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Abstract

Based on a thermodynamic study of 5 wt.% Si high-silicon austenitic stainless steel (SS-5Si) smelting using CaF,—CaO-
AlL,O;-MgO-Si0, slag to obtain a low oxygen content of less than 10 x 10~* wt.%, a kinetic mass transfer model for deep
deoxidation was established through laboratory studies, and the effects of slag components and temperature on deoxidation
during the slag—steel reaction process of SS-5Si were systematically studied. The experimental data verified the accuracy of
the model predictions. The results showed that the final oxygen content in the steel at 1873 K was mainly controlled by the
oxygen content derived from the activity of SiO, regulated by the [Si]-[O] equilibrium reaction in the slag system; in
particular, when the slag basicity R (R = w(CaO)/w(Si0,), where w(CaO) and w(SiO,) are the contents of CaO and SiO, in
the slag, respectively) is 3, the Al,O5 content in the slag needs to be less than 2.7%. The mass transfer rate equation for the
kinetics of the deoxidation reaction revealed that the mass transfer of oxygen in the liquid metal is the rate-controlling step
under different slag conditions at 1873 K, and the oxygen transfer coefficient kg, increases with increasing the slag
basicity from 4.0 x 10 ms! (R=1)to4.3 x 10 ms! (R = 3). ko values at R = 2 and R = 3 are almost the same,
indicating that high slag basicity has little effect. The integral of the mass transfer rate equation for the deoxidation reaction
of SS-5Si under different slag conditions is obtained. The total oxygen content of the molten steel decreases with increasing
basicity from an initial content of 22 x 107* to 3.2 x 107* wt.% (R = 3), consistent with the change in ko, with slag
basicity. At R = 2, the slag—steel reaction takes 15 min to reach equilibrium (w[O] = 5.5 X 1074 wt.%), whereas at R = 3,
the slag—steel reaction takes 30 min to reach equilibrium (w[O] = 3.2 x 10~* wt.%). Considering the depth of deoxidation
and reaction time of SS-5Si smelting, it is recommended the slag basicity be controlled at approximately 2. Similarly, the
effect of temperature on the deep deoxidation of SS-5Si was studied.

Keywords Slag—steel reaction - Kinetics - Rate-controlling step - Deep deoxidation - Transfer coefficient

1 Introduction

High-silicon-containing stainless steels (Si >4 wt.% in
general) possess excellent corrosion resistance in hot con-
centrated sulfuric acid or concentrated nitric acid, good
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mechanical properties and low alloy cost and are recog-
nized as a preferred structural material in the sulfuric acid
manufacturing industry [1-3]. It is well known that oxygen
and sulfur, the two most common harmful elements in the
formation of non-metallic inclusions, destroy the continuity
of the steel matrix and the uniformity of the structure,
seriously affecting the corrosion resistance of stainless
steel [4—7], especially the pitting resistance [8] and cracks
caused by stress corrosion [9]. Reformatskaya et al. [10]
pointed out that the dissolution of inclusions or the adjacent
matrix in mild steel is the key to trigger pitting. The effect
of oxide and sulfide inclusions in mild steel on corrosion
was further investigated by Shibaeva et al. [11]. It was
found that oxide inclusions did not affect the active dis-
solution of mild steel, but changes in passive current values
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and breakdown potentials were correlated with the inclu-
sion content. Sulfide inclusions lead to an increase in
corrosion current, and the higher the sulfur content, the
weaker the passivation of the steel and the narrower the
range of passive potentials. Researchers have come to a
consensus that the lower the contents of harmful oxygen
and sulfur in steel are, the more corrosion resistant the steel
will be. Some researchers selected several manganese
steels with different oxygen contents (W[O] = 44 x 1074
150 x 10* wt.%) and conducted kinetic potential polar-
ization experiments in 3 wt.% NaCl solution at pH of 10. It
was found that the steel with a lower deoxidation content
(44 x 107" wt.%) exhibited enhanced pitting resistance
[12]. Ismail and Adan [13] compared the corrosion per-
formance of AISI 1040 steel with a high oxygen content
and an ultra-low oxygen content less than 10 x 10™* wt.%
in H,SO, solution, and the results showed that the corro-
sion rate of the ultra-low-oxygen steel was 0.0034 mm/a,
and that of the high-oxygen content steel was 0.364 mm/a,
which represented a huge improvement in the corrosion
resistance. Li et al. [14] designed six sets of electrochem-
ical experiments on 316L stainless steel with different
oxygen contents in a simulated proton exchange membrane
fuel cell (PEMFC) cathodic environment, and the results
showed that 316L stainless steel with an oxygen content of
10 x 10™* wt.% had the best corrosion resistance and that
the thickness of the passivation film and the Cr,O5 content
increased with the reduction in oxygen content in the
cathodic environment.

Slag refining is integral to the processes of deoxidation
and desulfurization, as well as the absorption and eradi-
cation of inclusions, thereby serving as an efficacious
measure for assessing and regulating the steel cleanliness
[15-19]. Lei et al. [20] have demonstrated that by refining
the chemical composition of Al,0;—Ca0O-Si0,—MgO slag,
one can modulate the deformability of inclusions and the
contents of oxygen, sulfur, and aluminum, thus achieving a
high degree of purity in spring steel. Yan et al. [21]
investigated the desulfurization of stainless steel with an
initial sulfur content of 150 x 10™* wt.% using CaO—
SiO,—CaF, (CSF)-type slag and a series of CaO-Al,0O5
(CA)-type slags. The cleanliness of steels with a low final
sulfur content (30 x 1074-50 x 10™* wt.%) was
improved, with a reduced number density, size, and frac-
tional area of sulfide inclusions. The refining process of Al-
killed steel usually uses CaO-SiO,—Al,O5-type slag with
MgO to prevent excessive corrosion of the MgO(—C)-type
ladle lining [22-24]. Wang et al. [25] found that an Al,O3
content of less than 8 wt.% in slag is favorable for
obtaining inclusions with lower melting points. To obtain
the optimum inclusion composition with a low melting
point, the optimum refining slag basicity should be deter-
mined. Durinck et al. [26] found that when the slag basicity
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(R = w(Ca0)/w(Si0,), where w(CaO) and w(SiO,) are the
contents of CaO and SiO; in the slag, respectively) exceeds
4, increasing the basicity does not improve the purity of
bearing steel. Adjusting the ratio of w(CaO)/w(Al,O3)
(where w(Al,05) is the content of Al,Oj3 in the slag) is the
most effective way to remove inclusions. It has been ver-
ified that when the slag basicity is determined to be 4, the
optimal w(CaO)/w(Al,O3) ratio is approximately 1.7. Yan
et al. [21] conducted desulfurization experiments on aus-
tenitic stainless steels with CA-type slags in the interval of
1873-1923 K. It was found that the rate of desulfurization
increased with increasing w(CaO)/w(Al,03), and a desul-
furization kinetic model based on the double-film theory
was developed. Studies on the thermodynamics and
kinetics of the associated slag-steel reaction are relatively
rare.

There are few basic studies on the deep removal of
oxygen and sulfur to less than 10 x 10™* wt.% in 5 wt.%
Si high-silicon austenitic stainless steel (SS-5Si), and the
authors have carried out a study on the deep removal of
oxygen in this stainless steel to less than 10 x 107" wt.%
based on thermodynamics and laboratory experiments [27].
However, studies on the deep removal of oxygen and sulfur
in steel to less than 10 x 10™* wt.% on the basis of the
kinetics of the slag—steel reaction by using the optimized
slag system are still rare. It can be expected that when the
oxygen and sulfur contents in the SS-5Si are less than
10 x 10™* wt.%, its high-temperature corrosion resistance
will be satisfactory.

To solve the above problems, in this study, based on the
thermodynamic study of deep deoxidation of SS-Si [27],
we explore the kinetics of deep deoxidation using CaF,—
Ca0-Al,0;—MgO-Si0, slag system. The aim is to deter-
mine the rate-controlling step of the reaction under the
condition of removing oxygen and sulfur to approximately
5 x 10™* wt.% and to establish a kinetic mass transfer rate
model for the deep removal of oxygen and sulfur, provid-
ing a theoretical basis for large-scale production.

2 Experimental design and procedure
for assessing deep deoxidation kinetics
of SS-5Si

2.1 Thermodynamic considerations

To investigate the kinetics of deep deoxidation of SS-5S5i, it
is first necessary to clarify whether the ultra-low oxygen
content of less than 5 x 107* wt.% in the steel during
refining is thermodynamically controlled by the equilib-
rium of the deoxidation reaction of [Si]-[O] or [Al]-[O] for
the following two reactions:
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[Si] 4+ 2[0] = (SiO) (1)
i i 30,110
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(2)
[Al] 4+ 1.5[0] = (AlO, 5) (3)
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where K; is the reaction equilibrium constant for the oxi-
dation reaction of element [i] in molten steel; a;;; and f; are
the activity and activity coefficient of component i in a
metal relative to the 1% standard state, with the mass
percentage w[i] as the concentration unit; a; is the activity
of component i in the slag relative to pure matter as a
standard state, with the mole fraction x; as the concentra-
tion unit; and 7 is temperature.

The final dissolved oxygen content in the steel (i.e., the
deoxidation limit) is related to the [Si]-[O] equilibrium and
the [Al]-[O] equilibrium. The oxygen content in steel that
is in equilibrium with SiO, and Al,O; in the slag is
expressed as w[O]g; and w[O]a;, respectively. Based on
Egs. (1)-(4), the relationship between the equilibrium
oxygen content in sulfuric acid-resistant stainless steel
during refining and variables such as the activity a; of
component i in the CaF,—-CaO-Al,0;-MgO-Si0, slag, the
chemical composition of SS-5Si and the reaction temper-
ature could be obtained by simple mathematical derivation,
as shown in Egs. (5) and (6).

1 L (34,458
Igw[O]g; == {]g asio, — 1gfsi — 21gfo — lgwlSi] — ( - 11.96) }

2 T
(5)

2 32,000
lgw([0],, = ;{lgamo,; —lgfar — 1.51gfo — lgw[Al] — ( T 10.29)}

(6)

From Egs. (5) and (6), it can be seen that the parameters
needed to calculate the equilibrium oxygen content of the
liquid steel are (1) the activity of the relevant components
in the slag (asio, , @aio, ; ), Which can be calculated using the
ion—molecule coexistence theory (IMCT) model [28], and
(2) the activity coefficients for Si, Al and O at different
reaction temperatures, which were calculated by the
Wagner equation [29] for the chemical compositions of SS-
5Si shown in Table 1. The relevant activity interaction
coefficients used are shown in Table 2.

The oxygen control mechanism of the reaction of SS-5Si
with CaF,-CaO-Al,05;-MgO-Si0, slag at 1873 K was
obtained in our previous study [27]. It was determined that

the equilibrium oxygen content was determined by the
greater of two factors: w[Ols; and w[O]a;.

To obtain a more accurate picture of the slag compo-
nents when w[Ol]s; determines the equilibrium oxygen
content in steel, the thermodynamic prediction model was
used to calculate the effect of Al,O5; content (1-10 wt.%)
on w[O]s; and w[O]4; in slag containing w(MgO) = 10
wt.% and w(CaF,) = 20 wt.% with binary basicities of 1, 2
and 3 as shown in Fig. 1. The results show that both w[O]g;
(solid line) and w[O],; (dashed line) calculated by the
thermodynamic model decrease with increasing the slag
basicity at 1873 K, and they can be reduced below
5 x 107* wt.% at R = 3. The measured values are in good
agreement with the calculated values, where w[O]g; > TO
(total oxygen) > w[O],), indicating that the equilibrium
oxygen content of the liquid steel is controlled by the [Si]-
[O] equilibrium reaction under the abovementioned slag
composition.

In particular, when R = 3, the dashed line and solid
line will intersect at the point M (2.72, 2.89) as w(Al,03)
gradually increases. The coordinates of point M corre-
spond to w(Al,O3) = 2.72% in the slag and an equilib-
rium oxygen content value of 2.89 x 10~ wt.%. In this
case, the equilibrium oxygen content in the steel depends
on the [Si]-[O] reaction when w(Al,O3) < 2.72% and
R = 3. Conversely, when w(Al,O3) >2.72% and R = 3,
the equilibrium oxygen content in the steel depends on
the [Al]-[O] reaction. However, when R = 3, the oxygen
control mechanism will change with increasing the Al,O3
content in the slag. To keep the equilibrium oxygen
content in steel less than 2.89 x 10™* wt.% and ensure
that the [Si]-[O] equilibrium reaction is the oxygen-con-
trolling reaction, it is sufficient to control w(Al,O3) within
2.72%.

Therefore, the [Si]-[O] reaction is the sole reaction to be
considered in the study of kinetics section, rather than the
[AI]-[O] reaction. It also provides a range for slag design
in the following kinetic experiments.

2.2 Experimental materials and methods

The SS-5Si was fabricated by vacuum induction melting
process using MgO crucibles, and the chemical composi-
tion is listed in Table 1. The starting melting vacuum is
1.0 x 107°-2.0 x 1072 Pa, and a high vacuum is always
maintained during the melting period. During casting, the
steel is remelted at 1485-1495 °C based on cooling
remelting. Table 3 shows the composition of the slag. The
effects of basicity on oxygen content can be compared
using S1, S2, and S3. The effects of Al,O; content on
oxygen content can be compared using S4, S5, and S6. The
effects of CaF, content on oxygen content can be compared
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Table 1 Chemical components of molten metal used in present study (wt.%)
C Si Mn Al Mo Cr Ni Cu o S N Fe
0.02 5 0.49 0.1 1.13 12.95 18.3 1.05 0.0025 0.0022 0.01 Balance
Table 2 Interaction coefficients e{ used in present study [28]
e{ C Si Mn Al Mo Ni Cr 0} S
o — 045 — 0.131 — 0.021 -39 0.0035 0.008 — 0.04 —-02 —0.133
Si 0.18 0.11 0.002 0.058 — 0.005 — —-0.23 0.056
Al 0.091 0.0056 — 0.045 — - — 6.60 0.03
S 0.11 0.063 — 0.026 0.035 0.002 0 — 0.01 —0.27 — 0.028
<
g5t @ 2p®
b
= Ol R _ 14}
=20 F ——w[O]-R=1 e w[O]-R=1
= ——w[Os-R=2 e w[O]y-R=2
2 e W[O]-R=3 e w[O],-R=3 L6
8 15F = Measured TO-R=1 &
= ¢ Measured TO-R=2 S -1.8F
qo)[) ® Measured TO-R=3 -
>
10 F 20F
% 2.0
g 22k o » —E—dgio,-R=1- 8= - a, o -R=1
E SF ’ I,' —8—agio,-R=2- = - a o -R=2
-'5 o4F £ A= dgi0,-R=37 A= a0 -R=3
O-( 1 L 1 1 L
m 0
2 4 6 8 10 0 2 4 6 8 10

AN

Mass percent of Al,0,/%

Mass percent of Al,0,/%

Fig. 1 Relationship between basicity and Al,O5 content in CaF,—CaO-Al,03-MgO-SiO, slag for equilibrium oxygen content (a) and asio, and

aano, at 1873 K for a certain steel composition (b)

Table 3 Composition of slag used in this study (wt.%)

Slag No. CaO SiO, CaF, MgO Al,O3
S1 29.44 29.44 29.31 9.83 1.98
S2 38.35 19.17 30.27 10.19 2.02
S3 44.53 14.84 29.23 9.60 1.80
S4 38.80 18.21 30.63 10.31 2.04
S5 37.13 18.56 29.31 9.87 5.13
S6 34.59 17.29 28.70 10.06 9.61
S7 44.73 22.37 20.87 10.04 1.99
S8 42.21 21.11 25.33 9.47 1.88
S9 38.64 18.14 31.23 10.08 1.91

using S7, S8, and S9. The slag contained sufficient mag-
nesium oxide to prevent erosion of the magnesium oxide

crucible.
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The experiments were conducted in a vertical resistance
heated aluminum tube furnace utilizing MoSi, as heating
elements. A schematic diagram of the resistance furnace
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used in this study is shown in Fig. 2 and the operational
steps in the smelting experiments are illustrated in Fig. 3.
To control the temperature of the heating furnace, a pro-
portional—-integral-derivative (PID) controller was coupled
to a type B reference thermocouple. In preparation for the
experiment, another type B thermocouple was used to
calibrate the temperature to 1873 K. The experimental
steps are as follows:

(1) The slag was prepared in a graphite crucible (OD:
50 mm, ID: 44 mm, H: 88 mm), and then, the
graphite crucible was placed in an electric resistance
furnace under a purified Ar atmosphere and posi-
tioned in the constant-temperature zone. The furnace
was heated from room temperature to 1873 K and
kept at 1873 K for 20 min to ensure that the sample
had a uniform composition.

(2) The pre-melted slag (10 g) was held in the upper
graphite crucible with a small hole in its bottom. An
inner wall angle of 110° ensured that the melted slag
fell into the lower crucible. The graphite plug in the
hole was used to control the reaction time of slag and
steel. After polishing the test steel (40 g), it was
placed in a MgO crucible (OD: 30 mm, ID: 25 mm,
H: 35 mm). To prevent MgO crucible rupture, the
outer layer of the MgO crucible was covered with a
graphite crucible (OD: 36 mm, ID: 31 mm, H:
40 mm). A large graphite crucible (OD: 66 mm,
ID: 54 mm, H: 140 mm) was placed outside the
double-layer crucible to make it easier to handle.

(3) After the temperature reached 1873 K, the double-
layer crucible was placed in an electric resistance
furnace under a purified Ar atmosphere (2—4 L/min),
and the temperature was decreased. When the
temperature recovered to 1873 K, it was kept at this
value for 15 min to ensure that the steel and slag
were completely melted. At the moment, the

graphite plug was removed, and the reaction between
slag and steel began. This time was taken as the
starting time for the reaction.

(4)  After certain reaction time intervals (1, 5, 10, 15 and
30 min), the whole crucible was rapidly removed
from the furnace and placed in a bucket with ice
water. After the completion of the reaction between
slag and steel, a sample of about 1 g steel was
removed from the reaction products to analyze the
content of total oxygen by an oxygen, nitrogen and
hydrogen analyzer (TCH600, LECO, USA). The
sulfur content in the steel samples was analyzed
using a carbon—sulfur analyzer (ELTRA CS-3000) at
the National Analysis Center for Iron and Steel
(NACIS), China. At least three samples of metal
were taken to analyze the composition in each test
run, and the average of the three results was used as
the oxygen content in the ingot.

3 Kinetic modeling of deep deoxidation
reaction

Under the slag conditions where the thermodynamic [Si]—
[O] equilibrium reaction controls the equilibrium oxygen
content in the liquid steel, a kinetic mass transfer model of
the [Si]-[O] reaction was developed to study the rate-
controlling step (RCS) of the deoxidation reaction based on
the measured values of TO for the deep deoxidation reac-
tion under nine different slag compositions, as shown in
Tables 3 and 4.

[Si] 4 [O] = (Si0,) (7)
Based on the boundary layer theory defined by Wagner

[30], the mechanism of reaction (7) between slag and steel
may be divided into the following four elementary steps:

Gas outlet — l Gas pipeline
x‘ «——— Pressure reducing valve
Refractory material —>
MoSi: heating elements
Graphite crucible - Ar gas cylinder
Alumina tube l
Thermocouple
I |
Cooling water inlet —— Cooling water outlet
-/

Flange J

Fig. 2 Schematic of experimental equipment used

Water circulation
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Double-layer
crucible for molten

Starting reaction
slag and steel samples g

—_— Removing
graphite plug

I
[§

Reaction duration !
J L ,,5

[1 min, Smin, 15 min, 15 min, 30 min]

Fig. 3 Flow sheet of experimental procedure

Table 4 Total oxygen content of experimental ingots at 1873 K (wt.%)

Sampling and water-cooling

Slag No. 0 min 1 min 5 min 10 min 15 min 30 min

S1 22.0x107* 23.0x107* 23.8x107* 24.4x107* 24.8x107* 25.0x107*
S2 22.0x107* 17.8x107* 10.5x107* 7.9%107* 6.3x107* 5.5%x107*
S3 22.0x107* 164x107* 8.5x107* 5.1x107* 3.5%107% 32x107*
S4 22.0x107* 17.5x107* 11.5%x107* 8.1x107* 7.2x107% 6.5x107*
S5 22.0x107* 18.7x107* 13.4x107* 9.0x10™* 8.0x10™* 7.6x107*
S6 22.0x107* 19.4x107* 14.1x107* 9.5%x10™* 8.8x10™* 8.1x107*
S7 22.0x107* 16.7x107* 11.0x107* 8.1x107* 7.1x107* 6.5x107*
S8 22.0x107* 16.5x107* 10.5x107* 7.9%x107* 6.9x10~* 6.3x107*
S9 22.0x107* 16.2x107* 9.8x10™* 7.6x107* 6.5x107* 5.9%107*

(1) Mass transfer of [Si] in the molten steel from the
bulk to the slag-metal interface: [Si] — [Si]";

(2) Mass transfer of [O] in the molten steel from the
bulk to the slag-metal interface: [O] — [O]";

(3) Interface chemical reaction: [Si]" + 2[O]" = (SiO;).

(4) Mass transfer of the generated SiO, from the slag—
steel interface to the slag phase: (SiO,)" — (SiO,).

It is widely accepted that interfacial chemical reaction
rates at high temperatures are fast and step (3) will not be
the RCS in the reaction kinetics [31]. Steps (1), (2) or (4)
corresponding to the mass transfer of reactants or products
through the concentration boundary layer into or out of the
slag—metal interface are likely to be the RCS of the reac-
tion at high temperatures.

According to the fundamental equation of heteroge-
neous reaction kinetics based on the concept of the effec-
tive boundary layer [32], the flux of component i (i = [Si],
[O], and (SiO,)) across unit area J is defined according to
Eq. (8).

1 dl’li « ”
i = KE = ki,s (Ci,s - C:J,s) = kl}m (C:J,m - Ci,m) (8)
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where J; is the molar flow, mol m 2 s '; kim and k;
represent the mass transfer coefficients of element i in the
steel melt and slag component i, respectively, m™ ', while
subscripts ‘s’ and ‘m’ indicate the slag and metal phase,
respectively; n; is the amount of substance of element i in
molten steel and components in slag; C; is their molar
concentration by volume, mol m73; t is the reaction time;
A is the slag-metal interfacial areas; and superscripts ‘*’
and ‘b’ represent the interface and bulk phase respectively.

For reaction (7), the following relationship holds
between the reaction rates expressed by [Si] and [O] in the
liquid steel and (SiO,) in the slag:

_ldmoy _ dngsy _ dngsio,) ©)
2 dr At dr
On the basis of the relationship between volumetric
molar concentration and mass fraction: C; = % 57'?. Herein,

Pm 1s the density of the molten steel, g cm™>; and M;
represents the molar mass of element i in the molten steel,
g mol ™', This relationship is also defined by the volume

molar concentration equation C; = %, where V represents
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the volume of the molten steel, cm®. By substituting the
two equations into Eq. (8), Eq. (10) can be derived.

dwli]

vl %‘f (wli” — wii) (10)

where W, represents the mass of the molten steel, g. For
the [Si]-[O] reaction, the reaction rate is expressed as:

dw[O]  Ap,kom N b
= g (wlor —wior?) (11)
The relationship between dva[tO] , dw(fl] and dw(itoz) can

be obtained from Eq. (9)
dw[Si] l@dW[O} dw(Si0,) B l%MSiOz dw[O]
dt  2Mo dr ° A&t 2W, Mo dt

Suppose Osio, = |5+ 4 2| =751, 0 = [14] =
0.875, and then,
dw[Si] dwl[O] dw(SiOy)

a0 A
where W represents the mass of the slag, g.

The maximum rate of oxygen mass transfer in steel can
be deduced from Eq. (11). The concentration of oxygen at
the slag—steel interface can be calculated from the mass
action law, which should be satisfied by the activity of each
substance in Eq. (7) when the interfacial chemical reaction
reaches equilibrium, i.e.,

asio, _ ySiOzxziOQ
gy f3w[OF fsiw[Si]

where y; is the activity coefficient of component i in the
slag relative to pure matter as a standard state.
The relationship between the molar fraction of a slag
component and its mass can be expressed by
=L o -, where > n; is the total mole number in

* = Zni - M;
100 g slag, mol; and m; is the mass of the component
corresponding to the slag.

Since the mass of the initial slag is assumed to be 100 g

in the modeling calculations of IMCT,

)
! M,’ZI’Z,‘

Since the compositions of the components (e.g., Si, O
and Si0,) in reaction (7) do not change much, the activity
coefficients of the above components can be approximated
as constants during the reaction. By combining these
f¥fsMsio, > i

SiOy
stant Kg;, the effective equilibrium constant Eg; can be

expressed as follows:

K =

(14)

(15)

constants with the chemical equilibrium con-

_ w(SiOy)" Ks .f(jz)fSiMSiOZ >on (16)

Si e
w[O]wl[Si] Vsio,

From Eq. (16), the concentration of oxygen at the

interface is given as follows:
* W(SiOg)*

O =\ —+ 17
w(O] Esn[Si| (17)

Assuming that the mass transfer of [O] in the liquid steel
is the RCS, as shown in Fig. 4, then w(Si0,)" = w(Si0,)
and w(Si)" = w(Si). By substituting Eq. (17) into Eq. (11),
the following equation can be obtained:

dw[O] Appkom | [w(SiOy)" b
_ - _ , _ 1
dt Win l Eswisi IO (18)
or
dW[O] Apmk()‘m b W(SIOQ)*
_ - ; Y A e 1
dr W MO T\ Eguisi (19)

The equation for the rate of deoxidation of [O] in the
liquid steel where the mass transfer is the RCS can be
obtained as

(_ dv:i[tO]) _ Apeqvio,m lw[o]b ~

w(Si0,)" and w[Si]" in Eq. (20) are closely related to the
changes of oxygen content in molten steel. This is because
the [Si]-[O] reaction requires the consumption of 1/2 mol
of [Si] for every 1 mol of [O] removed while producing 1/
2 mol of SiO,. According to the principle of mass con-
servation, it is assumed that the initial oxygen content

w(Si0,)"
ESiW[Si]b

(20)

during the reaction in the steel is w[O]” and the oxygen
content in the bulk metal at time 7 is w|O]. Then, the change

in the oxygen content of the molten steel is
Reaction
A interface
w(Si0,) =0
w[O] t=1
t=o0
i —
=lt=1 "“
S~ ————— b3,
glr== N
= S,
E ‘\\\
8 Metal . Slag
Distance Boundary
layer
Fig. 4 Schematic diagram of [O] mass transfer as RCS in liquid steel
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Aw[0] = w[O] — w[0]°. The SiO, content of the slag will
increase Qsio,w[O] at time ¢. The SiO, content in the bulk
slag at time ¢ is:

w(Si03) = w(Si0,)°—QOsio, Aw[O] (21)
Similarly, the Si content in the liquid steel at time ¢ is:
w(Si] = w[Si]° + QsiAw[O] (22)

Substituting Eqgs. (21) and (22) into Eq. (20) results in
the following equation:

(dw[0]> _ Apykom J w(Si0n)’~ Q50 A0 (0] iy |

dt Wi Esi (W[Si]o + QSiAW[OD
(23)

Form Egq. (23), the variables can be separated, and
integration yields Eq. (24):

w[O]
dw|O Apnkom
J : DWH — ChwZom, (24)
W[O]O w(SlOz) —QSiOZAW[O] . W[O] Wm
Es; (w[S1°+05:aw[O])

Based on a similar approach, the corresponding rate
equations assuming that the mass transfer of SiO, in the
slag and the mass transfer of Si in the molten steel are the
RCS can be derived.

For the mass transfer of (SiO,) in the slag phase as the
RCS,

dw(Si0s) _  Osio,dw[O] _ Apiksioys
dr dr W,
[ESiW[O}Z(W[SiO] + 0siAw[O]) — (W(Sio2)o_QSiOZAW[O])]
(25)
J wlol Osi0,4w[0]/ [ (w(5i02)°~0si0,Aw[0] ) -
(o] (26)
by 0 (1 a2

For the mass transfer of [Si] in the molten steel phase as
the RCS,

ulSi] _ , awlO] _
dt - =S dr -
Appksim |w(Si02)°—0sio, Aw[O] - » |
Wi Eg; - W[O}z (W[Sl} + Qsﬂ’V[O])
(27)
wlO] o
w(Si02)" —QOsio, Aw[O] ) Apuksim
[ W[OUQSidW[O]/ W - (w[sl]o + QS;AW[O]) = T;’
(28)

Equations (24), (26) and (28) can all be expressed as a
function of w[O], and the general formula can be expressed
as

@ Springer

F(w[O]) = St (29)

When it is assumed that the mass transfer of O or Si in
the liquid steel or SiO, in the slag is the RCS, the corre-
sponding mass transfer rate model can be assumed to meet
Eq. (29), and the curve of F(w[O]) versus time should be a
straight line; i.e., the slope S; is a constant. In this case, it is
considered that the assumption that one of the above three
mass transfer steps is the RCS is valid, and the corre-
sponding mass transfer coefficients can be obtained from
S,’.

4 Experimental results and discussion

4.1 Determination of RCS in kinetics of silicon
deoxidation reaction

Because the mass transfer rate model can predict the
changes in w[O], slag systems (S1-S3) with the most sig-
nificant impact on w[O] were selected to determine the
RCS of the deoxidation reaction kinetics. The contents of
CaF, and MgO in the slag systems were basically the same,
while w(Al,O3) is less than 2.72%. The experimental
results of the reactions (shown in Table 4) of slags S1-S3
and SS-5Si (shown in Table 1) at 1873 K were inserted
into Eqgs. (24), (26) and (28), resulting in Fig. 5. The results
show that the slopes of the F(w[O])—1 relationship curves
obtained under the assumption that the mass transfer of [Si]
in the liquid steel and the mass transfer of (Si0,) in the slag
are the RCSs of the reaction kinetics are almost zero,
indicating that these steps are not the RCS of the [Si]-[O]
reaction. When assuming that the mass transfer of [O] in
the molten steel is the RCS, the slopes of the F(w[O])-t
relationship curves for slags S1 (R = 1), S2 (R = 2) and S3
(R = 3) are constant, being 0.00034, 0.00337 and 0.0037,
respectively. Therefore, it can be determined that the mass
transfer of [O] in the molten steel is the RCS in the Si
deoxidation reaction. It can be found from Eq. (24) that So,
as the parameter on the right side of the definite integral
sign with respect to variable 7, can be expressed by
Eq. (30).

S
0 W

(30)

Under the condition of a defined steel composition, ko m
and S are positively correlated. ko, calculated for dif-
ferent basicity levels are shown in Table 5. Among these
parameters, the equilibrium content of each component can
be derived from thermodynamic equilibrium calculations.
The density of the molten steel and molten slag can be
determined from the results of previous studies, and the
reaction area can be obtained by calculating the diameter of
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Fig. 5 Oxygen content in liquid metal as a function of reaction time
for various slag compositions at 1873 K. a S1; b S2; ¢ S3

the reaction crucible. Some studies [33-36] indicated that
the mass transfer coefficient of a component is not fixed
under different reaction conditions. For example, kg of the
slag—steel reaction of Si-Mn-killed steel (w[Si] = 0.2
wt.%, w[Mn] = 1.05 wt.%) with CaO-Al,0;-MgO-SiO,-
type slag at 1823 K yielded a value of 8 x 107° m/s [33].
Shin et al. [34] utilized the effective equilibrium nuclear
reaction model to experimentally validate the kinetics of
the reaction of Fe—0.8Mn-0.4Si-0.3C-0.05Al1 steel
(mass%) with 40Ca0-27Al1,05-13Si0,—~10CaF,-10MgO
(mass%) at 1873 K and obtained a value of 1 x 107* m/s
for ko. Ren et al. [35] developed a kinetic model for
inclusion evolution during the reoxidation process of Al—
Ti-containing steels with CaO-Al,O;-MgO-Si0, slag, and
the model was validated using the experimental data of
Park et al. [36], obtaining a value of 1 x 107> m/s for ko.
It can be noted that the actual value of the mass transfer
coefficient varies with the smelted steel grade, slag, heating
conditions and other experimental conditions (1 x 10—
1 x 107° m/s), and it is necessary to validate the mass
transfer coefficient of [O] in high-silica stainless steel.
kom in steel for CaF,—CaO-Al,05-MgO-SiO, slag at
different basicity levels was empirically calculated to be
40 x 10°ms ' (R=1),39 x 10 °ms™' (R =2),and
43 x 107> m s~ ' (R = 3). From a kinetic point of view, as
the slag basicity increases, ko in steel becomes larger, the
mass transfer rate becomes faster, and the oxygen in the
steel is more easily removed, which is consistent with the
results of thermodynamic calculations. From this perspec-
tive, it can also be shown that the corresponding mass
transfer coefficients of [Si] in the liquid steel and (SiO,) in
the slag have no effect on the deoxidation rate, which is in
agreement with the conclusions of Li et al. [37].

4.2 Influence of slag composition on oxygen
content and deoxidation rate in steel

After the [O] mass transfer in the molten steel was iden-
tified as the RCS of the [Si]-[O] reaction, the oxygen
content in the molten steel at the equilibrium of the slag—
steel reaction determined from the thermodynamic study to
be the end point of the deoxidation kinetics was compared

Table 5 Value of mass transfer coefficient of [O] and So, for different
slag compositions at 1873 K

R So A/m? Wi/g ko.m/(m s7h
0.000344 0.0004906 40 40 x 107°
2 0.00337 0.0004906 40 3.9 x 1073
0.0037 0.0004906 40 43 x 107°
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with the kinetic modeling results. The values indicated how
far the slag—steel deoxidation reaction is from the end point
of the slag—steel reaction of SS-5Si at a certain tempera-
ture. Figure 6 shows the predicted values (solid lines) and
experimental results (solid dots) of the obtained kinetic
model (Eq. (24) for the time-dependent change in oxygen
content in the steel for different slag compositions at
1873 K, as well as the results of the thermodynamic study
(dashed lines).

The solid and dashed lines calculated from the devel-
oped mass transfer model indicate the internal and inter-
facial concentrations, respectively, as shown in Fig. 6a. At
1873 K, the equilibrium oxygen content in steel calculated
by the kinetic prediction model decreases with increasing
the basicity of the CaF,—CaO-Al,03;-MgO-Si0; slag. The
basic principle behind this result is that increasing the slag
basicity induces a decrease in asio,, as shown in Eq. (5),
enhancing the deoxidation of silicon in the steel, which
agrees with the findings reported by Suito and Inoue [38],
Okuyama et al. [39], Ren et al. [40], Wang et al. [41], and
others. The results of three laboratory-scale experiments at
different basicity levels at 1873 K are also shown in
Fig. 6a; the end-point oxygen content in the molten steel
was varied from 22.0 x 107* wt.% to approximately
25.0 x 107%, 5.5 x 107%, and 3.2 x 10" wt.%, for bin-
ary basicity values of the slag system R =1 (S1), R=2
(S2), and R =3 (S3), respectively. Notably, at the slag
basicity of 1, the measured oxygen content in the liquid
steel increased from 22.0 x 107* to 25.0 x 107* wt.%
(30 min) during the slag—steel reaction. as;o, values of the
CaF,—Ca0-Al,05-MgO-SiO, slag at basicity of 1 and 2
were 0.01341 and 0.00042, respectively, with a difference
of two orders of magnitude. The variation caused the
w[Ol]s; of the slag system with a basicity of 1, which was
controlled by the [Si]-[O] equilibrium, to be much larger
than that for the basicity of 2, followed by that of SS-5Si at
1873 K. The slag—steel reaction at basicity of 1 appears to
increase oxygen, which reflects the nature of the slag—steel
reaction. Duan et al. [42] also proposed that when the
activity of SiO; in the slag is low, using Si as a deoxidizer
results in an elevated presence of Al,O3 and MgO in the
deoxidized byproducts, thereby augmenting the oxygen
content in steel. This suggests that a more acidic slag
composition is detrimental to the deoxidation process.

The effect of basicity on the rate of the deoxidation
reaction can be found. When the basicity is 1, the deoxi-
dation reaction reaches the end point after the reaction time
of 5 min. After 5 min, the oxygen content in the liquid
steel is basically unchanged, indicating that the deoxidation
reaction takes 5 min to reach equilibrium with a basicity of
1. When R = 2, the slag—steel reaction reaches an equi-
librium in 15 min. However, when R = 3, the slag—steel



Effect of slag composition on kinetic behavior of deep deoxidation of 5 wt.% Si high-silicon... 1883

reaction requires 30 min to reach equilibrium. This indi-
cates that as the slag basicity increases, the terminal oxy-
gen content in the steel decreases, and the time required to
reach the terminal oxygen content increases nonlinearly.
The reason for this may be that when R is 3, the molten
steel is very viscous and does not flow well. According to
the classical shrinking core reaction models, where the
mass transfer of O in the metal is used as the RCS of the
reaction and the diffusion coefficients are estimated using
the Stokes—Einstein relationship, the total dissolution time
(1) [43] is approximately

p ~R% - 3man
— 31
2kTAC (31)

where p is the particle density; Ry is the radius of the
inclusion; AC is the driving force for dissolution; k is the
Boltzmann constant; a is the ionic diameter; and # is the
viscosity of the slag.

For a given temperature and inclusion particle size,
PN

AC

This means that the total dissolution time of oxide
inclusions is proportional to the #/AC ratio. For SS-5Si,
assuming a certain SiO, content in the inclusions, the
decrease in AC caused by the high basicity of the slag
increases the viscosity at the same time, thus increasing the
total dissolution time. A study by Park et al. [44] also noted
that the dissolution of inclusions and the viscosity of the
slag directly affect the removal rate of inclusions through
the slag and flux layers. Considering the kinetic conditions,
at 1873 K, the slag with basicity of 2 needs to react for
15 min to remove the oxygen content in the liquid steel to
5.5 x 107" wt.%, while the slag with basicity of 3 needs to
react for 30 min to remove the oxygen content in the liquid
steel to 3.2 x 10™* wt.%, which achieve oxygen removal
from SS-5Sito 5 x 10™* wt.% or even below but doubling
the smelting time and doubling the cost are not necessary.
Therefore, in designing the composition of CaF,—CaO-
Al,0;-MgO-SiO,-type slag, excessive basicity should be
avoided, and it is better to adjust the slag basicity at
approximately 2.

Figure 6b compares the calculated and measured oxy-
gen contents in CaF,-CaO-Al,03;-MgO-SiO, slag at
1873 K with different Al,O5 contents. It can be seen that
the oxygen content of the steel became larger with
increasing the Al,O; content in the slag, and the trend is
consistent with the simulation results. As expected, the
measured total oxygen content was smaller than the cal-
culated oxygen content. Schneider et al. [45] conducted
laboratory remelting tests on bearing steels and found that
lowering the Al,O5 content in the slag reduces the oxygen
content of the steel, which in turn reduces the number of

(32)

non-metallic inclusions. The influence of Al,O; on the
viscosity of high basicity CaO-Si0,—Al,03;—8% MgO-8%
CaF, slag (w(CaO)/w(SiO,) = 6) for HRASS Sanicro 25
was systematically investigated by Zhang et al. [46]. As the
Al,O5 concentration increases from 10% to 25%, the
addition of Al,O3 predominantly inhibits the precipitation
behavior of solid phases, thereby playing a central role in
diminishing the viscosity of the slag. With a further
increase in Al,O3 content to 30%, the facilitating effect of
Al,O3 on the polymerization degree of the networks
becomes the principal contributor to the enhancement of
slag viscosity. Chen et al. [47] investigated the quantitative
relationship between viscosity and structure within a CaO-
Si0,-MgO-Al,O; slag system with a basicity of 1,
uncovering that as the content of Al,O; increased, the
viscosity of the slag initially rose and then declined, and
unequivocally indicating that Al,O3 exerts an amphoteric
effect on the viscosity of the slag. Owing to this charac-
teristic property of Al,Os, it is imperative to regulate its
concentration meticulously, not only to achieve a reduction
in slag viscosity but also to fulfill the thermodynamic
requirements for lowering the oxygen content. The effect
of Al,O5 content in slag on the rate of deoxidation reaction
can be seen. When w(Al,O3) = 2.04%, the deoxidation
reaction reaches equilibrium after a reaction time of
15 min. With the increase in Al,O5 content to 5.13% and
9.61%, the deoxidation reaction did not reach equilibrium
within 15 min. From the kinetic conditions, an increasing
Al,O5 content affects the mass transfer rate of oxygen in
the steel. The results showed that although the change in
Al,O3 content did not cause a significant change of TO,
precise control of the Al,O3 content in the slag is required
to achieve optimal deoxidation.

The calculated and measured oxygen contents in 1873 K
CaF,-Ca0O-Al,05;-MgO-Si0O, slag with different CaF,
contents with time are given in Fig. 6¢c. The dependence of
the oxygen content in the steel on the CaF, content in the
slag is weak, and the measured results are consistent with
the simulation. Zheng et al. [48] investigated the effect of
CaF, content on high basicity CaO-18% Al,03-SiO,-10%
MgO-CaF, (W(CaO)/w(SiO,) = 6) refining slag suit-
able for duplex stainless steel. It was shown that the
addition of CaF, significantly reduced the slag viscosity.
However, this effect became less evident with increasing
temperature and CaF, content. When the CaF, content
exceeded 10%, the slag viscosity decreased only slightly
with the increase in the CaF, content. The viscosity of slag
containing 6% CaF, was very close above 1833 K, while
the viscosity below 1833 K is much lower than that of
Ca0-30% Al,03-Si0,—-10% MgO (w(CaO)/w(SiO,) = 6)
slag without CaF,. Further evaluation of the effect of 6%
CaF,-containing slag on steel purity confirmed that 6%
CaF, is sufficient for high basicity slag containing CaF,. In
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light of recent studies reporting that the observed effect can
be explained by the evaporation of fluoride from the slag,
the remaining fluoride has no significant effect on the
change in total oxygen content [49, 50]. The above results
show that the established kinetic mass transfer model for
the maximum deoxidation rate is suitable for studying the
deoxidation behavior of refining slag systems with SS-5Si
at different basicities, Al,O3z contents, and CaF, contents.
For a given smelting temperature, the effect of slag com-
ponents on deoxidation rate follows the order
R > A1203 > Can.

4.3 Effect of temperature on rate of deoxidation

The measured oxygen content of steel with respect to time
for slag S2 and different smelting temperatures
(1673—-1873 K) are shown in Table 6 The effect of tem-
perature on the deoxidation of SS-5Si under the action of
S2 slag was obtained by substituting the data in Table 6
into Eq. (24), as shown in Fig. 7. With slag S2, the actual
equilibrium oxygen content of the steel increased from
2.6 x 107* wt.% (1773 K) to 5.5 x 107* wt.% (1873 K)
with increasing the temperature; i.e., the lower temperature
was favorable for deoxidation. When the reaction time was
15 min, the [Si]-[O] reactions all reached equilibrium,
which shows that the temperature mainly changed the
thermodynamic chemical equilibrium constant of silicon
deoxidation and did not have a significant effect on the
kinetic conditions.

5 Conclusions

1. According to the thermodynamics of the deoxidation
behavior of CaF,—-Ca0O-Al,0;—MgO-SiO, slag in SS-
5Si, the slag fractions that control the equilibrium
oxygen content at an ultra-low value of less than
5 x 107* wt.% due to the equilibrium of the [Si]-
[O] reaction during the refining process were obtained,
i.e., when the basicity of slag is 3, w(Al,O3) is con-
trolled within 2.72% and the oxygen content in the
steel is less than 2.89 x 107* wt.%.

2. The developed deoxidation kinetic mass transfer model
was validated by laboratory data to be suitable for

G.X. Dou et al.
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Fig. 7 Effect of temperature on SS-5Si deoxidation rate under
slagging of S2

studying the deoxidation behavior of CaF,—CaO-
Al,O3—MgO-SiO,-type slag with different R, Al,O3
and CaF, contents in SS-5Si. The RCS of the
deoxidation reaction was confirmed by the reaction
maximum rate equations to be the mass transfer of O in
the molten steel. The oxygen mass transfer coefficients
in the molten steel varied in the range of 4.0 x 107°-
43 x 107> m s™' and became larger with increasing
the basicity. However, the mass transfer coefficients
were essentially the same at high slag basicity (R = 2,
3). The changes in oxygen content predicted by the
mass transfer model are in good agreement with the
experimental data.

3. The basicity of the slag has a great influence on the

oxygen content in the steel as well as on the rate of
deoxidation. The oxygen content in steel decreases
with increasing basicity. When the slag composition
includes 29.23 wt.% CaF,, 44.53 wt.% CaO, 14.84
wt.% Si0,, 9.60 wt.% MgO, and 1.80 wt.% Al,03, the
total oxygen content in the steel can achieve a
minimum of 3.2 x 107" wt.%. At 1873 K, the TO
content in steel decreases from 22 x 107* to
3.2 x 107* wt.%. The slag—steel deoxidation reaction
takes 15 min to reach equilibrium when R =2
w[0] =5.5 x 107* wt.%), but takes 30 min to reach

Table 6 Total oxygen content of S2 experimental ingots at different temperatures (wt.%)

Temperature 0 min 1 min 5 min 10 min 15 min 30 min

1773 K 22.0 x 107* 125 x 107* 83 x 107* 54 x 107 32 x 107* 26 x 1074
1823 K 22.0 x 1074 13.7 x 107* 10.0 x 1074 73 x 107 43 x 107 35 x 1074
1873 K 22.0 x 107* 178 x 107* 105 x 1074 7.9 x 107 63 x 107* 5.5 x 107
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equilibrium at R=3 (W[O]=3.2 x 1074 wt.%),
which doubles time of the refining reaction. From the
kinetic point of view, in the smelting of SS-5Si,
reasonably controlling the slag basicity at 2 not only
ensures that the depth of deoxidation solves the
problem of insufficient steel purity, but also shortens
the smelting cycle to improve production efficiency.
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