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Abstract. In this paper, the feasibility of using acoustic method to monitor the depth of
penetration was investigated by determine the characteristic of the acquired sound throughout
the pulse mode laser welding process. To achieve the aim, the sound signal was acquired
during the pulsed laser welding process on the 2 mm structural carbon steel plate. During the
experiment, the laser peak power and pulse width was set to be varied while welding speed was
constantly at 2 mm/s. Result from the experiment revealed that the sound pressure level of the
acquired sound was linearly related to the pulse energy as well as the depth of penetration for
welding process using 2ms pulse width. However, as the pulse width increase, the sound
pressure level show insignificant change with respect to the change in the depth of penetration
when the pulse energy reaches certain values. The reported result shows that this was happen
due to the occurrence of spatter which suppressed the information associated with the
generation of plasma plume as the product of high pulse energy. In this work, it was
demonstrated that in some condition, the acoustic method was found to be potentially suitable
to be used as a medium to monitor the depth of weld on online basis. To increase the
robustness of this method to be used in wider range of parameter, it was believed that some
other post processing method is needed in order to extract the specific information associated
with the depth of penetration from the acquired sound.

In recent years, there have been increasing demands on the laser welding process in wide variety of
industries due to its ability in promoting small heat affected zone, aesthetic appearance, less post-weld
machining process and high production rate [1]. Accordingly, numerous studies associated with laser
welding process have been recorded since past several decades. One of the problem angle emphasized
by many researchers are the optimum parameters for the process. However, many scholars hold the
view that the studies on the robust monitoring method for the process are also essential. According to
[2], process monitoring is important because it could promote greater control during the process. Over
the past several years, many methods inclusive of electrical, thermal, optical as well as acoustic
method for monitoring laser welding have been studied. Among those methods, acoustic method
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received some great attention recently due to low cost, simple, high responsible speed and convenient
features [3-5].

In many industries, defect such as incomplete penetration is intolerable because it might affect
the strength of the component. Therefore, over a few decades, most of the researcher had tried to find
the deeper understanding on the feasibility of using the acoustic method to monitor the penetration
status during the laser welding process. In early stage, the correlation between acoustic spectral
features and depth of penetration during the laser welding process on Aluminum 1100 have been
investigated by Duly and Mao [6]. According to the result, it was reported that peak within 9 kHz to
10 kHz was increasing in its amplitude with gaining laser intensity which simultaneously increased the
depth of penetration. Similar work also have been reported by Farson et al., [7] whereas the
experiment was done on 304 stainless steel plate. However, the significant range was recorded to be
within 1 kHz to 2 kHz in which its energy drops when insufficient penetration detected. In the
extended study by Farson et al., [8], the investigation was done in broader range of power and travel
speed. It was describe that the Root Mean Square (RMS) of acoustic signal was high at moderate full
penetration and it was decreasing as the penetration status felt into partial penetration class. In other
research involving high power or keyhole welding, Farson et al., [9] reported that the depth of
penetration status could be classified into full penetration, overheat penetration and half penetration. In
this study, the overheat penetration was referred to weld produced by excessive linear heat input which
consequently caused a significant level of top surface concavity as well as larger heat affected zone.
Unlike the other studies, Huang and Kovacevic [3], have demonstrated the use of spectral subtraction
method prior to classification process in order to diminish the influence of noise during laser welding.
It was described that the overall sound pressure increases align with the growing in penetration depth
whilst the power density of frequency spectrum at 500 Hz to 1500 Hz was large for full penetration
case as compared to half penetration. Since classifying the penetration status is insufficient for the case
where the depth of penetration needs to be quantitatively measured, Huang & Kovacevic [10] have
utilized the Artificial Neural Network analysis in attempt to quantitatively characterize the relation
between the captured sound and the depth of penetration.

Commonly, in various laser welding application, the process was done either in continuous or
pulse mode. Between both wave mode type, pulse wave mode seems to be advantageous due to
several reason. By using pulse wave mode, high average power laser machine are unnecessary [1] in
order to achieve high penetration. Moreover, pulse laser welding promotes very low heat input to the
weld, which gives low distortion as well as giving more chances to weld heat-sensitive components
[11-15]. Up to now, far too little attention has been paid to the study of sound behavior during the
pulse laser welding. It is believed that the understanding on the sound behavior emitted during the
pulse laser process would widen the option in using acoustic method for monitoring the weld
penetration on real-time basis. In this paper, the characteristic of the acquired sound throughout the
pulse mode laser welding process will be determine in order to investigate the feasibility of using this
method to monitor the depth of penetration. The relation between sound pressure levels of the acquired
sound with the depth of penetration will be presented and further discussed.

2. Experimental Procedure
In order to establish the relation between sound emitted from the pulse laser welding process and the
depth of penetration, the experiment was set up as illustrated in figure 1. Basically, the bead on plate
laser welding process was done onto the structural carbon steel specimen with dimension of 25 x 60 x
2 mm. Prior to the experimental work, each of the specimen was sanded using 120 grid sand paper
intently to increase the absorptivity of the laser energy. The peak power and pulse width were set to
be varied according to table 1. The focal length and angle used in this experiment were fixed to 148
mm and 50 respectively. For each of the parameter set, the experiment was repeated 10 times. During
the welding process, the specimen move with constant speed of 2 mm/s while the argon gas with
flowrate of 15 L/min was used as shielding gas.

Meanwhile, the emitted sound was acquired using PCB piezotronics free-field microphone
which capable of capturing the flat response signal between 20 Hz to 10 000 Hz. Prior to the
acquisition process, the sampling rate was set to be 25.6 k. Sample/s which was determine according
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to Nyquist theorem. Meanwhile, the sound pressure level, SPL was determine using formula as stated
in equation (1) whereas P and Pref are the sound pressure and pressure reference respectively.

SPL=2010g 10 (P /P ) 1)

Laser Head Gas Nozzle

Microphone

Specimen
Railed
Clamp
Figure 1. Experiment Setup.
Table 1. Parameter variation for pulse laser welding process.
Pulse Laser Laser Pulse Laser
width Peak _Pulse Peak width Peak
(ms) Power width (ms)  Power (ms) Power
(W) (W) (W)
400 400 400
600 600 600
800 800 800
2 1000 1000 1000
1200 1200 1200
1400 1400 1400
1600 1600 1600

3. Results and Discussions
In this work, the first question aimed to look into the acoustic signal behavior originated from laser
welding process. As illustrated in figure 2, for laser welding with pulse width of 2 ms, it is apparent
that the overall amplitude increased with gaining value of peak power. This trend further support the
idea from the previous work [16, 17] whereas it was reported to happen because of the plasma plume
size produced from the laser welding process with different peak power. According to Hoffman et al
[2], the pressure produced from the plasma plume could produce sound. High air pressure produce
sound with large overall amplitude and the amount of air pressure is depending on the plume size
whilst it is rely upon the peak power.

As comparison was made with the result from the welding process with pulse width of 4 ms and
6 ms in figure 3 and 4 respectively, the striking observation emerged from the overall amplitude value.
For both cases, the overall amplitude of sound barely changes at certain value of peak power. No
significant change was recorded on the overall amplitude of sound signal when peak power was
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1200W and above for welding process with pulse width of 4ms. Similar pattern also occur for laser
welding process with pulse width of 6 ms when peak power was recorded to be above 800W. A
possible explanation for the result trend might be found from the image captured during the welding
process as presented in figure 5 to 7. Referring to the figure 5, with pulse width of 2ms, high amount
of spatter occurs only when the peak power reach the maximum value. As the pulse width increase,
spatter starts to take place earlier, For instance, based on the captured image, spatter was detected
when the peak power reach 1200W and 600W for the case of 4ms and 6ms pulse width respectively.
This could be discovered from figure 6 and 7. According to Dawes [1], one of the reasons of the
spatter occurrence is the excessive laser power. Hence, by looking into the trend of spatter occurrence
from this this experiment, it is believed that barely changed overall amplitude of the acquired sound
was probably due to the large amount of noise produced by it. In essence, spatter could occur due to
instability of keyhole caused by large amount of pressure from the evaporation of melt surface [18].
Meanwhile, in case of pulse laser welding, the amount of melt surface evaporation is relying on the
laser energy which influenced by both peak power and pulse width together.
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Figure 2. Sound signal acquired from welding process with pulse width of 2 ms and peak power ()
400W (b) 800W (c) 1200W (d) 1600W.
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signal acquired from welding process with pulse width of 4 ms and peak power (a)
400W (b) 800W (c) 1200W (d) 1600W.
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Figure 4. Sound signal acquired from welding process with pulse width of 6 ms and peak power ()

400W (b) 800W (c) 1200W (d) 1600W.
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(©) (d)
Figure 5. Laser welding process with pulse width of 2ms and peak power
(@) 400W (b) 800W (c) 1200W (d) 1600W.

(©) (d)
Figure 6. Laser welding process with pulse width of 4ms and peak power
(a) 400W (b) 800W (c) 1200W (d) 1600W.
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(©) (d)
Figure 7. Laser welding process with pulse width of 6ms and peak power
(a) 400W (b) 800W (c) 1200W (d) 1600W.

To show the overall relation between the acquired sound pressure, depth of penetration, as well a the
laser energy, the plot between laser energy and depth of penetration was plotted as shown in figure 8
while the colerration between laser energy and sound pressure level was illustrated in figure 9. Both
relations was plotted separatedly according to pulse width due to the reason that there will be a
significant different in weld geometry cause by changing in pulse shape. Meanwhile, plotted sound
pressure level was the average value from 10 repetitions for each experiment. As could be observed
from the figure 8, conclusion could be drawn from the overall trend of the relation between laser pulse
energy and depth of weld. It was evident that the depth of penetration is directly related with the laser
pulse energy. However, contradict trend was recorded when relation between laser pulse energy and
sound pressure level was made in figure 9. It could be obviously noticed that the sound pressure level
values were slightly inconsistent when pulse energy reach certain values. This could be seen when
pulse energy was 4 J and 4.8 J for the case of welding with pulse width of 4ms and 6ms respectively.
Moreover, for both cases, the fluctuation range was within 1 dB to 2 dB. If the information from figure
8 and figure 9 was combined, it could be acknowledge that at pulse width and pulse energy was 4 ms
and 4J, the depth of penetration just reach 0.99 mm. Meanwhile, the depth of penetration was recorded
to be 0.66mm when pulse energy was recorded to be 4.8 J for the case of laser welding process with
pulse width of 6 ms. As reported in the previous study [16, 17] the sound pressure would increase with
the larger value of pulse energy. This is due to the amount of plasma plume that influenced by the
pulse energy. However, in this study, the occurrence of spatter might suppress the sound generated by
the plasma plume. Consequently, the trend of sound pressure level with increasing amount of pulse
energy as well as the penetration depth was unclear at the moment the spatter starts to occur. In other
words, insignificant trend was detected when the process are unstable.
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Figure 8. Relation between laser pulse energy and weld depth
(@) Pulse width 2ms (b) Pulse width 4ms (c) Pulse width 6ms.
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Figure 9. Relation between laser pulse energy and sound pressure level
(@) Pulse width 2ms (b) Pulse width 4ms (c) Pulse width 6ms .

4. Conclusion
In this work, the feasibility of using acoustic signal to monitor the depth of penetration for the case of
pulse laser welding was investigated. Result from the experiment revealed that the sound pressure
level of the acquired sound was linearly related to the pulse energy as well as the depth of penetration
for welding process using 2ms pulse width. However, as the pulse width increases, the sound pressure
level show insignificant change with respect to the change in pulse energy as well as the depth of
penetration when the pulse energy reaches certain values. The reported result shows that this was
happen due to the occurrence of spatter which suppressed the information associated with the
generation of plasma plume as the product of high pulse energy.

To conclude, the acoustic method was found to be potentially suitable to be used as a medium to
monitor the depth of weld on online basis. However, some other post processing is needed in order to
eliminate the influence of noise which affecting the trend of the result.
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