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ABSTRACT

Due to the fact that the laser-based cleaning process is,quick, efficient, and environmentally
friendly, it has been utilized in a various industry, which has increased the number of studies
pertaining to this process. In addition to process optimization, the real-time monitoring system was
essential in preventing the overexposure of the laser beam to the cleansed surface, which would
result in an engraving effect. This article demonstrated the analysis of the acquired sound signal
to identify an overexposed laser beam during laser cleaning. In order to accomplish the aim of this
work, the corroded boron steel platewas prepared. The laser cleaning procedure involved a four-
loop laser scan. Variable scanning speeds between 100 and 1,000 mm/s were configured.
Concurrently, the acoustic signal within the frequency range of 20 Hz to 10 kHz was acquired.
The results indicate that the process with a scanning speed of 1000 mm/s recorded the clear surface
without morphological change/on the cleaned area, whereas an unacceptable deep gouge was
formed during the second and third loops of the process with speeds of 100 mm/s and 300 mm/s,
respectively. According to an analysis'of the acquired sound signal, the trend of the Mel Frequency
Cepstral Coefficient (MFCC) was indicative of the existence of the ablated corroded substrate. In
addition, the spectral flux can previde important information regarding the formation of a deep
groove on a cleansed surface. This research demonstrates the feasibility of using the auditory signal
to monitor the laset cleaning process. By characterizing the acoustic signal feature, it is possible
to detect the completion of the cleaning process before the morphological change of the cleaned
area existed. With further‘development, it was possible that this method would become the most
efficient, resilient; and'demanding in the future.
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INTRODUCTION

In response to the expanding demand for rust, paint, and contaminant removal technology. in a
variety of industries, the number of innovations in this field has increased. Laser processing is one
of the methods incorporated into the technology of surface cleaning. Similar te,other.technologies,
laser cleaning also has disadvantages. Because it could affect the surface roughness of the cleaned
surface, an overexposed laser beam during the cleaning process has become a significant concern.
This factor becomes the disadvantage for a particular application. Aecordingly, mumerous studies
had been conducted to determine how laser technology could be used to effe\ctively decontaminate
metallic or nonmetallic surfaces [1-2]. Despite a focus on process,optimization, the need for a

monitoring system for laser cleaning is undeniable, as it has alse been demonstrated to be essential

for attaining the desired cleaning quality [3-4].

Until recently, numerous studies had been conducted to. identify a feasible real-time assessment
method. In a study conducted by Xiaozhu Xie et al. [5], laser. rust elimination was monitored by
combining high-speed camera and structure-borne jacoustic emission technology. It was
discovered that the RMS of the acoustic emission signal from the significant frequency band has
a significant correlation with the trend of thermal damage to the substrate surface, which can be
used to evaluate the cleaning quality. Lee & Watkins [6] discovered similar results, whereas the
acoustic emission energy increased proportionally with the increase in laser fluence. In a different
investigation, the spectroscopic:method for monitoring the cleaning process of the epoxy layer on
composite materials was demonstrated{3]. This study found that the light intensity at a particular
wavelength was significantly/ correlated with the laser power, which could provide valuable
information regarding the.amount of substrate ablated from the surface of a composite. The same
approach was also ised to:monitor the paint removal process [7], resulting in a similar conclusion.
Tserevelakis et al. [§] demonstrated the use of photoacoustic technology to monitor the laser
polishing of the stone-surface. According to the study, photoacoustic signals provide enhanced

detection sensitivity at high spatial resolution.

Based on previous research, it was evident that the use of an appropriate monitoring method could
assess the guality and condition of the cleaning process. In addition, it aids in controlling the
process, to‘ensure that the desired quality is accomplished. In addition to the aforementioned

methods, an airborne acoustic method could also be used to attain the same objective. Even though
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it is not used specifically in laser cleaning applications, this method is widely used to monitor laser
ablation, which is conceptually similar to laser cleaning. Huang et al. [9] investigate the acoustic
characteristics of nanosecond and femtosecond ablation. As the nanosecond laser energy
increased, the study revealed that the amplitude of the acoustic signal increased slowly at.first,
changed swiftly in the middle, and reached a plateau at the end. In the case of femtosecond laser,
the amplitude of sound was consistently linear. Stefan et. al. [10] conducted a more thorough study.
They discovered that the trend of acoustic amplitude differed in the cases of low/and high ablation

~
threshold.

Due to a significant correlation between acoustic signal and laser ablation in the aforementioned
works, this method is possible to be used to monitor the laser ¢leaning status. However, in order
to gain deep comprehend on how the acoustic signal could detect the overexposed laser beam
which significantly affect the roughness of the cleanedsurface, deeper study is needed. This was
due to the insignificant number of related studies in this field that was recorded in the past. Hence,
this paper investigate the viability of the acoustic methed in real-time laser cleaning assessment.
During the laser cleaning of the rusted Boron Steelisample, the acoustic signal was recorded. In
this paper, the characteristics of the‘signalyat different loop of the laser cleaning procedure are
investigated and discussed. The acoustic signal features which are sensitive to indicate the

overexposed laser beam which caused the engraving effect to the cleaned surface will be revealed.

N
METHODOLOGY

Experimental Method

Boron Steel 22MnB5 was surface-grounded and deposited in an ambient room environment for
ten days to serve as the.specimen for this study to obtain a uniform corrosion layer on the surface
of boron steel. The laser cleaning procedure was performed at 100 mm/s, 300 mm/s, and 1000
mm/s with the cleaning area of 5 mm x 5 mm. The laser intensity and pulse repetition rate (PRR),
was set 10.40% and 20 kHz respectively. In this study, the number of loops represent the number
of completed process cycle. For instance, if the number of loops was set to 2, the cleaning process

will 'be.done twice on the same spot. Specifically, the number of loops was set to 4 in this work.
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This was done to investigate how the sound signal characteristic change when the process was

overdone. The detail information on the parameter setup was presented in Table 1

Table 1: The parameter setting for the laser machine.

Control Variable Constant Variable
Process
Speed Frequency Power ~
Loops/Cycle
100mm/s
300mm/s 20 kHz 40% 4
1000mm/s
'S
Signal Acquisition

During the process, a microphone was used te acquire an acoustic signal in order to analyze the
capability of acoustic technology to ascertain the status of laser cleaning. The airborne acoustic
signal was obtained in the frequency range.of 20 Hz to 10 kHz. In this investigation, the NI 9124
Analog-to-Digital Converter waswused to sample the sound's amplitude. The sampling rate was
25.6k Samples/s. In order to examine the acoustic characteristics of various process setups, the
signal acquisition system was cogﬁgured as shown in Figure 1. The figure indicates that a free-

field microphone was placed 25 cmdrom the laser point.

Laser Head
] [

Microphone

Corroded
substrate

Analog to
Digital
Converter

Figure 1 Signal Acquisition Setup
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Acoustic timbre extraction

Typically, the auditory signal is acquired as a time series. If the signal characterization.ineludes
the frequency aspect, the signal will be converted into a frequency spectrumaln previous studies,
the sound signal has been quantitatively characterized to learn its correlation with the phenomenon
that emerged from numerous types of process. The signals are distinguished bysthe trend of their

timbre or characteristics.
~

In this study, the characteristic of the time-series sound signal,will be discussed based on the
variation of amplitude. After analysing the trend of the time-series sound amplitude, frequency-
based characteristics were studied. In this investigation, thespectral centroid and roll-off frequency
were examined to determine how they react to a change in laser cleaning status. The spectral
centroid represents the centre frequency of the acquired sound signal. In contrast, the spectral roll
off point refers to the frequency at which the energy leV::I was below the threshold. This
characteristic is typically employed to distinguish between the significant signal bandwidth and
the background noise. The spectral centroid and roll=eff point were essentially determined using

Equations (1) and (2).

¥P2 ks

Spectral Centroid = %’(k (1)
N k=bq Sk

Roll OFf Point = ¥i_, ISkl = K X2, Sk 2)

Despite the frequency characteristic, the time-variability of the signal was also determined in this
study to ascertain the cleaning status indicator. This was done by utilizing the Mel Frequency
Cepstral Coefficient (MFCC) and Spectral Flux analysis. Conceptually, the MFCC is the short-
termgpower,spectrum of a sound as determined by the linear cosine transform of a log power
spectrum on the mel scale frequency [11]. The step procedure for determining the MFCC of the

signal ' was as depicted in Figure 2.
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Figure 2 MECC step procedure

The process begins with signal windewingula.this work, a hanning window was applied with 50%
overlap. The signal was then transformed,into a frequency spectrum using the fast fourier
transform (FFT). The procedure of spectral enveloping is then accomplished by applying 10
distinct triangle mel filters. Equation 3ndepicts the conversion of normal frequency to mel

frequency. N

MelFregi= 2595 log,o(1 + =) 3)

700

Before the discrete cosine transform (DCT) was applied to the log power signals, the log power of
all mel frequencies was calculated. The MFCC was determined using equation 4, where ci, Ny, Sn,
and N representthe iy MFCC coefficient, the number of triangular filters, the log energy output of
the Nu filter coefficient, and the number of MFCC.

ci= YL S, cos[i(n - 0.5) (le)] i=123,..N (&)
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In contrast, the spectral flux of the signal was calculated using equation 5. Sk represents the spectral
value at bin k in this equation. Meanwhile, B; and b2 are the band boundaries, whereas P is the

norm type.

Flux (8) = (522, 15¢(6) = Sp(t— 1D)[P)? 3)

RESULTS & DISCUSSION

Effect of laser scanning speed to the cleaning process quality.

Figures 3 to 5 depict the Boron Steel 22MnBS5 plate surface fgllowing a laser cleaning procedure
according to Table 1. Table 2 displays the average roughness after each scan or loop cycle has been
completed. In Figure 3 and Table 2, for a scanning,speed of 100 mm/s, the roughness of the cleaned
area increased from 2.235 um after loop 1 to 7:202 um after the final loop of the procedure. In
Figure 4, the roughness altered from 2.115 pmt6:4:287 um when 300 mm/s was used. In the case
of a scanning speed of 1000 mmy/s, the roughness was recorded as 2.082 um at the end of the first
loop and changed to 2.243 um at*théicompletion of the cleaning procedure. This is depicted in
Figure 5. Based on these results, the cleaning procedure at 1000 mm/s exhibited the smallest change
in surface roughness. The ¢ross-sectional area of the cleansed surface in Figure 6 reveals that the
process with a scanningyspeed of 1000 mm/s recorded the shallowest groove pattern, while the

process with a scanning speed of 100 mm/s recorded the deepest groove.

The appearance of deep grooves on the surface after cleaning with a low laser scanning speed was
caused by thefincreased interaction time between the laser beam and the specimen, which initiated
the heat accumulation effect in the targeted laser cleaning areas. Consequently, there was a high
temperature and energy density on the laser cleaning areas [12]. Therefore, the quantity of ablated
matenial was notlimited to the corroded layer alone, but also included the base metal, which forming

a deep grooye on the cleaned surface.
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Figure 3 Cleaned area during the laser cl
2" Loop (c) 3™ Loop (d) 4™ Loop

th speed of 100 mm/s (a) 1% Loop (b)

(d)

i 4 Cleaned area during the laser cleaning process with speed of 300 mm/s (a) 1% Loop (b)
Loop (c) 3" Loop (d) 4™ Loop
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57 Figure 5 Cleaned area during the laser cleaning processswith speed of 1000 mm/s (a) 1% Loop
28 (b) 2™ Loop (c) 3™ Loop (d) 4™ Loop

4> (a) (b) (c)
47 Figure 6 The groove of laser cleaning with scanning speed of (a) 100mm/s, (b) 300mm/s and (c)
1000mm/s.

51 Afteér the cleaning process, it is possible to conclude that all processes contribute to the formation
53 of the grooyy surface. According to the source, it was extremely challenging to guarantee that the
surface roughness returned to normal after cleaning. However, the surface roughness tolerance was

56 considered at 2.5um for this study due to the lowest groovy surface as shown in Figure 6. Based on
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the information in Table 2, it is possible to conclude that the cleaning process with 100 mmi/s scan
speed actually ended after the first loop, whereas the process with 300 mm/s scan speed ended after
the second loop. In contrast, the cleaning procedure with a speed of 1000 mm/s was only,completed

at the final loop of the process.

The uncorroded surface's roughness was measured and compared to the sucface's roughness after
the completion of each laser cleaning loop in order to determine how much the sdrface's roughness
had changed from its original state. Table 2 also displays the ratio of cachdoop's roughness to its
initial roughness. Since the surface roughness after cleaning should not exceed approximately 2.5
um, the roughness ratio should not exceed 7.33 to indicate that the eleaning procedure had little

impact on the surface of the cleaned area.

Table 2 Roughness After EachiLaser Scan Loop

Page 10 of 22

Roughness  Roughness Loop 1 Loop 2 v Loop 3 Loop 4
Before After Speed
Corrosion Corrosion  (mm/s) Roughness Ratio Roughness Ratio Roughness Ratio Roughness Ratio
(um) (pm) (pm) (pm) (pm) (um)
100 2.235 6.55 5.764 16.90 6.296 18.46 7.202 21.12
0.341 2.353 300 2.115 6.20 2.651 7.77 3.688 10.82 4.287 12.57
1000 2.082 6.11 2.112 6.19 2.198 6.45 2.243 6.58

According to the ratio in Table 2§ it wasievident that the 100 mm/s cleaning procedure with a high
roughness ratio began in the secon\d loop. This indicates that deep groves have already formed after
the second scanning cycle has been€ompleted. In contrast, the formation of a deep groove began

following the complétion of the,third scanning loop in the 300 mm/s procedure.

Based on these findings, itwas'determined that the scanning speed is the primary factor influencing
the grade of laset ¢leaning. In some instances, the cleaning quality was poor because the cleansed
surface displayed a textured groove. This occurred because the process still continued after the
corroded substrate had been completely removed from the surface of the laser-cleaned area. This
demonstrates thé significance of having a monitoring system that could indicate the status of the
progess in order to prevent the process from continuing after the corroded substrate was removed,

which results in the change of the surface morphology of the cleansed area.
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Characteristic of the Acoustic Signal from laser cleaning process

The significance of a monitoring system has been emphasized in the past, as it is necessary to
indicate the end of the process to prevent the engraving effect on the cleansed surface: In this'study,
acoustic methods were implemented, and the audible sound signal was recerded during laser
welding. As previously explained, the signal was characterized by its timbre or characteristics prior

to evaluating the cleaning status information based on the trend of thése characteristics.
~

Figure 7 depicts the signals acquired from the process using thewarious sets of parameters listed
in Table 1. Based on Figure 7, the time needed to complete a single process loop of a laser cleaning
were 2.95 s for the process with the speed of 100 mm/s. Meanwhile, the time taken to complete a
single process loop was recorded to be 1.05 s for the speed of 300 mm/s. In case of the process
with the speed of 1000 mm/s, the time taken to complete a single process loop was 0.38 s. As
shown in Figure 7(a) and (b), during the first few seconds of the process, the sound amplitude was
quite intense and exhibited an irregular pattern. This phenomenon did not manifest until 2.95 s and
2.1 s, respectively, for 100 mm/s and 300 mm/s laser scanning speeds. It occurred due to the
irregular sound produced by the spark andablation of the corroded substrate. As the process
continued, increasingly regular patterns began.to emerge. This can be observed in Figure 7(a) and
7(b) as the periodic amplitude appearafter 2.95s and 2.1s respectively. At this point, the engraving
effect depicted in Figure 6 (a) and (b) existed. During the process of engraving, the trend of
ablation from the surface of the basemmetal had a significant impact on the sound signal pattern
[10]. Due to the nature of the Jaser pulse, the pattern tended to be periodic, while the amplitude or
energy of the signal was affected by the quantity of ablated gas ejected from the keyhole [9, 13].
In contrast, the process sound pattern with a scanning speed of 1000 mm/s in Figure 7(c) captured
the irregular pattern throughout the process. From the results in Table 2, it has been determined
that, based on the‘roughness ratio, the cleaning procedure is only complete after the fourth loop.
Thus, thedrregular sound pattern may have been caused by the presence of the corroded substance

throughout the entire process, up until the process completion.
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Based on the previously discussed results, it was determined that the time series of the soundsignal
could provide an in-situ trend regarding the cleaning status during the process./However, to
establish a robust monitoring system, these trends must be represented quantitativelyras ananput
of data in order for the system to function effectively. In this instance, the sound signal. was
typically quantified based on its characteristics or timbre. In this study, a variety of sound timbres
were investigated to gain a greater understanding of the change in sound’behaviour throughout the

entire laser cleaning procedure.
~

Figure 8 depicts the extracted trend of spectral centroid frequency from the signals of all
experiments. In all instances with various process parameter configurations, it was discovered that
the signal was quite intense at a bandwidth close to 6 kHz. In addition, the trend was nearly
constant throughout the entire procedure. As shown in Figure 9, the roll off frequency was
discovered to be approximately 10 kHz. Interestingly; the trend was also similar to the sound
spectral centroid, whereas the value was almost constant. This finding indicates that there was no
significant relationship between the frequéncy and amplitude behaviour of sound based on the
sound frequency trend. Klein et. In their study; al [14] concluded that the frequency affects only
the mode of plume ejection from the keyhole;but not the amplitude behaviour of the emitted sound.
Instead, the sound amplitude was significantly affected by the quantity of ablated material ejected

from the laser spot keyhole.
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Even though the active frequency was found to be unrelated to the cleaning status, the

substrate ablated during the cleaning process. This was evident as depicte‘in me

plot in Figure 10. Referring to the diagram, it was found that the spectrogram. e

process.
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As stated in the previous section, the quantity of ablated corroded substrate had no effect on the
signal frequency. However, the other characteristic of the signal might has a significant
relationship with this phenomenon. Figure 11 depicts the extraction of the MFCC, from the.mel
frequency spectrums for the purpose of gaining a comprehensive understanding of the laser
cleaning process's trend and completion point of the corroded substrate removaly Figure 11(a)
demonstrates that the MFCC decreases marginally to 2.95 secondsy for the/process with the
scanning speed of 100 mm/s,. The value scarcely changed as the proce\ss continued until 5.9
seconds, when it began to decrease. As the cleaning procedure, progressed, the value was
approximately maintained. Figure 11(b) reveals that, for 3000mm/s scanning speed, the average

value of MFCC appears to decrease as the number of loops increases. Similar trends were also

observed for laser scanning speeds of 1000 mm/s.

As shown in Table 2, the corroded layer was effectively rerﬁoved upon completion of the first
process loop during the cleaning process with.a speediof 100 mm/s. The high value of MFCC
recorded in the first 2.95 seconds may be explained by the quantity of the corroded substrate that
was ablated. Meanwhile, the cleaning process,was completed during the second loop for the 300
mm/s procedure. During the second cycle, the MFCC was unusually high despite the trend being
significantly lower than in the firstiloop. This had made it challenging to use the MFCC as an
indicator of laser cleaning process completion. The trend of results in Figure 11 suggested that the
larger MFCC value could Substantially indicate the presence of the ablation of the corroded

substrate. However, it doesnot’provide a distinct indication of the initiation of the engraving effect.

Numerous earlier studies [9, 10, 13] demonstrated that during laser engraving or texturing, the
quantity of plasma plume gjected from the ablated surface generates pulsed sound signals. This
was owing to the'fact that'laser processing was performed in pulse mode. Due to this, the sound
signal should be characterized based on its pulse behavior in order to indicate the commencement
of the engraving process following the removal of the corroded substrate. In this investigation,

spectral flux was extracted from the signal to determine the pulse pattern's origin.
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Figure 12 depictsithe trend of the spectral flux of the acquired sound signals at 100 mm/s and 300
45 mm/s. Due to‘the reason that the process with a scanning speed of 1000 mm/s was only concluded
47 after the fourth.doop, the trend of spectral flux from this experiment was omitted from Figure 12.
49 Figure 12(a) show that the flux trend was incoherent for the first 2.95 s, which corresponds to the
first process.loop. From the second loop until the end of the procedure, the flux value appeared to
52 be'much more stable whereas the moving average value was approximately constant at 1.1255 x
54 10 - Hz:Meanwhile, for the process with a speed of 300 mm/s depicted in Figure 12 (b), the

movingraverage value of the flux peak was significantly less stable than during the first circle. In
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this instance, the flux value becomes significantly more stable during the third process eyele. In
comparison to the results presented in Table 2, the flux value was more stable in the lgcation where
the roughness ratio was greater than 7.33. These results demonstrate that the stability,of the flux

value indicates the start of the engraving effect as compared to the MFCC.

CONCLUSION

~
This research examined the relationship between laser scanning speed and the characteristics of

recorded sound signals. Several essential points can be drawn froem the findings. The results
demonstrated that the Mel Frequency Cepstral Coefficient was indicative of the presence of
corroded substrate ablation. Moreover, the spectral flux value provides information regarding the
formation of engraving effect following the complete remeoval of the corroded substrate from the
surface. In case of laser cleaning with speed of 100 mm/s and 300 mm/s, the moving average of
the flux value were approximately constantdt.1.1255 x 10 2 Hz and 4.1363 x 10 - Hz respectively
at the point engraving effect started to exist. Even though the value was not equal for both cases,
the stable trend indicates the overexposed laser beam which result in engraving effect after the

completion of laser cleaning process.

Without resorting to laser parametersythe acoustic signal may provide vital information about laser
cleaning quality, according to these findings. The findings of this study suggest that, with the
necessary modifications, the acoustiemmethod could be used to monitor laser cleaning in real time

throughout the entire process.
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