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Abstract: Laser cleaning is a good alternative to ablate and remove contaminants from different
samples. To meet the practical demand, we present the elemental analysis of Q235 steel samples,
using laser-induced breakdown spectroscopy (LIBS) to enhance the laser cleaning process. Two
samples were selected and kept in water and soil for 4 and 7 days, respectively. Half of the samples
were then cleaned using the laser cleaning method. The objectives were to promote the application of
laser cleaning, generalize the LIBS for the laser cleaning settings, and identify the different sources of
contaminations. Numerous elements were determined by analyzing the LIBS spectra, including Fe,
Mn, Cu, Si, Ni, Cr, C, S, and P. After 20 excitation cycles, LIBS signals were comparatively stable and
could participate in the ensuing classification modeling procedure. The contaminated samples were
noticeably stronger overall than the uncontaminated samples, with the higher the concentration of a
certain element, the higher the characteristic spectral intensity of LIBS. The typical spectral intensity
and concentration of the two samples were found to be in good agreement.

Keywords: Q235 steel; contamination; laser cleaning; LIBS; plasma

1. Introduction

Steel is the most important material used in numerous industrial domains, and it
may be transformed into a variety of alloys with distinct properties to satisfy a range of
industrial requirements. In 2021, 1951 million tons of crude steel were consumed globally,
and the average growth rate for the previous five years was 3.8% [1]. Although iron is
the primary component of steel, minor and trace elements play a major role in the steel’s
unique qualities, including toughness, strength, hardness, and corrosion resistance [2–4].
Non-metal elements like carbon, nitrogen, phosphorus, and sulfur, and metal elements
like manganese, chromium, nickel, molybdenum, and vanadium can be used to categorize
these elements [5]. Among the latter, manganese is a powerful deoxidizer and desulfurizer
in steel, improving steel’s quench capacity and workability [6]. In contrast, chromium can
significantly improve the strength, hardness, oxidation resistance, corrosion resistance,
and wear resistance of steel [7]. Rapid identification of steel and precise determination
of the minor and trace metal element concentrations in steel are the essential stages in
the recycling and reuse of steel waste, in order to conserve steel resources and guarantee
product quality.

Currently, there are several steel metal element analysis techniques which include X-ray
fluorescence (XRF), particularly energy-dispersed X-ray fluorescence (EDXRF) [8–12], spark
optical emission spectroscopy [13], inductively coupled plasma atomic emission spectrometry
(ICP-AES) [14,15], inductively coupled plasma mass spectrometry (ICP-MS) [16–19], isotope
dilution spark source mass spectrometry (ID-SSMS) [20], and flame atomic absorption
spectrometry (FAAS) [21,22]. However, these traditional analytical methods need complex
and time-consuming sample preparations; therefore, a more practical, accurate, and rapid
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classification approach for steel is required. LIBS offers a number of specific features,
including direct analysis of materials, possibly at a remote distance, fast analyzing speed,
multi-element analysis capability, and microdamage detection, without the materials be-
ing pretreated through a complex preparation procedure. Such characteristics are vital
for a variety of applications, particularly industrial process control, where conventional
analytical methods face significant challenges. LIBS is an atomic emission spectroscopy
technique that utilizes a laser pulse to create a plasma, with the emission lines from the
plasma used to determine the composition of samples [23,24]. Recent years have seen a
lot of work put into LIBS analysis at high temperatures [25]. The comparison of plasma
characteristics between room temperature and high temperature [26], including plasma
temperature, electron density, and spectral intensity, has been the subject of numerous
studies aimed at improving the detection system [27,28]. Hermann et al. evaluated the
pressure and observed the evidence of blackbody radiation from a laser-induced plasma,
and demonstrated the local thermodynamic equilibrium through the equality between
blackbody temperature and excitation temperature of atoms and ions, by simulating the
plasma emission spectra [29–32].

The main emphasis of research on high-temperature quantitative LIBS analysis is how
to create a calibration model. Carlhoff et al. [33] and Aragón et al. [34] first realized LIBS
for the in-situ analysis of molten steel. Calibration curves have often been built using
linear or quadratic fitting. Sun et al. [35] and Noll et al. [36] used samples heated to a high
temperature with a predetermined amount of source materials to produce various elemental
concentrations for calibration curves. Peter et al. [37] established calibration curves for Cr,
Ni, C, P, and S of steel melts in the vacuum ultraviolet region. Seven separate molten Al
alloy samples were used by Rai et al. [38] to create ratio calibration curves for Cr, Mg, and
Zn, using Fe as the reference element. Sturm et al. [39] developed calibration curves using
univariate regression of the mass fraction ratios in liquid slags with the mean of the spectral
line ratios (ratio of the peak area of the analyte line and reference line). Sun et al. [40] used
a partial least squares (PLS) regression model to construct the calibration curves for Si, Mn,
Cr, Ni, and V in eight molten steel samples, utilizing six samples for calibration and the
other two for testing. Ma and Cui modified the PLS regression model and used the initial
200 spectra for calibration and the final 100 spectra for testing to construct the calibration
curves for Si and Mn in ten standard samples [41]. With the help of stand-off LIBS, Delgado
et al. [42] developed distinction strategies based on discriminant function analysis for
particular steel grades at elevated temperatures. Hermann et al. employed the calibration-
free LIBS approach to study the two-step procedure for trace element analysis in food [43],
multi-elemental analysis of thin film [44], and quantification of surface contamination on
optical glass [45].

The study aims to control and enhance the laser cleaning process of the contaminated
samples and identify the sources of different contaminants using the LIBS technique. This
study adopted laser cleaning to remove the contaminations from the locally prepared Q235
steel samples (contaminated with soil and water). Laser cleaning has been considered a
high-efficiency and environmentally-friendly cleaning technology, a promising method
to remove contaminants, including oil, paint, and oxide layers [46]. LIBS was used to
investigate the elemental analysis in the contaminated and laser-cleaned samples. To
ensure the consistency of the spectrum and plasma intensity, the related plasma map was
also captured at the same time as the LIBS spectrum detection. It has been proven that the
excitation times have an impact on the spectrum intensity of the LIBS elemental properties.
The aim was to generalize the LIBS for the laser cleaning parameters, identify the sources
of different contamination, and promote the applications of laser cleaning in this field.
Different elements were found, for example, Fe, Mn, Cu, Si, Ni, Cr, C, S, and P, by analyzing
the LIBS spectra. Only 2 samples, however, were examined; hence, additional testing of
multiple sample modeling is needed to conduct quantitative and qualitative analysis.
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2. Materials and Methods
2.1. Sample Preparation

Our test samples were two Q235 alloy steel samples. Both the samples were half
contaminated and half laser-cleaned. Sample 1 was contaminated with tap water (for
4 days), and sample 2 was contaminated with soil (for 7 days with 4–5 cm depth), in
Jinan City, Shandong Province, China. The samples and their location are shown in
Figure 1. Q235, a simple carbon structural steel, is extensively used in China. It is utilized
in production without heat treatment, since it is mild steel and has good plasticity and
weldability. The Q denotes the yield point, and the 235 indicates the yield strength.
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Figure 1. Map illustrating the sampling site location in this study. The inset shows sample 1 (left,
half-contaminated with tap water and half-laser-cleaned), and sample 2 (right, half-contaminated
with soil and half-laser-cleaned).

2.2. Experimental Setup

The available homemade laser cleaning setup (with 350 W power, 30 mJ single pulsed
energy, and spot size 0.7 mm, Laser Institute of Shandong Academy of Sciences, Jinan,
China) mainly consisted of a laser system, optical fibers, and a monitory system (see Table 1).
The monitory system (computer) integrated laser, power supply, water cooling, control
system, and other unit components. The laser output beam was hand-held and had the
functions of cleaning and dust collection. The control software was also homemade and
had two operating modes: professional and simple, which was suitable for operators.

Figure 2 depicts the experimental configuration utilized to get the LIBS spectra [47]. A
Q-switched Nd: YAG laser (Q-smart 450, Quantel, Cournon-d’Auvergne, France) was used
to produce the laser beam, which had a wavelength of 1064 nm, a pulse duration of 6 ns, and
an 8 Hz pulse repetition rate. The laser energy and delay time were optimized to be 50 mJ
per pulse and 1.28 µs, respectively. A quartz lens with a 100 mm focal length was employed
to focus the laser beam on the sample’s surface. In order to collect the laser-induced plasma
light, a 10 mm focal length lens with a diameter of 10 mm, transmitted with the help
of an optical fiber to a 5-channel spectrograph, coupled with a charge-coupled device
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(CCD) (AvaSpec-ULS2048-5-USB2, Avantes, Apeldoorn, The Netherlands), was employed.
The spectral range of the 5-channel spectrometer was 185–669 nm, with the resolution
ranging from 0.033 nm to 0.060 nm for different channels. During the measurement,
each point was excited 40 times, and the spectral data were recorded. Additionally, a
three-dimensional platform was used to regulate the scanning of the test positions, and
laser-ranging equipment was used to precisely control the focusing position. To avoid
contaminating the optical system or obstructing the laser beam, we employed vacuum
cleaners to collect the sample powder, generated near the surface of the sample, during the
experiment. The traced elements in the two samples are shown in Table 2.

Table 1. Parameter of the laser cleaning system.

Maximum Output Power 350 W

Output wavelength 1064 nm
Pulse frequency 7–15 kHz (adjustable)

Maximum single pulse energy 30 mJ
Maximum peak power 300 kW

Scan linewidth 1–10 cm (adjustable)
Output fiber length 5 m, 10 m, 15 m

Working voltage 220 V + 10%, 50/60 Hz
Total power <2500 W

Cooling mode Water cooling
Working temperature 5–45 ◦C

Working humidity <70%
Equipment weight 100 kg
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Table 2. Trace elements content of the two Q235 steel samples.

Constituents (wt%) Mn Cu Si Ni Cr C S P

1 0.373 0.091 0.307 0.130 0.110 0.196 0.015 0.019
2 0.298 0.119 0.210 0.136 0. 129 0.162 0.038 0.029
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3. Results and Discussion
3.1. LIBS Spectra

The purpose of the study was to improve and control the laser cleaning of contami-
nated samples and to use the LIBS approach to identify the sources of various impurities.
The Q235 steel samples used in this study were locally prepared, and the contamination
was removed using laser cleaning. Firstly, we analyzed the whole spectrum and the charac-
teristic spectral lines of a single element. Then, the difference in LIBS spectrum between
the contaminated and laser-cleaned samples was studied, as shown in Figures 3 and 4. The
spectra contained information about the concentrations of all naturally-occurring elements
in the samples. Compared with those in the NIST atomic spectra database, Fe, Mn, Cu,
Si, Ni, Cr, C, S, and P were observed in the LIBS spectra [48]. Figure 4 demonstrates the
single-element spectral line analysis by taking the mean values of the 20th to 40th excitation
spectra. Finally, the characteristic spectrum of each element was modeled by support vector
machine (SVM) classification [49]. The samples were divided into a training set and a test
set. The training set was used for training, and the training model was used to predict the
data in the test set.
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The plasmas from the images were also be preliminarily analyzed, as shown in Figure 5.
Under the same laser excitation energy, the LIBS plasma intensities of the contaminated
samples were stronger than that of the cleaned samples. This result corresponds to the
spectral outcome [50]. We analyzed the LIBS spectra after 20 excitations because the
laser action removes the oxide layer’s surface after 20 excitations, and this is because the
effect of excitation times from prior experiments played a particular role in laser cleaning.
LIBS signals after 20 excitations are relatively stable and can participate in the subsequent
classification modeling process. In terms of overall strength, the contaminated steel sample
was significantly greater than the uncontaminated one. At the same time, the LIBS spectral
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intensity of the steel samples cleaned by laser was between the uncontaminated and
contaminated ones.
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Figure 5. Plasma images correspond to different samples (first excitation).

The signal intensity with respect to the number of laser shots is given in Figure 6. We
analyzed a single characteristic line of one particular element. The spectral intensities of
contaminated samples and laser-cleaned samples were compared with each other. The
spectral lines of Fe-234.36 nm, Fe-248.30 nm, C-193.03 nm, Cr-425.45 nm, Cu-213.57 nm, Mn-
403.04 nm, Ni-300.25 nm, and Si-288.10 nm were selected for analysis (see Reference [12]
and the references therein). The reason why the characteristic spectral lines of P and S were
not selected was that the content of P and S was low, resulting in no obvious comparison of
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results. It could be clearly seen from the comparison curve that the characteristic spectral
intensities of Si, Mn, C, and Cr elements had the same rules. For the same sample, the LIBS
characteristic spectrum intensity of the contaminated samples was larger than that of the
laser-cleaned samples. After data analysis, Fe, Cu, and Ni were shown to have similar rules,
which were not as obvious as the first four elements. The intensity of the characteristic
spectrum from a single element also corresponded to the element concentration. There was
good correspondence between the characteristic spectral intensity and concentration of
the two samples. Also, the LIBS spectral intensity of the sample with higher concentration
was higher.
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3.2. Analysis and Methods

Spectral background removal and normalization: As a result of the instability of the
plasma and the matrix effect in LIBS, standardization and normalization of the spectral data
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were crucial pre-treatment processes for the original spectra. The environment’s spectral
background and the removal of the laser’s lamp pump can be expressed as follows:

I = Iraw − Ibackground (1)

where I is the spectral intensity with the background of the environment and the laser’s
lamp pump removed, Iraw is the raw spectral intensity, and Ibackground represents the
measured spectral intensity when only the laser pump light is turned on. Normalization is
realized using the following equation:

Imapminmax =
I − Imin

Imax − Imin
(2)

where Imapminmax expresses the corresponding normalized value, and Imax and Imin are the
maximum and minimum spectral intensities for each channel of the spectrometer with the
removed background, respectively. Due to the independence of the spectrometer’s 5 chan-
nels, the normalization of the spectrum was processed separately in this study according to
various channels. The corresponding typical spectra are shown in Figure 3. The necessary
components must be extracted from the spectral information as independent variables for
subsequent modeling after the spectrum has been pre-treated and standardized.

Support Vector Machine: SVM is a generalized linear classifier that uses a maximum-
margin hyperplane that is obtained by training the samples for binary classification. SVM
is typically applied to regression analysis, classification, and pattern recognition [51].
The following is the key tenet of SVM: the training set is {(xi,yi), i = 1,2,3 . . . ,N}, where
xi ∈ RD is the input variable and yi ∈ {−1,1} is the predicted output. SVM can determine
the optimal hyperplane (ω × x) + b = 0 between two types of data, where b is the distance
from the plane to the origin, andω is the normal phase vector of the plane. The classifier in
the case of linear separability is:

f (x) = sgn{
N

∑
i=1

aiyi(xi × x) + b} (3)

SVM maps data from low- and high-dimensional spaces in the case of linear insepara-
bility; therefore, the classifier becomes:

f (x) = sgn{
N

∑
i=1

aiyiK(xi × x) + b} (4)

where sgn{} represents the sign function, ai is the Lagrangian multiplier, xi is the value of the
training sample, x is the sample label to be classified, and K (xi × x) is the kernel function.
In this study, a Gaussian radial basis function is used to establish the models, and a genetic
algorithm is utilized to optimize the penalty parameter c and kernel parameter g [52].

Wavelength selection for elements in the LIBS spectrum: The spectral lines of each
element were obtained by comparing the peak position in the LIBS spectrum with the
corresponding wavelength of the elements in the NIST database [48]. The specific wave-
lengths are shown in Table 3. The independent variables were first chosen to be the spectral
intensities of the spectral pixels that corresponded to these wavelengths.

Matrix effect reduced: In LIBS spectra, matrix effects resulting from the physical
and chemical properties of elements are ubiquitous. The spectral intensity of the chosen
wavelength is decreased from its peak value by the minimum spectral line intensity of the
first 25 and last 25 pixels, in order to lessen the matrix effect that affects the quantitative
analysis. First, the spectral intensities of the 25 front and rear pixels, as well as the pixel’s
wavelength-corresponding spectral intensity, were obtained. By subtracting the spectral
intensities of the pixels from the minimum value of the intensity of the 25 pixels before and
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after them, the modified characteristic spectral intensities were subsequently obtained. The
equation reads as follows:

Icorrection
j = Iraw

j −min
{

Iraw
j−25, . . . , Iraw

j , Iraw
j+1 , . . . Iraw

j+25

}
(5)

j = i− 25, . . . , i, i + 1, . . . i + 25 (6)

where Icorrection
j is the corrected spectral intensity, Iraw

j is the original spectral intensity, i is
the number of pixels corresponding to the characteristic wavelength of the selected element,
and j is the number of pixels in the spectral waveform.

Lorentz fitting of selected spectral peaks: The Lorentz fitting method can be used to
process each peak, and the corrected peak value can be utilized as the independent variable.
The curve of the corresponding element in the LIBS spectrum is approximately similar to
the Lorentz curve. Every distinctive line was handled the same way. Spectral normalization
and pre-processing were followed by the acquisition of independent variables for later
SVM modeling. Both samples’ categorization accuracy after SVM classification was 100%.

The overall strength of the contaminated samples was substantially higher than the
strength of the uncontaminated samples, and the characteristic spectral intensity of LIBS
increased with increasing elemental concentration. It was found that the typical spectral
intensity and concentration of the samples were found to be in good agreement. However,
as only 2 samples were tested, multiple sample modeling has to be investigated further
for both quantitative and qualitative analysis, with LIBS integrated with a laser cleaning
system for real-time monitoring. Overall, obtaining the ideal laser cleaning settings through
online monitoring might not only lower energy costs but also guarantee the quality of the
cleaned surface.

Table 3. Corresponding specific wavelengths of the samples.

Element Wavelength (nm)

Fe

234.36, 233.27, 238.20, 239.54, 240.42, 241.06, 241.31, 241.76, 242.39, 242.96,
243.21, 243.90, 244.41, 245.85, 246.17, 247.23, 247.98, 248.30, 248.80, 249.05,
252.28, 252.90, 253.89, 254.94, 256.23, 258.56, 259.90, 260.69, 261.18, 261.36,
261.73, 262.51, 262.83, 263.12, 266.43, 266.61, 271.39, 271.86, 272.75, 273.93,
274.20, 274.64, 274.93, 275.58, 361.84, 404.58

Mn 200.4, 257.58, 259.35, 260.57, 403.04, 403.27, 403.41
Cu 199.99, 213.57, 217.81, 271.39, 287.65, 324.66, 237.36, 505.15, 622.03
Si 205.81, 220.78, 221.04, 251.41, 243.46, 251.60, 288.10
Cr 205.54, 357.85, 359.44, 360.53, 425.45, 427.48, 428.98, 520.46, 520.59, 520.83
C 193.03. 283.76, 299.37, 391.85
Ni 300.25, 341.29, 344.68, 349.34

4. Conclusions

Based on the LIBS approach to pinpoint the origin of various pollutants, this study
was designed to enhance the efficacy of laser-cleaned samples. First, laser cleaning was
employed to remove the contaminations from the locally prepared Q235 steel samples
(contaminated with soil and water). Then the elemental analysis of the contaminated and
laser-cleaned samples was examined using LIBS. Many elements, including Fe, Mn, Cu,
Si, Ni, Cr, C, S, and P, were found by examining the LIBS spectra. It was confirmed that
the excitation times affect the spectrum intensity of the LIBS elemental characteristics. The
corresponding plasma map was also recorded at the same time as LIBS spectrum detection,
to verify the consistency of the spectrum and plasma intensity. For a deep understanding
of the origin of the contaminants and to perform quantitative and qualitative analysis,
multiple samples should be selected. Of particular interest in the study, it is believed that
this study will open new advances for the laser cleaning community.
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