper is a CFR200 laser generator
(Quantel Laser of Lumibird, French) as the laser excitation part and a QUARTER-500 mV
laser ultrasonic receiver based on the Michelson interferometer principle as the receiving
part. Both are produced by BOSS ANOVA Technology Company in the United States. The
light emitted from the excitation section passes through a cylindrical lens and forms a line
source on the sample’s surface to excite a surface acoustic wave, and the echo acoustic
signals are ultimately received by the laser interferometer part. The laser generator’s
laser wavelength is 1064 nm, its pulse width is 11 ns, and its pulse repetition frequency
is 20 Hz. The laser ultrasonic receiver’s detection sensitivity is 1 x 1075 nm/HzY 2 the
laser wavelength is 532 nm, and the bandwidth is 100 kHz~20 MHz. The laser ultrasonic
detection platform is equipped with an automatic sweeping frame, which can complete
the A-scan and the B-scan imaging to detect the samples. Horizontal scanning with the
scanning step size set to 0.12 mm and a scanning distance of 15 mm is performed using the
LU Scan software. The experimental samples are five aluminum alloy rectangular plates
with dimensions of 100 mm x 30 mm x 8, and artificial rectangular notches are made at
30 mm. In aluminum, the longitudinal wave velocity is 6.440 x 10° m/s, the shear wave
velocity is 3.090 x 10° m/s, and the surface wave velocity is 2.940 x 10> m/s. The pulsed
laser’s spot radius is 700 um, and the Rayleigh wave generated in the sample has a center
frequency of 1.75 MHz and a wavelength of 1.68 mm. The experimental platform and
samples are shown in Figure 11 [21]. Surface cracks were formed on the samples using
wire cutting according to the People’s Republic of China machinery industry standard
“]BT8428-2006 The Non-destructive testing Blocks for ultrasonic testing” [22].
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Figure 11. Laser ultrasonic detection system and samples.

4.2. Theoretical At-¢ Curve Analysis

The crack size parameters of the experimental samples were as follows: the width
was 0.2 mm, the depth was 0.5 mm, and the angles were within 30-80°. The experiments
were conducted on the experimental platform built in Section 4.1. The w/d ratio of the
experimental samples was 0.4. Selecting a crack with a 0.2 mm width and a 0.5 mm depth
avoided attenuation of the amplitude of the SR; and SR; waves due to an excessively
long acoustic diameter, which would have resulted in the arrival time of the scattered
wave RS becoming inaccurate. Theoretical At-@ curves with and without the width term,
respectively, were drawn and are shown in Figure 12.
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Figure 12. The At-¢ curves based on Equations (1) and (2).

Just as elucidated in the analyses in Section 2.3, as can be seen from Figure 12, the
arrival time difference At ranges within 0.494-0.754 us on Line 1, and the estimation method
using Equation (4) does not work, meaning that there is no angle on Line 2 that corresponds
to that on Line 1. The arrival time difference At ranges within 0.388-0.395 s, and Line 1 is
a two-valued function, leading to a bigger error being generated in the angles estimated
in this range. The white line in Figure 4 corresponds to the experimental sample whose
w/d ratio was 0.4. According to the Err,, plot in Figure 4, angle measurement based on
Equations (1) and (2) when the angle ranges within 20-60° has good accuracy. It is very
helpful to analyze the estimated angles based on the experimental data using the analytical
curve in Figure 12.

4.3. B-Scan Images of the Surface Cracks

B-scan images acquired by the experimental platform from Figure 11 are shown in
Figure 13a—e, respectively.

As shown in Figure 13a, the reflected wave RR generated at path 1 and the scattered
wave RS obtained at path 2 are observed, and their paths are labeled with straight dashed
lines. It can evidently be seen that their paths are parallel on account of the propagation
of the arrival time difference At between the RS and RR waves only being related to
the dimension parameters of the surface crack and having nothing to do with the wave
propagation distance. The other waves generated at the surface crack are also acquired and
labeled, such as the direct wave and the TR wave. The arrival time difference At for the RR
wave and the RS wave on the experimental samples are selected for calculating the angles
using Equations (1) and (2).

4.4. Analysis of the Experimental Results

The acoustic waves in the time domain selected from the B-scan images in Figure 13
are shown in Figure 14.

It is seen in Figure 14 that the RR wave and RS wave are two adjacent waves, and the
difference in the arrival time between them decreases as the angle decreases. In Figure 14,
it is seen that the arrival time of the reflected RR and scattered RS waves is extracted, and
the evaluated angles are calculated using Equations (1) and (2) and are shown in Table 6.
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Figure 13. B-scan images of surface cracks (the amplitude is normalized) (a) The notch angle is 30°.
(b) The notch angle is 45°. (c) The notch angle is 60°. (d) The notch angle is 70°. (e) The notch angle
is 80°.
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Figure 14. Signals in the time domain.
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Table 6. Estimated crack angles and relative errors.
o With the Relative Without the Relative
Angle/ RR/us RS/us Atlps Width Item/° Error Width Item/° Error
30 9.28 9.74 0.46 31.62 5.4% 10.87 63.77%
45 9.04 9.46 0.42 44.82 0.4% 15.15 66.33%
60 9.2 9.6 0.4 56.46 5.9% 17.7 70.5%
70 9.1 9.48 0.38 75.66 8.09% 20.6 70.57%
80 8.96 9.34 0.38 75.66 5.43% 20.6 74.25%

To more clearly present the data in Table 6, the angles estimated with and without the
width term are presented in Figure 15.

First-order fitting curve

120 b= Actual angle
® With the width term
®  Without the width term

40 -
20 -

Estimated angle (°)

1 1 1 1 1 1

30 40 50 60 70 80
Angle (°)

Figure 15. Estimated angles and errors.

According to Figure 12, Line 1 has two parts: one of them is a two-valued function
within the range of 61.35~90°, and the other is a monotone function within the range of
0~61.35°. The 30°, 45°, and 60° angles on the experimental samples are located in the range
of 0~61.35°, and the angles estimated using the width item are straightforwardly obtained
by inputting the arrival time difference At into Equation (1). For the 70° and 80° angles,
which are within the range of 61.35~90° where the At-¢ curve is a two-valued function, on
the experimental samples, their arrival time differences At are the same at 0.38 ps, being
less than 0.388 s at the lowest point, so the angle estimated with the width term for both
the 70° and 80° angles is 75.66°. Moreover, Line 2 is fairly far from Line 1 in Figure 12. The
relative errors Erry, are 0.654 at a w/d ratio = 0.4 in Figure 5. It is seen that the relative
errors based on the angles estimated without the width term are greater than 60%. Due to
the w/d ratio being 0.4, the width is not a low value relative to the depth of the surface
crack, so the estimated errors generated by ignoring the width of the surface crack for angle
detection are non-negligible. So, the experimental results verify the analyses in Section 2,
as well as the simulation results in Section 3.

5. Conclusions

A method and formula for the quantitative measurement of the depth and angles
of cracks are proposed according to the modal transition phenomenon of the interaction
between surface acoustic waves generated by laser ultrasound and inclined cracks. This
theory is validated using finite element simulations and experimental studies.

(1) Using the time difference between the scattered wave and the reflected wave
reaching a detection point, a measurement formula including the angle, depth, and width,
with the third parameter measured by the other two parameters, is established.

(2) Based on theory, the effects of the depth d term and the width w term in the formula
on the measured angle are analyzed, and it is concluded that the depth term is directly
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coupled with the angle and cannot be ignored, while the width term is not directly related
to the angle. Therefore, whether the width term can be ignored is discussed. To fix the
angle, a relationship diagram for the width, depth, and Err, is established. According to
the relationship diagram, Err, is related to the ratio of width to depth, w/d.

(3) Several sets of samples with different w/d ratios were used, combining the finite
element simulation method with experiments, which were consistent with the theoretical
results. When w/d is 0.05, the relative errors Err,, are low. When w/d is between 0.05 and
0.8, the relative errors Erry, change with the angle. When the w/d ratio is greater than 0.8,
the angle can hardly be measured if ignoring the width term w.
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Appendix A

Here, another simulation method called the mass spring lattice model is used to obtain
the direction of the propagation of the shear wave and longitudinal wave to point M. The
mass spring lattice model is based on the finite difference method; on account of it, it is
easier to obtain the amplitude of an acoustic wave in relation to the space coordinates of
a material. However, the result on the time delay between path 1 and path 3 obtained
using the mass spring lattice model is less exact than that obtained using the finite element
method. So, the other simulation results are all derived using the finite element method in
this work. Taking ¢ = 45° for an oblique crack, the results on the direction of propagation
for the scattering angle q at point M are shown in Figure Al. In the figure, the red structure
indicates the surface defect. The SR; wave propagating along the bottom of the crack is
scattered at point M. The majority of the energy is transmitted into the material, generating
a shear wave (S3) at an angle of 30°. A small portion of the energy continues to propagate
along the crack’s surface.
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Figure A1. Position of point M in the surface crack (red line) and directivity of sound field (blue line).

Appendix B

In Figure 1, L is the length of the crack along its interface, X is the distance from the
location of arrival of SR3 to the defect boundary vertex, and Y is the distance from the
arrival location of SR3 to point M at the bottom of the surface crack. The relationships
between the distances L, X, and Y and the defect’s depth d and angle ¢ are established
through triangular geometry as

X Y L
sind  sing  sin(0 + @) (Ala)
L4 (Alb)
sing

Also, from the paths in Figure 1, the time delay between path 1 and path 3 is mainly
dependent on the waveform and the difference in distance. So, the relationships between
the time difference At for the surface waves RR and RS and L, X, Y, and w are shown in
Equation (A2) as
_L+2w Y X

— = A2
Oy + Vs Oy ( )

At

According to the triangular geometry in Figure 1, it is seen that

dy

X= 2singsin(6 + ¢) (53
d

~ sin(6 + @) (A4

Substituting Equations (A3) and (A4) into Equation (A2), Equation (1) is obtained.
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