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Abstract: Industrial experiments were carried out to investigate the formation of CaS-bearing inclusion during Ca double modification in cil
casting steels using polished cross sections and electrolytic extraction. Immediately after Ca addition, the role of newly generated CaS as an
intermediate reaction product, which modified the Al,Oz inclusion into aliquid calcium aluminate, was confirmed. The formation of transient
CaS was attributed to the high surface segregation of S at the liquid steel-calcium vapor interface, where a smple Ste coverage model based
upon the Langmuir adsorption equation was established. Moreover, a CaS outer layer surrounding the liquid calcium aluminate was attained
mainly in the tundish, which was distributed unevenly on the surface of liquid particles according to the three-dimensional mapping results.
The surface of awell-modified calcium aluminate with higher CaO activity and Al,O3 activity under bulk composition conditions in the tun-
dish acted as a favorable site for the generation of CaS. Additionally, CaS could be precipitated directly onto existing inclusions during soli-
dification of the steel, which led to various morphologies of CaS-bearing inclusions in dabs. Furthermore, the phase transformation of inclu-

sions during solidification was strongly influenced both by the S content and the Ca/S ratio in the tundish via thermodynamics.
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1. Introduction

Al is one of the most popular deoxidizers used in steels
because of its efficient deoxidation power. However, Al,O3
inclusions, which form as deoxidation products, are detri-
menta to the castability of molten steel because of their
high hardness and high melting point [1-2]. In ail casting
steels, Al,O3 inclusions can give rise to hydrogen-induced
cracking, thereby adversely affecting the steels' corrosion
resistance [3-4]. Consequently, a Ca treatment method has
been established to improve castability and product quality
through the modification of solid Al,O; into liquid calcium
duminates [5-7]. Nevertheless, stable CaS with a high
melting temperature, which usually forms as a result of a
high S concentration or excessive modification of Ca treat-
ment, can result in clogging of asubmerged entry nozzle [8].

The deoxidation and desulfurization equilibria of liquid
iron by Cain the Fe-Ca—O-S system have been investigated
in laboratory-scale and industria experiments [8-15], which
are useful for characterizing CaS formation during the
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steelmaking process. With respect to the morphology of CaS,
oxide—sulfide duplex inclusions with a CaS shell are typi-
cally observed during secondary refining. Ye et al. [16]
proposed that the CaS could be precipitated on the surface
of the liquid calcium aluminate as a ring shape because of
the liquid calcium aluminate's high sulfide capacity and low
Al,O3 activity. Geldenhuis and Pistorius [17] reported that
free CaS was rarely compared with the CaS-Al,0s—Ca0 in-
clusions at different Ca content injections during industrial
trials. An unreacted core model of evolution of the
Ca0-Al,0; system into the CaO-Al,0s—CaS system was
also established by Xu et al. [18] to explain the formation of
oxide—sulfide duplex inclusions during refining.
Nevertheless, a debate regarding the reaction between the
CaS as an intermediate reaction phase and the unmodified
AlL,O; dtill exists. Traditionaly, the modification reaction
of Al,Os has been carried out using dissolved calcium or
calcia[19-20]. Several studies have reported that CaS, which
forms as a transent phase immediately upon Ca addition and
then decreases to disagppear, could modify Al,Os inclusionsto
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liquid calcium aluminates [21-24]. Verma et al. [23] used li-
terature data related to surface segregation to explain the
formation of CaS during the transit stage. Ren et al. [24]
proposed that the formation of CaS in the concave positions
of Al,Oz inclusions is attributable to a lower interfacia free
energy. In addition, Ren et al. [25] constructed a model of
the kinetics during Ca treatment using FactSage ma
cro-processing. Recently, Liu et al. [26] further investigated
the effect of S on transient evolutions of inclusions during
Catreatment.

For ail casting stedls, the precipitation of CaS inclusions
during the solidification process is advantageous in terms of
preventing the formation of elongated MnS inclusionsin the
finished products, which is a risk factor for hydro-
gen-induced cracking and sulfide stress corrosion cracking
of steels [4,27-29]. To explain the precipitation of CaS dur-
ing solidification, the inter dendritic solidification model
coupled with the thermodynamic equilibrium model was
applied by Holappa et al. [30]. Wang et al. [31] conducted
laboratory experiments through high-temperature confoca
scanning laser microscopy to investigate the formation of
CaS on Al,0s~Ca0 inclusions during the solidification of
steels. Moreover, Guo et al. [32] calculated the precipitation
of CaS-bearing inclusions and investigated their deforma-
tion during rolling in the compact strip production (CSP)
process. In a study conducted by Xu et al. [18], various
morphologies of calcium aluminates wrapped with pure CaS
or oxide-sulfide duplex inclusion during the CSP process
were observed in element maps recorded with an electron
probe micro-analyzer, and the plastic deformation region of
oxide—sulfide duplex inclusion was further confirmed.

In summary, the presence of CaS-bearing inclusion in ail
casting steels increases the complexity of modified products
and thus affects the Ca treatment efficiency. Although exist-
ing studies recognize the multiple roles of CaS-bearing in-
clusion during Ca treatment, researchers have yet to syste-
matically examine the formation mechanism of CaS-bearing
inclusion on the basis of thermodynamic understanding at
each stage after Ca addition in industry operations. In this
study, the behaviors of CaS-bearing inclusions during Ca
treatment in oil casting steels were investigated by collect-
ing samples at various times after the Ca treatment. Since
traditiona two-dimensional (2D) invegtigations limit the
accurate chemical analysis of the inclusion surface, electro-
Iytic extraction was a so adopted in the present work to ob-
tain a full understanding of the three-dimensiond (3D) fea
tures of nonmetallic inclusion [33]. In addition, thermody-
namic calculations in the current work were carried out with
the aid of FactSage 7.0 software [34]. The specific objec-

Int. J. Miner. Metall. Mater., Vol. 26, No. 5, May 2019

tives for this work are outlined as follows: (1) characterize
CaS-bearing inclusions during Ca modification, with em-
phasis on detailing intact 3D features of CaS-bearing inclu-
sions; (2) establish the thermodynamics of CaS during the
steelmaking process under the stability and non-equilibrium
conditions, predict the precipitation of inclusions after the
second Ca treatment during solidification, and thereby elu-
cidate the formation mechanism of CaS-bearing inclusions
at various stages during Ca double treatment.

2. Experimental
2.1. Industrial experiments

The industrial tests were executed at the facility of the
Pangang Group Co., Ltd. in China; the process flow is ex-
emplified in Fig. 1. During tapping in the basic oxygen fur-
nace (BOF), the dag-stopping process was applied and the
high basicity refining dag was added to the melt. At the
Ar-blowing station, Al wire was added first for deep deoxi-
dation before Ar-blowing. During the ladle furnace (LF)
treatment, the basicity of the refining dag (Wt% CaO/wt%
SiO,) was controlled at approximately 10.0 for desulfuriza
tion. At the end of ladle processing, 400-600 m of S—Ca
wire was fed into the ladle for the modification of Al,O3 in-
clusions. During Ruhrstahl-Heraeus (RH) refining, the va
cuum treatment duration exceeded 12 min to eliminate the
inclusions to the extent possible. Then, 200-300 m of Si-Ca
wire was fed again into the ladle. The supplemental Ca
through the second Ca addition compensated for the Ca loss
during the RH treatment, thereby enhancing the modifica
tion effect of inclusions, especially the re-deoxidized prod-
ucts after the first Ca treatment. Furthermore, the Ca re-
tained in the liquid could positively affect the precipitation
of MnS inclusion during solidification. During continuous
casting, the casting speed in the test was set a 1.4 m/min
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Fig. 1. Processflow of Cadoubletreatment.
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and 1.7 m/min. The test samples were obtained from three
heats with barrel-type samplers. Specificaly, the samples
were collected at the Ar-blowing station (A), LF arriva
(LF1), prior to LF Catreatment (LF2), 2 min following the
LF Catreatment (LF3), prior to the RH Catreatment (RH1),
and 2 min following the RH Ca treatment (RH2), in the tun-
dish (T), and inthe dabs ().

2.2. Inclusion characterization

For 2D inclusion analysis, the sted samples obtained in
the experiments were machined into cylindrical specimens
(specimen A, 20 mm in length and 15 mm in diameter). The
surface of each specimen was ground with SIC papers up to
2000 grit and subsequently polished with diamond pastes.
The 2D characterizations of inclusions, including composi-
tion, morphology, structure, and size, were anayzed by
scanning electron microscopy (SEM, Zeiss EVO 18th spe
cid) in conjunction with energy dispersive spectroscopy
(EDS, Nano XFlash detector 5010, Bruker). At least 30 typ-
ical inclusions were observed using point and mapping
scanning in each sample during 2D inclusion analysis.

For 3D investigations of inclusions in steel, electrolytic
extraction, as an effective approach to extract intact inclu-
sions from the steel matrix, was employed in the current
work. A specimen (specimen B, Length x width x height =
15 x 15 x 4 mm) was cut from each steel sample for elec-
trolytic extraction. The electrolysis device consisted of a
power source, an anode (specimen B), and a cathode (a thin
stainless steel loop). In the current study, a 10% AA (10%
acetylacetone in volume concentration and 1% tetramethy-
lammonium chloride-methanol in mass concentration) elec-
trolyte was adopted. The electrolysis temperature was set at
0-5°C with the current density a 40-50 mA-cm™. Ap-
proximately 0.1 g of metal was dissolved with the electro-
Iytic extraction time set at approximately 4.5-5 h. After
electrolytic extraction, the electrolyte was filtered through a
polymer membrane with a pore size of 0.4 um. The filter,
after being coated with gold under vacuum conditions, was
analyzed for 3D features of inclusions using the SEM (Zeiss
Supra 55) combined with EDS (INCA, Oxford).

2.3. Bulk chemical analysis

The compositions of steel samples at various sampling
locations were analyzed; the results are listed in Table 1.
The content of totd oxygen (T.O) in each steel sample was
analyzed by inert gas fusion-infrared absorptiometry. The
content of S in stee samples was determined by the
high-frequency induction furnace combustion-infrared ab-
sorption method. The dissolved Al (Als) and Ca contents of

steel were analyzed by inductively coupled plasma atomic
emission spectrometry (ICP-AES). All of the chemica
analyses of stedl in thiswork were carried out at the Nation-
al Analysis Center for Iron and Steel (NACIS, China).

Table 1. Compositions of sted samples at various sampling

locations wit%
Heat No. Sample No. Al O Ca S

1-LF1 0.110 0.0024 NA  0.0048

1-LF2 0.061 0.0034 0.0015 0.0040

1-LF3 0.027 0.0033 0.0038 0.0019

! 1-RH1 0.051 0.0046 0.0012 0.0020
1-RH2 0.026 0.0050 0.0034 0.0019

1T 0.026 0.0038 0.0019 0.0030

2-LF1 0.110 0.0024 NA 0.0031

2-LF2 0.045 0.0041 0.0017 0.0017

5 2-LF3 0.028 0.0067 0.0045 0.0018
2-RH1 0.034 0.0030 0.0016 0.0017

2-RH2 0.025 0.0028 0.0039 0.0018

2-T 0.029 0.0034 0.0031 0.0020

3LF1 0.110 0.0025 NA 0.0047

3-LF2 0.081 0.0028 0.0014 0.0043

3 3-LF3 0.068 0.0039 0.0051 0.0045
3-RH1 0.067 0.0022 0.0014 0.0031

3-RH2 0.045 0.0037 0.0046 0.0040

3T 0.039 0.0018 0.0023 0.0032

Note: NA—not analyzed.

3. Resultsand discussion

3.1. Characterization of CaS inclusons during Ca
treatment

3.1.1. Composition change of inclusions

The composition evolution of inclusions during Ca
double addition is presented in Fig. 2. After Ar-blowing, the
mean vaue of Al,Os content in the inclusions accounted for
approximately 83.69wt%. Subsequently, the CaO content, as
well as the MgO content, was gradually increased before the
first Ca treatment (as shown in Fig. 1). The source of Mg
was the reaction of Al with the MgO-containing refractory
materia as well as the dag phase, where Cais provided by
the refining dag. After the first Ca addition in LF, the CaS
content increased abruptly to approximately 31.64wt% and
then decreased to approximately 3.25wt% before the second
Ca addition in RH; by contrast, the Al,O; content first de-
creased to approximately 48.84wt% and then increased to
70.62wt%. Furthermore, the CaO content in the inclusions
continued to grow during the first Ca treatment. The rapid



576

changes in both CaS and Al,O; contents indicated that the
CaS, as an intermediate reaction product, could react with
the Al O; inclusions shortly after the Ca addition. Likewise,
the mean CaS content increased to 14.46wt% after the
second Catreatment. The Al,O3 content gradually decreased
to 50.11wt%, and the CaO was retained at approximately
29.84wt% in the tundish. Finaly, a dramatic increase was
observed in the CaS content in the dabs, implying that the
CaS phase could be directly precipitated during solidifica
tion of steels.

To show the distribution of inclusion compositions dur-
ing Ca double addition, the inclusion composition data with
the mass percentage of (CaO + Al,O; + MgO) or (CaO +
Al,Oz+ CaS) ininclusions greater than 90wt% were marked
in the CaO-Al,0-MgO—CaS pseudo-quaternary phase di-
agram, as shown in Fig. 3. The solid, dashed, and dotted
curves in Fig. 3 give the compositions corresponding to
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Fig. 2. Evolution of Al,O3, MgO, CaO, CaSand MnS contents
during Catreatment.

Fig. 3. Distributions of incluson compositionsin CaO-Al,O;-MgO—-CaS pseudo-quater nary phase diagram during Ca treatment:
(&) LF arrival; (b) prior to LF Ca treatment; (c) following LF Ca treatment; (d) prior to RH Ca treatment; (e) following RH Ca

treatment; (f) tundish.
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100wt%, 75wt%, and 50wt% liquid at the refining tempera-
ture (1600°C, Figs. 3(@-3(e)) and the tundish temperature
(1550°C, Fig. 3(f)), repectively. The liquid boundary used here
represents the mass fraction of liquid in the phase compositions,
which was calculated using the FactSage 7.0 software.

At the early stages of LF treatment (Figs. 3(a) and 3(b)),
Al,O; inclusions started to be converted into Al,Os-MgO
spinel and CaO-Al,O5(-MgO) inclusions with a low CaO
content, accompanied by gradua increases of the MgO and
Ca0 contents in the inclusions. Shortly after the LF Ca
treatment, the compositions of inclusions were mainly lo-
cated in two regions, asillustrated in Fig. 3(c). In addition to
the calcium aluminate inclusions, other particles were dis-
tributed near the CaS-Al,O; binary region, accompanied by
a substantia increase in the CaS content. However, before
the second Ca addition, the compositions of inclusions
transferred back to the CaO-Al,Os binary region, where ap-
proximately half of the inclusions fell within the 50wt% lig-
uid region of the pseudo-quaternary phase diagram, as pre-
sented in Fig. 3(d). At the end of the RH vacuum refining,
200-300 m of Si—-Cawire was re-fed into steels to compen-
sate for the Caloss during RH refining. The compositions of
inclusions, accordingly, shifted farther toward the liquid re-
gion with some CaS-rich inclusions appearing again, as
shown in Fig. 3(€). For samples collected from the tundish

(Fig. 3(f)), a magority of the particles entered the
50wt%—100wt% liquid phase zone near the CaO-Al,O;3 bi-
nary region through persistent modification reactions in the
tundish, which indicated that the Ca treatment had a re-
warding modification effect.
3.1.2. Morphology and structure of CaS-bearing inclusions
during refining

The 2D mapping of typical CaS-Al,O; inclusions ob-
served shortly following Ca addition is illustrated in Fig. 4.
The inclusion shown in Fig. 4(a) was observed in 2 min &f-
ter the first Ca addition. In the 2D elemental map, the areas
of Al and O element distributions overlapped, as did the Ca
and S distributions. Furthermore, the boundary line between
the regions of O and S was not distinct. Apparently, a reac-
tion occurred at the junction of the Al,O; and CaS zones. As
shown in Fig. 4(b), the zones of concentrated Al and O also
overlapped and appeared to be complementary with the
zone of concentrated S. However, the Ca element was dis-
tributed almost uniformly over the inclusion, indicating that
the Al,O; phase in the inclusion was partialy modified to
the xCaO-yAl,O; phase through the further reaction of CaS
with the Al,Oz inclusion. Thus, as the modification reaction
proceeded in the melts, the CaS content gradually decreased,
whereas the Al,O; was utterly modified to a spherica cal-
cium aluminate detected in the tundish (Fig. 4(c)).

Fig. 4. 2D composition mappings of typical Al,Oz—CaS inclusions after Ca addition: (a) mapping of dual-phased inclusion of CaS
and Al,O; observed 2 min after the first Ca addition; (b) mapping of Al,O5 partially modified by CaS observed in the tundish; (c)
mapping of Al,O3; modified into a spherical liquid inclusion observed in the tundish.

The 3D composition mapping of thistype of CaS-bearing
inclusion is presented in Fig. 5. Compared with the
cross-sectional analysis, one of great advantages of electro-
Iytic extraction is that the surface-layer compositions can be
clearly exhibited by eliminating the interference from the

steel matrix. As shown in Fig. 5, the Ca element was not
distributed over the whole surface of the particle with an ir-
regular shape but did overlap with the S-concentrated zone.
In Fig. 5(a), the region of the Al,O; phase was partialy
wrapped by the CaS phase according to the 3D mapping re-
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sults. Additionally, a CaS outer layer could be distributed in
the concave position of the alumina inclusion (Fig. 5(b)).
When we combined these results with the cross-sectiona
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mapping anaysis illustrated in Fig. 4, we concluded that
CaS could be formed immediately after Ca addition and ad-
here to the unmodified Al,Os.

Fig. 5. 3D EDS-mapping pattern of transient CaS in contact with Al,Ozshortly after the first Ca treatment: (a) mapping of Al,Os
partially wrapped by CaS; (b) mapping of CaSdistributed in the concave position of Al,Os.

The 2D analysis in Fig. 6 reveals another typical type of
CaS-bearing inclusion usudly observed in the tundish.
These CaS-bearing particles were spherica or nearly spher-
ical. The EDS results show that the CaS phase was concen-
trated on the surface of aliquid calcium aluminate or a spi-

nel-iquid calcium aluminate core as aring shape. Moreover,
the boundary line between the elemental distributions of S
and O was also indistinguishable. That is, the outer layer of
the inclusions did not consist only of CaS but aso a dight
amount of the CaO phase, asreveaed by 2D mapping.

Fig. 6. 3D mapping analysis of inclusionswith a CaS outer layer in thetundish: (a) CaS phase concentrated on the surface of a lig-
uid calcium aluminate core; (b) CaS phase concentrated on the surface of a spinel-liquid calcium aluminate core.

The 3D mapping results can provide additional infor-
mation about this type of CaS-bearing inclusion. Fig. 7
shows that the elements Ca, Al, and O were distributed
over amost the whole surface of the particle and that

their distribution areas were more extensive than that of S.

We further deduced that an unclosed ring-shaped CaS
layer during cross-sectional observation (Fig. 6(b)) was

the result of its uneven distribution. On the basis of the
2D and 3D mapping patterns, the dual-phase inclusions
of CaS and Ca0O-Al,O; observed in the tundish are
straightforwardly distinguished from the Al,O;—CaS
duplex inclusions found shortly after Ca treatment in this
work, which isin agreement with the observations of Verma
etal. [23].

Fig. 7. 3D mapping pattern of inclusionswith a CaS outer layer in the tundish.

3.1.3. Morphology and structure of CaS-bearing inclusions
indabs

2D morphologies of typica types of CaS-bearing inclu-
sionsin the dabs are presented in Fig. 8. Asshown in Figs. 8(a)

and 8(b), aring-shaped CaS layer was distributed surrounding a
well-modified or poorly modified CaO-Al,Os inclusion core.
Figs. 8(c)-8(f) shows typica morphologies of dua-phase in-
clusions of CaS and Al,Os, which were aso the dominant in-
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clusions observed in the dabs, as presented in Fig. 2. In Fig.
8(c), the Al,O; particle was dmost wrapped by pure CaS,
wheress the crescent-shaped CaS directly adhered to Al,Os, as
exhibited in Fig. 8(d). Interestingly, the concave nature of the

exiging inclusion was also afavorable site for CaS precipita-
tion, as presented in Figs. 8(e) and 8(f). The digtribution of
Mn was aso detected during the mapping analysis and found
to be concentrated in the Sregion, as shown in Figs. 8(c)-8(f).

Fig. 8. 2D composition mapping of CaS-bearing inclusion observed in dabs. (a, b) mapping of CaO-Al,O; wrapped by CaS; (c)
mapping of Al,O; wrapped by CaS; (d) mapping of crescent-like CaS adhering to Al-Os3; (e, f) mapping of CaS precipitated in the

concave position of Al,Oa.

Fig. 9 illugrates the 3D morphology of typical
CaS-Al,O; inclusions observed in dabs. As shown in
SEM images, the surface of the outer CaS region with an
uneven distribution was relatively smooth compared with
the area of Al,Os. According to the mapping resultsin Fig.
9(a), the outer layer of the particle was mostly covered by
CaS. Fig. 9(b) shows the 3D element mapping images of
the dual-phased inclusion of CaS-Al,O; with CaS crescent
distribution. Based on 3D mapping patterns as shown in
Figs. 9(c) and 9(d), the concave position of Al,Oz provided
a favorable site for CaS precipitation. A small amount of
Mn was likewise detected in the areas of S and Ca (Figs.
9(b) and 9(d)). In the current work, the phase of MnS,
which was predominantly precipitated during cooling of
steels according to the results from inclusion composition
analysis (Fig. 2), was hardly observed during the

high-temperature process. Hence, the large difference be-
tween dual-phased inclusions of CaS and Al,O; formed
during the high-temperature process, and the solidification
process is likely due to the presence of MnS. However,
some dual-phase inclusions of CaS and Al,O; in Fig. 9
appear to contain no MnS. One possible explanation of this
difference is control of the MnS precipitation by Ca treat-
ment. In addition, the uneven distribution of MnS at the
surface of a particle may be linked to the absence of MnS
during 3D inclusion composition analysis. Therefore, fur-
ther research is required to accurately identify the various
CaS-bearing inclusions. Overall, the various morphologies
of the CaS-bearing inclusions in the slabs originated from
the variety of the existing inclusions during solidification
of the steel, which provided the diverse sites for CaS pre-
cipitation.
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Fig. 9. 3D edement mapping of CaS-Al,O3 inclusions extracted from dabs: (a) mapping of Al,O3; wrapped by CaS; (b) mapping of
Al,O3z adhering to CasS; (c, d) mapping of CaS precipitated in the concave position of Al,Os.

3.2. Thermodynamicsof CaSinclusonsduring Catreatment

3.2.1. Thermodynamics of stable CaS formation in the mol-
ten steel

Fig. 10 exhibits the liquidus projection of the
Al,0—Ca0-CaS system, as calculated by FactSage 7.0 with
the FactPS and FToxide databases. One of the Ca treatment
objectivesin 27CrMoV steels is to improve their castability
by modifying the Al,Os inclusion into spherical liquid inclu-
sions. However, some weakly modified products, such as
Ca0-6Al,0; and CaO-2Al,0; in combination with CaS
formed by Ca overtreatment, can likewise deteriorate the
castability because of their high melting points [1,8,35].
Thus, according to Fig. 10, for the liquid region produced in
the CaO-Al,0;—Ca0 ternary phase diagram at 1600°C, the
CaS content should be controlled at less than 8wt% and the
Ca0 content should be maintained between approximately
31wt% and 58wt%.

Fig. 10. Calculated liquidus projection of the Al,O;-CaO-CaS
system.

Fig. 11 shows the equilibrium relationship between S and
Ca for the CaS produced a various O contents in
Fe-0.27wt%C-0.3wt%S—0.45wt%M n—0.9wt%Cr—0.05wt
%Al melt at 1600°C. The calculation was performed using
FactSage 7.0 software with the FactPS, FToxid, and FTmisc
databases. In Fig. 11, the concentration curve decreases ob-
vioudy as the T.O content in the melt decreases from
0.0050wt% to 0.0001wt%. Consequently, a high concentra-
tion product of Ca and S with low O content enables the
easy generation of CaS in molten steel.

Fig. 1. Equilibrium relationship between S and Ca for CaS
formation at different O contents in oil casting steels at
1600°C.

The effect of the S content on the equilibrium relation-
ship between O and Cafor the formation of CaO and calcium
auminatesis presented in Fig. 12. The blue curvesin Fig. 12
represent the zero phase fraction lines of the liquid phase. The
equilibrium curves were caculated by the FactSage 7.0 soft-
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ware with the FactPS, FToxid, and FTmisc databases in
Fe-0.27wt%C-0.3wt%6S—0.45wt%6M n—0.9wt%Cr—0.05wit%6Al
melt at 1600°C. Overal, the equilibrium relationship
between O and Ca shows insignificant changes as the S
content increases from 0.0030wt% to 0.0200wt%. With
increasing Ca content in 27CrMoV sedls, the evolution
route of the CaO-bearing inclusions is CaO-6Al,0; —
Ca0-2Al,03 — liquid inclusion — Ca0, asindicated in Fig.
12. Furthermore, the range of the liquid curve becomes nar-
rower with decreasing S content, which means that the al-
lowed maximum Ca content for modification can be re-
duced. Otherwise, the CaO inclusions with a high melting
point will be formed in the steel, which is contrary to the
goal of Catreatment.

Fig. 12. Equilibrium relationship between O and Ca for cal-
cia and calcium aluminate formation at different S contentsin
oil casting steelsat 1600°C.

The doability diagram  of inclusions in the
Fe-0.27wt%C-0.3wt%S—0.45wt%M n—0.9wt%Cr—0.003wt
%S-Al-Ca-O melt at 1600°C was calculated using Fact-
Sage 7.0 with the FactPS, FToxid, and FTmisc databases,
as shown in Fig. 13. The numbers adjacent to each line
are the equilibrium O contents in the melts. Fig. 13
shows that the trajectory of inclusionsin oil casting steels
is Al,0;3 — Ca0-6Al,0; — Ca0-2Al,0; — liquid inclu-
sions with increasing Ca content at 1600°C. CaO-6Al,0;
and Ca0-2Al,0; have been demonstrated to be the primary
inclusions that adversely affect the castability of the
Al-killed stedls [1,35]. Therefore, the Ca content should be
carefully adjusted within an appropriate range. Unfortunate-
ly, the stability diagram in Fig. 13 could predict the presence
of inclusions only after the equilibrium of the reactions and
would have failed to explain the formation of CaS during
the transient stage following Ca addition.

Fig. 13. Calculated stability diagram of inclusions in
Fe-0.27wt% C—0.3wt% Si—0.45wt% M n—0.9wt% Cr—0.003wt% S
—Al-Ca-O melt at 1600°C.

3.2.2. Thermodynamics for transient CaS formation after Ca
treatment

Complex reactions including melting, vaporization, and
dissolution of Caitsdlf, in addition to its reactionswith O, S,
and Al occur almost simultaneously and congdtitute a
non-equilibrium thermodynamic system in the melts. Fur-
ther complicating the issue, the Ca vapor and dissolved Ca
contents cannot be quantified because of the limited mea
surements. Therefore, the equilibrium calculations are not
auitable for the prediction of inclusion behavior during the
transient stage.

In the molten steel, adsorption of strong surface-active
eements such as O and S occurs readily at the gasiquid
metal interface, such as decarburization and nitrogen re-
moval [36]. Likewise, immediately after Ca addition, the sur-
face of the Ca vapor bubbles may be an advantageous site for
segregation of S and O. In the current work, a Langmuir-type
adsorption isotherm was introduced to describe the surface
coverages of S and O at the interface between liquid steel
and Ca vapor. For the calculation, the following assump-
tions were made: (1) the surface-active dlementsof O and S
adsorb onto the same site at the liquid—gas interface; (2) the
surface coverages of O and S on the Site are in the monolay-
er approximation; and (3) the adsorption reactions occur
only on the remaining vacant sites at the interface.

In cases with more than one idedlly adsorbing interfering
solute, the Langmuir adsorption equation can be expressed
asfollows[36]:

6
= Kty 1
1—29,— |aA),| ( )
i

where K; denotes the adsorption coefficient of interfering
solute i; 6; and 6; represent the fractions of sites covered by
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interfering solute i and j, respectively; and o,; denotes the
thermodynamic activity of element i relative to the 1wt%
standard state.

Fig. 14 shows the surface coverage of the liquid steel by
Sand O. In Fig. 14, the blue and black curves represent the
surface coverage of S and O, respectively, which were cal-
culated according to Eq. (1) with the help of the FactSage
software. The adsorption coefficients in the work of Verma
et al. [23] and those in the present study were both estimated
from nitrogen—sted reaction kinetics. Notably, the effects of
different pressures on the rate of desorption are not negligi-
ble. According to Ban-ya's analysis [37], the vaues of Kg
and Ko at 101325 Pa were 130 and 300 at 1600°C, respec-
tively. In contrast, some researchers [38-40] reported sub-
stantially different behaviors at low pressures, where the
values of Ks and Ko at pressures of 13.33 to 1599.87 Pa
were 63.4 and 161, respectively, were reported by Harashi-
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ma et al. [39]. Thus, the values of Ks and Kq at both high
pressures and low pressures were applied in the present
study. As shown in Fig. 14, the values of 05 and 65 decrease
with increasing pressure in the case of the same S content by
comparing Fig. 14(a) and Fig. 14(b). Because the adsorption
coefficient was estimated by nitrogen adsorption, further
investigations are required to examine the real effects of
pressure on the adsorption of S and O. Notwithstanding,
when [%S] is 0.0030wt%, the value of 65 at the interface in
the melts containing 0.03wt% Al is much higher than that of
6o according to the thermodynamic results in Fig. 14. Fur-
thermore, with increasing Al content, the fraction of sites
covered by S continues to increase, whereas the value of 6o
simultaneously changes, exhibiting the opposite trend.
Clearly, a locd high concentration product of Ca and S at
the surface of Ca vapor bubbles provided the driving force
for the “direct” CaS formation.

Fig. 14. Surface segregation of O and S at the interface between the Ca vapor and liquid steel at 1600°C: (a) adsor ption coefficient
estimated at high pressure; (b) adsor ption coefficient estimated at low pressure.

The transient nature of the CaS phase shortly after Ca
treatment is such that they are not thermodynamically stable;
thus, because of the reaction between CaS and Al,Os, this
CaS-Al,O3 duplex inclusion has rarely been observed long
after the Ca treatment (in the tundish). The reaction respon-
sible for the Al modification by CaS can be expressed as
follows:
3(Cas)inclusion + (Alzo?:)inclus'on = 3(Cao)inclusion + 2[A|] + 3[5]

@)

Through the aforementioned reaction, both S and Al in
the inclusions re-dissolved into the molten steel. Subse-
quently, the regained Al,Os; continued to be modified by the
newly generated CaO, and alayer of calcium aluminate was
formed between the Al,O; and CaS. Thus, these discrete
particles of CaS in contact with unmodified inclusions were
gradually reduced to disappearing levels and Al,Os inclu-

sions were ultimately modified into liquid calcium alumi-
nates.
3.2.3. Thermodynamics for CaS shell formation in the tun-
dish
As presented in Figs. 6 and 7, a CaS shell covering liquid
calcium aluminate was detected mainly in the tundish. The
possible formation mechanism for this shell is that the CaO
in the calcium aluminate reacts with Al and S, which can be
expressed asfollows:
3(Cao)inclus'on+ Z[AI] + 3[S] = 3(Cas)inclus'on + (A|203)inclusion
©)
In the present study, the FactSage commercia software
was used to characterize the CaO and Al,O; activities in
calcium aluminates. The limited experimental data obtained
by Fujisawa et al. [41] and Koroudi¢ [42] are aso as pre-
sented in Fig. 15 and show no significant differences rela
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tive to the results calculated by FactSage.

As presented in Fig. 15, the well-modified inclusions
such as 12Ca0-7Al,0;5 (C1A7) and 3Ca0-Al,O5 (C:A) ex-
hibit higher CaO activity and lower Al,Os activity than
Ca0-Al,O3 (CA). Thus, the driving force of these liquid in-
clusions for Eq. (3) to proceed to the right side of the reac-

tion is higher than the driving force of low-modified inclu-
sions. Additionally, the liquid calcium aluminates, relative to
the CaO-Al,O; inclusions with a high melting temperature,
have a higher S capacity [11]. Therefore, the surface of a
liquid xCa0-yAl,O3 inclusion provides an advantageous site
for CaSformation.

Fig. 15. Activitiesof CaO and Al,Os in various calcium aluminates estimated with FactSage: (a) activity of CaO in calcium alumi-

nate; (b) activity of Al,Ozin calcium aluminate.

Fig. 16 shows the caculated equilibrium reationship be-
tween Al and Sfor the CaS formation at various Ca.and O con-
tents in  Fe-0.27wt%C-0.3wt%S—0.45wWt%M n-0.9wt%Cr
melt at 1600°C using the FactSage 7.0 software with the
FactPS, FToxid, and FTmisc databases. The solid and
dashed lines in Fig. 16 represent the zero phase fraction
lines of CaS. We interpreted from the thermodynamics
analysis that the CaS could be generated on the surface of a
liquid calcium aluminate inclusion in the tundish under the
current composition conditions, as illustrated in Table 1, in
agreement with the SEM results. Furthermore, in the case of
[%Ca] = 0.0030wt%, as the O content decreases from
0.0030wt% to 0.0020wt%, the downward shift of the zero
phase fraction line of the CaS phase, as shown in Fig. 16,
becomes substantial. In turn, a steep decrease in the concen-
tration product of Al and S for CaS generation occurs with
the increase of the Ca content, which enhances the risk of
generating CaS in the tundish.

3.2.4. Precipitation of CaS during solidification

The primary target of the first Ca treatment in the liquid
steel is to modify the inclusions with a high melting point
into liquid inclusions, which can subsequently be eliminated
during RH refining. Thus, the second Ca addition after RH
is designed to increase the retained Ca content in the melts,
whichishelpful to inhibit the precipitation of MnSinclusion
during solidification [28]. To determine the evolutions of the
inclusions during solidification of the stedl, the inclusion

fractions in steels with various Ca and S contents were cal-
culated from 1600 to 1000°C at intervals of 1°C using the
FactSage 7.0 software with the FactPS, FToxid, and FSstel
databases. The results are presented in Fig. 17.

Fig. 16. Relationship between Al and Sfor CaS formation in
thetundish.

In Fig. 17(a), dominant inclusions are liquid at 1600°C in
the case of [%Cal = 0.0020wt%. As the temperature de-
creases from 1600 to 1000°C, the route of the oxide inclu-
sion trgectory was liquid incluson — CaO-Al,0; —
Ca0-2A1,03 — Ca0-6Al,03 — Al,Os. The precipitation of
CaS starts from the mushy zone temperature and reaches
0.0036wt% at 1000°C, where a small amount of MnS preci-
pitated. With the S content changing to 0.0030wt% (Fig.
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17(b)) and 0.0050wt% (Fig. 17(c)), the amount of MnS in-
creases considerably to 0.0037wt% and 0.0091wt%, respec-
tively, whereas no significant changes are observed in the
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As presented in Fig. 17(d), when the Ca and S content
changes to 0.0030wt% and 0.0020wt%, respectively, the
main inclusions remain liquid in the molten sted. Compared
with the predicted curves in Fig. 17(a), no MnS was sponta:
neoudy produced at 1000°C at the cost of increased CaSinclu-
sons, which could effectively reduce the risk of sulfide stress
corrosion cracking. Asthe S content continues to increase to
0.0030wt% with CalS ratio= 1.0 (Fig. 17(€)), MnS inclu-
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amount of CaS phase. Furthermore, the precipitation tem-
perature of MnS increases with increasing S content ac-
cording to the calculation results.
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Fig. 17. Equilibrium precipitation of inclusons dur-
ing olidification of Fe-0.27wt% C-0.3wt% S-0.45
wt% M n—-0.9wt% Cr—0.03wt% Al-0.003wt% O-S-Ca

melt at 1600°C: (a) [%Ca] = 0.0020, [% S| = 0.0020;
(b) [%Ca] = 0.0020, [%S] = 0.0030; (c) [%Ca] =
0.0020, [%S] = 0.0050; (d) [%Ca] = 0.0030, [%S] =
0.0020; (€) [%Ca] = 0.0030, [%S] = 0.0030. The dash
and dash-dot lines in the figure are the liquidus and
solidus of steels, respectively.

sions could neverthel ess be generated again. Wang et al. [43]
and Ren et al. [24] have recommended that the S content in
the steel should be controlled to less than 0.0030wt% to
avoid the precipitation of stringer-shaped MnS inclusions.
Fortunately, the MnS inclusions could be precipitated at the
same level as presented in Fig. 17(a) because of the increase
of CaS precipitates. Industrial experiments with Ca treat-
ments of high-strength low-alloy steels by Zhu et al. [44]
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suggested that the area fraction of MnS would approach ze-
ro when the CalS ratio is greater than 1 in the tundish.
Therefore, not only the S content but also the proportion of
Cato Sisimportant for controlling MnS precipitation dur-
ing solidification.

3.3. Formation mechanism of CaS-bearing inclusions
during Catreatment

On the basis of the preceding anaysis, the formation
mechanism of CaS-bearing inclusionsin the stedl is summa-
rized in Fig. 18. Firg, the CaS particle function as an inter-
mediate reaction product following Ca injection. As de-
picted in Fig. 18(a), the generation of Al,O; inclusion is
dominant after the Al wire feeding for degp deoxidation at
the Ar-blowing station. When the Si—Ca wire is added into
the medlt, the CaS forms immediately because of the high
surface coverage of S at the surface of Ca vapor bubbles.
The initialy generated CaS is gradually transformed into
Ca0 through transient reaction between CaS and unmodi-

fied Al,O; remaining in the steel, whereas the Al and S in
the inclusion re-dissolve into the molten stedl. Subsequently,
the remaining Al,Os inclusion is further modified by CaO
until the Al inclusion is modified entirely to aliquid calcium
aluminate.

CaS can aso be precipitated onto the surface of aliquid
calcium aluminate inclusion in the tundish, as shown in Fig.
18(b). Moreover, the inner core can be composed of a
low-modified MgO-Al,Os spinel covered with a liquid cal-
cium aluminate. On the basis of the thermodynamic results,
a the tundish temperature, the surface of a liquid calcium
aluminate with higher CaO activity and lower Al,O; activity
under appropriate bulk chemical conditions is a favorable
site for the generation of the CaS shell.

The third manner is that, during solidification, the CaS
can be precipitated directly onto the existing inclusions, as
presented in Fig. 18(d). The variety of the existing inclu-
sions results in the various morphologies and structures of
the CaS-bearing inclusions observed in the dabs.

Fig. 18. Schematic illustration of the mechanisms of formation of various CaS-bearing inclusions: (a) CaS as an inter mediate reac-
tion product following Ca treatment; (b) CaS shell surrounding a liquid calcium aluminate in the tundish; (c) CaS directly precipi-

tated on the exigting inclusions during solidification of steels.

4. Conclusions

In this manuscript, industrial experiments and thermody-
namic calculations were carried out to investigate the evolu-
tion and formation of CaS inclusions during double Ca
modification. The main conclusions of this study are sum-
marized asfollows.

(1) Dual-phase inclusions of CaS-Al,O; with an irregular
shape were observed shortly after the Ca treatment during
2D and 3D anayses. This type of CaS, as an intermediate
reaction product, could modify the Al,O; inclusions into
liquid calcium aluminates, with the CaS content itself grad-

ually reduced until it disappears. The formation of this type
of CaS cannot be predicted from a stability diagram of in-
clusions calculated using the FactSage software but could be
atributed to the high surface coverage of S at the surface of
Ca vapor bubbles, which was estimated on the basis of the
Langmuir adsorption equation. A simple site coverage mod-
d at the interface between the liquid steel and Ca vapor was
also established in this manuscript.

(2) The Typica CaS-bearing inclusion that appeared in
the tundish was a CaS shell on the surface of a liquid cal-
cium aluminate. This type of CaS exhibited as a ring shape
surrounding the inner core during 2D investigations but was
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distributed unevenly on the surface of the liquid particle, as
revealed by the 3D anadlysis. The shdll of CaS was easily
generated on the surface of liquid calcium auminate with
higher CaO activity and greater Al,O3 activity under the
bulk composition condition in the tundish by thermody-
namic results.

(3) CaS can adso be precipitated directly onto the existing
inclusions during solidification of the stedl. The variety of
the existing inclusions led to the various morphologies and
structures of the CaS-bearing inclusions observed in the
dabs. Moreover, the precipitation behavior of inclusions
during solidification of the steel was also predicted using the
FactSage software, which indicated that the S concentration
and the CalS ratio after the second Ca treatment in the tun-
dish should be critical factors for controlling MnS precipita-
tion during solidification.
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