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The aim of this work was to determine the influence of sample temperature on the laser-induced
microplasma (LIP) emission intensity and to ascertain the possibility of laser-induced breakdown
spectroscopy (LIBS) utilization for the monitoring of impurities in molten metals. Pure low-melting
metals (bismuth, gallium, indium, lead, tin, and zinc) were used for all experiments. It was found
out that the LIP emission increases linearly with increasing temperature within the range 25 °C to
70 °C above the melting point of the metal. The slope of this change in LIP intensity is related to the
transition probability of a given emission line. If the LIP intensity of given solid and molten metals
are compared, then their relative change is related to the coefficient of thermal conductivity. The LIBS
shows possibilities for the identification of impurities in molten metals. Amounts of impurities in the

order of tens mg/kg can be identified.
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1. Introduction

Nowadays, laser-induced breakdown spectroscopy
(LIBS) represents a new type of atomic emission spec-
troscopy enabling elemental analysis of any type of the
sample. LIBS exploits a focused laser beam for sam-
pling of any material (gaseous [1, 2], liquid [3-5],
solid [6, 7]). The basic principle consists of the inter-
action of a focused laser beam with a sample surface
which results in laser-induced microplasma (LIP) cre-
ation. The LIP emits radiation which includes analyt-
ical information about analyzed sample. A great ad-
vantage when compared with well established analyti-
cal methods, such as inductively coupled plasma mass
spectrometry (ICP-MS), inductively coupled plasma
with optical emission spectrometry (ICP-OES), and
atomic absorption spectrometry (AAS), lies in the fact
that the sample does not have to be dissolved, which
is often the most time consuming step of the analytical
process. In addition, a lot of sources of contamination
are possible during this step [8]. LIBS enables analysis
of solid samples with minimal or no sample prepara-
tion. For example, in the case of a powdered material,
the sample is placed on a double-side carbon tape and

is analyzed in a few seconds [9]. In addition, LIBS is
applicable for the online monitoring control processes
of molten metals, steels, and alloys [10].

In this paper, the influence of sample temperature
and phase of the metal (solid or molten) on LIP in-
tensity is studied. The working range was chosen as
25 °Cto 500 °C. An earlier, temperature study was per-
formed by Rauschenbach et al. [11]. However, they
only explored this influence at low temperatures. Their
working range was from —60 °C to 25 °C, and they
simulated a Martian atmosphere. Finally, the possibil-
ity of LIBS utilization for the monitoring of impurities
in molten metals is also presented.

2. Description

The experimental setup used in this work con-
sists of a Q-switched Nd: YAG laser (Quantel, France),
Goldsmith furnace (0412G, Clasic, Czech Republic)
with a programmable temperature regulator (Clare 4.0,
Clasic, Czech Republic), focusing system, fiber op-
tic system, monochromator TRIAX 320 (Jobin Yvon,
France) and intensified CCD (Jobin Yvon, France).
A Q-switched Nd:YAG laser operating at 1064 nm
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was used for the plasma formation. A metal sample
was placed into the Goldsmith furnace which can be
heated up to 1200 °C. Two apertures were incorpo-
rated into the furnace cover. The first one is used for
the quartz lens of the laser instrument. The second one
serves as a quartz window to collect the spectra. The
laser beam was focused perpendicular to the molten
metal surface by a plano-convex lens with a focal dis-
tance of 125 mm. Its laser power density was set to
2.8 GW cm™2 with a repetition rate of 1 Hz. The low
repetition rate was chosen due to avoid splashing of
the liquid sample. The plasma radiation was collected
by the objective and transported into a spectrometer
by means of an optic fiber where it was dispersed by
a2400 grooves mm ™! grating. Dispersed radiation was
detected by an intensified CCD camera. The LIP emis-
sion signal was acquired by averaging 50 laser shots so
as to suppress any laser beam energy fluctuations.

The plasma emission was acquired 2.5 ps after the
laser pulse and the integration time of the emission sig-
nal was 10 ps. Both parameters were optimized in re-
lation to the best signal/noise ratio.

The influence of sample temperature on the LIP
emission signal and the detection of impurities in pure

[ |
Nd: YAG | 1024 X
I aser nm furnace, and detection

system (monochroma-
tor and ICCD).

molten metals were studied. Pure low-melting metals,
such as bismuth, gallium, indium, lead, tin, and zinc
were used for these experiments. Each metal was in-
serted into the Goldsmith furnace which was gradu-
ally heated to temperatures of 50, 100, 150, 200, 250,
300, 350, 400, 450, and 500 °C. At each temperature
the LIP spectra were obtained (one spectral window
with a range of 15 nm for each metal). Heating was
finished when the furnace temperature achieved 70 °C
above melting point of the metal. Thereby melting of
the sample was ensured.

For the detection of impurities in molten metals the
sample was placed into the furnace which was heated.
15 minutes after reaching 50 °C above the melting
point of the metal the LIP emission spectra in the range
from 220 to 600 nm were obtained.

Dissolution of the samples was necessary to obtain
a content of impurities in pure samples. The metals
were dissolved in a mixture of hydrochloric and ni-
tric acid. The obtained solutions were diluted by deion-
ized water and their analysis was performed by means
of an inductively coupled plasma mass spectrometer
(ICP-MS) Agilent 7500CE (Agilent, Japan) equipped
with an octopole reaction cell for removing isobaric
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interferences. The content of chromium, copper, man-
ganese, lead, zinc, tin, magnesium, iron, and nickel
were determined.

3. Results and Discussion
3.1. Influence of Temperature on LIP Intensity

The first experiments performed with the new setup
described above were devoted to the study of the in-
fluence of the sample temperature on the LIP emis-
sion intensity. First, the LIP spectra of pure bismuth,
gallium, lead, indium, zinc, and tin were obtained at
different temperatures. The temperature was chosen in
the range of laboratory temperature to a temperature
70 °C above melting point of the selected metal, ap-
proximately (Table 1). The line intensities of all ele-
ments were background corrected. Figure 2 shows the
dependence of intensity of five tin emission lines on
sample temperature. Linear increase of emission line
intensities with increasing temperature in the range
from laboratory temperature to 300 °C is clearly visi-
ble. However, the slope of this dependence is not same

Table 1. Melting point of measured metals and maximal
working temperature of the furnace.

melting point [°C]  furnace temperature [°C]

Bi 271 350
Ga 30 100
In 157 250
Pb 328 400
Sn 232 300
Zn 420 500
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Fig. 2. Influence of temperature on LIP intensity of Sn emis-
sion lines (278.50 nm, 281.26 nm, 284.00 nm, 285.06 nm,
and 286.33 nm).

for each tin emission line. Their values differ from
19.0°C~!t035.0 °C~!. The different slopes mean that
each emission line has a different sensitivity to tem-
perature treatment. Similar course of the temperature
dependence is observed for metals such as gallium,
lead, indium, and zinc. The LIP intensities of emission
lines of these elements linearly increase with increas-
ing temperature. Contrary to this observation, the LIP
intensities of bismuth emission lines decrease with in-
creasing temperature (Fig. 3). Similarly to above men-
tioned elements, the change of LIP intensity is linearly
dependent on the temperature. The slopes of these de-
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Fig.3. Influence of temperature on LIP intensity of Bi
emission lines (289.80nm, 293.83 nm, 298.90 nm, and
299.33 nm).

Table 2. Slope of the dependence of LIP intensity on sample
temperature and transition probability of selected Sn, Bi, Pb,
and Zn emission lines.

emission line [nm]  slope [°C~!] transition probability [s~']
Sn 278.50 20.2 1.80E+07
Sn 281.26 19.0 1.20E407
Sn 284.00 35.0 1.70E+4-08
Sn 285.06 27.5 3.30E407
Sn 286.33 27.0 5.40E+07
Bi 289.80 —54.1 1.53E+4-08
Bi 293.83 —48.6 1.23E+08
Bi 298.90 —36.1 5.50E4-07
Bi 299.33 -30.2 1.60E+07
Bi 302.46 —40.3 8.80E+07
Pb 373.99 16.1 7.30E4-07
Pb 367.15 11.7 4.40E4-07
Pb 368.35 21.8 1.50E+4-08
7Zn 328.33 45.1 9.00E+07
7Zn 330.30 54.7 1.20E+4-08
Zn 334.50 61.4 1.70E+08
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Fig.4. Dependence of slope of temperature dependence
on transition probability of Sn emission lines (278.50 nm,
281.26 nm, 284.00 nm, and 286.33 nm) and Bi emission
lines (289.80 nm, 293.83 nm, 298.90 nm, 299.33 nm, and
302.46 nm).

pendences are different not only between various el-
ements, however, it also differs for various emission
lines of the same element (Table 2). Hence, some pos-
sible correlations with parameters of emission lines
(upper and lower energy level, relative intensity, tran-
sition probability [12]) were sought. It was found that
there is a close correlation between the transition prob-
abilities of the emission lines of the given elements
and the slope of dependence of the LIP intensity on
temperature. This correlation is shown in Figure 4 for
bismuth and tin. It therefore follows that the sensitiv-
ity of the emission line to temperature increases with
increasing transition probability. The transition proba-
bility A,; (s—!) for the transition from the excited level
u to a lower level [ is given by

BF,
Ay = , 1
ul T ( )

where T, is the radiative lifetime and BF,; is the emis-
sion branching fraction for the transition [13]. The
value of BF,; depends on the intensity of the emission
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line and is given by

Iul
BF, = ) (2
! %Iul

where I,; means the intensity of the emission line, and
the sum is taken over all lower levels to which the up-
per level transits. A combination of (1) and (2) gives
the relationship between transition probability and the
intensity of the emission line. This relationship is given
by

_ L
ul — T <7 -
Tu z[ul

l

3
No other correlation with parameters of emission line
was found. Thus, the transition probability can explain
differences in different sensitivity of emission lines of
the same element. For each measured element holds:
the higher the transition probability of emission lines,
the more sensitive the given emission line to the influ-
ence of the sample temperature. However, this does not
explain the different course for bismuth (the decrease
of LIP intensity with increasing temperature).

Hence, the change of LIP intensity for solid and lig-
uid metals was studied. LIP intensity was measured for
a given metal in a solid state. Then, the metal was heated
to a temperature 70 °C above its melting point and the
LIP intensity was measured for the liquid metal. The
relative change of LIP intensity I is given by

I
Let (%) = 1—1 100, )
S

where I is the LIP intensity for the solid metal mea-
sured at 25 °C and [ the LIP intensity for the liquid
metal measured at a temperature 70 °C above melt-
ing point of the given metal. Values of relative change
of LIP intensity for each measured emission line are
summarized in Table 3. It follows from this table that
the relative change of LIP intensities for a given metal
are very close, but the change varies between various

sample emission line [nm] (relative change of LIP intensity in %) Table 3. Re}ative char}ge (?f LIP inFensi-
Bi 289.80 (51); 293.83 (47); 298.90 (46); 299.33 (45); 302.46 (47) ties for various emission lines of Bi, Ga,
Ga 417.20 (127) In, Pb, Sn, and Zn.

In 294.11 (215); 303.94 (236)

Pb 367.15 (126); 368.35 (142); 373.99 (136)

Sn 278.50 (199); 281.26 (195); 284.00 (208); 285.06 (202)

Zn 328.23 (310); 330.30 (315); 334.50 (330)
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Fig. 5. Dependence of increasing LIP intensity of various el-
ements on coefficient of thermal conductivity.

metals. Hence, some correlation between the relative
change of LIP intensity and the thermal properties (co-
efficient of thermal conductivity, thermal capacity, la-
tent heat, melting and boiling point) of the metals was
sought. It was found that the correlation between the
relative changes of LIP intensity of various elements
in solid and liquid state (Bi, Ga, In, Pb, Sn, Zn) is re-
lated to the coefficient of thermal conductivity (Fig. 5).

3.2. Identification of Impurities in Molten Metals

The system described above was used for the iden-
tification of impurities in pure molten metals. First, the
metals were dissolved in a mixture of hydrochloric and
nitric acid. The dissolved sample was diluted and the
content of impurities was measured by means of ICP-
MS. The content of impurities in the examined metals
is summarized in Table 4.

For this purpose optimization of parameters was
performed to obtain the best signal-to-noise ratio. Op-
timization was performed using a zinc sample placed

Table 4. Content of impurities in pure metals determined
by means of ICP-MS. Impurities identified using LIBS are
marked in bold.

impurities (content in mg/kg)
Bi  Cu (35), Fe (58), Pb (76), Ag (25)
Ga Cu (20), Fe (32), Ca (9), Sc (9)
In  Ca(25),Pb (61), Ni (94)
Pb  Sn(221), Zn (178), Sb (122)
Sn  As (102), Pb (206), Cu (95), Fe (103), Zn (58), Cd (11)
Zn Fe (42), Pb (52)

in the furnace. The laser beam energy, focusing dis-
tance, and placement of the objective with respect to
the LIP were optimized. A best signal-to-noise ratio
was reached at 2.8 GW cm™2, and the focus was set to
15 mm below the sample surface.

In this experiment, the LIP emission spectra of pure
molten metals were collected in the range from 220 to
600 nm. All experiments were performed at a furnace
temperature of 70 °C above melting point of the metal
(Table 1). Pure bismuth, gallium, lead, indium, zinc,
and tin were used for these experiments. Emission lines
of the elements which were determined by ICP-MS in
dissolved samples were sought.

In the spectrum of liquid gallium, iron, and cop-
per emission lines were identified. Content of the
remaining elements was lower than the limit of the
detection (LOD) of LIBS for these elements. In the
case of the molten bismuth, emission lines of copper,
iron, and lead were detected. Silver was not detected
due to its low content in the sample. Similarly, anal-
ysis of the impurities in molten indium, lead, tin,
and zinc was performed. All detected impurities in
molten metals are marked in bold in Table 4. Im-
purities with the content larger than 25 mg/kg were
determined, except for arsenic in tin. In this case,
its content in tin was 102 mg/kg, which means the
LOD is higher than 102 mg/kg. This is caused by
the fact that the most intensive arsenic emission lines
lie below 200 nm [12]. In this spectral region, UV
radiation is absorbed by air (primarily by molecular
oxygen in the optical path). Hence a higher LOD is
observed.

One of the main characteristics of the analytical
method is the lowest detectable amount of the ele-
ment — limit of the detection (LOD). According to
the TUPAC definition, the LIBS LOD is concentra-
tions producing background corrected intensity equal
to three times the standard deviation of the background
308,

30']3
LOD = —
S )

where S is the sensitivity for the given emission line.

The LODs were calculated for all identified im-
purities in molten metals. Their values are summa-
rized here: Cu (12mgkg~!), Fe (25mgkg™!), Ni
(40mgkg™!), Pb (40mgkg!), Sb (35 mgkg™'), Sn
(30mgkg™!), and Zn (35 mgkg™1).
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4. Conclusion

In this paper a new experimental set-up for in situ
monitoring molten metals by means of laser-induced
breakdown spectroscopy was shown. Firstly, this new
set-up was used for the study of sample temperature on
LIP intensity. The temperature was changed through
the range 25 °C to 70 °C above the melting point of
a given metal. It was found that the LIP intensity of
a given emission line changes linearly with increasing
temperature. The slope of this linear dependence is re-
lated to the transition probability of the given emission
line. When the LIP intensity of the metal in the solid
and the liquid state was compared, it was found that
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Acknowledgement

The authors thank to Czech Science Foundation for
financial support of project number 203/08/P430.

[7] W.F. Luo,J. Tang, C. X. Gao, H. J. Wang, and W. Zhao,
Phys. Scripta 81 (2010).

[8] E. Krakovskd and H. M. Kuss, Rozklady v analytickej
ch mii, VIENALA (2001).

[9] T. Ctvrtnickova, M. P. Mateo, A. Yanez, and G. Nico-

las, Spectrochim. Acta B 65, 734 (2010).

G. Hubmer, R. Kitzberger, and K. Morwald, Anal.

Bioanal. Chem. 385, 219 (2006).

I. Rauschenbach, V. Lazic, S. G. Pavlov, H. W. Hubers,

and E. K. Jessberger, Spectrochim. Acta B 63, 1205

(2008).

http://www.nist.gov/physlab/data/asd.cfm. National In-

stitute of Standards and Technology, Gaithersburg, MD

[2010, September 10].

T. R. Obrian, M. E. Wickliffe, J. E. Lawler, W. Whaling,

and J. W. Brault, J. Opt. Soc. Am. B 8, 1185 (1991).

[10]

(11]

[12]

(13]


http://dx.doi.org/10.1366/000370208786049178
http://dx.doi.org/10.1366/000370208786049178
http://dx.doi.org/10.1117/1.1304855
http://dx.doi.org/10.1117/1.1304855
http://dx.doi.org/10.1117/1.1304855
http://dx.doi.org/10.1364/AO.49.000C87
http://dx.doi.org/10.1364/AO.49.000C87
http://dx.doi.org/10.1364/AO.49.000C70
http://dx.doi.org/10.1364/AO.49.000C70
http://dx.doi.org/10.1364/AO.49.000C70
http://dx.doi.org/10.1016/j.sab.2010.04.020
http://dx.doi.org/10.1016/j.sab.2010.04.020
http://dx.doi.org/10.1007/s00216-006-0321-9
http://dx.doi.org/10.1007/s00216-006-0321-9
http://dx.doi.org/10.1016/j.sab.2008.08.006
http://dx.doi.org/10.1016/j.sab.2008.08.006
http://dx.doi.org/10.1016/j.sab.2008.08.006
http://www.nist.gov/physlab/data/asd.cfm
http://dx.doi.org/10.1364/JOSAB.8.001185
http://dx.doi.org/10.1364/JOSAB.8.001185

	 Laser-Induced Breakdown Spectroscopy of Molten Metals: Influence of Sample Temperature
	1 Introduction
	2 Description
	3 Results and Discussion
	3.1 Influence of Temperature on LIP Intensity
	3.2 Identification of Impurities in Molten Metals

	4 Conclusion


