A Thermodynamic Model of Sulfur Distribution Ratio
between CaO-SiO>—MgO-FeO-MnO-Al,O3 Slags
and Molten Steel during LF Refining Process Based
on the lon and Molecule Coexistence Theory
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A thermodynamic model for calculating the sulfur distribution ratio between ladle furnace (LF)
refining slags and molten steel has been developed by coupling with a developed thermodynamic
model for calculating the mass action concentrations of structural units in LF refining slags, i.e.,
Ca0-Si0,-MgO-FeO-MnO-Al,05 hexabasic slags, based on the ion and molecule coexistence
theory (IMCT). The calculated mass action concentrations of structural units in CaO-SiO,—
MgO-FeO-Al,03—MnO slags equilibrated or reacted with molten steel show that the calculated
equilibrium mole numbers or mass action concentrations of structural units or ion couples,
rather than mass percentage of components, in the slags can represent their reaction abilities.
The calculated total sulfur distribution ratio shows a reliable agreement with the measured or
the calculated sulfur distribution ratio between the slags and molten steel by other models under
the condition of choosing oxygen activity based on (FeO)-[O] equilibrium. Meanwhile, the
developed thermodynamic model for calculating sulfur distribution ratio can quantitatively
determine the respective contribution of free CaO, MgO, FeO, and MnO in the LF refining
slags. A significant difference of desulfurization ability among free component as CaO, MgO,
FeO, and MnO has been found with approximately 87-93 pct, 11.43-5.85 pct, 0.81-0.60 pct
and 0.30-0.27 pct at both middle and final stages during LF refining process, respectively. A
large difference of oxygen activity is found in molten steel at the slag—metal interface and in bulk
molten steel. The oxygen activity in molten steel at the slag—metal interface is controlled by
(FeO)-[O] equilibrium, whereas the oxygen activity in bulk molten steel is controlled by [Al}l-{O]
equilibrium. Decreasing the high-oxygen-activity boundary layer beneath the slag—metal
interface can promote the desulfurization reaction rate effectively or shorten the refining period
during the LF refining process.
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I. INTRODUCTION effective synthetic slag refining, easy composition adjust-
ment, etc., the ladle furnace (LF) refining process has
become a conventional secondary refining technique in a
combined metallurgical company to produce low- or
ultralow-sulfur steels. However, solving the contradic-
tion between refining efficiency and the refining period
has attracted much attention in recent years because
enhancing the LF desulfurization reaction needs longer
refining time; however, improving the LF refining
efficiency requires a shorter refining period.

THE deep desulfurization of molten steel can effec-
tively decrease the amount of sulfide inclusions,!'
surface defects,™ hot brittleness,! and hydrogen
induced cracking!"? of the ultimate steel products. With
respect to the outstanding desulfurization ability and
other advantages,” " such as rapid temperature adjustment,
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The conditions both of thermodynamics and kinetics
for desulfurization reactions during the LF refining
process can be effectively promoted by ideal contact
between the sPlnthetic refining slags with high desulfur-
ization ability™ and molten steel by magnetic stirring as
well as Ar gas stirring from the ladle bottom. As an
easily obtained parameter to describe the desulfurization
ability of slags at a metallurgical production spot, the
sulfur distribution ratio between slags and metal has
become a common parameter to describe the desulfur-
ization ability of slags. However, only a few available
sulfur distribution ratio prediction models for the LF
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refining process have been developed according to
compositions of slags as well as molten steel, although
some desulfurization mathematical models™* have been
developed coupled with the sulfur distribution ratio
prediction models and the related reaction kinetic data.

Besides the sulfur distribution ratio, the sulfide
capacity proposed by Richardson and Fincham!'%!' in
the 1950s has been widely used as another parameter to
describe the desulfurization potential of slags. Similar to
the sulfide capacity, the sulfide capacity index has been
also suggested b?/ Yang et al'? based on the sulfide
capacity concept.'!" As the sulfide capacity has a close
correlation with the sulfur distribution ratio of the same
slags, some researchers have developed various sulfide
capacity prediction models!"* % from tremendous sul-
fide capacity data for various slags.!'*?* such as
Young’s model'? and the KTH model.["* 2% Although
Young’s model!"* and the KTH model"* 2" have been
verified for some slags,!'3!416:17:20.26] whether Young’s
model!"* and KTH model"* 2% can be successfully used
to predict the sulfur distribution ratio between LF
refining slags and molten steel should be verified.

According to the developed thermodynamic model
for calculating the sulfur distribution ratio between
CaO—SiOz—MgO—Al[zO3 quaternary slags and carbon
saturated hot metal® based on the ion and molecule
coexistence theory (IMCT),””*! a thermodynamic
model for calculating sulfur distribution ratio between
Ca0O-Si0,-MgO-FeO-MnO-AI,O5 hexabasic slags and
molten steel, i.e., the IMCT model, has been developed
by coupling with a developed thermodynamic model for
calculating the mass action concentrations of structural
units or ion couples in the slags based on IMCT.[??33!
This model was built using compositions of the slags
and molten steel sampled at initial, middle, and final
stages during a 210-ton LF process of refining pipeline
steel at Shougang Qian’an Iron and Steel Company
Limited, Shougang Group.

The developed IMCT model for predicting the sulfur
distribution ratio between LF refining slags and molten
steel requires the mass action concentrations of struc-
tural units or ion couples in the slags like the developed
model for predicting sulfur distribution ratio between
blast furnace ironmaking slags and hot metal.*” Under
this circumstance, a thermodynamic model for calculat-
ing the mass action concentrations of structural units or
ion couples in CaO-Si0,~-MgO-FeO-MnO-Al,O; LF
refining slags should be first developed. The calculated
mass action concentrations of all existed structural units
or ion couples in the slags, like the traditionally
measured or calculated activity of components, have
been also used to determine the oxygen activity of
molten steel at the slag-metal interface.

The oxygen activity of both bulk molten steel and
molten steel at the slag—metal interface have been
calculated under the equilibrium of [AIHO], (Al,O3)—
[Al], and (FeO)-[O], respectively, and compared with
the measured oxygen activity by oxygen sensor at the
initial, middle, and final stages during LF refining
process of refining pipeline steel. The calculated mass
action concentrations of ion couple (Fe*" +0?") and
simple molecule (AlO3) have been used to calculate the
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oxygen activity of molten steel at the slag-metal
interface. The developed IMCT model for calculating
the sulfur distribution ratio between CaO-SiO,—MgO—
FeO-MnO-Al,0O3 slags and molten steel can be used not
only to calculate the total sulfur distribution ratio of the
LF refining slags equilibrated or reacted with molten
steel but also to determine the respective sulfur distri-
bution ratio of ion couple with desulfurization ability,
such as jon couples (Ca’" +077), (Mg>"+0%),
(Fe’" +0%7), and (Mn?>" +0?"), or free basic oxide
CaO, MgO, MnO, and FeO in the slags. Meanwhile, the
respective contribution of these ion couples to the total
sulfur distribution ratio between the LF refining slags
and molten steel can be predicted. The calculated sulfur
distribution ratio between the LF refining slags and
molten steel by the developed IMCT model has been
compared with that 2%redicted by Young’s model"¥ and
the KTH model.'* %"

The oxygen activity gradient of molten steel at the
slag-metal interface and in bulk molten steel has been
revealed. The influence of a high oxygen activity
boundary layer beneath the slag—metal interface on the
desulfurization of LF refining slags has been verified.
The desulfurization reaction mechanism of the LF
refining slags from molten steel has been proposed
according to the obtained results. The ultimate aim of
this study is to develop a universal method for predict-
ing the sulfur distribution ratio between slags and metal
for various metallurgical process; furthermore, to pro-
vide reasonable methods for enhancing the desulfuriza-
tion reaction in different metallurgical processes.

II. INDUSTRIAL TESTS

The industrial tests of 21 runs were carried out in a
210-ton LF of refining pipeline steel at Shougang
Qian’an Iron and Steel Company Limited, Shougang
Group. The synthetic slag with specially designed
compositions was prepared for the 210-ton LF to refine
a type of pipeline steel. The aimed content of sulfur in
molten steel was controlled less than 20 x 10~ pct. The
sulfur content in the tapping molten steel from a 210-ton
top—bottom combined blown converter is ranged from
0.0050 pct to 0.0100 pct with an average sulfur content
of 0.0060 pct. According to the LF refining require-
ments and limitations on the steelmaking production
line, the basic operation procedure of the 210-ton LF
refining reactor is illustrated in Figure 1 and summa-
rized as follows: (1) Approximately 210 tons of molten
steel from steelmaking converter was tapped into a 210-
ton ladle, in which approximately 900 kg Fe—Al alloys,
500 kg gradually releasing deoxidants, 1500 kg lime and
other alloys was first added in the 210-ton ladle for
deoxidization and composition adjustment of the mol-
ten steel to the aimed steel. The added gradually
releasing deoxidants were used to decrease the oxygen
potential of the residual slags from the steelmaking
converter into the ladle, whereas the added Fe—Al alloy
with an Al content of 40 pct was assigned to deoxidize
the molten steel. The total slag amount is approximately
2000 kg in the 210-ton LF. (2) The temperature and
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Fig. 1—Flow sheet of refining a kind of pipeline steel in a 210-ton LF.

oxygen activity of molten steel were measured immedi-
ately by a Celox low oxygen sensor simultaneously after
the ladle was transported to LF refining station. The
measured oxygen activity do sensor DY Celox low-oxygen
sensor produced by the Heraeus Electro—Nite Shanghai
Company Limited (Shanghai, P. R. China) has a 3 pct
deviation or a 1.5-2.0 mV deviation for the measured
electromotive force (EMF). The lowest determined
oxygen activity of the applied Celox low-oxygen sensor
is 1.0 x 107, Thereafter, Ar gas was introduced
through two gas injection porous plugs from the ladle
bottom to stir the molten steel for approximately
3 minutes. The diameter of the exposed molten steel
for each Ar gas injection porous plug was controlled less
than 100 mm. The samples of slag and molten steel were
taken to analyze their chemical compositions assigned as
initial stage samples. (3) A fixed amount of granulated
aluminum (approximately 100 kg) was introduced into
molten steel to deoxidization. Some amount of alloys
with known composition and specially designed syn-
thetic slags were introduced into the ladle. The electric-
ity was switched on through three graphite electrodes
to improve the temperature. Meanwhile, the flow rate
of bottom blowing Ar gas was improved at 400-600
Nl/min to stir molten steel strongly for 12 minutes.
Hereafter, samples of slags and molten steel were taken
again for analyzing composition and assigned as middle
stage samples. (4) Heating by electricity and stirring by
bottom blowing Ar gas continues for a period, for
example, of 20 minutes. The second samples of slag and
molten steel at middle stage were taken again to verify
whether the composition reached to the requirement of
the aimed steel. If the analyzed composition of molten
steel met the requirement of the aimed steel, then the
samples of slag and molten steel were assigned as final
stage samples. Otherwise, some amount of specially
designed synthetic slags and alloy was added to adjust
the composition or prolong the refining period for
subsequent desulfurization. In this case, the taken
samples were assigned as secondary samples at the
middle stage.

Therefore, at least three samples both of slags and
metal were taken to analyze the composition at each test
run. The sum of the mass percentages of the components
CaO, MgO, Fe, 0O, Al,O3, MnO, and SiO, in each slag
sample is greater than 98.5 pct. The ratio of (pct FeO) to
(pct Fe>O3) is approximately 4:1 from the analyzed 15
slag samples. The total mass percentages of iron oxides
in the LF refining slags is less than 1.0 pct; therefore, all
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the iron oxides in the slags were treated as FeO. The
normalized compositions of slag samples at the initial,
middle, and final stages during 21 test runs of the LF
refining process are summarized in Tables I through 111,
respectively. The chemical composition, measured oxy-
gen activity, and temperature of corresponding molten
steel samples are listed in Tables I through III. Cer-
tainly, the LF refining slags have a higher binary basicity
with much more Al,O; content compared with blast
furnace ironmaking slags.!*”’

III. MODEL FOR CALCULATING
MASS ACTION CONCENTRATIONS OF
STRUCTURAL UNITS OR ION COUPLES
IN CAO-S10,-MGO-FEO-MNO-AL,O3 SLAGS

A. Hypotheses

According to the classic h¥ otheses of IMCT
described in detail elsewhere,”*?! the main assump-
tions in the developed thermodynamic model for calcu-
lating the mass action concentrations of structural units
or ion couple in CaO-Si0,-MgO-FeO-MnO-Al,O; LF
refining slags equilibrated with molten steel can be
simply summarized as follows:

(a) Structural units in the studied slags are composed of
Ca’", Mg>", Fe*", Mn?", 0>, and S*~ as simple
ions, SiO, and Al,O5 as simple molecules, silicates,
and aluminates and so on as complex molecules.
Each structural unit has its independent position in
the slags. Every cation and anion generated from the
same component will take part in reactions of
forming complex molecules in the form of ion cou-
ple as (Me* " +0%7).

(b) Reactions of forming complex molecules are under
chemically dynamic equilibrium between the gener-
ated ion couples from simple ions and simple mol-
ecules by taking (Ca’" +0°7) and SiO, to form
2Ca0-Si0, as an example as 2(Ca*" + O*7)+
Si0, =(2Ca0-Si0y).

(c) Structural units in the slags equilibrated with molten
steel keep the continuity in the range of investigated
concentration.

(d) Chemical reactions of forming complex molecules
obey the mass action law. This implies that the
chemical reaction equilibrium constant can be rep-
resented by the defined mass action concentrations
in the following text.
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(e) Considering the large difference of desulfurization
ability —among ion  couples gCa2+ +0%),
Mg>" +0%), (Fe’ " +0?7), and (Mn” " + O*"), the
extracted sulfur in LF refining slags from molten
steel is assumed only to be bonded as ion couple
(Ca?" +8%),”! whereas the contents of the ex-
tracted sulfur in the LF refining slags bonded as ion
couples ~ (Mg?>"+8%7), (Fe" +S8%7), and
(Mn?>" +8%7) are ignored, ie., treated as zero.*”
This assumption cannot largely affect the calculation
precision of mass action concentrations of structural
units or ion couple in the LF refining slags as well as
the predicted sulfur distribution ratio between the
slags and molten steel.

B. Model for Calculating Mass Action Concentrations of
Structural Units or Ion Couples in LF Refining Slags

1. Structural units in LF refining slags

The six components in CaO-Si0O,—MgO-FeO-Al,05—
MnO hexabasic slags are CaO, SiO,, MgO, FeO, Al,Os,
and MnO, whereas the extracted sulfur from molten
steel gradually enters into the slags as CaS, MgS, FeS,
and MnS with the proceeding of desulfurization reac-
tions until desulfurization reactions reach equilibrium
according to the classic metallurgical physicochemistry.
However, the IMCT! 3% suggests that the extracted
sulfur in LF refining slags exists as S*~ as a structural
unit and can be bonded with ions Ca’>", Mg>*, Fe’*,
and Mn’" to form the ion couples (Ca’" +S*7),
(Mg> " +8°7), (Fe*" +8%7), and Mn*" +S*7) simulta-
neously. Hence, the LF refining slags will change from
an open system of the initial LF refining slags without
sulfur to a closed system of the final LF refining slags
containing sulfur with the proceeding of LF refining
process. The IMCT!?? 33 can be applied only to a closed
system. Therefore, the LF refining slags containing
sulfur equilibrated or reacted with molten steel are
chosen to replace the sulfur-free CaO-SiO>,—MgO-FeO-
MnO-Al,0; hexabasic slags.

However, only the total sulfur content in slags can be
analyzed; no respective sulfur content, such as CaS, MgS,
FeS, and MnS, can be provided from a metallurgical
production in situ analysis as well as from a laboratory
analysis. Considering the large difference of desulfuriza-
tion ability between CaO and MgO revealed in a previous
study,?”! the total S*~ in the slags is treated to exist as ion
couple (Ca>* +S°7). No S*~ is bonded as ion couples as
Mg*" +8%7), (Fe*" +8?7), and (Mn*" +S?7) during
the development of the thermodynamic model for calcu-
lating mass action concentrations of the structural units
or the ion couples in CaO-Si0,—-MgO-FeO-MnO-
Al,O5 slags as an assumption described in Section 11—
A. The sulfur content in all LF refining slags as listed in
Tables I through III is less than 0.2 pct, which is much
smaller than that of the other six components, i.e., CaO,
Si0,, MgO, FeO, Al,O3, and MnO. Therefore, assuming
the total S>~ as an ion couple (Ca®* 4+ S?7) in Section III-A
can only generate a negligible deviation on the amount of
other structural units in the closed system of CaO-SiO,—
MgO-FeO-MnO-Al,O5 slags.
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It can be reasonably obtained that there are six simgle
ions, including Ca*>", Mg”>", Fe*", Mn?*, O*~ and S*~,
and two simple molecules, including SiO, and Al,O3, in
the LF refining slags under desulfurization reaction
equilibrium at metallurgical temperatures based on
IMCT.P”* 31 According to the reported ternary phase
diagramsP®Y of CaO-AlL,01-Si0,, CaO-Al,0;-MgO,
CaO-MgO-Si0,;, MgO-Al,03-Si0,, CaO-FeO-Si0O,,
Al,05-Si0,—MnO, and Al,O;-SiO,—FeO slags at LF
refining temperatures, i.e., in a temperature range from
1800 K to 1935 K (1527 °C to 1662 °C), 24 kinds of
complex molecules, such as 3Ca0-SiO,, 2Ca0O-SiO,,
Ca0O-Si0O, and so on, can be formed in CaO-SiO,—
MgO-FeO-MnO-Al,O; slags in the LF refining tem-
perature range from 1800 K to 1935 K (1527 °C to
1662 °C) as listed in Table IV as assigned as ci. All
simple ions, as well as simple and complex molecules in
the studied slags in the LF refining temperature range
are summarized in Table IV.

2. Model for calculating mass action concentrations of
structural units or ion couples in LF refining slags

There are 10 components in CaO-Si0O,-MgO-FeO-
MnO-Al1,05 slags equilibrated or reacted with molten
steel as CaO, SiO,, MgO, FeO, Al,O3, MnO, CaS, MgS,
FeS, and MnS. Although the content of MgS, FeS, and
MnS of three components in the slags is neglected, MgS,
FeS, and MnS as three components cannot be ignored
during the development of the thermodynamic model
for calculating the mass action concentrations of struc-
tural units or ion couple in the slags. Under these
circumstances, the mole number of previously men-
tioned 10 components in 100-g slags is assigned as
bl = n0a07 b2 = n(S)i 59 b3 = n(li/lg ’ b4 = n%eO’ b5 = annO’
bs = N0, b1 =Neys, by =nyg =0, by = Hes = 0,
and bjg = nyy,g = 0 to represent the chemical composi-
tion of the sla?s.

The defined™ ¥ equilibrium mole numbers #; of all
previously mentioned structural units in 100-g CaO—
Si0,-MgO-FeO-MnO-Al,0O; slags equilibrated or re-
acted with molten steel at metallurgical temperature are
shown in Table IV. The total equilibrium mole number
Zn; of all structural units in 100-g LF refining slags
equilibrated or reacted with molten steel can be
expressed as follows:

Zni =2ny +ny + 2n3 + 2ny4 + 2ns + ng + 2n7 + 2ng
+ 2n9 + 2119 + et + 10+ -+ nea (mol)

[1]

The mass action concentration of the structural unit is
defined as a ratio of the equilibrium mole number of
structural unit 7 to the total equilibrium mole numbers
of all structural units in a closed system with a fixed
amount according to IMCT,* ¥ and it can be calcu-
lated by

N; = - (=) 2]
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Table IV. Expression of Structural Units as Ion Couples or Complex Molecules, Their Mole Numbers, and Mass Action Concen-
trations in 100-g CaO-SiO,-MgO-FeO-MnO-Al,O; Slags at LF Refining Temperature Based on IMCT

Mass Action

Structural Units Number of Mole Number Concentration of
as Ion Couples Structural Units of Structural Unit Structural Unit
Item or Molecules or Ion Couples n; (mol) or Ton Couple N; (-)
Simple cqtion Ca®t+0%*~ 1 M = Negv cao = Mo cao = NCa0O N, = Xz’:“ln = Ncao
and anion (8) 2+ 4 o2 B B B S
Mg=" + 3 13 = Myt Mgo = 10~ MgO = "MgO N; = = NMgO
24 42—
Feo" +0O 4 N4 = Mgt Feo = N2 Fe0 = TFeO 4= % = Nreo
24 | 2 '
Mn*" +0 5 15 = Myt Mao = 10> Mno = MO Ns = f; = Nmno
24, Q2— '
Ca”" +S8 7 N7 = Nyt cas = M52 cas = 11Ca8 Ny = 22':17,, = Ncas
24 @2 '
Mg"" +S 8 g = My Mes = M5 Mgs = MMes & 0 ¢ = szmn = Nugs
24, Q2 '
Fe*" +8S 9 N9 = Nper pes = N> peg = Mies ~ 0 ) = 22':19’1 = Nres
24 | Q2= '
Mn“" +8S 10 110 = Ay Mns = s Mns = PMns = 0 Njg = %1: = Npns
Slmple SIOZ 2 Ny = nsio, Nz = ann = NSiOg
molecules (2 '
( ) A1203 6 Ng = }’1A12()3 N6 = 2":6”' - NAIZO_;
Complex 3CaO~Si02 cl Nc] = N3Ca0-Sio, Ncl = ﬁ = NSCaO-SiOz
molecules (24 . !
(24) 3Ca0-28i0, c2 Ny = N3Ca0-25i0, No = fzﬂb = N3ca0-25i0,
2Ca0-Si0, c3 N3 = N2Ca0-Si0; Ne3 = ¢%- = Nacao:sio,
C’dO‘SiOz c4 Neq4 = NCa0-Sio, Nc4 = fi"ﬂ = NCaO-SiOz
3CaO-Ale3 c5 Ne5 = N3Ca0-AlLO; NcS = znfsn» - N3CaO«A1203
12Ca0-7AL,0; c6 Ne6 = N12Ca0-TALO; Neg = ﬁ = N12€a0-7A1,0;
CaO-AlLO4 c7 N7 = NCa0-ALO; Ny = fﬂl = Nca0-ALL0;
Ca0-2A1,04 c8 Neg = NCa0-2A1,0; Neg = ¢ = Nca02a1,0,
CaO-6A1,0; c9 Ne9 = NCa0-6A1,0; Ney = ﬁ = Nca06A10;
2MgO-SiO, clo Nc10 = M2MgO-Sio, Neyo = i‘“; = Nomg0-si0,
MgO-SiO, cll N1l = NMgO-Si0; Ney = i:”n = NM.0-5i0,
MgO-AlL,O3 cl2 12 = NMgO-ALO; Neip = fﬁ = NMg0-ALO;
2Fe0-Si0, cl3 Nc13 = M2Fe0-Si0, Neps = f; = NaFe0si0,
FeO-Al,O; cl4 Ne14 = NEeO.ALO; Neig = i”n = NEc0-ALO;
MnO-SiO, cls Ael5 = NMnO-Si0, Neis = f:l; = NMno-si0,
2MnO-SiO, cl6 Nel6 = NIMnO-SiO, Neig = ﬁf; = Namnossio,
MnO-Al, O, cl7 Mel7 = MMRO-ALO; Neiy = i“‘ji_ = NMnO-ALO;
3A1,05:25i0, cl8 Nc1g = M3A1,052Si0, Ncig = i”; = N3A1,0,.250,
2Ca0-AL05Si0,  cl9 N¢19 = M2Ca0-Al 05 -Si0; Neig = f; = N2Ca0-ALO; S0,
CaO-AL,0328i0,  ¢20 Nc20 = NCa0-ALO3-2Si0, Neyo = f‘; = NCa0-A1,0,-25i0,
CaO-MgO-SiO, c21 N2l = NCa0-MgO-SiO; Ny = 2"3”” = NCa0-Mg0-Si0,
CaO-MgO-28i0,  c22 N¢22 = NCa0-MgO-25i0, Nexn = ﬁ:zn = NCa0-Mg0-2510,
2Ca0O-MgO-28i0,  ¢23 Nc23 = N2Ca0-MgO-2Si0, Neps = i‘z; = N2Ca0-Mg0-25i0,
3CaO-MgO-2Si0, c24 Ne24 = N3Ca0-Mg0-28i0, Ney = ﬁ:‘; = N3Ca0-MgO-25i0,
It should be emphasized that the mass action concen- calculated directly from Eq. [2]; however, the mass
tration N; of all structural units in the form of simple action concentration Nyeo of ion couples, such as
ions, simple molecules, and complex molecules can be (Me? " +077), should be calculated by?*
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Table V. Chemical Reaction Formulas of Possibly Formed Complex Molecules, Their Standard Molar Gibbs Free
Energy Changes, Equilibrium Constants and Mass Action Concentrations in CaO-Si0Q,—-MgO-FeO-MnO-Al,03 Slags
at Metallurgical Temperature

Reactions AGE . (J/mol)  References K9 (-) Nei ()
3(Ca’* + 07 )+ (Si0,) = (3Ca0-Si0,) —118826-6.694T 35 K8 = N]??'vz Nei = KO NN,
3(Ca®* +07) + 2(Si0) = (3Ca0-2Si0,) —236814+9.623T 35 KS = Nfgﬁ% N = KO NiN?
2Ca2t + 0% )+ (Si0y) = (2Ca0-Si05) —102090—24.267T 36 K = NJ%V]; Nes = K4 NIN,
(Ca>" +0?7)+(Si0,) = (CaO-Si0,) —21757-36.819T 36 Ko =x5% Na=KGNN,
3(Ca2" + 0% )+ (AlO3) = (3Ca0-ALOs) —21757-29.288T 36 K& =y Nes = KGNINe
12(Ca>* +077) + 7(ALO3) = (12Ca0-7AL,05) 617977-612.119T 36 KG =ity Neo = KGNPN
(Ca>* +0%)+(Al,05) = (CaO-ALLO;) 59413—59.413T 36 K =75 Na=K3NiNe
(Ca’?*™ + 0?7) +2(A,05) = (Ca0-2A1,05) —16736—25.522T 36 KS = levﬁg N = KN N2
(Ca>* +0%) + 6(Al,05) = (Ca0-6AL,05) —22594-31.798T 37 K8 = fo;;g N = KN NS
2(Mg? ™ +0%7) +(Si0,) = (2MgO-Si0) —56902-3.347T 36 KSo=xa  New = KqoNaNi

(Mg?" +0%7) +(Si0,) = (MgO-Si0,)

(Mg>" +0%7) + (Al,03) =(MgO-Al,05)

2(Fe?" +0%7) +(Si0,) = (2Fe0-Si0,)

(Fe*™ + 0%7) + (Al,03) = (FeO-Al,05)

(Mn>* +0%7)+ (Si0,) = (MnO-Si0,)

2(Mn?" +0%*7) +(Si0,) = (2MnO-Si0»)

(Mn?" + 0*7) + (Al,03) = (MnO-Al,05)

3(ALO;) + 2(Si0,) = (3A1,05-2Si05)

2(Ca%* +0%7) + (ALO;) + (Si0,) = (2Ca0-Al,05°Si0,)

(Ca®" +0%*)+ (ALLO3) + 2(Si0,) = (Ca0-Al,052Si05)

(Ca** +0™)+ (Mg>t +0%7) +(Si0,) = (CaO-MgO-Si0,)
(Ca*" +0™)+(Mg>t +0%7)+2(Si0,) =(Ca0O-MgO-2Si0,)
2(Ca’t +0%7)+ (Mg " +0%7) +2(Si0,) = (2Ca0-MgO-2Si0,)
3(Ca’" + 0> )+ (Mg>t +0%7) +2(Si0,) = (3Ca0-MgO-2Si0-)

23849-29.706T 36

A
[l

A?” Neii = K&, NaN;

—18828—6.2767 36 Kéz = fyx Neiz = K§,N3Ng
—9395-0.227T 35.38.39 KQy =g Nen = KG3Na NV
—59204+22.343T 40 K9y =354 Nos = K§yNaNo
38911—-40.041T 35 KSs =34 Nas = K35N2Ns
36066—30.669T 35 KS6 =3 Neww = KGNal3
—45116+11.81T 41 K7 = Neir = K37 NsNg
—4354-10.467T 36 K8, = m; Nag = K94 N3N}
—116315-38.911T 36 Ko =yt Neww = KGoNiN2No
—4184-73.638T 36 K9y =yt New = K2oN1N3Ns
—124683+3.766T 35 KQ) =y Nei = K3 NiN2Ns
—80333-51.8827 36 KS =335z New = Ko NiNsN;
—73638—63.597T 36 K&y = woniy, New = K33 NiN3Ns
—205016—-31.798T 37 K& = wixi, New = KQ4NIN3Ns

Nmeo = Nyie meo T Noz- meo

_ 'met Meo + 70> Meo  2nMe0 ) [

d.oni Ym

Therefore, all expressions of N; for the formed ion
couples from simple ions, simple molecules, and com-
plex molecules in the LF refining slags are listed in
Table IV.

The chemical reaction formulas of 24 kinds of
possibly formed complex molecules, their standard
molar Gibbs free energy changes A,G® .. as a function
of absolute temperature 7, reaction equilibrium con-
stant KO and representation of mass action concentra-
tions of all complex molecules N.; expressed by KS,
Ni(Ncao), N2(Nsio,), N3(Nmeo), Na(Neeo), Ns(Nmno),
and N¢(Naj,0,) based on the mass action law are
summarized in Table V.

The mass conservation equations of 10 components in
100-g LF refining slags equilibrated or reacted with

molten steel can be established from the definitions?® !
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of n; and N, of all structural units listed in Tables IV and
V as follows:

1
by = <2N1 4+ 3N¢i + 3N + 2Ne3 + Neg + 3Ngs
+ 12N + N7 4+ Neg + Neo 4 2Ne19 + Neog

+ Nt + Newo +2Neos + 3Nc24> Zni

1
= <§N1 + 3K Ni N2 + 3KENI N3 + 2KE NI N,

+ KONI N + 3KE N3N, + 12KON'2N]

+ KON Ng + KON, N2 + KN NS

+ 2K§oNTN2Ng + KSN1N6N3 + K9 N1 N2 N3
+K9, N1 N3N + 2KS NIN3 N3

+ 3K?24NTN§N3> Z nj=ndo (mol) [4a]
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by = (N2 + Nei +2Neo + N3 + Neg + Neio + Nei
+ Neiz + Neis + Neis + 2Neis + Nepo + 2N

+ Neat + 2Neoa + 2Nea3 + 2Nes) Z nj
- (Nz + KONIN + 2K NIN? + KGNIN,
+ KGN N> + K§ N2 N3 + K§ NaN3 + K§ N2 N?
+ KQsN2Ns + KGgNaNs + 2K N3N
+ K8y N2 Ny Ng + 2KS N N3 N6 + K&, N N2 N
+2K9, NI N2N; + 2KO, N2N2 N5 + 2K®24N3N2N3)

Z n; = ”(s)ioz (mol) [4b]

1
by = <§N3 + 2Ne1o + Nent + Netz + Neat + New

+ Neos + Nc24> Z n;

1
<2N3 + 2K8)NaN3 + K§ NaN; + K&, N3 Ng

+ K& NiN,N;3 + K&, N{N3N3 + K&, NTN3 N3

K®24N3N2N3> Zn, = ”Mgo (mol) [4c]

N
Il

1
(2 N4+ 2Nz + Ncl4> an
1
— (5 Ny +2K8,N2NG + K34N4N6) >

=1y (mol) [4d]

1
bs = <§N5 + Neis + 2Neis + Ncl7) Zni

2

= Mo (mol) 4]

bs = (N6 + Nes + TNes + Ne7 + 2Neg + 6Neo + Neio
+ Ncig + Net7 + 3Neig + Neio + Nexo) Z”li
= (Ng + K&N3Ns + TKENIPN? + KGN Ng
+ 2K NI N2 + 6K Ny NS + K&, N3Ng + K& Ny Ng
+ K8, NsNo + 3KO5NAN: + KO NN Ny
+ K9 N1 N3Ns) Z”i = ”0A1203 (mol) [41]

= <;N7> Z”i = nigys  (mol) [4¢]

METALLURGICAL AND MATERIALS TRANSACTIONS B

1
= (—Ns + K sNaNs + 2K3 (Na N3 + K?17N5N6> Z”i

(% Ng) Zn, = ”Mgs ~0 (mol) [4h]

s
Il

(1 Ng) > ni=nhs~0 (mol) (4]

1 .
blO = <§N10) Z n; = n(lz/lns ~0 (mol) [4_]]

According to the principle that the sum of mole
fraction for all structural units in a fixed amount of
Ca0O-Si0,-MgO-FeO-MnO-Al,O5 slags under equi-
librium condition is equal to 1.0, the following equation
can be obtained:

Ni+ Ny + N3+ Ny+ Ns+ Nog+ N7+ N3+ Ny
+N10+N01+N02+"'+N024
=N+ + Nig+ KEN; N, + KSNI NS +
KQNiNIN3 => N;=10 (-) [5]

The equilibrium constant K© of all dynamic reactions
described in Table V can be calculated as follows:
K9 = exp(~AGO./RT) (- 6]
Therefore, the equation group of Eqs. [4] and [5] is the
governing equations of the developed thermodynamic
model for calculating mass action concentrations N; of
structural units or ion couples in the LF refining slags
equilibrated or reacted with molten steel. Obviously, the
11 unknown parameters are N, N, N3, N4, Ns, Ng,
N7, Ng = 0, Ng = 0, Ny =~ 0, and Zn; with 11 indepen-
dent equations in the developed equation group of Egs.
[4] and [5]. The unique solution of N;, Xn;, and n; can be
calculated by solving the algebraic equation groups of
Eqgs. [4] and [5] combined with the definition of N;in Egs.
[2] and [3]. The calculated Xn;in 100-g LF refining slags at
three stages during 21 test runs of the LF refining process
is summarized in Tables I through III, respectively.

3. Meaning of mass action concentrations of structural
units or ion couples in LF refining slags

The physical meaning of N; is the equilibrium mole
fraction of structural unit /i in a closed system. The
essential meaning of N; is almost consistent with the
traditionally applied activity ¢; of components i in slags,
in which pure solid matter is chosen as the standard
state and mole fraction are selected as a concentration
unit. In the past two decades, Zhang et alB% 3348 and
other researchers!*” have proved that the calculated
mass action concentrations of structural units or ion
couples in various slags have good corresponding
relations with the measured activities of components,
such as in MnO-SiO, Slng (33421 peO— —Fe,05-Si0,
slags,3*!  Ca0-Si0,-AL,O;-MgO slags,*** CaO-
FeO-Si0, 4 Ca0-ALO; Si0, ) Na,0-
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Si023[33’47] CaO-MgO slags and NiO-MgO slags,>**"
and CaO-MgO-SiO,-Al,05-Cr,05*" Therefore, the
formulas of the reaction equilibrium constant K® and
the related standard molar Gibbs free energy change
A;G? . of the reaction for forming the structural unit / as
complex molecules can be presented by N; to replace a;
according to IMCT® 3% as listed in Table V.

According to IMCT,”° 3% the mass action concen-
trations correspond to all ion couples, simple molecules,
and complex molecules rather than to components in
slags. However, the concept of activity is based on the
components in slags according to the classically metal-
lurgical physicochemistry. Theoretically, only 10 activity
data in CaO-SiO,—~MgO-FeO-MnO-Al,O;5 slags con-
taining sulfur as CaO, SiO,, MgO, FeO, Al,03;, MnO,
CaS, MgS, FeS, and MnS can be determined from
viewpoints of the traditional experimental tests and
classically metallurgical thermodynamics, but 34 data of
mass action concentrations can be calculated in the LF
refining slags based on IMCT.?*33 Applying the
expression of the mass action concentration of the ion
couple (Me?>" +0%7), i.e., free MeO, as Nyeo shown in
Eq. [3] or in Tables IV and V, is just for convenience to
present the reaction ability of free MeO in the slags, like
the MeO activity ameo. Under this circumstance, no
valuable activity data of the LF refining slags have been
measured or reported; therefore, the calculated mass
action concentrations N; of the structural unites or ion
couples are used to replace the activities a; of compo-
nents in the LF refining slags.

4. Choosing standard molar Gibbs free energy changes
of formed complex molecules

Generally, the standard molar Gibbs free energy
changes of reactions for forming any complex molecules
should be cited at the liquid state. Taking the formation
of the complex molecule 3Ca0-SiO, as an example, the
formation reaction of 3CaO-SiO, in Table V should be
presented as follows:

3(Ca* + 0¥7) + (Si0y) = (3Ca0 - Si0y)  [7a]

However, the melting points of most components in
the slags, except FeO, are much higher than the
common metallurgical operation temperature. In addi-
tion, the data of standard molar Gibbs free energy
changes for dissolving these liquid components into the
slags are scarce or absent from the related literatures. It
is well known that dissolving or melting solid compo-
nents into the slags can be divided into two subprocesses:
one is melting or fusing the components from solid to
liquid, and the other is dissolution of the liquid
components into the slags.

The melting process and the related standard molar
Gibbs free energy changes for melting (Ca®" + 0% )(s),
(S810,)(s) and (3Ca0O-Si0O,)(s) can be presented as follows:

(Ca* +0>7)(s) = (Ca®" + O0*)(1) [8a]

AfUSGr(;)l,CaO = :“?:aoa) - iu*CaO(s) (J/mol) [8b]
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Si04(s) = SiOs(1) (9]
AfusGr(:)q.SiOZ = KSi0,(1) — Msioys) (J/mol) [9b]
3Ca0 - Si0s(s) = 3Ca0 - SO, (1) [10a]

AfungJCaOSiOz = #§Cao<Sioz(1) - #§Ca0~5i02(s) (J/mol)
[10b]

It should be emphasized that the melting or fusing
process has no standard state.

Based on pure solid matter as a standard state for
structural units or components in the slags, the disso-
lution process and the related standard molar Gibbs free
energy changes for dissolving (Ca>* + 0% )(), (SiOzg(l)
and (3Ca0-SiO,)(I) into the slags as (Ca’’ +0%),
(Si0,), and (3Ca0-Si0,) can be presented as

(Ca** +0*)(1) = (Ca®" +0O™) [11a]

ASOng.CaO = :ugao - Néao(l)
= li¢ao(s) — Ko™ (J/mol)  [11b]

SiO5(1) = (Si0,) [12a]

Asol Gg,Sio2 = #go2 - H§i02<1)
= 150, (s) — HSi0a(1) 5031 (J/mol)  [12b]

3Ca0 - SiO4(1) = (3CaO - Si0,) [13a]

)
ASO] Gm,3CaO-SiOz
_ .06 *
= H3ca0-510, — H3Ca0-5i0,(1)
50,51
= :“§Cao.Sioz(s) - M§Cao-Sioz(1)[ ] (J/mol) [13b]

Comparing Egs. [8b] through [10b] with Egs. [11b]
through [13b], the following equations can be obtained
relative to the pure solid matter as a standard state for
all structural units or components in the slags as

ASOng,CaO = _AfUSGr(;)l,CaO (J/mol) [14a]
ASOng,SiOZ = _AfusGr(Z,SiOz (J/mol) [14D]

ASO]Gg,SCaO»SiOZ = *Afung,scao.Sioz (J/mol)  [l4c]

Therefore, the value of the standard molar Gibbs free
energy change of melting or fusing component i from a
solid into liquid AgsG; is equal to the opposite value
for the standard molar Gibbs free energy change of
dissolving the liquid component i into the slags Asong‘i
relative to the pure solid as a standard state.

The standard molar Gibbs free energy change of
reaction for forming 3Ca0-SiO,(s) by CaO(s) and
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SiO5(s) can be found from the related literature®”

as

3(Ca*" +0%7)(s) + (Si02)(s) = (3CaO - Si0)(s)
[15a]

AGS 3ca05i0,() = — 118826 — 6.6947H% (J/mol)
[15b]

The standard molar Gibbs free energy change for
reaction in Eq. [7a] in liquid can be derived by
combining Egs. [8b] through [15b] as follows:

AGy 3Ca0-Si0,
3AfugGm ,CaO

3A501Gm,CaO

©)
=A Gm 3Ca0-SiO, (s AfusGm,Sio2

o
+ AusGy m,3Ca0-8i0, — — AswiG sio,

= ArGr(;)l,.%CaO-SiOz(s)
= —118826 — 6.694T (J/mol)

+ Asol G2,3Cao-si02
[70]

The expression of ion couple (Ca>* + 0% in Egs. [7a]
and [11a] has the same meaning with the dissolved CaO
in slags as (CaO), rather than pure llqzuld CaO,
(Ca’" +0%)(1) according to IMCT® ! or CdO(l).
Therefore, the standard molar Gibbs free energy change
A Gm 3ca0sio, for reaction in Eq. [7a] has the same value
or formula as A Gm 3Ca0-Si05(s) for reaction in Eq. [15a]
based on pure solid matter as a standard state for the
calculated N;.

Using the same deduction method, it can be also
proved that the standard molar Gibbs free energy

change for (Mg®* +0%7)(s) + (Si0,)(s) = (MgO-SiO,)(1)
in Table V has the same value for (Mg®™ +0O*")+
(Si0;) =(MgO-Si0,).

These results suggest that the standard molar Gibbs
free energy change of the related reactions for the
formation of complex molecules in Table V will not
change by representing a solid or liquid as their existing
state for reactants and products at the LF refining
temperature for the defined N; relative to the pure solid
or liquid matter as a standard state according to
IMCT [29-33]

C. Results of Mass Action Concentrations of Structural
Units or Ion Couples in LF Refining Slags

1. Relation between mass percentage of six components
and equilibrium mole numbers of related structural units
or ion couples in LF refining slags

The relationship between the mass percentage of
CaO, SiO,, MgO, FeO, MnO, and Al,O; as compo-
nents and the calculated equilibrium mole number of
(Ca’" +0%), Si0,, Mg +0*) (Fe*"+0%),
(Mn?" +0%7), and ALLO5 as ion couples or structural
units in CaO-Si0,-MgO-FeO-MnO-Al,O; slags at
initial, middle, and final stages during 21 test runs of a
210-ton LF refining process is shown in Figure 2,
respectively. The calculated 2nca0, 21p.0, 20Mn0,
and naj,0, has an obvious linear relationship with the
mass percentage of CaO, FeO, MnO, and Al,O3;,
respectively; however, the scattered relations between #n;
and (pct i) for both SiO, and MgO can be observed in
Figures 2(b) and (c) simultaneously. The scattered rela-
tion for SiO, as structural unit in Figure 2(b) can be
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O Initial stage O Initial stage O Initial stage
0.8 LO Middle stage £ O Middle stage o O Middle stage
5 "7 | A Final stage A = 0.00010 }A Final stage 35 05 A Final stage
E E o B E
? 0.6 o S
<& <® 0.00005 | < 04
N 04l o
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(a) (b) (c)
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Fig. 2—Relationship between mass percentage of CaO, SiO,, MgO, FeO, MnO, and Al,O3 as components and calculated mole number of
(Ca®>* +0%), Si0,, (Mg*>" +0%), (Fe*" +0?7), (Mn>* +0°"), and Al,O; as ion couples or structural units in CaO-Si0O,~MgO-FeO-MnO-
AL Oj slags at initial, middle, and final stages during 21 test runs of a 210-ton LF refining process, respectively.
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Fig. 3—Relationship between mass percentage of CaO, SiO,, MgO, FeO, MnO and Al,O3 as components and mass action concentration of
(Ca*>* +0%), Si0,, (Mg*" +0%), (Fe*" +0%7), (Mn>* +0?7), and Al,O; as ion couples or structural units in CaO-SiO,~MgO-FeO-MnO-
Al,Opj slags at initial, middle, and final stages during 21 test runs of a 210-ton LF refining process, respectively.

explained as most of the structural unit SiO, can be
bonded as 2Ca0O-Si0,, 3Ca0-Si0,, CaO-SiO,, efc. at the
metallurgical temperature as listed in Tables IV and V.
The SiO, content is in a low range of 5-10 pct in the LF
refining slags, whereas nsio, is small in a range of
0.5 x 107 to 1.0 x 10~* mol, compared with the aver-
age value of Xn; as 1.315, 1.428, and 1.505 mol in 100 g
of the slags at the initial, middle, and final stage as listed
in Tables I through III, respectively. Some interesting
results for the ion couple (Mg® " +O?7) can be obtained
from Figure 2(c) that (a) 2nygo and (pct MgO) has a
good corresponding relation at the initial stage in the
slags; (b) a relative constant 2ny,0 of about approxi-
mately 0.4 mol can be observed in a narrow (pct MgO)
range of 9-10 pct at the middle and final stage in 100-g of
the slags for some test runs. These test runs correspond
to increasing (pct CaO) from 49 pct to 58 pct, decreasing
(pctAl,O3) from 33 pct to 26 pet, maintaining (pct MgO)
constant as 9—10 pct, increasing Xn; from 1.435 mol to
1.475 mol in 100-g of the slags for related test runs in No.
16 through No. 20 at middle stage, or increasing Zn; from
1.495 mol to 1.633 mol in 100-g of the slags for related
test runs in No. 1 and No. 12 through No. 20 at the final
stage by choosing the No. 9 test run as a basis at both the
middle and final stages, respectively.

2. Relation between mass percentage of six components
and mass action concentrations of related structural
units or ion couples in LF refining slags

The relationship between the mass percentage of CaO,
Si0,, MgO, FeO, MnO, and Al,O5; as components and
the calculated mass action concentration of
(Ca>" +0%), Si0,, (Mg>"+0*) (Fe*' +0™),
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(Mn?" +0%7) and AL,Os as ion couples or structural
units in CaO-Si0,—MgO-FeO-MnO-Al,O; slags at the
initial, middle, and final stages during 21 test runs of a
210-ton LF refining process is shown in Figure 3,
respectively. It can be observed from Figure 3 that
(pct Ca0), (pct Mg0O), (pct FeO) and (pct MnO) has an
obvious linear relationship with  Ncyo, Nmgos
Nreo, and Nyno respectively, whereas the scattered
relations between N; and (pct i) for SiO, and Al,O3 can
be observed in Figures 3(b) and (f) because the gener-
ated complex molecules contain SiO, and Al,O5 simul-
taneously as listed in Tables IV and V.

3. Relation between equilibrium mole numbers
and mass action concentrations for structural units
or ion couples in LF refining slags

The relationship between the equilibrium mole num-
ber n; and the mass action concentration N; for 31
structural units or ion couples, i.e., 5 ion couples, 2
simple molecules, and 24 complex molecules in the
Ca0-Si0,-MgO-FeO-MnO-AL,O;3 slags except ion
couples (Mg>"™ +8%7), (Fe*" +S8%7), and (Mn>" +8%)
at the initial, middle, and final stages during 21 test runs
of a 210-ton LF refining process is shown in Figure 4,
respectively. It is shown clearly in Figure 4 that n; and N;
for 30 structural units or ion couples have an obvious
linear relationship except the ion couple (Mg?* +0>")
or free MgO. The slope of linear relationship can be
treated as the reciprocal of Xn, ie., 1/En; when the
intercept of the corresponding linear relationship is
small enough according to Egs. [2] and [3] for 30
structural units or ion couples. The nonlinear relation-
ship between 2ny,0 and Nyio at both the middle and
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Fig. 4—Relationship between calculated equilibrium mole number and mass action concentration of structural units or ion couples in CaO—
Si0,-MgO-FeO-MnO-Al,0;5 slags at initial, middle, and final stages during 21 test runs of a 210-ton LF refining process, respectively.
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Fig. 4—continued.
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Fig. 4—continued.

final stages can be explained from the results shown in
Figure 2(c) that maintaining 2nye0 in @ narrow range of
0.39-0.41 mol corresponds to an increasing of Xn; from
1.30 mol to 1.46 mol at the middle stage and Xn; from
1.4 mol to 1.6 mol at the final stage caused by increasing
(pct CaO) from 49 pct to 58 pct and decreasing (pct
Al,O3) from 33 pct to 26 pct, keeping (pct MgO)
constant as 9-10 pct in the slags for the related test
runs. Therefore, Nygo shows a vertical decreasing
tendency in these test runs at middle and final stages
as shown in Figure 4(c).

Comparing Figures 2 and 3, it can be deduced that
although a great amount of SiO, or Al,O; can be
bonded as complex molecules as listed in Tables IV and
V, the bonded amount of SiO, or Al,O3 cannot affect
the relation between n; and N; for free SiO, or free Al,O3
as structural unit in the slags during LF refining process.

The calculated results indicate that the calculated
equilibrium mole number n; of structural units or ion
couples and calculated mass action concentration N; of
structural units or ion couples, rather than the mass
percent of components (pct i), are recommended to
represent the real concentration of components in the
Ca0-Si0,—MgO-FeO-MnO-AIl,O5 slags equilibrated
or reacted with molten steel during LF refining process.

IV. MODEL FOR CALCULATING SULFUR
DISTRIBUTION RATIO BETWEEN LF REFINING
SLAGS AND MOLTEN STEEL

A. Establishment of Sulfur Distribution Ratio Model

Similar to the viewpoint from classically metallurgical
physicochemistry that only basic oxides or components
in slags have desulfurization potential, ion couples
(Ca’"+0%), Mg>"+0%), (F**+0%*), and
(Mn?>" +0%7) can take roles in the desulfurization
reactions and provide desulfurization %)otential in the
LF refining slags according to IMCT.®*33! The desul-
furization reactions of ion couples (Ca’" +0%"),
Mg*" +0%), (Fe*" +0?7), and (Mn*" +0?") in the
LF refining slags from molten steel, and their standard
molar Gibbs free energy changes are presented as
follows:

METALLURGICAL AND MATERIALS TRANSACTIONS B

(Ca** +0*) +[S] = (Ca>* +8*7) + [O]
A:GE s = 105784.6 — 28.723 725 (J/mol)  [16a]

(Mg*" +0*) + [S] = (Mg*" +§*7) + (O]
ArGD \pos = 203604.6 — 35.02375%3% (J/mol)  [16b]

(Fe** +0%) + 8] = (Fe** +577) +[0]
AGS g = 115526 — 33.3527127355¢(J/mol)  [16¢]

m,Fe

(Mn** +0*) +[S] = (Mn** +5%7) + O]
AG® s = 83956 — 30.78 72855561 (J/mol)  [16d]

m,Mn

Based on the calculated Nc.o, Nmeo, Nreo, and
NMnOs the definition OfNCaSs NMgSs N]:cs, and NMnSs the
oxygen activity ao, and the sulfur activity ag of molten
steel, the equilibrium constant of desulfurization reac-
tions shown in Eq. [16] can be expressed as follows:

(© _ dcasdo _ Ncasdo
CaS — - N,
aca0ds Ca0ds

(2Pt S)eus/Msjs, ) fpet Offo
N Ncaolpet S|fs
_ (pet S)¢yslpet O] Xf_O
16NCHO [pCt S] Z n; fS

(=) [174]

_ aMgSdo
MeS ™ anieoas
_ Nagsto _ (2(Pct S)MgS/MS Z”i) [pct Olfo
Nwmgods Nwmgolpet Slfs

~ (pet S)ygs[pet O] o
~ 16Nwmgolpet SI> n ~ fs

(=) [170]

__dresdo
eS —
AarFe0ds

_ Nchao _ (2(pCt S)FeS/MS/Z ni) [pct OVO
Nreoas Neco[pet Slfs

_ (pet S)pespet O] fo

“ToNropet S5~ s ) [17¢]

_ Nysdo _ (2(PCt S)MnS/MS/Z ni) [pct Olfo
Nmnoas Nmnolpet S|fs
t t (
— (pc S)Mns[pc O] Xf—,o (_) [17(1]
16 Nvino [pCt S] Zl’li fs
where Mg is the atomic mass of sulfur element of 32
(-). Therefore, the respective sulfur distribution ratio

of the ion couple (Ca’"+0%), (Mg>"+0%),
(Fe’" +0%7), and Mn*" +0°") in the LF refining
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slags equilibrated or reacted with molten steel can be
deduced from Egs. [17a] through [17d] as

through IIT has a small gap with the reported e’ 571
1873 K (1600 °C).
The total sulfur distribution ratio between the LF

Lscao = (pet S)eas _ = 16K815NC40 Zn, 2 (-) refining slags and molten steel is equal to the sum of the
' [pet S| [pct O] f 0 respective sulfur distribution ratio of all ion couples with
[18a] the desulfurization potential in the slags as
Ls = Ls cao + LsMgo + Ls Feo + LsMno
_ (pCt S)CaS + (pCt S)MgS + (pCt S)FeS + (pCt S)MnS
[pet S]
16(K€sNewo + KSsMvigo + KousNieo + KSiusMyino ) S s
- [pct O] “fo
16(K8aSNCaO + K?/IgSNMgO + Kvl(:“)eS]VFeo + K(l?/InSNMno)fs Z ni
- ) -) 20]
o
Ls Me0 = (pet S)MgS _ 16K§\a’lgSN MgO 2 i f S (-) Therefore, the total sulfur distribution ratio Lg
e [pct S] [pct O] fo between LF refining slags and molten steel, as well
[18b] as the respective sulfur distribution ratio Lg ¢ a0: LS,MgO,
Lspeo, and Lsmno of ion couples (Ca +07),
Mg> " +0?), (Fe’ " +0%7), and (Mn>" +0?7) in the
L _ (pet S)pes 16ngsNFeO an s slags equilibrated or reacted with molten steel can be
SEO ™ Tpet 5] [pct O] fo calculated after knowing the values of K, Ky,
[ISC] Kg‘)eSa K?AHS’ NCaO7 NMgO7 NFCOa NMI’IO7 and Zn[7 as
well as the oxygen activity of ap and fs. Certainly, the
S L6K® N chemical composition of the slags can affect Nc.o,
LS,MnO = (pCt )MnS = Mns “MnO an (*) NMgO’ N0, and’ Nmno when KgaS’ Kl(\a/[gS’ K(l?eS’ and Kf\a/lnS
[pet §] [pct O] f o are  determined by temperature 7T  through
[18d] AGY cass MG vgss MG s, and A;GY o The mag-

The activity coefficient of sulfur and the dissolved
oxygen in molten steel, f5 and fo, at 1873 K (1600 °C)
can be calculated by Wagner’s equation as follows:

lgfi=) élpet] ()
where ¢

; 1s the activity interaction coefficient of ele-
ment j to i in molten steel based on the mass percent-
age as a concentration unit and one mass percent
(1 pct) as standard state (—). The effect of temperature
on activity interaction coefficient ¢/ can be expressed
by

[19a]

oA
¢.=—+B

4B (0
where A4 and B are different constants®” for various
elements j and i in molten steel (—). Because e’ has a little
change with temperature variation in metallurglcal
temperature range, values of e’ chosen from llterature[57]
at 1873 K (1600 °C) are summarlzed as "o = —0.45,
eo = —0.131, e](‘)/[“ = —0.021, ef = —0.07, €3 = —0.133,
= -39, ¢§ = —0.028, ¢§ = 0.11, e' = 0.063, M1 =
—0.026, ef =0.29, and e§! = 0.035. Certainly, the LF

refining temperature in a range from 1800 K to
1935 K (1527 °C to 1662 °C) as listed in Tables |

[19b]
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nitude of Ncao, Nmeo, Nreo, andNymo has been given
in Figure 4. The equilibrium mole number Xn; of all
structural units in 100-g slags is almost a constant as
1.315, 1.428, and 1.505 at the initial, middle, and final
stages as listed in Tables I through III.

In addition, 1gnor1ng the sulfur boned w1th ion couples
(Mg>* +0%), (Fe>* +0°7), and Mn>" +0°7) as ion
couples (Mg>" +8%7), (Fe*" +8%7), and (Mn?" +8%")
in the slags described in Sections I1I-A and III-B. i.e.,
by = nYyys = 0, by = ny  ~ 0, and byg = nyy,g ~ 0, can
generate a small deviation on Lgcao, Lsme0, Ls Feos
Lsmno, and  Lg by affecting  Ncao, Nmgos Nreos
Nwyno, and Y n; in Egs. [18] and [20]. However, it can-
not affect the rationality of the defined Lgme0, Ls Feo
andLs mno as shown in Egs. [18b] through [18d] ThlS
means thdt assuming the sulfur bonded as (Mg® " +S27),
(Fe’" +8%7), and (Mn?>" +S%7) in the slags equilibrated
or reacted with molten steel as zero cannot destroy the
logical rationality of the defined LS,MgO7 LS,FeOa lls’l\/[no7
and Lg in this study. The equilibrium reaction constants
Kus) Kigss Kies, and Ky ¢ can be determined from

ArGg,Cas, ArGgMgS, ArGg,Fes’ and ATGg,MnS shown in
Eq. [16] by

K® = exp(~AGS,/RT)  (-) 21]
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The sulfur activity coefficient fg can be calculated by
Eq. [19] after knowing the chemical composition and
temperature of molten steel. As an important parameter
of oxygen activity in the developed IMCT model shown
in Egs. [18] and [20], determining the oxygen activity of
molten steel, especially the oxygen activity of molten
steel at the slag-metal interface or beneath the slag—
metal interface, is an important and challenging task to
apply the developed thermodynamic model for calcu-
lating sulfur distribution ratio between the LF refining
slags and molten steel based on IMCT.3¥ This will be
described in detail in the next section.

B. Determination of Oxygen Activity of Bulk Molten
Steel and Molten Steel at Slag—Metal Interface

It is well known that the desulfurization reaction
occurs at the slag—metal interface during LF refining
process and can be expressed by ion exchange reaction as

(0*) +[8] = (8*) +[O] 22]

Obviously, higher oxygen ion activity ag»- in slags and
the lower oxygen activity ao interface Of molten steel beneath
slag—metal interface are two beneficial factors to promote
the desulfurization reaction in Eq. [22]. Although the
oxygen activity of the molten steel has been measured
in situ by an oxygen sensor below the slag—metal interface
of 0.3 m, no industrial experiences or published literatures
can confirm that the measured oxygen activity of bulk
molten steel by an oxygen sensor can represent the oxygen
activity of molten steel at the slag-metal interface. There-
fore, four methods of determining the oxygen activity, i.e.,
the measured oxygen activity by an oxygen sensor, the
calculated oxygen activity based on [Al]-{O] equilibrium in
bulk molten steel with assuming aay,o, as 1, the calculated
oxygen activity based on (Al,O3)-{O] equilibrium at the
slag-metal interface considering the Al,O5 activity aay,o,
asthatin the slags, and the calculated oxygen activity based
on the (FeO){O] equilibrium at the slag-metal interface
considering the FeO activity ap, as that in the slags, have
been used to calculate the sulfur distribution ratio by the
developed IMCT model. Comparing the measured and the
calculated sulfur distribution ratio by applying different
oxygen activities by the previously mentioned methods can
confirm which method of determining the oxygen activity
can determine the ideal oxygen activity of molten steel at
the slag—metal interface.

1. Comparison of oxygen activity of bulk molten steel
based on [Al]-[ O] equilibrium and measured oxygen
activity by oxygen sensor

The LF refining process proceeds under the condition
of molten steel deoxidized or killed by aluminum as well
as strong stirred by bottom blowing Ar gas. Under these
circumstances, the dissolved oxygen content or oxygen
activity in bulk molten steel will be equilibrated and
controlled with aluminum content as follows:

2[Al] +3[0] = (ALO3)(s)
AGE 510, s = —1202000+ 38630751 (J/mol) [23]

METALLURGICAL AND MATERIALS TRANSACTIONS B

Oxygen activity ao,janjo) of bulk molten steel based
on the [AI[HO] equilibrium can be calculated from
Eq. [23] as

1/3

AALL 03,
ao,[A1-[0] = Ao (=)

%, exp (_ArGg,A1203,s/RT>

[24]

where ap; is the activity of [Al] in molten steel (—) and
aaL0,s 18 the activity of solid Al,O3 in molten steel as
unity, i.e., 1. The activity of [Al] in the molten steel
aa; can be calculated by

aal = failpet Al] - (—) 25]

The activity coefficient of the aluminum f,; in molten
steel can be calculated by Wagner’s equation in Eq. [19a]
by taking values of the related aluminum activity
interaction parameters as®’ e§; = 0.091, €3 = 0.0056,
M =0.0, ek, = 0.0, €}, = 0.03, and €4} = 0.045, respec-
tively. It should be noted that the values of the aluminum
activity interaction parameters eX\" and €&, are assumed
as zero for the lack of values in the related literatures.

The comparison of the calculated oxygen activity
aos(aijo] based on the [Al]-[O] equilibrium assuming
the AL,O; activity aaj,0,s as 1 and the measured oxygen
activity ao sensor DY 0Xygen sensor of bulk molten steel at
the initial, middle, and final stages during 21 test runs of a
210-ton LF refining process is illustrated in Figure 5,
respectively. It can be observed that ag gensor maintains a
small value less than 10 x 10~* during the entire LF
refining process. A close corresponding relationship
exists between the measured aosensor and do ar{o)
although there are some scattered data at the initial,
middle, and final stages during the LF refining process,
respectively. Therefore, it can be deduced that ap pam of
bulk molten steel with a lower value is controlled by the
killed aluminum content [pct Al] and ag jay (o) can be
used to represent the oxygen activity of the bulk molten
steel ao parh s the measured ag sensor bY the oxygen sensor.

2. Comparison of oxygen activity of molten steel
at slag—metal interface based on (Al,O3)—[O]
equilibrium and measured oxygen activity
by oxygen sensor

Some researchers recommended®' % that the oxygen
activity of molten steel at the slag—metal interface
Ao interface> Tather than that of molten steel bulk ao patn,
is more reasonable to represent the oxygen activity of
molten steel at the slag-metal interface and to affect the
desulfurization reactions seriously. Considering that the
LF refining process proceeds with higher binary basicity
of slags as well as lower ag pan Of molten steel, it is more
logical that the ado intertace Of molten steel at the slag—
metal interface, i.e., at desulfurization zone, is deter-
mined based on the equilibrium of species in molten
steel and their corresponding oxides in slags. The
equilibrium reaction between [O] in molten steel and
Al,Oj in slags can be represented as
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(o) of molten steel at the

slag-metal interface based on (Al,03)-[0] equilibrium by replacing Al,O; activity aal,0, by calculated mass action concentration Nap,o, of AlOs3

from IMCT at initial, middle, and final stages during 21 test runs of a 210-ton LF refining process, respectively.

2[Al] + 3[0] = (ALO3)
ArGg,Alzog = ArGS,A1203,S
= —1202000 + 386.3075"=%% (J/mol) [26]
Therefore, the ao (aLo,)-jo) of molten steel at the

desulfurlzatlon zone, I.e., at slag—metal interface, can be
calculated by

- -1/3
ao,(AL,Oy)-[0] = “ARO;
O, 203 —[0] —

| @A1eXP (_AFGn®1,A1203/RT> ]

- - 1/3

_ NA1203 (_)
| @71 €XP (_AFGI?LA1203/ RT ) ]
27]

The activity of Al,Oj3 in slags aai,0, can be calculated
by the following empirical formula as!®

[—0.275(pct CaO) + 0.167(pct MgO)]
(pet SiOy)
+ 0.033(pct AL,O3) — 1.560

log aai,o, =
(=) 28]

1168—VOLUME 42B, DECEMBER 2011

It should be emphasized that Eq. [28] can be only used
to calculate aar,o0, in CaO-S10,-MgO-Al,O5 quaternary
slags at 1873 K (1600 °C) without considering the effect
of other components as well as temperature change on
aano,. Certainly, there are some obvious limitations of
Eq. [28] to accurately determine aay,0, of the LF refining
slags. Under this circumstance, the calculated Naj,o, is
used to substitute apno, in CaO-Si0,-MgO-FeO-
MnO-Al,O; slags. The comparison between the calcu-
lated oxygen activity ao (a1,0,)-[o] Of molten steel at the
slag-metal interface based on (Al,03)-[O] equilibrium
with reg)lacmg AL Os activity aa,o0, by Nap,o, from
IMCT™ 3% and the measured ao sensor Of molten steel by
oxygen sensor at the initial, middle, and final stages
during 21 test runs of a 210-ton LF refining process is
illustrated in Figure 6, respectively. It is shown from
Figure 6 that the calculated ap (al,0,)-0] based on the
(A1,05)O] equilibrium is much smaller than the
measured do sensor DY OXygen sensor because the calcu-
lated Napo, in Eq. [27] is in a range of 0.003152-
0.014602, which is much smaller than AALO;s S 1 in
Eq. [24] with the same value of A Gm ALOss 10 Eq. [23]
and A,G® ALo, In Eq. [26] relative to pure solid matter as
a standard state and solid pure matter as a standard
state.>0>1]
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Fig. 7—Comparison of measured oxygen activity ao sensor by the oxygen sensor and calculated oxygen activity ao (re0)jo) of molten steel at the
slag-metal interface based on (FeO)-[O] equilibrium by replacing FeO activity ar.o by calculated mass action concentration of FeO Ng.o from
IMCT at initial, middle, and final stages during 21 test runs of a 210-ton LF refining process, respectively.

3. Comparison of oxygen activity of molten steel at
slag—metal interface based on (FeO )—[O] equilibrium
and measured oxygen activity by oxygen sensor

For the same reason described in Section IV-B-2, the
oxygen activity of molten steel at the slag-metal
interface ao interface an be also determined under the
condition of [O] in molten steel equilibrated with FeO in
the slags as follows:

[Fe] 4+ [O] = (FeO)

AGE o = —117733.7+ 4985750 (J/mol) [29]

ao,(re0)-jo] of molten steel at desulfurization zone, i.e.,
at the slag—metal interface, can be calculated by

ao,(Fe0)-[0] = A
,(FeO)— -
Are €Xp (—ArGgFeo/RT)
Lo —6150
or 1og”°’(;;°(>) 0] _ 2,604 (<) [30
¢

where ag. is the activity of [Fe] in molten steel as 1 (-).
Although many methods or e irical formulas can be
used to calculate dreo in slags,[®>-¢7-%%) the calculated Ng.o
from IMCT™? 3% is used to substitute ageo in this study.
The comparison of the calculated ag (re0)-jo) of molten
steel at the slag-molten interface based on (FeOP [O]
equilibrium with replacing apeo by Nreo from IMCT 29-33
and the measured do sensor DY the oxygen sensor at the
initial, middle, and final stages during 21 test runs of a
210-ton LF refining process is illustrated in Figure 7,
respectively. It is shown in Figure 7 that the calculated
ao,(reo)-[o] based on the (FeO)-[O] equilibrium is much
greater than the measured ap sensor Dy the oxygen sensor.
Therefore, it cannot be confirmed which one of ag ja11-jo),
ao,(A1L,03)—[0]s 4O,(FeO)-{O]> and @osensor can be used to
represent do interface> Although ao sensor 1s almost the same
as ao[Al-[o] O present do pan at the initial, middle, and
final stages during the LF refining process.

: IMCT
C. Calculation of Lg . iaed

Different Oxygen Activities

by IMCT Model Using

Three methods of calculating oxygen activity as
described in Section IV*B, i.e., ao,[A11{O] aoﬁ(Ale‘;)_[O],

METALLURGICAL AND MATERIALS TRANSACTIONS B

and ao (Feo)jo] tO represent do path OF A0 interface> NAvVe
been used to calculate the sulfur distribution ratio
between the LF refining slags and molten steel at the
initial, middle, and final stages during 21 test runs of a
210-ton LF refining process, respectively. Certainly, the
calculated ao jan-[o) of bulk molten steel based on the
[A1]HO] equilibrium is treated the same as the measured
do sensor DY the oxygen sensor. It is necessary to compare
the calculated LIMCT by the IMCT model based on

S,calculated
the various calculated oxygen activities, i.e., do[ar-[o}
aoﬁ(Alzoﬁ_[o] s and ao (FeO)-[O] with the measured
Ls measurea fOr the same test runs to decide which
method of determining the oxygen activity can be used
to represent do interface-

Comparison of calculated plan-lonmer by IMCT

S.calculated
model using o ja1)-70; of bulk molten steel and measured

LS measured

The relationship between the calculated Ls Cdlc[lfl)ltlxd
by the IMCT model using ao [y o) under the [Al}-[O]
equilibrium with assuming aay,o0, s as 1 and the measured
L measurea at the initial, middle, and final stages during
21 test runs of a 210-ton LF refining process is
illustrated in Figure 8, respectively. It is observed from
Figure 8 that the measured Lgs measurea 1 less than 50,
50-200, and 80-300 at the initial, middle, and final
stages, respectively, during 21 test runs of a 210-ton LF
refining process. An increasing trend of Lg measurea With
the proceeding of LF refining process is observed;

however, L[S Clllcﬁage?d by the IMCT model is much

greater than Lg neasured at €ach LF refining stage. This
finding means that the calculated ao [an-[o) based on the
[AIHO] equilibrium with assuming the Al,O3 activity
as 1 to represent ao parn cannot be applied correctly in
the developed IMCT model.

2. Comparison of calculated LSACIZ/?;MLZ] JMCT by IMCT
model using ao (41,0,)-(0] Of molten steel at slag—metal
interface and measured LS,W,,W,“,

The  relationship  between  the

(SACE&I);&ES]’IMCT by the IMCT model using ao (a1,0,)-(0]

under the (A1,03)-[0] equilibrium with replacing the
A1203 act1v1ty [1INWeR by NA1703 fI‘OIl’l IMCT [29-33] to

calculated
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Fig. 9—Comparison of measured sulfur distribution ratio Lg measurea and calculated sulfur distribution ratio L P20 [0 IMET by the IMCT model

with choosing ao (a1,0,)-

S.calculated

) under (Al,03)-[O] equilibrium by replacing Al,O3 activity aaj,o, by calculated mass action concentration of AlO3

Nato, from IMCT to determme A0 interface at 1nitial, middle, and final stages during 21 test runs of a 210-ton LF refining process, respectively.

represent do ingerface aNd the measured Lg measurea at the
initial, middle, and final stages during 21 test runs of a
210-ton LF refining process is shown in Figure 9,
respectively. It can be observed from Figure 9 that the

calculated L1203~ [OMMCT by the IMCT model is much

S,calculated
greater than Lg measurea at three stages during the LF
refining process. This result shows that the calculated
ao,(A1,0,)—[o] based on the (Al,O3)-[O] equilibrium to
represent the do inerrace canNot be reasonably applied in
the developed IMCT model.

3. Comparison of calculated LSFﬁggu,L(t)F]dIMCT by IMCT
model using ao (re0)-[o) 0f molten steel at slag—metal
interface and measured Ls measured

The  relationship  between  the  calculated
L(S‘F;CI)C)LHQAIMCT by the IMCT model using do reo) [0

under the (FeO)-[O] equilibrium with regﬂacmg the FeO
activity dapeo by Npeo from IMCT"? to represent

agte;’;“(ge |_jo) and the measured Lsmeasurea at the initial,

middle, and final stages during 21 test runs of a 210-ton
LF refining process is shown in Figure 10, respectively.

The calculated L7 OMMCET 4o the IMCT model is

S calculated
much greater than Lgmeasurea at the initial stage;
however, a good corresponding relationship between

the calculated Lsti)ul g?e]dIMCT by the IMCT model and
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the measured Lgmeasureda Can be observed at both the
middle and final stages during 21 test runs of LF refining
process, although the relationship is to some degree
scattered, respectively. This finding means that the
calculated o (peo)-[o;] based on the (FeO)-[O] equilib-
rium with replacing the FeO activity ap.o by Ngeo from
IMCT® 33 to represent Ao.interface Can  be applied
reasonably in the developed IMCT model at both the
middle and final stages during 21 test runs of the LF
refining process.

It can be obtained from Figure 10 and the related
values of the measured Lg measurea at the initial, middle,
and final stages during 21 test runs of a 210-ton LF
refining process listed in Tables I-III that the measured
LS measured 1N SOmMe test runs, such as in the No. 1, No. 2,
No. 3, and No. 5 test runs, at the middle stage is greater
than that at the final stage. However, the sulfur content
shows a decreasing tendency from the initial stage in
Table I to the final stage in Table III via the middle
stage in Table Il for the corresponding test runs,
respectively. This conflicting result can be explained as
follows: (a) the sulfur content in molten steel decreases
with the proceeding of the LF refining process from the
initial stage to the final stage via the middle stage
because the desulfurization reactions in the LF refining
reactor proceed with time prolonging; (b) some amount
of the specially designed synthetic slags was added into

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 10—Comparison of measured sulfur distribution ratio Lg measurea and calculated sulfur distribution ratio L

(FeO)—[O],IMCT
S,calculated

by the IMCT model

with choosing ag (re0)[o) under (FeO)-[O] equilibrium by replacing FeO activity ap.o by calculated mass action concentration of FeO Ng.o
from IMCT to determine do interface at initial, middle, and final stages during 21 test runs of a 210-ton LF refining process, respectively.

the ladle after the middle stage if the analyzed sulfur
content in molten steel cannot meet the requirement in
the aimed steel as shown in Figure 1; and (c) the added
specially designed synthetic slags can be verified from
CaO content variation from the middle stage to the final
stage for the related test runs, such as in No. 1, No. 2,
No.3, and No. 5 test runs, because the CaO content in
these test runs at the final stage in Table III is a little
greater than that at the middle stage in Table II.

V. COMPARISON OF CALCULATED Lg
BY THREE MODELS

To verify the feasibility of the developed IMCT

model, it is necessary to compare the calculated
Llsl\gﬁguld[ed by the IMCT Lg prediction model with that

by other Lg prediction models such as Young’s
model"* and the KTH model! 4-20) using three calcu-
lated oxygen activities, i.e., do[A11-0}» 40,(Al,05)—[0]> and
a0 (FeO){0]> LO TEPTESent do jnterface at the desulfurization
zone durmg the LF refining process.

A. Young’s Model

The Young’s Lg prediction model for predicting Lg is
deduced from Young’ s model for predicting the sulfide
capacit Csz model"”! combined with the rela-
tion[' "% between CSzf and Lg. The Young’s model
for predicting the Cg of the slags can be summarized as
follows:

lg C- = —13.913 + 42.84A — 23.82A% —

—0.02223(pct SiO,)
—0.02275(pct AL,O;)

11710
T

(-)(A <08)  [3la]

Cg- = —0.6261 + 0.4808A + 0.7197A>

+ 1697 + @ + 0.0005144(pctFeO)

T
(=) (A >0.8) [31b]
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The relationship between Lg and Cg- can be formu-
lated by considering the chemical comP051t10n of molten
steel, such as ap and fs, as follows!"

(pet S)
g
[pet §]
935
=~ + 1375+ 1gCe +lgfs —lgao ()

32]

lgLs =

Therefore, the Young’s model!"*! for predicting Lg of
a slag equilibrated with metal is constituted by combin-
ing Egs. [31] and [32].

B. KTH Model

Similar to Young’s model"® for predicting Lg, the
KTH model for gredlctmg Lg can be deduced from the
KTH model!'*? of predicting Cq- combined with
the relation!'®'*2®! between Cg- and Ls. The KTH
model"* 2% for predlctlng Cs_f of the LF refining slags
has been proposed as follows?":

RT(ln Cszf)
= 58.8157T — 118535
— (157705.28 X a1,0, — 33099.43 X 40

+9573.07Xmg0 + 36626.46 Xvino + 168872.59 X0, )

A12037CaO A]203fsi02 A12037Mn0
+ (éinteraclion + éinteraction + éinleraction
Ca0-SiO, MgO-SiO, MnO-SiO» CaO—FeO
+ éimeraction + fimeraction + éinteraction + éinteraction
MnO-FeO FeO-SiO, AlL,O3;—-CaO—-MgO
+ interaction + éinteraction + éinteraction
A1203 7Ca075i02

+ éinteraction + éﬁlltze%c;il(\)/flg078ioz + éﬁllti%c:il(\ﬁlg07Mno
+ Cinrmerion 0+ Cieraction. + T Cineraction.
+ Cintertion . » T Einonaation 0 F Cineraction

O 0802 . ghnO-re0-Si02) 33]

where X; is mole fraction of component i in slags () and
&l action 18 the defined interaction coefficient of com-
ponent 7 to j in slags (—). The more detailed description
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Fig. 11—Comparison of measured sulfur distribution ratio Lg measurea and calculated sulfur distribution ratio L.

[All-[
S, calculatcd

by three Lg prediction

models with choosing ag jaijo; under [Al]-{O] equilibrium by assuming aaj,o0,s as unity, i.e., 1 to determine ao parn at initial, middle, and final

stages during 21 test runs of a 210-ton LF refining process, respectively.

of Eq. [33
Eq. [33] have been described in detail elsewhere.
The KTH model for predicting Lg is composed by
combining Eqs. [33] and [32].

] and values of the related parameters in
[15,20]

C. Results of Calculated L's .qjepiarea by Three Models

The different Lg prediction models have their limita-
tions and application scope. Young’s model is related
with optical basicity A, temperature 7, and the related
component as shown in Egs. [31] and [32], whereas the
KTH model seriously depends on the defined interaction
coefficient of component i to component j in the slags
& actions temperature 7, and related components. All
the related coefficients in Young’s model and the KTH
model are from a mathematical regression based on
experimental data as empirical parameters with limited
application scopes. Certainly, these coefficients in
Young’s model and the KTH model have no obvious
metallurgical physicochemistry meaning. Young’s mod-
el and the KTH model have been evaluated briefly
elsewhere.[*”)

The oxygen activity of molten steel ap has an
important effect or contribution on LS caleulated DY the
developed IMCT model, Young’s model,!"*! and the
KTH model"* " simultaneously as shown in Eq. [32].
Therefore, to verify the optimal Lg prediction model
among the three models, it is necessary to compare the
measured Lg measured @nd the calculated Lg cajcutated DY
the previously mentioned three models using the differ-
ent oxygen activities described in Section IV-B.

1. Comparison of calculated L;ﬂak[l?lmd by three Lg
prediction models using ao j417-70) of bulk molten steel
and measured Lg peasured

The relationship between the measured Lg measured and

[Al]—[O],Young
S,calculated

by Young’s model"?!

[Al]-[O],KTH l4~20 [Al] [O],Youn,
and LS,calculated b}[/I;[]he KTH model S calculatec(l)u ¢
1

by Young’s model" ™ is also greater than the measured
Ls measured; L [KTH 1y the KTH model!' 2% is the

S,calculated

smallest one compared with LA OLIMCT by the IMCT

S,calculated
[Al]-[O],Young
S,calculated

one compared with L

model as well as L by Young’s model,"* but

L[SA Cllﬂcﬂt]g H by the KTH model!'* 2% is approximately

two times greater than the measured Lg measured- At the
middle and final stages, LAOLIMET by the IMCT model

S, cdlculated
is much larger than the measured Lg measured; hOWever,
L[A]] [0],Young
S,calculated

by the Young’s modelt'*!

the measured Lg measured- L[SACILICQ;:J H by the KTH model

is to some degree lower than the measured Lg measured-
Therefore, the previously mentioned three models cannot
be reasonably used to predict the measured Lg measured DY
choosing ag jaijo; based on [Al]-O] equilibrium with
assuming aa,o, as 1 to represent do path-

is also larger than

2. Comparison of calculated LSAZ;,?;M,L o by three

models using ao,41,0,)-0) of molten steel at slag-metal
interface and measur ed L S.measured
The relationship between the measured Ls measureq and

the calculated Lsﬁfgl dteg]’ by three models by choosing

ao,(A1,0,)-[o] under (Al,03)-{O] equilibrium with replac-
ing the ALO; activity aan,o, by Nano, from the
IMCT 33 to represent do interface Of the molten steel
at the slag—metal interface at the initial, middle, and final
stages during 21 test runs of the LF reﬁning process is

shown in Figure 12, respectively. The calculated

Lé/xcljgjl)aze[g]’i by three models is much greater than

L measurea at three stages during the LF refining process.

the calculated Ls calculated by three models using ao ja-(o) The decreasing order of LSActli)lil)ated by three models is
under the [AIHO] equilibrium with assuming aay,o,s as (ALO3)-[OLIMCT the IMCT model then
1 to represent ao parn at the initial, middle, and final stages Silalgllateg v y ’

during 21 test runs of the LF refining process is shown in (S,lecjl);tid]’ ° by  Young’s model," and
Figure 11, respectively. At the initial stage, all L[SA Cllllcullted (SAC‘;&E(ES]’KTH by the KTH model."* 2% It can be

by three Ls models are much larger than the measured
Ls measured: L[SA ;Llcgllallx r by the IMCT model is the largest
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concluded that choosing ao (a1,0,)-j0] under (Al,O3)-
[O] equilibrium by replacing the Al,O5 activity aaj,0, by
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Fig. 12—Comparison of measured sulfur distribution ratio Lg measurea @nd calculated sulfur distribution ratio L
) under (Al,O3)-{O] equilibrium by replacing Al,O; activity aai,o0, by calcufated mass action concentration

models with choosing ag a1,0,)-|

(ALO3)—
S c 1ILulaled

by three Lg prediction

of ALO3 Napo, from IMCT to determme a0 interface At initial, middle, and final stages during 21 test runs of a 210-ton LF refining process,

respectively.
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Fig. 13—Comparison of measured Lg measurea and calculated L0

S,ca |1UJ1 ned

by three Lg prediction models by choosing ao (re0)-0) under (FeO)-[O]

equilibrium by replacing FeO activity ar.o by calculated mass action concentration of FeO Ng.o from IMCT to determine ao jnterface at initial,
middle, and final stages during 21 test runs of a 210-ton LF refining process, respectively.

Nano, from the IMCTP? 33 to represent A0 measured
cannot be applied in the three models during the LF
refining process.

3. Comparzson of calculated LSFZ’ZWZL, j . by three models
using ao (reo)-[o) of molten steel at slag—metal interface
and measured Lg ,easured

The relationship between the measured Lg measured and

the calculated ¢)~[0 by three models by choosing

S,calculated

o] based on (FeO)-[O] equilibrium with re [E)lac—

a
0,(FeO)-{ fy

ing the F eO activity ag.o by the Ngeo from IMCT
to represent ao inerrace Of Molten steel at the slag—metal
interface at the initial, middle, and final stages during 21
test runs of the LF refining process is shown in

Figure 13, respectively. At the initial stage,
L(Sltﬁ)c)lﬁigélMCT by the IMCT model has no obvious

relation with the measured Lgmeasureq; meanwhile,

LFOIOHMET 1o he IMCT model is much greater

S,calculated
(FeO)—[O],Young
than LS measured- HOWCVCI' LS calculated

model"! and LSFCZ?culagdKTH by the KTH model is lower

than Lgmeasured- At the middle and final stages,
(Fe0)~[O]IMCT by the IMCT model shows a clear

S,calculated
corresponding  relationship  with the measured

by Young’s

METALLURGICAL AND MATERIALS TRANSACTIONS B

L measured» although the linear relation is to some

(FeO)—[O],Young 1[13]

degree scattered. Lg ,icutated by Young’s mode
(FeO)—[0],KTH by

as well as Lg i uiated the KTH model"* 2% is
lower than Lg yeasured, Te€spectively. Therefore, only the
developed IMCT model, rather than Young’s model and
the KTH model, can be reliably used to predict
LSmeaqured by ChOOSng Ao, (Fe0)-[0] under (FCO) [O]
equilibrium with replacing the FeO activity ag.o by
computed Ng.o from the IMCT to represent do interface
at the middle and final stages during the LF refining
process.

VI. CONTRIBUTION OF FREE BASIC OXIDES
TO DESULFURIZATION ABILITY
OF LF REFINING SLAGS

A. Respective Sulfur Distribution Ratio of Free Basic
Oxides in LF Refining Slags

It was mentioned in Section IV-A that the total
desulfurization ability of CaO-SiO,~MgO-FeO-MnO-
Al,O5 slags is composed of the respective desulfurization
potential of its free basic oxides CaO, MgO, FeO, and
MnO or ion couples (Ca’*+0%), (Mzgy2+ +0%> ),
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Fig. 14—Plot of calculated respective sulfur distribution ratio L,
(FeO)—[O],IMCT

0%") against calculated total sulfur distribution ratio Lg wpimaid

ton LF refining process, respectively.

(Fe** +0%7),and (Mn>" + O*")in the slags. To keep the
consistency with the classically metallurgical physico-
chemistry, in which basic oxides in slags have desulfur-
ization ability, the generated ion couples from these basic
oxides have the same meaning with the corresponded free
basic oxides in this study, such as ion couple
(Ca’>*" +0%") has the same meaning with free CaO.

The relationship between the calculated total sulfur

(FeO)-[OLIMCT ¢ the slags and the

S,calculated
. o . 7 (FeO)~[O]IMCT ...
respective sulfur distribution ratio L(s [ecafcu[lm]ed of ion

couples (Ca’* +0?7), Mg>* +0%"), (Fe* " +0?7), and
(Mn>* +0%7) in the slags by the developed IMCT model
under the condition of choosing ao (reoy[o; tO represent
the ao inerrace Of Molten steel at the slag-metal interface
as described in Section IV-B-3, Section IV-C-3 and
Section V-C-3 at the middle and final stages during 21
test runs of the LF refining process is illustrated in

Figure 14, respectively. A clear linear relation between
(FeO)—[0],IMCT 4 pFeo)-olmver - e |
S,calculated an S,CaO,calculated 0 lon couples

(Ca*" +0%") in the slags can be observed at both the
middle and final stages with a slope of approximately 1.0.
This finding implies that the desulfurization ability of the
LF refining slags is mostly controlled by ion couple

(Ca>* +0%) in the slags. However, L(Sifgf;l[ggéldMCT f

the ion couples (Mg?>"+0?7), (Fe’" +0%"), and

(Mn?" +0%") maintains almost constant values with

the increasing Léiiﬁ?iﬂéma of the slags as their slopes

are small at both the middle and final stages during the

LF refining process. Therefore, the intercepts of linear
(FeO)—[0],IMCT

distribution ratio L

relations between Lg i uiated of the slags and
(Fe0)—[0],IMCT

S caloulatad of ion couples (Mg?"+0%),
(Fe2+ +0?7), and (Mn>* +0%") can be considered as
their contributions to the desulfurization ability of the
slags. The decreasing order of desulfurization ability of
ion couples in the slags at both the middle and final
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(FeO)—[O],IMCT
S,i,calculated

of the slags by IMCT model at middle and final stages during 21 test runs of a 210-

250 -
Final stage
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- 100+
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g 2 50 S, ical.
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~ 10 Tz

% SRR
TE Bl B OB
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=0.13+1.73x10 7L F°0r (0 et
. .

'S, calculated
1
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(b)

of ion couples (Ca>" +0*7), Mg>* +0?7), (Fe? " +0*7), and (Mn>" +

stages during the LF refining process is (Ca’>" +0°7) >
Mn>" +0%7) > (Fe*" +0%7) > (Mg +07).

B. Contribution Ratio of Free Basic Oxides to Calculated
Sulfur Distribution Ratio of LF Refining Slags

The relationship between the calculated total sulfur
(FeO)Z[OLMET o the IMCT model by

S,calculated
choosing aop reoy[0] tO represent dg interface Of molten
steel at the slag—metal interface as described in Section
IV-B-3, Section IV-C-3, Section V-C-3, and Section
VI-A, and the contribution ratio of the respective ion
couples (Ca?" +0%7), Mg** +0?7), (Fe*" +0%7), and
(Mn2* +0%) in the slags to L)~ OMMCT (e ipe Slag,

S,calculated
(FeO)—[O],IMCT at both

) i (FeO)—[0].IMCT
i.e., the ratio of LS,i,calculated to LS,C&ICUlalEd

the middle and final stages during 21 test runs of the LF
refining process is given in Figure 15, respectively. The
average contribution ratio of the ion couple
(Ca’"+0%*), Mn*"+0%*), (F'+0%), and
(Mg>* +0°) in the slags to the calculated total sulfur
distribution ratio of the slags is approximately 87—
93 pct, 11.43-5.85 pct, 0.81-0.60 pct, and 0.30-0.27 pct
at both the middle and final stages during 21 test runs of
the LF refining process, respectively. This result suggests
that ion couples both of (Ca>" + O* ") and (Mn>* +0?")
in the slags account for approximately 99 pct contribu-
tion, whereas the ion couples both of (Mg>" +0?") and
(Fe’* +0%7) in the slags have only approximately 1.0

pct contribution to L(SFCZ?C)JE;MCT at both the middle

and final stages during the LF refining process.

distribution ratio L

C. Contribution Ratio of Free Basic Oxides

to Measured LS,measured

(Fe0)—[O],IMCT
S,i,calculated of

Mg*" +07),

Considering the contribution ratio L
the ion couples (Ca’"+0%),
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Fig. 15—Contribution ratio of ion couples (Ca>* +07"), (Mg>" +0”"), (Fe’™ +0”7), and (Mn>* +0O") on calculated total sulfur distribution
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of the slags by IMCT model at middle and final stages during 21 test runs of a 210-ton LF refining process, respectively.
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Fig. 16—Plot of calculated respective sulfur distribution ratio of ion couples (Ca?* +0%*7), (Mg>" +0?7), (Fe?* +0%*), and (Mn>" +0*")
Ls i measured against measured total sulfur distribution ratio Lg measurea Of the slags at middle and final stages during 21 test runs of a 210-ton LF

refining process, respectively.

(Fe?"+0%7), and (Mn?>"+0?") in the slags to

(SF:CE?IHCE%IMCT of the slags is the same as that to the

measured Lg measured- 1he respectlve sulfur distribution
ratio  Ls;measurea Of the ion couple (Ca’" +0%),
(Mg>* +0°), (Fe" +0%7), and Mn>" +0?7) can be
also calculated from the developed IMCT model based on
IMCT. 33 The relationship between the measured
Ls measurea @and the calculated respectwe sulfur distribu-
tion ratio Ls,measured of the ion couple (Ca®* +0?"),
Mg>* +0%), (Fe*" +0%), and (Mn>* +0?") in the
slags at both the middle and final stages during 21 test runs
of LF refining process is illustrated in Figure 16, respec-
tively. Similar to Figure 14, the slope of linear relation
between the calculated Lgs ca0.measurea Of 100 couple
(Ca’" + O?") and the measured Lg measurea 1S APProxi-
mately 0.98 and 0.95 at both the middle and final stages

METALLURGICAL AND MATERIALS TRANSACTIONS B

during 21 test runs of the LF refining process, respectively.
This finding implies that the ion couple (Ca*>" + 0% ") can
control the desulfurization ability of the LF refining slags
at both the middle and final stages during the LF refining
process. No distinct change of the calculated respective
sulfur distribution ratio Lg;measurea Of the ion couples
Mg>" +0?7), (Fe** +0%7), and (Mn>* +0%") can be
observed with an increase of the measured Lg measured
because the slopes of the regressed linear relations are
small. Under these circumstances, the intercepts of the
regressed linear relationship between the calculated
respective sulfur distribution ratio Lg ; measured Of the ion
couples (Mg>" +07), (Fe* " +0%7), and Mn>" +0?)
in the slags and the measured Lg measureq Of the slags can be
recommended to represent their respective contribution
ratio.
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Fig. 17—Relationship between measured oxygen activity do sensor Dy the oxygen sensor or calculated oxygen activity ao (reo)-jo; under (FeO)-[O]
equilibrium and calculated total sulfur distribution ratio LFEO-OLMET o 4o slags by IMCT model at initial, middle, and final stages during 21

S,calculated
test runs of a 210-ton LF refining process, respectively.

VII. DESULFURIZATION MECHANISM
DURING LF REFINING PROCESS

A. Relation between Measured or Calculated Oxygen
Activity of Molten Steel at Slag—Metal Interface and
Calculated LG by IMCT Model

The relationship between the calculated LSngculﬁdlMCT

by the IMCT model by choosing ao (re0)-jo] to represent
the aonterface Of the molten steel at the slag—metal
interface and the measured ao sensor Of the bulk molten
steel by the oxygen sensor or the calculated ao (re0)jo
based on (FeO)-{O] equilibrium w1th reglacing the FeO
activity dreo by Npeo from IMCTE at the initial,
middle, and final stages during 21 test runs of the LF
refining process is illustrated in Figure 17, respectively.
The measured ao sensor Of bulk molten steel by the oxygen
sensor, which is basically equal to the calculated agp a1}-0;
under [AI[HO] equilibrium with assuming the Al,O;
activity a0, as 1, maintains a small value as 10 x 1074
during the entire LF refining process. This finding
suggests that the chemical composition of molten steel,
including dissolved oxygen [O], is uniform with an ideal
stirring by bottom blowing Ar gas. However, the
desulfurization reactions of molten steel during the LF
refining process are carried out through the slag-metal
interface by contacting the slags and molten steel as
shown in Eq. [16]. The calculated aq (FeO) | o) of molten
steel at the slag—metal interface is more 1mportant than
the measured aop sensor Of bulk molten steel by the oxygen
sensor. The calculated ao (r.0)[o] Of molten steel at the
slag-metal interface under (FeO)-[O] equilibriurn in a
range of 20 x 10~* through 50 x 10~* is much greater
than the measured Ao sensor 11 @ range of 2 x 107 4
through 4 x 107, and it shows an obvious decreasing
tendency with an increase of the calculated

(FeO)~[OLIMCT |y the IMCT model at the initial, middle,

S,calculated
and final stages during the LF refining process. The
result of lower oxygen activity ao (reo)[o] corresponding
to greater Lg can be clearly explained by Lg formula of
IMCT. It is a distinct proof to show the feasibility of the
developed IMCT model.
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Therefore, it can be concluded that the desulfurization
process during the LF refining process of refining
pipeline steel is not controlled by the desulfurization
reactions but is governed by oxygen diffusion from
molten steel at the slag—metal interface to bulk molten
steel. Enhancing the stirring of molten steel beneath the
slag-metal interface is a promising measure to strength-
en the desulfurization reactions or shorten the refining
period compared with the modifying of bottom blowing
Ar gas operation during LF refining process.

B. Relation between Measured or Calculated Oxygen
Activity of Molten Steel at Slag—Metal Interface and
Measured LS,mea,\'ured

Because the linear relation between the measured
L and the calculated L)~ OHMET by the IMCT

S.measured S,calculated y
model by taking  aoreoyjo; to  represent
Ao interface Of mMolten steel at the slag-metal interface is
scattered to some degree at the middle and final stages
during 21 test runs of the LF refining process as shown in
Figure 13(b) and (c), it is necessary to compare the effects
of both the measured ag gensor Of bulk molten steel by the
oxygen sensor and the calculated ao (o) (0] of molten
steel at the slag-metal interface on the measured
Ls measured- The relationship between the measured
LS measured and the measured ao sensor Of the bulk molten
steel by the oxygen sensor or the calculated ap (re0) 0]
under (FeO)—-[O] equilibrium at the initial, middle, and
final stages during 21 test runs of the LF refining process is
illustrated in Figure 18, respectively. The calculated
ao (reo)-[0] based on (FeO)-[O] equilibrium at the initial
stage is larger than the measured @ sensor Of the bulk
molten steel as shown in Figure 18(a), but no clear
corresponding relation between the calculated ao (re0)-[0)
based on (FeO)-[O] equilibrium and the measured

LS measured €an be observed at the initial stage. The
(Fe0)—[O],IMCT
measured Ls measureq a0d the calculated LS caleulated by
the IMCT model by choosing ao (reoyo] to represent
A0 interface Nas N0 corresponding relation at the initial stage

as shown in Figure 13(a) because the desulfurization
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Fig. 18—Relationship between measured oxygen activity do sensor Dy the oxygen sensor or calculated oxygen activity dp (reo)-jo; under (FeO)-[O]
equilibrium and measured total sulfur distribution ratio Lg measurea Of the slags at initial, middle, and final stages during 21 test runs of a 210-ton

LF refining process, respectively.

reactions at the initial stage are far from the thermody-
namic equilibrium during the LF refining process. As a
basis, plotting Figure 18(a) is just for a convenient
comparison with that at the middle and final stages,
respectively. The results shown in Figures 18(b) and (c)
are similar as that in Figures 17(b) and (c), i.e., the smaller
the calculated ap (re0)jo] of molten steel at the slag-metal
interface under (FeO)-[O] equilibrium, the larger the
measured Lg measured Of the LF refining slags. It is verified
that decreasing the ao (rec0)-[o] Of molten steel at the slag—
metal interface is more beneficial to enhance the desul-
furization than decreasing the @ sensor Of bulk molten
steel during the LF refining process because the measured
Ao sensor DY the oxglgen sensor is small enough at 2 x 10°*
through 4 x 107",

Therefore, the desulfurization mechanism between the
LF refining slags and molten steel during the LF refining
process can be schematically illustrated in Figure 19
from the previously mentioned discussion and results.
The result that existing a high-oxygen-activity boundary
layer beneath the slag-metal interface during the LF
refining process is not conflict or opposite to that of the
higher oxygen activity at a lower measurement position
in ladle reported by Bjérklund er al’” because the
proposed high-oxygen-activity boundary layer beneath
slag-metal interface will be very thin.

VIII. CONCLUSIONS

A thermodynamic model for calculating the sulfur
distribution ratio between the LF refining slags and
molten steel has been developed by coupling with a
developed thermodynamic model for calculating the
mass action concentrations of structural units or ion
couples in CaO-SiO,—~MgO-FeO-MnO-Al,O; LF
refining slags based on the IMCT. The calculated sulfur
distribution ratio between the LF refining slags and
molten steel by the developed IMCT sulfur distribution
ratio prediction model has been verified with the
measured and calculated by Young’s model and the
KTH model at the initial, middle, and final stages in a
210-ton LF refining reactor for refining pipeline steel.
The main summary remarks are as follows:
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Slag
Slag—metal interface

High ao boundary layer
ao of metal at slag—metal

interface is controlled by
[Fe]+[O]=(FeO)

ao of bulk metal is
— L controlled by
Solid Al,O3

particles [Al]+[O0]=Al205(s)

Metal

Fig. 19—Schematic illustration of desulfurization reaction mecha-
nism during the LF refining process based on oxygen potential gra-
dient of molten steel at slag-metal interface and of bulk molten
steel.

1. The calculated equilibrium mole numbers or mass
action concentrations of the structural units or ion
couples, rather than mass percentage of components,
are recommended to represent the reaction ability of
components in CaO-SiO,~MgO-FeO-MnO-Al,0;
slags equilibrated or reacted with molten steel during
the LF process of refining the pipeline steel.

2. Increasing (pct CaO) from 49 pct to 58 pct, decreas-
ing (pct Al,O3) from 33 pct to 26 pct, and maintain-
ing (pct MgO) constant as 9-10 pct can lead to
maintaining the egluilibrium mole number of ion
couple (Mg®>" +0?7) as constant as 0.4 mol and
increasing the total equilibrium mole number of all
structural units from 1.435 mol to 1.633 mol in CaO-
Si0,-MgO-FeO-MnO-Al,0; slags at both the mid-
dle and final stages during the LF refining process.

3. Not only the total sulfur distribution ratio between
the LF refining slags and molten steel but also the
respective sulfur distribution ratio between the four
basic oxides in the LF refining slags and molten steel
can be predicted by the developed IMCT sulfur dis-
tribution ratio prediction model. Choosing the oxy-
gen activity of molten steel at the slag-metal interface
or in bulk molten steel has a crucial effect on the
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predicted results of sulfur distribution ratio by the
IMCT model.

. The developed IMCT model can be reliably used to

calculate the LF refining sulfur distribution ratio
between the LF refining slags and molten steel by
using the oxygen activity of molten steel at the slag—
metal interface under (FeO)-{O] equilibrium.

The measured sulfur distribution ratio between the
LF refining slags and molten steel can only be reli-
ably predicted by the developed IMCT model, rather
than other models such as Young’s model and the
KTH model.

Large differences of desulfurization ability are found
among the free components of CaO, MgO, FeO, and
MnO in CaO-Si0O,-MgO-FeO-MnO-Al,O3 slags
during the LF refining process. The average contri-
bution ratio of the ion couple (Ca’"+0%"),
(Mn>* +0%), (Fe*" +0%7), and Mg*" +0?) to
the calculated sulfur distribution ratio is approxi-
mately 87-93 pct, 11.43-5.85 pct, 0.81-0.60 pct, and
0.30-0.27 pct at both the middle and final stages
during the LF refining process, respectively.

. A large gradient of oxygen potential or oxygen activity

is found in the molten steel beneath the slag-metal
interface and in bulk molten steel. The oxygen potential
or oxygen activity of molten steel at the slag-metal
interface is controlled by (FeO)-[O] equilibrium,
whereas the oxygen activity in the bulk molten steel is
controlled by [AIHO] equilibrium during the LF
refining process for producing pipeline steel. The oxy-
gen activity in molten steel at the slag-metal interface,
rather than oxygen activity in bulk molten steel, affects
the desulfurization reactions. Effectively reducing or
destroying the high-oxygen-activity boundary layer
beneath the slag-metal interface can largely promote
the desulfurization reaction rate or shorten the refining
period during the LF refining process.
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NOMENCLATURE

constant, (-)

activity of component 7 in molten steel
or slags, ()

oxygen activity of molten steel at slag—
metal interface, (—)
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Ao, bath

Ao, sensor

ao,[A11HO]

a0,(AL,03)-[0]

ao,(FeO)-{0]
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Ji

Ar Ggi

(©]
Ar(}’m,i(s)

(C)
Afus Gmﬁi

(©)
Aso] Gm,,’

K©

1

Ls

Ls,;

LS,measured

LS,calculated

LS,i, measured

L MCT

I
S,calculated

[Al]-[O]
S,calculated

oxygen activity of bulk molten steel, (—)
measured oxygen activity in molten
steel by oxygen sensor, (—)

calculated oxygen activity of bulk
molten steel based on [Al]-HO]
equilibrium, (-)

calculated oxygen activity of molten
steel at slag—metal interface based on
(A1,03)-O] equilibrium, (-)
calculated oxygen activity of molten
steel at slag—metal interface based on
(FeO)-[O] equilibrium, (-)

oxygen ion activity in slags, (-)

mole number of component i in 100-g
slags, (mol)

constant, (-)

sulfide capacity of the slags, (-)
activity interaction coeflicient of
component j on component i in molten
steel based on mass percentage as
concentration unit and one mass
percent (1 pct) as standard state, (-)
activity coefficient of component i in
molten steel, (-)

standard molar Gibbs free energy
change of forming component i or
structural unit / in slags, (J/mol)
standard molar Gibbs free energy
change of forming component i as
solid, (J/mol)

standard molar Gibbs free energy
change of melting component i or
structural unit i from solid to liquid,
(J/mol)

standard molar Gibbs free energy
change of dissolving component i or
structural unit 7 into slags, (J/mol)
equilibrium constant of chemical
reaction for forming component i or
structural unit i, (-)

sulfur distribution ratio between slags
and molten steel, (—)

calculated respective sulfur
distribution ratio of free component i
or ion couple i in slags, (-)

measured sulfur distribution ratio, (-)
calculated total sulfur distribution
ratio between slags and molten

steel, (—)

calculated respective sulfur
distribution ratio of component i or
ion couple i in slags from measured
data, (-)

calculated total sulfur distribution
ratio between slags and molten steel by
the IMCT model, (-)

calculated total sulfur distribution
ratio between slags and molten steel
based on [Al]HO] equilibrium for
determining activity of oxygen at slag—
metal interface ao interface> (—)
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(ALO3)-[O]
S,calculated

(Fe0)-[0]
S,calculated

(FeO)—[O],IMCT
S,calculated

(FeO)—[O],Young
S,calculated

L(FeO) —[O],KTH
S,calculated

(FeO)—[O],IMCT
S,i,calculated

(pet i)
[pet ]
(pet S)cas
(Pet S)mes

(pct S)kes

calculated total sulfur distribution
ratio between slags and molten steel
based on (Al,03)-{O] equilibrium for
determining activity of oxygen at slag—
metal interface ao interface> (—)
calculated total sulfur distribution
ratio between slags and molten steel
based on (FeO)-{O] equilibrium for
determining activity of oxygen at slag—
metal interface ao interfaces (—)
calculated total sulfur distribution
ratio between slags and molten steel by
the IMCT model based on (FeO)-[O]
equilibrium for determining activity of
oxygen at slag-metal interface

ao interface> ()

calculated total sulfur distribution
ratio between slags and molten steel by
Young’s model based on (FeO)-O]
equilibrium for determining activity of
oxygen at slag—metal interface

ao interface> ()

calculated total sulfur distribution
ratio between slags and molten steel by
the KTH model based on (FeO)-{O]
equilibrium for determining activity of
oxygen at slag—metal interface

ao interface> ()

calculated respective sulfur
distribution ratio of component i or
ion couple 7 in slags by the IMCT
model based on (FeO)-[O] equilibrium
for determining activity of oxygen at
slag-metal interface ao interfaces (—)
metal, (—)

molecular weight of element i or
component i, (g/mol)

mole number of components 7 in 100-g
slags, (mol)

equilibrium mole number of structural
unit i or ion couple 7 in 100-g slags
based on IMCT, (mol)

mass action concentrations of
structural unit 7 or ion couple i in the
slags based on IMCT, (-)

total equilibrium mole number of all
structural units in 100-g slags based on
IMCT, (mol)

gas constant, (8.314 J/(mol-K))
absolute temperature, (K)

mole fraction of component i in the
slags, (-)

mass percentage of component 7 in
slags, (-)

mass percentage of component 7 in
molten steel, (—)

sulfur content in slags boned as CaS,
-

sulfur content in slags boned as MgS,
-

sulfur content in slags boned as FeS, (-)
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(pct S)mns sulfur content in slags boned as MnS,
-
GREEK SYMBOLS

A optical basicity of slags (-)

&l ion  Interaction coefficient of component i to
component j in slags defined in the KTH
model, (-)

,ul.*(s) chemical potential of component i as solid,
(J/mol)

/‘?(1) chemical potential of component i as liquid,
(J/mol)

ud standard chemical potential of dissolved
component 7 in slags, (J/mol)

SUBSCRIPTS
ci complex molecule 7, (—)

1

20.

21.
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