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Grade assessment of steel is generally performed via the metallographic method, which is time-
consuming and is not able to provide the elemental distribution information. In this paper, we present
a method to measure the globular oxide inclusion ratings in steel using laser-induced breakdown spec-
troscopy (LIBS). The measurement is performed in two basic steps: steel samples are polished using
metallographic sand paper and the Al,O3 inclusion number and size distribution in a marked area
are observed using scanning electron microscope/energy dispersive X-ray spectroscopy (SEM/EDS)
for further LIBS scanning analysis. The threshold intensity that distinguishes soluble aluminum and
insoluble aluminum inclusions is determined using LIBS combined with the SEM/EDS statistical data.
Carbon steel (the sample number is $9256) and bearing steel (the sample number is GCrl5) are ana-
lyzed in scanning mode, and the number of AlsOg inclusions in different size ranges is obtained from
the statistical information derived from the AlyOg size calibration curve. According to heavy and thin
series for globular oxide inclusions grade assessment, the method we propose is comparable to the
traditional metallographic method in terms of accuracy; however, the process is simplified and the
measurement speed is significantly improved.
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PACS numbers 52.25.Kn, 52.25.0s

(GB/T 10561-2005/ISO 4967: 1998(E)). However, this

1 Introduction

Nonmetal inclusions in steel have an important influence
on the quality of steel. They can decrease the perfor-
mance of steel in various applications, such as the fa-
tigue property of bearing and heavy railway steel, coat-
ing property of car thin plate, and cutting property due
to nonmetal inclusions on material surfaces. In addi-
tion, nonmetal inclusions influence the quality of steel
grades for the production of spring steel, thin sheets
and wires. Generally, grade assessment of nonmetal in-
clusions is performed according to the “steel — deter-
mination of content of nonmetallic inclusions — mi-
crographic method using standard diagrams” standard

method is time-consuming and cannot intuitively pro-
vide elemental distribution.

Laser-induced breakdown spectroscopy (LIBS) is a
plasma emission spectroscopy tool that has been be-
ing developed rapidly in recent years. LIBS is widely
used in metallurgical [1-3], geological [4, 5], nuclear [6,
7], and biological industries [8, 9]. The LIBS technique
has been extensively reviewed in many aspects, includ-
ing its fundamentals, instrumentation, and applications
[10-14]. LIBS can perform the bulk analysis of various
types of samples [15, 16] and can provide the elemental
distribution information, which is useful for evaluating
material properties.

Bigne [17] proposed a calibration approach to enable
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the quantification of the elemental composition of non-
metallic inclusions; the same data were also used to es-
timate the size of the inclusions. The quantified chemi-
cal composition data on nonmetallic inclusions obtained
using LIBS were compared to the corresponding results
obtained from the scanning electron microscope/energy
dispersive X-ray spectroscopy (SEM/EDS) analysis, a
conventional method used for steel cleanness assessment,
and were proved accurate. Kuss [18] estimated the con-
tent of nonmetallic inclusions in ferrous materials using
LIBS; signals of inclusion-related elements were evalu-
ated using different statistical algorithms to distinguish
the threshold intensity, at which laser pulses focused on
the nonmetallic inclusions and the elements dissolved in
the metallic matrix. LIBS scanning measurements were
performed using samples displaying segregation and de-
carburization by Bigne [19]. A sample size of 60 x 60
mm? with a step size of 50 pm was used, and the resulting
quantified elemental maps correlated well with the data
from conventional methods. Mateo [20] performed an au-
tomated line imaging arrangement for 2D and 3D gen-
eration of chemical maps of inclusions in stainless steel
using LIBS. In comparison with the point-to-point LIBS
mapping method, a 51-fold reduction in the number of
pulses and analysis time was achieved when the micro-
line imaging approach was employed. An engine valve
composed of different alloys was analyzed using LIBS
to prove the capability of this technique to character-
ize mechanical parts that are complex in terms of shape
and composition by Quintas [21]; 3D chemical maps were
plotted using a computer application for Fe, Mn, Cr, and
Ni elements. These works demonstrate the potential of
this technique as an evaluation tool for quality control.
Chemical mapping with a lateral resolution of approxi-

mately 10 um of the distribution of precipitates on the
surface of aluminum alloys of a sample was performed
using LIBS [22]. Two main types of precipitates, Mn—Fe—
Cu (type I) and Mg—Cu (type II), were unambiguously
distinguished consistently with the X-ray microanalysis
measurements.

In this paper, a size calibration curve of nonmetal in-
clusions, which is used to estimate the size of the inclu-
sions, was constructed using the average size, in contrast
to Bigne’s method [17], in which a few Al,O3 inclusions
are selected to establish it. In addition, the inclusion size
distribution information acquired from SEM/EDS was
used to determine the threshold intensity distinguishing
insoluble and soluble aluminum, which is different from
Kuss’s method [18]. Finally, on the basis of a statistical
mathematical model, the globular oxide inclusion ratings
of carbon steel and bearing steel were assessed in detail.

2 Experimental setup and parameters

The experimental setup consisted of a Q-switch Nd:YAG
laser, sample chamber that could be filled with argon,
Paschen—Runge spectrometer, pulse delay generator, and
stepper motor, which could drive the sample along the
z- and y-axes, as shown in Fig. 1.

The Q-switch Nd:YAG laser (Continuum Surelite III)
has an output wavelength of 1064 nm, pulse width of 5.3
ns, pulse energy of 200 mJ, beam waist of approximately
9 mm, focal length of 100 mm, and aperture attenuat-
ing energy of 4 mm. The optical path configuration of
the spectrometer is Paschen—Runge, and the diameter
of the Rowland circle is 750 mm. The grooves of a con-
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Fig. 1 LIBS experimental setup.
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cave grating are 2400 lines/mm, and the resolution of the
spectrometer is better than 0.01 nm. The light signal
was detected by a photomultiplier tube (PMT), which
was installed on the experimental setup, including C, P,
and S channels with the resonance line located in the
VUV region. A three-axis stepper motor was placed in
the sample chamber. The LIBS microanalysis was per-
formed using the stepper motor moving along the x and
y directions. The sample chamber was filled with argon,
and the pressure was maintained at 7500 Pa. Al I 396.15
nm was used as the analytical line.

Carbon steel (the sample number is $9256) and bear-
ing steel (the sample number is GCrl5) were polished
using metallographic sand paper, and the statistical dis-
tribution of the size of Al;Og3 inclusions in a marked area
was observed using SEM/EDS (JSM 6400, JEOL Ltd,
Japan). Al;O3 was found to be the main form of non-
metal inclusions in these two types of steel samples. The
morphology of laser ablation craters was observed using
a metallurgical microscope (Zeizz Vert.Al, Germany).
The ablation depth was measured using a 3D optical
profilometer (Contour GT, Bruker, Germany).

3 Results and discussion

3.1 Characterization of the globular Al;O3 inclusion
size using SEM/EDS

The main existing form of nonmetal inclusion was globu-
lar AlsOj3 inclusions in the steel matrix for sample S9256.
The shape of the sample was cylindrical, and the sample
was cut into four pieces; each piece was polished using
the metallographic sample preparation. Five marked ar-
eas with equal size were made using LIBS with an area
of 3 x 3 mm?. The Al,O3 size distribution in the five
marked areas was determined using SEM/EDS before
performing the LIBS scanning analysis. The Al;O3 in-

clusion size distribution in the five marked areas is shown
in Table 1.

3.2 Laser ablation morphology

The scanning analysis was performed in the marked ar-
eas using LIBS after the Al;Og3 inclusion size distribu-
tion was determined using SEM/EDS. The LIBS mea-
surements were conducted in an argon environment at
7500 Pa in the chamber. The pulse energy and aperture
were 200 mJ and 4 mm, respectively, and the step dis-
tance was 150 um along the X and Y directions. The
morphology of the laser ablation craters observed using
the metallurgical microscope is shown in Fig. 2.

The diameter of the laser ablation craters was approx-
imately 82 um, and thus the area of the ablation mor-
phology was 0.005 279 mm?. The scanning area was 3 x
3 mm?, and the step distance was 100 um along the x
and y directions, so there were 921 ablation craters. The
ratio of the ablation area to the total observed area was
approximately 57%. The depth of the ablation craters
was approximately 0.5 um, which was measured using
confocal laser scanning microscopy.

3.3 Globular oxide inclusion grade assessment in steel
using LIBS

The data acquired using LIBS were organized in descend-
ing order. 1445 Al;O3 inclusions were totally observed
using SEM/EDS in the five marked areas, so the num-
ber of the abnormal intensity was 1445 x 0.57 = 823.
The 823rd data point can be treated as the threshold
intensity to distinguish insoluble and soluble aluminum
in steel. Based on the AlyO3 relative inclusion size dis-
tribution, there were 482 abnormal (823 x 0.586 = 482)
data points, which corresponded to the threshold inten-
sity at an AlyOg inclusion size of 1 pm, and 302 abnormal
data points that corresponded to the intensity produced

Fig. 2 Morphology of the laser ablation craters observed using the metallographic microscope (left) and the SEM (right).
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Table 1 Size distribution of AloOs inclusions of the five marked areas for carbon steel (the sample number is S9256).

No. scanning area < 1um 1-3 um 3-5 um 5-7 um 7-9 pm 9-11 pm
Region 1# 190 120 16 6 2 1
Region 24# 156 95 6 0 0 0
Region 3# 178 114 10 4 2 1
Region 4# 138 82 14 0 0 0
Region 5# 184 118 8 0 0 0
Total inclusion numbers 846 529 54 10 4 2
Relat.lve d1.str1b.ut10n of 585 36.7 37 0.7 0.3 01
the inclusion size (%)
by an inclusion size in the range of 1-3 wm. Similarly, P
the number of the abnormal data points associated with 4000 7 | i Novweighing
. . . . Residual sum of 18095.61552
other inclusion sizes was obtained. Once the numbers s . »
Adj. R-square 6 )

of abnormal data were obtained in different size ranges, 3600 - - Vi St g

they were averaged, and the size calibration curve was _ enseouns) | BI 072087 s

constructed by setting the inclusion size as the x-axis and S 3200 P

the corresponding intensity as the y-axis. The Al;O3 in- Y //

clusion size calibration curve is shown in Fig. 3. £ 28004 d

Employing another cutting quarter sample, a region = -

of 6 x 6 mm? was marked using LIBS. Assessment of 2400 4 .

the steel cleanness grade was conducted according to the )

“steel — determination of content of nonmetallic inclu- 2000 e "

sions — micrographic method using standard diagrams” —— T

national standard. According to the national standard, a 0 2 4 6 8 10
Lo . . . . Al,O5 inclusion size (um)

heavy series is defined as inclusion diameters in the range

of 8-13 pum, and a thin series is defined as inclusion di- Fig. 3 AlxOs inclusion size calibration curve for sample

ameters in the range of 3-8 um. For both series, if the
inclusion number amounts are 1-4 and 5-9, the grades
are 0.5 and 1.0, respectively. The result of the metallo-
graphic grade assessment is that the heavy series is 0.5
and the thin series is 1.0. In consistency with the estab-
lished size calibration curve experimental conditions, a
scanning area of 6 x 6 mm? was performed using LIBS,
and the step distance was 100 pm along the z and y di-
rections, acquiring 3721 data points in total. The pulse
sequence and the 2D elemental distribution map for alu-
minum are shown in Fig. 4.

As shown in Fig. 4(a), the spectral line intensity for Al
1396.15 nm at some positions was abnormally high, cor-
responding to a laser pulse hitting insoluble aluminum
inclusions. Conversely, relatively low intensities indicate
that a laser pulse hit soluble aluminum. From the num-
ber of the abnormal intensity locations, the AloOg inclu-
sion numbers can be obtained. The AlyO3 inclusion size
can also be obtained from the abnormal intensity. The
2D elemental distribution map for aluminum is shown
in Fig. 4b, and different color zones stand for different
intensities. From the 2D map of aluminum, the AlyOg3
inclusion distribution in steel can be obtained.

The observation field of the metallographic inclusion
rating was 0.5 mm?, which corresponded to an area of
0.71 x 0.71 mm?. The step distance of the stepping mo-
tor was 100 wm along the x and y directions, so the

115205-4

S9256.

observation field of the metallographic inclusion rating
corresponded to 7 x 7 laser ablation craters. The 3721
data points can be changed into a 61 x 61 data matrix,
taking a 7 x 7 data matrix as a sliding window. The
scanning area and the sliding window are shown in Fig.
5.

Figure 5(a) represents the scanning area, in which the
dotted area is enlarged and displayed in Fig. 5(b) as the
sliding window. Starting from the first row and the first
column, the worst fields were searched in the size ranges
of 8-13 um and 3-8 wm, in which the inclusion numbers
were largest. Based on the largest numbers of Al,O3 in-
clusions in the size range of 8-13 um, the heavy series
was evaluated. The thin series was assessed based on the
largest numbers of AloO3 inclusions in the size range of
3-8 um. The acquired data were transformed into a 61
X 61 data matrix. There were three Al;Osinclusions, for
which the inclusion size was between 8 and 13 um. The
grade of the heavy series was 0.5. There were seven AlsO3
inclusions with inclusion sizes between 3 and 8 um. The
grade of the thin series was 1.0, which agreed well with
the results of the metallographic grade assessment.

The pretreatment of GCr15 bearing steel was the same
as that of S9256 sample. Five areas were marked using

Yong Zhang, et al., Front. Phys. 11(6), 115205 (2016)
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Fig. 4 Pulse sequence and the 2D elemental distribution map for aluminum (the sample number is S9256).
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Fig. 5 Schematic diagram of the scanning area and sliding window.

LIBS, with each marked area being 3 x 3 mm?. The scan-
ning analysis was performed using LIBS in the marked
areas after the Al;O3 inclusion size distribution was de-
termined using SEM/EDS, and the data acquired using
LIBS were organized in descending order. An AlyO3 in-
clusion size calibration curve was established according
to the statistical results obtained using SEM/EDS, and
the data treatment was similar to that for S9256 sample.
The Al;Oj3 inclusion size calibration curve is shown in
Fig. 6.

Another GCrl5 bearing sample was polished using
metallographic sand paper, on which an area of 5 x
5 mm? was marked using LIBS. The evaluation of the
steel cleanness grade was performed using the metallo-
graphic microscope method, which showed that the met-
allographic inclusion rating was 0.5 (three Al,O3 inclu-
sions in the size range of 8-13 wm were observed under
a magnification of 100) for the heavy series, whereas the
thin series was 1.0 (seven Al,Oj inclusions in the size
range of 3-8 um were observed under a magnification of
100). The scanning analysis was performed in the area
marked using LIBS,; and the number of the acquired data
points was 2601. The 2601 data points were converted

Yong Zhang, et al., Front. Phys. 11(6), 115205 (2016)

y = Intercept +
Equation BI*xM + B2¥x"2

Weight No Weighting

Residual sum of 11337.59407

Squares

| Adj. R-square 0.99486
4000 Value Standard error
Intercept 214816132 76.89708
Intensity Bl -106.61475 34.9658 /
B2 31.30694 3.14388 /
-
3 /
s 3200 e
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Al,Oj inclusion size (pm)
Fig. 6 Al>Og3 inclusion size calibration curve for GCrl5

bearing steel.

into a 51 x 51 data matrix, from which a 7 x 7 data
matrix was taken as a sliding window. There were three
Al;O3 inclusions with an inclusion sizes between 8 and
13 pum in the sliding window, and the heavy series grade
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Table 2 Comparison of the inclusion rating results for samples S9254 and GCr15 obtained using LIBS and the metallographic

method.
LIBS metallographic method

Largest number of AlaO3 3 (for heavy series) 3 (for heavy series)
inclusions (sample S9254) 7 (for thin series) 6 (for thin series)
Largest number of Al2O3 3 (for heavy series) 3 (for heavy series)
inclusions (sample GCr15) 8 (for thin series) 7 (for thin series)

Heavy series (sample S9254) 0.5 0.5

Heavy series (sample GCr15) 0.5 0.5

Thin series (sample S9254) 1 1

Thin series (sample GCrl15) 1 1
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was 0.5. There were eight Al,Og3 inclusions with inclu-
sion sizes between 3 and 8 pm in the sliding window,
indicating a grade of the thin series of 1.0. The results of
the grade assessment agreed with those obtained employ-
ing the metallographic method. The results of the grade
assessment of samples 59254 and GCrl15 obtained using
LIBS and the metallographic method are compared in
Table 2.

4 Conclusion

Traditionally, the globular oxide inclusion ratings in steel
are evaluated via the metallographic method; however,
this method is time-consuming, requiring a few hours
to evaluate the steel cleanness grade. In this study, the
globular oxide inclusion ratings of carbon steel (sample
59256) and bearing steel (GCrlb) samples were evalu-
ated using the LIBS scanning mode, and the Al,Og3 in-
clusion size distribution was obtained using SEM/EDS.
The intensities of insoluble and soluble aluminum hit by
a laser pulse could be distinguished based on a mathe-
matical model, and an AlyOj3 inclusion size calibration
curve was established. The results of the metallographic
inclusion rating obtained using LIBS agreed well with
those obtained utilizing the metallographic microscope
method, and LIBS only required approximately 25 min
to acquire 961 data points. Therefore, the LIBS method
can be used to rapidly evaluate the globular oxide inclu-
sion rating in steel.
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