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Abstract

In this study, a high-power Nd: YAG laser was used to remove a thick paint coating layer from 304L stainless steel (SS304L).
Different numbers of laser paint cleaning processes were performed, and an electron probe micro analyzer (EPMA) analysis
was used to examine the SS304L surface condition. The surface elemental distributions of SS304L were strongly dependent
on the laser paint cleaning process owing to the different levels of paint removal. Laser-induced breakdown spectroscopy
(LIBS) was also adopted to monitor the laser paint cleaning process. Two different types of LIBS-based 2-dimension (2D)
mapping were developed. 2D elemental distribution maps were constructed using the LIBS peak intensities of Fe (374.95 nm)
Cr (520.84 nm), and Na (588.99 nm). Moreover, 2D correlation coefficient distribution maps were constructed using the
Pearson’s correlation coefficient. These two different 2D mappings were compared with the elemental distribution maps
obtained from the EPMA analysis, and the latter shows excellent agreement with the EPMA analysis. This study presents
the possibility of the LIBS-based monitoring for the laser paint-cleaning process using multivariate correlation analysis.

1 Introduction

304L stainless steel (SS304L) is an austenitic stainless steel
that contains both 18-20% chromium and 8-10.5% nickel,
and this composition prevents the steel from corrosion.
SS304L has good formability and machinability as well
as excellent corrosion resistance and mechanical strength.
Therefore, it has been extensively used in multiple industrial
applications, such as heat exchangers, food and chemical
containers, pressure vessels, nuclear power plants, automo-
biles, and ship buildings [1-7]. Protective surface coatings
have been employed in stainless steels that are introduced
in highly damaging and corrosive environments. To prevent
unwanted damage and corrosion, the protective surface coat-
ing should be regularly maintained by coating removal and
re-coating. Traditional abrasive blasting and chemical etch-
ing techniques have been widely adopted for maintenance
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[8—11]. However, these conventional techniques can gener-
ate severe environmental and health issues owing to the use
of airborne abrasive materials and strong acidic solutions.
From this point of view, the laser cleaning technique has
been considered as a promising maintenance method owing
to its eco- and worker-friendly operation [12—14].

In the laser cleaning process, various monitoring tech-
niques have been utilized for process optimization, residual
contaminant measurement, and over-cleaning prevention.
Micro-computed tomography (p-CT) and micro-X-ray
fluorescence spectroscopy (p-XRF) techniques have been
applied to evaluate the efficiency of laser cleaning of lime-
stone monuments [15]. Optical coherence tomography
(OCT) and reflection Fourier-transform infrared (FT-IR)
spectroscopy were adopted to optimize the operative param-
eters for laser cleaning of historical easel paintings [16].
Field emission scanning electron microscopy (FE-SEM),
electron probe microanalysis (EPMA), atomic force micros-
copy, and energy dispersive spectroscopy have been used to
examine the laser cleaning of natural marine microbiofoul-
ings from the surface of aluminum alloys [17]. Moreover,
acoustic techniques have also been considered for monitor-
ing the laser cleaning process [18-21]. Tserevelakis et al.
[18] examined the laser cleaning effectiveness and poten-
tial damage to a marble slab via photoacoustic monitoring.
Xiea et al. [19] and Zou et al. [21] used acoustic signals
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Table 1 Chemical composition Elements C Si P S Cr Ni Cu Mo Fe
of 304L stainless steel

wt% 0.021 0386 1462 0.031 0.002 18.137 8.064 0216 0.112 Bal

to monitor rust and paint removal through laser cleaning,
respectively.

Laser-induced breakdown spectroscopy (LIBS) is a
rapid and versatile surface chemical analysis technol-
ogy that uses laser-induced plasmas. LIBS is a promising
analytical technique for the in-line monitoring process
because it provides information such as process qual-
ity and chemical composition without any sample pre-
treatment. Therefore, LIBS has been utilized to monitor
the laser cleaning process of artworks, historic artifacts,
and metal alloys [22-32]. Colao et al. [22] adopted LIBS
as a monitoring tool for laser cleaning of the restoration
of ancient marbles. Staicu et al. [23] and Scholten et al.
[24] controlled the laser cleaning process using LIBS for
painting restorations. Kono et al. [28] introduced feed-
back control for laser cleaning of fragile heritages (e.g.,
gold braids) to prevent unwanted damage. Li et al. [31]
employed real-time LIBS monitoring for the laser clean-
ing of hot-rolled stainless steel. Mateo et al. [32] used
LIBS to examine the chemical composition and thickness
of protective paint layer for vessels. However, to the best
of our knowledge, previous LIBS-based laser cleaning
monitoring has been adopted for relatively low laser power
applications, including artwork and heritage restorations.
In addition, previous studies conducted the LIBS-based
monitoring in a limited area (i.e., point-based analysis).

In this study, a 1.2 kW Q-switched Nd:YAG laser
was employed to remove a thick protective coating (i.e.,
paint layer) from SS304L. The LIBS-based monitoring
was used to examine the paint layer (or residue) on the
SS304L substrate after the laser cleaning process. The
2-dimension (2D) mapping of the SS304L surface was
performed using the LIBS peak intensities of Fe, Cr, and
Na. Moreover, multivariate analysis of the LIBS spectra
was conducted. The Pearson’s correlation coefficients
(Pearson’s R) were calculated by comparing the LIBS
spectra between the base metal (BM) and laser-cleaned
specimens and were used to build the 2D correlation
coefficient mapping of the SS304L surface. Then, two
different types of 2D mappings were compared with the
elemental distribution map obtained from the EPMA
analysis (Figure S1). The 2D coefficient mapping with
multivariate correlation analysis of the LIBS spectrum
was first achieved for the laser cleaning process, and
this study verified the capability of LIBS as an in-line
monitoring tool for the high-power laser paint cleaning
(LPC) process.
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2 Materials and methods
2.1 Materials and experimental setup for LSC

In this study, a commercial SS304L (POSCO) with dimen-
sions of 100 (W) x 100 (D)% 10 (H) mm> was employed;
its chemical composition is listed in Table 1. The as-
received SS304L specimens were annealed at 1050 °C for
1 hin an Ar atmosphere, and then furnace-cooled to 25 °C
[33]. Then, the specimens were polished using SiC paper
with grit sizes of 180-4000. A painted SS304L speci-
men was prepared by applying a red epoxy paint (Kore-
pox EH2350PTA, KCC) using a paint spray gun, and the
thickness of the paint layer was approximately 320 pm.
A 1.2 kW Q-switched Nd:YAG (Rigel 11200, Powerlase)
with a pulse duration of 89 ns and central wavelength of
1064 nm was adopted for the laser paint cleaning (LPC)
process. A laser power of 850 W was employed with a
pulse frequency of 8 kHz, corresponding to a laser energy
density of 1.64 J/cm®. The laser energy density was
obtained using the following equation:

Laser energy density (J/cm?)
Laser power(W)

B Repetition rate(Hz) X Laser beam area(cm?) . ey

A laser beam size was 2.1 mm with a super-Gaussian
energy distribution. The laser beam quality factors were
29.7 and 30.2 in the horizontal x-direction and vertical
y-direction, respectively. The hatch distance and scan
speed were set to 1.8 mm and 4 m/s, respectively. The laser
beam was scanned using a two-dimensional galvanometer
scanner (SUPERSCAN IIE-30, Raylase). The dimensions
of LPC area were set to 40 x40 mm?, and the location
of LPC was shifted by 0.6 mm for two subsequent LPC
processes. Consequently, the final laser-cleaned area was
40 x 41.2 mm? (Fig. 1a). This LPC process was repeated
twice (LPC 2), six times (LPC 6), and nine times (LPC 9).
Figure 1b shows an image of the base metal, painted, and
laser-paint-cleaned specimens.

2.2 Microstructure

The painted specimen and laser-paint-cleaned specimens
were cut and polished with a low-speed cutting wheel and
SiC paper, respectively. Then, the cross-sectional optical
microscopy (OM) images were obtained before and after the
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Fig.1 a Schematic illustration of the laser paint cleaning process. b
Image of the base metal, painted, and laser paint-cleaned specimens

LPC 6

LPC process. The EPMA analysis (EPMA-1610, Shimadzu)
was performed to examine the laser paint removal after the
LPC process. The top-sectional elemental distribution maps
were examined with dimensions of 2 x 2 mm? at the center
of the laser-cleaned region.

2.3 Laser-induced breakdown spectroscopy

The LIBS analysis was followed by the EPMA analysis,
and both analyses regions were identical. The experimen-
tal setup for the LIBS analysis is shown in Figure S2. A
Q-switched Nd: YAG laser (VIRON, Quantel Laser) with
a central wavelength of 1064 nm and a pulse duration of
7 ns was employed for the LIBS-based LPC monitoring. A
laser pulse energy of 5 mJ was used with a pulse frequency
of 1 Hz. The laser beam was focused on the specimen sur-
face by plano-convex lens with a focal length of 50 mm. A
spectrometer (IsoPlane 320, Prinston Instruments) coupled
with an intensified charge-coupled device camera (Pl MAX
4, Prinston Instruments) was employed for the acquisition of
the laser-induced plasma. Plasma emission light was passed
to the spectrometer through a plano-convex lens with a focal

length of 100 mm and a fiber optic cable with a core size of
600 pm. The spectral range was 370-630 nm, and the plasma
signals were dispersed by a 150 g/mm grating. Moreover,
the delay time and gate width were 1 and 5 ps, respectively.
The specimens were moved using an x- and y-axis motorized
stage (Figure S2a), and the LIBS spectra were acquired with
a step size of 100 pm and dimensions of 22 mm?. Conse-
quently, four hundred LIBS spectra were obtained for each
specimen (Figure S2b).

2.4 Multivariate analysis

Multivariate correlation analysis of the LIBS spectrum was
conducted by calculating the Pearson's coefficient, which
can quantify the similarity of the LIBS spectra between the
base metal and laser paint-cleaned specimens. The Pearson’s
coefficient can be obtained by dividing the covariance of two
variables by the product of their standard deviation using the
following equation:

i (% =%) (3 = ¥)

\/Z?=1 (xi - 2)2\/22;1 ()’i - y)z
@
Here, x and y represent the signal intensities obtained
from the LIBS spectra of the base metal and paint or laser-
cleaned specimens, respectively. x and y are the average
signal intensity values of x and y. Moreover, n represents
the number of data points from each LIBS spectrum, and
each LIBS spectrum is consisted of 1024 data points. The
Pearson’s coefficient ranges from -1 to 1. With the successful
LPC process, the LIBS spectra of the laser-cleaned speci-
mens are similar to those of the BM, and the Pearson’s coef-
ficient converges to 1. Python software was used to calculate
the Pearson's coefficient.

! .
Pearson s coefficient =

3 Results and discussion
3.1 LPC process

Figure 2 shows the cross-sectional OM images before and
after the LPC process. A paint layer with a thickness of
approximately 320 pm was detected for the painted specimen
(paint). After two repetitions of the LPC process (i.e., LPC
2), the paint layer still existed, while the thickness decreased
to 200 pm owing to the laser paint removal. For the LPC
6, the paint layer was removed and an uneven surface was
observed with the existing paint residues. In contrast, no
paint layer or residues were detected at the surface of the
LPC 9, indicating that the paint was completely removed by
the LPC process.
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Fig.2 Cross-sectional OM
images of the paint, LPC 2,
LPC 6, LPC 9, and LPC 12

The EPMA analysis was performed to characterize the
paint removal after the LPC process. Figure 3 shows the
top-sectional backscattered electron (BSE) image and the
corresponding elemental distribution maps of C, Fe, and Cr
for the BM, paint, LPC 2, LPC 6, and LPC 9. A relatively
homogenous elemental distribution with a high concentra-
tion of Fe and a low concentration of C was observed in the
BM (Fig. 3a). In contrast, for the paint (Fig. 3b), a relatively
high concentration of C was detected with a homogeneous
elemental distribution. Moreover, a relatively low concentra-
tion of Fe was observed owing to the presence of an epoxy-
based paint layer at the surface. For the LPC 2 (Fig. 3c), a
low concentration of Fe and a high concentration of C were
still observed even after two repetitions of the LPC process,
indicating the presence of a paint layer at the surface. For the
LPC 6 (Fig. 3d), high elemental segregation was analyzed.
This is because the thick paint layer was removed, while the
paint residues still existed at the surface even after six repeti-
tions of the LPC process. Therefore, a high C distribution
was observed at the paint residues, whereas a low C distri-
bution was detected at the paint-free surface. In contrast,
LPC 9 (Fig. 3e) shows a homogenous elemental distribution
with a high concentration of Fe and a low concentration of
C, suggesting that the paint layer was effectively removed
by the LPC process.
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3.2 LIBS-based 2D elemental mapping

Figure 4 shows the LIBS spectra of the BM, paint, and laser-
cleaned specimens. The LIBS spectra were obtained using
average values of four hundred spectra for each specimen.
The main elements of SS304L are Fe and Cr, therefore the
Fe and Cr peaks were observed at 374.95 and 520.84 nm for
the BM. For the paint and laser-cleaned specimens, a distinct
Na peak was detected at 588.99 nm due to the presence of
Na element in the epoxy paint.

Figure 5 shows the magnified LIBS spectra for the Fe,
Cr, and Na emission lines (marked with black arrows) with
background subtraction. The background signal of the LIBS
spectra is strongly dependent on the surface conditions, laser
parameters, and experimental environments [34—37]. There-
fore, the background subtraction was performed by setting
the minimum LIBS signal intensity as the baseline. For the
Fe and Cr peaks in Fig. 5a, b, respectively, the signal inten-
sity of the peaks increased with an increase in the number
of LPC processes. In contrast, the signal intensity of the Na
peak (Fig. 5c) decreased as the number of LPC processes
increased. This result indicates that the Fe, Cr, and Na peaks
can be adopted to examine the laser paint cleaning level.

The Fe, Cr, and Na peaks in the LIBS spectrum were
quantified and used to construct the LIBS-based 2D elemen-
tal mapping for comparison with that of the EPMA analysis.
In this study, four hundred LIBS spectra were investigated
to build a 2D mapping. Moreover, the peak intensity was
calculated by integrating the area below each peak instead
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Fig. 3 BSE images and the corresponding elemental distribution maps obtained from the EMPA analysis for the a base metal, b paint, ¢ LPC 2,

d LPC 6, and e LPC 9

of taking the maximum values. This is because the peak shift
can occur owing to a limitation of the spectroscopy resolu-
tion, resulting in a lower accuracy of the analysis [38]. The
peak signal intensity could be varied even with a peak shift

of 0.5 nm. In contrast, the peak area-based analysis consid-
ers a relatively wide range of wavelengths (i.e., approxi-
mately 1-4 nm), thereby minimizing the influence of the
peak shift. The peak area was measured in the wavelength
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Fig.4 LIBS spectra of the base metal, painted, LPC 2, LPC 6, and
LPC 9 specimens

range of 372.18-375.45, 519.9-520.9, and 586.6-591.27 nm
for the Fe, Cr, and Na elements, respectively. Peak area
measurements were conducted using the Origin software
(OriginLab).

Figure 6 shows the LIBS-based 2D elemental distribution
maps of Fe, Cr, and Na for the BM and laser-cleaned speci-
mens. In the case of the LPC 6 (Fig. 6¢), the LIBS-based
mapping of Fe, Cr, and Na showed elemental distributions
similar to those of the EPMA analysis. Relatively low Fe
and Cr concentrations (blue color) and a relatively high Na
concentration (red color) were detected in the region of the
paint residue. This result is equivalent to the EPMA analysis.
However, in the case of the BM (Fig. 6a), LPC 2 (Fig. 6b),
and LPC 9 (Fig. 6d), the LIBS-based elemental distribu-
tion maps show a low coincidence with those of the EPMA
analysis. For every element, strong elemental segregations
were observed in the limited region for the LIBS-based 2D
mapping, whereas relatively uniform elemental distributions
were observed in the EPMA analysis. The low coincidence
in the elemental distribution maps between the LIBS-based
2D mapping and EPMA analysis was attributed to the non-
uniformity of the plasma. When laser pulses for the LIBS
analysis are applied to the specimens, a non-uniformity of
plasma is generated, inducing a variation in signal intensity
in the LIBS spectrum. The plasma-induced signal intensity
variation becomes critical when the surface exhibits a rela-
tively uniform elemental distribution. This is because, for a
uniform surface, comparable LIBS spectra will be obtained
at every location of the surface, and the plasma-induced sig-
nal intensity variation will be presented as elemental seg-
regation in the 2D elemental maps, as shown in the BM,
LPC 2, and LPC 9. In addition, no distinct differences were
observed in the 2D elemental maps with or without the paint
layer. The LPC 2 with a 200 pm thickness of paint layer and
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Fig.5 Magnified LIBS spectra of the base metal, paint, LPC 2, LPC
6, and LPC 9 for the a Fe, b Cr, and ¢ Na emission lines

the LPC 9 with no paint layer showed similar LIBS-based
2D elemental distribution maps. In other words, the LIBS-
based 2D elemental distribution mapping has a relatively
low accuracy for the BM, LPC 2, and LPC 9, which have
relatively uniform surface elemental distributions compared
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to those of the LPC 6. Eventually, the LIBS-based 2D ele-
mental distribution mapping using the peak intensities of Fe,
Cr, and Na is not suitable for the LPC monitoring.

3.3 LIBS-based 2D correlation coefficient mapping

To improve the accuracy of the LIBS-based LPC monitor-
ing, multivariate correlation analysis was performed using
the entire LIBS spectrum. A total of 1024 data points were
acquired from the LIBS spectra of the BM and laser-cleaned
specimens and used to calculate the Pearson’s coefficient
using Eq. (2). Four hundred Pearson’s coefficients were uti-
lized to construct each 2D mapping. Figure S3a—d show the
heatmap of BM, LPC 2, LPC 6, and LPC 9 using the Pear-
son’s coefficients, and the corresponding LIBS-based 2D
correlation coefficient maps is shown in Fig. 7a. Figure 7b,
¢ show the Fe and Cr elemental distribution maps obtained
from the EPMA analysis of the BM and laser-cleaned speci-
mens, respectively. A value of one in the Pearson’s coef-
ficient (red color in 2D mapping) indicates that the LIBS
spectrum is identical to that of the BM, which indicates that
paint removal is successfully achieved by the LPC process.
On the other hand, smaller Pearson’s coefficients (< 1) were
obtained owing to the low similarity of the LIBS spectrum
with that of the BM. This indicates the presence of a paint
layer (or residue) at the surface owing to the poor level of
the LPC process. These are expressed in light green or blue
colors in the 2D mapping, depending on the level of paint
removal. As shown in Fig. 7a, different 2D correlation coef-
ficient maps were developed with or without the presence
of a paint layer (or residue). Moreover, these results are
in good agreement with the Fe and Cr distribution maps
obtained from the EPMA analysis as shown in Fig. 7b, c,
respectively. For the BM and LPC 9, the red color of the 2D
maps was constructed, representing the absence of a paint
layer. Relatively low Pearson’s coefficients in certain regions
(light red or yellow colors in 2D maps) for the BM may be
attributed to surface contamination. For the LPC 2, blue and
light green colors of the 2D map were developed, indicating
the presence of a paint layer at the surface due to a low level
of the LPC process. This result is equivalent to the cross-
sectional OM image and EPMA analysis, which revealed
the presence of a 200 pm paint layer at the surface. For the
LPC 6, the 2D correlation coefficient distribution showed an
excellent match with the elemental distribution of Fe and Cr.
At the paint residue region in the Fe and Cr elemental distri-
bution maps (Fig. 7b, c), relatively low Pearson’s coefficients
were obtained, resulting in a blue color distribution in the
2D correlation coefficient distribution map. In contrast, a red
color distribution in the 2D correlation coefficient distribu-
tion map was developed in the laser-cleaned region owing

Table 2 Average values of the Pearson’s coefficient for the BM, LPC
2,LPC 6, and LPC 9

Specimens BM LpC2 LPC6 LPCO

Average Pearson’s coefficient 0977  0.516 0.686 0.986

to the relatively high Pearson’s coefficients. This result sub-
stantiates that multivariate correlation analysis of the LIBS
spectrum is an excellent approach to boost the monitoring
accuracy of the LPC process. Moreover, multivariate cor-
relation analysis is a relatively facile approach because data
preparation, including background subtraction and peak
intensity measurement, is not necessary.

The average values of the Pearson’s coefficients for the
BM, LPC 2, LPC 6, and LPC 9 are summarized in Table 1.
A total of four hundred Pearson’s coefficients were used to
calculate the average Pearson’s coefficient for each speci-
men. The average Pearson’s coefficient increased with an
increase in the number of LPC processes, and eventually, the
LPC 9, where the paint layer was effectively removed by the
LPC process, showed a comparable average Pearson’s coef-
ficient with that of the BM. Therefore, the average Pearson’s
coefficient can be used as a criterion for predicting the level
of the LPC process (Table 2).

4 Conclusion

In this study, the paint removal was achieved using a
high-power laser paint cleaning process. The LIBS-based
monitoring was conducted to examine the SS304L sur-
face, and two different types of LIBS-based 2D mappings
were developed. The 2D elemental distribution maps of
Fe, Cr, and Na with the LIBS spectrum peak intensity and
the 2D correlation coefficient distribution maps by calcu-
lating the Pearson’s coefficients were obtained. The 2D
mappings were compared with the elemental distribution
map obtained from the EPMA analysis. The multivari-
ate analysis-based 2D correlation coefficient distribution
mapping successfully distinguished between the paint
residue and paint-cleaned regions. Moreover, the results
were in excellent agreement with the elemental distri-
bution map of the EPMA analysis. However, the LIBS
peak intensity-based 2D elemental distribution mapping
resulted in low match with that of the EPMA analysis
owing to the plasma-induced LIBS signal intensity vari-
ation. This study verified the capability of multivariate
analysis-based LIBS to monitor the LPC process.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00340-022-07942-4.
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