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Abstract 

Laser ultrasonic testing technology is a non-destructive testing method by using laser 
pulse to excite ultrasound. Laser ultrasonic testing technology has made a lot of 
remarkable development in recent years. In this paper, the finite element model of laser 
ultrasonic nondestructive testing of internal defects of materials is established by using 
software, and the propagation process of transverse wave and longitudinal wave 
generated by laser excitation in materials is simulated. The sound field distribution in 
aluminum plate under the action of laser is obtained, and the interaction between laser 
ultrasonic and cracks and pores in aluminum plate is also simulated. Finally, the existing 
technical problems and the future solutions of laser ultrasonic testing technology are 
pointed out. 

Keywords 

Numerical Simulation; Laser Ultrasound; Nondestructive Testing. 

 

1. Introduction 

Non-destructive testing is a comprehensive science and technology that does not change the 

performance and state of the tested object. With the development of modern science, technology and 

industry, nondestructive testing technology has been widely used. However, the traditional 

nondestructive testing method has its limitations, which can't fully meet the requirements in high 

temperature and pressure or radioactive or corrosive environment. Laser ultrasonic testing technology 

is suitable for complex testing environment and has strong anti-interference ability because it can be 

excited by laser without touching objects in a short time [1-2]. Since the invention of laser in 1960s, 

it has been widely used in scientific research and industrial production because of its good directivity, 

high coherence and good monochromaticity. 

Laser ultrasonic testing technology involves optics, acoustics, heat, mechanics and other disciplines, 

which can be used for nondestructive testing of materials [3]. Overcoming the limitations of 

traditional nondestructive testing methods, it can adapt to various extreme testing environments such 

as high temperature, high pressure, high toxicity, strong acid, etc., and can also detect irregular objects 

with high detection accuracy, which has gradually become an important development direction of 

nondestructive testing technology in recent years. 

2. Excitation principle of laser ultrasound 

Laser ultrasound refers to the ultrasonic wave produced by pulsed laser in medium or the physical 

process of using laser to produce ultrasonic wave. Laser can produce ultrasonic wave in solid, gas 

and liquid. This paper is limited to discussing the mechanism and application of laser ultrasonic wave 

in solid. 
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When the pulsed laser is projected on the opaque solid surface, one part of its energy is reflected, the 

other part is absorbed and converted into heat energy, which causes the temperature rise of the sample 

surface to be tens to hundreds of degrees Celsius. When the solid surface is in a free state, the main 

stress caused by the volume expansion of the shallow surface layer is parallel to the material surface. 

Theoretically, it is equivalent to the tangential force source of step function in time, which can excite 

transverse wave, longitudinal wave and surface wave. The excitation principle is shown in Figure 1. 

 

 

Figure 1. Schematic diagram of excitation principle 

 

Heat energy is conducted on the metal surface and subsurface to form different temperature gradients, 

resulting in thermal stress and exciting ultrasonic waves. In the whole process of laser action, the 

reflection and scattering of laser light and the heat conduction loss of metal materials to the outside 

have little influence on the temperature gradient of materials, which can be ignored. 

After absorbing heat energy, the material will transfer heat to its surroundings. The isotropic heat 

conduction equation is: 
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Because the influence of heat convection and heat radiation on temperature change is negligible, the 

boundary condition of the upper surface is equivalent to applying heat flow boundary action on the 

surface, namely: 

−𝑘
𝜕𝑇(𝑟,𝑧,𝑡)

𝜕𝑧
|𝑧 = 0 = 𝑄                           (2) 

Because the size of laser spot is very small relative to the specimen, the event is regarded as an infinite 

plate, that is, there is no temperature change on the side and bottom of the specimen, only the upper 

surface of the specimen produces a temperature gradient: 

𝜕𝑇(𝑟,𝑧,𝑡)

𝜕𝑧
|𝑧 = 𝑑 = 0,

𝜕𝑇(𝑟,𝑧,𝑡)

𝜕𝑟
|𝑟 = 𝑅 = 0                    (3) 

Among them, 𝑐——Specific heat capacity of specimen material; 

𝜌——Material density of test piece; 

𝑘——Coefficient of thermal conductivity of specimen; 

𝑇(𝑟, 𝑧, 𝑡)——Temperature distribution varying with time; 

𝑄——Heat source density; 

𝑑——Thickness of test piece; 

𝑅——Boundary of test piece. 

3. Detection method and application of laser ultrasound 

3.1 Detection method 

According to the different modulations of acoustic signals to probe light, we introduce the optical 

detection methods into light intensity modulation and light phase modulation. 
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The light-emphasized model refers to the change of the intensity of light due to the disturbance caused 

by the ultrasonic signal. This change in intensity can be directly detected by the photodetector. The 

more common type of this type is the knife-edge method [4], that is, when ultrasound reaches the 

sample surface or propagates along the sample surface, the shape of the sample surface changes, 

resulting in a change in the direction of the reflected light, and it enters the photosensitive surface of 

the photodetector through the finite aperture constraint. The amount of incoming light to achieve 

detection. This system has been used to characterize the mechanical properties of thin films by 

detecting surface waves through the change of light intensity [5]. Generally speaking, this detection 

method is simple in structure and low in cost, but its sensitivity is inferior to that of phase modulation 

type. 

Optical phase modulation refers to the surface displacement caused by ultrasonic waves, and the 

phase of probe light changes accordingly, so that the displacement can be measured by detecting the 

phase. As we all know, the phase of light can't be measured directly, and it usually needs to be 

measured by interference. Heterodyne interferometer and confocal Fabry-Perot interferometer, which 

are widely used at present, belong to linear optical interferometer, while phase conjugate 

interferometer, double-wave hybrid interferometer and photo-induced electromotive force 

interferometer belong to nonlinear optical interferometer because they use nonlinear crystals. This 

kind of detection method has developed rapidly because of its strong universality. 

3.2 Application of laser ultrasound 

3.2.1 Non-destructive testing in harsh environment 

Using the non-contact and non-invasive characteristics of laser ultrasound, we can measure the 

characteristics of materials in harsh environments such as high temperature radiation, and also can 

detect materials under high temperature conditions, especially in environments such as high pressure, 

high humidity, acid, alkali or toxicity, and strong corrosivity, nuclear radiation and chemical reaction 

of the detected workpiece. 

3.2.2 High precision nondestructive testing 

The research of laser technology for micro-defect detection, represented by laser ultrasonic surface 

wave, is a research hotspot in international academic circles at present, and has increasingly become 

an important content in the field of ultrasonic engineering and nondestructive testing [6]. 

By analyzing the transit time difference of diffracted ultrasonic waves, the defects of materials and 

their positions can be determined very accurately, and the accuracy can be less than 0.1 mm For 

defects close to the surface, it is difficult to detect when using contact probe because of the existence 

of near-field dead zone, but it is easy to detect when using laser probe instead. An all-optical 

inspection system is composed of optical probe and LGAP. Through this system, sub-surface defects 

can be detected. Not only can the defects be detected and the position of the defects be determined, 

but also the details of the defects can be known by detecting the pulse mode conversion near the 

defects. 

4. Concrete application of lase ultrasonic nondestructive testing technology 

A large number of defects such as micro cracks and pores exist in all kinds of engineering materials, 

and it is an important task of nondestructive testing to detect and evaluate defects efficiently and 

accurately. Common nondestructive testing technologies include ultrasonic testing, radiographic 

testing, eddy current testing, penetrant testing and laser holographic testing, etc. [7-8]. The laser 

ultrasonic testing technology has become an important testing application means and research 

direction in the field of nondestructive testing because of its strong penetrating power, non-contact 

damage, high sensitivity, wide range of testing objects and no pollution [9]. 

In order to investigate the feasibility of laser ultrasonic testing technology in detecting internal defects 

of aluminum materials, based on the plane strain theory, the finite element numerical simulation 

method and its model of laser ultrasonic testing of aluminum materials were established by using 
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software, the generation and propagation process of laser-excited ultrasound in materials were 

explored, and the interaction process between laser ultrasonic testing and internal defects of 

aluminum materials was simulated, which provided a theoretical basis for practical detection of laser 

ultrasonic testing. 

4.1 Numerical simulation of laser ultrasound 

According to Newton's second law, the governing equation of ultrasonic propagation in solid 

materials is: 

𝜌
𝜕2𝑢

𝜕𝑡2
− 𝛻 ⋅ 𝜎 = 𝐹                              (4) 

In which, 𝜌 ——Bulk density of materials; 

𝑢——Displacement vector during material deformation; 

𝜎——Stress tensor;  

𝐹 ——Mechanical load vector. And the relationship between stress and strain is: 

𝜎 − 𝜎0 = 𝐶 :(𝜀 − 𝜀0)                            (5) 

𝜀 =
1

2
⋅ [(𝛻𝑢)𝑇 + (𝛻𝑢)]                           (6) 

In which, 𝜎 ——Initial stress; 

𝐶——Elastic matrix; 

𝜀——Strain tensor;  

𝜀0——Initial strain. 

At the ultrasonic reflection interface, the fixed constraint boundary condition is 𝑢 = 0. On the left 

and right sides of the material, low reflection boundary conditions are adopted: 

𝜎 ⋅ 𝑛 = −𝑑𝑖
𝜕𝑢

𝜕𝑡
                               (7) 

In which, 𝑛 ——Boundary direction vector; 

𝑑𝑖——Density 𝜌, shear wave velocity 𝐶𝑠 and longitudinal wave velocity 𝐶𝑙. 

4.2 Establishment of model 

The material of the model is aluminum, in which the width of the model is 45 mm and the height is 

250 mm Based on the above theory, the upper surface of the model is a free boundary, the left and 

right sides are low reflection boundaries, and the lower surface is a fixed boundary. According to 

Fourier principle, laser ultrasonic effect can be equivalent to the superposition of sine waves with 

different amplitudes and frequencies. In order to simplify the model, the laser excitation source is 

equivalent to a sine function with a single amplitude and frequency in simulation, which is set as 

follows: 

𝑃 = 𝑠𝑖𝑛(2𝜋 ⋅ 𝑓0 ⋅ 𝑡)                             (8) 

In which 𝑓0 is frequency and 𝑡 is laser loading time. 

4.3 Numerical results and analysis 

In numerical simulation, reflected longitudinal waves with concentrated energy can be generated 

when ultrasonic waves excited by laser interact with internal defects (cracks and pores) of materials. 

By obtaining the time node reflected by the reflected wave signal and the determined longitudinal 

wave velocity, the linear distance from the internal defect to the material surface can be calculated, 

and the position of the defect can be judged. 

In order to test the accuracy of the model to determine the internal defects of materials, ultrasonic 

signals are received at the same detection point for defects with different depths, and multiple sets of 

collected data are calculated, as shown in Table 1: 
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Table 1. Calculation of defects at different depths 

Depth /mm T/ s 2S/ mm 2S'/ mm Relative error/% 

10 4.33×10-6 24.86 28.06 5.6 

15 4.36×10-6 24.18 27.14 3.1 

20 4.1×10-6 22.69 24.33 1.2 

 

According to the same detection point, the position of cracks with different depths is analyzed, and 

the theoretical distance is obtained by calculation, while the actual distance of acoustic wave 

propagation in the model is 2S'. The relative error between the theoretical value and the actual value 

is within 5%, and the error is small. The main factor leading to errors is the reading at the 

corresponding time when receiving reflected waves. 

 

 

Figure 2. Ultrasonic signals corresponding to internal defects with different widths 

 

Figure 2 shows the relationship between ultrasonic signals corresponding to internal defects with 

different widths. It can be seen from fig. 2 that when the crack width gradually decreases from 4 mm 

to 0.35 mm, the amplitude of reflected wave signal also decreases correspondingly; When the defect 

width is less than 0.35mm, the reflected wave signal is very weak and the amplitude is very small, so 

it is difficult to qualitatively reflect the crack width. The numerical simulation results preliminarily 

verify the feasibility and detection range of laser ultrasonic detection for internal defects with 

different widths. 

5. Technical problems and their solutions 

Ultrasonic detection by laser is non-contact, and there is no problem of coupling and matching, which 

avoids the interference of signals and the pollution of some materials caused by coupling agent, and 

can also realize rapid scanning and imaging. Thus, the application field of ultrasonic testing method 

is expanded, but there are still some problems to be solved urgently. 

5.1 Conversion efficiency problem 

In order to improve the intensity of laser ultrasound, the laser radiation energy can be increased, but 

not too much, otherwise it will damage the surface of the measured part. To improve the photoacoustic 

conversion efficiency, we can also improve the light absorption efficiency and reduce the light 

scattering. We can also use higher power lasers and interferometers with stronger light collection 

ability (such as confocal Fabry-Perot etalon, etc.) to improve the practical available laser energy. The 

preliminary research results are that the surface of the sample is coated with various kinds of different 

materials. 
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5.2 Detection sensitivity problem 

In the laboratory, the surface of the test sample is highly polished to increase the receiving amount of 

reflected light as much as possible. However, in the workplace, the surface will be diffusely reflected 

or dirty, which is critical to the popularization and application in many fields. Moreover, the 

sensitivity of most laser ultrasonic systems is worse than that of conventional ultrasonic 

nondestructive testing systems in order of magnitude. If the detection sensitivity of laser ultrasonic 

signals is particularly high, the requirements for laser power for exciting ultrasonic signals can be 

reduced in turn. 

Optical detection method is especially suitable for broadband ultrasonic detection generated by 

narrow pulse laser, so improving the sensitivity of optical detection method is one of the development 

trends at present. If the above two problems are solved, laser ultrasonic technology will be more 

widely used. 

6. Summary 

Laser ultrasonic nondestructive testing technology has a series of advantages, such as non-contact, 

long-distance measurement, high time resolution and spatial resolution, so it is especially suitable for 

a series of practical occasions, such as on-line testing and fast ultrasonic scanning imaging under 

severe environmental conditions. In this paper, a finite element numerical model for nondestructive 

testing of internal defects of aluminum materials by laser ultrasound is established, and the 

mechanism of laser excited ultrasound is numerically simulated. The generation and propagation 

process of laser ultrasound in aluminum materials are explored, the generation of transverse waves 

and longitudinal waves are verified, and the interaction process between laser ultrasound and internal 

defects of materials is simulated. Although there are some technical problems at present, if the 

conversion frequency from laser energy to ultrasonic energy and the detection sensitivity of laser 

ultrasonic signals are further improved, the application of laser ultrasonic technology will be more 

extensive, and the laser ultrasonic nondestructive testing technology will have a broader prospect. 
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