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Three-Dimensional Imaging of Non-metallic
Inclusions in Steel Using lonoluminescence

SUSUMU IMASHUKU

Obtaining information on the morphology, size, distribution, and chemical composition of
non-metallic inclusions in steel helps control the steel production process and the quality of the
steel products. Two-dimensional analysis is commonly used to acquire this information;
however, more accurate data can be obtained through three-dimensional analysis, leading to a
better control of the quality of steel products and their production process. Currently, several
techniques are proposed for the three-dimensional analysis of non-metallic inclusions; however,
they are time consuming. Herein, the author presented a method to rapidly obtain
three-dimensional images of non-metallic inclusions in steel using ionoluminescence (IL). A
three-dimensional image of MgO-Al,O; spinel inclusions was constructed based on
two-dimensional IL images obtained every 10 min during argon—ion bombardment. The
proposed IL imaging can cover an oval-shaped area of 1.17 mm x 0.26 mm on the semi-major
and in the semi-minor axes, respectively, at a single measurement. Three-dimension images of
MgO-Al,O; spinel inclusions with sizes more than 20 um can be obtained within 4 hours.
Therefore, the IL imaging proposed here can provide a precise and rapid account of the effects
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of non-metallic inclusions on steel products and the steel production process.
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I. INTRODUCTION

NON-METALLIC inclusions in steel include oxides
(e.g., AlL,O3, MgO-Al,O; spinel, CaO-Al,03, and Si0O,),
sulfides (e.g., MnS and CaS), and nitrides (e.g., AIN,
BN, and TiN). These inclusions are problematic for steel
products because they can induce the formation of
cracks and surface defects as well as the breakage of
steel wires during drawing. They can also result in
hydrogen-induced cracking, fatigue failure, low ductil-
ity, and low-temperature embrittlement.l' *! Moreover,
they can cause problems, such as nozzle clogging during
continuous casting, within the steel production pro-
cess.l' 3 Thus, the analysis of non-metallic inclusions in
steel is important for steel production. Because the
mechanical properties of steel are largely controlled by
the morphology, size, volume fraction, distribution, and
chemical composition of the non-metallic inclusions,
such information is investigated during the analysis of
non-metallic inclusions in steel.*> The morphology,
size, distribution, and chemical composition of the
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non-metallic inclusions are most commonly observed
in the two-dimensional cross-section of polished steel
samples using optical (metallographic) microscope and a
scanning electron microscope (SEM) equipped with an
energy-dispersive X-ray (EDX) spectrometer./*” How-
ever, these two-dimensional analytical methods do not
always reflect the actual (three-dimensional) morphol-
ogy, size, and distribution of the non-metallic inclusions.
For example, using two-dimensional analysis, spherical
inclusions are observed as circles with diameters smaller
than their actual diameters.”® The morphology and size
of non-metallic inclusions with complicated shapes, such
as oval-shaped particles and long sinuous bars, are
strongly affected by the observation positions of the
two-dimensional cross-section and the direction of the
polish applied to the sample.l” Thus, three-dimensional
observation of non-metallic inclusions can provide
precise information on their morphology and distribu-
tion, leading to a better understanding of the effects of
non-metallic inclusions on the steelmaking process and
the properties of steel products.

Several analytical techniques, such as extraction
method, serial sectioning, and X-ray computed tomog-
raphy, are used to obtain three-dimensional morpholo-
gies and spatial distributions of the non-metallic
inclusions in steels. Extraction method involves extract-
ing non-metallic inclusions by chemically or electrolyt-
ically dissolving steels and observing the inclusions,
which are collected through filtration, using optical
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microscope or SEM—EDX.!*) This method can provide
information on the three-dimensional morphology of
the non-metallic inclusions. However, the inclusions are
easily destroyed before the observation, which might
hinder the understanding of their actual morphology.
Moreover, the spatial distribution of the non-metallic
inclusions in steels cannot be obtained by extraction
method. Serial sectioning is a method to construct
three-dimensional images based on individual two-di-
mensional images obtained by continuous sectioning via
mechanical polishing followed by the observation using
optical microscope or SEM—EDX.!""! Mirror polished
surfaces are required to obtain each two-dimensional
image, and thus, serial sectioning is time consuming.
Some cutting methods are presented for serial sectioning
to produce mirrored surfaces without mechanical pol-
ishing;[”] however, obtaining three-dimensional imaff’es
based on these images is still time consuming.'”
Focused ion beam (FIB) is also used to rapidly obtain
a mirrored surface of steels for serial sectioning.['>"'¥
However, it can only polish areas of tens of micrometers
(less than 30 x 30 um)!'>'% at a time, indicating that
observing areas at the millimeter scale would take longer
time. X-ray computed tomography can obtain three-di-
mensional images of non-metallic inclusions in alu-
minum!'”! and steel.['®) However, this method is also
time consuming!'® and requires a synchrotron facility to
use high energy X-rays that can penetrate the iron
matrix, indicating that it is not an accessible method.
Therefore, an analytical technique that can rapidly
obtain three-dimensional images of non-metallic inclu-
sions in steels at the laboratory scale is still required.

Ionoluminescence (IL) or ion-beam-induced lumines-
cence imaging is used in image projection based on the
phenomenon of light emission induced from materials
during ion bombardment.!"”! IL is a promising method
that can satisfy the abovementioned requirements for
three-dimensional imaging of non-metallic inclusions in
steels. Because the ion bombardment can etch materials,
three-dimensional images can be constructed by inter-
mittently capturing IL images during ion bombardment.
Few studies have been reported on IL three-dimensional
imaging; for example, a study was conducted for the
acquisition of surface structural information of lumines-
cent samples (e.g., lapis lazuli) using IL.?® The author
previously demonstrated that cathodoluminescence (CL)
imaging, which uses the same mechanism as IL but with
electron bombardment instead of ion bombardment, can
provide two-dimensional images of non-metallic inclu-
sions in steels, such as MgO-Al,O3 spinel,[zl’z‘”
ALO;,P'? calcium aluminates,® rare-earth oxides
(LayO,, CeO,, and Nd,05),*% CaS,” BN,*” and
AINP7! inclusions. This indicates that the IL images of
these non-metallic inclusions could be obtained.

The objective of this study is to present a method for
rapidly obtaining three-dimensional images of
non-metallic inclusions in steels using IL imaging. To
establish this method, the author obtained and investi-
gated the IL images and spectra of MgO-Al,O3 spinel
inclusions in Al-killed stainless-steel. MgO-Al,O5 spinel
inclusion is one of the most harmful inclusions for steel
products and steelmaking process owing to its high
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melting temperature and poor deformability.?® 3% In
particular, MgO-Al,O3 spinel inclusions can cause
problems during the production of stainless-steels and
degrade the quality of the final products because they
lead to the deterioration of the corrosion resistance of
stainless-steels as well as the development of surface
defects and cracks in their structures and they cause
causes nozzle clogging during continuous casting.”® 3"
Thus, acquiring three-dimensional images of
MgO-Al,O; spinel inclusions is critical for safe opera-
tion and production of stainless-steels with high clean-
liness and high corrosion resistance. To the best of the
author’s knowledge, the proposed method is the first
one to employ IL imaging for the acquisition of
three-dimensional images of inclusions in steels.

II. EXPERIMENTAL

Three-dimensional IL imaging of MgO-Al,O; spinel
inclusions was conducted for a model Al-killed stain-
less-steel sample. The model sample was prepared by
melting metal powders consisting of stainless-steel (Fe, Cr,
Ni, and Mn) and a metal deoxidizer (Al) under inert gas
atmosphere.?'>*233¢ Half of a mixture of 68 mass pct
electrolytic Fe powder (purity: 95 pct, Wako Pure Chem-
ical Industries, Ltd., Osaka, Japan), 20 mass pct Cr
powder (purity: 99.9 pct, Kojundo Chemical Laboratory
Co., Ltd., Saitama, Japan), 10 mass pct Ni powder (purity:
99 pct, Wako Pure Chemical Industries, Ltd., Osaka,
Japan), 1 mass pct Mn powder (purity: 99.9 pct, Kojundo
Chemical Laboratory Co., Ltd., Saitama, Japan) were first
placed in a MgO crucible, and 1 mass pct Al powder
(purity: 99.9 pct, Kojundo Chemical Laboratory Co.,
Ltd., Saitama, Japan) was placed on the mixture. Next, the
remaining half of the mixture was placed on the Al
powder. The mixture for the model sample (5 g) was heated
at 1560 °C for 30 min before being cooled to room
temperature at 5 °C min ' under Ar atmosphere at a flow
rate of 200 mI'min~'. The surface of the model sample was
polished using 600-, 1200- and 2400-grid abrasive sheets
and finished using a water-free 1-um diamond slurry.

A custom IL system was used to obtain images of the
non-metallic inclusions in the model sample (Figure 1).
IL images were captured using a digital mirrorless
camera (a7RII, Sony Corp., Tokyo, Japan) equipped
with a zoom lens (LZH-10A-05T, Seimitu Wave Inc.,
Kyoto, Japan) through a quartz viewport by bombard-
ing the model sample with ions using an ion beam
generated using an ion gun (IS 40El, Precision and
Vacuum  Technology, Rogoéw, Poland). The
detectable wavelength range of the camera was
420-680 nm. The chamber for the model samples was
pumped using turbomolecular and rotary pumps to a
base pressure below 2.0 x 10> Pa. During the ion beam
bombardment, helium (purity: 99.995 pct), neon (purity:
99.999 pct), or argon (purity: 99.9999 pct) was intro-
duced into the sample chamber, and the pressure of the
chamber near the ion gun was kept at 5x 10~* Pa using a
variable leak valve. The acceleration voltage and emis-
sion current of the ion gun were set to 5 kV and 10 mA,
respectively. Luminescence spectra were also obtained
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using the IL system by replacing the quartz viewport
with a flange to enable the introduction of an optical
fiber with a plano-convex lens at its tip. The light
emitted from the model sample was collected through
the optical fiber and transmitted to a spectrometer
(QE65Pro, Ocean Optics Inc., Largo, Florida).

The model sample was also observed and character-
ized using a SEM device (TM3030 Plus, Hitachi
High-Technologies Co., Tokyo, Japan) equipped with
a silicon drift EDX detector (Quantax70, Bruker Corp.,
Billerica, Massachusetts) and an optical microscope
(VHX-1000, KEYENCE Corp., Osaka, Japan).

III. RESULTS AND DISCUSSION
A. Effect of Ion Species on IL Intensity

Tons of an insert gas, such as helium, neon, and argon,
were used for the acquisition of IL images to prevent the
reaction between the ions and the model sample. First, the
Iuminescence spectra of MgO-Al,O5 spinel were investi-
gated to select the inert gas with the strongest lumines-
cence intensity. The sample for used to obtain the
luminescence spectra was prepared by pressing a
MgO-Al,O;5 spinel powder (purity: 99 pct, Alfa Aesar,
Ward Hill, Massachusetts) into a pellet (dimeter: 30 mm

Camera

Zoomlens

1

View port
(Quartz)
(b)

Fig. 1-—(a) Photograph and (b) schematic illustration of the custom
IL system (Color figure online).
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and thickness: 2 mm) at 140 MPa. The luminescence
spectra that were obtained by bombarding the sample
with helium, neon, and argon ions exhibited similar
shapes [Figure 2(a)]. All the peaks coincided with the
MgO-Al,O5 spinel peaks reported in previous stud-
ies.**37% Argon—ion bombardment provided the stron-
gest luminescence intensities for all the detected peaks of
MgO-Al,O;5 spinel because argon generate the highest
number of ions in the chamber. Because argon has the
lowest ionization energy among the ions examined in this
study (i.e., He: 24.59 eV, Ne: 21.56 eV, Ar: 15.76 eV), it
generated the largest number of ions among them at the
same accelerating voltage, emission current, and chamber
pressure. Hence, argon ions were used for the acquisition
of IL images in the following experiments.

During argon-ion bombardment, MgO-Al,O5 spinel
emitted green luminescence [Figure 2(b)], corresponding
to a peak at 520 nm, which can be attributed to Mn*"
substituting tetrahedrally coordinated Mg?> " [37-38:40-44]
The peaks observed at around 700 nm can be attributed
to Cr’" substituting octahedrally coordinated
APt B73841483] Thege peaks exhibited the strongest
intensities among all the observed peaks; however, the
luminescence corresponding to these peaks was not
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Fig. 2—(a) IL spectra obtained by bombarding the MgO-Al,O3
spinel pellet with helium, neon, and argon ions (acquisition time: 1
s). (b) IL image of the MgO-Al,O3 spinel pellet during argon-ion
bombardment (exposure time: 1.3 s) (Color figure online).

VOLUME 55B, AUGUST 2024—2461



detected because most of their wavelength regions were
out of the detectable wavelength range of the camera.
Thus, MgO-Al,O; spinel inclusions are expected to emit
green luminescence in IL images.

Next, a dimple was formed in a specimen made of Type
304 stainless-steel, of which the composition is similar to
that of the model sample, using argon-ion bombardment,
and its area and depth were investigated. An oval-shaped
dimple was formed after 1-hour bombardment of argon
ions [Figures 3(a) and (b)). Figures 3(c) and (d) revealed
that the depth of the dimple was between 40 and 50 um,
indicating that the etching rate is approximately 0.75 um
min ' for Type 304 stainless-steel. The area of the
oval-shaped dimple (depth of less than 45 um) was
stretched to 1.17 mm x 0.26 mm on the semi-major and
semi-minor axis, respectively. This areca was approxi-
mately 1000 times larger than the area that can be etched
by conventional FIB.

B. Three-Dimensional IL Image of MgO-Al,O; Spinel
Inclusions in Model Sample

Based on the effects of the ion species on the IL
intensity of MgO-Al,Oj5 spinel, IL images of MgO-Al,O;
spinel inclusions in the model Al-killed stainless-steel
sample were obtained by bombarding it with argon ions.

(a)

Based on these two-dimensional IL images, a three-di-
mensional image of the MgO-Al,O3 spinel inclusions
was constructed. Figure 4 shows the region for which
the IL images was obtained. The MgO-Al,O3 spinel
inclusions were present in areas comprising Mg and Al
[Figures 4(b) and (c)], where the atomic ratios of Mg to
Al were confirmed to be close to 1:2 by EDX point
analysis. The presence of MgO-Al,O3 spinel was also
confirmed by CL analysis because the areas that emitted
green luminescence and their CL spectra coincided with
those illustrated in Figure 2(a), as shown in supplemen-
tary Figure S-1 (refer to Electronic Supplementary
Material).

To construct a three-dimensional image of the
MgO-Al,O; spinel inclusions, IL images of the model
Al-killed stainless-steel sample were obtained every 10
min during argon-ion bombardment. Assuming that the
model sample was etched at the same rate as Type 304
stainless-steel (0.75 pm min '), the IL images were
captured at a depth interval of 7.5 um. As shown in
Figure 5, areas emitting green luminescence decreased
with time, and almost all areas did not emit lumines-
cence after bombardment for 240 min, indicating that
MgO-Al,O; spinel inclusions were sputtered by the
argon ions within 240 min. Based on the IL images
captured every 10 min, a three-dimensional image of the
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Fig. 3—(a) Photograph of Type 304 stainless-steel after 1-h bombardment of argon ions. (b) Optical microscope image of the region enclosed
with the dotted line in (a). Depth profiles along the arrows (¢) A and (d) in (b) (color).
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(b) 100 um (c)

100 um
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Fig. 4—(a) Backscattered electron image obtained by SEM, and EDX elemental mappings of (b) Mg, (¢) Al, and (d) Fe for an area where the IL

image was obtained.

MgO-Al,O; spinel inclusions was constructed (Figure 6).
The shape of most MgO-Al,Oj spinel inclusions, such as
inclusions 1-4, whose sizes were more than 20 um,
(Figures 5(b) and 6) was ellipsoid, which was in good
agreement with previously reported shapes of
MgO-Al,O5 spinel inclusions in Al-killed steels.[*>>!
The morphology of the MgO-Al,Os spinel inclusions
changes with the progression in the steelmaking process
proceeds; MgO-Al,O3 spinel inclusions exhibit ellipsoid
or spherical shapes at the initial stage and rectangular or
rhombohedron shape at the final stage.°” The present
experimental conditions (1560 °C for 30 min) corre-
spond to the initial stage of steelmaking. A three-di-
mensional image in another area of the model Al-killed
stainless-steel sample also confirmed that MgO-Al,O3
spinel inclusions with the sizes more than 20 um
exhibited ellipsoid shapes as shown in supplementary
Figure S-2 (refer to Electronic Supplementary Material).
These results indicate that the present IL imaging can
provide three-dimensional image of MgO-Al,O3 spinel
inclusions with the sizes more than 20 ym. In contrast,
some-size MgO-Al,O5 spinel inclusions, such as inclu-
sions 5 and 6, whose sizes were approximately 10 um,
(Figures 5(b) and 6) showed a cylindrical shape, which is
not a normal shape for MgO-Al,O5 spinel inclusions.
This might be because these inclusions were not well
sputtered by argon-ion bombardment. The model sam-
ple showed significant rough surface by the argon-ion
bombardment for 240 min (Figure 7). Thus, these
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MgO-Al,O; spinel inclusions might be located in regions
not reached by the argon ions, such as cleavages. Thus,
to obtain precise information on the shapes of these
small inclusions, the surface of the sample should be as
smooth as possible during etching by conducting it at a
lower beam current than the value used here. Neverthe-
less, the method presented here is promising for obtain-
ing three-dimensional images of MgO-Al,O3 spinel
inclusions in steels because appropriate information
was obtained on the shapes of most MgO-Al,O3 spinel
inclusions examined in this study. To consolidate the
present IL imaging, three-dimensional images obtained
using the IL imaging should be compared with those
obtained uing other three-dimensional imaging tech-
niques, such as X-ray tomography, which will be future
work.

The present IL imaging can obtain three-dimensional
image of MgO-Al,O3 spinel inclusions with the sizes
more than 20 um [inclusion 1-4 in Figure 5(b)], which
conventional FIB-SEM cannot analyze as the maxi-
mum area that it can measure is 30 x 30 um. The
acquisition time for the three-dimensional image of
MgO-Al,O5 spinel inclusion was 4 hours, which is
shorter than those of the extraction method, serial
sectioning via mechanical polishing or cutting, and
X-ray computed tomography. Although three-dimen-
sional images of non-metallic inclusions with sizes of
dozens of micrometers or less than 10 um are critical for
practical steel products, nevertheless, the present IL
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Fig. 5—(a) Backscattered electron image obtained using SEM, and the corresponding IL images obtained after argon-ion bombardment for (b)
0, (¢) 50, (d) 70, (e) 80, (f) 120, (g) 160, () 190, and (i) 240 min (Color figure online).

imaging is the first step to realize a technique that can
rapidly obtain three-dimensional images of non-metallic
inclusions in steels.

IV. CONCLUSIONS

The author has proposed a method to rapidly
establish three-dimensional images of MgO-Al,O5 spinel
inclusions in a model Al-killed stainless-steel sample
based on continuous two-dimensional IL images
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obtained during ion bombardment. In the IL images,
the MgO-Al,O; spinel inclusions emitted green lumines-
cence, and the argon-ion bombardment provided the
highest Iuminescence intensity. Three-dimensional
images of MgO-Al,O; spinel inclusions were obtained
based on the IL images captured every 10 min while
bombarding the model Al-killed stainless-steel sample
with argon ions. The IL imaging presented here can
cover an oval-shaped area of 1.17 mm x 0.26 mm on the
semi-major and semi-minor axes, respectively, at a time,
and it can generate three-dimensional images of the
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Fig. 6—Three-dimensional images of MgO-Al,O;5 spinel inclusions in the model sample constructed based on their two-dimensional IL images
from different angles. The x and y axes in the images correspond to those in Fig. 5(b).

100 um

Fig. 7—SEM secondary electron image of the area where argon ions
were bombarded on the model sample for 240 min.

MgO-Al,O; spinel inclusions with the sizes more than 20
um within 4 hours. Therefore, acquiring IL images is an
efficient method to rapidly construct three-dimensional
images of MgO-Al,O; spinel inclusions in steels. In
future studies, the author will investigate the applica-
bility of the present IL imaging to other non-metallic
inclusions such as Al,Os3, CaO-Al,O3, BN, AIN, MnS,
and CaS.
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