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To monitor the components of molten magnesium alloy during the smelting process in real time and
online, we designed a standoff double-pulse laser-induced breakdown spectroscopy (LIBS) analysis
system that can perform focusing, collecting and imaging of long-range samples. First, we tested the
system on solid standard magnesium alloy samples in the laboratory to establish a basis for the online
monitoring of the components of molten magnesium alloy in the future. The experimental results show
that the diameters of the focus spots are approximately 1 mm at a range of 3 m, the ablation depth
of the double-pulse mode is much deeper than that of the single-pulse mode, the optimum interpulse
delay of the double pulse is inconsistent at different ranges, and the spectral intensity decays rapidly as
the range increases. In addition, the enhancement effect of the double pulse at 1.89 m is greater than
that at 2.97 m, the maximum enhancement is 7.1-fold for the Y(I)550.35-nm line at 1.89 m, and the
calibration results at 1.89 m are better than those at 2.97 m. At 1.89 m, the determination coefficients
(R?) of the calibration curves are approximately 99% for Y, Pr, and Zr; the relative standard deviations
(RSDs) are less than 10% for Y, Pr, and Zr; the root mean square errors (RMSEs) are less than 0.037%
for Pr and Zr; the limits of detection (LODs) are less than 1000 ppm for Y, Pr, and Zr; and the LODs
of Y, Pr, and Zr at 2.97 m are higher than those at 1.89 m. Additionally, we tested the system on
molten magnesium alloy in a magnesium alloy plant. The calibration results of the liquid magnesium
alloy are not as favorable as those of the sampling solid magnesium alloys. In particular, the RSDs of
the liquid magnesium alloy are approximately 20% for Pr and La. However, with future improvements
in the experimental conditions, the developed system is promising for the in situ analysis of molten
magnesium alloy.
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greatly improve the performance of the alloy so that it
has wider application in the aerospace, automotive, elec-
tronics, military, and other fields [1]. At present, the
elemental analysis of magnesium alloy concentrations is

1 Introduction

Magnesium alloys, which are known as green engineer-

ing materials for the 21st century, are the lightest
metal structural materials used in practical applications.
Adding rare-earth elements to a magnesium alloy can

*Special Topic: The 1st Asian Symposium on Laser-induced Break-
down Spectroscopy (Eds. Xiao-Yan Zeng, Zhe Wang & Yoshihiro
Deguchi).

mainly performed offline, which can take from a few min-
utes to a few days. Offline analysis severely limits the
bulk production of magnesium alloys and the rapid de-
velopment of new types of magnesium alloys.
Laser-induced breakdown spectroscopy (LIBS) tech-
nology [2-4] uses a focused laser to ablate the surface
of an object to generate plasma. Then, qualitative and

© Higher Education Press and Springer-Verlag Berlin Heidelberg 2016
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quantitative analyses of the measured objects can be
performed by collecting and analyzing the plasma spec-
tra. Because LIBS technology has advantages such as
simultaneous and fast multi-element analysis, no sample
preparation requirements, and the ability to measure all
sample types, it has received the attention of scholars in
many fields [5-21].

Because of the lack of the need for sample prepara-
tion and the speed of acquisition, thereby allowing online
measurement, many scholars have applied LIBS technol-
ogy to online analysis in the metallurgical industry. Carl-
hoff and Kirchhoff [22] were the first to apply LIBS to
the in situ analysis of molten steel in a converter. Noll
et al. [23, 24] applied LIBS to guide the smelting process
of steel, and performed composition control and quality
monitoring of molten steel. Energy Research Company,
funded by the US Department of Energy, developed a
system that can monitor the composition of molten alu-
minum alloy in real time [25]. Hubmer et al. [26] pro-
posed a method for analyzing liquid high-alloy steel using
a fiber-optic cable to carry the signal over a distance of
approximately 10 m. Palanco et al. [27] designed a re-
mote open-path LIBS system and successfully monitored
the concentrations of Cr and Ni in liquid steel. Victor
[28] successfully adapted a Newtonian telescope to con-
tinuously monitor changes in Si and Mn concentrations
in blast furnace runners. Dong et al. [29] introduced
recent progress on the application of LIBS to metallur-
gical online analysis in China. Sun et al. [30, 31] used
LIBS technology to monitor the composition of liquid
steel online. Chen et al. [32] also reported on the real-
time quantitative analysis of multiple elements in molten
steel by LIBS. Porizka et al. [33] reported on the poten-
tial use of the LIBS technique for the direct investigation

of Mg corrosion. However, online analysis of the compo-
sition of molten magnesium alloy by LIBS has not yet
been reported.

In recent years, double-pulse LIBS technology and
remote LIBS technology have received much attention
from researchers. Using a double pulse separated by a
short delay time (several microseconds) can result in a
lower LOD and significant enhancements of emission line
intensity, as well as significantly improved signal-to-noise
ratios (SNR) [34, 35]. Remote LIBS technology is very
suitable for application in the fields of metallurgy, ar-
chaeology, and space engineering [27, 31, 36-38].

We combined double-pulse LIBS and remote LIBS to
develop a standoff double-pulse coaxial LIBS analysis
system. In this study, we tested the system on solid
standard magnesium alloy samples in the laboratory and
liquid magnesium alloy in a magnesium alloy plant.

2 Experimental

2.1 Experiment system

A schematic diagram of the experimental system is
shown in Fig. 1. First, two Nd:YAG lasers (Beamtech
Dawa-200 with a wavelength of 1064 nm, pulse energy of
200 mJ, pulse width of 8-10 ns, repetition frequency of
10 Hz, and spot diameter of 7 mm) were combined. The
combined laser beams were reflected into a laser beam
expander (magnification of 3.3x) by mirrors 1 and 2.
The laser beams were then reflected to a dichroic mirror
by mirror 3, expanded a second time (magnification of
4.8x) by a telescope system, and then focused on the
surface of samples at a long range to stimulate the sam-
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Fig. 1 Schematic diagram of the experimental system.
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ples and generate the plasma. The plasma emission light
was collected using the telescope system, passed through
the dichroic mirror and beam splitter, and then coupled
into the fiber using the collection system. Finally, the
emission light was transmitted via the fiber to the spec-
trometer (Ocean Optics HR2000 with a spectral range of
200-600 nm and resolution of approximately 0.1 nm).

A portion of the visible light (approximately 10%) was
separated by a beam splitter and reflected to the imaging
system by mirror 4, which can display remote laser focal
position information in real time. The delay time be-
tween the two lasers and the gate delay time of the spec-
trometer were set and controlled by a multichannel delay
controller designed by our team. A laser rangefinder was
used to measure the distance between the rangefinder
and samples using mirrors 5 and 6. Thus, the telescope
system can automatically adjust the distance of the pri-
mary mirror to the secondary mirror to achieve the best
laser focusing and spectra collection performance.

Compared with one of our previously developed sys-
tems [31], this system only needs to change the distance
between the primary mirror and the secondary mirror
to achieve the automatic simultaneous optimization of
the laser focusing and spectra collection based on the
range information measured by a rangefinder. However,
because of the limitation of the coating on the dichroic
mirror used in the system, the collection efficiency is low
in the ultraviolet band, and some of the bands are com-
pletely unable to be detected.

2.2 Experimental conditions and standard samples for
laboratory tests

Because of the influence of bremsstrahlung and free-
bound electronic recombination continuum radiation, at
the beginning of the plasma generation, the emitted spec-
trum has a low SNR, and changing the delay time be-
tween the pulses and the spectrometer could efficiently
improve the SNR. In the experiment, the spectrometer
gate delay time after the second laser pulse was set to
1 ps, the pulse energy of both lasers was set to 100 mJ,
the mean irradiance of the sample was greater than 1
GW /cm?, and the test distances from the lasers to the
sample were 1.89 m and 2.97 m, respectively.

To eliminate the effect of surface contamination, the
first 20 spectra were not collected before each test. Sub-
sequently, 200 spectra were acquired and averaged into a
single spectrum to reduce the spectral fluctuations that
are caused by factors such as the experimental environ-
ment and the uneven surfaces of the samples.

The samples were five rare earth magnesium alloy
types, which were provided by the Institute of Metal Re-
search, Chinese Academy of Sciences. The compositions
of the samples are listed in Table 1.

Yong Xin, et al., Front. Phys. 11(5), 115207 (2016)

Table 1 Compositions of the rare earth magnesium alloy
samples.

Concentration (%)

Sample No.
Y La Pr Zr Mg
1 1.44 1.06 0.11 — 97.39
2 2.22 2.46 0.29 0.01 95.02
3 1.41 4.27 0.52 0.13 93.67
4 2.10 6.00 0.77 0.44 90.69
5 2.70 8.05 1.04 0.76 87.45

2.3 In situ analysis of liquid magnesium alloy

After the laboratory testing, the LIBS system was trans-
ferred to a magnesium alloy plant of the Institute of
Metal Research, Chinese Academy of Sciences, for appli-
cation testing. Figure 2 shows photos of the test site. A
stainless steel tube (with a length of 2.2 m and a distance
from the laser to the sample of approximately 3 m), con-
nected to the integrated optical box by a flange, was used
to transmit the laser beam and the plasma emissions.
Argon was blown through the steel tube to disperse the
smoke and slag on the melt surface. Initially, we planned
to use a refractory lance that was joined at the tip of the
steel tube to be immersed into the molten magnesium
alloy to pass through the surface slag layer, as shown in
Fig. 2(a). Magnesium alloy, however, is prone to burn
during the insertion process, and thus produces a large
amount of smoke. Therefore, we used the method of
blowing gas on the melt surface to disperse the slag from
the region in focus, as shown in Fig. 2(b).

In the experiment, we used two rare earth elements,
La and Pr. First, 17 kg of pure magnesium was melted in
the magnesium alloy furnace, and then the lanthanum-
rich rare earth (45% La and 11% Pr) was added. When
the lanthanum-rich rare earth was completely melted and

(b)

Fig. 2 Photos of the test site in a magnesium alloy plant.
(a) The refractory lance tip immersed into the molten magne-
sium alloy. (b) Blowing gas on the melt surface via a flexible
steel tube.
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Table 2 Compositions of liquid magnesium alloy samples.

Concentration (%)

Sample No.
La Pr
1 0.09 0.01
2 1.29 0.093
3 2.81 0.18
4 4.16 0.27

mixed with the magnesium, the argon-purged steel tube
was positioned approximately 1 cm above the surface of
the liquid magnesium alloy for testing. When adequate
data had been obtained, the system was elevated to a
certain height to wait for the next test, and then the
melt was sampled for a laboratory analysis. The tests
were conducted on four groups of samples, in which the
amounts of the lanthanum-rich rare earth added were 17
g, 325 g, 361 g, and 382 g.

The solid samples from the magnesium alloy furnace
were sent to a laboratory for offline analysis by ICP-OES,
and the given concentrations of the elements are shown
in Table 2.

3 Results and discussion

3.1 Remote imaging and remote focusing

The imaging system can remotely image objects at dif-
ferent distances. Figure 3 shows the images of the focus
spots on the first magnesium alloy sample at different
distances. The imaging system can be used to rapidly
observe the morphology of an object at a long range or
direct the laser focus to the position expected.

(a) (b)

For a Gaussian beam, the minimum achievable spot
radius r satisfies the following equation [39]:

_ 2R,

r
wD ’

(1)
where ) is the laser wavelength, R is the focusing range,
D is the diameter of the laser beam before focusing, and
M? is the laser beam quality factor.

According to formula (1), the minimum spot radius r
is proportional to the focusing range R and is inversely
proportional to the diameter of the laser beam D. To
reduce the radius of the focus spot, the laser beam should
be expanded, which will further reduce the divergence
angle of the laser beam.

The focus spot sizes at different ranges are shown in
Fig. 4. As observed from Fig. 4, the diameters of the fo-
cus spots are approximately 1 mm at a range of 3 m,
and the spot sizes become larger with increasing dis-
tance, which is consistent with formula (1). However,
the diameter of the laser beam D varies with the focus-
ing range of the system. When the range is longer, the
diameter of laser beam D is larger. Thus, the laser beam
spot radius r is actually not proportional to the focusing
range R.

Figure 5 shows a comparison of the focus spots of the
single-pulse (SP) mode and the double-pulse (DP) mode
at 2.35 m. From Fig. 5, the ablation depth of the double-
pulse mode is much deeper than that of the single-pulse
mode, indicating that the sampled mass of melting and
evaporation is much larger in the double-pulse mode. Af-
ter the first laser pulse was shot on the sample, the sam-
ple surface was softened and heated. When the second
laser beam was shot on the softened and heated sample
surface, the sample was much more easily stripped, and
thus the depth of ablation is deeper in the double-pulse

(©)

Fig. 3 Remote imaging of the focus spots on the first magnesium alloy sample at distances of 1.89 m (a), 2.97 m (b) and
4.44 m (c). The length of the number 1 is approximately 9 mm in the figures shown.

Fig. 4 The focus spot at distances of 1.89 m (a), 2.97 m (b) and 4.44 m (c).
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1000 pm

Fig. 5 Comparison of the focus spots of the single-pulse
mode (a) and double-pulse mode (b) at 2.35 m.

mode [40]. This is consistent with the enhancement effect
of double-pulse LIBS that was observed in the following
experiments.

3.2 Interpulse delay between the two laser pulses

The interpulse delay between the two laser pulses is
an important factor that affects the signal intensity of
double-pulse LIBS [34, 35]. We altered the interpulse
delay between the two laser pulses and determined the
relationship between the spectral intensity and the inter-
pulse delay. Figure 6 shows the relationship between the
spectral intensity and interpulse delay at different dis-
tances. When the interpulse delay is 8 us, the intensity
of La, Pr, Y, and Zr is strongest at 1.89 m. When the
interpulse delay is 10 ps, the spectral intensity of most of
the elements (with the exception of Y, which is strongest
with a delay of 6 us) is strongest at 2.97 m. These re-
sults show that the optimum interpulse delay is different
at different focusing ranges. This is because the plasma
conditions are different at different ranges. Thus, in the
experiment, we needed to find the optimum interpulse
delay at different ranges.

3.3 Relationship between spectral intensity and
focusing range

To collect the LIBS signal, the intensity of the signal
is proportional to the solid angle and inversely propor-
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tional to the square of the focusing range under identical
plasma conditions [38]:

Iprps ccnp = HE% = Ff;g, (2)
where np is the number of detected photons for a given
wavelength, ng is the number of emitted photons of the
same wavelength, €2 is the solid angle of collection, R is
the focusing range, and A is the area illuminated in the
primary mirror.

Figure 7 shows the relationship between the intensity
of the Mg (I) 277.98-nm line and the focusing range.
However, the curve in Fig. 7 does not fit to an inverse
square function, which indicates that the plasma con-
ditions vary with the focusing range. Furthermore, as
mentioned above, the remote focus spot increases as the
focusing range increases, and thus the peak power of the
laser decreases with the focusing range. Therefore, the
LIBS signal is weaker at a long range.

3.4 Enhancement effect of double-pulse LIBS

To compare the single-pulse and double-pulse spectra un-
der the same experimental conditions, we set the laser
pulse energy to 80 mJ in the single-pulse mode and 40
mJ for each of the pulses in the double-pulse mode.
Figure 8 shows the enhancement effect of double-pulse
LIBS at 1.89 m, which indicates that the double-pulse
LIBS signal is significantly higher than the single-pulse
LIBS signal. Because the first laser beam changes the
state of the sample surface and increases its temper-
ature, the second laser beam then passes through the
plasma and interacts with the high-temperature sample
surface, thus stimulating more particles in the double-
pulse mode [31]. These results are consistent with the
abovementioned phenomenon of the ablation depth.
Table 3 shows the enhancement effect of the double-
pulse LIBS at 1.89 m and 2.97 m. At 1.89 m, using
double-pulse LIBS results in a 7.1-fold enhancement in
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Fig. 6 Variation of the spectral intensity with the interpulse delay between the two laser pulses at distances of 1.89 m (a)

and 2.97 m (b).

Yong Xin, et al., Front. Phys. 11(5), 115207 (2016)

115207-5

»
&
*
7
>
-
A
i
(=)
w
o
*]
05
=
=)
St
=




)
2}
o
@
)
=
=5
S
=]
)
PN
*]
.5
=
=
R
=

RESEARCH ARTICLE

25004 = = Mgl 277.98 nm
| y=A/x52

2000 \
5 \
< 1500
B
£ 1000-
E \

500 1 \\\

0 e— e — L]
1 2 3 4 5 6
Range (m)

Fig. 7 Variation of the intensity of the Mg (I) 277.98 nm
line with the focusing range.

the spectral intensity of the Y (I) 550.35-nm line. As seen
in Table 3, the enhancement effect is weaker at longer
range than shorter range because the two laser pulses
were not well combined for the long range. As Fig. 9
shows, the focus spot is not symmetric at the long range,

(a) 350
300

342 344 346 348 350 352
Wavelength (nm)

and the depth of ablation is shallower than that for the
short range. Therefore, the enhancement effect for the
long range is weaker.

3.5 Calibration results of solid standard magnesium
alloys

The internal standard method was used to calibrate the
solid standard magnesium alloy samples at 2.97 m and
1.89 m. The analytical lines and reference lines for the
different elements are Y (IT) 354.9 nm [Mg (I) 332.99 nm],
Pr (II) 395.67 nm [Mg (I) 332.99 nm], and Zr (II) 349.62
nm [Mg (I) 309.1 nm]. Figure 10 shows the calibration
curves of the different elements at 1.89 m, and Table
4 shows calibration results of the different elements at
different focusing ranges. As seen in Fig. 10 and Table
4, the calibration results are better at 1.89 m: R? values
are approximately 99% for Y, Pr, and Zr; RSDs are less
than 10% for Y, Pr, and Zr; RMSEs for Pr and Zr are
less than 0.037%; and LODs are less than 1000 ppm for
Y, Pr, and Zr.
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Fig. 8 Enhancement effect for different elements using double-pulse LIBS at 1.89 m. The elements shown are Zr (a), La

and Pr (b) and Y (c¢).

Table 3 Enhancement effect of double-pulse LIBS at different focusing ranges.

Wavelength (nm)

Range Y La Pr Zr

546.64 550.34 552.75 404.29  407.74  408.67 403.18  405.11 343.82 349.62 350.57
1.89 m 6.7 7.1 3.9 6.5 5.1 6.0 5.5 5.9 3.3 3.5 3.1
2.97 m 4.0 3.7 2.1 3.8 2.6 3.2 3.2 - 1.8 1.6 1.7
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() I

Fig. 9 Ablation morphology of the double pulse at dis-
tances of 1.89 m (a) and 2.97 m (b).

The LOD is calculated as follows:
LOD = 30g/S, (3)

where op is the standard deviation of the background,
and S is the sensitivity of the analysis method, which is
usually expressed as the slope of the calibration curve.

From Table 4, LODs for the long range are higher
than those for the short range because the signals de-
cay rapidly and the focus spot size increases for the long
range.

3.6 Calibration results of liquid magnesium
alloy samples

We analyzed the liquid and solid data, which were ac-
quired during the liquid experiment and subsequent anal-
ysis of the sampled solid samples, respectively. The in-
ternal standard method was used to calibrate the ele-

Table 4 Calibration results of different elements at differ-
ent focusing ranges.

Parameters Range Pr Zr Y
R2 (%) 1.89 m 99.0 99.5 98.6
2.97 m 99.9 99.4 96.5
RSD (%) 1.89 m 6.26 9.84 6.85
2.97 m 8.23 10.92 5.57
RMSE (%) 1.89 m 0.037 0.021 0.071
2.97 m 0.005 0.023 0.113

LOD (ppm) 1.89 m 937 334 864
2.97 m 1670 1054 1212

ments La and Pr from the liquid and solid data. The
analytical and respective reference lines for different el-
ements are Pr (I) 566.85 nm [Mg (I) 571.11 nm] and La
(IT) 433.37 nm [Mg (I) 571.11 nm).

Figure 11 and Fig. 12 show calibration curves of the
liquid and solid data. As seen in Fig. 11 and Fig. 12, the
calibration results are good for the solid data but not
good for the liquid data. In particular, The LODs of Pr
and La in liquid data are approximately 2000 ppm, and
the RSDs of Pr and La in liquid data are approximately
20%. Because the system was elevated to a certain height
to wait for the next testing after a group of experiments
was completed, the focus position is not very accurate

(@)
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Fig. 10 Calibration curves of different elements at 1.89 m. The elements shown are Y (a), Pr (b) and Zr (c).

Yong Xin, et al., Front. Phys. 11(5), 115207 (2016)

115207-7

»
&
*
7
>
-
A
i
(=)
w
o
*]
t;
=
=)
R
£




)
2}
o
@
)
=
=5
(-
=]
)
PN
*]
.;
=
=
R
=

RESEARCH ARTICLE

(b) 40
=64.4181X—0.0354
357 R=09956
RSD=25.97%
304 LOD=2138.42 ppm
o 257
2
e
S 201
2
2
£ 157
8
k=
10
0.5 e
/ La
00 = T T T T
0.00 0.01 0.02 0.03 0.04 0.05

Concentration ratio

Fig. 11 Calibration curves of Pr (a) and La (b) for the liquid data.
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Fig. 12 Calibration curves of Pr (a) and La (b) for the solid data.

in each group of experiments. Additionally, the slag and
smoke in the liquid magnesium alloy surface were not
completely swept clean, which can create interference.
In the future, further study is needed to position the
focus more precisely and to reduce the interference of
the surface slag and smoke in liquid magnesium alloy.

4 Conclusion

To monitor the components of molten magnesium alloy
during the smelting process in real time and online, we
combined double-pulse LIBS and remote LIBS to develop
a standoff double-pulse coaxial LIBS analysis system.

We tested the system on solid standard magnesium al-
loy samples in the laboratory. The experimental results
show the calibration results are good at 1.89 m: R? val-
ues are approximately 99% for Y, Pr, and Zr; RSDs are
less than 10% for Y, Pr, and Zr; RMSEs for Pr and Zr
are less than 0.037%; and LODs are less than 1000 ppm
for Y, Pr, and Zr.

Additionally, we tested the system on molten magne-
sium alloy in a magnesium alloy plant. The calibration
results of the liquid magnesium alloy are not as favor-

115207-8

able as those of the sampling solid magnesium alloys. In
particular, the RSDs of the liquid magnesium alloy are
approximately 20% for Pr and La. However, with fu-
ture improvements in experimental conditions, such as
positioning the focus more precisely and reducing the
interference of the surface slag and smoke in liquid mag-
nesium alloy, the developed system is promising for the
in situ analysis of molten magnesium alloy.
Acknowledgements This research work was financially sup-
ported by the National Natural Science Foundation China (Grant
No. 61473279) and the National Key Research and Development
Program of China (No. 2016YFF0102502).
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