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Evolution Mechanism of Oxide Inclusions
in Titanium-Stabilized AlIS| 443 Stainless Steel
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The evolution mechanism of oxide inclusions in Ti-bearing AISI 443 stainless steel was
investigated by industrial experiment and thermodynamic calculation. The chemical
compositions of steel and the characteristics of inclusions in steel were analyzed. After the
addition of Al, the main type of inclusions in molten steel was irregular MgO-Al,Oj5 spinel. The
MgO-Al,O5 inclusions were modified to be spherical CaO-Al,03-MgO inclusions after calcium
treatment. Thermodynamic calculation results indicated that several ppm Ca could significantly
expand the liquid oxide phase field and decrease the stability of spinel. After titanium addition,
two types of inclusions were formed: spherical Al,O5-TiO, inclusions and complex
Ca0-TiO,-Al1,03-MgO inclusions. The compositions of steel after Ti addition were mostly
located in Al,O5-TiO, stability phase field. Based on the characteristics of inclusions in steel and
thermodynamic calculation, inclusions consisting of liquid and CaTiO3 were formed in molten
steel with more than 10 ppm Ca during the Ti addition process. The evolution mechanism of
oxide inclusions was discussed with the consideration of the initial calcium content before Ti

addition.
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I. INTRODUCTION

TITANIUM has been widely used as an alloy element

in stainless steel to suppress chromium carbide precip-
itation at grain boundary through the formation of
more stable titanium carbide, which substantlallgf
improves the resistance to intergranular corrosion.
In addition, the heterogeneous nucleation of delta ferrite
on the TiN formed during primary solidification of
stainless steel promotes the generation of the equiaxed
fine-grained structure.l’) However, the presence of oxide
inclusions generally causes serious clogging of sub-
merged ent 7%/ nozzle (SEN) and surface defects of steel
products.* 7 Thence, it is crucial to predict and control
the formation of oxide inclusions in Ti-bearing stainless
steel during steelmaking process.

Aluminum is a common final deoxidizer for its high
oxygen affinity, which is usually added before the Ti
alloy addition to reduce the formatlon of Ti-containing
inclusions and improve Ti yield.®*! However, alumina
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and spinel (MgO-Al,O5) inclusions formed after the Al
addition generally lead to the clogging of SEN.I0!2
Many researchers have found that calcium treatment
was an effective countermeasure to modify Al,Oz or
MgO-Al,O; (MA) inclusions to harmless liquid calcium
aluminate inclusions, which could prevent the cloggmg
of SEN during Al-killed steelmaking process.

et al™ have described calcium modification of alu-
minum oxide inclusions using thermodynamic data.
They suggested that it is much easier to modify alumina
inclusions in a melt with moderate S content at the early
treatment stage when temperature is high and particle
size is small. The modification of spinel 1nclu510n in
liquid steel was investigated by Itoh er al!'¥ The
thermodynamic calculation results indicated that 1
ppm Ca in the steel at 1873 K modified the alumina to
the liquid phase and decreased the stability of spinel
(MgO-Al,05) inclusions. Park er al.'> have investigated
the inclusion control of ferritic stainless steel by alu-
minum deoxidation with calcium treatment and con-
cluded that the transformation from alumina to calcium
aluminates could be controlled bﬁ}/ the diffusion of
aluminate polyanions. Yang er al.l'® have observed the
MgO-Al,O3-CaO inclusions modified from MgO-Al,O3
spinel inclusions after the calcium treatment. They
found that many MgO-Al,O5-CaO inclusions have a
two-layer structure: an outside CaO-Al,O3 layer and a
MgO-Al,O; core. It was also found that steel/slag
reaction had a great effect on changing the morphology
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and composition of alumina and spinel inclusions.!'”

Jiang er al'”! have discussed the evolution mechanisms
of non-metallic inclusions in molten steel refined by high
basicity slag. They found that solid MgO-Al,O; and
MgO inclusions would be inevitably and gradually
transformed into CaO-MgO-Al,O5; system inclusions
with lower melting temperature (< 1773 K) with the
increase of Ca content in molten steel due to the reaction
of steel and high basicity slag.

The presence of titanium in Al-killed molten steel
generally causes more severe clogging of the submerged
entry nozzle than Ti-free steel, and the titanium oxide
inclusions have been suggested as a possible
cause.>*181) Thys, many studies of thermodynamic
and characteristic of non-metallic inclusions in Al-killed
Ti-bearing steel have been carried out.”*>" Matsuura
et al.*” Jung et al.*? and Van er al.”** pointed out that
Al,O3, Ti,03, Tiz0s, and Al TiOs were equilibrium
phases of the AIl-Ti-O system in molten steel. Wang
et al.”>2% found when the Ti/Al ratio in the melt was
increased to 15/1 within the Al,TiOs stable phase region,
the inclusion population evolved from sgp])herical-domi-
nant ones to irregular ones. Zhang et al.”*! reported that
irregular titanium aluminates inclusions were generated
due to high titanium concentration (nearly 0.5 mass pct)
in the melt. As mentioned above, calcium treatment in
Al-killed steel has been widely investigated.!'>'"! How-
ever, only a few available reports have discussed the
formation mechanism of oxide inclusions in Al-killed,
Ti-bearing stainless steel with Ca treatment.[!93033
Kruger et al.”” have investigated the effect of calcium
treatment on the evolution of spinel (MgO-Al,O3)
inclusions in titanium-stabilized AISI 409 stainless steel
on an industrial scale. They reported that modification
to spherical dual-phase spinel-liquid matrix inclusions
was achieved with calcium addition, which eliminated
the clogging of SEN for this grade. Kim er al.®" found
Ca0-Si0,-Al,05-MgO-TiO, inclusions in Al-Ti deoxi-
dized 304 stainless steel. They pointed out that reducing
slag basicity (pct CaO/pct SiO,) was the most effective
way to avoid the harmful inclusions with CaO-TiO,
crystallized phase. The effect of Ca and Ti addition
sequence on the inclusion behavior in Al-killed stainless
steel have been investigated by Seo et all*?! The
experimental results indicated that conducting Ca treat-
ment prior to Ti alloying could reduce the formation of
spinel inclusions. Zheng er al.”) investigated the clogging

treatment, and found two types deposition, namely
TiN and CaO-TiO,. Qian e al.'” also found that the
CaO-TiO,-rich (CaO-TiO,-Mg0O-Al,0O3) complex inclu-
sions in Ti-bearing stainless steel were mainly inclusions
in the clogging of SEN. What is more, the effect of
calcium content on the formation of oxide inclusions in
titanium-stabilized AISI 443 stainless steel has never
been specifically studied yet.

In current work, to reveal the evolution mechanism of
oxide inclusions in Ti-bearing 20Cr stainless steel, steel
samples were taken at different stages in industrial trial.
The characteristics of inclusions in steel samples were
determined by scanning electron microscopy and
energy-dispersive X-ray spectroscopy (SEM + EDX).
The formation mechanism and phase stability of inclu-
sions observed in steel were investigated with the aid of
thermodynamic calculation. At the same time, the effect
of the initial calcium content before Ti addition on the
evolution of oxide inclusions was discussed through the
coupling of thermodynamics calculation and experimen-
tal results.

II. METHODOLOGY

A. Experimental Procedures

The characteristics of inclusions in industrially pro-
duced AISI 443 stainless steel were investigated. The
steelmaking process of titanium-bearing stainless steel
was 100 ton electric arc furnace (EAF) — 100 ton
argon oxygen decarburization furnace (AOD) — 100
ton vacuum oxygen decarburization (VOD) — 100 ton
ladle furnace (LF) — continuous casting (CC),” as
shown in Figure 1. Scrap and alloy were melted in the
EAF, and then the molten steel was subsequently
decarburized, deoxidized, and desulfurized in AOD.
Before tapping into the ladle, most of the slag was
removed. The ladle refractory was made by MgO-chro-
mite bricks. After the additional decarburization and
degassing in the VOD, ferrosilicon was added to
deoxidize. During LF refining process, aluminum was
added first for additional deoxidation. Then, titanium
wire was added after calcium treatment in LF. When the
chemistry and temperature were on specification, the
heat was transported to the continuous casting

of SEN of Ti-bearing 321 stainless steel with Ca platform.
Ca
treatment
Al Ti alloy
deoxidizer l
AOD VYOD > LF > CC
AN
2nd
1st 3rd 4th

Fig. 1-—Schematic illustration of sampling locations.
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Table I. Chemical Compositions of Steel Samples in Three Heats (Mass Percent)

Heat No. Sample No. Ti Al Ca Mg (0)
A Al 0.0009 0.016 0.0011 0.0006 0.0074
A2 0.0017 0.016 0.0016 0.0005 0.007
A3 0.3 0.017 0.0007 0.0004 0.0066
A4 0.27 0.016 0.0004 0.0004 0.0066
B Bl 0.0014 0.0045 0.0013 0.0008 0.0086
B2 0.0023 0.0076 0.0023 0.0008 0.0067
B3 0.21 0.012 0.0012 0.0007 0.0035
B4 0.18 0.012 0.0002 0.0005 0.0050
C Cl 0.002 0.013 0.0011 0.0006 0.0046
C2 0.0012 0.012 0.0007 0.0006 0.0037
C3 0.2 0.017 0.0005 0.0005 0.0035
C4 0.17 0.012 0.0002 0.0006 0.0033

Three heats of experiments were totally carried out.
Steel samples were taken before the addition of Ca,
before feeding titanium wire, at 10 minutes after the
addition of Ti, and at the end of LF refining, respec-
tively. The lollipop steel samples taken in the steelmak-
ing process were immediately quenched in water.
Schematic illustration of sampling locations is shown
in Figure 1.

B. Composition Analysis and Inclusion Characterization

Obtained steel samples were prepared for chemical
analysis and inclusion observation. The total oxygen
contents were analyzed by the inert gas fusion-infrared
absorptiometry method with an accuracy of + 1 ppm.
The acid-soluble Al, Ca, and Mg contents in steel were
determined by the inductively coupled plasma optical
emission spectrometry method (ICP-OES) with £ 5 pct
relative standard deviation. The alloying element con-
tents in steel were measured by the alkali fusion acid
dissolution method. The chemical compositions of steel
specimens are shown in Table I. The morphologies and
compositions of non-metallic inclusions on the mir-
ror-polished surfaces of the steel specimens were ana-
lyzed with the aid of an automatic scanning electron
microscope (EVO18-INCAsteel, ZEISS Co., Ltd.), com-
bined scanning electron microscopy (SEM) with
energy-dispersive X-ray spectroscopy (EDS). The max-
imum diameter of the inclusion was defined as the size of
the inclusion. For the accuracy of automated EDS
analysis of inclusions, the size was taken larger than
1 um, because the interaction volume may spread into
the steel and excite electrons from the surrounding
environment of the inclusions with diameters smaller
than 1 pm 437

III. RESULTS AND DISCUSSION

A. Characterization of Inclusions

After the addition of Al in LF, the main inclusions
were MgO-Al,O5; (MA), as shown in Figure 2(a). At the
same time, a few Al,O; and MgO-Al,05-CaO was also
observed. According to the irregular shape of the
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inclusions, it is clear that they were solid at steelmaking
temperatures. Elemental mapping of a typical
MgO-Al,O;5 inclusion is shown in Figure 3(a). The
compositions of Al, Mg, and O in the square inclusion
were homogeneous. The MgO-based refractory supplied
soluble Mg in molten steel to form MgO in
inclusions. %383

After the calcium treatment, the typical type of
inclusions was spherical CaO-Al,05-MgO, as shown in
Figure 2(b). Elemental mapping of a typical CaO-
Al,O03-MgO inclusion is shown in Figure 3(b). This
inclusion consisted of a spinel crystal embedded in a
Ca0-Al,0O3 liquid matrix. The non-uniform distribution
of the inclusions was related to the difference of
modification ability of MgO-Al,O3 spinel and alumina
with calcium treatment. It has been reported that the
modification of spinel with calcium was less effective
than the modification of pure alumina.l>#* 4%

After the addition of Ti-cored wire, two typical
inclusion types were found: homogeneous small size
Al,O3-TiO, inclusions (Figure 2(c1)) and complex large
size CaO-TiO,-Al,05-MgO inclusions (Figures 2(c2)
and (c3)). The morphologies of inclusions were different,
including irregular shape and spherical shape.
Figure 3(c) shows an elemental mapping of a multilayer
inclusion. As can be seen, the inclusion could be divided
into two layers: the inner layer was an irregular shape
MgO-Al,O5; core, and the main compositions of the
outer layer were Ca0O-Al,05-TiO,.

At the end of LF, the types of inclusions were
essentially the same as those after titanium addition,
as shown in Figure 2(d). With the agitation of argon
gas in liquid steel, the inclusions gradually polymer-
ized and floated up, which led to the decrease of total
oxygen content during LF refining process.P¥ A
polymerized inclusion was observed in steel specimen
taken at the end of LF, as shown in Figure 2(d3).
Figure 3(d) shows an elemental mapping of a dual-
phase inclusion, with a MgO-Al,O3 spinel core and a
Ca0-Al,03-TiO, outer layer. The size of the inner
core of inclusions in sample 4 was usually smaller
than that of sample 3, which might be due to the
ongoing reaction between molten steel and inclusions
after the addition of titanium.
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To investigate the evolution of inclusions, the com-
positions of inclusions in steel samples were projected
onto the 1873 K isotherm of CaO-MgO-Al,O3 ternary
system phase diagrams, as shown in Figure 4. The phase
diagram and liquid oxide phase field (red outlined area)
of the CaO-MgO-Al,O5 ternary system at 1873 K were
marked with the aid of FactSage™ 7.0 software. In the
Ca0-Al,03-MgO phase diagram, there was an all liquid
area with the CaO content ranging from 27 to 57 wt pct.
This indicated that reasonably increasing the CaO
content in MgO-Al,O3 inclusions could make the
composition of inclusions in the liquid area. After the
addition of aluminum, the main compositions of inclu-
sions concentrated in or around the spinel (MgO-Al,O3)
region with a small amount of CaO. The MgO contents

e

(1)

ALO;

Fig. 3—Elemental mapping of typical inclusions at each stage: (a) p

MgO-AlL,O; inclusion after Al addition. (b) Multilayer
CaO-MgO-Al,O5 inclusion after calcium treatment. (¢) Multilayer
Ca0-MgO-Al,05-TiO, inclusion 10 min after Ti addition in LF. (d)
Multilayer CaO-MgO-Al,O3-TiO, inclusion at LF end.

of inclusions in sample Bl were slightly higher than
those of samples Al and C1, which might be due to the
high Mg content and low Al content in sample B1. After
calcium treatment, the CaO contents of most inclusions
in sample A2 and sample B2 have increased. Meanwhile,
the CaO content of inclusions in sample C2 containing
lower Ca content increased less. It can be seen that the
inclusion compositions were close to the liquid oxide
phase field. After the addition of titanium, the Al,O3

(a3)
ALO; MgO-CaO

l_llgl Ca0-TiO,-AlL 04 q-!-‘—'-n

Fig. 2—Morphology and composition of typical inclusions encountered in samples: (a/) irregular MgO-Al,O; inclusion, (a2) irregular Al,O3
inclusion, (a3) spherical Al,03-MgO-CaO inclusion after Al addition. (b/) Spherical CaO-Al,03-MgO inclusion, (b2) spherical CaO-Al,03-MgO
inclusion, (b3) spherical CaO-Al,03-MgO inclusion after calcium treatment. (c/) Spherical Al,O;3-TiO, inclusion, (¢2) irregular
Ca0-MgO-Al,05-TiO, inclusion, (¢3) irregular CaO-MgO-Al,03-TiO, inclusion 10 min after Ti addition. (d/) Complex CaO-TiO,-Al,03;-MgO
inclusion, (d2) complex CaO-TiO,-Al,O05-MgO inclusion, (d3) complex CaO-TiO,-Al,03-MgO inclusion at LF end.
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Fig. 4—Compositions of inclusions in steel samples, projected onto the 1873 K isotherm of the CaO-Al,03-MgO ternary diagram: (a)
compositions of inclusions in heat A. (b) Compositions of inclusions in heat B. (¢) Compositions of inclusions in heat C. (Liquid (L): Liquid
oxide, CA,: CaO-2A1,03, CA4: CaO-6Al1,03, Spinel (Spl.): MgO-Al,O5, A: ALLO3).

contents of inclusions decreased slightly. Owing to
higher Ca content in sample B3, the CaO contents of
inclusions in sample B3 were higher than that of sample
A3 and sample C3. At the end of LF refining, the
composition distribution of inclusions has not changed
much in CaO-MgO-Al,O; ternary system.

The oxidation state of titanium in molten steel was
determined from the titanium content in steel and the
oxygen partial pressure, such as TiO, TiO,, Ti;Os,
Ti,0;, and Ti 0.0 According to the previous
research, the stable deoxidized product was Tiz;Os in
the present work.”***! The mass percentages of CaO,
Al O3, and TizOs of inclusions were plotted on the
Ca0-Al,03-Ti3O5 ternary compositional diagram, as
shown in Figure 5. The phase diagram and liquid oxide
phase field (red outlined area) of the CaO-Al,O3-Ti3;05
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system under the oxygen partial pressure of Pp, = 107"
atm were calculated by FactSage™ 7.0 software. After
the addition of titanium, there were a lot of newly
formed complex Ti-containing inclusions, as shown in
Figure 5. Some inclusions in sample A3 contained high
TiO5 concentrations due to the high Ti content in
molten steel. In addition, some inclusions in sample A3
were located in or close to the perovskite region. There
were a lot of inclusions located in the all liquid oxide
phase field, (liquid + CaTiO; + CaO-2A1,03) phase
field, and (liquid + CaTiO3;) phase region in sample
B3, which might be due to the high calcium content.
Many inclusions in sample C3 were located in the all
liquid phase field and (liquid + Al,Os) phase field. At
the end of LF, the number of inclusions containing high
Ti305 in sample A4 decreased. However, there still
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Fig. 5—Composition distributions of inclusions in Ca0O-Al,03-Ti;05 phase diagrams. Solid lines represent the boundary line of different phases
at 1873 K under the oxygen partial pressure of Po, = 107! atm: (a) compositions of inclusions in heat A. (b)) Compositions of inclusions in
heat B. (¢) Compositions of inclusions in heat C. (Liquid (L): Liquid oxide, CA,: CaO-2A1,03, CAs: CaO-6A1,03, A: Al,Os, perovskite (Prv.):

CaTiO3, C3T2: 3Ca02T102, T: T1305)

existed some inclusions located in the (liquid + per-
ovskite) phase field. Just same as the composition
distribution of sample B3, many inclusions in sample
B4 were still located in the phase fields that contain
perovskite or CaO-2A1,05;. Comparing to sample C3,
the number of liquid oxide inclusions in sample C4
decreased.

B. Thermodynamic Calculation of Inclusion Formation

Spinel and alumina inclusions could lead to the
clogging of SEN 61045461 which were also observed
in the present experiment. Thus, the phase stability
diagram of Al-Mg-O system in Fe-20Cr steel at 1873 K
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was calculated with the aid of FactSage™ 7.0 software to
investigate the formation mechanism of these inclusions.
It can be seen from the phase diagram in Figure 6 that
alumina, spinel (MgO-Al,O3), and MgO are mainly
phases in molten steel with magnesium and aluminum
contents ranging from 0.1 to 100 ppm and 1 ppm to
1 wt pct, respectively. The boundary lines of each phase
field were evaluated using [O] ppm as a parameter. The
compositions of steel samples are marked in Figure 6.
As can be seen, these compositions were located in
spinel area. The main inclusions in samples taken after
aluminum addition were spinel inclusions. However,
some alumina inclusions were also observed, which
might be formed in a non-equilibrium state after the
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addition of Al. Many researchers found that calcium
treatment could effectively modify spinel or alumina
inclusions to harmless liquid inclusions, which could
prevent the clogging of SEN.I"*"173% Thus, the stability
diagrams of Mg-Al-O phase with 1 ppm and 5 ppm Ca
contents in Fe-20Cr steel at 1873 K were calculated, as
shown in Figure 7. As can be seen in Figure 7, there are
three oxide fields, wviz. all liquid oxide, spinel
(MgO-Al,05), and MgO. After the addition of 1 ppm
Ca, the spinel phase field shrunk and the Al,O3 phase
field disappeared, while the all liquid oxide phase field
appeared. The spinel stability phase field almost disap-
peared when a Fe-20Cr steel with 5 ppm calcium was
present. It can be concluded that several ppm Ca can
significantly expand the all liquid oxide phase field and
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Fig. 6—Calculated oxide stability diagram of Al-Mg-O system with
iso-oxygen contours (in ppm) in Fe-20Cr steel at 1873 K.
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decrease the size of the stability field of spinel. However,
the MgO phase field remained present with the addition
of 1 to 5 ppm Ca. The experimental results are marked
in Figure 7. Although the inclusion compositions were
located in the spinel phase field for a Fe-20Cr steel with
1 ppm Ca, most of the compositions were located in the
all liquid oxide phase field when the Fe-20Cr steel
contained 5 ppm Ca. According to the phase diagrams
in Figures 6 and 7, calcium treatment is an effective way
to modify alumlna and spinel inclusions to all liquid
oxide inclusions. What is more, Todoroki er al.** have
prevented nozzle clogging in an industrial experiment by
controlling the inclusion composition in the MgO phase
field instead of the spinel or alumina phase fields. As
shown in Figures 6 and 7, increasing the Mg content to
more than 10 ppm could promote the formation of MgO
and reduce the formation of spinel and alumina, which
might prevent the clogging of SEN.

After the addition of titanium, inclusions containing
titanium oxides were observed in certain of the samples.
The proper aluminum content before the Ti addition is
crucial for controlling the formation of oxide inclusions
and getting high titanium yield. Thus, the phase stability
diagram of Al-Ti-O system in Fe-20Cr steel at 1873 K
was calculated with the aid of FactSage™ 7.0 software,
as shown in Figure 8. There are four oxide fields, viz.
Al,Os3, Ti,03, Ti30s, and liquid oxide, with the content
range of Ti from 0.001 to 1 wt pct and Al from 1 ppm to
1 wt pct. The Ti,O3 phase is stable when the titanium
content ranges from 0.3 to 1 wt pct, while the Ti;Os
phase is stable when the titanium content is less than
0.3 wt pct. The phase boundary between Ti;Os phase
field and Ti,O5 phase field is 0.3 wt pct titanium content
in Fe-20Cr molten steel at 1873 K. What is more, too
many alumina inclusions would be formed when the
composition of steel containing high Al content was
located in Al,O3 phase field. Similarly, titanium would
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Fig. 7—Calculated oxide stability diagrams of Al-Mg-O system with iso-oxygen contours (in ppm) in (a) Fe-20Cr-1 ppm Ca steel and (b)

Fe-20Cr-5 ppm Ca steel at 1873 K.
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be oxidized when the composition of steel containing
low Al content was located in titanium oxide phase field
(Ti,0O5 phase field or Tiz;Os phase field). Hence, the
appropriate Al content and Ti content in molten steel
should be located in the all liquid phase field, which
would help to reduce the formation of oxide inclusions
and increase the titanium yield. The compositions of
steel samples taken after the titanium addition are
marked in Figure 8. It can be seen that most of the
compositions were located in or close to the liquid oxide
phase field, which was good for controlling the forma-
tion of inclusions. At the same time, researchers have

Heat B Heat C

T — T Ty

O HeatA A

[mass % Al]

[mass % Ti]

Fig. 8—Calculated oxide stability diagram of Al-Ti-O system with
iso-oxygen contours (in ppm) in Fe-20Cr steel at 1873 K (liquid
oxide: Al,O5-TiO,).

argued about the existence of liquid Al,Os-TiO, phase.
Some researchers?®?! insisted that only Al,O3, TiyO;5,
Tiz0s, and Al,O5-TizO5 were stable phases. However,
Jung et al*? and Ruby er al*” reported that there was
a liquid phase between Al,O3 and Ti;Os phase. Wang
et al.”® also found spherical Al-Ti-O inclusions in steel
with the Ti/Al ratio smaller than 15/1. In the present
experiment, liquid Al,O5-TiO, inclusions were observed
in sample C3, as shown in Figure 9. The compositions
of Al, Ti, and O in the spherical inclusion were
homogeneous. Based on the shape and composition of
this inclusion, it indicated that it was a liquid
Al,O3-TiO, inclusion at steelmaking temperature.

The effect of initial calcium content in molten steel on
the formation of inclusions during titanium addition
process has not been discussed. Therefore, the evolution
of inclusions with different calcium contents in Fe-20Cr
steel containing 150 ppm Al and 50 ppm O with the
increase of titanium content was calculated with the aid
of FactSage™ 7.0 software, as shown in Figure 10.
When the calcium content in steel was 1 ppm, the
transformed sequence of oxide inclusions was
Ca0-6A1,0; (CAy), Al,O3, liquid oxide phase, and TiO,
with the Ti content ranging from 0 to 0.5 mass pct. The
CAgy and Al,O; phase fields disappeared and
Ca0-2A1,0;3 (CA,) phase field formed in the molten
steel containing 5 ppm Ca. After the calcium content
increased to 10 ppm in the steel, the solid perovskite
phase (CT) was formed with the titanium content
ranging from 0.01 to 0.07 mass pct. In the molten steel
containing 15 ppm Ca, the concentration of CT inclu-
sions increased as the Ti concentration increased up to
0.03 mass pct. In addition, the content range of tita-
nium in steel containing CT phase increased from 0.01
to 0.18 mass pct. The titanium contents of steel samples

Fig. 9—Elemental mapping of a typical Al,05-TiO, inclusion in sample C3.
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Fig. 10—Equilibrium formation of inclusions during titanium addition process at 1873 K for steel compositions: Fe-20Cr-Ti-0.015A1-0.0050-Ca

in mass pct: (@) Ca = 1 ppm, (b) Ca = 5 ppm, (¢) Ca =

10 ppm, (d) Ca =

15 ppm (CA,: CaO2A1,05, CA4: CaO-6A1,03, CT: perovskite

(CaTiOy), liquid: liquid oxide, CAT: perovskite (CaTiO3) + CA, (CaO-2A1,03)).

are plotted in Figure 10. It can be found that most of the
compositions were located in liquid oxide phase field.
However, the compositions of most inclusions in sam-
ples A3 and B3 were located out of the liquid oxide
phase field, as shown in Figure 5. The metal-inclusion
reaction has been experimentally proved to be suffi-
ciently fast,*?! which might lead to the local equilibrium
between the molten steel and the inclusions during the
titanium addition process. The CAT inclusions consist-
ing of Perovskite (CaTiO3) and CA, (CaO-2A1,03) were
firstly formed at the beginning of titanium addition, as
marked in Figure 10. Although the CAT inclusions
observed in samples would not be formed in molten steel
with high titanium content, the local equilibrium in
molten steel during titanium addition process could lead
to the formation of CAT inclusions in high calcium
content steel. The mass percentages of CaO, Al,O3, and
TiO, calculated in Figure 10 are marked in the
Ca0-Al,053-Ti305 ternary compositional diagram, as
shown in Figure 11. It can be seen that the initial

2366—VOLUME 49B, OCTOBER 2018

calcium content has a significant effect on the evolution
of inclusions during titanium addition. When the
calcium content was lower than 5 ppm, the inclusion
composition would be located in the all liquid oxide
phase field with the increase of titanium content in steel.
When the calcium content was higher than 10 ppm, solid
CAT (perovskite (CaTiO3) + CA, (Ca0O-2A1,03)) or CT
(perovskite (CaTiOs)) inclusions would be formed
during the addition of titanium, which might lead to
the clogging of the submerged entry nozzle (SEN).I>!”]

C. Evolution Mechanism of the Oxide Inclusions

According to the experimental results and thermody-
namic calculation, the evolution mechanism of the oxide
inclusions during the Ti-bearing stainless steelmaking
process is shown schematically in Figure 12. The trans-
formation process can be summarized as the following
three steps:
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1. After the addition of aluminum at the initial stage of
LF refining, the inclusions containing alumina were
formed. There was usually several ppm Mg in molten
steel due to the MgO-CrO, refractory. Based on the
Al-Mg-O phase diagram, several ppm Mg could ea-
sily lead to the formation of MgO-Al,O5 spinel
inclusions after Al addition, which also made
MgO-Al,O; inclusions the main inclusions in steel
samples. MgO-Al,O3 spinel and alumina inclusions
were solid at steelmaking temperature, which could
cause the serious clogging of SEN.[10:48:49]

2. In order to remove or modify these unfavorable

inclusions, Ca treatment was taken after Al addition.
Spherical Ca0-Al,03-MgO inclusions were formed
after the addition of calcium. According to the
morphology and composition of the inclusions, most
of Ca0-Al,03-MgO inclusions were liquid oxide.
Thermodynamic calculation also indicated that sev-
eral ppm calcium in steel could significantly expand
the liquid oxide phase field and decrease the stability
of spinel. The formation of these liquid oxide inclu-
sions after calcium treatment can effectively prevent
the clogging of SEN.

3. Titanium was added to the molten steel as an alloying

element after calcium treatment. The initial calcium
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Fig. 12—Schematic illustration of the evolution mechanism of the oxide inclusions in Ti-bearing stainless steel with calcium treatment.
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content has an important influence on the evolution
of oxide inclusions during titanium addition. When
the calcium content was low, it would form liquid
AlL,O5-TiO, inclusions after Ti addition. When the
calcium content was high, inclusions consisting of
liquid and CaTiO5; were formed during the titanium
addition process. Combined with thermodynamic
calculation and experimental results, it can be found
that inclusions consisting of liquid and CaTiOs were
formed in molten steel with more than 10 ppm Ca
during the Ti addition process. It has been found that
inclusions consisting of liquid and CaTiOj; could lead
to the clogging of SEN.1>!!

IV. CONCLUSIONS

In present work, industrial experiments were under-
taken to investigate the evolution mechanism of oxide
inclusions in Al-killed, Ti-bearing 20Cr stainless steel
with Ca treatment. Based on the results of the chemical
analysis, inclusion characteristics, and thermodynamic
calculation, the following conclusions were obtained:

1. After the addition of Al, the main type of inclusions
formed in molten steel was irregular shape MgO-
Al,Oj3 spinel or (Al,O3 + spinel) inclusions. Spheri-
cal Ca0O-Al,03-MgO inclusions became the main
inclusions after calcium treatment. After titanium
addition, two types of inclusions were formed:
spherical liquid Al,O3-TiO,-based inclusions and
complex CaO-TiO,-AlLO3-MgO inclusions. At the
end of LF, the types of inclusions were essentially
same as that of after titanium addition.

2. The MgO-Al,Os5 spinel inclusions were modified to be
spherical Ca0O-Al,05-MgO inclusions after calcium
treatment. Thermodynamic calculation also indicated
that several ppm Ca could significantly expand the
liquid oxide phase field and decrease the stability of
spinel. After titanium addition, most of the compo-
sitions of steel were located in or close to the
Al,O5-TiO, liquid oxide phase field, which would
contribute to reducing the formation of oxide inclu-
sions and increasing the titanium yield.

3. The initial calcium content has a significant effect on
the evolution of inclusions during titanium addition
process. Liquid Al,O03-TiO, inclusions would be
formed after Ti addition in steel with low calcium
content. Inclusions consisting of liquid and CaTiO;
were formed in molten steel with more than 10 ppm
Ca during the Ti addition process, which could lead
to the clogging of SEN. It was necessary to control
the calcium content before the addition of titanium.
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