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ABSTRACT Selective laser melting (SLM) is an important method of additive manufacturing, however it
has some disadvantages such as poor surface qualities of the formed parts and the appearances of small
surface defects. In this article, 360L stainless steel with artificial defects in different lengths are processed
by SLM processing. A full noncontact laser ultrasonic-based B-scan detection system is built to detect the
surface defects. The interaction between the scattered surface wave and the surface defect is verified through
3-dimension (3D) finite element simulation. In order to improve the signal-to-noise ratio (SNR) of laser
ultrasonic signal in AM 316L part, Variational Mode Decomposition (VMD) algorithm based particle swarm
optimization (PSO) is applied to denoise signals. Meanwhile, wavelet transform (WT) algorithm is used to
compare SNR with VMD algorithm. Then, the time and amplitude parameters of different positions are
extracted to realize B-scan imaging, and the lengths of defects are further accurately quantified through the
time-amplitude-position imaging images. Otherwise, we find that the size of laser spot affects the precise
quantification of defects. The smaller the spot is, the more precise the quantitative effect is. The results show
that this method can quantitatively detect surface defects of AM 316L parts.

INDEX TERMS Additive manufactured, laser ultrasonic testing, quantitative imaging, surface wave, VMD.

I. INTRODUCTION
Overview of the National Industrial Development, the
demands for high strength steel and other metal structures
are increasing, and the performance requirements are also
becoming higher. Additive manufacturing (AM) technol-
ogy arises at this environment [1], [2]. SLM is a method
of AM [3], [4], and the mechanical properties of the
parts produced can be comparable to the traditional casting
parts [5].However, small defects will destroy the mechan-
ical properties of the metal materials [6], [7], resulting in
the process being unable to continue and even the work-
piece being scrapped [8]–[10].Therefore, it is particularly
important to carry out quantitative and effective testing
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for AM products with non-destructive testing. At present,
Nilsson [11] used ultrasonic eddy current and X-ray methods
to detect the artificial defects of TC4 titanium alloy addi-
tive test blocks. du Plessis et al. [12], Dikshit et al. [13],
and et al. [14] applied X-ray microcomputed tomography
in AM. Ziółkowski et al. [15] and Zanini et al. [16] used
CT detections technology to detect the porosity, pore size
and orientation of 316L stainless steel parts and Ti6Al4V
sample made by laser selection melting. Kobayashi et al. [17]
used eddy current testing method to detect the defects of
internal circular holes in additive manufacturing with stepped
and sloping surfaces. However, X-ray detection technology
has potential radioactive hazards [18]. Eddy current test-
ing is greatly influenced by the distance of lift-off [19].
Traditional ultrasonic testing (NDT) is a contact testing,
which c is limited by the surface shape of the tested object.
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However, laser ultrasound [20], [21] (LU) can realize com-
pletely non-contact detection through combining the laser
excitation and the interferometer acceptance. In addition,
the interaction between the laser ultrasound induced surface
wave and surface defects has also been extensively studied in
many different applications [22]–[27]. TheNational Research
Council of Canada [28] adopted laser ultrasound combined
with synthetic aperture focusing testing (SAFT) to detect the
defects such as shallow surface pores, unfused and poor bond-
ing in 718 alloy and TC4 titanium alloy. Cerniglia et al. [29]
detected the sandwich cracks of the AM parts by B-scan,
which verified the feasibility of using laser ultrasound for
imaging detection of the AM parts. In addition, when the
sizes of the crack are much smaller than the wave length of
the surface wave, the variations of the echo signals of simple
A-sweep surface wave are very weak, and it is difficult to
detect the microdefects by this method. The scanning laser
ultrasonic method can detect such small defects. Therefore,
B-scan detection is applied in this article to detect small
defects of different lengths [30].

Secondly, due to the influence of processing technology
and material roughness of AM products, the signal received
by a laser interferometer contains more noise interference,
thus affecting the accuracy of quantitative detections. There-
fore, noise reduction method is necessary. Common signal
decomposition algorithms include Wigner-Ville distribution,
Fri1, and wavelet transform [31]–[33]. However, there is
cross interferencewith theWigner-Ville distribution. TheWT
requires the signal in the window to be steady, while the laser
ultrasonic signal is nonlinear and non-stationary. VMD can
break the above algorithm limitations. This algorithm can
adaptively separate complex signals and is very useful for
the extraction of nonlinear and non-stationary characteristics
of signals. This algorithm is also widely used in different
field [34], [35]. Jiang et al. [36] accurately extracted the
weak damage characteristic of the rotation fault by VMD
algorithm. Yan and Jia [37] realized the identification of
multi-fault rolling bearings through VMD feature extraction.
Sun et al. [38] also used VMD algorithm to extract signal
features and realize the classification and identification of
sample unbalanced rolling bearings. However, few researches
combine VMD algorithm with laser ultrasonic additive fab-
rication detection to realize high-precision nondestructive
detection. Therefore, the VMD algorithm based on PSO was
used for the first time in this article to decompose the laser
ultrasonic signal and realize the high-precision quantitative
detection of small defects in additive fabrication.

The contributions of this study are listed as follows.
1) This study firstly presents a full noncontact laser

ultrasonic-based B-scan detection system to detect the
AM surface defects.

2) The interaction between the scattered surface wave and
the surface defect is verified through 3-dimension (3D)
finite element simulation.

3) In order to improve the signal-to-noise ratio (SNR)
of laser ultrasonic signal in AM 316L part, VMD

FIGURE 1. Scattering phenomenon of laser ultrasonic surface wave.

algorithm based particle swarm optimization (PSO)
was applied to process signals.

4) The time and amplitude parameters of different
positions were extracted to realize B-scan imaging,
the effects of the size of laser spot on precise quantifi-
cation of defects are analyzed and considered to be the
cause of the errors.

To sum up, the work of this article is mainly composed
of the following parts. The part II mainly focuses on the
diffraction principle of laser ultrasonic surface wave and the
establishment of three-dimensional simulation. The interac-
tion between surface wave and defects of different lengths
is analyzed. The VMD algorithm based on PSO is described
in part III. The preparation method of the specimen and
the construction of the experiment are introduced in part IV.
Experimental signal processing and imaging quantitative
analysis are studied in IV part. The V part is the summary
and discussion.

II. PRINCIPLE AND SIMULATION
A. PRINCIPLE OF LASER ULTRASONIC SCATTERING
WAVE DETECTION
Under the thermal elastic effect of laser, the surface of the
material has transient thermal expansion. The mode ultra-
sound is then produced. The surface wave energy ratio is the
highest, mainly distributed in the material surface 2λ depth
range. The surface wave has high sensitivity to the detection
of surface small defects. Surface waves travel through the
medium and interact with defects. According to Huygens
principle, ultrasonic waves scatter and generate reflected and
transmitted waves. As shown in the Fig.1. The sound field
of the interaction between surface waves and defects can be
expressed as:

Rtotal (x) = Rin (x)+ Rsc (x) , (1)

where, Rtotal (x) is the total sound field, Rin (x) is the incident
sound field, and Rsc(x) is the scattered sound field. The
scattered sound field consists of transmitted and reflected
waves. When the ultrasonic wave length is larger than the
defect length, most of the energy will bypass the defect
(transmission). When the wavelength of ultrasonic wave is
close to the defect length, part of the energy is transmitted
and part is reflected. When the ultrasonic wave wavelength is
smaller than the defect length, most of the energy is reflected
and the later the arrival time is. Therefore, the defects can be
judged according to the transmitted wave energy. Combined
with the time delay of surface waves at different receiving
positions, the defect length is further analyzed precisely and
quantitatively.
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FIGURE 2. Laser ultrasonic finite element Simulation model (after
meshing).

B. ESTABLISHMENT OF 3D SIMULATION MODEL
In order to analyze the interaction between ultrasonic surface
waves and defects in different lengths, 3D finite element
simulation is established in this article. The distribution of
laser energy in time and space is approximately Gaussian
distribution function. The distribution of laser energy in time
and space can be expressed as g(t) and f (x, y) respectively:

g (t) =
8t3

t40
exp

(
−
2t2

t20

)
, (2)

f (x, y) =
2

RG
√
2π

exp

[
−
(x − xG)2 + (y− yG)2

R2G

]
, (3)

where, t0 is the rising time of the laser, (xG, yG) is the coordi-
nates of the laser center, and RG is the radius of the laser point
source. The heat flow energy generated by laser irradiation on
the material surface can be described as:

Q = E0Af (x, y) g (t) , (4)

where, E0 is the laser intensity at the incident center, A is
the absorptivity absorbed on the material surface, and Q is
the total energy absorbed on the material surface. In the time
domain simulation, the stability of the numerical system and
the spatial sampling of the wave mode are affected by two
key factors, namely the time step size 1t and the spatial grid
size 1x. If the time step is too long, the model will lose
its stability. If the time step is too small, it will consume a
lot of calculation time. Therefore, their selection follows the
following principles:

1t <
1

20fmax
, (5)

1x <
λmin

20
, (6)

The 3D model is shown in Fig. 2. The length, width and
height of the sample are 40mm× 20mm× 5mm respectively.
The surface defect is represented by a rectangular groove
perpendicular to the surface of the material. The width and
depth of the defect are 0.5mm × 1mm, and the length of
the defect is 0.8mm, 2mm and 6mm respectively. In order to
avoid the influence of boundary reflection wave and reduce
the calculation time of the model, absorption boundary is

TABLE 1. Material parameters of 316L steel.

FIGURE 3. Simulation waveform of laser ultrasound.

FIGURE 4. Time domain diagrams of surface waves received in different
defects.

added around the model. The initial ambient temperature is
set at room temperature of 300K and the mesh size is 0.1mm.
The incident laser energy is 1mJ (thermoelastic state), the rise
time of laser pulse is 10ns, and the laser spot radius is
0.5mm. The material parameters of 316L steel are shown
in Table 1.

C. ANALYSIS OF SIMULATION RESULTS
The 3D finite element simulation nephogram is shown
in Fig. 3. When there is a surface defect, the surface wave
will interact with the defect to produce reflected wave and
transmitted wave. Among them, the reflected wave interferes
with the incident wave and changes weakly, which is not
conducive to the analysis. As shown in the red box, with
the increase of defect length, the transmission wave energy
band becomes weaker and reaches the receiving point later.
Therefore, in this article, the size of defects is analyzed by the
change of transmitted wave. Figure 4 represents A-scan time
domain diagram of non defect and different defect lengths in
the same excitation and receiving positions. The larger the
defect is, the more obvious the amplitude attenuation of the
transmitted signal is and the longer the arrival time is. It shows
that the amplitude and time characteristics of transmission
wave can be used for defect length detection.
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FIGURE 5. VMD parameter optimization process based on PSO.

III. VMD PARAMETER OPTIMIZATION BASED PSO
VMD is a non recursive signal decomposition method, which
can adaptively decompose ultrasonic signals into a series of
modes. Each mode is filtered based on the center frequency
and limited bandwidth. In order to effectively remove the
interference and extract the information of different defects,
VMD is used to decompose the original signal to obtain
several eigenfunctions, namely IMF component [36]. The
optimal IMF component is selected as the damage signal.
However, the premise and key of VMD to decompose sig-
nals accurately are the number of modal components K
and the quadratic penalty factor α. In this article, PSO
intelligent optimization algorithm is used to optimize this
parameter, the particle update strategy and inertia weight are
improved to automatically screen out the optimal parameter
combination, as shown in Fig. 5. In the process of particle
updating, an adaptive function is defined as the maximum
signal-to-noise ratio (SNR) between the first IMF component
and the original signal. The SNR is defined as follows:

SNR = log10(
Asignal
Anoise

). (7)

Among them, Asignal is defined as the maximum amplitude
of surface direct wave signal, Anoise is defined as the average
value of local noise amplitude.

IV. EXPERIMENT AND RESULT ANALYSIS
A. SLM TECHNOLOGY AND SAMPLE
SLM is a new surface modification technology, which means
coating materials with special properties on the surface of
the substrate. By irradiation of high-energy density laser
beam, the material and the substrate surface are rapidly
melted and solidified to form a metallurgical combination.
Thus, a composite cladding layer with special properties such
as corrosion resistance, fatigue resistance, high hardness,

FIGURE 6. SLM technical principle diagram.

TABLE 2. SLM processing parameters.

FIGURE 7. 316L steel part and artificial defects.

high wear resistance and high temperature resistance is
obtained. The metal 3D printing technology based on SLM
can almost replace most traditional forming methods to man-
ufacture metal parts with complex structure, as shown in
Fig. 6. SLM equipment model is BLT-s310 (Xi’an platinum
Laser Forming Technology Co., Ltd.). 316L stainless steel
powder is made by atomization, and the particles are almost
spherical. The processing parameters are shown in Table 2.
In this article, SLM technology is used to process 316L
stainless steel additive parts. The length, width and height are
100mm×50mm ×5mm respectively. Three groove defects
are machined on its surface. The length, width and depth are
2mm × 0.5mm × 1 mm, 0.8mm × 0.5mm × 1 mm and
6mm × 0.5mm × 1 mm respectively, as shown in Fig. 7.

B. EXPERIMENT SYSTEM
A fully non-contact laser ultrasonic B-scan system is built in
this article, as shown in Fig. 8. The 316L steel test block is
fixed on a two-dimensional scanning frame, and the scanning
frame is controlled by computer tomove along the y-axis with
a step interval of 0.1 mm. The scanning mode is shown in
Fig. 9. The laser and interferometer focus the spot through the
focusing lens and are fixed on the optical platform. The total
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FIGURE 8. Laser ultrasonic experiment system.

FIGURE 9. Schematic diagram of laser ultrasound scanning.

FIGURE 10. VMD decomposition results of laser ultrasonic surface wave
signal (a) time domain (b) frequency domain.

scanning displacement is 20 mm, the distance between the
excitation point and the receiving point is 10 mm, and the rep-
etition rate of the laser is 20 Hz. The signal is accepted with
NI acquisition card and the sampling frequency is 125 MHz.

C. EXPERIMENTAL RESULTS AND DISCUSSION
Through particle swarm optimization, the number of VMD
modal components K = 3 and the second penalty factor
α = 100000 are the best. On this basis, VMD is used to
decompose the signal. Fig. 10 (a) (b) shows the time-domain

FIGURE 11. (a)Time domain and (b) frequency domain graphs of signals
after different algorithms.

TABLE 3. SNR of different signals.

and frequency-domain decomposition results of any group
of ultrasonic signals. IMF1 is the most consistent with the
original signal in time domain. The frequency of IMF1 is con-
centrated in 0-4MHz, which is close to the actual ultrasonic
signal. The IMF2 and IMF3 frequency bands are 40MHz
and 80MHz respectively. The time domain display is also
disordered, which is ultrasonic signal with high frequency
noise. In order to compare the denoising effect of VMD,
the commonly used WT algorithm is used to denoise the sig-
nal. The comparison of time domain and frequency domain
of each algorithm is shown in Fig. 11. The original signal has
many burr and obvious noise. After WT denoising, the signal
is much more stable, but there is still obvious noise signal.
The IMF1 signal has almost no burr, and the ultrasonic signal
is the most obvious. The SNR of each method is shown
in Table 3, in which IMF1 has the highest signal-to-noise ratio
of 5.1603. Therefore, IMF1 is selected as the denoised signal
of VMD.

Signals corresponding to three different locations of the
2mm defect are selected for further analysis of transmitted
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FIGURE 12. Schematic diagram of different excitation points and
receiving points.

FIGURE 13. Ultrasonic signals collected at different locations from the
surface defect (a) Time domain signals (b) frequency domain signals.

wave changes. a is the position away from the top of the
defect, b is the same horizontal position with the top of the
defect, and c is the same horizontal position with the center
of the defect, as shown in Fig. 12.

As shown in Fig. 13 (a) (b), the time-domain and
frequency-domain signals corresponding to the three posi-
tions are shown. It can be seen that the surface wave is not
hindered by defects when it is excited at position a. The
received surface wave signal is a direct wave signal, and
the amplitude of the signal in time domain and frequency
domain is the largest. At position b, the surfacewave begins to
scatter. Although most of the signals can be transmitted to the
receiving point, the signal amplitude still shows attenuation,
but the time delay is not obvious. At position c, due to the
obvious obstruction of time and amplitude attenuation of
surface wave signal are the most obvious. According to the
time-frequency diagram (Fig.13 b), the frequency band of
the signal is concentrated between 0 and 4MHz. The center
frequency is about 1.8 MHz and the surface wave length is
about 1.7 mm. With the increase of defects, the amplitude
attenuation of time-frequency signal is more obvious, and the
central frequency band tends to widen. Therefore, according
to the surface wave transmission signals received at different
positions, we can judge whether there are defects and the
beginning and end of defects.

Fig. 14 (a) (b) shows the time domain and frequency
domain signals corresponding to the same excitation and
receiving point with different length defects. In accordance
with the theory, When the defect length is smaller than the
wavelength, the attenuation of transmitted wave signal is
small, and the time-domain signal of A scan is close to that
of intact part, so it is difficult to resolve directly. On the
contrary, when the defect length is greater than or equal to

FIGURE 14. (a) Time domain (b) frequency domain signals corresponding
to excitation points at the same position of different defects.

FIGURE 15. The B-scan imaging results of the original data.

FIGURE 16. After WT denoising (a) B scanning imaging (b)
three-dimensional imaging.

the wavelength, the transmitted signal changes obviously.
The larger the defect, the weaker the transmitted wave ampli-
tude signal and the more obvious the delay. Therefore, the
relationship of defect length can be quantitatively analyzed
according to the attenuation degree and time delay of trans-
mission wave signal. The law of the above experimental
signals is consistent with the simulation results, which shows
that the surface wave detection of surface defects is highly
sensitive.

According to the change of the transmitted wave signal,
B-scan imaging is carried out for different length defects.
There are many noise in the original signal, the effect of
B-scan imaging is poor and the length of defect cannot be
clearly quantified, as shown in Fig. 15. In Fig. 16 (a) and
Fig. 17 (a), the imaging results after WT and VMD denoising
are respectively shown. It can be seen that the imaging results
of the two denoising algorithms are clearer than the original
image, and the shadow area caused by defects can be clearly
seen. However, the imaging results after VMD noise reduc-
tion, the energy ribbon is smooth and the defect contour is
clearer than WT. Three kinds of defects with different sizes
also reflect the scattering law of ultrasonic wave again, that is,
the strength of transmitted wave signal depends on the length
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FIGURE 17. After VMD denoising (a) B scanning imaging (b)
three-dimensional imaging.

FIGURE 18. Quantitative evaluation method of laser ultrasound B-scan.

of defect. When the defect length is 0.8mm, the transmitted
wave signal energy is the largest, and the corresponding
transmitted energy in the black original frame is obvious,
while the defect is not obvious. When the defect length is
2mm, the transmitted ribbon is obviously weaker, but the
defect contour can be more obvious. When the defect length
is 6mm, the transmitted wave signal and the corresponding
color band almost disappears.

It is found that the spot size can not be ignored because the
spot diameter is close to the minimum defect size, as shown
in Fig. 18. In Fig. 18a, when the bottom of the spot is at the
same height as the top of the defect, the surface wave has
already started to scatter. A small part of the surface wave
will be reflected back, and a large part will be diffracted to the
receiving point of the interferometer at the same horizontal
position. Similar to figure 18c, when the top of the spot
and the bottom of the defect are in the same horizontal line,
the same situation will happen. At position b, when the spot
diameter is smaller than the defect length, there will be more
obvious reflection, and the longer the defect is, the more
obvious the reflection is, and the weaker the transmission is.
At this time, the amplitude attenuation is the most obvious
and the time delay is the most obvious position of all received
signals. Therefore, point a is where the amplitude of the
surface wave begins to weaken, and at c it is the end point.
Therefore, in the final B-scan results, the distance between
the start point and the end point also includes the diameter of
two light spots. As long as the distance ac is subtracted by
2mm, the defect length is obtained. Based on this, the quan-
titative detection of defects with different lengths is realized.

FIGURE 19. Quantitative 3D imaging maps corresponding to different
excitation source diameters (a) ϕ0.1 (b) ϕ0.4 (c) ϕ0.6.

TABLE 4. Summary of defect quantitative results.

In order to verify this idea, we use the lens to modulate the
size of different excitation spot, which are 0.1 mm, 0.4 mm
and 0.6 mm, respectively. The same scanning experiment is
used for the test block, and the imf1 component is obtained
by VMD decomposition of the signal. The three-dimensional
imaging views obtained by different spot sizes are shown
in Fig. 19. The quantitative results are shown in Table 4. The
results are reduced by twice the spot diameter.

The results show that the spot size does affect the accurate
quantification of small defects by B-scan. The smaller the
spot, the smaller the influence. As the experimental scanning
interval is 0.1mm, the pixel of B-scan imaging is 0.1mm.
Therefore, when the absolute error is less than 0.1mm,
the image cannot be resolved. Therefore, when the exci-
tation point diameter is 0.1mm, the relative error between
the quantitative result and the actual value is 0%. When the
excitation point diameter is 1mm, the precision quantitative
result processed by VMD algorithm is about 10% higher than
that of WPT method.

V. SUMMARY AND FUTURE WORK
In this article, a completely non-contact laser ultrasonic
B-scan inspection platform is built to quantitatively detect the
surface length defects of 316L stainless steel manufactured by
SLMprocess. In order to realize the accurate quantification of
defects, the VMD algorithm is used to denoise the signal, and
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the denoising results are compared with WT algorithm. The
imaging accuracy of VMD is improved about 10% compared
with WT denoising, and the signal is more stable. In addi-
tion, the spot size has a great influence on the quantitative
results: smaller spot will improve the quantitative accuracy.
The experimental results show that the laser ultrasonic testing
technology has high sensitivity to the surface defects of the
specimen, and can effectively determine the location and
length of the defects.

However, the technology has some limitations, such as
laser scanning efficiency and signal optimization. In the
future research, the probability of detection of natural cracks
will be carried out. Other issues to be addressed in the future
can be applied practically include: (a) optimizing the exper-
imental method to improve the laser scanning efficiency;
(b) optimize signal processing methods to improve signal
quality.
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