Inclusion Characterization in Aluminum-Deoxidized
Special Steel with Certain Sulfur Content Under
Combined Influences of Slag Refining, Calcium
Treatment, and Reoxidation
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Inclusions in Al-killed steel with [S] of about 0.0060 to 0.0070 mass pct were characterized and
discussed, evaluating the combined effects of basic slag refining and Ca treatment in ladle,
together with reoxidation of liquid steel in casting tundish. Inclusions were changed from Al,O;
to MgO-Al,O5; spinel and then to MgO-Al,05-CaO during basic slag refining. After Ca
treatment, many (MgO-Al,O3) + CaS inclusions were formed, featuring the coexistence of
MgO-Al,O3 and CaS to form a dual-phased structure. In the following Ar blowing, the number
density of (MgO-Al,O3) + CaS inclusions and pure CaS increased obviously, which implied
that [Ca] preferentially reacted with [S] rather than [O] in steel. Reoxidation in casting tundish
caused the pickup of oxygen in steel, and the rise of total oxygen (T.O) was 0.0002 mass pct;
even 55t steel has been poured. As a result, the content of CaO in inclusions increased and
MgO-Al,05-CaO inclusions were formed again. Thermodynamic calculations revealed that the
driving force was strong for the formation of CaS-based inclusions. Higher carbon content in
steel would help to reduce oxygen content while enhancing the activity of [S] in steel, which
further stabilized the existence of CaS-based inclusions. Therefore, inclusions were mostly the
solid (MgO-Al,O3) + CaS dual-phase ones, without the formation of liquid calcium
aluminates. Contents of CaS and CaO in inclusions were affected by the [mass pct S]/[mass
pct O] ratio, which was calculated as about 4.58 K and 5.34 K at 1873 K and 1823 K,
respectively. This finding implied that lower oxygen was not favorable to prevent the solid

inclusions in the calcium treatment of high carbon special steel.
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I. INTRODUCTION

SPECIAL steels were widely used as bearings, gear-
ings, axis, wires, efc. in infrastructures and manufactur-
ing industry. Nonmetallic inclusions are often observed
as origins of various problems during the production,
fabrication, and service of steel. To improve productiv-
ity and performances of steels, number, size, chemistry,
etc. of inclusions should be strictly controlled.
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Using Al deoxidation and basic slag refining, oxygen
in steel can be reduced to a very low level. The
advantage of this technical choice is that the number
of inclusions can be greatly decreased. However, the
disadvantage is that high melting point inclusions, such
as Al,O3 or MgO-Al,O;, can be easily formed, to reduce
castability and the antifatigue property of steel.''? To
minimize the negative effects of those inclusions, calcium
treatment was often applied to modify them into low
melting point calcium aluminate or calcium magnesia
aluminate.l"*? However, formation and evolution of
inclusions in Ca treatment are very complex and low
melting oint inclusions are not absolutely
formed [15-17:18.21.23.32.37-45]

According to the CaO-Al,O; binary phase diagram,
calcium aluminates can be reversibly changed between
solid and liquid state with the variations of CaO
contents. It was widely accepted that modification of
AlLO; by [Ca] during Ca treatment followed the
unreacted core model, and accumulation of CaO in
inclusions against reaction time contributed to the
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formation of liquid calcium aluminate.*>?** Com-
pared to Al,Os, modification of spinel is more difficult.
Because Mg in inclusion should be reduced by [Ca] and
diffusion of the reduced Mg to inclusion surface would
be the limiting step, incomplete modification of spinel
can occur, especially when they are large in size. In this
case, inclusion would be featured by a semiliquid/liquid
calcium aluminate surface layer surrounding an unre-
acted spinel core.*” According to Pretorius er al.,
effective modification of spinel by Ca treatment involves
two steps, viz. reacting with [Ca] and keeping the
reaction, in which low oxygen content in steel is very
important.”” Second, CaS inclusions can be easily
formed in Ca treatment. CaS can exist as singular
particles or clusters and it can also coexist with calcium
aluminates/calcium magnesia aluminates as oxy-sulfides
or together with MnS as (Ca, Mn)S.5?>3® Verma er al.
also found CaS can transiently coexist with spinel or
Al,O3 and further react with Al,O5 and spinel to shift
them into liquid inclusions.'” 'Y Moreover, CaO-CaS-
type inclusions can be formed if strong Ca treatment is
applied (intensive calcium addition).!'>347)

Optimal steel chemistry is very important to inclusion
modification in Ca treatment. Previous works revealed
that total oxygen (T.O), [Ca], [S], and [Al] in steel
comprehensively contributed to the formation and changes
of inclusions in Ca treatment. For example, Numata et al.
reported that Al,O; was initially changed into CaO-
AlOsz-(low CaS) and then into CaO-Al,Os-(high CaS).
Further, this evolution routine was reversible with the
vaporization of [Ca]** Holappa er al. found that the
“window” for targeting liquid inclusions was narrower at
decreased T.O and constant [S] contents, while the
expected [Ca] to target liquid inclusions was lower. At
constant T.O content, liquid inclusions were more difficult
to form at increased [S] content.*") Jung ez al. predicted
and explained the formation of inclusions in Ca treatment
by systematical thermodynamic calculations.*® They
found the mass ratio of CaO/CaS in inclusions was larger
if the inclusions just before Ca treatment were initially
AlL,Os. As is known, the vaporization tendency of Ca is
very strong during Ca treatment. As a result, the formed
inclusions were metastable with the changes of [Ca] in
steel. Further, there would be reversible evolutions among
CaO-CaS, Ca0O-Al,03-CaS, and CaS-Al,O3 during Ca
treatment in low sulfur steel.***’!

Despite the preceding achievements and progress,
deeper insight on changes of inclusions in Ca treatment
is still needed. First, modification of inclusions in Ca
treatment was usually under the dual-folding influences
of both steel-slag chemical reactions and the Ca treat-
ment operation. Second, reoxidation of molten steel
often occurred in practice and the caused oxygen pickup
has an important influence on inclusion. However,

Table I. Samplings in Steelmaking and Casting

discussion on this topic was far from enough. Moreover,
previous studies on modification of inclusions in Ca
treatment were mostly for low carbon steel and much
less for high carbon steel melts, especially with higher
sulfur contents. Therefore, evolution of inclusions under
combined influences of secondary refining, Ca treat-
ment, and reoxidation was investigated in the present
study for Al-deoxidized high carbon special steel con-
taining certain sulfur content.

II. EXPERIMENTS AND ANALYSIS

Industrial trials were carried out in a special steel
plant. [C], [Si], and [Mn] contents in the commercial
steel were 0.87, 0.27, and 0.72 mass pct, respectively.
The steelmaking process was composed of hot metal
pretreatment, basic oxygen furnace, ladle furnace (LF),
Ca treatment, Ar bubbling, and bloom casting. Sam-
pling plans of steel and slag are listed in Table I. Hot
rolling coil was also sampled for inclusion inspection.

Chemical compositions of the slag were measured by
an X-ray fluorescence spectrometer. Contents of [C], [S],
and T.O in steel were obtained by the infrared absorp-
tion method. [Mn], [Mg], [Si], [Al], and [Ca] were
analyzed by the induction coupled plasma-atomic
emission spectrometry machine. While [N] content in
steel was measured by the thermal conduction method,
steel samples were ground and mirror polished for
inclusion inspection under an automatic scanning elec-
tron microscope (SEM)—energy-dispersive spectroscope
machine (ASPEX explorer) and morphology, size,
chemistry, etc. of inclusions were obtained.

III. RESULTS AND DISCUSSION
A. Chemical Compositions of Steel and Slag Samples

Chemical compositions of steel samples are listed in
Table II. T.O was decreased from 0.0029 to 0.0010 mass
pct during LF refining. With Ca treatment and Ar
bubbling, it was further reduced to 0.0008 and 0.0007

Table II. Chemical Compositions of Steel Samples (Mass
Percent)

Steel S N T.O Al Ca Mg

0.0070  0.0027 0.0029 0.057 0.0001 0.0003
0.0060  0.0027 0.0010 0.049 0.0004 0.0004
0.0060  0.0029 0.0008 0.050 0.0025 0.0005
0.0060  0.0030 0.0007 0.044 0.0023 0.0006
0.0060  0.0043 0.0009 0.040 0.0018 0.0005

WA W =

Sample 1 Sample 2 Sample 3

Sample 4 Sample 5

LF 15 min LF departure after Ca treatment

(Ar bubbling 3 min)

after Ca treatment tundish 55t steel was cast

(Ar bubbling 16 min)
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Table III. Chemical Compositions of Slag Samples (Mass Percent)

Slag CaO SiO, Al,O4 MgO FeO MnO Ca0/Si0O, FeO + MnO
1 63.46 15.25 15.97 5.47 2.46 0.79 4.2 3.96
2 71.64 15.85 13.42 4.38 0.23 0.11 4.5 0.41
3 69.90 15.88 11.82 4.18 0.47 0.10 44 0.70
4 68.88 16.84 12.73 4.29 0.22 0.09 4.1 0.37
5 30.39 32.53 10.47 12.64 3.00 0.81 0.9 3.81

mass pct, respectively. Dissolved [Al] was continuously
decreased from 0.057 to 0.040 mass pct during refining
and casting. Because of Ca treatment, [Ca] was
increased from 0.0004 mass pct at the end of LF to
0.0025 mass pct after 3 minutes of Ar bubbling.
Fluctuations of [N] were controlled within 0.0002 mass
pct during LF refining and Ca treatment. However, [N]
was increased by 0.0013 mass pct in tundish together
with a pickup of T.O about 0.0002 mass pct, indicating
the occurrence of reoxidation to liquid steel.

As shown in Table III, top slag basicity of LF was
about 4.1 to 4.5 while (FeO + MnO) contents were
decreased from initially 3.96 to about 0.37 mass pct at
the end of LF refining. Tundish flux had lower basicity
of about 0.9 and much higher (FeO + MnO) content
about 3.8 mass pct.

B. Characterization of Inclusions

1. Observed typical inclusions

Typical inclusions are given in Figure 1, in which the
arrows mark the EDS points, while data in the labeled
tables are weight percentages of the detected elements.
Features of inclusions can be briefly described as follows.

(1) After 15 minutes of LF refining, inclusions were
mainly Al,O3 and some MgO-Al,05. Al,O3 was ei-
ther in blocky shape smaller than 10 ym or in cluster
shape with sizes about several tens of microns.

(2) At the end of LF refining, inclusions were mainly
changed into MgO-Al1,03-Ca0O, MgO-Al,03, and a
few (MgO-Al,03-Ca0)-CaS.

(3) Inclusions were modified into (MgO-Al,O3) + CaS
and (MgO-Al,0;-Ca0)-CaS after Ca treatment and
3 minutes of Ar blowing. (MgO-Al,O3) + CaS
inclusions were featured by much higher CaS con-
tent and appeared in a dual-phase structure com-
posed of spinel and CaS.

(4) Most of the inclusions were (MgO-Al,O3) + CaS
after Ar bubbling for 16 minutes. Particularly, pure
CaS inclusions were produced.

(5) In casting tundish, most of the inclusions were still
(MgO-Al,0;) + CaS. However, the content of CaO in
inclusions obviously increased. MgO-Al,O5-CaO and
(MgO-Al,03-Ca0)-CaS inclusions appeared again.

(6) Notably, the dual-phased (MgO-Al,O3) + CaS
inclusions were slightly changed all the time. This
finding implied that further chemical reaction be-
tween CaS and spinel was difficult to occur.

Figure 2 shows SEM mappings of (MgO-Al,O3-CaO)-
CaSand (MgO-Al,03) + CaSinclusions. As can be seen,
CaS precipitated on the surface of (MgO-Al,O3-CaO)-
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CaS inclusions while CaO enriched in the subsurface layer
and MgO-Al,O5 remained as the core. (MgO-AlL,O3) +
CaS inclusions are featured by MgO-Al,Oj; in the center
wrapped with a much thicker layer of CaS.

2. Changes in inclusion composition in ladle refining,
Ca treatment, and casting tundish

Contents of Al, Ca, Mg, S, etc. in inclusions obtained
by EDS were converted into Al,O3;, CaO, MgO, CaS,
etc. and are plotted in Figure 3, with the assumption
that enough oxygen was contained in the inclusions.

(1) After 15 minutes of LF refining, inclusions were
mostly pure alumina and MgO-Al,O5; with MgO less
than 20 mass pct. With the procession of refining,
CaO and MgO contents in inclusions increased.

(2) Three minutes after Ar blowing (Ca treatment was
used), an impressive increase of CaS in inclusions
was witnessed but CaO content changed slightly.

(3) Sixteen minutes after Ar blowing, content of CaS in
inclusions further increased. However, the content of CaO
in inclusions was constantly low and slightly changed.

The average composition change of inclusions is given in
Figure 4. As can be seen, CaO in inclusions was always
much lower than other components. Therefore, composi-
tion distribution of the detected inclusions can be approx-
imately as shown in Figure 5. As indicated, the mass ratio
of MgO to Al,O; in inclusions was about 0.3 before Ca
treatment. It increased to about 0.5 after Ca treatment and
negligibly changed afterward, which implied that spinel is
slightly modified despite Ca treatment.

After Ca treatment, the number density of inclusions
sharply increased from 1.6/mm” at the end of LF
refining to 9.5 and 23.9/mm~ after 3 and 16 minutes of
Ar blowing, respectively. Moreover, changes in number
density were distinctive for different types of inclusions,
as shown in Figure 6, which meant that [Ca] preferen-
tially reacted with [S] during Ca treatment to produce
(MgO-Al,O3) + CaS and pure CaS. Their number
density decreased while that of MgO-Al,05-CaO
increased again to 0.2/mm? in tundish, indicating the
occurrence of [Cal]-[O] reaction in steel because of the
oxygen pickup in reoxidation.

C. Discussions on Evolution of Inclusions

1. Qualitative analysis on the influences of slag,
refractory, and Ca treatment

Under slag refining, complex chemical reactions
occurred among slag-steel-inclusion refractory. Reac-
tions [1] and [2] between basic slag and added Al can
occur, in which Mg and Ca were reduced from slag and
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(d)

Fig. I—Typical inclusion in steelmaking and casting tundish: (¢) 15 min after LF refining, (b) at the end of LF refining, (¢) after calcium
treatment and Ar bubbling for 3 min, (d) after calcium treatment and Ar bubbling for 16 min, (e) in the casting tundish, and (f) inclusion in
hot-rolled coil.
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Fig. 1-—continued.
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12% 58% P2 446% 504% 5.0%
F-2
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Pl 11.7% 183% 57.3% 12.7%
P2 548% 452%

Fig. 2—SEM mappings of different coexistence states of CaS in complex inclusions: (¢) CaS in (MgO-Al,05-CaO)-CaS and (b) CaS in

(MgO-Al,O3) + CaS inclusions.

supplied to molten steel. The brackets and parentheses
in the equations denote the components in steel and
slag, respectively.

2(Al +3(MgO) = (ALOs) +3Mg] (1]

2[Al] + 3(Ca0) = (Al,03) + 3[Ca] 2]

In MgO-C refractory of the ladle, Reactions [3] and [4]
might occur under the heating of the electrical arc of
LF, where the braces in the equations denote the com-
ponents in refractory while the symbol “T” denotes
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the gas phase. In practice, this reaction was difficult to
occur without vacuum atmosphere. Therefore, the
slag-steel reaction was considered as the main source
for [Mg] in steel.

{MgO} + {C} = Mg 1 +CO | B3]

Mg 1= [Mg] [4]

By contrast, there was another source of [Ca] in steel.
In Ca treatment, the supply of [Ca] to steel can be
expressed by Reactions [5] and [6]. The added Ca wire

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 3—Composition changes of inclusions during refining, Ca treatment, and Ar bubbling: (@) after 15 min LF refining, (b) LF departure/before

Ca treatment, (¢) Ar blowing for 3 min, and () Ar blowing for 16 min.

would be initially melted or vaporized as gas state
before dissolving into steel, where Ca; and Ca |
denoted the liquid and gas phases of calcium, respec-
tively.

Ca = Caor Ca | [5]

Ca;or Ca 7= [Ca] [6]

The rise of [Mg] and [Ca] would greatly affect inclu-
sions in steel. In LF refining, changes of inclusions
from Al,O; into MgO-Al,O; and MgO-Al,05-CaO
before Ca treatment were mainly caused by slag-steel
reactions. This topic has been intensively discussed in
recent years, including in a series of works by the pre-
sent authors." Therefore, it is not discussed too much
here.

During Ca treatment, modification of spinel can be
expressed by Reaction [7] while formation of CaS can be
expressed either by Reactions [8] or [9]. Occurrence of
Reaction [8] implied desulfurization of steel by slag,
while Reaction [9] indicated the formation of CaS by the
reaction of [Ca] and [S] inside molten steel. As given in

METALLURGICAL AND MATERIALS TRANSACTIONS B

Table II, [S] in steel slightly changed in refining and
casting. Therefore, large formation of CaS after Ca
treatment in the present study should be attributed to
Reaction [9].

[Ca] + (x + ;) (ALO; - yMgO)

- <CaO~ <x+;> ALO; -x(y)MgO) + Mg] [7]

3(Ca0) + 2[Al] + 3[S] = (Al,O3) + 3(CaS)  [§]

[Ca] + [S] = (CaS) &

2. Thermodynamic calculations on inclusions

Thermodynamic calculations were done to evaluate
the formation and changes of inclusions. Involved
chemical reactions and data are listed in Table IV.
Interaction coefficients used in the thermodynamic
calculations were indirectly referred from previous

VOLUME 49B, DECEMBER 2018—3061
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Fig. 4—Average composition changes of inclusions in refining, Ca treatment, and Ar bubbling.

literature">>* and were mostly summarized by Suito

and Inoue in 1996.5%1 Activity of solute in steel was
calculated by Egs. [10] and [11], where e is the
interaction coefficient of element j to i, [mass pct j] is
the mass content of j, and f; is the activity coeflicient of 1.

lgf; = Z ¢/[mass pet j] [10]

a; = f; - [mass pct i [11]

Equation [12] can be deduced to estimate the forma-
tion of CaS in Reaction [9], where ac,s was the activ-
ity of CaS and was taken as unity; f; and fc, were the
activity coefficients of [Ca] and [S] in steel, respectively;
AGy was the standard formation Gibbs free energy; T
was the temperature in Kelvin; and R was the ideal
gas constant. Two temperatures (1823 K and 1873 K)
were used because the refining temperature in practice
was within this range. As shown in Figure 7, CaS was
largely formed in Ca treatment and its formation
would be much easier at lower temperature, which
explained the preferential reaction between [Ca] and
_ acas

[S] to produce CasS.
_AG;)
= - ex 12
Js Jea p< k) 112

Reaction [13] was obtained based on Reactions [9] and
[11]. Further, Eqs. [14] and [15] were deduced, where
AG|; was the standard formation Gibbs free energy; T
was the Kelvin temperature; K;3 was the equilibrium
constant; fs and fo were the activity coefficients of [S]
and [O] in steel, respectively; and ac,o and ac,s were
the activities of CaO and CaS in inclusions,

[mass pct Ca][mass pct S]
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respectively. Because fs, fo, and K;3 were constants at
the given conditions, they can be merged together as a
constant 4 in Eq. [15]. As can be seen, variations of
CaS and CaO in inclusions depended on the [mass pct
S]/[mass pct O] ratio in steel. The increase of oxygen
would result in the rise of CaO content in inclusions.
When competition between [O] and [S] to react with
[Ca] approached chemical equilibrium, a critical [mass
pct S]/[mass pct O] ratio was calculated about 4.58 K
and 5.34 K at 1873 K and 1823 K, respectively.

(CaS) + [O] = (CaO) + [S] [13]
AG,; = —87,467 +20.6T [14]
acas _ Kiz X fs y [mass pct S| [mass pct S]
ac.o  fo [mass pct O] [mass pct O]
(15]

It can be observed in Table II that [mass pct S]/T.O
ratios in experiments were about 6 to 7 from the end
of LF to casting tundish. Because the steel melt was
under Al deoxidation and basic slag refining, [mass pct
O] was very low and should be much smaller than T.O
content. Hence, [mass pct S]/[mass pct O] ratios should
be larger than 6 to 7, which meant that CaS was more
stable than CaO in inclusions. On the other hand,
measured pickups of T.O and [N] in tundish owed to
reoxidation were 0.0002 and 0.0013 mass pct, respec-
tively; even 55 tons of steel has been poured. As the
rise of [N] originated from air and was slightly affected

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 5—Composition changes of inclusions during Ca treatment, Ar bubbling, and casting: (a) LF ending/before Ca treatment, (b) 3 min after

Ar blowing, (¢) 16 min after Ar blowing, and (d) in casting tundish.

by inclusion floatation, oxygen absorbed from air can
be estimated to be about 0.0004 mass pct, assuming
that the mole ratio of N, to O, in air was 78 to 21
pct. Except the exposure to air, reoxidation of steel
can also be caused by the reactions among steel (JAl])
with FeO, MnO, and SiO, in tundish flux. Moreover,
efficient inclusion floatation in tundish would partially
offset the oxygen pickup. Considering these factors, it
was reasonably inferred that actual pickup of oxygen
was higher than the measured 0.0002 mass pct; viz. the
driving force of Reaction [16] in the experiment should
be stronger than calculation. Reoxidation was the rea-
son for the rise of CaO content in inclusions in tund-
ish. As a result, MgO-Al,05-CaO inclusions were
formed again and the number of MgO-Al,03-CaO-
CaS increased.

METALLURGICAL AND MATERIALS TRANSACTIONS B

In many previous works, effective modification of
spinel by Ca treatment was observed. However, spinel
was slightly changed in the present study. To explain
this phenomenon, thermodynamic equilibrium on the
modification spinel in Ca treatment in the present study
was evaluated and compared to the recent works of
Verma er al'” Assuming the formed liquid phase was
12Ca0-7A1,03, Reaction [16] can be obtained based on
Reactions [9] through [12]. Then, thermodynamic cal-
culation can be carried out to obtain Table V and
Figure 8, in which activities of CaS and C;,A; were
taken as unity while the activity of Al,O5 in spinel was
taken as 0.47. As can be seen, modification of spinel into
liquid calcium aluminate was much more difficult in the
present study.
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Fig. 6—Changes of inclusion number density in refining, Ca
treatment, and casting. (Note M, A, C, and S in the figure stand for
M¢gO, Al,O3, Ca0O, and CaS in inclusion.).

Table IV. Related Chemical Reactions and Gibbs Free

Energy
Chemical Reaction Gibbs Free Energy Reactions
[Ca] + [S] = (CaS) — 542,531 + 124.157°% [9]
2[Al] + 3[0] = (ALO;) — 1,225,417 + 393.875" [10]
[Ca] + [O] = (CaO) — 629,998 + 144.757°Y [11]
12(Ca0) + 7(AL,05) 617,977 — 61272 [12]
= 12C307A1203
0.004 — Calculated curve at 1873K)
I Data points before Ca-treatment
il O Data points after Ca-treatment
i Calculated curve at 1823K
0.003 + |
g ’:
2\3 0.002 1 |
[}
@
E
0.001 -1
0.000 ¥ T 44 T T ¥ T 1
0.000 0.002 0.004 0.006 0.008 0.010

[mass%S]

Fig. 7—Thermodynamic equilibrium curve between [Ca] and [S] in
steel.

11(ALO3), g +12(CaS) = (12Ca0 - TALOs) + 8[Al]
+128]
[16]

The main reason was attributed to the great influence
of [C] content on the activity coefficients fo and fs.
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Table V. Estimated Equilibrium Value of [AI*[S]® in Steel

Melts
1873 K 1823 K
Present study 6.20 x 1078 8.67 x 107°
Study of Verma et al. 1.79 x 1077 2.51 x 1078
030 - —— Present study,1873K
i s Present study,1823K
oosdlt |- Study of Verma et al,1873K

—— Study of Verma et al,1823K

020}

015\ ¢

[mass%S]

01044

[mass%Al]

Fig. 8—Effects of [mass pct Al] and [mass pct S] on modification of
spinel into liquid calcium aluminate by CaS.

From previous literature,®! it is known that [C] has
strong interaction with [S] and [O] in steel. [C] content
in steel was 0.87 mass pct in the present study, while
that in the experiments of Verma et al. was only 0.06
mass pct. As a result, lower dissolved oxygen can be
expected in the present study. Moreover, it would con-
tribute to the higher activity of [S] in steel, causing not
only easier formation but also more stable existence of
CaS than CaO. Therefore, spinel always coexisted with
CaS as (MgO-Al,03) + CaS inclusions in the present
study, and further chemical reactions between them
were hard to occur with the dual-phased structure well
kept.

IV. CONCLUSIONS

Formation and changes of inclusions in low oxygen
special steel with certain sulfur content were studied,
considering the combined influences of refining, Ca
treatment, and reoxidation. It was found that inclusions
were under continuous evolutions from refining, Ar
blowing, and continuous casting. Based on the results
obtained, the following conclusions were drawn.

1. During ladle refining, inclusions were mainly chan-
ged from Al,O3; to MgO-Al,0; and MgO-Al,Os-
CaO. Some (MgO-Al,05-Ca0O)-CaS inclusions were
also observed, featuring MgO-Al,03-CaO as the core
surrounded by a precipitated CaS layer. After Ca
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treatment, CaS was largely produced and coexisted
with spinel to form dual-phased (MgO-Al,O3) +
CaS inclusions, often with spinel in the center with
CaS layer wrapped outside.

With the procession of Ar blowing after Ca treat-
ment, the number of (MgO-Al,0O3) + CaS inclusions
sharply increased and singular CaS inclusions were
also produced. Reoxidation of steel in tundish re-
sulted in the rise of CaO content in inclusions. As a
result, MgO-Al,O;3-CaO inclusions were formed
again in steel and the number of (MgO-Al,O5-
Ca0O)-CaS indicated an increase. The content of CaS
and CaO in inclusions was closely related to the mass
ratio of [mass pct S]/[mass pct O] in steel, which
implied that too low oxygen content in steel is not
favorable to prevent solid inclusions. Further, the
critical [mass pct S]/[mass pct O] when equilibrium
between CaS and CaO was established was calculated
to be about 4.58 K and 5.34 K at 1873 K and
1823 K, respectively

. The driving force was strong for the formation of

CaS. High [C] content in steel ever intensive its
stable existence because higher [C] content would
enhance the activity of [S] while helping to reduce the
[O] content in steel. This accounted for the large
formation and stable existence of CaS in the present
work. Because of a very strong combination of [S]
and [Ca], spinel was slightly modified during Ca
treatment and the two coexisted stably with CaS to
the form the (MgO-Al,0;3) + CaS dual-phase
inclusions. The increase of oxygen content would
break the formation equilibrium of CaS, because it
would help to produce CaO-contained inclusion. The
competition of [S] and [O] in reacting with [Ca] was
closely related to the [mass pct S]/[mass pct O] ratio
in steel, which was estimated to be about 4.58 K and
5.34 K at 1873 K and 1823 K, respectively.
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