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Abstract

Reactions between Si-killed 316L stainless steel (STS316L) and CaO-SiO,—CaF,-5%MgO0-5%Al,0; slag were conducted
in a magnisa crucible at 1873 K to study the influences of slag binary basicity (CaO/SiO,) ratio and CaF, content on the
formation of inclusions in molten steel. Increasing the binary basicity from C/S=1.0 to 2.3 while keeping CaF, content
constant at 10 wt% led to a significant decrease in the total oxygen content in the molten steel. However, changing the CaF,
content from 10 to 30 wt% had minimal impact on reducing the total oxygen content (at C/S=1.7). The transformation of
inclusions from initial Si0O, and MnO-Cr,0; inclusions to MgO-Al,O; spinel phases and pure MgO particles occurred in
the molten Si-killed STS316L when the slag had basicity values of C/S=1.7 and 2.3, respectively. In this scenario, Al,O4
inclusion could serve as an intermediary product during the mentioned transformation process. However, the utilization of
slags with lower basicity (C/S =1.0-1.3) led to the occurrence of liquid inclusions instead. The presence of Al,O; inclusions
in the molten steel can be linked to the higher Al,O; activity in extremely basic slag compositions. Furthermore, the activity
of MgO in high basicity and low viscosity slags (C/S =1.7-2.3) is nearly equal to unity, causing the transfer of Mg from the
slag and subsequently resulting in the transformation of inclusions from Al,O; to MgO-Al,0; and MgO inclusions under
slag basicity values of 1.7 and 2.3, correspondingly, at a temperature of 1873 K.
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1 Introduction

316L austenitic stainless steel (STS316L) is a widely
used material in various industries, such as aerospace,
marine, and nuclear sectors [1-4], due to its outstanding
formability and excellent resistance to corrosion [5, 6], as
well as oxidation [7-9]. However, nonmetallic inclusions
(NMls) are formed unavoidably during the steelmaking
process [10]. Failure to correctly and efficiently regulate the
morphology, composition, and particle size distribution of
NMI can adversely influence the manufacturing process and
impair the mechanical characteristics of steel products [11].
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Therefore, monitoring the formation and evolution of NMIs
throughout the STS316L production process is crucial.
Anable et al. [12] studied the impact of
CaF,—Ca0-Al,0,—MgO slag composition on the electroslag
remelting (ESR) of STS316L. They noted that remelted
ingots had elevated residual Al levels (>0.05 wt%) due to the
higher Al,O; content (>20 wt%) in the ESR type slag, with
oxygen content increasing from around 30 to 100 ppm after
alternating current ESR. Eo et al. [13] utilized laser metal
deposition to investigate inclusion evolution in the additive
manufacture of STS316L, observing that oxygen content
and inclusion density ranged from approximately 300 to
1000 ppm and 17,000 to 34,000 per mm?, respectively. The
faster cooling rate led to smaller inclusions being more
evenly dispersed, consequently enhancing the tensile yield
stress of steel. Vukkum and Gupta [14] conducted a review
of the corrosion characteristics of STS316L fabricated
using the laser powder bed fusion (LPBF) printing method.
They found that the chemical compositions of precipitated
inclusions in LPBF-316L steel differed from previous studies
[15-20], while the corrosion resistance of LPBF-316L was
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enhanced by regulating inclusion compositions according to
their intended application.

The ladle furnace (LF) is a well-established technology
commonly employed in the secondary refining of steel [21].
This process involves modifying and ensuring uniformity in
the steel composition, along with eliminating non-metallic
inclusions (NMI), through techniques such as steel reheating
and argon stirring [22-24]. In a study by Sakata [25], a
refining method was developed for the efficient casting of
STS304 and STS316L stainless steels. It was discovered
that effective regulation of oxygen content in the LF refining
process is achievable under optimal conditions, including
treatment duration, bottom bubbling gas flow rate, and slag
composition.

Yin et al. [26] and Park [27] analyzed data from
the industrial trials (AOD — LF — CC process) to
investigate the characteristics of inclusions in austenitic
stainless steels. Their findings revealed that the Al,O,
and MgO contents of the inclusions in the steel increased
gradually from the AOD stage to the CC stage. It has
been emphasized that the composition of ladle slag plays
a crucial role in eliminating inclusions and enhancing
the cleanliness of stainless steel [28-33]. Shin and
Park conducted research on the reactions between
Ca0-Al,0;-Si0,-MgO—CaF, ladle slag with varying CaO/
Al,O; ratios and a Fe-0.4C-0.75i-1.4Mn-0.2 V (wt%)
alloy in an induction furnace at 1873 K [32]. Their study
revealed that maintaining the C/A ratio in the range of 1.5
and 2.5 in the slag effectively suppressed the generation of
harmful solid spinel and MgO inclusions in the alloy. Guo
et al. [33] optimized the basicity of ladle slag to achieve a
balance between enhancing NMI plasticity and improving
the cleanliness of STS304. Their research indicated that
maintaining the slag basicity within the range of C/S=1.4
to 1.8 and the soluble Al content in the steel below 10 ppm
led to favorable inclusion plasticity and relatively high
steel cleanliness based on the results of both laboratory
experiments and industrial trials.

Silicon is commonly employed as the deoxidizer
in refining STS316L instead of aluminum because the
deoxidation products typically form liquid silicates that
solidify into a spherical shape when casting slabs or
blooms [26, 34]. In a recent study by Zhang et al. [35],
they investigated how the ratios of C/S and C/A in the
Ca0-Si0,-A1,0;—MgO slag affect the removal and
transformation of inclusions in STS430. It was observed
that increasing the basicity from C/S =1.0 to 5.0 resulted in
a decrease in total oxygen content from around 70 to 40 ppm
while adjusting the C/A ratio had minimal impact on the
cleanliness of the steel.

Based on these findings, more study is needed to
determine how the binary basicity (CaO/SiO,) and CaF,
concentration of the CaO-Si0,—CaF,-5%Al1,0;—-5%MgO
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ladle slag influence the evolution of inclusions and the
deoxidation process in Si-killed STS316L. Therefore, the
aim of this study is to experimentally and theoretically
investigate the interactions between the ladle slag, STS316L,
and MgO refractory and further to illustrate the evolution
mechanism of inclusions during the LF refining processes.
A detailed explanation of the modeling and calculation
procedures of the thermodynamic model used in this study
can be found in previous publications [36-39].

2 Experimental Procedure

The experiments involving ladle slag (60 g) and Si-killed
STS316L (600 g) were conducted using a high-frequency
induction furnace equipped with a magnisa crucible, as
depicted in Fig. 1. After reaching the pre-set temperature
of 1873 K, the furnace introduced pure silicon, acting as a
deoxidizer, into the molten steel under an inert atmosphere to
regulate the silicon content to 0.4 wt%. The initial chemical
composition of STS316L prior to deoxidation is outlined
in Table 1. The steel was maintained at this temperature
for 30 min after silicon deoxidation to ensure a uniform
composition.

High-grade powders of SiO,, Al,0;, MgO, and CaF,
were employed as raw materials. Calcium oxide (CaO) was
ontained by heating reagent-grade CaCO; at 1273 K'in a
muffle furnace. For thorough fusion, these powders were
appropriately mixed and melted in a graphite crucible at
1873 K under a high-purity Ar atmosphere. The chemical
compositions of the ladle slag can be found in Table 2 and
represented in Fig. 2. The Vee ratio (CaO/SiO,=C/S) and
CaF, content of the slag varied from C/S=1.0 to 2.3 and
from 10 to 30 wt%, respectively.

At first, a metal sample was taken with a quartz sampler
before adding the ladle slag. Then, 60 g of ladle slag were
quickly placed onto the surface of the molten steel. The
commencement of the reaction was identified as the point
when the molten slag made contact with the steel. Steel and
slag samples were promptly taken from the crucible at set
time intervals (5, 10, 30, and 60 min) during the reaction and
rapidly cooled by immersing them in brine. The detail of the
experimental operation procedure and the analysis methods
for the measurements of total oxygen content (T.[O]) and
characterizations of inclusion in the STS316L has been
described elsewhere [40].
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Fig. 1 Illustration of the
experimental equipment
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Table 1 Chemical composition C Si Mn Cu Ni Cr Mo 0 S Fe
of STS316L before deoxidation
(wt%) 0.005 0.03 0.5 0.3 12.3 16.2 2.1 0.009 0.03 Bal
Table 2 Chemical composition v, j,pjeq Slag No Ca0 Sio, ALO, MgO CaF, s
of ladle slag used in the present
study (wt%) S1 40.0 40.0 5.0 5.0 10.0 1.0
S2 48.0 32.0 5.0 5.0 10.0 1.3
CaO/Si0, ratio S3 50.3 29.6 5.0 5.0 10.0 1.7
S4 56.0 24.0 5.0 5.0 10.0 2.3
S5 47.2 27.8 5.0 5.0 15.0 1.7
CaF, content S6 44.0 25.8 5.0 5.0 20.0 1.7
S7 40.9 24.1 5.0 5.0 25.0 1.7
S8 37.8 22.2 5.0 5.0 30.0 1.7

3 Results and Discussion

3.1 Effect of Slag Composition on the Deoxidation
Behavior of Si-Killed STS316L

The graph in Fig. 3 demonstrates the variations in total
oxygen content (T.[O]) in liquid STS316L over reaction
time at 1873 K, with varying Vee ratio (C/S) and CaF,
levels in the ladle slag. The T.[O] in the liquid steel

decreases notably as the reaction time increases up
to 30 min at the given Vee ratio (Fig. 3a) followed by
stabilization, indicating that the deoxidation reaction
reaches chemical equilibrium at 1873 K. Additionally,
there is a significant reduction in T.[O] in the liquid steel
when the Vee ratio changes from C/S=1.0 to 1.7 within
10 min, with the effect leveling off between C/S=1.7 to
2.3. Previous studies [31, 41-45] have also reported a
similar trend.
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Fig.2 Phase diagram of slag used in the present study at 1873 K
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Fig.3 Effects on the T.[O] in the steel at 1873 K of (a) binary
basicity (CaO/SiO,) and (b) CaF, concentration in the CaO-SiO,—
CaF,—-5%MgO-5%Al,0; slag
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The impact of different concentrations of CaF, in slag on
the fluctuation of total oxygen levels in molten steel is shown
in Fig. 3b. At 1873 K with a constant Vee ratio C/S=1.7, the
amount of CaF, has little effect on reducing the total oxygen
in the liquid steel. These results suggest that changes in the
basicity of ladle slag have a more pronounced influence
on the total oxygen levels in molten steel compared to the
CaF, concentration at this temperature. In their plant trials,
Andersson et al. [46] found that the presence of CaF, had
minimal impact on the quantity and types of inclusions in
steel refining. Similarly, Zheng et al. [47] found that the
refining capability of CaO-Si0,-MgO-Al,0;-TiO,—CaF,
slag for producing Al-killed duplex stainless steel was not
significantly influenced by the CaF, concertration.

Assuming the total oxygen removal reaction is a first-
order reaction [30], the change of total oxygen content with
reaction time in the liquid steel can be formulated as Egs. (1)
and (2).

d[%0
- [dt ho_ kppp. ([%0] = [%O].) ()
_ln([%O]t-[%O]e>_k , )
[%0l, - 1% 0], ) ~ @

where, [%0],, [%0],, and [%0], stand for the total oxygen
content in the melt at arbitrary reaction time ¢, the total
oxygen content at the equilibrium state, and the initial total
oxygen content in the melt, respectively. k,,, is an apparent
rate constant of oxygen removal reaction. Effects of various
basicity (C/S) and CaF, contents in the ladle slag on the k,,,
are illustrated in Fig. 4, which shows that the relationships
between the apparent rate constant &, ,, and basicity as well
as CaF, content under the present experimental conditions
are consistent with all the previously mentioned observations
displayed in Fig. 3.

The rise in the value of k,,, resulting from the
escalation in slag basicity is attributed to the accelerated
dissolution rate of non-metallic inclusions (NMI) into
the slag. High-basicity slag notably reduces the overall
dissolution duration of NMIs. According to Valdez et al.
[48], the relationship between total dissolution time of
NMI (7) into the slag and physcochemical properties of
slag was given in Eq. (3).

n
T+ 3)
where, # is the slag viscosity; the concentration difference
(the force that accelerates inclusion dissolution into slag) can
be expressed as AC. Equation (3) makes it evident that there
is a positive relation between the total dissolution time of
inclusion (7) and the ratio of the viscosity # and AC.



Metals and Materials International

Q__15 T T T T T T
<Q‘ ( a) Ca0-Si0,-5Al,0,-5MgO-CaF,
< —
o 20k (CaF,=10%, 1873 K) i
o
- 7
7 251 o e
5 ‘®
13) { %2
L 30} < .
o
o
2_ 35 1 1 1 1
05 1.0 15 20 25 3.0
Slag basicity, CaO/SiO2
Q'_ ‘15 T T T T T T
x<,:Q' ( b) Ca0-Si0,-5A1,0,-5MgO-CaF,
/S=1.7, 187
8’ 20k (C/18=1.7, 1873 K)
©
W 295 ]
=
(@)
(&)
()
*@' 30+ L
o
2‘ _3 5 N 1 1 N 1
0 10 20 30 40

CaF, content in slag (wt%)

Fig.4 Effects on the apparent rate constant k,,, of the oxygen
removal reaction at 1873 K of (a) binary basicity and (b) CaF,
concentration in the CaO-SiO,-CaF,-5%MgO-5%Al,0; slag

In their study, Gao et al. [49] explored the impact of slag
basicity (C/S) on the viscosity of CaO-Si0,-MgO-Al,0;
slag through the rotating cylinder method. Their findings
revealed that as slag basicity increased, the complex
aluminosilicate network structure of the slag underwent
depolymerization into simpler units. Consequently, this
led to a decrease in slag viscosity with higher slag basicity.
Deng et al. [50], Jeong et al. [51], and Han et al. [52]
also noted that the viscosity and melting temperature of
Ca0-Al,0;-MgO-SiO,—CaF, slag decreased with higher
amounts of CaF,. Park et al. [53] introduced the iso-viscosity
contour in the CaO-SiO,—CaF, system at 1873 K, observing
a similar trend where the viscosity of the silicate system in
the relatively acidic region (C/S < 1.0) decreased with an
increased CaF, content, but remained relatively unaffected
by CaF, in the relatively basic region (C/S > 1.5).

Zhang and Chou [54] developed a model at 1873 K to
predict the viscosity of CaO-SiO,—CaF, slag melts. They
determined that replacing CaO with CaF, in the slag leads
to a decrease in viscosity in low basicity conditions, while
viscosity remains nearly constant in high basicity conditions
at 1873 K. Park et al. [55] used FT-IR spectroscopy to
examine the structures of CaO-SiO, and CaO-SiO,-CaF,
slags. Their analysis revealed that as the C/S ratio increased,
the viscosities of the CaO-SiO, and CaO-Si0,—CaF, slags
decreased due to a rise in non-bridging oxygen per silicon
(NBO/Si) with the C/S ratio. Additionally, the introduction
of CaF, into the high basicity slag system (C/S > 1.5) did not
significantly alter the NBO/Si ratio.

Hence, an increase in slag basicity can reduce the
viscosity of the CaO-SiO,—CaF,—-5%MgO-5%Al,0; slag
while also enhancing the concentration difference AC.
This leads to an increase in the value of k,,, as depicted

o e o =
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Fig.5 Morphologies ((a) through (d)) and corresponding EDS results ((a-1) through (d-1)) of typical original inclusions in the steel sample

before the addition of ladle slag
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in Fig. 4a. However, the impact of CaF, levels exceeding
10 wt% on ky,, was minimal under C/S=1.7 conditions,
as illustrated in Fig. 4b. This suggests that a high-basicity
slag with 10 wt% CaF, is sufficient for refining Si-killed
STS316L.

3.2 Effect of Slag Composition on Evolution
Behavior of Inclusions in Si-Killed STS316L

Before the ladle slags were added (reaction time =0 min),
the steel samples contained SiO, and MnO - Cr,0,
spinel (MC-spinel) inclusions. These morphologies and
composition of inclusions are illustrated in Fig. 5. The
Si0, inclusions had irregular shapes, while the MC-spinel
inclusions were octahedral without sulfur and spheroidal
with sulfur. The initial SiO, inclusions in the steel sample
were a result of the silicon deoxidation product.

Figure 6 displays the varying proportions of inclusions
in molten steel following the addition of ladle slag with
different basicity levels ranging from C/S=1.0 to 2.3 at
1873 K. The comparison in Fig. 6a, b shows that there is
negligible difference in the primary types of inclusions at
different time points subsequent to the introduction of S1
(C/S=1.0) and S2 (C/S=1.3) slags. However, the quantities
of solid particles (such as SiO,, Al,0; corundum, and
MC-spinel) and liquid inclusions exhibit a decrease and
increase trend with reaction time, respectively, indicating
that the basicity of the slag within the C/S =1.0-1.3 range
minimally influences the types of inclusions in liquid
Si-killed STS316L at 1873 K. Figure 7 presents the SEM
backscattered electron (BSE) images and EDS findings of
inclusions within the steel samples exposed to ladle slags
with different basicity levels. The comparison between
Figs. 5c, d with Fig. 7c reveals the transformation reaction
of original MC-spinel into MnO-Cr,0;-S10, inclusions
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occurring in liquid Si-killed STS316L after the addition of
S1 (C/S=1.0) slag.

Sulfide inclusions (Cr,Mn)S were also identified
in the steel samples that interacted with S1 slag after
60 min (Fig. 7d). Oikawa et al. [56] explored the impact
of alloying elements on the morphology of (Cr,Mn)S
inclusions in Fe-15Cr-0.5Mn-0.3S (wt%) steel. They
noted the formation of low-melting point globular (Cr,Mn)
S inclusions following a stable monotectic reaction. This
response was enhanced by the introduction of C and Si,
which reduced the melting point of the iron-rich solution.
The occurrence of (Cr,Mn)S inclusions in the steel sample
primarily resulted from the low capacity for sulfides in
the low basicity slag (S1 slag, C/S =1.0), leading to
adverse effects on the desulfurization process of Si-killed
STS316L [51].

With a Vee ratio of C/S=1.7 (S3 slag), the initial
inclusions depicted in Fig. 5 changed to mullite-type
inclusions alongside liquid oxides within 5 min after the
refractory-slag-metal reaction occurred, as illustrated in
Fig. 6a, indicating an increase in the proportion of these
inclusions. As the reaction time extended to 60 min, MgO
and MgAl,O, spinel (MA-spinel) inclusions were visible
in Figs. 6b and 7g, h. When the slag basicity was further
elevated to C/S=2.3 (54 slag), the majority of the initial
inclusions were transformed into MgO inclusions, as depicted
in Figs. 6b and 71.

The study utilized the 'Refractory-Slag-Metal-Inclusion
(ReSMI)' multiphase reaction model to examine the
formation mechanism of inclusion during the interaction
of refractory materials, slag, and metal. This model is
a modified version of the equilibrium effective reaction
zone (EERZ) model [57-59], customized to match the
specific experimental conditions as mentioned above in
Sect. 2. Through the implementation of the ReSMI model,

(b) Reaction time, 60 min
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Fig.6 Varying proportions of inclusions in the liquid steel at (a) 5 min and (b) 60 min after the addition of the ladle slag with various basicity

values from 1.0 to 2.3 at 1873 K
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Fig. 8 Evolution of oxide inclusions in the liquid steel reacted with the ladle slag with varied basicity values at a particular CaF, concentration
(10 wt%) simulated by the ReSMI model at 1873 K: (a) C/S=1.0, (b) C/S=1.3, (¢) C/S=1.7, and (d) C/S=2.3

the study successfully predicted changes in the relative
fraction and average composition of oxide inclusions over
time, as depicted in Fig. 8. Figure 8a, b demonstrated
that the introduction of S1 (C/S=1.0) and S2 (C/S=1.3)
slags into the molten steel at 1873 K could theoretically
lead to the formation of liquid inclusions through
multiphase reactions. By integrating these findings with
the experimental data from Figs. 7b, c, and e, it can be
inferred that the presence of liquid oxide inclusions can
be classified as MnO-CrO,-Si0, system for S1 slag and
MgO-Al,05;-Si0,—CaO system for S3 slag.

Liu et al. [60] and Tanahashi et al. [61] observed a
similar trend, reporting that the oxide inclusion composition
in liquid STS304 (18Cr-8Ni-0.5Mn-0.05C-Si, wt%)
transitioned from MnO-Cr,0; to MnO-Cr,05; + MnO-SiO,
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([%Si] <0.7), then to MnO-Si0, (0.7 < [%Si] < 2) before
reaching equilibrium with the MnO-SiO,—CrO, system at
1873 K [61]. The formation of MnO-CrO,-SiO, inclusions
is likely due to the reduction of MnO—Cr,0; inclusions by
silicon in the melt, as described in Egs. (4) and (5) [27].

2(Nlno)inclusion + [Sl] = (SiOZ)inclusion + Z[Ml’l] (4)

2((:I'Z()S)inclusinn + 3[81] = 3(Si()z)inclusion + 4[Mn] (5)

Moreover, Ca, Al, and Mg from the liquid slag (Egs. (6)
to (8)) underwent reactions with SiO, and/or MnO-Cr,0;
inclusions [62-64], leading to elevated levels of CaO,
Al,03, Si0O,, and MgO in the inclusions and the generation
of the liquid MgO-A1,0;-Si0,—CaO oxide.
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2(Mgo)slag + 3[31] = Z(SiOZ)slag or inclusion + 2[N[g] (6)
2(A1203)Slag + 3[Si] = 3(Si02)slag or inclusion T 4[Al] @)
2’(Cao)slag + [Sl] = (SiOZ)s]ag or inclusion + Z[Ca] (8)

It can be observed from the preceding discussions that the
trend of the calculated results (Fig. 8a, b) closely aligns with
the measured results depicted in Fig. 6. Following 60 min of
slag additions S1 (C/S=1.0) and S2 (C/S=1.3), there is a
slight increase in the proportion of liquid inclusions.

When the Vee ratio of the slag was C/S=1.7 (S3 slag),
the formation of blocky Al,O5 and octahedral MA-spinel
inclusions can be seen in Fig. 7f, h, aligning with the
thermodynamic analysis depicted in Fig. 8c. Nishi and
Shinme [65] studied the reactions between the Si-Mn killed
Fe—42%Ni alloy and the CaO-SiO,—~MgO-Al,0; slag
at 1873 K. Their findings indicated an increase in Al,O;
content of the original MnO-SiO, deoxidation products
and a rise in the amount of MgO in MnO-Si0,-Al,0,
inclusions, leading to the formation of MA-spinel inclusions.
Park and Todoroki [62] proposed that the higher Al,O; and
MgO content in the MnO-SiO, deoxidation products may
result from the reduction of Al,O; and MgO in ladle slag
by Si deoxidizer when the SiO, activity in the slag was low.

Fig.9 Calculated iso-activity
lines of (a) Al,O5 and (b) MgO

in CaO-Si0,—CaF,-5%MgO— S/

5%Al,05 slag using FactSage™
8.2 software at 1873 K

(a) Iso-activity lines of Al,O

Peng et al. [66] noted that the MgO content in MA-spinel
inclusions in 30Cr2Ni4MoV steel dropped with the increase
of SiO, content in the CaO-Si10,-MgO-Al,O; ladle slag at
1873 K.

The iso-activity contours of Al,O; and MgO in the
ladle slag at 1873 K are shown In Fig. 9. It is revealed
that the Al,O; activity in the slag peaked at around
a0, # 0.01 at a C/S ratio of 1.7, gradually decreasing
with increasing the slag basicity (Fig. 9a). At the same
time, the MgO activity in the slag was approximately
ayeo ~ 0.4 (Fig. 9b). These results suggest that the high
activity of Al,0; and MgO, combined with a decrease in
Si0, activity in the CaO-SiO,-CaF,-5%MgO0-5%Al,0,
slag, facilitates the reduction of Al,O; and MgO in the
slag by the Si deoxidizer. This process further promotes
the formation of a MA-spinel phase, as demonstrated in
Fig. 7h for a slag Vee ratio of C/S=1.7, as explained in
Egs. (9) and (10) [67].

4(A1203)inclusion + 3[Mg] = 3(Mg0 : A1203)spinel + 2[Al]
®

(ALO;) +[Mg] +[0] = (Mg0 - ALO3) . . (10)

inclusion

When the ratio of calcium oxide to silica in the
slag was 2.3, the appearance of pure MgO inclusions
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was observed towards the end of the reaction (at
60 min) at a temperature of 1873 K. This occurrence
is linked to the MgO activity in the composition of the
Ca0-Si0,—CaF,—5%MgO0-5%Al,0; slag reaching unity,
determined using the FactSage™ thermodynamic software
[68] and shown in Fig. 9b. Furthermore, the presence of
calcium fluoride in the aO-SiO,—CaF,—-5%MgO-5%A1,0,
slag could hasten the rate at which MgO dissolves from
the magnesia crucible into the slag at high temperatures,
giving rise to the saturation of the slag by MgO [52, 69].
This led to the suply of Mg from the slag to the molten
steel, thereby gradually transforming the MA-spinel
inclusions through the incorporation of dissolved Mg into
pure MgO oxide inclusions as described by Eq. (11) [70].

(MgO - AL,05) + 3[Mg] = 4(MgO) +2[Al]

an

The simulation results presented in Fig. 8¢, d confirmed
these phenomena. Specifically, the formation of MA-spinel
and pure MgO oxide inclusions was observed 15 min and
25 min after the addition of S3 (C/S=1.7) and S4 slags
(C/S =2.3) respectively. This trend was also reported by
Pang et al. [71] and Li et al. [72]. In a study of Zhan
et al. [73], the impact of the basicity of refining slag
(Ca0O-MgO-Si0,—Al,05;—CaF,) on inclusions in molten
stainless steel (14.5Cr-5.2Ni-0.05C-0.4Si—0.7Mn, wt%)
at 1873 K was examined. It was found that the Mg and
Al contents increased in the molten steel when reacted
with high basicity slag, and the transformation order of
oxide inclusions was Al,O; = MgAl,0, — MgO. Liu et al.
[74] also noted a rapid transformation time of alumina
inclusions into spinel, occurring in just 3 s for alumina
inclusions with a diameter of 5 um. These findings further
support that the simulated inclusion composition is
consister with the observed results under a slag Vee ratio
of C/S=1.7-2.3.

The results of the macro-simulation shown in Fig. 8c, d
indicate that the pure Al,O; inclusion, as seen in Fig. 7f
and k, can serve as an intermediate product. It undergoes
further reduction by Mg in the molten steel to generate
MA-spinel and pure MgO inclusions as described in Eqs.
(9) to (11). The occurrence of pure Al,O; inclusions in the
liquid steel is likely a result of either the presence of Al from
the Si deoxidizer [75] or the higher slag basicity [76-78].
Park et al. [76] conducted thermodynamic equilibrium
experiments between the CaO-Si0,-MgO-Al,0;-CaF,
slag and Fe—1.5Mn-0.5Si-0.5Cr (wt%) melts in an alumina
crucible at 1873 K. Their study illustrated the Al,O; content
in the oxide inclusions increased when slag Vee ratio
increased from about C/S=0.6 to 2.0.

Ren et al. [44] studied the impact of
Ca0-Si0,—~Mg0O-Al,0;—~MnO-CaF, slag composition on

spinel inclusion
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inclusions in Si-killed STS304 at 1873 K. According to their
results, they found that the concentration of soluble Al in
the liquid steel remained relatively constant as the slag Vee
ratio shifted from C/S=1.0 to 1.8, but notably increased
when the ratio increased from C/S=1.8 to 2.3. This led
to the generation of Al,O5-rich inclusions in the molten
steel, hampering the deformability of these inclusions.
Consequently, a higher slag basicity (i.e., increased Al,O4
activity in the slag in equilibrium with the Si-killed molten
steel, as illustrated in Fig. 9a) results in a greater Al,O4
content in the oxide inclusions.

Figure 10 illustrates the simulated results in the average
composition of inclusions in molten steel when reacting with
slag of different basicity levels at fixed CaF, concentration
of 10 wt%. Within 30 min of adding S1 (with C/S=1.0)
and S2 (with C/S=1.3) slags at a temperature of 1873 K,
there was a noticeable decrease in Cr,0; and MnO contents,
alongside an increase in MgO, Al,O3, and CaO contents
in the inclusions, as depicted in Fig. 10a, b. This is due to
the progress of the abovementioned multiphase reactions
Eqgs. (4) through (8). With C/S=1.7 (S3 slag) shown in
Fig. 10c, the liquid MnO—Cr,05;-Si0, inclusion transformed
to Al,O;3-rich inclusion after 15 min and followed by the
formation of MA-spinel inclusion. Upon further increasing
the slag Vee ratio to C/S=2.3 (5S4 slag), the Al,O;-rich
inclusions transformed into pure MgO inclusions. This
transformation is attributed to the saturation of the
Ca0-Si0,—CaF,-Mg0O-Al,0; slag with MgO, resulting in
the unity activity of MgO, as shown in Fig. 9b.

According to the results obtained from the ReSMI
model, the precipitation of MA-spinel inclusion in the
liquid steel occurs when it reacted with slags containing
varying CaF, contents (ranging from 10 to 30 wt%) at a C/S
ratio of 1.7, as illustrated in Figs. 10c and Fig. 11. This is
due to the minimal impact of changing CaF, levels in the
Ca0-Si0,—CaF,—-5%MgO0-5%Al,0; slag on the activities
of MgO and Al,O; at 1873 K, as demonstrated in Fig. 9.

Zaitsev et al. [79, 80] reported that adding CaF, to
the CaO-Al,0;—CaF, slag system did not significantly
alter the activities of CaO and Al,O;. It is known that
slag melts containing fluoride are easily vaporized at
high temperatures [§1-83]. Consequently, the increase
in CaO content due to the decomposition of CaF, in the
Ca0-Si0,—-CaF,—5%MgO0-5%A1,05 slag may enhance
the slag basicity, leading to higher activities of MgO in the
liquid slag. This, in turn, could result in the formation of
MA-spinel inclusions that, when reacting with Mg, produce
pure MgO inclusions.

On the other hand, the deterioration of MgO refractory
becomes more severe when exposed to high-CaF, slags [52,
84]. This accelerates the migration of Mg from the slag or
refractory to the liquid steel, promoting the formation of
pure MgO inclusions as described in Eq. (11). The typical
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Fig. 10 The variation in the average inclusion composition in the liquid steel reacted with the ladle slag at a given 10% CaF, content at 1873 K
with different basicity values (a) C/S=1.0, (b) C/S=1.3, (¢c) C/S=1.7, and (d) C/S=2.3 was obtained using the ReSMI model
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Fig. 11 Results for the variation in average inclusion composition
when the liquid steel reacted with the ladle slag at 1873 K were
calculated using the ReSMI model under conditions of C/S=1.7 and
CaF,=30%

morphologies of MgO inclusions in liquid steel interacting
with a slag containing 30 wt% CaF, are depicted in Fig. 12d.
Similarly, the presence of liquid MnO-SiO,—Al,0; system
inclusions in Fig. 12a, b, and pure Al,O; in Fig. 12c, are
also confirmed in Fig. 11. Deng et al. [67] highlighted that
MgO is more vulnerable to reduction by alloying elements in
liquid steel compared to CaO in slag under similar conditions
due to its near unity activity value, multiple sources (ladle
slag and refractory), and greater contact surface area.

4 Conclusions

The impacts of various slag binary basicities (C/S ratio) and
CaF, contents on the evolution behavior of inclusions in
liquid steel was studied by conducting reactions between
Si-killed STS316L and CaO-SiO,—CaF,—5%MgO0-5%A1,05
slag in a MgO crucible at 1873 K. Meanwhile, the evolution
of inclusions in molten steel was simulated using the
ReSMI thermodynamic model under the same experimental
conditions. The key findings are listed as follows:

@ Springer



Metals and Materials International

il

oMo 2020 194503
Usecs: 5

(a-1) ~1(b-1)
Element | At% Element | At%
OK 62.8 [ OK 60.6
AIK 05.5 AIK 18.3
SiK 15.8 P21 SiK 18.9
CrK 04.5
MnK [ 09.7 | [p1 ]

creduzgenesIs genmaps. spe 16 Nov 2020 15054

(c-1) )

[Geducizgenesisgenmaps.spe 16-iov-2020 191233
USecs: 18

TeNov-2020 191554
Usecs: 4

(d-1)

4, o J i -

100 200 300 400 500 600 700 800 900 1000 1100 1200 13,
Energy - keV.

Fig. 12 Morphologies ((a) through (d)) and corresponding EDS results ((a-1) through (d-1)) of typical original inclusions in the liquid steel
reacted with S8 slag (C/S=1.7, CaF,=30%) at 1873 K

(D

@)

3

“4)

As the basicity increased from C/S=1.0 to 2.3 within
30 min after the slag addition, The T.[O] content in
the molten steel rapidly decreased. The change in CaF,
content from 10 to 30% in the relatively basic slag has
little influence on the deoxidation of the molten slag
at a given slag basicity (C/S=1.7), indicating that the
deoxidation of the liquid steel depends weakly on CaF,
concentration in the studied slag at 1873 K.

The primary types of initial oxide inclusions in the
stainless steel before interacting with the slag are
MnO-Cr,05 (MC)-spinel phases. When a slag with
relatively low basicity (CaO/SiO, < 1.4) is added,
the formation of liquid MnO-CrO,-SiO, and MgO-
Al,0;-Si10,—CaO inclusions takes place. Following
the addition of slag with relatively high basicity (CaO/
Si0, > 1.6), the creation of MgAl,O, (MA)-spinel
inclusions and pure MgO occurs when the slag basicity
C/S=1.7 and 2.3, respectively, at 1873 K.

The pure Al,Oj; inclusions can act as an intermediate
product for the formation of the MA-spinel phase
when the slag basicity C/S=1.7 at 1873 K, which is
because the MgO activity increases with the increase
of slag binary basicity. When the slag binary basicity
increases to C/S =2.3, the MA-spinel inclusion further
reacts with Mg supplied from the slag or refractory to
generate MgO inclusions.

The simulated results for the evolution of inclusions
under each slag condition are qualitatively in good
correspondence with the observed results. The basicity
is more dominant factor affecting the evolution of
inclusions in STS316L, whereas the CaF, is less
effective on the variation of inclusions chemistry at
relatively basic composition such as C/S=1.7.
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