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Optical Emission Spectroscopy as an Online Analysis
Method in Industrial Electric Arc Furnaces
Henri Pauna,* Matti Aula, Jonas Seehausen, Jens-Sebastian Klung, Marko Huttula,
and Timo Fabritius
raw material over the ore-based steelmaking
has a key role in sustainable resource and
energy use.[3] Due to these reasons, electricity-based steelmaking can be expected to
increase even more in the future.
Recycled metal is one of the main raw
materials for an EAF. One of the downsides
of the recycled metal is its highly varying
composition and particle size. Thus, the
composition of the slag that accumulates
on top of the molten steel is unique for
every batch. The slag is quantitatively a
major byproduct in the steelmaking but
the varying composition causes problems
for the ﬁnal slag product.[4] A common
way to determine the slag composition is
to make an ofﬂine X-ray ﬂuorescence
(XRF) analysis, which requires careful
sample preparation[5] causing a time delay
between the slag sampling and obtaining
the XRF results.[6] Therefore, the results
of the XRF slag composition analysis have limited use during
the melting process in practice. In contrast, online evaluation
of the slag composition would allow the furnace operator to
decide how much and which additive materials, such as lime
or ferrosilicon, should be added before the end of the melt.
Also, the timing of these additions could be adjusted to optimal
instances. By getting the information of the slag composition in
advance, the operator would be able to plan the use of additive
materials from the resource use and efﬁciency point of view.
Due to the demand for sophisticated modeling of the EAF processes and experimental validation of the methods, the fundamental EAF research has increased over the years. Especially,
the online measurements and modeling have gained a lot of
attention from the steel industry because online data analysis
would contribute to more efﬁcient resource use, real-time modiﬁcation of the steel composition, and anticipation of abnormal
and even hazardous phenomena in the furnace. From the melting point of view, Logar et al.[7] developed a computational model
that can be used online due to low computational demand to
estimate the heat transfer coefﬁcient in the EAF. Fathi et al.[8]
presented a computational model to estimate the arc energy distribution to conductive, convective, and radiative heat transfer
processes with low enough computation times for online applicability. Li et al.[9] have proposed a model that combines ofﬂine
and online aspects of the EAF process to adjust the electrode
regulation system to optimum practice. Khoshkhoo et al.[10]
introduced a model for efﬁcient power control of EAFs that uses

The development of online analysis methods for industrial electric arc furnaces
(EAFs) has been a major research topic in recent years. Process control becomes
even more important in the future due to the increase in both the usage of
recycled metal as charge material and the metal recycling rate. For the industry to
keep up with the pace, reliable chemical analysis of the slag together with online
information about the furnace operation status is essential. Herein, optical
emission spectroscopy is used to obtain the information about the electric arc
together with radiative properties and surface temperature of the molten bath in
an industrial EAF. The arc is visible for high alloyed steel grades within 5–30 min
before tapping and the arc spectra are dominated by the optical emissions from
the slag components. The plasma properties of the electric arc are determined
with emission lines from atomic chromium, iron, and calcium. The time evolution
of the spectra for high alloyed and carbon steel grades are compared with each
other to provide a better understanding of the differences in the spectra between
these two steel grades.

1. Introduction
Electricity-based steelmaking with electric arc furnaces (EAFs)
has been increasing during the past decades, currently amounting to around a third of the global steel production.[1] Reasons
for this, to name a few, are lower carbon dioxide emissions and
better energy efﬁciency compared with the traditional ore-based
steelmaking.[1,2] Furthermore, favoring the recycled metal as the
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an artiﬁcial neural network for the online estimation of inductance
values. Martell et al.[11] proposed an arc stability index for EAF that
is based on the online analysis of the line to ground three-phase
voltage. Experimentally, Aula et al. used optical emission spectroscopy (OES) as an online analysis tool to estimate the Cr2O3 content
of the slag in a pilot-scale EAF[12] and to analyze the melting
process and slag surface conditions in an industrial EAF.[13]
In this work, the applicability of the OES as an online analysis
tool has been evaluated in an industrial EAF. Because the electric
arc forms plasma, the qualities of the arc spectra can be analyzed
with plasma diagnostics from the OES spectra. The beneﬁt of
the OES is that the electric arc radiates throughout the melting
process, and the measurement equipment is capable of online
data acquisition. The electric arc is mostly in contact with the slag
surface above the molten metal, which means that the majority of
the light from the electric arc originates from the slag components.[14] Thus, the OES combined with plasma diagnostics is a
potential tool for the online analysis of the slag composition.
Furthermore, the time evolution of the spectrum intensities and
estimates of the bath surface temperature for high alloyed and
carbon steel grades have been compared with each other.

2. Experimental Section
Optical emission spectra were recorded from an industrial EAF
at Deutsche Edelstahlwerke, Germany. The measurement equipment consisted of the industrial EAF with 120 and 140 t capacity
for high alloyed and carbon steel grade, respectively, a spectrometer, a measurement head, an optical ﬁber, and a data storage
computer. A Czerny–Turner spectrometer Avaspec-ULS2048
provided by Luxmet Oy was used in these measurements. The
optical ﬁber was attached to the measurement head that was
welded to the furnace roof. The spectrometer cabinet was located
away from the furnace. Neither the measurement head nor the
spectrometer required any maintenance during the measurement campaign. Pressurized airﬂow was used to cool the measurement head and to prevent slag splashes from reaching the
measurement head. The view cone of the ﬁber was aligned to
the assumed electric arc position of the nearest electrode. The
OES measurement equipment and data analysis for an industrial
EAF are schematically shown in Figure 1.

The steel grades consisted of both high alloyed and carbon
steel. High-quality arc spectra were observed for the high alloyed
steel grade. The spectra from the electric arc for the carbon steel
grades were very infrequent and not uniform enough for reliable
plasma analysis. Slag foaming is a common practice for carbon
steel grades, which means that there is a high chance for the electric arc to be covered by the foam. Because the measurement
head was welded on the furnace roof, the initial positioning
and aiming of the measurement head affect the visibility of
the arc. Furthermore, the arc movement is erratic on the slag
surface, which means that the arc will not always be in the view
cone of the measurement head. Therefore, the location and aiming of the measurement head were carefully considered before
the installation. With proper installation, the visibility of the arc
can be improved, but due to the erratic movement of the arc, it
will probably not be in the view cone of the measurement head all
the time.
An example of a high alloyed steel grade arc spectrum and
thermal radiation spectrum from the industrial EAF is shown
in Figure 2. The wavelength range of the spectra is 497–1000 nm,
covering visible and near-infrared light. The wavelength ranges
for the most intensive atomic slag component emission lines had
been marked in the arc spectrum. The OES plasma analysis had
been conducted for the high alloyed steel grade. This analysis
involved 43 melts and the qualities of the spectra were high
on 30 melts. It had been observed in previous studies that the
light from the EAF plasma is governed by the emissions from
the slag components.[12,15] Similarly, the atomic slag components
that were dissociated from the slag molecules were the main
source of light directly from the arc in this study. In contrast,
the thermal radiation spectrum originated from the molten bath
surface and the atmosphere. The drops in the intensity around
715, 770, 880, and 940 nm were caused by self-absorption. Selfabsorption is a phenomenon in which the emitted light is reabsorbed by another particle in the plasma or the atmosphere. This
absorption weakened the received light at the spectrometer.[16]
The self-absorption around 770 nm was related to intensive
atomic potassium doublet emission lines. The other self-absorbed
regions were assumed to originate from molecular sources or
spectrometer settings, but the analyses of these aspects were outside the scope of this study.

Figure 1. Schematic illustration of the measurement method and data analysis.
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between the upper energy state m and the lower energy state n,
g m is the degeneracy of the upper energy state, Amn is the transition probability, k is the Boltzmann constant, T is the plasma
temperature, E zm is the energy of the upper energy state, h is
the Planck’s constant, c is the speed of light, N z is the number
density, and U z ðTÞ is the partition function. The term in the far
right of Equation (1) is constant at a ﬁxed temperature and can,
therefore, be neglected. εz is proportional to the intensity of the
emission line assuming that the plasma is in local thermodynamic equilibrium (LTE) and the atmosphere is optically thin.[17]
By plotting the left-hand side of Equation (1) as a function of
E zm , the plasma temperature can be determined from the
slope, 1/kT, of the plot. The error of Equation (1) can be estimated with


ΔT
kT
Δε ΔA
i
¼ hP
þ
(2)
Pq
q
T
ε
A
1
2
2 1=2
i¼1 E i  q ð
i¼1 E i Þ
Figure 2. Optical emission spectra from a) the arc and b) the thermal radiation. The wavelength ranges for the most prominent slag component
emission lines have been marked in the arc spectrum.

3. Theoretical
In the case of EAF, the optical emissions originate from the arc
plasma, the electrode, the atmosphere, and the molten bath. The
plasma forms as the high-energy electric current pass through
the furnace atmosphere between the electrode and the metal.
Due to the high energy of the arc, most of the slag and metal
species that are evaporated into the plasma from the molten bath
are dissociated into their atomic components. The conditions in
the plasma are well suited for optical emissions because the high
energy excites these atoms and molecules to higher energy states.
In optical emissions, these higher energy states decay to lower
energy states releasing energy as photons. These photons have
characteristic energy corresponding to the energy difference
between the energy states. Radiative properties of the electric
arc can be observed onsite by the very intense brightness of the
arc, resulting from the optical emissions of the arc plasma.
The higher the energy is in the plasma, the higher is the
plasma temperature. Consequently, higher energy excites the
atoms to even higher energy states. The plasma temperature
can be evaluated by comparing the rates of optical emissions
from lower and higher energy states because higher energy states
will be more occupied at a high temperature compared with a
lower temperature. The plasma temperature can be deduced
by observing the intensity of the emission lines of the same element in the spectra. Each emission line in a spectrum corresponds to a speciﬁc electronic transition in the particle, and
hence the emission proﬁle of the particle can be determined.
In this work, the plasma temperatures were determined with
Boltzmann plot[17]

 z


ε λmn
1
hcN z
¼  E zm þ ln
ln
kT
g m Amn
4πU z ðTÞ

(1)

where εz is the wavelength-integrated emissivity, z is the ionization degree of the atom, λmn is the wavelength of the emission
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where q is the number of the emission lines, Δε=ε is the general
relative error of the line intensity, and ΔA=A is the general relative error of the transition probability.[18] Δε=ε and ΔA=A were
estimated to be 10% and 20%, respectively.
The electron density of the plasma, i.e., the number of free
electrons, can be used to evaluate the conductivity of the arc
and the fulﬁllment of the LTE condition. The electron density
of the plasma follows the Saha–Boltzmann equation[17]
 z

pﬃﬃﬃﬃﬃﬃ I zmn λzmn Aijzþ1 g zþ1
E  E ion  E izþ1
i
N e ¼ C T 3 zþ1 zþ1 z z exp m
kT
I ij λij Amn g m

(3)

is the intensity of emission
in which C ¼ 2ð2πme kÞ3=2 =h3 , I zþ1
ij
line from the transition between the upper energy state i and the
lower energy state j, and E ion is the ionization energy of the
ground state.
In real plasmas, the deviations from the total thermodynamic
equilibrium occur, e.g., due to radiative energy transfer from the
plasma. If the temperature is locally uniform within the plasma,
it is said to be in LTE. An LTE criterion according to
McWhirter[17,19] states that the collisional processes have to be
at least ten times the rate of radiative processes. This criterion
is fulﬁlled when
pﬃﬃﬃﬃ
N e ≥ 1.6  1012 T ðΔEÞ3 cm3
(4)
where ΔE is the energy difference between the energy states in
electron volts. The arc gains energy from the applied electric ﬁeld
and this energy is transferred mainly to the free electrons in the
plasma.[20] Thus, exceeding the McWhirter electron density criterion ensures that the collisional processes distribute the energy
uniformly into the arc plasma. The constants, apart from the natural constants, in Equation (1)–(4) have been acquired from the
NIST Atomic Spectra Database.[21]
The thermal radiation proﬁle of the OES spectra can be used to
estimate the temperature of the object that the spectrometer
observes. In the case of EAF, when the arc is not in the view cone
of the measurement head, the heat radiation mainly originates
from the molten bath and the atmosphere. Thus, the measured
temperature is not exactly the molten bath surface temperature,
but it is affected by the atmosphere. These temperatures can,
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however, be used to monitor temperature differences and how
the estimated temperature evolves during the heat. In this study,
the temperature has been estimated with Wien’s law by approximating that the temperatures are less than 5000 K. This approximation holds, when the measurement head observes the molten
bath and the atmosphere, but not directly the arc. The estimated
temperature is

1
1
hc=k

λ2 λ1 lnððI 1 =I 2 Þðλ1 =λ2 Þ5 Þ


T estimate ¼

(5)

where T estimate is the estimated temperature, λ is the wavelength,
h is the Planck’s constant, c is the speed of light, k is the
Boltzmann’s constant, and I is the intensity. The subscripts
1 and 2 refer to the selected upper and lower wavelengths, respectively. λ1 and λ2 were chosen to be 600 and 800 nm, respectively,
because neither of these wavelengths overlaps with strong alkaline or slag component emission lines. Consequently, I 1 and I 2
correspond to the intensity of the 600 and 800 nm in the spectra,
respectively.

4. Results and Discussion
4.1. Time Evolution of the Spectra for High Alloyed and Carbon
Steel Grades
The time evolution of the spectra for high alloyed and carbon
steel grade melts was studied in more detail to determine the
difference between the radiative properties of different steel
grades. The spectra were divided into nine wavelength ranges
to which Gaussian functions were ﬁtted. These wavelength
ranges were centered at 570, 650, 700, 750, 800, 850, 910, 970,
and 1000 nm. The full widths at half maximum varied between
20 and 60 nm depending on the shape of the spectrum. With this
division, the whole intensity proﬁle of the spectra, such as the
spectrum in Figure 2b, was covered and the different wavelength
ranges together with their time evolution could be compared
with each other.
The time evolution of 570, 750, and 910 nm centered ﬁts
together with estimated temperature for high alloyed and carbon
steel grades, as shown in Figure 3a,b, respectively. The data shown
in Figure 3 have been averaged over ﬁve spectra. As shown in

Figure 3. The time evolution of a) high alloyed and b) carbon steel grade intensities and estimated temperatures. The intensities and temperatures have
been averaged over ﬁve spectra.

steel research int. 2020, 91, 2000051

2000051 (4 of 10)

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

l

www.advancedsciencenews.com

www.steel-research.de

Figure 3, the light emissions from the two steel grades differ from
one another substantially. On average, the intensities of the high
alloyed steel grade are higher than in the carbon steel grade. The
main reason for the lower intensity of the carbon steel grade is
the foaming of slag, which presumably blocks the direct view
to the arc. Two notable drops in the light intensity can be observed
in the time evolution of carbon steel grade in Figure 3b between
the time ranges 100–225 and 270–380. These periods can be attributed to foaming slag that at least partially covers the arc.
The time evolution of the intensities can be used to monitor
the melting of the solid charge material. As the charge melts,
more and more thermal radiation and light from the arc reaches
the measurement head. In Figure 3b, the 570 and 750 nm centered intensities increase until time 100, after which the foaming
is initiated. The OES intensity data could be used, e.g., to optimize the timing of the foaming.
The temperatures were estimated with Equation (5) for
the melts shown in Figure 3. For high alloyed steel grade, the
temperatures are mainly between 1000 and 2000 K with the
exceptions of over 2200 K toward the end of the melt. The temperatures over 2200 K correspond to the instances when the arc
is in the view cone of the measurement head. For carbon steel
grade, the temperatures do not exceed 2200 K and thus the arc is
not visible. Generally, the temperatures are close to the molten
metal surface temperatures. However, as the atmosphere affects
the light emissions from the surface, these temperature values
should be treated as estimates, not the absolute values.
As shown in Figure 3a,b, the estimated temperatures have different trends than the intensities. Even though the intensities
drop between times 100 and 200 for the high alloyed steel grade,
the temperature increases. The same can be observed for carbon
steel grade between times 250 and 300, where the light intensity
drops signiﬁcantly but the observed temperatures stay relatively
unchanged. In contrast, for the high alloyed steel grade between
time range of 300–500 and carbon steel grade between time
range of 100–200, the temperatures approximately follow the
behavior of the intensities. This information could be used to
evaluate the progression of the foaming, where the light intensity
would be an indicator of the radiative heat transfer and the temperature would provide an estimation of the molten bath or foam
surface temperature. For example, if the spectra would indicate
that the intensities and the temperature increase even though the
slag foaming has been started, actions could be made to optimize
the foaming conditions.
To better understand the radiative differences between the
high alloyed and carbon steel grades, two melts from each grade
have been studied in more detail. The intensity distributions of
the high alloyed and carbon steel grades, both grades including
two melts, are shown in Figure 4. As shown in Figure 4, the distribution of intensities in the wavelength ranges centered at 570,
650, 700, and 750 nm are close to one another. These wavelength
ranges cover the visible light in the spectrum of light.
In contrast, the wavelength ranges centered at 800, 850, 910,
970, and 1000 nm cover the near-infrared region and display
a notable difference between the two steel grades. The carbon
steel grade spectra have lower intensities at these wavelengths,
whereas the high alloyed steel grade has more high-intensity
spectra. Because the near-infrared region covers the part of
the heat radiation from the melt and the arc, the radiative heat
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transfer is higher for the high alloyed steel grade. One reason for
this is that the foaming slag, which is typical practice for carbon
steel grade, covers the arc and thus substantially lowers the heat
losses via radiative heat transfer.[1,22,23]
4.2. High Alloyed Steel Grade Plasma Analysis
The plasma temperatures for high alloyed steel grade arc spectra
have been determined with 5 Cr I, 7 Fe I, and 4 Ca I emission
lines. These emission lines are shown in Table 1. The Roman
numbers I and II correspond to neutral and singly ionized species, respectively. The emission lines have been selected so that
the coefﬁcient of determination, R2, for the plot of Equation (1) is
higher than 0.85. The median errors were determined with
Equation (2) for chromium, iron, and calcium plasma temperatures resulting in 7.6%, 4.6%, and 35.4%, respectively. Calcium
temperatures have a very high error because the upper state
energies of the Ca I emission lines are close to one another.
Furthermore, only 4 Ca I emission lines could be used reliably
in the plasma temperature analysis.
The electron density N e has been determined using
Equation (3) with chromium plasma temperature together with
Ca I #1 and Ca II #1 emission lines in Table 1. The LTE criterion
density N LTE , which is the right-hand side of Equation (4), has
been obtained using the chromium temperature and the energy
difference between Ca I energy states. No matter what emission
lines were used, the N e was always higher than the N LTE . This
indicates that the plasma is in LTE. However, the plasma temperatures from chromium, iron, and calcium had large differences
occasionally, which is an indicator of a deviation from the thermodynamic equilibrium.[17] The differences in the plasma temperatures may also hold information about how the elements are
distributed in the plasma because the plasma temperature is
higher in the center of the plasma than in the edges of the plasma.
An example graph with the plasma temperatures, the electron
density, and the LTE criterion density is shown in Figure 5.
As shown in Figure 5, spectra from the arc can be observed
5–20 min before the end of the melt. The high-quality spectra
were typically seen for all the melts within the last 30 min before
the end of the melt. In Figure 5, the plasma temperatures
from the chromium and iron emission lines are more uniform
than the plasma temperature from calcium. However, the calcium temperature converges with chromium and iron temperature toward the end of the melt, which indicates a better LTE
condition in the plasma. In contrast, the iron and calcium temperatures are very scarce just after 09:29:30, which means that
the quality of the spectra has decreased.
The electron density of the plasma in the melt of Figure 5 varies
from around 1016 to 1018 cm3 during the whole visibility of the
arc. In contrast, N LTE is around 1  1015 and 2  1015 cm3. For
the most part, the calcium temperature is over 1000 K below the
chromium and iron temperatures or cannot be determined reliably if the electron density is below 5  1016 cm3. When this happens, the number of reliable iron temperatures also drops
signiﬁcantly. The lack of reliable temperatures could indicate that
only the edge of the plasma, where the plasma temperature and
electron density are lower than closer to the center of the plasma, is
in the view cone of the spectrometer. Another explanation could be
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Figure 4. The intensity distribution between the high alloyed and carbon steel grades for the wavelength ranges centered at a) 570, b) 650, c) 700, d) 750,
e) 800, f ) 850, g) 910, h) 970, and i) 1000 nm. The magniﬁcations display the intensities that have fewer than 100 counts. Both the high alloyed and carbon
steel grades include two melts in this ﬁgure.

an increase in the optical thickness of the furnace atmosphere due
to a higher evaporation rate from the slag surface. Toward the end
of the melt, the number of calcium temperatures has dropped but
the temperature values are closer to chromium and iron temperatures than before. The electron density drops below 1017 cm3
within 10 min before the end of the melt.
Even though the electron density of the plasma fulﬁlls the
McWhirter criterion for the LTE, the plasma temperatures, especially the calcium temperature, may deviate from the plasma temperatures that are derived from other elements. This can clearly be
seen in Figure 5 before 09:25:00 when the calcium temperature is
over 1000 K below chromium and iron temperatures. In the melt
of Figure 5, the most reliable spectra are acquired between
09:23:45 and 09:29:00, during which the electron density is higher
and the plasma temperatures closer to one another. This would
yield 98 s of data while considering the gap between 09:24:15
and 09:27:10, during which the arc is outside of the view cone
of the measurement head. Altogether, this evaluation would produce the most reliable data 7 min 59 s before the end of the melt.
A more uniform melt is shown in Figure 6, for which the
plasma temperatures are closer to one another more often than
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in Figure 5. The best agreement between the temperatures is
between 5  1016 and 5  1017 cm3 toward the end of the melt.
The plasma temperatures deviate from each other signiﬁcantly
between 19:19:15 and 19:21:25, after which the temperatures
are closer to each other except for a drop in calcium temperature
between 09:26:30 and 09:27:45. Usually, calcium plasma temperature has the highest standard deviation of the temperatures, and
only the spectra with the best agreement between the plasma
temperatures should be taken into the analysis. The melt in
Figure 6 would have 62 s of data, and the most reliable data would
be acquired 6 min 30 s before the end of the melt.
Due to the changing environment in the furnace, gas emissions
from the melt, and the possibility of the arc wandering on the slag
surface, occasions with nonuniform plasma parameters can be
expected for some melts. Figure 7 shows an example melt during
which the plasma proﬁle deviates substantially from Figure 5
and 6. In the beginning, the plasma temperatures are scarce and
calcium temperature ﬂuctuates signiﬁcantly. Then, after a long
gap with the arc outside of the view cone of the measurement
head, calcium temperature is observed only occasionally and there
is a 1000 K difference between chromium and iron temperatures.
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Table 1. Emission lines used in the plasma temperature and electron
density analysis. Wavelengths are in nm, transition probabilities in s1,
and energies in eV. g is dimensionless.
Line
Cr I

Fe I

Ca I

Ca II

No.

λ

Amn

En

Em

gm

1

530.075

2.5 E þ 5

0.98

3.32

7

2

531.288

9.3 E þ 6

3.45

3.45

7

3

531.878

9.7 E þ 6

3.44

5.77

5

4

666.926

5.9 E þ 6

4.17

6.03

7

5

735.590

9.1 E þ 6

2.89

4.57

7

1

522.553

1.3 E þ 3

0.11

2.48

3

2

522.838

1.9 E þ 6

4.22

6.59

7

3

528.362

1.0 E þ 7

3.24

5.59

7

4

533.993

6.4 E þ 6

3.27

5.59

7

5

550.678

5.0 E þ 4

0.99

3.24

7

6

556.962

2.3 E þ 7

3.42

5.64

3

7

557.609

2.5 E þ 7

3.43

5.65

1

1

518.885

4.0 E þ 7

2.93

5.32

5

2

526.171

1.5 E þ 7

2.52

4.88

3

3

527.027

5.0 E þ 7

2.53

4.88

5

4

551.298

1.1 E þ 8

2.93

5.18

1

1

854.209

9.9 E þ 6

1.70

3.15

4

The melt shown in Figure 7 was the only one to show such
extreme differences in the plasma parameters. Comparing with
other melts, the chromium temperature is close to the values of
other melts (around 6500 K and above) between 13:48:00 and
13:49:10, whereas the iron temperature is lower than in the other
melts. Lower plasma temperature has been linked to a higher
amount of metal vapors in the plasma,[24] which could mean that
there has been a high evaporation rate from the slag or steel

between 13:41:30 and 13:42:55. In contrast, the lack of calcium
temperatures and the high difference in chromium and iron
temperatures between 13:47:40 and 13:49:10 is a sign that the
optical emissions are affected by the changes in the furnace
atmosphere or self-absorption. Several ways to correct the
effects of self-absorption have been discussed by Aragón and
Aguilera,[17] and one promising method studies the intensity
ratios from the emissions that originate from the same multiplet
of an energy state.[25]
By including plasma diagnostics as a validation tool for the
spectra, the changes in the furnace atmosphere, electric arc
behavior, and even evaporation rates from the molten bath surface can be evaluated and accounted for in the analysis. In the
melt of Figure 7, 78 s of data would be acquired 14 min 33 s
before the end of the melt between 13:41:30 and 13:42:55, or
129 s of data 7 min 30 s before the end of the melt between
13:47:40 and 13:49:10. Based on the aforementioned discussion,
more reliable data are observed between 13:41:30 and 13:42:55,
for which the lower average plasma temperature could be
explained by the higher amount of metal vapor in the plasma.
Metal vapors in the plasma also increase the radiative heat transfer, emissivity, and conductivity of the plasma column.[24,26]
The OES plasma analysis results for 30 high alloyed steel
grade melts are shown in Table 2. The total number of high
alloyed melts during the measurement campaign was 43. Thus,
70% of all the high alloyed steel grade melts had high-quality
spectra. At the very beginning of the melt, the arc is covered
by the charge material and the gases from the scrap charge.
The very harsh atmosphere before the ﬂat bath phase is probably
the main cause of poor arc visibility.
The fact that the arc is visible toward the end of a melt is promising for slag composition analysis because at that point the
charged material will have melted, and the molten bath has
had time to mix. Furthermore, the slag composition at the end
of the melt is closer to the ﬁnal composition at tapping, which
would make the slag composition evaluation more reliable.

Figure 5. Plasma temperatures for chromium, iron, and calcium together with electron density and LTE criterion density. The end of the melt is at
09:37:40.
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Figure 6. Plasma temperatures for chromium, iron, and calcium together with electron density and LTE criterion density. The end of the melt is at
19:36:52.

Figure 7. Plasma temperatures for chromium, iron, and calcium together with electron density and LTE criterion density. The end of the melt is at
13:57:28.

Online measurement applicability, according to this study, suggests that estimation of the slag composition could be acquired
within 30 min before the tapping for high alloyed steel grades.
The most reliable data are usually acquired from the spectra
between 5 and 20 min before the end of the melt. In contrast,
for carbon steel grades, a different approach is needed due to
the foaming slag practice. For example, increasing the arc length
momentarily could allow better visibility of the arc and provide
reliable arc spectra for slag composition analysis. The OES results
that have been presented in this article are shown in Table 3.
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Slag composition analysis with OES has already been tested in
a laboratory setup for several slag components[15] and a pilot-scale
EAF for Cr2O3 content with promising results.[12] In these studies, the emission spectra were recorded and analyzed to identify
the most promising emission lines to be used in the slag composition analysis. The slag composition was also analyzed with
XRF, which was then used as reference data for the OES slag
composition analysis. The industrial application would follow
a similar manner, i.e., measuring the intensities of the emission
lines from the slag components and relating them to the
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Table 2. Plasma analysis results for the high alloyed steel grade melts with adequate arc spectra. The time to the end of the melt indicates how much time
is left until the tapping after the observation of the last high-quality spectrum. The plasma temperatures and electron densities are median values.
Total time of high-quality
spectra [s]

Time to the end
of melt

Cr T [K]

Fe T [K]

Ca T [K]

Ne [1016 cm3]

1

44

6 min 30 s

6590

5790

5690

10.36

2

25

6 min 45 s

5960

6160

5500

7.24

3

40

7 min 7 s

6730

6140

6350

18.08

4

41

6 min 31 s

6160

6100

5710

5.05

5

15

10 min 9 s

6910

6030

3540

4.20

6

40

8 min 1 s

6670

6180

5620

7.83

7

66

7 min 40 s

6840

5830

5400

7.13

8

29

11 min 59 s

6680

5860

5490

6.92

9

22

4 min 56 s

6550

6000

5600

3.59

10

98

7 min 59 s

6560

6310

5730

9.06

11

34

10 min 20 s

6490

6220

6070

8.63

12

38

13 min 57 s

6730

5690

5150

39.00

13

14

14 min 48 s

6950

5750

4200

15.49

14

8

8 min 50 s

6670

6120

–

20.55

15

44

9 min 21 s

6540

6160

6500

21.07

16

53

22 min 18 s

6710

6170

5890

15.08

17

19

12 min 33 s

6660

5900

6040

16.65

18

26

10 min 44 s

6020

6070

5930

5.44

19

36

9 min 32 s

6720

6310

6370

8.23
4.10

No.

20

62

6 min 31 s

6530

6170

5910

21

36

16 min 47 s

6510

6050

5790

4.61

22

28

13 min 12 s

6490

6140

5680

10.02

23

75

8 min 55 s

6440

6180

5860

12.18

24

55

10 min 48 s

6610

6290

5820

5.07

25

54

12 min 33 s

6380

6340

5400

3.90

26

140

9 min 13 s

6800

6480

5800

8.65

27

78

14 min 33 s

6090

6150

5120

5.66

28

106

6 min 36 s

6640

6370

5180

11.20

29

14

6 min 29 s

6820

6240

6040

16.76

30

33

3 min 25 s

6330

5770

4620

5.09

Table 3. Summary of the OES results for high alloyed and carbon steel grades.
Steel grade

Time evolution of the optical intensities and
temperature from the spectra

Electric arc spectra

Plasma diagnostics

High alloyed

Can be measured. High alloyed steel grade has more high-intensity
spectra than carbon steel grade in the near-infrared region, and
thus the heat radiation is higher. The temperature can be estimated
from the spectra throughout the melting process.

Can be measured. High-quality spectra
are typically observed within 30 min
before tapping for 70% of the melts.

Can be determined. Plasma temperatures
vary between 4000 and 7000 K and
electron density between 3  1016 and
4  1017 cm3.

Carbon

Can be measured. Carbon steel grade has less high-intensity
spectra than high alloyed steel grade in the near-infrared region,
and thus the heat radiation is lower. The temperature can be
estimated from the spectra throughout the melting process.

Cannot be measured with the current
setup. E.g., momentary increase in the arc
length is required for the arc to be visible.

Cannot be determined due to the poor arc
visibility.

reference data. The reference data could be, for example, the XRF
composition analysis, which is widely used in the steel industry
for ofﬂine slag composition analysis. Once the OES data have
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been compared with the reference data and calibrated accordingly, the slag composition analysis could be brought from offline to online.
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The OES arc spectrum analysis is further supported by the
plasma diagnostics as a data validation tool. The LTE condition
can be validated by electron density analysis and comparison of
the plasma temperatures between different elements. The electric arc behavior, furnace atmosphere, and amount of metal
vapors in the plasma can, in contrast, be estimated from the time
evolution of the plasma temperatures. Because the electron density of the plasma refers to the number of charge carriers per
volume, the electrical conductivity of the arc could also be evaluated. Furthermore, a previous study in a pilot-scale EAF has compared the OES plasma diagnostics with the physical dimensions
of the arc,[27] providing information on the arc characteristics.

5. Conclusions
Optical emissions from an industrial EAF have been measured
and analyzed for high alloyed and carbon steel grades. The time
evolution of the spectrum intensities and estimated molten bath
temperatures for these grades were compared with each other
showing that the high alloyed steel grade has more high-intensity
spectra in the near-infrared wavelength range. The near-infrared
covers the part of the heat radiation wavelength band, which
means that the radiative heat transfer is higher for the high
alloyed steel grade. The temperatures that were estimated from
the OES spectra were mainly between 1000 and 2000 K, with the
exceptions of the electric arc spectra that have temperatures over
2200 K. Generally, the temperatures were observed to be within
the ranges of molten bath surface temperatures. However, as the
furnace atmosphere affects the OES spectra, the temperatures
should be interpreted as estimates and not as absolute values.
The optical emissions from the arc could be observed only for
the high alloyed steel grade and the results of the plasma analysis
show that high-quality arc spectra can be observed within 30 min
before tapping, when the slag composition already resembles its
ﬁnal composition. The electron density of the plasma fulﬁlls the
LTE criterion, but the plasma temperatures derived from the
emission lines of individual elements (chromium, iron, and
calcium) may ﬂuctuate signiﬁcantly.
According to this study, OES could be used as a lowmaintenance solution to evaluate the radiative heat transfer
and temperature of the molten bath. Furthermore, because
the optical emissions from the electric arc plasma are dominated
by the slag components and the spectra can be measured online,
the OES is a potential tool for online slag composition analysis.
The OES analysis of the arc spectra suggest that estimation of the
slag composition could be acquired within the last 30 min before
tapping for high alloyed steel grades. In addition, the plasma
diagnostics for the arc spectra can provide information on the
furnace atmosphere, the amount of metal vapors in the arc,
and conductivity of the arc.
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