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We report on rapid in situ analysis of liquid metal melts under
reduced ambient pressure by laser-induced breakdown spectros-
copy (LIBS) using a transportable system. LIBS denotes a method
in which characteristic optical emission line intensities of excited
species in laser-generated plasma plumes are used for a quantitative
chemical analysis of target materials. It is a fast, noncontact method
that can be carried out under various atmospheric conditions, al-
lowing large working distances between the sample under investi-
gation and the detection system. For these reasons, LIBS is appli-
cable in particular for process control in metallurgy under reduced
ambient pressure. This was demonstrated for two types of vacuum
devices under production conditions at a steel mill. The results of
these experiments, including calibration curves for Cr, Ni, and Mg
in liquid steel, are presented. The influence of variations in the am-
bient pressure on the results of the LIBS analysis is discussed within
the frame of a generalized shock-wave model for the expansion of
the laser-induced plasma plume.

Index Headings: LIBS; Laser-induced breakdown spectroscopy;
Steel analysis; Laser-produced plasmas; Shock wave model; Am-
bient atmosphere and pressure; Chromium; Nickel; Manganese;
Carbon; Titanium.

INTRODUCTION

The standard procedure for process control in metal-
lurgy involves several steps, including drawing a sample
from the melt, transport to the laboratory, sample prep-
aration, and finally the analysis of up to 30 elements.
Many processes in secondary metallurgy are performed
under a reduced pressure p of, typically, 0.01 to 5 mbar.
The purpose is mainly the reduction of gaseous com-
pounds (as, e.g., H,) and sulfur (achieved by slag inter-
action) from the melt. Here, the drawing of samples is
especially complicated because it requires either an in-
terruption of the process (opening of the device, drawing
of the sample, and renewed evacuation) or the use of an
automatic sample drawing system in combination with a
vacuum-sluice. A significant reduction of the time nec-
essary to gain information about the composition of the
melt can be achieved by analyzing the liquid metal di-
rectly in the ladle. For vacuum degassing processes, the
direct monitoring of the carbon, sulfur, and eventually
hydrogen content would be of the largest importance.

An in situ analysis of steel in metallurgic vacuum de-
vices requires a fast, noncontact, and reliable method
with no need for any sample preparation. Laser-induced
breakdown spectroscopy (LIBS) meets these demands. A
pulsed laser beam is focused onto the sample, resulting
in plasma formation above the target surface. The spec-
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troscopic investigation of the light emitted by the excited
species in the plasma plume permits the quantitative de-
termination of the sample’s elemental composition by re-
lating characteristic line intensities of the material’s con-
stituents. LIBS measurements have been performed on
various materials'~¢ including solid’® and liquid steel.!®!!
Values for limits of detection (LOD) achieved with LIBS
analysis of liquid steel under atmospheric conditions are,
e.g.,3 ng/g for C and 8.5 pg/g for Ni.!2 The LIBS results
can vary depending on the laser parameters and the am-
bient atmospheric conditions during the plasma expan-
sion.!3-15

In the present paper we report on rapid in situ analysis
of liquid metal melts under reduced ambient pressure by
LIBS using a system that was developed in the frame of
a co-operation of VOEST-ALPINE Industrieanlagenbau
and the Johannes-Kepler University in Linz. The exper-
imental setup is designed for field applications and was
tested at a metallurgic vacuum-degassing (VD) and a vac-
uum-induction-melting (VIM) device at the steel mill of
Bohler Edelstahl in Kapfenberg.

EXPERIMENTAL SETUP

For the field experiments we used a transportable pro-
totype system that was developed from the setup de-
scribed in our former publication.'® The beam of a Q-
switched Nd:YAG laser (wavelength 1064 nm, pulse
length 5 to 7 ns, pulse energy about 350 mJ) was guided
via a mirror arm (similar to that described in Ref. 17) to
a gas-flushed window of the vacuum device and focused
onto the surface of the sample by a concave spherical
mirror (diameter, 60 mm) in the arm with a focal length
adapted to the distance of the mirror to the steel bath in
the different experiments (about 4 and 2.5 m, respective-
ly). The typical laser fluences ¢ at the surface were be-
tween 5 and 10 J/cm?, corresponding to laser-light inten-
sities of several 100 MW/cm?2 These intensities were
high enough to induce plasma formation above the sur-
face. The emitted light of the plasma was collected by
the concave mirror in the articulated arm and guided
back. Then it was focused onto the entrance slit of a 0.5
m Czerny-Turner optical grating spectrometer. The re-
sulting spectra were recorded, integrated on the gated de-
tector over 100 to 300 pulses, read out, and analyzed on
a computer. As described in Ref. 16 in greater detail, the
measurements were performed using a grating with 2400
lines/mm. With the lowest number of laser pulses (100
at a repetition rate of 20 Hz), the analysis of each element
takes about 7 s.

APPLIED SPECTROSCOPY 457



5cm

plume
propagation

Fig. 1. Time-resolved photograph (gate 5 ns) of the plume with a
delay t = 1 ps after the laser pulse (solid steel target, KrF excimer laser,
background pressure p(Ar) = 1 mbar, laser energy £ = 36 mJ). The
inserts show the intensity distribution along the cross-hairs indicated in
the figure.

LASER-INDUCED BREAKDOWN
SPECTROSCOPY UNDER REDUCED PRESSURE

The laser-induced vaporization of the material and the
subsequent plasma formation and optical breakdown
above the sample surface typically occur within some ten
picoseconds.'® The hot and radiative plasma then expands
into the semi-space above the target, as is indicated in
Fig. 1. Immediately after the laser pulse, the spectrum
shows broad emission bands with a thermal background;
later, the light emitted by the plasma consists mainly of
sharp atomic or ionic emission lines, which decay with
time. Therefore, all spectra were recorded for 5 us start-
ing with a delay of 1 ws after the laser pulse.

The plume propagation can be described over a wide
range of parameters by a generalized shock wave expan-
sion model.'®! In the course of expansion, the energy is
redistributed between the thermal and kinetic energies of
the plume and (internal and external) shock waves. The
plume is decelerated and heated due to the counter-pres-
sure of the ambient gas. At a certain distance from the
target, the plume stops (and slightly contracts).

The absolute values of the stopping distance and the
stopping time are proportional to p~!3. In laboratory tests,
e.g., we measured for a solid steel target and a Nd:YAG
laser pulse energy of 240 mJ at p = 2 mbar and a stop-
ping time of about 80 ws (with a stopping distance of a
few cm), while at p = 20 mbar and p = 100 mbar the
stopping time was about 40 ws and 20 s, respectively
(with correspondingly smaller characteristic dimensions
of the plasma plumes). As a consequence, the thermal
energy density of the plume and therefore the absolute
and relative intensity of various atomic or ionic transition
lines depend on the ambient pressure. Similar to the re-
sults reported in Ref. 13, we found that at low pressures
the detected intensities can be too small to perform a
LIBS analysis for a given laser energy. The pressure used
in metallurgic vacuum devices is in this critical low-pres-
sure range. A final proof of principle for liquid steel anal-
ysis under reduced pressure had to be performed in a field
experiment.
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FiGg. 2. LIBS spectrometer mounted on the lid of a VD vessel: (A)
photograph with open lid, (B) schematic setup with closed lid.

EXPERIMENTS WITH A VACUUM-DEGASSING
(VD) VESSEL

The transportable equipment was mounted on the hy-
draulic lid of a VD vessel in a special steel melt shop
connected to the vacuum tank by a window (Fig. 2). The
diameter of the vacuum tank was about 4 m. The distance
between the focusing mirror and the surface of the liquid
melt in the 50 t ladle was also on the order of 4 m and
varied, depending on the actual filling of the ladle. For
the treatment, the lid is moved hydraulically onto the vac-
uum tank and the vessel is pumped down to a pressure
of about 1 mbar. From below the ladle can be flushed
with either Ar or N,, which is bubbling through the liquid
melt resulting in an open, almost slag-free surface in the
middle of the steel bath, onto which the laser was fo-
cused. However, the open surface is still very variable
and splashy due to bubbles. Additionally, the fill level of
the ladles differs considerably from heat to heat, which
leads to a variation of the laser-spot size at the melt sur-
face. The spot-size determines, together with other pa-
rameters such as laser-pulse energy and length or the melt
temperature, what amount of material is ablated and how



much energy is coupled into the plasma. This, again, in-
fluences the result of the LIBS measurement.

All together, 25 heats were continuously analyzed dur-
ing a program of two weeks. The heats were of different
composition. By comparison with the chemical analysis
provided by the laboratory located at the steel mill, cal-
ibration curves for several elements could be prepared.
The chemical analysis used for comparison is based on
samples taken by expendable samplers immediately after
each VD treatment (at ambient pressure and without
flushing). These samples are routinely analyzed for pro-
cess- and quality-control purposes in the steel mill by
standard techniques (e.g., spark-emission spectroscopy).
Considering the harsh environmental conditions, the re-
sults of the evaluation of the LIBS spectra were, espe-
cially for the determination of the relative content of Cr,
very satisfactory. Figure 3A shows the comparison of the
LIBS results to the standard laboratory analysis for 12
different stainless steel heats in the VD-vessel. The Cr
content of the heats varied from 0.51 to 15.71 wt % ac-
cording to the standard laboratory analysis. The inset
shows the spectral region used for Cr (of a heat with a
Cr content of 1.7 wt %). As a measure for the relative
content we took the intensity ratio of the indicated Cr
and Fe lines, where the intensities were integrated over
the line profiles. The error bars show the standard devi-
ation of typically 5 analyses of one heat.

The LIBS analysis results for Mn in liquid steel (heats
with a Mn content between 0.02 and 1.52 wt %) were
subject to larger fluctuations from heat to heat in com-
parison with laboratory chemical analysis results. Spec-
tral region and LIBS analysis emission lines are shown
in the inset of Fig. 3B. The precision of the analysis of
the single heats is quite good. However, the correlation
to laboratory analysis, especially between 0.2 and 0.4 wt
%, is poor. Here, the influence of interfering element lines
and of parameters such as fill level and liquid-steel tem-
perature may be more pronounced. In slag spectra we
also found (relatively small) peaks at the position of the
Fe 322.2 nm line and the Mn line at 323.1 nm, which
had significantly different intensity ratios than the peaks
in LIBS spectra from the melt. This was not the case for
the Cr line at 434.5 nm and the Fe line at 440.5 nm,
which were used to evaluate the Cr content. Hence, the
poor correlation for Mn may indicate that there is always
some slag present in the stirred liquid steel bath. This
may be overcome by single-shot LIBS analysis (and not
integrating the signal of 100 pulses) and by classifying
each spectrum with respect to the detection of slag or
steel. The classification could be done by identifying
lines of components present in higher amounts only in
slag (e.g., Ca). The slag spectra would then be excluded
from the analysis.

For the LIBS analysis of Ni in a VD vessel (heats with
a Ni content between 0.08 and 3.56 wt %) using the
described setup, large deviations appear in the higher
concentration range of around 3 wt %. Nevertheless, in
the low concentration range, the reproducibility and ac-
curacy are good. Again, the considered emission lines are
indicated in the inset of Fig. 3C.
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Fi1G. 3. Comparison of in situ LIBS results in a VD vessel with stan-

dard laboratory analysis: (A) Cr, (B) Mn, and (C) Ni (Insets: evaluated
spectral lines).

IN SITU ANALYSIS OF LIQUID METAL IN A
VACUUM-INDUCTION-MELTING (VIM)
FURNACE

In a second on-site measurement series, the prototype
was tested at a VIM furnace. Similar to the VD-treatment,
a ladle containing the melt is evacuated to degas the lig-
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FiG. 4. (A) Schematic of a VIM furnace: treatment and casting. (B)
Photograph of the articulated arm mounted to the gas-flushed window
at a VIM furnace.

uid steel or several other types of alloys (e.g., a nickel-
based alloy). Additionally, this metallurgical device is
equipped with a combined inductive heating and stirring
facility to heat and melt solid starting substances and for
homogenizing the melt. The schematic of the VIM fur-
nace is depicted in Fig. 4A. To cast the content of the
ladle into ingots, the whole chamber can be tilted. One
can also see the coils of the inductive heater and stirrer
wrapped around the crucible. Solid steel ingots and scrap
are inductively molten in the VIM furnace and alloyed
to meet the demanded narrow margins of the final chem-
ical composition. To maintain an inert atmosphere (usu-
ally Ar) at a pressure of around 0.2 mbar, the introduction
of alloy substances is done through a vacuum-sluice.
Sluices are also used for the measurement of the steel
bath temperature and the drawing of samples for chem-
ical analysis by special probes. When inductive stirring
is active, a vortex is imposed on the melt and the thin
slag layer on top of the metal bath is pushed to the rim
of the ladle. Thus, in the center a slag-free liquid metal
surface is again present. As in the VD measurements, a
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Spectrum of LIBS measurements of a liquid Ni alloy in a VIM

gas-flushed channel mounted on the lid provides the op-
tical access to the melt surface via a window, as shown
in Fig. 4A. The LIBS prototype is optically linked to this
channel by an articulated arm, which consists of two
swivel joints connected by a set of telescopic tubes (see
Fig. 4B). The diameter of the crucible in the vacuum tank
was about 1.2 m with a depth of 1.5 m, and the distance
of the melt surface to the window was about 2.5 m.

A Ni based alloy containing 74 wt % Ni, 0.063 wt %
C, and around 20 wt % Cr was analyzed over a time
period of 30 min during vacuum treatment and stirring
in an Ar pressure of 0.22 mbar. In the same spectral re-
gion of the carbon emission line (C(I) at 193.1 nm) a Ni
line (Ni(I) at 197.7 nm) could be identified (Fig. 5). The
intensities (integrated over the line profiles) of these lines
are plotted versus time in Fig. 6. Conditions were stable
throughout the whole measurement time (i.e., constant
pressure and bath temperature). The precision of these
measurements seems to be rather low. A tendency to-
wards lower carbon line intensity is recognizable, where-
as the LIBS signal of Ni seems to stay constant over a
long period of time. However, there are some oscillations
in the line intensity with a period of several measurement
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FI1G. 6. Intensities of C and Ni lines in LIBS measurements of a liquid

Ni alloy in a VIM furnace.
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FiG. 7. LIBS spectrum of liquid steel in a VIM furnace.

cycles. This cannot be explained by an arbitrary signal
fluctuation. Possibly, the origin of these oscillations is
concentration gradients in the liquid metal bath, which
are known from the literature.?’ The vortex structure in-
duced by the inductive stirring and its speed of rotation
could then be responsible for the oscillations in the C and
Ni LIBS signal.

In the course of the vacuum treatment, the pressure
undergoes certain fluctuations, especially when a vacu-
um-sluice must be opened for, e.g., temperature measure-
ment. As expected from the previous considerations
about the plume expansion, this variation in ambient
pressure influenced the result of the LIBS analysis. A
LIBS measurement (in the spectral region typically used
for Cr analysis) on a steel alloy, containing 12.5 wt %
Cr and 8.1 wt % Ni as well as other trace elements, is
presented in Fig. 7. There is a strong dependence between
the ambient Ar pressure and the intensity ratio of the lines
shown in the graph. Considering the difference in upper
energy E,, levels of the transition lines, the origin of the
pressure dependence is very likely to be the changing
plasma temperature, which is lower at lower pressures
due to the larger spatial extension of the plume. The low-
er plasma temperature results in a decreased intensity of
the lines with high E,, due to a reduced thermal popu-
lation density according to the Boltzmann distribution.
There is a very clear correlation between the relative in-
tensities of spectral lines with different E,, and the am-
bient pressure, while lines with similar E,, show nearly
no such dependences. This is demonstrated for the ratios
of three Fe lines in Fig. 8. These effects have to be cer-
tainly compensated for proper LIBS analysis in this pres-
sure range.

Assuming thermal equilibrium and neglecting self-ab-
sorption effects, the plasma temperature can be evaluated
from the information contained in the spectrum. If the
oscillator strength and upper energy levels are known and
are sufficiently widespread, a Boltzmann plot can be pre-
pared. The temperature can then be extracted from the
plot by evaluating its slope. Two Fe lines, having a rel-
atively large difference in upper energy levels (Fe(I)
437.6 nm, Eup = 22846 cm~!; and Fe(I) 432.6 nm, Eup =
36079 cm~!) were considered for the plasma temperature
evaluation. The result is a plasma temperature of about
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Fic. 8. Effect of the ambient pressure on the relative intensities of

three Fe lines from Fig. 7.

2400 K at a pressure of 0.1 mbar and of 3200 K at 1
mbar, respectively. It must be mentioned that considering
only two lines of the same ionization stage can give only
a very crude estimation of the plasma temperature. The
calculated absolute value of the temperature is rather low
compared to the temperature of plasmas created by
pulsed laser ablation in atmospheric pressure, which is
on the order of 10* K and more. However, such a low
plasma temperature at this stage of plasma expansion is
not surprising, since the ambient pressure is in the 0.1
mbar range. At these conditions, the plasma expands rap-
idly and cools quickly.

The number of heats analyzed during the VIM mea-
surement series was limited. Thus, the number of data
was insufficient for the preparation of calibration curves.
Nevertheless, the change in concentration of certain ele-
ments after adding alloying substances could be moni-
tored. As an example, the LIBS analysis before and after
the addition of Ti to a Ni alloy (same as in Figs. 7 and
8) is presented. The intensity of the Ti(I) emission line
at 427.5 nm and of the Cr(I) line at 434.5 nm are mon-
itored by means of the LIBS prototype. In Fig. 9 the
intensities of the Cr and Ti emission lines are plotted
versus time. During a vacuum treatment (taking 2.5 h),
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F1G. 9. Liquid steel analysis in a VIM furnace using LIBS: monitoring

the addition of Ti.
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the intensity of the Cr line turned out to be relatively
stable after the addition of an alloying substance contain-
ing Ti. What can be seen clearly in the figure is the in-
crease of the Ti line intensity after adding 0.98 wt % Ti
to the liquid metal bath, which had an initial Ti content
of 1.45 wt %. This shows that LIBS can also be used to
monitor the chemical composition of metal alloys (a Ni
alloy in this particular case) in VIM furnaces.

CONCLUSION

The measurements presented above have undoubtedly
shown the applicability of LIBS in on-site liquid steel
analysis in a metallurgical device under reduced pressure.
Despite the harsh environment and the unfavorable con-
ditions on the liquid steel surface, the prototype LIBS de-
vice has demonstrated the capability to perform an anal-
ysis of the melt composition. LIBS is a very promising
and powerful tool for process control in an industrial en-
vironment. Focus must be laid on the reliability of the
hardware and on improvements regarding LOD, accuracy,
and precision in order to make LIBS a robust standard
technique for material analysis. The concentration of Cr,
Mn, and Ni in liquid steel could be determined with sat-
isfactory precision. The influence of the ambient pressure
on the expansion characteristics of the plasma plume and
on the result of the LIBS analysis has been studied.
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