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ABSTRACT: The practical application of spectral sensors for molten steel composition online detection has remained limited
due to the combined effects of extreme temperature, slag erosion, and transmission challenges associated with weak emissions from
trace elements. In this study, a molten steel composition sensor was developed based on Laser-Induced Breakdown Spectroscopy
(LIBS). The sensor incorporates a 1.5-meter-long multi-layered probe lance through which the laser beam is focused onto molten
steel at the lower end, where the emitted plasma is analyzed to enable online composition measurement. During operation, the probe
lance penetrates through the slag layer and maintains

immersion in molten steel at a certain depth withstanding
temperature exceeding 1650°C. Both the probe lance and the
entire optical return path are purged with argon gas to enhance

the signal. Through the acquisition of optimal parameters, the
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industrial application was first performed using the LIBS

sensor during the refining of 120-ton molten steel. Test set
demonstrates R? of 0.9361, 0.9643, 0.9809, and 0.9815 with
corresponding RMSE of 0.04wt.%, 0.03wt.%, 0.03wt.%, and
0.07wt.% for C, Mn, Si, and Cr respectively. Results indicate
that the LIBS sensor has preliminarily achieved in-situ online

detection of specific elements in molten steel, showing
promising application potential.

INTRODUCTION detection for process control have emerged as a critical challenge
hindering further advancement in the steel industry? 3.
In the steelmaking industry, precise control of molten steel

composition not only determines the quality and application of Laser-induced breakdown spectroscopy (LIBS) is a multi-
steel products but also directly impacts production efficiency, element rapid analysis technology applicable to various material
operational costs, and environmental sustainability. However, types, including solids*7, liquids®®, and gases'® !, The theoretical
conventional offline detection methods require laboratory analysis basis of this technology is based on generating plasma through
using standard instrumentation such as spark optical emission focusing high-power pulsed laser beams onto sample surfaces,
spectroscopy (OES). The analytical process encompasses sample with subsequent spectral analysis of emitted plasma radiation. For
collection, preprocessing, and analysis, which is time consuming molten steel composition online detection, LIBS technology
and cost intensive'. Therefore, analytical delays and lack of online demonstrates considerable potential with its pretreatment-free
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operation and capacity for in-situ detection.

Runge et al.'?> pioneered LIBS application for composition
analysis of molten steel in induction furnaces, establishing
calibration curves for Cr and Ni under laboratory conditions.
Carlhoff et al.!3 first implemented LIBS in industrial settings for

quantitative analysis of C , achieving a detection limit of 0.02 wt.%.

Aragén et al.'* determined carbon concentrations in induction
furnace molten steel through laser beam focusing on molten steel
surfaces in laboratory environments, obtaining 0.025wt.%
detection limit for carbon content ranging 0.015-0.11wt.%.

Noll et al.'™> ¢ designed experimental apparatus for online
molten steel composition monitoring, employing a model lance
comprising an optical probe, a permanent lance manufactured of
copper and a refractory lance tip to perform quantitative analysis
of C, P, S, Ni, and Cr in 100 kg molten steel. Gruber et al.>achieved
online in-situ monitoring of temporally variable Cr, Cu, Mn, and
Ni concentrations in induction furnace molten steel using the
addition of admixtures under laboratory conditions, with the signal
transmission by a fiber optic bundle of 12-m length. Subsequently
developed experimental apparatus was tested on a vacuum-
degassing vessel through argon bubbling beneath the ladle to
displace slag, enabling laser focusing on molten steel surfaces for
detection and establishing calibration curves for Cr, Mn, and Ni'”.
Palanco et al.'® developed an open-path remote LIBS
experimental apparatus that successfully tracked Ni (0.106 -
21.161 wt.%) to Ni (0.199 - 14.665 wt.%) concentration
variations in 1 kg capacity induction furnace under laboratory
conditions. Hubmer et al.!” conducted experiments on induction
furnace molten steel under laboratory conditions, performing
quantitative analysis of Cr, Ni, Mo, Cu, and Co while achieving <
0.2wt.% error within concentrations below 24.4wt.%.

Kondo® investigated plasma characteristics in solid and molten
steel, revealing that the electron number density in molten steel
plasma was 46% of that in solid steel plasma, but the excitation
temperatures of iron atom between the two was minimal. Lin et
al.?!' studied the temperature variation trend and its impact on
carbon content determination of ferroalloys using LIBS,
identifying minimal measurement error for carbon content in
molten state. Lednev et al.?? conducted LIBS experiments on low-
alloy steel samples over a wide temperature range (25-1600 °C),
and the results demonstrated that high temperature of the sample
surface favored greater atomic/ionic line emission but molten
sample LIBS analysis revealed poor limits of detection for all
elements, which was explained by strong fluctuations of the laser
ablation process at the liquid metal surface. Sdvizhenskii et al.?®
the superheated melt impact on a LIBS analytical performance
(silicon in molten pig iron), and the study indicated that accurate
melt elemental analysis requires the absence of a scale layer, even
during laser sampling in an argon environment.
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Our research group?® 2 developed an open-path LIBS
instrument to monitor compositional variations of Cr, Mn, Si, and
Ni in a 30 kg capacity induction furnace. Subsequently, a LIBS
instrument incorporating a Cassegrain telescope and dual-pulse
laser was successfully developed for steel plant applications. This
instrument was first applied to molten steel samples in a 1 kg
capacity induction furnace for quantitative analysis of Si, Mn, Cr,
Ni, and V. Later, the instrument achieved quantitative analysis of
C, Si, and Mn in industrial environments.

Although laser-induced breakdown spectroscopy (LIBS) has
been extensively investigated for molten metal analysis, its
practical application in industrial environments remains limited,
with most LIBS-based detection systems still confined to
laboratory-scale studies. This limitation arises primarily from the
extremely harsh conditions encountered in steelmaking processes.
Unlike controlled laboratory measurements, molten steel analysis
in the industrial environment requires the LIBS sensor to
withstand temperatures exceeding 1600 °C while ensuring the
reliable performance of critical optoelectronic components.
Therefore, remote measurement strategies are essential to
safeguard both operational safety and system stability. However,
the combined challenges of high-temperature exposure, long-
distance signal transmission, and complex industrial surroundings
pose significant obstacles to the engineering implementation of
LIBS sensors.

To overcome these limitations and reduce the analytical delay
in conventional molten steel composition monitoring, this study
developed an in-situ LIBS sensor for real-time molten steel
composition analysis, aiming to provide a reliable solution for
rapid and continuous monitoring in industrial steelmaking. The
sensor is equipped with a 1.5-meter-long multi-layered probe
lance to achieve remote measurement, a configuration that enables
stable operation under extreme molten steel conditions (>1650 °C).
Under laboratory conditions, factors affecting the signal were
systematically investigated using the sensor to optimize
measurement parameters. In the industrial environment,
quantitative models for C, Mn, Si, and Cr in molten steel were
successfully established for the first time during a 120-ton
special-steel refining process, demonstrating the sensor's potential
for real-time process monitoring in steelmaking applications.

EXPERIMENTAL

Figure.1(a) presents the schematic diagram of the LIBS sensor
structure for in-situ online analysis of molten steel composition.
Most optoelectronic components were encapsulated in an
integrated optical box, including the laser, spectrometer, and delay
controller. A 1.5-meter-long probe lance was connected below the
box via a flange, with this length ensuring probe safety when
immersed to specific depths in the ladle. The computer was located
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Fig. 1 (a) Schematic diagram of the LIBS sensor, (b) Detailed structure of the probe lance.

in a control room 35 meters away from the lance position, with
signal transmission achieved through cables. The laser employed
an Nd:YAG laser operating at 1064 nm wavelength, with a pulse
energy of 105 mJ (average) at a 10 Hz repetition rate and a
fluctuation of about £1.5 mJ at the laser output. The spectrometer
utilized a Paschen-Runge grating spectrometer from NCS Testing
Technology Co., Ltd., equipped with 9 CCD detectors that
measure different orders for different wavelength ranges
simultaneously, covering a wavelength range of 175-420 nm with
0.02 nm resolution. The CCD exposure (gate width) was set to 20
ms. To determine the optimal delay time for LIBS, the delay time
was set in the range of 0.5—4 us with an interval of 0.5 ps, and 1.5
us was finally selected as the optimal delay time.The detection
ranges for the first to the ninth CCD detector are 175.5-197.2 nm,
199.8-221.4 nm, 222.7-244.1 nm, 248.3-269.6 nm, 274.9-295.7
nm, 297.7-318.1 nm, 324.6-334.3 nm, 383.5-401.3 nm, and 403.7-
420.6 nm, respectively.

The laser beam generated by the source is expanded and shaped
into an annular beam through an optical path shaping system. The
purpose of this process is to reduce beam divergence and provide
a central passage for the optical collection path, thereby improving
collection efficiency. Then the annular beam is reflected
downward by Mirror 4 placed at 45°, and focused onto the target
surface by Lens 5. The induced plasma is collected coaxially
through a lens, passes through the central hole of Mirror 4, and
propagates sequentially through Lens 3, Lens 2, and Lens 1 to
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form a collimated beam with a diameter of 10 mm before entering
the spectrometer. The laser focal spot diameter is 700 pm. Based
on the spot area and the laser pulse energy of 96 mJ at the target
surface, with a pulse duration of 10 ns, the calculated power
density is approximately 2.49 x 10° W/cm? This condition was
selected to provide sufficient energy density for stable plasma
generation and detectable emission signals while maintaining
reasonable tolerance to the positional fluctuations of the molten
steel surface during in-situ measurements. Lens 1 is a concave lens
made of quartz with a diameter of 25.4 mm and a focal length of -
73 mm. Lens 2 is a concave lens made of quartz with a diameter
of 35 mm and a focal length of -77 mm. Lens 3 is a convex lens
made of CaF: with a diameter of 35 mm and a focal length of 60
mm. Mirror 4 is a reflecting mirror with a central hole, fabricated
from quartz, with an elliptical shape characterized by a major axis
of 70 mm and a minor axis of 50 mm. The covering of Mirror 4 is
high-reflection coating at 1064nm. Lens 5 is a convex lens made
of quartz with a focal length of 400 mm. The distance between
Lens 1 and Lens 2 is 80 mm, that between Lens 2 and Lens 3 is 1
mm, and that between Lens 3 and Lens 4 is 50 mm. Argon purging
was implemented in both the probe lance and the optical return
path to enhance the signal.

Figure 1(b) illustrates the detailed structure of the probe lance.
The probe lance comprised a refractory tube, air duct, intermediate
tube, and inner tube, with the inner tube, intermediate tube, and air
duct coaxially nested from inside to outside, measuring 1.1, 1.4,
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Table 1. Compositions of laboratory standard steel alloy samples

Sample No. P (wt.%) S (Wt.%0) C (wt.%0) Mn (wt.%6) Si (wt.%) Cr (wt.%0)
JSM M100 1 0.001 0.002 0.0009 0.01 0.001 0.01
JSM M100 2 0 0.0032 0.15 0.6 4.02
JSM M100 3 0 0.006 0.149 0.75 0.4 3.22
JSM M100 4 0.008 0.016 0.21 2 0.06 251
JSM M100 5 0.013 0.0071 0.26 16 0.25 2.02
JSM M100 6 0.048 0.0013 0.34 1.29 0.34 1.49
JSM M100 7 0.038 0.026 1.02 0.3 1.02
JSM M100 8 0.028 0.02 0.64 0.51 0.15 0.53
JSM M100 9 0.018 0.0029 0.31 0.2 0.12
JSM M100 10 0.003 0.009 0.99 0.1 0.11 0.05
DCBY11005 0.434 0.037 3.58 0.316 0.833 0.409
CSBS11119 0.84 0.042 3.96 0.7 1.47 0.03
YSBS37268-16 0.06 0.443 0.102 0.956 0.086 0.015
YSBS37266-16 0.057 0.275 0.099 0.945 0.074 0.022

and 0.5 m in Fength. respectively. .The primar.y material of the 5 Argon gas
refractory tube is a mixture of graphite and alumina, supplemented robe lance
with specific proportions of additives, including an antioxidant Svaaflf\)/tg/ Pressure gauge

and a resin binder. The air duct, intermediate tube, and inner tube
are all constructed from 304 stainless steel. The inner tube served
as the laser channel, equipped with a lens at its lower end. The
refractory tube, 1 m in length, featured a sliding connection with
the intermediate tube and air duct at its upper end, while its lower
end functioned as the detection terminal. The inner tube,
intermediate tube, and refractory tube constituted argon flow
channels, with the refractory tube's lower end releasing argon
during detection to disperse surface smoke and slag from the
molten steel. The air duct employed compressed air as cooling gas
to enhance high-temperature resistance at connection joints. This
structural design enabled the probe lance to withstand
temperatures exceeding 1650 °C when inserted sufficiently deep
into the molten steel surface, while effectively reducing the
refractory tube's length and lowering operational costs. The
modular structure, cooling and purging design, and replaceable
refractory tube ensure the long-term operation and maintainability
of the LIBS sensor.

The sensor was tested in both laboratory and steel plant
environments. Laboratory experiments primarily investigated
factors influencing signals, providing guidance and optimal
parameters, representing essential steps prior to industrial-scale
implementation of this technology. Background gas and pressure,
as critical parameters affecting LIBS signals, were demonstrated
to influence the emission spectra, excitation temperatures, and
electron densities??. Given the extensive use of argon in steel
production processes, employing argon as background gas effectively
reduces operational costs for the LIBS sensor, thereby establishing
argon flow rate and pressure as research variables.

https://www.at-spectrosc.com/as/article/pdf/20260039s
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Fig. 2 Schematic diagram of the pressure vessel structure.

In the laboratory, 14 different solid steel alloy samples were
examined. Before detection, the samples were polished with
sandpaper and then cleaned with alcohol to ensure a clean surface
for LIBS measurement. The JSM M100 series samples were from
JFE Techno-Research Corporation, Japan. Samples DCBY 11005
and CSBS11119 were from Xingping Dacheng Reference
Material Co., Ltd., China, and China Shipbuilding Industry
Corporation, China, respectively. Samples YSBS37268-16 and
YSBS37266-16 were from Zhengzhou Research Institute of
Mechanical Engineering, China. The compositions of these
samples are presented in Table 1. Additionally, to investigate
pressure effects on signals while maintaining controlled pressure
within the probe lance, a pressure vessel was installed at the lower
lance section as illustrated in Fig. 2. The pressure vessel integrated
a pressure gauge, flow meter, proportional valve, and safety valve,
with the pressure gauge monitoring pressure, the flow meter and
proportional valve regulating pressure, and the safety valve
maintaining operational pressure within safe limits.
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Fig. 3 Spectra of JSM M100 1, DCBY11005 and YSBS37268-16.

RESULTS AND DISCUSSION

Factors influencing signals. The concentrations of P and S
elements in steel are typically low; therefore, the instrument
parameters are optimized using the signals of P and S elements to
enable the instrument to detect low-concentration elements as
effectively as possible. To quantify LIBS signals, the peak
intensity or integrated intensity after background subtraction is
commonly used as a metric. In this study, background subtraction
was performed using off-peak correction. For both P and S, the
characteristic spectral lines with the strongest emission intensities
were selected, which were P 1 177.50 nm and S 1 180.73 nm. For
P and S detection, LIBS was employed to analyze Sample
DCBY11005 and Sample YSBS37268-16 listed in Table I,
respectively. The peak intensities of P and S are presented in Fig. 3.
It should be noted that the samples used in these argon flow rate
and pressure optimization experiments were solid steel samples at
room temperature. The purpose of this preliminary optimization
was to establish suitable operating conditions for enhancing the
LIBS emission signals rather than to fully reproduce the physical
state of molten steel. Solid steel at room temperature and molten
steel differs in temperature, surface state, and ablation
characteristics, which may affect plasma generation and LIBS
emission behavior. Therefore, the optimized argon flow rate and
pressure obtained from the solid samples should be regarded as
preliminary operating parameters rather than universally optimal
conditions for molten steel. Subsequently, the spectral quality
obtained from the molten steel measurements demonstrates that
these parameters provide suitable operating conditions for
practical in-situ LIBS analysis.

Sample DCBY 11005 contained a P concentration of 0.434wt.%,
while Sample YSBS37268-16 exhibited a S concentration of
0.443wt.%, demonstrating comparable concentrations for both
elements. Fig. 3 shows that under similar concentration conditions,
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the peak intensity of P line is significantly lower than that of S line.
The P I line at 177.50 nm is located at a shorter wavelength than
the S I line at 180.73 nm in the vacuum ultraviolet (VUV) region.
In optical systems operating in the VUV, the transmission
efficiency generally decreases toward shorter wavelengths due to
stronger absorption in optical materials and enhanced scattering
caused by surface imperfections and defects®. The P line is located
closer to the edge of the CCD detector than the S line, where
detector sensitivity is typically lower. Therefore, the P line
experiences higher transmission losses and lower detection
efficiency compared with the S line, which can contribute to its
weaker observed signal intensity under identical experimental
conditions. In this situation, P signal was adopted as the parameter
optimization target during the study.

Effect of argon flow rate on signals. Argon gas constitutes a
critical factor influencing signal acquisition, thus the initial
investigation focused on argon flow rate effects. The effects of
argon flow rate on the signals in the VUV and at higher
wavelengths were investigated separately. The integrated intensity
of the spectral line after background subtraction was used as the
metric to evaluate the signal, with P 1 177.50 nm used as the signal
in the VUV and Mn 1 257.55 nm used as the signal at higher
wavelengths. Using the sensor shown in Fig. 1, measurements
were conducted on Sample CSBS11119 from Table 1. After LIBS
signal stabilization, the argon flow rate was systematically reduced
from 20 L/min to 0 L/min in 2 L/min decrements. Each flow rate
gradient was maintained for 30 minutes, during which three
measurements were taken and averaged for the specific flow rate.

Figure 4(a) and (b) show the variations in the integrated
intensities of the P line and the Mn line with argon flow rate,
respectively. The P line is located in the VUV. A major difficulty
for observations in this spectral range is that emission is absorbed
by components of air, such as oxygen and water vapor. Purging
with argon, which is transparent to VUV emission, can provide
access to this wavelength range. When the argon flow rate is 10
L/min, a sufficient argon atmosphere is maintained in the optical
path, allowing the integrated intensity of the P line to remain stable.
As the argon flow rate decreases further, argon cannot form a
stable and continuous inert gas shielding layer, air enters the
optical path, and the emission is absorbed by O- and H-O, resulting
in a decrease in the integrated intensity. When the argon flow rate
drops to 2 L/min, the emission becomes too weak to be detected
due to absorption, which is manifested by the integrated intensity
of the P line approaching zero. Compared with the P line, the
integrated intensity of the Mn line begans to decrease at 4 L/min,
mainly because the Mn line is located at a longer wavelength
rather than in the VUV, the influence of Oz and H2O on its emission
is very limited. In a sufficient argon atmosphere, the integrated
intensities of both the P line and the Mn line are significantly
higher than those at an argon flow rate of 0 L/min, and this
enhancement is primarily due to the increase in plasma temperature
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and electron density in the Ar environment. An argon flow rate of
10 L/min was selected as the optimal parameter, ensuring both the
preservation of signal quality and the maximum conservation of
argon.

During industrial molten steel detection, which involves
prolonged process stages, transitioning the LIBS sensor to standby
mode during inactive periods minimizes argon consumption and
reduces operational costs. Consequently, the sensor 's recovery
time from standby to detection mode constitutes a critical
operational parameter, which can be quantified by monitoring the
time to restore stability of the integrated intensity of spectral lines.
To simulate standby conditions, a 2 L/min argon flow rate was
maintained for 3 hours, followed by flow rate elevation to 10
L/min, with spectral acquisitions conducted at 2-minute intervals.
Fig. 4(c) and (d) show the variations in the integrated intensities of
the P and Mn lines, respectively. At the argon flow rate of 2 L/min,
the integrated intensity of the P line approaches near-zero levels.
Upon increasing the flow rate to 10 L/min, the integrated intensity
of the P line stabilizes within 4 minutes. Compared with P, the
integrated intensity of Mn line reaches a stable state within 2
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minutes after argon introduction, because Mn line is located in the
non-VUYV region and therefore has lower requirements for the
argon atmosphere than P line. The times required for the integrated
intensities of P line and Mn line to reach stability indicate rapid
system recovery from standby to operational detection mode.

Effect of pressure on signals. During field detection, the probe
lance descends to predetermined positions, with essentially
identical pressure conditions maintained during each detection.
This consideration prompted a comparative analysis between
standard atmospheric pressure and pressure in molten steel
detection to investigate the effects of pressure on signals.

The probe lance was maintained at an insertion depth h =300
mm in the molten steel. Given standard atmospheric pressure P,
= 101 kPa, the detection pressure P; was calculated to be
approximately 123 kPa through Equation (1). The optimal gas
flow rate of 10 L/min was adopted as the flow rate.

Py =pgh+ Py (2)
Where, p denotes the density, taken as 7500 kg/m* for molten
steel at 1600°C3'33; g represents the gravitational acceleration,
taken as 9.81 m/s% and P, denotes the standard atmospheric
pressure, taken as 101 kPa.

Figure 5 demonstrates the peak intensity of the P line under
different pressure conditions. When the pressure is maintained at
P: (123 kPa), the integrated intensity of the P line exhibits a 5%
reduction compared to that at standard atmospheric pressure. This
phenomenon primarily stems from the intensified confinement
effect of the surrounding gas on the plasma expansion under
which
consequently enhances laser shielding effect. The shielding effect

elevated pressure, increases plasma density and

reduces the net energy of the laser acting on the sample surface,
resulting in progressive attenuation of P signal with pressure

elevation®*.

Laboratory quantitative analysis. To minimize shot-to-shot
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variations of LIBS signals, the internal standard method was used,
in which the spectral line intensity ratios of the analyte elements
and the reference elements were used to construct the calibration
curves®, In the selection of spectral lines, neutral atomic or singly
ionized persistent lines of the analyte elements were chosen to
weaken spectral interference. Fe was chosen as the reference
element because of its relatively constant concentrations for the
whole set of samples. Weak spectral lines of singly ionized iron
were selected to weaken self-absorption. The selected iron lines
and the analyte spectral lines should be non-resonant, have similar
intensities, and be as close in wavelength as possible. Spectral lines
of analyte elements and reference elements are detailed in Table 2.
The argon flow rate was set to 10 L/min, with two detection cycles
performed on samples listed in Table 1. The first detection cycle
served as the training set for establishing calibration curves, while
the second cycle functioned as the test set. Each sample was
analysed using 200 pulses that generated 200 spectra, which were
divided into 10 groups. The average of 20 spectra per group was
designated as a single measurement point. This procedure
effectively corresponds to performing 10 repeated measurements.
Calibration curves for P and S were established using all samples
in Table 1, while models for other elements employed samples
JSM M100 1-10. This was primarily because samples JSM M100
1-10 shared the same matrix composition, but P and S
concentrations in samples JSM M100 1-10 were extremely low,
rendering them inadequate for constructing calibration curves for
these elements. Consequently, all samples in Table 1 were utilized
to construct the calibration curves for P and S.

The determination coefficient (R?), root mean square error
(RMSE), and mean absolute error (MAE) are crucial indicators for
evaluating the performance of quantitative analysis. Their
expressions are as follows:

n (9. —v:)2
R2—=1-— 21:1(3’1 _)il)z @)
X —y)
n (9 — v;)?
RMSE — 2L=1(y;l yl) (3)
n Ny, — v,
MAE=2L=1|3T’11 il 4)

Where, n is the number of measurements, y; is the predicted
concentration for the i-th measurement, y; is the reference
concentration for the i-th measurement, and y is the average of
y; for n measurements.

In this experiment, due to the low concentration of elements in
samples, Relative Standard Deviation (RSD) becomes distorted
and amplified. For this reason, the ratio of the mean value of the
SD of the intensity ratios of all samples (SD;eqr,) to the mean
value of intensity ratios of all samples (IR;eqr ) is used as a

https://www.at-spectrosc.com/as/article/pdf/20260039s

Table 2. Spectral lines of elements used for the internal standard method

Analyte Wavelength Reference Wavelength

elements (nm) elements (nm)
Pl 177.50 Fell 182.09
S 180.73 Fell 182.09
Cl 193.09 Fell 192.60
Sil 288.16 Fell 277.93
Mn | 257.55 Fell 260.65
Crll 267.72 Fell 266.66

comprehensive metric for evaluating overall stability>.

SDmean _ Zé:l \/Zg=l(fab - fa)z/n

RSD' = —
Zé:l Xq

X 100% (5)

IRmean

Where, A is the number of samples, n is the number of
measurements for each sample, X,; isthe b-th intensity ratio or
intensity for sample a, and X, is the average of n intensity
ratios or intensities for sample a.

Figure 6 presents the analytical calibration curves established
for different elements, illustrating the relationship between the
normalized intensities and the corresponding analyte
concentrations. The R? for P, S, C, Mn, Si, and Cr all exceed 0.98,
with P, C, and Cr achieving R? of 0.99. The RSD’ for C, Mn, Si,
and Cr remain below 10%, with C, Mn, and Cr exhibiting RSD’
under 5%. The RSD’ for P and S exceeding 10% are primarily
attributed to the low concentrations in samples JSM M100 1-10,
where their lines are obscured by background interference. The
limit of detection (LOD) calculated via Equation (6) is 0.1wt.% for
P, 0.01wt.% for S, 0.02wt.% for C, 0.01wt.% for Mn, 0.05wt.%
for Si, and 0.02wt.% for Cr. These results demonstrate that
following parameter optimization, the LIBS sensor meets the
essential requirements for field testing applications.

LOD—3G 6
= ©

where o is the standard deviation of the background near the
analytical line and S is the calibration curve slope’’. For Mn, the
calibration response over the full concentration range was better
described by a quadratic curve, indicating a nonlinear response at
relatively high concentrations. Therefore, S was taken from the
local slope of the fitted quadratic calibration curve at the lowest
calibration concentration, and this slope was calculated as the first
derivative of the fitted function at the lowest Mn concentration.

Molten steel testing. During industrial testing, the 120-ton ladle
in the ladle furnace (LF) refining process was analyzed, as
illustrated in Fig. 7. The LIBS sensor was installed on a
manipulator platform adjacent to the ladle, with the platform's
manipulator enabling three-dimensional movement. During
testing procedures, the manipulator was controlled to descend,
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Fig. 6 Calibration curves for different elements, (a) P; (b) S; (c) C; (d) Mn; (2) Si; (f) Cr.

Fig. 7 Image of the LIBS sensor during online monitoring in the LF refining process of 120-ton molten steel.

immersing the lance approximately 300 mm into the molten steel.
Upon completion of data acquisition, the manipulator was
retracted to the platform and maintained in standby mode for
subsequent testing. Theoretically, each detection required
approximately 60 seconds, with 35 seconds allocated to lance
ascent and descent operations and 25 seconds dedicated to molten
steel analysis following lance positioning. However, to ensure

sufficient data acquisition for quantitative model establishment,
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the molten steel analysis duration was extended from 25 seconds
to 65 seconds, resulting in the acquisition of 650 spectra per
detection. To ensure sensor applicability, LIBS detection was
randomly conducted during different stages of LF refining process,
yielding data from 24 heats. Detailed in Table 3, the corresponding
reference values for these molten steel datasets were obtained via
standard Spark-OES analysis in the steel plant laboratory.
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Table 3. Sample numbers and corresponding concentrations of molten steel data

Sample NO. P (Wt.%) S (Wt.%) C (Wt.%) Mn (Wt.%) Si (Wt.%) Cr (Wt.%)
1 0.013 0.0022 0.26 0.98 16 173
2 0.005 0.0076 0.04 147 0.24 0.103
3 0.0086 0.0046 0.16 1.32 017 0.09
4 0.0095 0.0103 012 1.24 011 0.092
5 0.0102 0.0018 04 0.75 0.26 017
6 0.003 0.0022 0.44 0.67 021 0.074
7 0.0083 0.0018 0.49 0.72 0.25 023
8 0.011 0.0092 051 0.73 0.73 01
9 0.0095 0.0009 0.45 0.88 03 021
10 0.0081 0.007 0.18 0.64 017 0.9
11 0.0104 0.0017 027 0.98 0.25 0.96
12 0.01 0.0002 031 0.36 0.65 496
13 0.0089 0.0026 045 0.72 0.24 0.18
14 0.0089 0.0062 0.65 0.69 0.88 0.077
15 0.0104 0.0007 05 0.76 0.24 0.083
16 0.0105 0.0034 0.46 0.77 0.29 021
17 0.0103 0.001 015 1.18 027 0.01
18 0.0081 0.0019 053 0.73 0.26 023
19 0.0093 0.0004 055 0.76 0.29 023
20 0.0092 0.0059 0.59 0.8 0.83 0.093
21 0.0082 0.0123 058 0.69 0.72 0.072
22 0.0068 0.0022 017 0.72 0.2 1.65
23 0.0105 0.0012 05 0.76 022 0.08
24 00103 0.0081 042 0.66 021 0.16
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Fig. 8 Spectra of (a) the solid sample and (b) the molten steel.
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Molten steel signal analysis. Fig. 8 demonstrates a comparative
analysis between solid sample spectra and molten steel spectra.
The molten steel spectra correspond to Sample 11 in Table 3, while
the solid sample spectra were collected utilizing the solid sample
obtained by cooling molten steel Sample 11. The maximum
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intensities of spectral lines from molten steel are generally higher
than those from solid sample, a distinction particularly pronounced
within the 270-320 nm range, which is attributed to the increased
ablation rate of molten samples compared to solid samples®.
Compared to solid sample spectra, molten steel spectra exhibit greater
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Fig. 9 Quantitative models of different elements in molten steel, (a) C, (b) Mn, (c) Si, (d) Cr.

fluctuations. Taking Cr as an example, the characteristic spectral
line Cr I 267.72 nm was selected. The integrated intensities of Cr
II 267.72 nm from molten steel exhibit an RSD’ of 65%, while
those from the solid sample show an RSD’ of 2%, indicating that
the RSD’ of molten steel signal is approximately 33 times that
of the solid sample signal. This can be attributed to fluctuations of
the molten steel surface, which cause the detection interface to
deviate from the optical focus of the LIBS system.

Quantitative analysis of molten steel. To ensure the applicability
of the LIBS sensor, random detections were performed during
different stages in the LF refining process, yielding a total of 24
datasets listed in Table 3. Samples 1-16 were designated as the
training set, while Samples 17-24 were assigned as the test set.
The acquired spectra for each sample were averaged to obtain a
single spectrum to reduce the impact caused by spectral
fluctuations, resulting in 16 averaged spectra for training and 8
independent averaged spectra for testing. For the PLS model, the
optimal number of PLS components was determined by leave-
one-out cross-validation strategy. Specifically, the number of PLS
components was varied from 1 to 20, and the corresponding cross-
validation mean squared error (MSE) was evaluated for each
candidate model. The number of PLS components yielding the
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minimum cross-validation MSE was selected as the optimal value
and subsequently used to construct the final PLS model using all
16 training samples. The predictive performance of the optimized
PLS model was then evaluated using the eight independent test
samples.

During industrial detection, the concentrations of P and S in
molten steel fell below the sensor’s LOD. Therefore, quantitative
analysis models were exclusively developed for C, Mn, Si, and Cr.
The optimal numbers of principal components for the PLS models
of C, Mn, Si, and Cr were 10, 5, 5, and 8, respectively. The
performance of the quantitative models is illustrated in Fig. 9. On
the test set, the R? for C, Mn, Si, and Cr all exceed 0.93, with Cr
and Si achieving R? of 0.98. The MAE for all elements was <
0.05wt.%, and Mn exhibits the lowest MAE at 0.02wt.%. Except
for Cr, the RMSE for all elements remain below 0.05wt.%, with
that of Si and Mn being as low as 0.03wt.%.

In addition to PLS, the internal standard method is also a
common approach for LIBS quantitative analysis. Fig. 10
demonstrates the quantitative model for Cr. For the Cr, the test set
achieves an R? of 0.8821, representing a 10% decrease compared
to the PLS model. The MAE and RMSE were 0.15wt.% and 0.1 7wt.%,
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Fig. 10 Cr quantitative model using the internal standard method.

respectively, which were 3 times and 2.4 times higher than those
of the PLS model. In molten steel detection, the internal standard
method proves inadequate in counteracting the impacts of
complex and harsh environmental conditions through a single-
variable approach. This limitation is further corroborated by the
fact that the number of principal components selected in the PLS
method is consistently greater than or equal to 5.

CONCLUSION

To address the analytical latency in molten steel composition
detection, a LIBS-based online sensor for molten steel
composition analysis was developed. In this sensor, a 1.5-meter-
long multi-layered lance structure is connected beneath the box.
The configuration enables the lance to withstand temperatures
exceeding 1650 °C while maintaining insertion to a specified
depth within the molten steel. For the first time, LIBS sensor was
employed in a 120-ton special steel refining furnace to acquire
online measurement data of molten steel from multiple heats.

Under laboratory conditions, through the investigation of
factors influencing signal to obtain the optimal parameters,
calibration curves for multiple elements were successfully
established using the sensor with a lance length of 1.5 meters,
laying the foundation for the detection of these elements in
industrial settings. During field testing in the industrial
environment, a PLS model for the quantitative analysis of molten
steel composition was successfully developed. On the test set, the
R? for C, Mn, Si, and Cr are 0.9361, 0.9643, 0.9809, and 0.9815,
respectively, with corresponding RMSE of 0.04wt.%, 0.03wt.%,
0.03wt.%, and 0.07wt.%.
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The aforementioned results demonstrate that the developed
LIBS sensor has successfully achieved detection of C, Mn, Si, Cr
in molten steel, preliminarily realizing the industrial application of
in-situ online analysis of molten steel composition via LIBS
technology. Although the currently weak ultraviolet emission
signals acquired during industrial detection have not enabled
quantitative analysis of P and S in molten steel, subsequent
optimization of detectors and related components is expected to
effectively enhance the detected ultraviolet emission signals,
enabling their quantification, which constitutes the focus and
objective of our future work.
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