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Numerical Simulation of Metal Defect Detection
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Abstract—The noncontact and wide-band characteristics of the
ultrasonic signal excited by the laser make it widely used in nonde-
structive detection. In this paper, the finite element method is used
to simulate multiple ultrasonic signal modes and the responses of
them to metal defects. The simulation shows that the changes of
excited Rayleigh-wave (RW) and shear-wave (SW) can be used
to research the surface crack and internal defect of the sample
respectively. By analyzing the reflected wave of RW and SW at the
inspection point, the effects of surface crack and internal defect on
the ultrasonic signals of the two modes are quantitatively compared.
The results show that the time delay of the Rayleigh echo has a
linear relationship to the width and transverse position of the crack,
and the peak-valley difference of Rayleigh echo at the inspection
point and the crack depth can also be fitted linearly. In addition,
the Y component displacement of the bottom reflected SW also
decays with the change of the internal defect. This simulation model
provides a theoretical basis for further experimental verification
basis.

Index Terms—Laser ultrasound, finite element, defect detection,
Rayleigh-wave, shear-wave.

I. INTRODUCTION

THE commonly used defect detection techniques include
eddy current, magnetic particle, penetration, X-ray and

laser ultrasonic detection. The first several detection technolo-
gies have complex processes, narrow application scope, and
need to be in close contact with materials. Laser ultrasonic
detection has the advantages of non-contact, wide frequency
band, good real-time performance and high resolution, and is
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suitable for long-distance detection or online detection under
harsh environment [1]. Laser ultrasound technology involves
optics, acoustics, electricity and materials science, which is
a new interdisciplinary subject formed by the combination
of ultrasound and laser technology [2]–[12]. Laser ultrasonic
detection has broad application prospects, and it is of great
significance to improve the safety and stability of structures by
applying it to aerospace, precision instruments, special materials
and other fields.

Simulating the thermal coupling of the system is an important
part of the detection process, which is based on the theory of
thermoelasticity. When the laser incidents on the sample, the ma-
terial surface absorbs light energy to cause thermal expansion,
and then excite the ultrasonic signals of different modes such
as Rayleigh-wave (RW), shear-wave (SW), longitudinal-wave
(LW). Based on the finite element method, Dai et al. [13]
established the transient displacement field model of the surface
grooving at different depths and azimuths and evaluated the
position of the kerf by reflected RW. Wang et al. [14] established
the finite element model of the coated substrate, and obtained
the transient temperature field and temperature gradient field
under the condition of considering the dependence of material
characteristics on temperature. Some literatures [15], [16] have
analyzed the relationship between defect depth and surface wave
parameters, such as amplitude and center frequency. Watanabe
et al. [17] used the finite difference time domain (FDTD)
method to simulate the propagation of elastic waves. In the
FDTD, the influence of the edge reflection of the sample on
the elastic wave is fully considered, and the critical pressure
of the coating with different thickness are obtained. Wang et
al. [18] fitted the time ratio between the forward peak of the
Rayleigh echo and the next maximum forward displacement
with the surface crack depth. The linear fitting relationship
provided a method for the measurement of the surface crack
depth, but the reason for fitting the time ratio is not given.
At present, most of the simulations based on laser ultrasonic
detection are the qualitative analysis for a specific defect [19]–
[21]. There are few studies that systematically discuss the de-
tection process and make the fitting quantitative analysis of the
results.

This paper established a two-dimensional model of the cross-
section of the material, and numerically simulates the effect of
surface crack and internal defect on the laser ultrasonic signal
of aluminum samples. The relationship between the peak-valley
amplitude difference and arrival delay of the Rayleigh echo at
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Fig. 1. Schematic diagram of the ultrasonic signal generated by the laser. (a)
surface crack sample; (b) internal defect sample.

the inspection point and the changes of the width, depth and
transverse position of the surface crack are analyzed. The influ-
ences of the diameter and position of the internal circular defect
on the reflected SW at the inspection point are summarized. In
addition, the linear equation and mean square error (MSE) are
given by data fitting for surface crack detection, and the average
fitting similarity exceeds 98.5%.

II. THEORETICAL BASIS AND SIMULATION MODEL

A. Generation of Laser Ultrasound by Thermoelastic Theory

The ultrasonic signals generated by laser line source are
shown in Fig. 1. Laser generated ultrasonic signal can be divided
into ablation mechanism and thermoelastic mechanism. When
the peak power density exceeds 107W/cm2, the plasma moves
vertically upward on the sample surface due to pulse irradiation.
According to the principle of force interaction, there are elastic
stress and tangential stress perpendicular to the sample, and the
distribution of elastic force is related to the ablation range of laser
irradiation. When the peak power density is less than 107W/cm2,
the pulse irradiates on the sample, one part is reflected by the
sample or absorbed by the air, and the other part acts on the
surface of the sample. Because the heat concentration is too
fast to release, the transient elastic stress distribution appears
on the surface of the specimen, which shows the local thermal
expansion of the specimen surface. In the near-field region, the
stress distribution is hindered by the structure of the sample
which is not affected by the temperature, while the far-field
stress distribution is mainly determined by the thermoelastic
stress relationship of the sample material.

The heat conduction equation (Cylindrical Coordinate) based
on the isotropic media can be described as:
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Where ρ, CV, and k respectively represent the constant pressure
heat capacity, density and thermal conductivity of the material;
T (r, z, t) is the temperature distribution function. The energy

Fig. 2. Gaussian excitation pulse.

transfer inside the material is completed in the form of heat
conduction. The influence of thermal convection and radiation
on temperature variation can be ignored, and it can be regarded
as only applying a single boundary heat source on the upper
surface. Since the spot range is much smaller than the sample
size, the side surface of the sample meets the thermal insulation
conditions. The boundary conditions of thermoelastic theory can
be described as:
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Where d1 and d2 are the upper and lower boundary dimen-
sions of the model, R represents the side boundary, G is the heat
source density, and I0 is the laser peak power density. The space
and time distribution functions of the pulse are expressed as:
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Where x0 is the abscissa of the pulse action point, R0 is the spot
radius, and t0 is the pulse width. The Gaussian excitation pulse
is shown in Fig. 2. The temperature changes of each point in the
material can be obtained by combining the three equations (1),
(2), (3).

The existence of thermal expansion causes a slight displace-
ment on the surface. The governing equation and bottom bound-
ary condition of the structural mechanics are expressed as:

(λ + μ)∇(∇ · U) + μ∇×∇× U

− αT (3λ + 2μ)∇T = ρ
∂2U

∂2t
(6)

n · [σ − (3λ + 2μ)αT∇T (r, z, t)I]|d2
= 0 (7)

In the formula, U is the displacement field, λ and μ are Lamb
constants, αT is the thermal expansion coefficient, and n is the
unit vector perpendicular to the surface. In addition, the initial
displacement of the sample is set to 0, that is U(r, z, t)|t=0 =
∂U(r,z,t)

∂t |t=0 = 0.



WANG et al.: NUMERICAL SIMULATION OF METAL DEFECT DETECTION 6800609

Fig. 3. Surface crack detection model.

B. Finite Element Method

When using the finite element method for thermal analysis,
the heat conduction equation can be expressed as:

[K]{T}+ [C]{ •
T} = {P1}+ {P2} (8)

Where [K] is the heat conduction matrix, [C] is the sample heat

capacity matrix, {T} is the temperature, { •
T}is the temperature

change rate, and are the heat flux vector and the heat source
vector matrix respectively. Ignoring the ultrasonic attenuation,
the finite element form of the linear thermoelastic equation is:

[M ]{••
U}+ [K]{U} = {Fext} (9)

Where [M] is the sample mass matrix, [K] is the stiffness matrix,
{Ü}is the vector acceleration, {U} is the displacement vector,
and{Fext} is the laser action vector. Solving the formula by time
integration method, and set the time step to Δt. Displacement
and the first derivative at time t+Δt are expressed as:

{U}t + [(1− θ){U}t + θ{U}t+Δt]Δt = {U}t+Δt (10)

{U}t +Δt{U}t + [(0.5− γ){U}t + γ{U}t+Δt]Δt2

= {U}t+Δt (11)

θ and γ are parameters that control the integral accuracy and
stability respectively, and the displacement curve within the
action time can be obtained by solving the integral.

C. Model Establishment and Parameter Setting

In this paper, the two-dimensional cross-section of an alu-
minum thin plate is used as a model to simulate the variation
of ultrasonic signal on its surface. The surface crack detection
model with size is shown in Fig. 3. Because the internal defect
is detected by the reflected SW which need a bottom reflection
process, the distance between the excitation and inspection point
is set longer. The internal defect detection model is shown in
Fig. 4.

Based on the previous theoretical foundation, the transient
temperature field and stress field are numerically simulated.
The exciting pulse parameters and the physical characterization
parameters of aluminum material are shown in Table I and
Table II respectively.

Fig. 4. Internal defect detection model.

TABLE I
PARAMETER SETTING OF EXCITATION PULSE

TABLE II
PHYSICAL PROPERTIES OF ALUMINUM IN SIMULATION MODEL

III. SIMULATION RESULTS AND ANALYSIS

A. Transient Temperature Field and Stress Field

Laser ultrasonic detection is a multi-physics coupling process,
which involves two parts: solid heat transfer and structural me-
chanics. Under laser irradiation, the temperature of the sample
surface rises to form a transient temperature field. The inability
to release a large amount of absorbed heat in time causes the
thermal expansion of the sample surface, which leads to the
generation of a transient stress field. Observing the transient
temperature and stress field cannot directly show the effect of
defects on the ultrasonic signal, but it can be a good study of the
essential causes of the ultrasonic signal. This paper is based on
the overall detection process. Before analyzing the influence of
sample defects on the ultrasonic signal, the above two physical
processes are firstly researched. The instantaneous temperature
and stress changes are also investigated.

1) Transient Temperature Field: When the laser radiates to
the surface of the sample, the sample absorbs the light energy
and converts it into heat energy. At the same time, the transient
temperature field is formed in the range of laser action. The
changes of transverse and longitudinal temperature fields are
simulated, as shown in Fig. 5.

It can be seen that the closer to the laser action point (0, 3.5),
the faster the temperature rises and the higher the peak value. As
the distance from the laser point goes away, the temperature rises
more slowly and remains flat after exceeding the heat conduction
distance of the sample. During the exciting process, the transient
temperature field only exists in a small range near the surface
(transverse: 12 um, longitudinal: 6 um), which is related to the
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Fig. 5. Transient temperature field at different points. (a) transverse tempera-
ture field changes; (b) longitudinal temperature field changes.

Fig. 6. Temperature field changes at different times. (a) the change of hori-
zontal temperature field; (b) the change of longitudinal temperature field.

setting of the distribution function of the Gaussian pulse. The
transverse and longitudinal distributions of temperature field at
different time are shown in Fig. 6.

It can be observed that the transverse distribution of the
temperature field is determined by the spatial distribution of
the excitation pulse, which has obvious Gaussian distribution
characteristics and decreases with time. The longitudinal distri-
bution of the temperature field at different times is determined
by the thermal conductivity of the aluminum sample and shows

Fig. 7. Stress tensor of laser line source at different transverse distances.
(a) near-field stress tensor; (b) far-field stress tensor.

a downward trend. After a period of time, due to the conduction
of the surface temperature to the inside, the internal temperature
of the sample may be higher than the surface temperature.

2) Transient Temperature Field: Under the thermoelastic
mechanism, the nonuniformly distributed temperature field
causes different degrees of deformation of the sample surface,
which is the result of transient stress. Fig. 7 shows the variation
of the stress tensor with time at different lengths (transverse)
from the laser line source. The stress in the laser irradiation
area is determined by the temperature field, while the stress
far away from the laser irradiation area is determined by the
propagation of elastic acoustic wave in the material. Therefore,
the area which not affected by the temperature will hinder the
thermal expansion of the heating area, and a horizontal positive
compressive stress will appear on the surface of the material,
resulting in a negative maximum of the horizontal stress tensor
in the laser irradiation near-field area, as shown in Fig. 7(a).
The irradiated far-field area is little affected by temperature, and
its stress field is mainly determined by the thermoelastic stress
relationship and can reflect the propagation characteristics of
ultrasonic waves, as shown in Fig. 7(b).

In the same way, the variations of the stress tensor with
time in different length (longitudinal) from the laser line source
are simulated. The longitudinal near-field region is affected by
the temperature transfer and will release thermal expansion in
both the inner and outer directions, resulting in the positive and
negative extreme values of its stress tensor, as shown in Fig. 8(a).
The stress waveform in the far-field region characterizes the
ultrasonic signal, and its amplitude is also smaller than that in
the near-field region of thermal action, as shown in Fig. 8(b).
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Fig. 8. The stress tensor of the laser line source at different longitudinal
distances. (a) near-field stress tensor; (b) far-field stress tensor.

3) Laser Generates Ultrasonic Signal

The thermal expansion stress generated by the transient tem-
perature field is the excitation source of ultrasonic signal, and a
variety of ultrasonic signals are excited on the sample surface, in-
cluding RW, SW and LW. When the sample is in good condition,
RW propagates along the surface of the sample to both sides of
the boundary, and forms a boundary-reflected Rayleigh-wave
(BRW) after reflection. LW radiates in the form of a single
cultivar on both sides of the normal line, and the maximum
amplitude appears at an angle of 60°; SW radiates in the form
of double cultivar on both sides of the normal line, the main
lobe amplitude is the largest at an angle of 30°, and the overall
included angle ranges from 30° to 45°. The simulation results
of ultrasonic signals are shown in Fig. 9.

When a crack appears on the surface, the RW propagates
along the surface is affected by the crack and appears three
situations: (i) a part is reflected by the left edge of the crack
to form a crack-reflected Rayleigh-wave (CRW); (ii) a part
propagates down along the crack contour to form mode conver-
sion longitudinal-wave (MLD) and mode conversion shear-wave
(MSW); (iii) the rest is transmitted through the crack to form
a transmitted Rayleigh-wave (TRW) and reflected by the right
boundary. The simulation results are shown in Fig. 10.

For the detection of internal defect, this paper mainly observes
the changes of the SW signal. SW propagates in a nondestructive
sample and will reflect multiple times on the upper and lower
boundaries of the sample until they are absorbed inside the
sample. When there is a defect in the sample, the defect in the
propagation path of the SW will directly affect its intensity. In

Fig. 9. Ultrasonic signals of the complete sample at different times. (a) 1.0us;
(b) 4.0us.

Fig. 10. Ultrasonic signals of surface crack samples at different times. (a)
3.5us; (b) 4.0us.

Fig. 11, it can be observed that the intensity of the bottom-
reflected shear-wave (BSW) gradually changes from bright to
dim. Part of this change in brightness is caused by the absorption
of the material, but the barrier of defects is the main reason.

B. Surface Crack Detection

Effects of Surface crack’s width, depth and transverse posi-
tion on ultrasonic signals are simulated and analyzed. Without
special explanation, parameters are set as follows: depth is 0.2
mm, width is 0.2 mm, transverse position is 8 mm.

1) Crack Width Detection: Crack depth is controlled as 0.2
mm, the width is increased from 0.1 mm to 0.5 mm, and the
distance between the excitation and the inspection point is 6 mm.
Under different widths, the Y component displacement changes
are shown in Fig. 12.
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Fig. 11. Ultrasonic signals of internal defect samples at different times. (a)
1.10 us; (b) 1.40 us; (c) 2.00 us; (c) 5.00 us.

Fig. 12. Y component displacement of ultrasonic signal under different
widths.

For the same inspection point, the main part of the CRW
arrives at almost the same time, and its “tail” has different
degrees of time delay. The analysis shows that the CRW is not
simply reflected by the left boundary of the crack, and a small
distance from the bottom edge of the crack will also reflect the
Rayleigh signal, and this distance is positively correlated with
the crack width. Accordingly, we performed data fitting for time
delay and width variation, and the results are shown in Fig. 13.

According to the analysis of fitting data, the linear relationship
can be expressed as:

T1 = 0.6531x1 + 3.8207 (12)

Fig. 13. Fitting relationship between time delay and crack width.

Fig. 14. Y component displacement of ultrasonic signal under different depths.

Where T1 is the time when CRW arrives at inspection point,
and x1 represents the crack width change. Taking the farthest
points (0.4, 4.0709) from the fitting line, the fitting error can be
calculated to be 0.27%, and the overall root mean square error
(RMSE) is 0.00831. It can be seen that there is an approximate
linear relationship between the delay time and the corresponding
width, and the correlation coefficient R reaches 99.57%. The
crack width can be approximated by observing the CRW’s delay
time.

2) Crack Depth Detection: The crack width was controlled
as 0.2mm, the crack depth increased from 0.1 mm to 0.5 mm,
and the distance between the excitation point and the inspection
point unchanged. The Y component displacements are shown
in Fig. 14. Ultrasonic signals at different depths are basically
consistent, except for the opposite variation of displacement
amplitude at a and b.

In Fig. 15, the amplification of the two signals shows that
with the crack depth increasing, the displacement of CRW ’s
Y component (a) gradually increases, while the displacement
of TRW’s Y component (b) reflected by the right boundary
gradually decreases. When the crack depth reaches the ultrasonic
wavelength, Rayleigh signal will be completely reflected by the
crack.

The displacement of CRW at T = 3.54 us and that of TRW at
T = 4.89 us were extracted respectively, and the displacement
changes of Y component at two specific moments were fitted to
the crack depth, as shown in Fig. 16(a).

It can be seen that simply using displacement changes can-
not linearly express the depth influence. Therefore, the peak-
valley displacement difference of the TRW reflected by the
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Fig. 15. Y component displacement of Rayleigh signal. (a) CRW; (b) TRW.

right boundary is used for fitting, which has an obvious linear
relationship with the crack depth, as shown in Fig. 16(b). The
linear relationship expression is:

ΔY = −545.2386k + 251.6982 (13)

ΔY is the peak-valley displacement difference, and k repre-
sents the change in crack depth. Taking the farthest point from
the fitting line (0.35, 86.8939), the fitting error can be calculated
to be 0.66%, and the RMSE is 10.643. Compared with the crack
width fitting, the linear fitting of the depth using the peak-valley
displacement difference will cause a certain deviation due to the
loss of the ultrasonic signal intensity by the sample. However, it
can still be observed that there is a linear relationship between
the peak-valley difference and the corresponding depth change,
and the correlation coefficient R reaches 98.94%.

3) Changes in the Transverse Position of Cracks: For the
crack fixed in a certain position, the change of width will
delay the time of CRW’s tail reaches the detection point, and
the change of depth will affect the displacement amplitude
of Y component of TRW. For cracks with transverse position
changes, the distance between the crack and the inspection point
is increased from 1.5 mm to 2.5 mm in this paper, and the results
are shown in Fig. 17.

As crack moves to the right boundary, the time of CRW arrives
at the inspection point is delayed, which is consistent with the
propagation characteristics of ultrasonic signal. According to
this, the delay time and the position changes are fitted, which is
shown in Fig. 18. It is the same as the linear fitting of width and
depth, the linear relation between them is expressed as follows:

T2 = 0.6862x2 + 2.2769 (14)

Fig. 16. Data fitting results of different ultrasound signals. (a) the displacement
changes of the CRW AND TRW; (b) the peak-valley displacement difference of
the TRW reflected by right boundary.

Fig. 17. Y component displacement changes at different crack positions.

Fig. 18. Fitting relationship between delay time and crack transverse position.
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Fig. 19 The diagram of Shear-wave propagation path.

T2 is the delay time and x2 is the change range of crack posi-
tion. Taking the relative far points (2.2, 3.7918), the maximum
fitting error is 0.13%, the total RMSE is 0.0029, and the final
linear fitting coefficient R reaches 99.99%, which indicates that
the crack transverse axis position can be expressed linearly by
the delay time.

C. Internal Defect Detection

The internal defects are simulated and analyzed from the three
aspects of transverse change, longitudinal change and radius
size, and the influences of three factors on the ultrasonic signal
are discussed.

1) Defect Transversal Position Detection: During the actual
inspection process, the specific location of the defect is not
known, so the sample will be dynamically inspected by scanning
[22]. In the simulation, the distance between the excitation
and the detection point is 12mm, and the scanning process is
simulated by changing the abscissa of the center of the internal
defect. In the process of moving, the SW signal will appear in
three situations due to the different position of the defect: (i) the
defect is on the incident path of the SW, resulting in a decrease
in the amplitude of the BSW; (ii) the defect is located between
the incident/reflected SW propagation path and does not affect
the amplitude of BSW; (iii) the defect is on the reflected path of
the BSW, causing its amplitude to decrease again. The specific
situation is shown in Fig. 19.

In the simulation, the defect radius is set at 0.8mm, the
ordinate of the center is 0, and the abscissa changes from -7
to 5.5. Eight groups of data are taken for analysis, as shown in
Fig. 20.

As the defect moves to the right, the Y component displace-
ment of the BSW decreases – increases - decreases again -
increases again. The difference between the peak-valley value of
the BSW signal at different defect positions and the peak -valley
value of the BSW signal without defect is shown in Fig. 21.

The two peaks show the two changes of the BSW. This is
consistent with the change trend shown in Fig. 20, which verifies
the feasibility of the proposed detection method and reflects the
influence of the transverse position change of internal defects
on the SW signal.

2) Longitudinal Position Detection of Defects: Keeping the
defect radius constant, the abscissa is fixed at 3.5, and the
distance between the center of the circle and the upper surface
is increased from 1.5 mm to 3.5 mm in steps of 0.5mm. The
simulation result is shown in Fig. 22.

Fig. 20. Variation of Y component displacement at different defect positions.

Fig. 21. The relationship between the lateral change of the defect and the
displacement difference.

Fig. 22. The Y component displacement changes of different depth defects.

It can be found that the downward movement process of the
defect gradually obstructs the incident path of the transverse
wave and causes the BSW to attenuate, which is reflected in
the decrease of the Y component displacement in the Fig. 22.
The coincidence of this time-domain spectrum is not as good
as crack detection. This is because the different longitudinal
positions of the defects change the time for the transverse wave
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Fig. 23. Time-domain diagram of shear waves reflected from the bottom
surface of defects of different sizes.

to propagate to the lower boundary of the sample, resulting in
uneven distribution of BSW at the inspection point.

3) Detection of Defect Size: Finally, the effects of different
sizes defects on SW are simulated. The coordinates of the center
of the defect are (0, 3.5), and the radius is set to 0.8mm, 1.0mm,
1.2mm, 1.4mm, 1.6mm, and the simulation results are shown in
Fig. 23.

Similar to the longitudinal changes, the increase of the defect
radius hinders the propagation of the incident transverse wave,
resulting in the weakening of the reflected signal intensity on
the bottom surface. It can be seen from Figure 22 and Figure 23
that the peak change of BSW is the main basis for judging the
existence of internal defects. The longitudinal movement of the
defect gradually increases the area obstructing the propagation
of the incident transverse wave, resulting in a decrease in the
peak value of the reflected echo at the inspection point. As the
size of the defect increases, the peak position of the reflected
wave becomes smaller and smaller, which means that the larger
the aperture, the more obvious the interaction between it and the
transverse wave, and therefore the easier it is to detect.

4. CONCLUSION

In this paper, the finite element method is used to simulate the
generation of laser ultrasonic signals, and the application of RW
and SW ultrasonic signals in the detection of surface crack and
internal defect of the sample is analyzed. The simulation results
show that the time delay for the CRW signal to arrive at the same
inspection point is related to the width and transverse position of
the sample surface crack, the Y component displacement change
of the TRW signal is related to the surface crack depth. The BSW
ultrasonic signal carries the information of the internal defects
of the sample, and the displacement change is related to the
position and size of the defect. Through linear data fitting, the
material’s surface and internal damage have high similarity with
the corresponding ultrasonic signal change information, and the
linear fitting degree exceeds 98.5%. This article provides an
analysis scheme for laser ultrasound to determine the damage
location.
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