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COMPOSITION AND TEMPERATURE MONITORING OF MOLTEN METAL
BY A COMBINED LIBS-IR THERMOMETRY SYSTEM
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The composition and temperature of molten metal in a furnace are important parameters in metallurgi-
cal industrial processing. Laser-induced breakdown spectroscopy (LIBS) is a promising technique for the in-
situ quantitative composition analysis of molten metal, and infrared radiation from molten metal can be used
for temperature measurement. A near-infrared spectrometer was added to a LIBS system in this work. The
LIBS signal and temperature information were recorded by the same optical system and optical fiber, and
the temperature and the elemental content of the molten metal could be measured simultaneously. Molten
carbon steel was used to verify the system performance. The measured temperature exhibited a good consis-
tency with the temperature that was obtained by using a commercial pyrometer, with a relative root mean
square error of 0.95%. The relative standard errors of Cr and Mn composition detection were lower than
10%. These results prove that it is possible to monitor composition and temperature in a molten metal proc-
ess by a LIBS systems imultaneously.

Keywords: laser-induced breakdown spectroscopy, infrared thermometry, composition, temperature,
metallurgy.
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s konuuecmeenno2o anaiuza cocmasa pacniasienio20 Memanid 8 neyu UCnoab308an Memoo iazep-
HO-UCKPOBOI smuccuoHnol cnekmpockonuu (LIBS), a UK usnyuenue pacniasnennozo memania — Ons usme-
perus memnepamypul. s smoeo ¢ cucmemy LIBS dobaenren UK cnexmpomemp. Hngopmayus o cuenanax
LIBS u memnepamype pe2ucmpuposanace 0OHOU U MO e ONMUYECKOU CUCMEMOU U ONMUYEeCKUM BONO0K-
nom. Taxum obpasom memnepamypy u d1eMeHMHOE COOePIAHCAHUE PACNIAGNEHHO20 MEMANNA MOICHO UMe-
paAmb 00Ho8pemenHo. [l nposepKu npou3eo0UMenbHOCHU CUCTHEMbL UCHOIb308AHA PACHAABNCHHAS YeNepo-
oucmas cmanv. M3mepennas memnepamypa Xopouio coomeemcmayem noiy4eHHol ¢ UCHOIb308aAHUeM KOM-
Mepyecko2o nupomempa (OmHocumenvhas cpeoneksaopamuyieckas nozpeuHocms docmueana 0.95%). Om-
HocumenvHble ouwubku oouapyscenus Cr u Mn <10%. Ionyyennvie pe3yrbmamvl nOOMEEPHCOAOM 603-
MOJCHOCTb 0OHOBPEMEHHO20 MOHUMOPUH2A COCMABA U MEMNEPAMYpbl 8 npoyecce NOAYYeHUs PACNIAGIEeH-
Hoeo memanna cucmemamu LIBS.

Knrwouesvle cnoea: nasepHo-uckpoeas 3MUCCUOHHAS CNEKMPOCKONUSA, UHDPAKPACHASL MePMOMEeMPUsl,

cocmas, memnepamypa, mMmemajiiypcus.
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Introduction. Composition and temperature are the most essential parameters for process control in the
metallurgical industry [1-3]. With merits of rapid analysis, remote measurement, and minimal or no re-
quirement for sample preparation, laser-induced breakdown spectroscopy (LIBS) has attracted remarkable
interest for in situ and online quantitative analysis in metallurgy [4—7]. Infrared (IR) thermometry is a non-
contact temperature-measuring method that is suitable for continuous online measurement. Many types of
non-contact thermometers, such as IR thermometers, IR thermal TVs, and IR thermal imagers, have been
developed [8-10].

A combination of different online measurement techniques for the direct analysis of molten metal will
promote the developments in the metallurgical industry. Several works have focused on both composition
and temperature measurement. Gudenau et al. [11] developed a model lance to achieve continuous elemental
analysis or temperature measurement. Different detection systems were constructed with the lance to meas-
ure composition and temperature alternatively. Vanderheyden [12, 13] developed an online LIBS-based sen-
sor to monitor the composition and temperature of the hot metal in blast-furnace runners. The experimental
results of the composition measurement using LIBS were satisfactory, and the temperature was measured by
a commercial pyrometer. In these studies, the temperature of the hot metal was measured by an additional
commercial pyrometer or measuring system. Monfort et al. [14] established a relationship between the inten-
sity of an optimized wavelength and the temperature by using a LIBS system. An accuracy of +£15°C was
achieved, except for two outliers. However, the response efficiency of the collection system was not cali-
brated.

In this work, a LIBS-IR thermometry system that combines an IR spectrometer with a LIBS system was
developed to monitor the temperature and elemental composition of molten steel simultaneously. The tem-
perature was measured by an additional spectrometer in a calibrated LIBS detection system. Five carbon
steel samples were smelted sequentially to test the multifunctional system in the laboratory. The metal tem-
perature and composition were obtained simultaneously.

LIBS. The internal standard calibration method can be a reliable way to achieve quantitative analysis.
Based on the Lomakin—Scheibe formula, the characteristic line intensity / can be presented by a simple equa-
tion I = a C’. Here a is a factor that is related to the system parameters and b is the self-absorption coeffi-
cient. In general, for minor or trace elements, the self-absorption of the emission lines can be neglected.
Thus, factor b is approximately equal to 1, and the intensity and the concentration are linearly related. For
LIBS analysis, the content of reference element can be regarded as a constant. Therefore, the intensity ratio
is directly proportional to the concentration of the analytical element, which can be presented by the equation:

R =1L/l = a,Cy/arCres = AC. (D

Here I, represents the spectral line intensity of the analytical element, C, is the concentration of analytical
element, I is the intensity of the reference spectral line, Cr is the concentration of reference element, and
A, a,, and a, are constants that are determined by the experimental system.

For analytical elements with a wide concentration range, quadratic or higher polynomial models should
be used to correct the effect that is caused by a high concentration. The internal standard calibration model
can be presented as

R=1L/Lg= Ao+ A1Co+ A:C7 + .. = Ao + A, C.. )

For convenience, it is feasible to take the first two terms of the polynomial to construct the calibration
model.

The process of internal standard calibration is routine. First, the LIBS spectra of a series of standard
samples are obtained at different delay times. Second, the spectral backgrounds are corrected, and the peaks
are identified. Third, possible spectral characteristic lines are confirmed by referring to the atomic spectra
database. Fourth, the calibration model of each characteristic line is constructed individually, and the chosen
characteristic line is saved as an analysis line, based on an estimation of the calibration model [15]. Calibra-
tion models can be obtained with the multi-line internal standard calibration (MLISC) method [16]. Finally,
the concentration of the analyzed element can be calculated by using the constructed calibration model.

IR thermometry. In 1900, Planck established the distribution of the radiant exitance My, (W/m*-um ")
of a blackbody at different temperatures according to quantum statistical theory. This principle, which is
termed Planck’s law, is expressed as follows:

My, = C1/(X[exp(Co/AT) — 1)), (3)
with Wien’s approximation



712 Q. ZENG et al.

My, = Ci/(Xexp(Co/AT)), 4

where A is the radiation wavelength, and 7 is the thermodynamic temperature of the body. The first Planck
constant C; is 2nhcz, and the second Planck constant C, is hc/k, h is the Planck constant, ¢ is the speed of
light, and % is the Boltzmann constant.

According to Planck’s law, the thermodynamic temperature of a body can be deduced from the IR spec-
trum through total radiation, brightness (i.e., radiation of a narrow waveband), or multispectral radiation
thermometry [17]. Double-wavelength thermometry as the simplest mode of multispectral radiation ther-
mometry can reduce the influence of emissivity on temperature measurement considerably. The thermody-
namic temperature is deduced from the ratio of radiant exitances of two adjacent wavelengths. The ratio R of
exitances M, and M,,, which correspond to wavelengths A; and A,, can be expressed as follows:

My, _&,Cy° exp(Cy / 1T) _ gk’ exp(Cy / A,T)
M, &Ch exp(Cy /MT) g0 exp(Cy /MT)
where €; and &, are the emissivities that correspond to wavelengths A; and A, under temperature 7. Thus, the
temperature 7 that is obtained through double-wavelength thermometry can be expressed as
_ G -y ~ 00" =1
InR—1In(e, /&,)—In(A3 /A])  In(M, /M, )~In(e, /&)~ In(A; /A}) '
The ratio of the collection intensity (/) to the radiant exitance (M,) is defined as the response efficiency (1)
of the collection system, and then the radiant exitance can be expressed as M, = I,/n. The collection intensi-
ties are assumed to be /,; and /),, and the response efficiencies are n; and n;, which correspond to wave-

lengths A; and A,, respectively. Moreover, €, can equal &, when the values of A; and A, are close. Equation (6)
can be transformed as follows:

R= (5)

(6)

T= G (7“2_1 — 7“1_1) _ G (7“2_1 — 7‘1_1) 7
In(M;, / My,)=In(e, /&) ~In(n" I 27) By s s )
Ly Iy

Experimental setup. Figure 1 presents a schematic diagram of the LIBS-IR thermometry system, and
the system parameters are listed in Table 1. The signal of the induced plasma is coupled into multi-furcated
fiber optics via a collection lens and is then transported into spectrometer channel-1 for quantitative analysis,
whereas the IR signal is transported into spectrometer channel-2 (a near IR spectrometer) for temperature
measurement. The reference temperature is measured simultaneously by a commercial pyrometer.
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Fig. 1. Schematic diagram of the LIBS-IR thermometry system.

To obtain the original radiation intensity of the induced plasma and IR signals, the LIBS-IR thermome-
try system was calibrated with a standard light source (lamp F1018, certificated by the National Institute of
Metrology of China) to eliminate the effect of response efficiency. Especially, the calibration of the IR ther-
mometry module by using the corrected radiation power and the recorded spectrum of the standard light
source helps restore the original radiation power (i.e., radiant exitance) of molten metal. Five carbon steel
samples were melted in an induction furnace for the experiment. Their components are listed in Table 2.
Each recorded LIBS spectrum is the average of five measurements with a delay time of 0.3 us, and 10 spec-
tra were saved for subsequent analysis. The IR signal can be recorded from the beginning to the end of the
smelting process, except when plasma is being generated.
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TABLE 1. Parameters of the LIBS-IR Thermometry System

Wavelength 1064 nm

Pulse width 10 ns
Nd:YAG laser Pulse energy 120 mJ
Repetition 2 Hz
Stability 3%
Channel-1 Channel-2
Spectrometer Rang@ 185-310 nm 200-1100 nm
Resolution 0.12 nm 2.5 nm
Integration time 2 ms 4 ms
Pyrometer Range 900-2500°C
Induction furnace Maximum power 15kV-A

TABLE 2. Components of the Analyzed Samples

Sample C S Si Mn P Cr Ni Cu Fe
1 0.31 0.031 0.48 0.87 0.051 0.28 0.12 | 0.355 | 97.503
2 0.458 | 0.017 | 0.188 | 0.582 | 0.022 | 0.036 | 0.042 | 0.132 | 98.523
3 0.512 0.01 0.352 | 0.69 0.022 | 0.077 | 0.06 | 0.154 | 98.123
4 0.12 0.014 | 0.12 | 0.258 | 0.013 | 0.022 | 0.034 | 0.122 | 99.297
5 0.183 0.011 | 0.241 | 0.459 | 0.0099 | 0.024 | 0.015 | 0.02 | 99.037

Results and discussion. Composition analysis. Before online component detection, experiments were
conducted on molten carbon steels to construct quantitative calibration models. Figure 2a shows the calibra-
tion curves for Cr and Mn as constructed by the MLISC method. The chosen line pairs for Cr analysis are
Crll 288.09/Fe 1 292.39, Cr 11 304.08/Fe 1I 282.33, and Cr II 288.09/ Fe I 299.44 nm. The average relative
error with leave-one-out cross validation (ARECV) and the root mean square error with leave-one-out cross
validation (RMSECV) are 4.3% and 0.0037 wt.%, respectively. The chosen line pairs for Mn analysis are
Mn II 279.83/Fe 1 243.93, Mn 1I 279.83/Fe 1I 237.36, and Mn 1I 279.83/Fe 1 236.86 nm. The obtained
ARECYV and RMSECYV are 0.8% and 0.032 wt.%, respectively.

An online component analysis was performed every 60 s using the constructed calibration models. The
measurement parameters were consistent with the optimized experimental parameters that were used to con-
struct the calibration models. Figure 2b shows the online molten steels quantitative analysis results for Cr
and Mn. The results indicate that the average relative standard errors of Cr and Mn are less than 10%.
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Fig. 2. Calibration curves using MLISC (a); online measurement errors of Cr and Mn (b).

Temperature measurement. A calibration of the collection system is essential for temperature measure-
ment. Figure 3a shows the corrected radiation power of the standard light source, which is defined as M; (4).
Figure 3b shows the collected spectrum of the lamp via channel-2, which is defined as /;(A). The response
efficiency of the collection system can be expressed as n(A) = I;(A)/M,(X). The original radiation power
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Fig. 3. Corrected radiation power (a); collected spectrum of the standard light source (b);
collected spectrum of molten steel (c); radiation power of molten steel (d).

of molten steel can be deduced from the collection spectrum with the obtained response efficiency. Figure 3¢
shows a collection spectrum of molten steel, which is defined as 7 (A). The original radiation power of molten
steel is defined as M;(L), which can be calculated from the expression My(A) = L(A)M(A) = L(MM(A)/I,(A).
As shown in Fig. 3d, the outline of the obtained original radiation power of molten steel is close to that of
the radiation power of a blackbody under the same temperature. The smelting temperature can be calculated
by using the obtained radiation power.

The temperature was measured every 2 s throughout the steel melting period. The smelting temperature
was calculated from the intensity ratio of wavelengths 1.0 and 0.7 pum, which referred to the calculating
method of the commercial pyrometer. Figure 4 compares of the changes between the calculated temperature
(measured temperature) that is obtained by double-wavelength thermometry and the reference temperature
that is obtained by the pyrometer from the preheating state to the molten state, and finally to the cooling
state. The relative root mean square error can reach 0.95%, without considering the compensation of emis-
sivity. Thus, the measurement accuracy is acceptable and can be improved through highly accurate align-
ment and measurement synchronization.
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Fig. 4. Comparison of measured temperature by double-wavelength thermometry (1),
by fitting the full spectra (2), and reference temperature (3).
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The smelting temperature that is obtained by fitting the measured spectra of the thermal emission is also
given out in Fig. 4. The difference between the measured temperature that is obtained by fitting and that
which is obtained by double-wavelength thermometry is tiny. The significance of recording of the full spec-
tra is more than the fitting for the temperature parameter. With a reasonable emissivity function, the transient
emissivities at different wavelengths can be solved by using the full spectra. Furthermore, the true tempera-
ture can be calculated without approximation.

Conclusion. The temperature and composition of molten metal can be monitored simultaneously with a
LIBS system. Moreover, the IR spectrum can be detected by using a spectrometer instead of a compound
photodetector that is combined with filters. The use of a spectrometer to record the full spectrum within mil-
liseconds can expand the measuring range significantly and make the calculation of transient emissivity and
true temperature of the molten metal possible. The proposed multifunctional system can be applied easily to
metallurgical plants by changing the lens system into a telescope system. Thus, the LIBS-IR thermometry
system can monitor the composition and temperature for the molten metal process simultaneously, which
can help optimize the metallurgical process control.
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