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In the current study, the effect of S content in the molten steel on inclusions during calcium
treatment was studied using an induction furnace. The calcium in steel decreased from 48 to
2 ppm, and the sulfur in steel changed a little with time. When sulfur content in steel was as low
as 25 ppm during calcium treatment, inclusions shifted from CaO-Al2O3-CaS to Al2O3-CaO
with about 35 pct CaO. When the sulfur increased over 90 ppm, more CaS-CaO formed just
after the addition of calcium, and then the CaS content decreased from over 45 pct to lower
than 15 pct and inclusions were mostly Al2O3-CaO-CaS and Al2O3-CaO with a high Al2O3

content. Thermodynamic calculation predicted the variation of the composition of inclusions,
indicating good agreement with the measurement, while a certain deviation existed, especially
for heats with 90 and 180 ppm sulfur. A reaction model was proposed for the formation of CaO
and CaS, which considered the reaction between calcium vapor bubbles in the zone and the
dissolved oxygen and sulfur in the molten steel, as described by a Langmuir-type adsorption
isotherm with a reaction occurring on the remaining vacant sites. The variation of transient CaS
inclusions was discussed based on the thermodynamic calculation and the morphology
evolution of typical inclusions containing CaS.
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I. INTRODUCTION

THE major objectives of calcium treatment in the
steel secondary refining process include (1) to diminish
nozzle clogging and to improve castability by control-
ling the composition of inclusions[1-4] and (2) to improve
the product property of the steel by controlling the
shape of inclusions.[5-7] Excessive or insufficient addition
of calcium can bring adverse effects. The excessive
addition of calcium is detrimental to castability due to
the formation of solid CaS inclusions[8-11] and the
reaction between the redundant calcium in the molten
steel and the alumina containing in the slag or in the
refractory, which lowers the cleanliness of the steel.[12,13]

If an insufficient amount of calcium is added, inclusions
are hardly modified to target liquid ones so that the
castability is hardly improved.[8-10] Hence, the compo-
sition of inclusions, such as CaO, CaS, and Al2O3,
should be well controlled in order to obtain the desired
properties of steel.[14] Thermodynamic calculation was

extensively performed to accurately predict the compo-
sition of inclusions considering the effect of the dissolved
aluminum ([Al]s), the sulfur, the total calcium (T.Ca),
and the total oxygen (T.O.) in steels.[8,12,15-17]

Sulfur in the molten steel has a significant effect on
inclusions during calcium treatment.[13,18-25] The forma-
tion of CaS easily occurred in steels with high sulfur and
aluminum contents.[26] The generation of CaS prevented
calcium from reacting with Al2O3 when the sulfur
content was high in the molten steel.[4,24,27,28] Lu et al.[29]

and Verma et al.[30] proposed that the extent of calcium
capture depended on the sulfur content in the steel.
Formation and evolution mechanisms of CaS can be
summarized as follows: (1) inclusions of CaS are
generated as transient phase[29-31] immediately upon
calcium injection and then decompose due to the
evaporation of calcium,[32] as shown in Reaction [1];
(2) inclusions of CaS form as a transient phase and then
react with the alumina to yield modified inclusions by
Reaction [2];[30,31,33,34] (3) inclusions of CaO-Al2O3-CaS
form first and then convert to CaS-Al2O3 inclusions in
steels with low T.O. and high sulfur contents since the
reaction between CaO and dissolved S occurs, as shown
in Reaction [3];[35] and (4) inclusions of CaS precipitate
in the generated CaO-CaS-Al2O3 inclusions due to the
reverse reaction of Eq. [2].[28] In the equations, symbol [ ]
denotes an element dissolved in steel melt, () denotes a
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component dissolved in liquid slag inclusions, and
subscript ‘‘inc’’ denotes a solid (saturation) phase.[20]

ðCaSÞinc ¼ ½Ca� þ ½S� ½1�

3ðCaSÞinc þ ðAl2O3Þinc ¼ 3ðCaOÞinc þ 2½Al� þ 3½S� ½2�

ðCaOÞinc þ ½S� ¼ ðCaSÞinc þ ½O� ½3�

The existence types of CaS inclusions during calcium
treatment are listed as follows: (1) in contact with an
oxide inclusion,[2,36,37] (2) surrounding an oxide inclu-
sion as an outside layer as a ring,[1,38-40] (3) uniformly
distributed within oxides,[27] (4) pure one,[13,30] and (5)
(Ca,Mn)S type.[36,41] For the first three types, the
formation of complex inclusions is attributed to the
transient formation, precipitation, and reaction of CaS,
respectively.[27] For the stable CaS, it forms in steel with
high sulfur or with excessive calcium addition.[30] For
the (Ca,Mn)S type, CaS and MnS can dissolve each
other to generate a solid solution.[39,41-43] However, the
formation of CaO and CaS just after the addition of
calcium was little investigated.

In the current study, laboratory scale experiments for
the modification of inclusions by calcium treatment in
electrolytic iron were performed using a vacuum induc-
tion furnace, which favors the control of oxygen and
sulfur in steels. Characteristics of inclusions in steel
samples taken at various times were investigated to
study the effect of sulfur on the transient evolution of
inclusions. Thermodynamic prediction was performed
using Factsage 7.0 software.* A reaction model was

proposed for the formation of CaS and CaO. The
variation of transient CaS inclusions was discussed
based on the thermodynamic calculation and the mor-
phology evolution of typical inclusions containing CaS.

II. EXPERIMENTAL METHODOLOGY

In the current study, in order to study the effect of
sulfur on inclusions in the molten steel during calcium
treatment, experiments were performed in an alumina
crucible with electrolytic iron containing 25 to 180 ppm
sulfur. A 20-kW vacuum induction furnace was
employed for steel melting, alloy addition, and sam-
pling. The schematic of the experimental apparatus is
shown in Figure 1. Five samplers were installed in the
sampling box and each could move vertically in order to
add alloy and take samples. The pipe sampler could be
switched by rotating the flange outside. The Ca-Si
powders (30 pct Ca-70 pct Si) were wrapped with an
iron foil and tied to a molybdenum rod fixed in the
bottom of a sampler. The other four samplers were silica

tubes. The chamber was evacuated with a mechanical
pump to a vacuum lower than 10 Pa and then backfilled
with a high-purity argon gas. This procedure was
repeated twice to decrease the oxygen pressure in the
chamber followed by backfilling with the high-purity
argon to atmospheric pressure to avoid reoxidation. The
temperature of the melt was measured during the
experiment with a dual-wavelength pyrometer through
a top window. The temperature calibration was carried
out in advance by comparing measured values with the
measured ones with a platinum rhodium thermocouple
as a reference. For each experiment, 700-g electrolytic
iron was melted and the molten steel was held for
2 minutes in 1873 K (1600 �C) with the chemical com-
position shown in Table I. Then 1.1 g Fe2O3 powder,
1 g pure Al (99.999 pct), and a certain amount of FeS
powder (0, 0.085, 0.18, and 0.4 g, respectively) were
added into the melt from the storage box through the
addition channel. Two minutes later, 4 g CaSi powder
(30 pct Ca-70 pct Si) was inserted into the molten steel
for calcium treatment. Samples were taken after the
addition of calcium at 1, 3, 5, and 7 minutes, and the
melt was poured into an iron mold at 10 minutes, as
shown in Figure 2.
For each sample, a cross section 8 mmfrom thebottom

of the sample was used to detect inclusions, and this
location was chosen based on previous results.[30] Steel
powders were machined from the other part of samples to
measure contents of the T.Ca, the [Al]s, and the total
sulfur (T.S.) in the steel, and a 5-mm-diameter rod was
machined from the sample to test T.O. andNcontent. For
the last tapped sample, the horizontal cross section
position 15 mm from the bottom was scanned to find
the size,morphology, and compositionof inclusions using
an ASPEX PSEM EXPLORER (FEI Corporation,
Hillsboro, OR) with an automated Feature Analysis

Fig. 1—Schematic of the experimental apparatus.

*FACTSAGE is a trademark of ThermFact LTD, Montreal,
Canada and GTT-Technologies, Herzogenrath, Germany.
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system. The scanning area was 20 to 30 mm2 in order to
catch hundreds of inclusions. The composition of the steel
was measured with an inductively coupled plasma optical
emission spectrometer (model 725ES; ICP-725ES, Varian
Inc., Palo Alto City, CA) and the nitrogen and oxygen
were analyzedwith aLECO** analyzer (model TCH600).

III. CHARACTERIZATION OF INCLUSIONS IN
STEEL

The [Al]s, T.Ca, T.O., and T.S. contents in steel
samples are listed in Table II. For each heat, the T.Ca
content increased first after the addition of Ca-Si alloys
and then decreased from 48 to 2 ppm. Based on the
measured calcium content in the 1-minute sample, the
yielding rate of calcium was about 3 pct. The T.O.
content fluctuated in the range of 9.7 to 29.2 ppm in
steel samples taken at different times. The variation of
the T.O. and the T.Ca has been studied in another
article and will not be discussed here.[44] The contents of
[Al]s and T.S. changed little during each experiment. As
fundamental research on calcium treatment in labora-
tory experiments, Al content in the current study is
higher than that in the Al-killed steels in the plant trial.
The experiments with lower Al content will be per-
formed in our future study and the comparison will be
made with current results.

The sulfur content of the steel has a significant effect
on the composition of inclusions during calcium treat-
ment. In the current study, CaO, CaS, and Al2O3 are
mass fractions in the ternary diagrams. When the sulfur
content in steel was as low as 25 ppm (heat A), at 1- and
3-minute samples, the measured inclusions were mostly
CaO-Al2O3 and CaO-Al2O3-CaS. Just after the addition
of calcium, some inclusions were CaS-CaO-Al2O3 with a
high content of CaS, while more inclusions were
CaO-Al2O3 with low CaS contents due to the limited
sulfur content. Hence, the average composition in the

1-minute sample is close to that in the 3-minute sample.
With increased time, inclusions shifted to CaO-Al2O3

with low CaS content near the low melting point region,
as shown in Figure 3. Each solid circle represented an
inclusion and its size and color were in proportion to the
real size of inclusions. Similar evolution of inclusions
was observed in heat B. When the sulfur content
increased to 90 ppm (heat C), inclusions were mostly
CaS-CaO, CaS-Al2O3, and CaO-Al2O3-CaS at 1 min-
ute. Inclusions of CaS-CaO were transferred to CaO
-CaS-Al2O3 at 3 minutes, and inclusions were mostly
Al2O3-CaS-CaO with a high Al2O3 content in the end.
When sulfur content in steel increased to 180 ppm (heats
D and E), the evolution of inclusions was similar to that
in heat C, while CaS-CaO shifted to CaO-CaS-Al2O3

after 5 minutes.
Figures 4 and 5 show the composition and the size

of inclusions in the Al2O3-CaS-CaO ternary system in
steel with 90 and 180 ppm sulfur content. The varia-
tion of the composition of inclusions highly depends on
the formation and the decomposition of CaS, which
will be discussed in Sections IV and V of the current
article.
Figure 6 shows the variation of the average compo-

sition of inclusions. The experiment with 180 ppm S was
repeated in the current study. The different values of
CaS, CaO, and Al2O3 in the two groups were attributed
to different T.O. contents in steels. At the 1-minute
sample, the CaS content was approximately 21.5, 34.8,
47, 56, and 60 pct for heats A, B, C, D, and E,
respectively. As time goes by the CaS content decreased
in each heat. For the low sulfur heat (heat A), the CaO
content in inclusions was higher than 30 pct at each
sample and slightly decreased at the last tapped sample.
The CaO content decreased with the increase of sulfur
content in steel. In high sulfur heats (heat D and E), the
CaO content in inclusions was higher during the first 0
to 3 minutes than that in medium sulfur heats (heat B
and C), while it decreased and was lower than 10 pct
from 5 to 10 minutes. The Al2O3 content increased
gradually with time in the low sulfur heat (heat A).

Table I. Chemical Composition of the Electrolytic Iron Used in the Current Study (Mass ppm)

C S P Si Mn Cr T.O. Al Mg Ca

5 6 4 5 1 5 70 18 4 1

Fig. 2—Addition of alloys and sampling procedure in the current experiments.

**LECO is a trademark of LECO Corporation, St. Joseph, MI.
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Given the high sulfur content in steel in heats B, C, D,
and E, the Al2O3 content was low at first due to the
formation of CaS, while it increased sharply with time
since the contents of CaS and CaO decreased. The Al2O3

content in inclusions was more than 75 pct at the last
tapped sample, whereas it was lower than 65 pct in the
low sulfur heat (heat A).

Figures 7 through 9 illustrate two-dimensional com-
position mappings of typical inclusions. For the low
sulfur heat, for samples taken from 1 to 3 minutes, a
dual-phased morphology of CaS adhering to
CaO-Al2O3 or Al2O3 was observed, and CaO-Al2O3

inclusions with a CaS ring were also found, as shown in
Figures 7(a) and (b). For samples taken from 5 to
10 minutes, inclusions were mostly CaO-Al2O3 and a
certain amount of CaO-CaS-Al2O3 complex inclusions
also existed, as shown in Figures 7(c) through (e). For
the medium sulfur heats, for a sample at 1 minute,
inclusions were mostly CaS-CaO-Al2O3 and CaS-Al2O3.
Calcium alumina inclusions were completely or annu-
larly surrounded with CaS, and a certain content of
CaS attached to Al2O3 was also found, as shown in
Figures 8(a) and (b). For samples taken after 3 and
5 minutes, inclusions shifted to CaO-CaS-Al2O3 and
CaS-Al2O3, and inclusions were mostly CaO-Al2O3 in
the core surrounded with CaS, as shown in Figures 8(c)
and (d). At the 7-minute sample and the tapped sample,
inclusions were CaO-Al2O3 with a little CaS and
CaO-CaS-Al2O3 complex ones, as shown in Figures 8(e)
and (f). For high sulfur heats, for the 1-minute sample,

inclusions were similar to those in heat C, while Al2O3

inclusions mostly attached to CaS and were little
surrounded by CaS, as shown in Figure 9(a). Inclusions
were transferred to CaO-CaS-Al2O3 and CaS-Al2O3

with time. Inclusions of CaO-Al2O3 were surrounded
with CaS, and dual-phased inclusions containing CaS
were also found, as shown in Figures 9(b) and (c).
Finally, inclusions shifted to uniform CaO-CaS-Al2O3

or CaO-Al2O3 with a high Al2O3 content, as shown in
Figures 9(d) and (e).

IV. FORMATION MECHANISM OF CALCIUM
OXIDE AND CALCIUM SULFIDE

The evaporation of calcium during calcium treatment
of steel has been reported. After the addition of Ca-Si
powders, the reaction between the dissolved calcium and
the dissolved oxygen and sulfur in steel occurred so that
CaO and CaS are formed. The contents of CaO and CaS
in inclusions decreased gradually since the dissolved
calcium vaporized and decreased in steel with the lapse
of time.[32] The composition of inclusions depended
highly on the sulfur content in the molten steel since
the formation and decomposition reactions of CaS
occurred. In the current study, the formation and
evolution of CaS were discussed. Thermodynamic cal-
culation was performed using Factsage 7.0 software
with the FactPS, FToxid, and FTmisc databases. In the
induction furnace, the quasi-equilibrium state could be

Table II. Composition of Steel Samples

[Al]s (Pct) T.Ca (ppm) T.O. (ppm) T.S. (ppm)

S = 25 ppm heat A
1st sample 0.1 47 27.1 26
2nd sample 0.097 30 22.5 24
3rd sample 0.098 20 19.9 25
4th sample 0.093 7 18.8 24
Final sample 0.1 5 13.7 25

S = 50 ppm heat B
1st sample 0.1 47 10.8 50
2nd sample 0.1 28 11.7 50
3rd sample 0.097 10 10.5 51
Final sample 0.096 5 12.6 52

S = 90 ppm heat C
1st sample 0.086 43 14 90
2nd sample 0.086 26 18.3 89
3rd sample 0.088 11 19.7 91
4th sample 0.086 8 16.2 94
Final sample 0.092 2 13.9 91

S = 180 ppm heat D
1st sample 0.1 48 12.6 179
2nd sample 0.1 22 12.2 183
3rd sample 0.098 14 16 183
4th sample 0.094 7 23.4 183
Final sample 0.092 4 15.5 189

S = 180 ppm heat E
1st sample 0.1 47 12.3 177
2nd sample 0.1 14 9.7 171
3rd sample 0.1 12 15.5 183
4th sample 0.092 8 29.2 185
Final sample 0.1 3 12.8 191
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achieved in each stage due to favorable kinetic condi-
tions. Hence, the thermodynamic calculation could
predict the evolution tendency of the composition of
inclusions.

Based on the calculated results with Factsage 7.0
software, with 10 ppm T.O. and 0.1 pct [Al]s in steel, the
variation of the composition of inclusions with the
contents of calcium and sulfur in steel is illustrated in
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Fig. 3—Distribution of size and composition of inclusions in the Al2O3-CaS-CaO ternary phase diagram in Heat A (T.S. = 25 ppm) at (a)
1 min, (b) 3 min, (c) 5 min, (d) 7 min, (e) 10 min, and (f) average composition.
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Figure 10. With the decreased calcium in steel, inclu-
sions were transferred from CaS-CaO-Al2O3 to
CaO-Al2O3, and then to (CaO)-Al2O3 finally. The

formation of CaS-CaO-Al2O3 inclusions with a high
Al2O3 content was favored in steel with high sulfur
content. Figure 11 shows the critical condition for the

0 25 50 75 100

0

25

50

75

100 0

25

50

75

100

(a)

Scanning area: 21.2 mm2

Amount of inclusions: 427
[Al]s=0.086%
T.Ca=43 ppm
T.O.=14 ppm
T.S.=90 ppm

CaO

CaS

Al2O3

1.0
3.0
5.0
7.0
9.0
11
13
15

Dmax(μm)

0 25 50 75 100

0

25

50

75

100 0

25

50

75

100

(b)

Scanning area: 15.2 mm2

Amount of inclusions: 1406
[Al] s=0.086%
T.Ca=26 ppm
T.O.=18.3 ppm
T.S.=89 ppm

CaO Al
2
O

3

CaS

1.0
3.0
5.0
7.0
9.0
11
13
15

Dmax(μm)

0 25 50 75 100

0

25

50

75

100 0

25

50

75

100

(c)

Scanning area: 31.9 mm2

Amount of inclusions: 914
[Al]s=0.088%
T.Ca=11 ppm
T.O.=19.7 ppm
T.S.=91 ppm

CaO

CaS

Al2O3

1.0
3.0
5.0
7.0
9.0
11
13
15

Dmax(μm)

0 25 50 75 100

0

25

50

75

100 0

25

50

75

100Scanning area: 24.27 mm2

Amount of inclusions: 724
[Al]s=0.086%
T.Ca=8 ppm
T.O.=16.2 ppm
T.S.=94 ppm

CaO Al2O3

CaS

1.0
3.0
5.0
7.0
9.0
11
13
15

Dmax(μm)

(d)

0 25 50 75 100

0

25

50

75

100 0

25

50

75

100

(e)

Scanning area: 15.2 mm2

Amount of inclusions: 301
[Al] s=0.092%
T.Ca=2 ppm
T.O.=13.9 ppm
T.S.=91 ppm

CaO

CaS

Al2O3

1.0
3.0
5.0
7.0
9.0
11
13
15

Dmax(μm)

0 25 50 75 100

0

25

50

75

100 0

25

50

75

100

ed

CaO

CaS

c
b

a

Al2O3
(f)

Fig. 4—Distribution of size and composition of inclusions in the Al2O3-CaS-CaO ternary phase diagram in Heat C (T.S. = 90 ppm) at (a)
1 min, (b) 3 min, (c) 5 min, (d) 7 min, (e) 10 min, and (f) average composition.
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formation of CaS. The decomposition of CaS was
favored by the evaporation of the dissolved calcium and
the increase of the T.O. in steel.[44] The formation and

decomposition of transient CaS inclusions had a signif-
icant influence on the composition of inclusions during
calcium treatment.
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Fig. 5—Distribution of size and composition of inclusions in the Al2O3-CaS-CaO ternary phase diagram in Heat E (T.S. = 180 ppm) at (a)
1 min, (b) 3 min, (c) 5 min, (d) 7 min, (e) 10 min, and (f) average composition.
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Based on the composition of inclusions shown in
Figures 3 through 5, the calculated variation of the
composition of inclusions agreed with the measurement
with a certain deviation. When Ca-Si powders were just
added into the molten steel, a complete thermodynamic
equilibrium could hardly be reached. Hence, it was hard
to accurately predict the transient phenomena by
thermodynamic calculation. In the current study, a
reaction model was proposed for the formation of CaO
and CaS just after the addition of calcium.
When calcium is added into the molten steel, the

competition between oxygen and sulfur for available
calcium, whether at the surface of calcium vapor
bubbles or dissolved in the steel, could have an effect
on the formation of CaO and CaS.[30] A calcium-rich
zone exists in the molten steel just after the addition of
calcium. The reaction between calcium vapor bubbles in
the zone and the dissolved oxygen and sulfur in the
molten steel could occur like the chemisorption of the
dissolved solute, as described by a Langmuir-type
adsorption isotherm with a reaction occurring on the
remaining vacant sites, as shown in Figure 12. The
formation of CaO and CaS molecules was assumed fast
enough so that it would hardly hinder the next absorp-
tion for oxygen and sulfur to the surface of calcium
vapor. The progress would be ongoing until the calcium
vapor was consumed completely or evaporated from the
surface of the melt to the atmosphere. The components
of CaS and CaO became detectable by the agglomera-
tion of smaller CaS and CaO particles. Thus, the
dependence of the ratio on the surface constitution
was described by a simple site coverage model in the
monolayer approximation;[45] i.e., the coverage of sulfur
and oxygen was in proportion to their molar quantities
in inclusions. For ideal Langmuir adsorption,[46]

hi
1� hi

¼ Kiai ½4�

where h is the fractional coverage by the single solute
i, ai is the activity, and K is the equilibrium constant.
For the case of many ideally adsorbed interfering

solute elements, the equation could be written as

hi
1�

P

j

hj
¼ Kiai ½5�

Relative extents of sulfur and oxygen segregation to
the interface between liquid steel and gas (such as
calcium vapor) were estimated using the literature data
on surface segregation with segregation constants of
KO = 300 and KS = 130 for oxygen and sulfur, respec-
tively, according to the previous equation containing
oxygen with a Henrian activity of 4.6 ppm (from the
Al-O equilibrium diagram) and variable sulfur.[30,45]

Oxygen and sulfur contents in CaO and CaS were
calculated based on the measured mass fractions of CaO
and CaS in inclusions. By assuming the measured
average diameter to be equal to the real diameter of
each inclusion, elements of calcium, oxygen, and sulfur
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Fig. 6—Variation of (a) CaS, (b) CaO, and (c) Al2O3 content of
inclusions with time.
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in detected inclusions as fractions of the total steel mass
were calculated with the assumption of an average
density of 3.5 g/cm3 for inclusions and 7.85 g/cm3 for
the steel.[30] Thus, calcium, oxygen, and sulfur contents
in CaO and CaS inclusions and the molar ratio of S/
(S+O) were obtained, as shown in Table III.

The concentration of the dissolved calcium in the steel
is estimated to be a few parts per million at most,[47] while
the excessive calcium content over 20 ppm[14,33] exists in
the molten steel just after the addition of calcium, which
is estimated by substracting the calcium content fixed in
CaO and CaS from the T.Ca. Thus, the ratio of sulfur
and oxygen in inclusions containing calcium in the
1-minute sample of each heat was investigated, whose
variation tendency was in line with that of the calculated
one using the Langmuir model, as shown in Figure 13.
The measured result was lower than the calculated one
since the reaction between CaS molecules and the atoms
of the dissolved oxygen in steel occurred after CaS
formed. When excessive calcium content existed in the

molten steel, the rate of CaS formation was higher than
that of CaS decomposition. The measured CaS content
in inclusions was the resultant from the formation and
decomposition of CaS inclusions. In the model, CaS
decomposition was ignored since the decomposition rate
of CaS is hard to test.
The relationship between the sulfur content in steels

and the fraction of CaS decomposition is illustrated in
Figure 14. For the sample taken at the same time in each
heat, CaS decomposition highly depended on the
reaction between CaS and [O]. Based on the chemical
composition of the steel ([O] = 4.6 ppm,
[Al] = 0.1 pct) and thermodynamic parameters listed
in Table IV,[48,49] the change of Gibbs free energies
(DGr) of Reaction [3] with sulfur contents in steel was
calculated by Eqs. [6] through [8], shown in Figure 15.
In the current study, for the 1-minute sample of each
heat, the dissolved calcium was approximately 30 to
40 ppm, and the dissolved sulfur content was approx-
imately equal to the total one before calcium addition.

Fig. 7—Typical inclusions in steel with 25 ppm sulfur: (a) CaS-Al2O3, (b) complex CaS-CaO-Al2O3, (c) CaO-Al2O3 with a CaS ring, (d) CaO-A-
l2O3 surrounded by CaS, and (e) uniform CaOÆAl2O3.
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The Gibbs free energy of a reaction is often used to
describe whether one reaction is favored. The reaction
occurs if the Gibbs free energy is negative. As shown in
Figure 15, the driving force of the reaction decreased
with the decrease of sulfur and calcium contents in steel.
Hence, the extent of the reaction of CaS with [O] was
determined by the dissolved sulfur content in steel. The
deviation between the measured and the calculated
results using Langmuir adsorption results from this
effect. The dependence of the fraction of CaS decom-
position on the sulfur content in steel agreed with that of
Gibbs free energy of Reaction [3], as shown in
Figure 15.[18,50]

ðCaOÞ þ ½S� ¼ ðCaSÞ þ ½O�; DGh ¼ 114; 521�29:8T

½6�

DGr ¼ DGh þ RT lnQr ½7�

Qr ¼ aCaS � fO � ½pct O�=ðaCaO � fS � ½pct S�Þ ½8�
Based on the preceding discussion, a mechanism for

the formation and decomposition of CaS and CaO

Fig. 8—Typical inclusions in steel with 50 to 90 ppm sulfur: (a) CaS-CaO-Al2O3, (b) CaS-Al2O3, (c) CaO-Al2O3 with a CaS ring, (d) CaO-Al2O3

surrounded by CaS, (e) complex CaS-CaO-Al2O3, and (f) uniform CaO-Al2O3.
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Fig. 9—Typical inclusions in steel with 180 ppm sulfur: (a) CaS-Al2O3, (b) CaO-Al2O3 surrounded by CaS, (c) complex CaS-CaO-Al2O3,
(d) uniform CaS-CaO-Al2O3, and (e) uniform CaOÆAl2O3.
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inclusions just after calcium treatment was proposed, as
shown in Figure 16. According to the Langmuir adsorp-
tion model, CaO and CaS molecules form when solute
elements oxygen and sulfur in the molten steel are
adsorbed on the surface layer of calcium bubbles. CaS
and CaO-CaS became detectable by the agglomeration
of smaller CaS and CaO particles. Similarly, the
formation of CaS-Al2O3 and CaS-CaO-Al2O3 occurred
by the agglomeration of CaS, Al2O3, and CaO particles,
as shown in Figure 16(a). Meanwhile, the reaction
between CaS and [O] occurred so that CaO-CaS
complex inclusions were formed, as illustrated in
Figure 16(b). Corresponding transient inclusions, which
were measured at the 1-minute sample in heat E, are
shown in Figure 17. Based on the composition mapping
of inclusions, CaO-CaS was observed in the corner of
the CaS inclusion or on the surface of the CaS matrix.

Fig. 12—Reaction model for the formation of CaO and CaS.

Table III. Contents of Calcium, Oxygen, and Sulfur in Detected CaO and CaS, Calculated from Measured Results of Aspex
(ppm)

Cain inclusions Cain CaO Cain CaS Oin CaO Sin CaS S/(S+O)

S = 25 ppm heat A 1st sample 6.41 4.40 2.01 1.76 1.61 0.31
S = 50 ppm heat B 1st sample 14.31 7.38 6.39 2.95 5.54 0.48
S = 90 ppm heat C 1st sample 3.75 1.34 2.41 0.54 1.93 0.64
S = 180 ppm heat D 1st sample 15.53 5.14 10.39 2.06 8.34 0.67
S = 180 ppm heat E 1st sample 11.74 3.29 8.45 1.32 6.79 0.72
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Table IV. First-Order and Second-Order Interaction Coeffi-

cients at 1873 K (1600 �C) Used in the Current Work
[48,49]

j Al Ca S O

eO
j � 1.17 � 515 � 0.174 � 0.2
eAl
j 0.043 � 0.047 0.035 � 1.98
eCa
j � 0.072 � 0.002 � 140 � 780
eS
j 0.041 � 110 � 0.046 � 0.27

cOCa ¼ 6:5� 105

cCaO ¼ �1:8� 104

cO;Ca
O ¼ 5:2� 105

cCa;OCa ¼ �9� 104

.
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The reaction between CaS and [O] explained the
deviation between the measured result and the calcu-
lated result using the Langmuir adsorption model.

V. EVOLUTION MECHANISM OF CALCIUM
SULFIDE

The CaS inclusions are an intermediate reaction
product and play an important role for the subsequent
modification of alumina inclusions.[30,31,33] The reaction
responsible for the modification of alumina is given
by[18,50,51]

3ðCaSÞ þ ðAl2O3Þ ¼ 3ðCaOÞ þ 2½Al� þ 3½S�;
DGh ¼ 520; 807�133:1T

½9�

DGr ¼ DGh þ RT ln
a3CaOf

2
Al½Al�2f3S½S�

3

a3CaSaAl2O3

 !

½10�

Activity coefficients of Al and S used for calculations
are listed in Table IV. The activity of Al2O3 and CaO in
calcium alumina was calculated with Factsage 7.0
software, as shown in Figure 18. Hence, the dependence
of the mass fraction of Al2O3 in calcium alumina
inclusions on the sulfur content in steel was obtained
when the Gibbs free energy of the reaction was zero, as
illustrated in Figure 19. The figure indicates that the

Fig. 16—Mechanism for the formation and the decomposition of CaS and CaO inclusions just after the addition of calcium to the steel: (a) for-
mation of inclusions containing CaS and (b) reaction between CaS and [O].
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modification of alumina was favored if the steel con-
tained low sulfur, and a higher Al2O3 content existed in
calcium alumina inclusions if the sulfur content in steel
increased.

Based on two-dimensional composition mappings of
inclusions, the morphology of typical inclusions con-
taining CaS is schematically shown and summarized in
Figure 20. Nine stages are defined according to the
measured sulfur and calcium contents in steel samples.
Different types of dominated inclusions show different
patterns at each stage. When sulfur in steel was as low as
25 ppm, CaS mostly adhered to CaO-Al2O3 or Al2O3 to
form a dual-phased inclusion just after the addition of
calcium. With decreasing calcium content in steel,
inclusions were mostly transferred to globular
CaO-Al2O3 ones containing a little amount of CaS.

When the sulfur content in steel ranged from 50 to
90 ppm, the main type of inclusions contained a core of
Al2O3 or CaO-Al2O3 and the inclusions were completely
or partially surrounded by CaS. When the calcium
content in steel decreased, the inclusions were mostly
uniform CaO-Al2O3, CaS-Al2O3 complex ones or
dual-phased ones of CaO-Al2O3 and CaS. With a
further decrease of calcium content, inclusions shifted
to uniform CaO-Al2O3 and dual-phased inclusions of
CaO-Al2O3 and CaS. When the sulfur content in steel
was increased to 180 ppm, dual-phased inclusions of
Al2O3 and CaS were dominant just after the addition of
calcium. Similar tendency for the evolution of inclusions
was observed when the sulfur content in steel was higher
than 50 ppm, except that many uniform CaS-
CaO-Al2O3 inclusions existed in the last tapped sample

Fig. 17—Composition mappings of transient inclusions formed due to the reaction between CaS and [O]: (a) CaS and CaS-CaO inclusions and
(b) CaO and CaS-CaO inclusions.
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for experiments with 180 ppm sulfur in steel. With fixed
calcium level, for example, higher than 30 ppm, more
inclusions were CaS-Al2O3 when the sulfur content in
steels was higher than 50 ppm, while inclusions were
mostly CaS-Al2O3-CaO when the sulfur content was
25 ppm. Sulfur content significantly influenced the
morphology of inclusions during calcium treatment.
According to the thermodynamic calculation earlier

and the morphology evolution of typical inclusions
containing CaS, the variation of transient CaS inclu-
sions could be summarized. In heat A, limited by the
sulfur content in steel, CaO-Al2O3 and CaO-Al2O3-CaS
inclusions and a certain amount of CaS-Al2O3 formed at
first. The evaporation of calcium and the modification
reaction between CaS and Al2O3 were the two possible
influencing parameters responsible for the decomposi-
tion of CaS. The modification reaction between CaS and
Al2O3 was favored in steel with low sulfur, as shown in
Figure 19. Hence, CaS-Al2O3 inclusions were trans-
ferred to CaO-Al2O3-(CaS) rapidly. When the sulfur
content in steel increased, calcium was mostly captured
in CaS so that less CaO was formed just after the
addition of calcium. The decomposition of CaS inclu-
sions highly depended on the evaporation of calcium.
The reaction between CaS and alumina in steel with
increased sulfur, especially in heats D and E, also
occurred to generate uniform CaS-CaO-Al2O3 inclu-
sions, while the reaction was less intense than that in
steel with 25 ppm sulfur. Thus, at the last tapped
sample, inclusions were transferred to uniform CaS-
CaO-Al2O3 inclusions with a high Al2O3 content and to
dual-phased inclusions of CaS and CaO-Al2O3. Increas-
ing sulfur content from 50 to 180 ppm in steel had an
influence on the modification of alumina, while the
extent of the modification reaction on alumina was
limited by the sulfur content in steel. Initially generated
CaS inclusions were mostly decomposed due to the
evaporation of calcium. The current study concluded
that calcium addition involved more the formation of
the immediate product CaO, and then the modification
occurred by the direct reaction between CaO and
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Al2O3.
[52] CaO existed stably after the formation of

calcium alumina despite the decrease of the calcium
content in steel.

VI. CONCLUSIONS

In the current study, the effect of sulfur content in the
molten steel on the transient evolution of inclusions was
investigated via laboratory experiments. Thermody-
namic calculation was performed to predict the evolu-
tion tendency of the composition of inclusions. A
reaction model was proposed for the formation of
CaO and CaS, and the variation of transient CaS
inclusions was discussed based on the thermodynamic
calculation and the morphology evolution of typical
inclusions containing CaS. The following conclusions
are derived.

1. Sulfur content in steel had an obvious effect on the
composition of inclusions during calcium treatment.
When the content of sulfur in steel was as low as
25 ppm, the evolution path of inclusions was from
CaS-Al2O3-CaO to Al2O3-CaO-(CaS) with the de-
crease of calcium in steel. With increasing sulfur
content in steel from 90 to 180 ppm, inclusions shif-
ted from CaS-Al2O3 to dual-phased ones of CaS and
CaO-Al2O3 and uniform Al2O3-CaO-CaS ones with
high Al2O3 content.

2. The formation of CaS highly depended on oxygen,
calcium, and sulfur contents in steel. The formation
of CaS-CaO-Al2O3 inclusions with a high Al2O3

content was favored in steel with high sulfur content.
3. A reaction model was proposed for the formation of

CaO and CaS just after the addition of Ca-Si pow-
ders, which was validated by the measurement. The
deviation between the measured and calculated re-
sults using the Langmuir adsorption model existed
since the reaction between CaS and [O] occurred.

4. The decomposition of CaS in Al2O3-rich inclusions
was favored in steel with a low sulfur content during
calcium treatment. With the increased sulfur content
in steel, calcium was mostly captured in CaS. Initially
generated CaS inclusions were mostly decomposed
due to the evaporation of calcium, while the extent of
the modification reaction on alumina was limited by
the increased sulfur content in steel. Hence, inclu-
sions were mostly uniform CaS-CaO-Al2O3 with a
high Al2O3 content, as well as dual-phased inclusions
of CaS and CaO-Al2O3 in steel with an increased
sulfur content.
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