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In situ measurement of ultrasonic behavior during lap spot welding with 
laser ultrasonic method 
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A B S T R A C T   

Understanding the joining process in real time during welding can help improve welding quality, reliability, and 
manufacturing process efficiency. For this purpose, a laser ultrasonic method that can detect in situ welding 
quality without contact during welding would be useful. However, the behaviors of ultrasonic propagation as 
well as melting and joining with increasing temperature remain unclear. Therefore, this study aimed to exper
imentally investigate the in-process ultrasonic behavior when using the laser ultrasonic method. Lapped tungsten 
inert gas (TIG) arc spot welding was used for the ultrasonic measurements, wherein the ignition of the TIG arc 
from the specimen’s top surface and laser irradiation for the ultrasonic measurement from the bottom surface 
occur simultaneously. In this welding, the melting width at the interface of the lapped plates is an important 
parameter. We investigated the type of ultrasonics used to measure the melting width and examined whether the 
melting behavior during welding could be experimentally captured. The results show that the ultrasonic velocity 
decreases as the temperature increases. The echo from the interface between the plates disappears, and the echo 
from the top surface appears. The disappearance and appearance of each echo facilitate the understanding of the 
melting behavior during welding.   

1. Introduction 

Welding technology is used in various fields of the manufacturing 
industry and is an indispensable technology in manufacturing. However, 
many cases of destruction originate from welded joints, and high reli
ability is of utmost importance. Currently, non-destructive inspection is 
widely used after welding to guarantee welding quality. However, a 
significant backtracking process may occur if a defect is detected during 
inspection, which is time-consuming and expensive. Therefore, there is 
an increasing demand for in-process monitoring that detects the pres
ence or absence of welding defects during welding. As the object be
comes very hot during welding, it is necessary to apply an inspection 
method that is measurable even in severe environments. Appearance 
measurement with a visual camera and temperature measurement with 
thermography are non-contact methods and are often used as in-process 
monitoring methods [1,2], including additive manufacturing [3]. 
However, they are restricted to external information. It is necessary to 
find the correlation between external and internal information to obtain 
internal information. This correlation is an indirect connection, but it is 
often inapplicable when the conditions change. For example, our recent 

study estimated the depth of invisible internal penetration by machine 
learning from molten pool monitoring [4]; however, it is an indirect 
approach that is not based on principles of physics. Currently, only 
radiographic testing (RT) or ultrasonic testing (UT) is applicable for 
direct measurement of internal information. X-ray methods [5,6], 
airborne ultrasonic methods [7], electromagnetic ultrasonic methods 
[8], and laser ultrasonic methods [9,10] are considered to be useful for 
obtaining internal information on welds as a non-contact method in a 
high-temperature environment. The use of X-rays requires a large-scale 
device, and it is not easy to apply to thick steel materials. Furthermore, 
its application has many problems, such as the need for radiation safety 
management. Although airborne ultrasonic methods and electromag
netic ultrasonic methods can measure without any contact with an ob
ject, they must be set very close to the object, and the signal-to-noise 
ratio (SNR) is generally low. Therefore, it is difficult to apply them in an 
environment such as welding. Here, we focused on the laser ultrasonic 
method, which generates and detects ultrasonics remotely. The laser 
ultrasonic method can excite ultrasonics by pulse laser irradiation and 
receive them on the target surface using a laser interferometer. Because 
a laser is used as a probe, non-contact measurement can be performed 
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remotely to apply it even under high-temperature conditions such as 
welding. In addition, the laser ultrasonic method has the following ad
vantages compared to conventional ultrasonic testing with a transducer: 
(1) it is possible to excite high-frequency ultrasonic waves of several tens 
of MHz in a wide band, so an improved spatial resolution of ultrasonic 
detection; (2) because of its small beam diameter, it is also applicable to 
narrow areas; (3) the measurement system can be scanned at high speed 
[10,11]. 

Currently, laser ultrasonic methods are used in various studies, such 
as defect detection [12–16], plate thickness measurement [17], and 
material property evaluation [18–21]. As an example of applying the 
laser ultrasonic method during welding, Yamamoto et al. reported the 
detection of welding defects during butt welding of thick Cr–Mo–V steel 
pipes and compared the dimensions of the defects with conventional 
ultrasonic tests [22]. Nomura et al. detected welding defects, such as 
lack of penetration and solidification cracks, during gas metal arc 
welding of single-bevel groove joints [23,24]. They also detected 
changes in penetration depth when welding conditions changed [24]. In 
recent years, there have been reports of real-time monitoring of welding 
quality using laser ultrasonic methods during welding, demonstrating 
their usefulness. Additive manufacturing is also a technology that uti
lizes the phenomenon of melting and joining, and the development of its 
non-destructive testing (NDT) technique is required [3]. The laser ul
trasonic method has attracted attention because of the possibility of its 
application to inspections for each pass [25,26]. However, few studies 
have been conducted on the process involving the melted area. Hence, 
studies have not yet clarified how ultrasonic waves propagate through 
the melting and joining process. From the point of view of the 
high-temperature field, there are many studies on the measurement of 
ultrasonic velocity [19,27–31]. It is widely known that the ultrasonic 
velocity generally decreases as the temperature increases. The detection 
of the solid-liquid interface in Al has been reported by Burhan et al. as an 
example of solidification behavior [32]; however, the subject is not a 
joining phenomenon. Welding is a phenomenon in which multiple ma
terials fuse as the temperature increases, and there are a few reports on 
the ultrasonic behavior during the phenomenon of joining. When the 
ultrasonic propagation behavior during welding can be clarified, and the 
melting and joining phenomenon can be grasped in real-time, it will be 
beneficial for controlling the welding quality and understanding the 
phenomenon. 

Therefore, we aimed to grasp the melting and joining phenomenon 
using the laser ultrasonic method to clarify the ultrasonic behavior 
during welding with temperature-rise. In this study, we conducted lap 
arc spot welding as one of the systems where such phenomena occur 
[33]. The internal joint diameter of lap arc spot welding is important to 
ensure joint strength. However, the visible processed diameter and the 
internal joint diameter generally do not match, and in some cases, the 
joint may be misaligned and deviated [34,35]. Therefore, there is a 
demand practically to measure the internal joint diameter. Furthermore, 
in-process measurement is useful to prevent insufficient penetration and 
burn-through. In the lap arc spot welding by the tungsten inert gas (TIG) 
arc, the upper plate firstly melts, and the interface between the upper 
and lower plates gradually melts, and two plates are finally joined. We 
investigated what kind of wave should be used for the laser ultrasonic 
method to capture this phenomenon. TIG arc spot welding is often dis
cussed to study fundamental issues [36,37]. In addition, recently, a 
dissimilar material welding method using an intermediate layer [38] 
and a specific element [39] has been reported. Therefore, there is also a 
demand for experimentally measuring the melting phenomenon of the 
arc spot welding method. This study clarifies the basic phenomenon 
measured when diagnosing the state of invisible internal joints in such 
spot-shaped lap welding with ultrasonics. 

This paper shows the measurement result where the plate thickness 
of the lap specimen was relatively thick after describing the experi
mental equipment configuration, measurement system, and measure
ment conditions. Next, we show the measurements made on thin lap 

plates, which are rather difficult to apply to ultrasonic methods. 

2. Methods 

2.1. Experimental setup 

Fig. 1 shows a schematic of the experimental setup. The specimen 
consisted of two stacked steel plates. The TIG arc was ignited at a fixed 
point from the specimen’s top surface to form a molten pool during 
welding. At the same time, the ultrasonic measurement lasers, which 
were generation and detection lasers, were irradiated at the bottom 
surface. Tables 1 and 2 show the specifications of the generation and 
detection lasers used in this experiment, respectively. The generation 
laser was a pulsed Nd:YAG laser with a wavelength of 1064 nm (Litron 
Lasers, Nano L90-100). There are two types of ultrasonic excitation 
modes excited by a laser: thermoelastic and ablation [6]. In this study, 
the pulse energy and the spot diameter were selected where the ultra
sonic waves were excited in the ablation region: the pulse energy was 30 
mJ, the pulse width was 8 ns, and the spot diameter at the irradiation 
point was approximately 1.5 mm. The detection laser consisted of an Nd: 
YAG laser with a wavelength of 532 nm and a laser interferometer based 
on the Michelson interferometer by multichannel random orthogonal 
interferometry (Bossa Nova, Quartet-1500) [40]. The detection laser 
was irradiated at one point and orthogonal to the measurement surface. 
The measured signal intensity was proportional to the detection sensi
tivity of the detection laser device. The detection sensitivity depends on 
the reference light intensity and decreases because of the following 

Fig. 1. Schematic of the experimental setup.  

Table 1 
Specification of the generation laser.  

Laser Nd:YAG 

Wavelength 1064 nm 
Repetition rate 100 Hz 
Energy 30 mJ 
Pulse width 8 ns 
Beam diameter 1.5 mm  

Table 2 
Specification of the detection laser.  

Laser Nd:YAG 

Wavelength 532 nm 
Laser power 1 W 
Detection range 100 kHz–50 MHz  

K. Nomura et al.                                                                                                                                                                                                                                
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factors: the distance between the probe and the target deviates from the 
focal position, the irradiation angle is tilted, and the reflectance of the 
target surface is low. In this study, the position and angle of the probe 
were adjusted to maximize the detection sensitivity. The generation 
laser was irradiated at multiple points for a set length with a Galvano 
mirror scanner, and the procedure was repeated during welding. As a 
result, we continuously acquired the B-scans, whose horizontal axis is 
the generation position and the vertical axis is the ultrasonic propaga
tion time and evaluated their time change. The acquired signal was not 
averaged, and a frequency filter was applied to cut below 3 MHz and 
above 10 MHz for noise reduction. 

2.2. Measurement conditions 

The specimen consisted of two stacked steel plates, and the four 
corners were clamped to bring them into close contact with each other. 
A schematic of the experiment is presented in Fig. 2. We evaluated the 
two types of specimens. One was the thick plate condition, where the 
thicknesses of the upper and lower plates were 2 and 6 mm, respectively. 
The other was the thin plate condition, where the upper and lower plates 
were 2 mm thick. The lasers were irradiated to the bottom surface of the 
lower plate to measure the ultrasonic waves. The ultrasonic behavior 
can be relatively easier to identify for the thick plate condition than the 
thin plate type because the thick plate condition is less affected by 
multiple reflections. However, in typical lap plate joining, the same thin 
plates are used in many cases. Therefore, we attempted to measure these 

two conditions. 
SPCC was used for the 2 mm thick plate, and SS400 was used for the 

6 mm thick plate. The size of the XY surface of both plates was 200 × 80 
mm. The use of two types of steel was simply a matter of the standard 
plate thickness availability. Table 3 presents the results of the ultrasonic 
velocity measurement in this study. This results from irradiating the 
generation laser from one side of the plate, arranging the detection laser 
on the opposite side, and measuring the ultrasonic at room temperature 
while changing the distance between the generation and detection 
points. No significant differences in velocities were observed. Accurate 
ultrasonic velocity measurement in a high-temperature field requires a 
uniform temperature distribution, which was not conducted in this 
study. It is generally known that the ultrasonic velocity decreases as the 
temperature increases. 

The laser irradiation conditions in the thick plates (see Fig. 2 (a)) 
were as follows: where X = 0 mm was set below the welding target 
position, the detection point was one point of X = 6 mm, and the gen
eration laser was scanned from X = − 10 to 0 mm with a pitch of 0.2 mm, 
for a total of 51 points. As the repetition rate of the generation laser was 
100 Hz, it took 0.5 s to scan this generation range equally to obtain one 
B-scan. The signal was acquired at 100 MS/s and processed in real-time. 
For the thin plates (see Fig. 2 (b)), the laser irradiation conditions were 
as follows: the detection point was one point at X = 2 mm, the genera
tion laser was scanned from X = − 3 to 0 mm with a pitch of 0.2 mm, for a 
total of 16 points. For both the conditions, an offset distance of 3 mm 
was set between the generation and detection points in the Y direction. 
Therefore, the line by generation points was Y = 1.5 mm, and the 
detection point was Y = − 1.5 mm, where Y = 0 mm was set below the 
welding target position. Due to this offset influence, the propagation 
distance is slightly longer than under the condition when the generation 
and detection points are lined up at Y = 0 mm. For example, when the 
distance between the generation and detection points is 12 mm in the X 
direction, and the reflection occurs at z = 6 mm, the propagation dis
tance without offset is 16.9 mm. With an offset in the Y direction of 3 
mm, the propagation distance changes 17.2 mm, which is 1.02 times the 
original. Although with larger distances, the offset effect becomes 
smaller, this study supposes that this deviation has no significant effect 
on the measurements and evaluations. 

The heat source, the TIG arc, ignited on the top surface of the upper 
plate. The welding conditions were as follows: the shielding gas was Ar 
with a flow rate of 15 L/min, an arc length of 3 mm, and a tungsten 
electrode diameter of 3.2 mm. The welding current and welding time 
were selected to melt the interface between two plates, but no burn- 
through occurred. The parameters were 150 A and 48 s under the 
thick plate condition, 100 A and 30 s under the thin plate condition. 

Fig. 2. Schematic of the measurement conditions.  

Table 3 
Ultrasonic velocities of samples at room temperature.   

SS400 SPCC 

Longitudinal wave [m/s] 5920 5970 
Transverse wave [m/s] 3200 3240  

Fig. 3. Cross-sectional macro after the welding time of 48 s under the thick 
plate condition. 
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3. Results 

3.1. Thick plate condition 

For observing the melting and joining phenomenon during TIG spot 
welding using laser ultrasonic, it is necessary to consider the effective 
arrangement of laser irradiation and the type of wave that can be used to 
make it possible. In this section, in-process measurement by laser 

ultrasonic was performed for the specimen using relatively thick plates, 
which are easy to identify without superimposing each excited ultra
sonic wave by multiple reflections. 

The measurement conditions are shown in Fig. 2 (a). Fig. 3 shows a 
cross-sectional macro 48 s after the start of welding. This cross-sectional 
macro shows that the interface was fused at a width of 8 mm and melted 
at a depth of approximately 5 mm due to the 48 s heating by the TIG arc 
spot welding. 

Fig. 4. Time variation of the B-scan during TIG arc spot welding in 2 mm and 6 mm plates.  

K. Nomura et al.                                                                                                                                                                                                                                



NDT and E International 130 (2022) 102662

5

Fig. 4 (a) to (c) show the B-scan at 0, 17, and 34 s after the arc 
ignition. In addition, the plots on the right show the supposed state of 
some ultrasonic propagation within the specimen varying with time. The 
various waves were observed; therefore, we assigned capital letters to 
each wave to distinguish them commonly in the plots. 

Fig. 4 (a) shows that the interface between the upper and lower 
plates did not melt at the start of welding. We can see the various waves 
over the entire generation range: surface waves such as lateral (A) and 
Rayleigh waves (F), longitudinal and transverse waves reflected once at 
the interface (1st longitudinal echo (B) and 1st transverse echo (G) from 
the interface), mode conversion wave reflected once at the interface (C), 
and the longitudinal wave reflected twice at the interface (2nd longi
tudinal echo from the interface (E)). These results are consistent with the 
arrival time converted from the longitudinal wave and transverse wave 
velocities at room temperature, respectively. The 1st longitudinal echo 
was weaker on the left side of the B-scan, but this was considered due to 
the directivity of the laser ultrasonic longitudinal wave in the ablation 
mode [6]. 

Fig. 4 (b) shows the change in each echo as welding progressed and 
the interface melted. The range in which the 1st longitudinal echo can be 
obtained is narrowed, and the signal is hardly seen on the left side of the 
B-scan. We assumed this was because the interface melted as shown in 
the corresponding illustration; thus, the waves became hard to reflect at 
the interface depending on the irradiation position. As welding pro
gressed further, the longitudinal wave reflected once at the top surface 
of the upper plate (1st longitudinal echo from the surface (D)) appeared 
clearly in a wide range (Fig. 4 (c)). In addition, waves that reflected two 
(H) and three (J) times from the top surface were also observed. It is also 
shown that the signal intensity of the surface wave appears to be 
weakened. Moreover, Fig. 4 (b) and (c) show that bulk waves related to 
transverse waves were no longer observed. Because the transverse wave 
generally does not propagate through and is not reflected at the liquid, it 
is considered that a part of the interface melted. However, there should 
be a slight longitudinal wave reflection from the solid-liquid interface 

[32,41]. This reflection was not visually recognized in this measure
ment, probably because of its very low signal intensity. 

From the above results, we can propose using the intensity decline of 
the 1st echo from the interface (B) or the appearance of the 1st echo from 
the top surface (D) to capture the widening of the interfacial fusion 
width, that is, the joining phenomenon. 

3.2. Monitoring at one generation point of thick plate condition 

To clarify the time variation of ultrasonic propagation due to heating 
and melting of the interface by the TIG arc spot, we focused on the signal 
variation at a point X = − 6 mm on behalf of the generation point where 
the 1st longitudinal echo from the top surface was obtained. The signals 
were picked up at X = − 6 mm from each B-scan and laterally arranged in 
Fig. 5, where the welding time is on the horizontal axis and the ultra
sonic propagation time is on the vertical axis. Because it takes 0.5 s to 
acquire one B-scan, the time resolution on the horizontal axis in Fig. 5 is 
also 0.5 s. The explanation in capital letters is the same as that in Fig. 4. 
As welding progressed and the temperature of the specimen increased, 
the ultrasonic velocities decreased, and the propagation time of the ul
trasonic wave was delayed overall. The behavior of these waves changed 
discontinuously at 48 s because the specimen was rapidly cooled after 
the welding. 

First, the1st echo intensity from the interface (B) decreased as the 
welding progressed, as described in Section 3.2. Second, the 1st echo 
from the top surface (D) started appearing approximately 20 s after the 
welding commenced, and its intensity gradually increased. In Fig. 5, the 
mode conversion wave (C) and the echo from the top surface (D) appear 
to be connected to one signal; however, they are different waves. The 
arrival times were very close under these experimental conditions, but 
observing their time change in the B-scans enabled us to distinguish 
between these two waves. For example, we can see that the corre
sponding wave disappeared in Fig. 4 (b), which shows the transition 
state. Therefore, it can be inferred that these two waves have different 

Fig. 5. Time variation of the A-scope obtained at one generation point of X = − 6 mm.  

Fig. 6. Post-processing of the B-scan at room temperature.  
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origins. The 1st surface echo (D) intensity increased as the interfacial 
melting progressed, which is considered because melting and fusion 
broadened the gate-like area for the incoming and outgoing ultrasonic 
waves to the upper plate. 

After the welding was completed, the arrival time of the 1st echo 
from the top surface (D) changed quickly from 5 μs to 4.5 μs as the 
temperature dropped. At the same time, the signal intensity also 
decreased significantly due to the decrease in the detection laser sensi
tivity. In this welding, the bottom surface of the specimen became red- 
hot and oxidized just below the welding target position. At 48 s after 
the welding started, the discoloration covered the detection point due to 
the expansion of the red-hot area. Changes in the detection surface 
significantly induced the detection sensitivity. For recovering the 
detection sensitivity, we post-processed the measurement by polishing 
the detection area of the specimen after the in-process measurement. 
The resulting B-scan is shown in Fig. 6. We can see that the 1st echo from 
the top surface (D) with sufficient intensity improves the detection 
sensitivity. The arrival time of this signal at X = − 6 mm is approximately 
3.5 μs, which matches the time obtained by a simple geometric calcu
lation. On the other hand, the arrival time of this wave (D) at 50 s in 
Fig. 5 was approximately 4.5 μs, which is low but can be observed. This 
indicated that the specimen at 50 s was still hot for ultrasonic propa
gation. Furthermore, Fig. 6 shows that the waves related to the trans
verse wave were observed again, and the mode conversion wave 
reflected on the top surface (K) was observed for the first time, unlike 
displayed in Fig. 4 (b) and (c). 

The arrival time of the Rayleigh wave (F) was suddenly delayed 
while focusing on it approximately 26 s after the start of the welding in 
Fig. 5. However, no such delay was observed in other waves as the 
heating specimen affected the bottom surface and induced a slight and 
partial bulge (see Fig. 7). Furthermore, the Rayleigh wave intensity 
gradually decreased from approximately 35 s after the start of welding. 
Because the intensity of the 1st echo from the top surface (D) remains 
high, it was suggested that the detection sensitivity did not induce a 
decrease in the Rayleigh wave intensity. If this happened due to the 
decline in detection sensitivity, the Rayleigh wave intensity should not 
increase after the welding, where the discoloration remained. This 

phenomenon is discussed in Section 3.4. 
Using the results, we estimated the width of the melting interface on 

a trial basis. According to the simple geometric relationship shown in 
Fig. 8, if the 1st echo from the top surface is obtained by the generation 
at X = − 6 mm, with at least 3 mm openings, the interfacial melting 
should exist. Therefore, after the welding started, we stopped it at 34 s 
and observed its cross-sectional macro (Fig. 9). The 1st echo from the top 
surface was sufficiently observed. The melted width exceeded 3 mm and 
was observed to be approximately 6 mm. Therefore, it can be said that to 
capture the melting phenomenon of lapped spot welding, an echo from 
the surface with relatively high intensity is suitable. Strictly speaking, a 
correlation investigation between the measured signal intensity and the 
melted width is required; however, laser ultrasonic measurement such 
as the above method can guarantee the melted width by using the 
appearance of 1st echo from the top surface. More detailed experiments 
and discussions are required for rigorous sizing. 

3.3. Thin plate condition 

The previous subsections show that we can capture the melting and 
joining phenomenon using appropriate echoes in laser ultrasonic mea
surements. The specimen was a combination of a 2 mm upper plate and a 
6 mm lower plate. Because the lower plate was thick, the ultrasonic 
waves were relatively easy to distinguish. However, in typical lap plate 
joining, plates of the same thickness are generally used. This section 
examines the possibility that our measurement could be applied to thin 
plate specimens with a thickness of 2 mm for both the upper and lower 
SPCC plates. The experimental conditions are shown in Fig. 2 (b). The 
welding time was 30 s when the interface between the plates melted, and 
no burn-through occurred. Fig. 10 shows a cross-sectional macro 30 s 
after the start of welding. This cross-sectional macro shows that the 
interface was fused at a width of approximately 3 mm. 

Fig. 11 (a) to (c) show the B-scans of 0 s, 20 s, and 30 s after the arc 
ignition following a supposed state of ultrasonic propagation within the 

Fig. 7. The appearance of the bottom surface after the TIG arc spot welding 
under the thick plate condition. 

Fig. 8. Simple geometric calculation for detecting the 1st longitudinal echo 
from the top surface. 

Fig. 9. Cross-sectional macro at 34 s after the welding starts.  

Fig. 10. Cross-sectional macro after the welding time 30 s of thin 
plate condition. 
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specimen at each time. We confirmed that the interface was not melted 
after 20 s but the joining was achieved in 30 s (Fig. 10) by multiple post- 
process observations after welding. It was shown that the melting and 
joining occurred between 20 and 30 s. In Fig. 11 (a) immediately after 
arc ignition, the Rayleigh wave (D), the lateral wave (A), and the 1st (B) 
and 2nd (C) longitudinal echoes emerge from the interface. These results 
are consistent with the arrival time converted from the ultrasonic ve
locities at room temperature. From Fig. 11 (b), the same waves displayed 

in Fig. 11 (a) were still measured with a delayed time, although the 
interface was not melted. Because the plate was thinner, it was expected 
that the lower plate would become hot enough to slow the ultrasonic 
waves before the interface melted. Fig. 11 (c), When the interface was 
melted by approximately 3 mm, it showed that the intensity of the 1st 
echo from the interface (B) decreased less than earlier, which was 
similar to that of the thick condition. If the phenomenon is the same as 
the thick condition, the echo from the top surface (E) should be obtained 

Fig. 11. Time variation of the B-scan during TIG arc spot welding in thin plate condition.  
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subsequently. However, because the simple geometric calculation shows 
that the arrival time of the 1st echo from the top surface (E) and the 2nd 
echo from the interface (C) become the same under this irradiation 
condition, the waves cannot be distinguished. This always occurs when 
the upper and lower plate thicknesses are the same; thus, it is difficult to 
regard the appearance of the echo from the top surface (E) as a sign of 
melting. In a precise sense, the echo from the top surface should be 
slower than the echo from the interface because the former wave 
propagates through the upper plate, which has a higher temperature 
region. However, there was no visible difference in the propagation 
delay of the ultrasonic waves. 

4. Discussion 

Depending on the thickness of the plate, there is some useable ul
trasonic information to capture the phenomenon of joining. In the re
sults of the thick plate condition, the decline in the intensity of the 1st 
echo from the interface or the appearance of the 1st echo from the top 
surface is useful. For thin plates of the same thickness, it is possible to 
use the intensity decrease of the 1st echo from the interface. However, 
because the arrival times of the 1st echo at the interface and the lateral 
wave are very close, to evaluate the reduction in the intensity quanti
tatively and to guarantee the melted interface length are more difficult 
than the thick plate condition. 

On the other hand, changes in the behavior of the surface waves were 
also observed during the in-process. As mentioned in Section 3.2, Fig. 5 
shows that the Rayleigh wave intensity decreased significantly after 
approximately 35 s from the start of welding. The aiming position of this 
welding was at X = 0 mm and Y = 0 mm, and the discolored area 
expanded from this center at the bottom surface. When the laser ultra
sonic measurement set the generation and detection points as X = − 6 
mm and 6 mm, the Rayleigh wave propagated through the red-hot 
center, as shown in Fig. 12. We considered that the temperature rise 
of the propagation path was the cause of the signal intensity decline. 
Thus, we measured the temperature change of the bottom surface non- 
contactly during welding time using thermography. A blackbody spray 
was used to avoid the emissivity problem for thermographic measure
ments. Fig. 13 shows the time variation of the peak-to-peak values of the 
Rayleigh wave intensity and central temperature. This figure shows that 
the Rayleigh wave intensity decreased significantly between the welding 
time of 30 s and 35 s, and the corresponding temperature in the central 
area was approximately 1000 ◦C (Fig. 13). It was suggested that Ray
leigh waves might be significantly attenuated by propagating at 
approximately 1000 ◦C. We have incorporated the change in detection 
sensitivity to this figure to show that this attenuation was not due to the 
decrease in detection sensitivity. Rayleigh waves are elastic surface 
waves combined with longitudinal and transverse waves, and the liquid 
does not transmit transverse waves. It is supposed that as the bottom side 
is softened enough to deform the surface, the propagation of the trans
verse waves is impeded. Consequently, the surface wave is significantly 
attenuated. Regarding the attenuation of bulk waves, Scruby et al. re
ported that rapid attenuation was observed at 1000 ◦C [28]. Because in 

their measurement, the material is sandwiched between the generation 
and detection lasers, it did not directly indicate the attenuation of the 
surface wave intensity. However, this was considered to be closely 
related to our results. Investigation of the complex behavior of the 
surface wave at a high-temperature state is expected to be discussed 
further. 

5. Conclusions 

This study experimented with laser ultrasonic measurement for 
lapped TIG arc spot welding composed of two steel plates. The TIG arc 
was ignited on the surface of the upper plate. The scanned multi-point 
generation laser and one-point detection laser were used to irradiate 
the bottom surface of the lower plate. We aimed to capture the fusion 
and joining phenomenon using laser ultrasonic and clarify the ultrasonic 
behavior during such a high-temperature field in-process. 

When the upper plate was 2 mm, and the lower plate was 6 mm of the 
specimen, we could capture the melting phenomenon at the interface 
using the decrease in the intensity of the 1st longitudinal echo from the 
interface or the appearance of the 1st longitudinal echo from the top 
surface. Furthermore, it showed that the Rayleigh wave, one of the 
surface waves, is significantly attenuated when it propagates above 
approximately 1000 ◦C. 

In a thinner specimen with the upper and lower plates set to 2 mm, 
the decrease in the intensity of the 1st longitudinal echo from the 
interface was functional to capture the melting phenomenon. However, 
we were unable to recognize the 1st echo from the top surface because 
the arrival times of the 2nd echo from the interface and the lateral wave 
were close to each other. Therefore, it is difficult to make a quantitative 
judgment when the specimen is a thick plate. 

Author statement 

Kazufumi NOMURA: Conceptualization, Methodology, Software, 
Investigation, Resources, Data Curation, Writing - Original Draft, 
Writing - Review & Editing, Visualization, Supervision, Project admin
istration, Funding acquisition, Soshi DENO: Conceptualization, Meth
odology, Validation, Investigation, Resources, Data Curation, Writing - 
Original Draft, Writing - Review & Editing, Visualization, Taketo Mat
suida: Validation, Investigation, Resources, Data Curation, Supervision, 
Satoshi OTAKI: Resources, Supervision, Satoru ASAI: Conceptualiza
tion, Methodology, Supervision, Project administration, Funding 
acquisition. 

Fig. 12. Propagation path of the surface wave at the bottom surface.  

Fig. 13. Time variation of the peak-to-peak value of the Rayleigh wave in
tensity and the central temperature. 
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