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Abstract The simulated calculation is carried out on the ul-
trasonic detection process for stainless steel resistance spot
welding by the finite element technology. It reveals the ultra-
sonic propagation characteristics and regularity in the inner of
the spot welds, and provides a theoretical basis for selecting
the Am as a characteristic parameter to represent the fusion
state of the spot weld in the actual ultrasonic detection. Then
the ultrasonic detection of spot welds with the presence of the
porosity defect which easily appears is simulated, and the
effect of the porosity on the ultrasonic propagation character-
istics is studied. It is found that the ultrasonic reflection and
transmission occur at the porosity defect, and finally the cor-
rectness and validity of the simulation and the model are ver-
ified by the experimental method.
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1 Introduction

Resistance spot welding is a welding method widely used in
mechanical manufacturing of automobiles, etc. [1-3]. Since
resistance spot welding joint is formed under closed condition,
it becomes difficult to control and detect welding quality [4,
5]. Therefore, destructive testing method is adopted in the
actual production to check the quality of spot welds of the test
piece or the products being inspected. This method is not only
inefficient but also wastes materials and energy. In recent
years, with the continuous improvement of product quality
requirements, nondestructive testing of spot welding quality
has attracted more and more attention [6—8]. Spot welding
ultrasonic nondestructive testing technology especially be-
comes a research hotspot at home and abroad with its advan-
tages of convenience, reliability, and safety [9—11]. At present,
the technology still has many urgent problems to be solved,
such as the optimum detection parameters setting for different
sample sizes and the qualitative and quantitative analysis of
spot welding defects, which have greatly restricted its practi-
cal application.

Numerical simulation plays an important role in ultra-
sound spread studies as an effective analysis method
[12—14]. Simulating ultrasonic testing process through fi-
nite element can not only deepen the understanding of the
mechanism of ultrasonic echo but also design or optimize
ultrasonic testing technology easily by changing the vari-
ous detection parameters, which provide a theoretical ba-
sis for detection and reduce detection blindness [15, 16].
This article uses COMSOL Multiphysics simulation soft-
ware to establish a simulation model of stainless steel
resistance spot welding ultrasonic testing. The propaga-
tion characteristics of the sound field in different positions
of the spot weld are simulated, and the methods of nugget
edge recognition and quantitative calculation of nugget
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diameter have been explored. At the same time, this arti-
cle also simulates porosity defects which are liable to
occur in welding nugget, and studies the influence of po-
rosity defects on ultrasonic spread characteristics. It pro-
vides useful information for waveform analysis in the de-
tection process, and has important theoretical and engi-
neering significance in analyzing the relationship between
the defect and the echo signal.

2 Basic theory of sound field simulation

Like ordinary sound waves, ultrasonic wave is the me-
chanical vibration in elastic medium in the form of fluc-
tuation. Its spread process follows Newton’s second law,
the law of conservation of energy, and momentum conser-
vation. Combining state equation of medium and small
amplitude approximation, under the circumstance of ig-
noring physical power (external force acting on any unit
volume of an object, such as its own gravity), the linear
equation of the sound field in isotropic solid medium is
expressed as

u
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where p is for medium density, u is for particle displace-
ment, and A and p are for the lame constant.

The first step to simulate the ultrasonic detection pro-
cess using the finite element method is the dispersion of
the medium, that is, according to the requirements of the
calculation precision and efficiency, the calculation area is
divided into the mesh elements with a certain number and
shape [17]. Then the displacement interpolation function
is constructed, and the displacement of any node in the
solution area is expressed by the node displacement and
displacement interpolation function. Finally, the motion
equation of the system is deduced from Eq. (1) by using
the element analysis and Galerkin method combined with
any characteristic of the node displacement variance [18].
If ignoring the influence of damping, the motion equation
is simplified to

Ma(1) + Ka(t) = Q(t) (2)

where a(¢) and a(f) are the systematic node acceleration
vector and node velocity vector, respectively, and M, K,
and Q(t) are, respectively, for the systematic mass matrix,
stiffness matrix, and node load vector.

This paper uses stainless steel as the base material of
the finite element model. The material parameters are as
follows: Young’s modulus £ = 210 x 10° Pa, Poisson’s
ratio o = 0.29, density p = 7930 kg/m3, and wavelength
0.42 mm. According to the material adopted in this paper,
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the measured sound velocity through a standard test block
is CL = 5890.91 m/s.

3 Establishment of simulation model

In this paper, COMSOL Multiphysics field coupling simula-
tion software is used for the numerical simulation of stainless
steel resistance spot welding ultrasonic testing. Since 3D mod-
el simulation calculation requires not only a higher computer
hardware configuration but also a lot of computing time, a 2D
model which limits appropriate boundary conditions is
adopted in this paper to simulate 3D simulation calculation.
At the same time, in order to further simplify the calculation,
in the 2D simulation model, we set the spot weld to have the
same material properties with the parent metal, only consider-
ing the effect of spot welding joint geometry characteristics on
the sound field. According to the structural characteristics of
stainless steel spot welding joint, the joint section model of the
vertical detection plane is established in this paper, as shown
in Fig. 1. In this model, the upper plate thickness is 1 mm and
the lower plate thickness is 2 mm. The overall length is
10 mm. In the contact area of two layers of steel plate, a
connecting area is set with a certain width as the size of the
nugget diameter. The actual width of the joint section is far
greater than 10 mm. So in the picture, the boundaries of 2, 5, 7,
and 9 are artificial truncation boundaries, which are set as the
damping boundary with certain absorption effect. The rest of
1, 3, 4, 6, 8, and 10 boundaries represent the actual outer
surface of the steel plate. Considering the ultrasonic spread
characteristics at the interface between steel and air, these
boundaries are set as complete reflection boundaries.

3.1 Selection of drive signal

In this paper, transient drive pulse is used to simulate the
ultrasonic wave, and the propagation characteristics of
ultrasonic waves loaded vertically to the model surface
are investigated. The drive signal is modulated through
the corresponding Gaussian window function by adopting
2.5 cycle of the sine signal. The waveform is shown in
Fig. 2. The signal center frequency is set to 15 MHz, and
with reference to the actual probe diameter, the contact
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Fig. 1 Geometric model of the joint
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Fig. 2 Waveform graph of excitation signal

length of the drive signal which is loaded on model
boundary 1 is set to 1 mm.

3.2 Mesh generations

Meshing is the vital step in the finite element numerical sim-
ulation, which directly affects the precision of numerical cal-
culation. In dealing with the problem of acoustic wave, the
principle of meshing is generally to control the largest cell size
between 1/10 and 1/5 of the minimum wavelength. This prin-
ciple can not only get enough high precision but also avoid the
problems of slow solving speed caused by too-close meshing
or the computer running out of memory. In this paper, free
subdivision triangular mesh is adopted to divide the model.
The largest cell size is 0.05 mm. After construction, the total
cell of the model is 31,178. The number of degree of freedom
is 63,157.

4 Simulation calculation result and analysis

4.1 Simulation analysis of ultrasonic detection echo signal
of spot welding joint

When the ultrasonic probe is located in the parent metal area of
the spot welding joint, the interior sound field transient distribu-
tion simulation results are as shown in Fig. 3. From the diagram,
it can be seen that the ultrasonic wave incidents to the underside
of the upper plate indeed all reflect. And the ultrasonic echo is not
affected by the nugget area. Specular reflection just happens on
the surface of the upper plate. Figure 4 is the corresponding A-
echo signal simulation waveform figure. It can be seen from the
table that the once-echo amplitude Am of the bottom of the upper
plate is bigger. The distance between wave crests is the sound
path of the upper plate thickness, and the sound wave shape and
the beam direction has not been changed.

When the ultrasonic probe is located in the welding joint
bonding line area, the interior sound field transient distribution
simulation results are as shown in Fig. 5. When the incident
sound wave reaches the lower surface of the upper steel plate,
the sound wave diffraction happens in the cutting edge of the
bonding line, and spread all around, centered on the cutting edge.
Only part of the sound waves are received by the probe, causing
the once-echo amplitude Am of the bottom of the upper plate to
be reduced, as shown in Fig. 6. In the later spread process, dif-
fraction happens when ultrasound passes the cutting edge of the
bonding line every time, causing the A-echo signal to attenuate
rapidly.

When ultrasonic probe is located in the spot welding nug-
get area, the simulation result of internal sound field transient
distribution is as shown in Fig. 7. Almost all ultrasonic waves
penetrate through the nugget, and reflect at the bottom of the
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Fig. 3 Transient internal acoustic field distribution diagram of base metal. a 0.2 us. b 0.31 ps. ¢ 0.39 ps. d 0.69 ps
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Fig. 4 A-echo signal simulation waveform

lower plate. The sound path is three times the echo at the
bottom of the upper plate. And the Am is close to the lowest
at this time, as shown in Fig. 8. When the reflected wave at the
bottom of the lower plate passes through the fusion area, a
small amount of sound wave diffracts at the edge of the bond-
ing line. And in the process of later spread, the signal of the
diffracted wave and reflected wave or transmitted wave over-
laps partly, and interferes with the ultrasonic echo, resulting in
glasslike noise, which can be reflected in the A-echo signal
waveform graph (Fig. 8).

The simulation results show that A-echo at different loca-
tions of the welding joint has respective characteristics. The
once-echo amplitude Am at the bottom of the upper plate
changes obviously. It provides a theoretical basis for the se-
lection of Am as the characteristic parameter of the internal
fusion state of the joint in practical welding ultrasonic detec-
tion [19-21].

4.2 Simulation results of porosity defect

Ultrasonic detection simulation has been carried out on poros-
ity defect which frequently appears in stainless steel welding

Sampling number

Fig. 6 A-echo signal simulation waveform

nugget to study porosity’s influence on ultrasonic spread char-
acteristics. When the porosity defect is 2 mm away from the
lower surface and its diameter is 0.06 mm within the spot
welding joint, the transient distribution of the sound field in-
side the joint is as shown in Fig. 9. In the picture, it can be seen
that in the process of propagation in the stainless steel medi-
um, ultrasound reflection and transmission occur at the poros-
ity. When the time is 0.33 s, the reflection echo of the defect
arrives at the coupling place between the probe and the work-
piece. The transmitted wave continues to spread to the lower
plate, and reflection occurs at the bottom of the lower plate.
The once-echo at the bottom of the lower plate returns along
the original path and it arrives at the probe at 1.03 ps. The
ultrasonic A-scan waveform diagram is obtained by means of
echo signal superposition at each point on the surface of the
sound source characterizing received signal, as shown in
Fig. 10. It can be seen from the diagram, at one third position
between the surface wave and the lower steel plate bottom
echo, that the reflection echo of the porosity defect appears,
which is in good agreement with the position of porosity de-
fect in the simulation model. And the influence of porosity
defect on ultrasonic reflection and scattering causes the
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Fig. 5 Transient internal acoustic field distribution diagram of combination line. a 0.33 us. b 0.6 ps. ¢ 0.69 ps. d 1.33 ps
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Fig. 10 A-scan waveform of ultrasonic detection

reflection echo moves therewith, and it is in good agreement
with the position of the porosity defect in the simulation
model.

5 Experimental verification

By adjusting the welding parameters and welding conditions,
a large number of spot welded specimens with porosity de-
fects were prepared. A 15 MHz high-frequency focusing
probe is adopted to scan and detect. The typical A-scan wave-
form at the defection place is shown in Fig. 13. Compared
with the simulation results in Fig. 10, the defect echo
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Fig. 13 Typical A-scanning waveform of defects

amplitude is small. This is because the ultrasonic absorption
and scattering of bulky organization within the actual spot
welding nugget is large. However, the simulation model uses
the simplified form, ignoring the attenuation caused by mul-
tiple scattering of actual material internal organization and
grain boundary. At the same time, the noise of test and limited
width of the sample are also the reasons causing the difference
between the actual testing results and the simulation results.
But for the signal main part, that is, the ultrasonic echo ampli-
tude and phase, the actual detection keeps good consistency
with the simulation results. The once-echo amplitude Am at
the bottom of the upper plate is used as a characteristic param-
eter representing a joint internal fusion state, and the C-scan
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Fig. 11 Transient internal acoustic field distribution diagram of the joint with different porosity depth. a Porosity depth is 2.3 mm. b Porosity depth is
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Fig. 14 Diagrams of spot welded specimen. a C-scan diagram. b The joint cross-section metallograph

image of the whole scanning area is obtained. One of the C-
scan images of spot welded specimens is shown in Fig. 14a,
and the corresponding cross-section metallograph is shown in
Fig. 14b. It can be seen from the figure that the shape of the
nugget and porosity are very close in the detecting image and
real metallograph.

The accuracy of ultrasonic test of the nugget diameter and
porosity defects is also further studied in this article. A com-
parison diagram of ultrasonic testing values and metallograph-
ic test values of 12 spot welding specimens is shown in
Fig. 15, where De refers to the ultrasonic testing value of the
nugget diameter, Dm refers to the metallographic measured
value of the nugget diameter, Se refers to the ultrasonic testing
value of porosity, and Sm refers to the metallographic mea-
sured value of porosity. The ultrasonic testing values of the
nugget diameter and porosity are in good agreement with the
measured values, and the average relative error is 1.069 and
4.827%, respectively, which can meet the requirement of in-
dustrial detection accuracy. Therefore, the method of simula-
tion analysis of ultrasonic detection for resistance spot

Diameter/mm

01 2 3 4 5 6 7 8 9
Specimen number

10 11 12 13

Fig. 15 Comparison diagram of ultrasonic testing values and
metallographic test values

welding based on COMSOL Multiphysics has a high
accuracy.

6 Conclusions

In this paper, COMSOL Multiphysics software is used to sim-
ulate the process of the ultrasonic detection of spot welds. The
results show that the A-scan waveform at different locations of
the spot weld has respective characteristics. The amplitude
value Am of the once-echo from the upper plate bottom
changes obviously in particular, which provides a theoretical
basis for selecting the Am as a characteristic parameter to
represent the fusion state of the spot weld in the actual ultra-
sonic detection.

The ultrasonic detection of spot welds with the presence of
the porosity defect is simulated, and the effect of different
depths of the porosity on the ultrasonic propagation character-
istics is studied. It is shown that the ultrasonic wave is
reflected and transmitted at the porosity, and with the change
of the porosity location, the defect echo also moves.

Through the verification test, it is found that the amplitude
value and phase of the actual ultrasonic echo are consistent
with the simulation results. The ultrasonic testing values of the
nugget diameter and porosity are in good agreement with the
measured values, and the average relative error is 1.069 and
4.827%, respectively, which can meet the requirement of in-
dustrial detection accuracy, and then prove the correctness and
validity of the simulation model and the method used in this

paper.
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