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A thermodynamic model for seven CaO-MgO-BaO-CaF»-SiO,-Al,Os-TiO, ladle slags
based on the lon and Molecule Coexistence theory (IMCT) is establishment and validated
by the experiment results at 1873K. The calculated activity of SiO,, Al,Oz and TiO, in the
slag can be approved by the experiment results and the IMCT model used in this study is
reasonable. Then the influence factors such as the mass ratio of CaO to SiO, (C/S ratio)
ranging from 1 to 10, the mass ratio of CaO to Al,Oz (C/A ratio) ranging from 1 to 2.5, TiOo
content (wt pct) ranging from 0 to 30, BaO content (wt pct) ranging from O to 30 are
investigated based on the thermodynamic calculating results. The raise of C/S ratio, TiO»
content and BaO content in the slag can increase the molar Gibbs energy change (AG) of Ti
reacted with SiO, and Al,O3 or Al reacted with SiO,. The effect of C/A ratio on the molar
Gibbs energy change (AG) of Ti reacted with SiO, and Al,O3 or Al reacted with SiO, was
less. Finally, the slag with higher C/S ratio and TiO, content and appropriate BaO content
can weaken the reaction between Ti and SiO, or Al,O3 in the slag.

Keywords: thermodynamic model, Ti-bearing steel, slag, IMCT, ladel

INTRODUCTION

TiC and TiN inclusion can be formed in the Ti bearing steel in the solidification process (Cavazos
etal,, 2011; Leban and Tisu, 2013), which can increase the strength of the final products, as the steel’s
secondary phase (Huang et al., 2018). During the initial solidification period, the heterogeneous
nucleation of delta ferrite could formed on the TiN inclusions and then the equiaxed fine-grained
structure was generated (Fujimura et al., 2001). For this reason, the addition of titanium to the liquid
steel in the ladle for improving properties has increased in recent years. Nevertheless the loss of Ti
will persist in the ladle metallurgy process, mainly oxidized by the slag. Then the formed TiOy in the
steel would reacted with Mg, Ca or AL,O; in the steel and the complex inclusions such as MgAl,O,
spinal and MgO-TiOy spinal, surrounded by TiN and perovskite are formed. This would lead to the
clogging of submerged nozzle and forming of surface defects on the steel products (Maddalena et al.,
2000; Nunnington and Sutcliffe, 2001; Zheng et al., 2004). Thus, in order to obtain an optimal slag
composition for the ladle refining of Al-killed and Ti bearing steel, it is important to investigate the
reaction between slag and molten steel.

Kim et al. (1993) found that the SiO, in the slag could oxidize the Titanium in the liquid steel. Park
etal. (2004) also found that Aluminum and Titanium could be simultaneously oxidized by the SiO, in
the 14%Ca0-35%A1,05-10%MgO-%4SiO, slag and the soluble oxygen was supersaturated during the
course, particularly with respect to Al. Then the re-oxidation mechanism of Al and Ti in the liquid steel
by SiO, was depicted in Figure 1. It can be seen from Figure 1, the oxidation process of Al or Ti mainly
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FIGURE 1 | The main mechanism for the re-oxidation of Ti and Al in metal.

include two ways, on the one hand, the Al or Ti in the metal reacted
with the SiO, in the slag directly; on the other hand, the SiO, in the
slag decomposed of Si and O, then they transferred to the liquid
steel and oxidized the Al and Ti in the liquid steel. Park et al. (2009)
also investigate the thermodynamic behavior of TiO, in the
refining slag (CaO-SiO,-MgO-ALO;-TiOy

-CaF,) equilibrated with Fe-11%Cr melts. They found that the
equilibrium between silicon and titanium in steel melts and their
oxides in the slags are theoretically expected and experimentally
proved well. They also calculated the relationship between
Aluminum and Titanium in the steel melts and their oxides in
the slag. The slope of the line is 0.5, which is lower than 1.
Therefore, they summarized that the activity coefficient of TiO,
in the slag would be affected in the composition range
investigated in their study. They also found that with the
increase of (%Si0,)/(%SiO,+%Al,05) in the slag, the activity
coefficient of TiO, gradually decreased. The attraction between
TiO, and SiO, is greater than that between TiO, and Al,Oj in the
present slag system due to the electronegativity difference
between each cation involved. The activity of TiO2 in the slag
system containing 10% MgO shows a negative deviation from an
ideality, while that in the CaO-SiO,-Al,03-MgOg,4-CaF, system
is really close to the ideal behavior up to about xrip, = 0.1. This is
mainly due to the relatively basic characteristic of TiO,.

Qian et al. (2014) found that when the TiO, content in the slag
reached to 8%, the oxidation of Ti in the Ti-stabilized stainless
steel was minimum and the T. O (Total O in the steel) was
constant with the time increase. They also found the influence of
TiO, adding to the slag on the oxidation rate change of Al has an
opposite tendency compared with Ti. The activity change
behavior of TiO, in different TiO, content slag, calculated by
IMCT model, are in good agreement of the experiment results. Li
and Cheng (2019) investigated the effect of the CaF, contents in
the CaO-SiO,- MgO-Al,0;-Ti0,-CaF, slag on the formation of
inclusion in Ti-Stabilized 20Cr Stainless Steel. They found that
with the increase of CaF, content in the slag, the equilibrium
content of Ti and Mg in the steel increased. When the CaF,
content in the slag changed from 0 to 9.57, the equilibrium
content of Ti changed from 0.018 to 0.031% and the equilibrium
content of Mg changed from 12ppm to 23ppm. Due to the
increase of CaF, content in the slag can decrease the
Ig (ario,/asio,) and lg(aTioz/af\/l3203), which would make the steel
has higher Ti after the Slag-metal reaction reached to the
equilibrium state. They suggested the optimal CaF, content in

the slag was 5-10%. Meanwhile they also investigated the
dependence of the composition ratio of steel on the activity
ratio of slag at different CaF, contents, which was calculated
by IMCT model, and the phenomena was found that the
calculation results are consistent with the experimental results.
Although the Ti could be oxidized by the SiO, according to the
literature (Kim et al., 1993)7 (Li and Cheng, 2019), Ti would be
oxidized by Al,O; in other slags, such as ESR slag (Jiang et al.,
2016). And they also obtained that clearly the calculated results by
IMCT model are in good agreement with experimental results.
Some previous reports found that the reaction between Ti and
AL O3 in the slag can also cause the loss of Ti in the steel
(Bomberger and Froes, 1984; Carmack et al., 1996; Jiang, 2000;
Li, 2010; Jiang et al,, 2016).

According to the previous researches (Qian et al., 2014; Jiang
et al, 2016; Li and Cheng, 2019), The IMCT model has been
applied in CaO-Si0,-MgO-Al05-TiO,-CaF, slag system
successfully for Ti-bearing stainless steel and 825 alloy refining
process. However, the CaO-SiO,-MgO-Al,0;-TiO,-CaF,-BaO
slag for low alloy high Ti-bearing steel refining, has never
been explored. Due to the adding of BaO in the ladle slag has
a excellently ability for desulphurization (Gao et al, 2012),
Therefore this study is mainly focused on the investigation of
the reactive between CaO-SiO,-MgO-Al,0;-TiO,-CaF,-BaO
slag and 0.361% Ti bearing steel (0.0361%Al) by use the
thermodynamic model (IMCT model), which is needed to be
approved by the experiment results.

THERMODYNAMIC INTERACTION FOR
METAL-SLAG

The composition of Al-killed and Ti-bearing steel used in this
study was listed in Table 1. During the ladle metallurgy process,
the reactions (1-3) between the liquid steel and slag would lead to
the loss of Ti and Al in the steel (Qian et al., 2014; Li and Cheng,
2019). The slag composition assigned for this paper’s discussion
section is shown in Table 2.

[Al] + 2 (SiO,) = 2 [Si] + 1 (AL,O3) Reaction 1

3/4 1/2 3/4 [Si]3/4 1/2

ay - a : -a
K, = Si AlLO3 _ Si Al O3 (1)
aar - a3, far- [Al]- agé,
AG? = —164575 + 26.8T )
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TABLE 1 | The chemical composition of Al-killed and Ti-bearing liquid steel, wt pct.

Steel C Al Mn Si P

A 0.178 0.039 1.210 0.191 0.005

0.003

Reaction Between Metal and Slag

Cr Mo Ni Ti N o

0.114 0.198 0.078 0.361 0.004 0.006

TABLE 2 | the design slag composition used for this paper’s discussion section.

Slag C/S ratio C/A ratio Al Oz(wt pct) BaO (wt pct) MgO(wt pct) CaF,(wt pct) TiOx(wt pct)
S 1-10 - 25 0 6 5 5
s2 6-10 1-2.5 - 0 6 5 5
S3 6-10 1.7 - 0 6 5 0-30
s4 6-10 1.7 - 0-30 6 5 15-25
TABLE 3 | Interaction parameters used in this paper (Hino, 2009).
ejj C Si Mn P S Mo Al Ti o
(i)
Al 0.091 0.056 0.035 0.033 0.035 - 0.038 0.004 -1.98 (39.82)
Si 0.180 0.132 0.002 0.110 0.056 2.36 -0.058 -0.013 -0.23
Ti 0.165 -0.025 -0.043 0.0064 -0.11 - 0.0037 0.048 -1.80 (-0.36)
8596.75 From Egs. 1-12, K, is equilibrium constant of reaction (i); ax
Ig(K,) = - 1.40 3 . o L . .
is the activity of element i in the liquid steel with respect to an
[si** f Al g:éz infinite dilute of one mass% state and is calculated by Eq. 13; f
Ig [Al] =1 +1 a2 +1gK, is the activity coefficient of solute element (M) with respect to an
4203 infinite dilute of one mass% state; and calculated by the classical
(4) Y
. fa 1 agl/éz 8596.75 140 Wagner formalism, as shown in Eq. 14. Where E}, was the first-
& anti8 T T interaction parameter and 7’{\/1 was the second-interaction
Si AR parameter (Hino, 2009), which are listed in Table 3.
[Ti] + (SiO,) = [Si] + (TiO,) Reaction 2 f : ] 13)
ay = JTm X %M 13
asi * AaTio, f si+ [Si] - ario, ; . i 2
K, = = . (5) 1 = ey, % [%i]) + (ry, x [%i i
’ ari - aso,  fri+ [Ti] - asio, 8 i:C,Si,Mn,P,S,MO,Al,Ti,O(( w < 61) + (g D6T) + ( "
0 _ _ —
AG? = -3503.9 — 26.03T (6) < [96i] x [%]]))
183
. -0.021 - 13.87
g [Si] f Ti as:oz +1gK, rgiAl — —
[Ti] f Si aTzOg
®) a0 =9.05
f Ti | 1g 3510 183 +1.36 !
f 9' aro, T In addition, amo, is the activity of the MOn in the slag with
[Ti] + 2 (AL,Os) = 4 [Al] + (TiO,) Reaction 3 rgspect to the pure sﬁohd state. and its values can be.calculated by
different methods (Guo, 2006; Zhang, 2007), including molecular
K - ay} - ano, _ fi [Al]‘“ ¥ ario, ©) theory, ion theory, regular ionic solution model, Factsage
T ap -aio, fTi. il allo, software and IMCT model. Although the chemical properties
4G} = 225300 - 63.44T 010) 0 et b expreseed. Th on theory hought. th charge prtce
Ig(K;) = 35300 +9.94 (11)  were consisted in and the complex molecules was regarded as
charged ion clusters. The thermodynamic data of BaO-TiO,
1 [Al]4/3 g Sri +1 12413203 + 1ok system (Barin, 1995; Lu and Jin, 2001; Ye, 2002; Cheng, 2010;
8 [T1] ‘Xf ario, &8s Sahu et al., 2018) were not considered in the Factsage software
2 (12)  (Bale et al,, 2009). Therefore, it is necessary to established the
=1Ig f 4T/’3 Tano, _ 35300 +9.94 IMCT model to calculate the activity of MO,, in the slag due to its

Al ario,

satisfying the essence of slag structure.
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IMCT MODEL DESCRIPTION

Establishment of the IMCT Model for
CaO-MgO-BaO-Can-SiOz-Algos-TiOZ Slag
According to the IMCT hypotheses proposed by literature
(Zaitsev et al., 1990; Li and Zhang, 2000; Zhang, 2004;
Zhang, 2007; Yang et al, 2009) and phase diagrams
(Eisenhiittenleute, 1995; Shukla, 2012; Boulay et al., 2014),
there are 4 simple cation-anion couples, 3 simple molecules
and 51 complex molecules in this model at 1800-1935K, as
shown in Table 4. The mole fraction of theses studied slag’s
components is assigned as al = ) nci0, a2 = ) M0, a3 =
Y 10> a4 = Y NCaF,> 85 = ) M5i0,,26 = ). MAL0,»a7 = ), 1Ti0,- The
equilibrium mole numbers and mass action concentrations of
all structural units in CaO-MgO-BaO-CaF2-Si02-A1203-TiO2
slag are listed in Table 4. The chemical reaction equations of all
structural units in CaO-MgO-BaO-CaF2-Si02-A1203-TiO2
slag are summarized in Table 5. The standard molar Gibbs
free energy changes AG? and mass action concentrations
expressed by Ki of this model’s complex molecules structural
units are also listed in Table 5.

According to the definition of mass action concentration and
mass conservation, Eq. 15-22 can be obtained, which could be
solved with Matlab.

a, = <0.5N1+N8+2N9+3N10+N18+N19+N20+12N21

+ 3Ny + Nyg + 3Ny + 4N30 + 2N39 + Ny + Ny + Ny,
+ Ny +2Nyy +3Ny5 + 3N + 11N 4

+ 3N49>Z n; = Z”@o

(15)
a; = (0.5N, + Ny +2N13 + Nazs + 2N3; + N3y + N33 + Ny

+ Ny + Nyg+ Nys + 2N46)zni = angO
(16)

as = (0.5N3 + Ny +2N5+ 2N+ N7+ Nag + Nps + 3Ny
+2N34 + N3s + 4Nz + N3; + 2N3g + N5y + 2N5; + N,
+3Ns3 + N5y + Nss + Nsg + Ns; +2N58>Z”i = anaO
17)
ay = (%N4 + Ny + Nyg +N49) Zni = ZVICan (18)
as = <N5 +Ng+Nog+Njg+2N;;+ N+ N3+ Ny +Nys

+3N+2N;7+ N3g+ 2Ny + Ny + Ny +2Ny3 + 2Ny
+2Ny5 + 5Ny + 2Ny + 2Ns5g + 3Ns; + 2Ns4 + 4N55

+3N56+2N57+2N58>zni = anioz

(19)

Reaction Between Metal and Slag

ag = <N6+3N11 +6N18+2N19+N20+7N21 +N22+N23
+ 6Ny + Nys + Nyg + Noy + Nag + Ny + 2Ny + 3Ny;

+7N43 +4N52 +N53 +N54>Zni = ZHA1203
(20)
a; = <N7 +N27 +N28 +2N29 +3N30 +N31 +N32 +2N33

+ 9N, + 4N35 + 13N36 + N37 + N3g + Ny + Nss + Nsg

+ Ns7 + Nss)Z n = ZnTiOz

(21)
N;{+N;+N3+ N4+ N5+ Ng+.... + Ns4 + Nss + Nsg + N5

:ZNI'ZI

(22)

The Validation of IMCT Model for
CaO'Mgo-Bao-can'SiOZ'A|203'Ti02 Slag
According to Eq. 8 and Eq. 12, the dependence of the activity
ratio of steel on the activity ratio of slag at different experiment
heats, which includes JY. Li’s (Li and Cheng, 2019), ZH. Jian’s
(Jiang et al., 2016),J.Park’s (Park et al., 2008) and this author’s
experiment data, are shown in Figure 2. The activity of SiO,,
Al,O; and TiO; in the slag are calculated by the IMCT model
according to the final slag composition and the activity of Si, Al
and Ti in the steel calculated by Eq. 13 and Eq. 14 according to
the final steel composition, at different experiment heats. The
magenta lines in this Figure are derived From Eq. 8 and Eq. 12.
And we can find that the activity of the slag calculated by IMCT
Model are approved by the experiments.

The data of blue sphere is calculated by using this author’s
experiment results as shown in Table 6 and the experiment
method is described in Table 7. The CaO-MgO-BaO-CaF2-
SiO2-Al2 03-TiO2 slags before reacting with steel were pre-
melted in a carbon crucible and the composition was shown in
Table 8, which are marked as No.1~No.13. The steel sample A,
described in Table 1, and the pre-melted CaO-MgO-BaO-CaF2-
Si02-Al203-TiO2 slags were equilibrated in MgO crucible by
using resistance furnace under Ar atmosphere for 1h.

The detailed process of slag/metal experiment can be
described as follows. At first, 400 g steel were placed in a MgO
crucible. Then, the slag/metal reaction chamber was filled by Ar
gas and followed by resistance heating. After temperature reached
1873K, the initial steel sample was taken by quartz tube and then
32 g pre-melted slag was added. After the slag was melted at
1873K for 60 min, steel sample and slag sample were taken out.
During the metal-slag reacting process, the steel sample were
taken at 5, 20 and 40min after slag melting completely. The
contents of silicon, soluble aluminum, titanium in steel samples
were measured by the inductively coupled plasma optical
emission spectrometry (ICP-OES) with +5% relative standard
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TABLE 4 | The kinds of structural units in this model, and their definition mole number and mass action concentration.

Item Structural units as Mole number of structure Mass action concentration
ion couples or unit of structural unit
molecules or ion couples
Simple cation and anion (Ca?*+0%) N1 = 2Nca0 Ny =ni/¥.n;
(Mg**+0?) N2 = 2nwgo Na =no/3 n;
(Ba®*+0%) ng = 2Ngao Nz = ns/Y n;
(Ca?*+2F") Na = 3Ncar, Ny =na/¥n;
Simple molecules SiO, Ns =Nsjo, Ns =ns/y n;
A|203 Ne = nAboa Ne = ne/z n;
TIOZ N7 = Nro, N7 = n7/z n;
Complex Molecules Ca0-Si0, Ng Ng =ng/Y n;
2CaOS|02 Ng Ng = ng/z nj
3Ca0-Sio, N1o Nio = no/Yn;
3Al,05-2Si0, Niq Nyt =ny1/yn;
MgO-SiO, N1z N1z =nq/yn;
ZMQOSIOQ ni3 N13 =n13/Zn,
2880'8i02 Ni4 Nig :n14/2n,-
Ba0-SiO, Nis Nis = s/ n;
2Ba0-3Si0, Nig Nig = n1e/ Y n;
Ba0-2Si0, Nz Nz =nz7/¥n;
Ca0-6Al,04 Nig Nig = n1g/yn;
CaO-2AI203 Nig Nig = n1g/Zni
CaO~AI203 Nog Ngo = ngo/z n;
12060~7A|203 Noq /\/21 = f721/z n;
SCaO~AIZO3 Noo N22 = ngg/z n;
MgO-Al,03 Nag Nog = nag/y. n;
BaO~6AI203 Noy N24 = n24/z n;
BaO-AlL,Og Nas Nas = nas/y. n;
SBaO-AIZOS Nogs Nge = /’725/2 nj
Al,O5-TiO, No7 Na7 = no7/y. ni
CaO-TiO, Nag Nog = nos/ 3. ni
SCa02T|02 Nog Ngg = ngg/z n;
4Ca0-3TiO, N30 Nao = nzo/¥.n;
2MgO-TiO, N3+ Nai =nzi/y.n;
MgO-TiO, N3z Naz = nza/y. n;
M902T|02 Na3 N33 = n33/z nj
2Ba09T|02 N34 N34 = FI34/Z ni
BaO-4TiO, N3s Nas = nas/3.nj
4Ba0-1 3T|02 N3p Nge = nge/z nj
BaOT|02 Na7 N37 = n37/z n;
ZBaOT|02 N3g Ngg = n3g/z nj
2CaOA|203S|02 N3ag Ngg = ﬂgg/z n;
CaOAI2032S|02 N4o Nyo = /740/2 n;
CaoleQ-nOg N4 Nyq = N4 /Z n;
CaOIVIgOS|Og N4 Nyo = /742/2 n;
CaOMgO2S|02 Ny3 Nz = n43/z n;
2080M9028|02 Nyayg Nag = n44/z nj
SCaOMgO2S|Og Nys Nys = n45/z n;
2M902A|2035SI02 Nas N46 = n45/z nj
SCaO~3AI203~CaF2 Ny47 Ny7 = n47/z n;
11 CaO~7AI203-CaF2 Nag N48 = n48/z nj
3Ca0-2Si0,-CaF» Nag Nag = nag/y n;
BaOSCaOQSIOz Nso N50 = FI5Q/Z ni
2Ba0-4Ca0-3Si0, Ns1 Ns1 = ns1/3 n;
Ba0-2Ca0-4Al,05 Ns2 Nso = n5g/Z n;
SBaO~CaO-AI203 Ns3 N53 = n53/z n;
BaOAI2032S|02 Nsy4 N54 = n54/z n;
BaO4S|OzT|OZ Nss N55 = FI55/Z n;
BaOSS|02T|02 Nse N56 = /'755/2 n;
Ba0-2Si0,-TiO» Ns7 Ns7 = FI57/Z nj
2Ba0-2Si0,-TiO, Nsg Nsg = nsg/Y.n;
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Reaction Between Metal and Slag

TABLE 5 | The chemical reaction formulas of complex molecular in this model, and their Standard Molar Gibbs Free Energy Changes and Mass Action Concentrations of

complex molecules expressed by K.

Reactions

(Ca®*+0%)+(Si0,)=(Ca0-Si0y)
2(Ca?*+0%)+(Si0,)=(2Ca0-Si0y)
3(Ca?*+0%)+(Si0,)=(3Ca0-Si0,)
3(Al,05)+2(Si0.)=(8AL05-2Si0,)
(Mg?*+0%)+(Si02)=(MgO-SiO»)
2(Mg?*+0%)+(Si05)=(2MgO-SiO,)
(Ba?*+0?)+(Si0,)=(Ba0-Si0y)
2(Ba®*+0%)+(Si02)=(2Ba0-Si0y)
2(Ba®*+0%)+3(Si0,)=(2Ba0-3Si0,)
(Ba%*+0%)+2(Si0,)=(Ba0-2Si0,)
(Ca*+0%)+6(Al,05)=(Ca0-6A,03)
(Ca?*+0?)+2(Al,05)=(Ca0-2A1,05)
(Ca*+0%)+(Al,05)=(Ca0-Al,0g)
12(Ca*+0%)+7(Al,05)=(12Ca0-7Al,03)
3(Ca?*+0%)+(Al,05)=(3Ca0-Al,05)
(Mg**+0%)+(Al205)=(MgO-Al,03)
(Ba%*+0%)+6(Al,05)=(Ba0-6A1,05)
(Ba?*+0?)+(Al,05)=(Ba0-Al,03)
3(Ba*+0%)+(Al,05)=(3Ba0-Al,O3)
(Al203)+(TiO2)=(Al03-TiOy)
(Ca*+0%)+(Ti02)=(Ca0-TiOy)
3(Ca?*+0%)+2(Ti0,)=(3Ca0-2TiOy)
4(Ca®*+0%)+3(Ti0,)=(4Ca0-3Ti0,)
2(Mg®*+0?)+(Ti0,)=(2MgO-TiO,)
(Mg?*+0%)+(TiO2)=(MgO-TiO,)
(Mg?*+0%)+2(Ti0,)=(MgO-2TiO,)
2(Ba?*+0?)+9(Ti0,)=(2Ba0-9TiO,)
(Ba*+0%)+4(Ti0)=(Ba0-4TiO,)
4(Ba®*+0%)+13(Ti0,)=(4Ba0-13Ti0,)
(Ba?*+0?)+(Ti0)=(BaO-TiO,)
2(Ba®*+0?)+(Ti0,)=(2Ba0-TiO,)
2(Ca2*+0%)+(Al,05)+(Si02)=(2Ca0-Al,04-Si0,)
(Ca?*+0)+(Al,05)+2(Si0)=(Ca0-Al,05-2Si0,)
(Ca*+0)+(Si0,)+(Ti0,)=(Ca0-Si0,-TiO,)
(Ca?*+0%)+(Mg?*+0%)+(Si02)=(Ca0-Mg0-SiOy)
(t )+(Mg?*+0%)+2(Si0,)=(Ca0-MgO-2Si0,)
2(Ca*+0%)+(Mg?*+02)+2(Si0)=(2Ca0-Mg0-2Si0,)
3(Ca*+0%)+(Mg®*+0?)+2(Si0)=(3Ca0-Mg0-2Si0y)

3( )+(Mg )+2(Si0g)=( 9 )
2(Mg?*+0%)+2(Al,03)+5(Si0,)=(2Mg0O-2Al,05-5S10,)
3(Ca%*+0%)+3(Al,0g)+(Ca% +2F )=(3Ca0-3Al,05-CaF,)
11(Ca?*+0?)+7(Al,Og)+(Ca’*+2F)=(11Ca0-7Al,05-CaF,)
3(Ca?*+0%)+2(Si02)+(Ca +2F)=(3Ca0-2Si0,-CaF )
(Ba?*+0%)+3(Ca%*+0%)+2(Si0,)=(Ba0-3Ca0-2Si0,)
2(Ba®*+0%)+4(Ca®*+02)+3(Si0,)=(2Ba0-4Ca0-3Si0,)
(Ba?*+0?)+2(Ca*+0%)+4(Al,05)=(Ba0-2Ca0-4Al,05)
3(Ba%*+0%)+(Ca%*+0%)+(Al,05)=(3Ba0-Ca0-Al,O5)
Ba?*+0%)+(Al,04)+2(Si0,)=(Ba0-Al,05-2Si0,)
Ba*+02)+4(Si0,)+(Ti0,)=(Ba0-4Si0,-TiO,)
Ba?*+0%)+3(Si0)-+(Ti0,)=(Ba0-3Si0,-TiO,)
Ba®*+02)+2(Si0,)+(TiO,)=(Ba0-2Si0,-TiO,)
2(Ba*+0%)+2(Si00)+(Ti0,)=(2Ba0-2Si0,-TiO»)

(
(
(
(

AG?

-81416-10.498T
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43400-40.T
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-458720-7.14T

deviation. The compositions of slag samples were measured by an
X-ray fluorescence spectrometer. During the metal-slag reacting
process, the composition change behavior of the silicon in the
steel was shown in Figure 3. From Figure 3, the experiment

equilibrium state has realized.
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In addition, the activity of SiO,, Al,O; and TiO, in 2-5
dimensional slag from the literature (Gzieo and Jowsa, 1984;
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FIGURE 2 | The relationship between the activity ratio of steel and the activity ratio of slag in the experiment.
TABLE 6 | This author’s experiment result (wt pct).
NO. CaO Mgo BaO CaF2 Sio2 Al203 TiOo2 [Ti] [AIl] [Si]
1 40.5 8.8 3.2 3.9 5.2 20.2 18.2 0.128 0.009 0.186
2 35.1 9.3 9.1 4.5 4.3 19.7 17.8 0.169 0.011 0.208
3 28.6 8.3 14.7 5.3 4.3 20.1 18.5 0.232 0.011 0.232
4 28.3 7.7 18.3 4.9 41 1564 21.3 0.24 0.018 0.233
5 46.3 7.8 0 4.4 4.4 17.8 19.3 0.178 0.016 0.217
6 49.6 8.4 0 4.5 151 17.4 5.0 0.091 0.018 0.345
7 37.0 10.5 0 4.2 7.8 35.9 4.6 0.083 0.010 0.23
8 40.9 12.0 0 4.0 7.6 26.7 8.6 0.133 0.011 0.245
9 33.8 1.7 0 3.9 7.0 23.4 20.4 0.206 0.011 0.20
10 34.0 - 19.05 5.52 5.25 14.62 21.26 0.506 0.024 0.228
11 30.81 - 19.88 4.10 4.66 14.00 26.55 0.264 0.017 0.231
12 33.63 - 20.38 4.98 2.08 10.64 28.30 0.235 0.015 0.193
TABLE 7 | This author’s experiment methods.
Experiment heats Temperature (K) Atmosphere Crucible Steel (g) Slag Time
Resistance furnace 1873 Ar MgO 400 32 g pre-melted slags 1h
039F [ —@—Not —@—No2 —@— No3 —@— No4
036 No5 —@— No6 No7 —-@— No8 —— No9
TABLE 8 | The initial slag composition (%). i
0.33
No CaO MgO BaO CaF2 Sio2 Al203 TiOo2
0.30
1 43.7 6.0 6.0 5.0 4.0 20.3 15.0 X -
2 36.7 6.0 13.0 5.0 4.0 20.3 15.0 5
3 29.7 6.0 20.0 5.0 4.0 20.3 15.0 T 024
4 30.0 6.0 20.0 5.0 4.0 15.0 20.0 021
5 49.7 6.0 0 5.0 4.0 20.3 15.0 ’
6 54.0 6.0 0 5.0 18.0 17.0 0 0.18
7 42.0 6.0 0 5.0 8.0 39.0 0 0.15 R R R X N A
8 46.8 6.0 0 5.0 8.0 29.2 5.0 0 10 20 30 40 50 60
9 37.5 6.0 0 5.0 8.0 23.5 20.0 Time (min)
10 34.43 19.13 4.55 6.00 15.28 20.61
1 31.61 20.39 4.43 5.01 14.44 241 FIGURE 3 | The Silicon content of the steel in different heats.
12 35.25 21.36 5.19 1.51 11.26 25.43
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FIGURE 4 | The comparison of specie’s activity in slag between measured and calculated values. (A) The activity of SiO,; (B) The activity of Al,Og; (C) The activity of
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FIGURE 5 | The effect of C/S ratio on the AG of reactions 1-3.
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FIGURE 6 | The influence of C/A ratio on the AG of reactions 1-3.

et al., 2005; Sun et al., 2015; Safarin, 2019) are calculated by
this paper’s IMCT model, and compared with
their experiment results (Gzieo and Jowsa, 1984; Nomura
et al., 1991; Hino, 1994; Kishi et al., 1994; Ohta and Suito,
1994; Ohta and Suito, 1998a; Ohta and Suito, 1998b;
Moeizane et al., 1999; Jung and Fruehan, 2001; Stolyarova
et al., 2005; Sun et al., 2015; Safarin, 2019) and Factsage-7.0
calculating values, as shown in Figure 4. In Figure 4A or

Figure 4B, the activity of SiO, or Al,O; in the CaO-BaO-
Al,03-Si0; slag system calculated by the IMCT model are in
good agreement with the Factsage-7.0 calculating values. It
also can be found that, the activity of low system slag
calculated by IMCT model are in accordance to the
experimental results. In summary, the IMCT model for
Ca0-MgO-BaO-CaF,-Si0,-Al,05-TiO, slag in this paper
is reasonable.

Frontiers in Materials | www.frontiersin.org

January 2022 | Volume 8 | Article 792714


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Zhao et al.

30
20} ,.8
% :/:
10} 27
ol
© L
g -10
2 201
(.<f]) -30
-40 —@- Reaction 1-{}— Reaction 2-Q - Reaction 3
50l —@- Reaction 1-{}— Reaction 2-( - Reaction 3
—@- Reaction 1=}~ Reaction 2-O - Reaction 3
-60 1 L L 1 1 1 1
0 5 10 15 20 25 30
The TiO, content wt pct
FIGURE 7 | The effect of TiO, content on the AG of reactions 1-3.

RESULT AND DISCUSSION

Influence of the C/S Ratio in the Slag

The dependence of C/S ratio in the slag (S1), listed in Table 2, on the
AG of reactions 1-3 was shown in Figure 5. With the increase of C/S
ratio in the slag, the AG of reactions 1-2 increased and the AG of
reaction 3 decreased. In general, the C/S ratio in the slag was suggested
to be higher 4 for Al-killed steel refining process. But Zhang et al.
(Zhang, 2019) found that the C/S ratio of 6 was the most effective to
improve the steel cleanliness. When the C/S ratio was higher 6, the AG

Reaction Between Metal and Slag

of reaction 1 was higher than 0 kJ/mol and the AG of reactions 2-3
were about -25 kJ/mol, Therefore Ti in the steel will be oxidized by the
SiO, and ALO; in the slag. Therefore it is necessary to investigate
other factors such as C/A ratio, TiO, content and BaO content to
suppress the re-oxidation of Ti by SiO, and ALO;.

Influence of the C/A Ratio in the Slag

The effect of C/A ratio in the slag (S2), listed in Table 2, on the AG of
reaction 1-3 is shown in Figure 6. In this figure, the blue symbol-line
represents the C/S ration in the slag is 6, the magenta symbol-line means
the C/S ratio is 8, and the olive symbol-line means the C/S ratio is 10.
From this figure we can found that, when the C/A ratio changed from 1
to 2.5, the AG of reaction 2 and 3 are also lower -20 kJ/mol. Yoon et al.
(Yoon et al., 2002) reported that the most effective C/A ratio in the high
basicity slag, in which the C/S ratio was higher than 4, was 1.7-1.8 to
removing inclusions from bearing steel. Therefore, the mass ratio of
CaO to AL O; in the slag (S3 and S4) was 1.7 in the following discussion.

Influence of the w(TiO,) in the Slag

Figure 7 shows the variation behavior of AG for reactions 1-3 with
the increase of TiO, content in the slag (S3), listed in Table2. In this
figure, the C/S ratio in the slag, marked in different color symbols, was
the same with Figure 6. From Figure 7, with the increase of TiO,
content in the slag, the AG of reaction 1 decreased, And the AG of
reaction 2 and 3 increased. When the TiO, content in the slag was
greater than 20%, the AG of reaction 2 are also lower than -10 kJ/mol.
Therefore, it is necessary to increase the C/S ratio in the slag. However,
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FIGURE 8 | The effect of BaO content on the AG of reactions 1-3.
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the activity of CaO in the slag would increase and the solid calcium
titanates (Li et al., 2018) would appear. This will lead to decrease the
desulfurizer ability of the slag. In the basic slag TiO, exits as TiO% ™~ ions
(Sommerville and Bell, 1982). In addition, TiO, in slag forms anions,
which will cause free O> ions to decrease and the desulfurization
ability of the slag decrease.

Influence of the BaO Content in the Slag
Figure 8 shows the influence of BaO content in the slag (S4) on the
AG of reactions 1-3. In this figure, the C/S ratio in the slag, marked in
different color symbols, was the same with Figure 6. It is clear that, the
AG of reaction 1 changed less and the AG of reactions 2 and 3
increased with the addition of BaO to the slag. It is clear that from
Figure 8A, when the slag contained 15%TiO,, the C/S ratio was higher
than 10 and the BaO content was 25-30%, the AG of reactions 1-3 are
higher than 0 kJ/mol. When the TiO, content in the slag was higher
than 20%, with the increase of BaO content in the slag, the AG of
reaction 1 was still lower than 0. Therefore, when the BaO content and
TiO, content in the slag were controlled as 20-30% and 15-25%, the
C/S ratio should be controlled as higher than 10 according to the
thermodynamic results. However, the desulfurizer and inclusion
absorption ability of the slag should be considered. When the TiO,
content was higher than 30%, a large amount of solid calcium titanates
(Lietal., 2018) will formed in the slag, the viscosity of the slag increase.
This would lead to the desulfurizer and inclusion absorption ability
descend. BaO is more powerful desulfurizer than CaO. Adding BaO to
the flux not only desulfurizers by itself, but also enhances the
desulphurization ability of CaO. In addition, BaO is more inclined
to release the oxygen ion for less affinity to oxygen than CaO, which
also favors desulfurization. However, the increase of BaO content in
the flux may lead to the decrease of molar fraction of basic
components because of its high molecular mass (153). Also, BaS is
not stable and tends to decompose with the increase of BaS, which is
disadvantageous to the desulfurization reaction (Gao et al., 2012).

CONCLUSION

In this work, the thermodynamic interaction between ladle slag
and 0.361%Ti bearing steel has been analyzed using IMCT model
and the following conclusion are obtained.
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NOMENCLATURE

C/S ratio the mass ratio of CaO-SiO,
C/Al ratio the mass ratio of CaO-ALO;

Reaction Between Metal and Slag

AG? the standard molar Gibbs free energy change of reaction i, (J/mol)
AG; the molar Gibbs free energy change of reaction i, (J/mol)
K the equilibrium constant of reaction i

f,' the activity coefficient of element i in the liquid steel.
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