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Effect of TiO, Addition in Ladle Slag on Evolution
of Nonmetallic Inclusions in Ti-Bearing Al-Killed Steel

GUANGYU HAO, ZHIYIN DENG, XIAOFENG LIU, and MIAOYONG ZHU

To investigate the effect of TiO, in refining slag on the nonmetallic inclusions in Ti-bearing
Al-killed steel, industrial studies are conducted with and without TiO, addition in refining slags.
It is found that a suitable addition of TiO, (around 5 pct) can improve the fluidity of the slag.
When using TiO,-containing slag, the Ti content in steel increases to 72 ppm after LF refining
due to [Ti]-[O] equilibrium, and the yield of Ti-Fe alloy also climbs from 86.5 to 96.3 pct in RH
refining even with a lower addition amount. The inclusions generally transform from Al,Oj into
solid MgO-Al,0O; and even liquid CaO-Al,O; inclusions. Although a small amount of TiO, is
generated in inclusions at the middle stage of LF refining due to the effect of TiO,-containing
slag, solid MgO-Al,O; inclusions are still the dominant inclusions in steel after RH refining.
Therefore, the suitable addition of TiO, does not evidently influence the evolution of inclusions.
As a result, it can hardly weaken the removal efficiency of inclusions, while the cleanliness of
steel is in fact improved. Lower total oxygen and nitrogen contents are obtained, and the
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number density of inclusions decreases from 31.7 mm 2 to 25.0 mm >
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I. INTRODUCTION

TiTANIUM (Ti) is widely used to improve steel
properties, such as strength, ductility, formability and
weldability.!" ) On the other hand, due to its high
affinity to oxygen, the addition of Ti to liquid steel can
affect the compositions of the inclusions in steel,*®
even leading to some production problems, such as
clogging of submerged entry nozzles (SEN).[”""!

A large number of studies were conducted to inves-
tigate the effect of Ti on the formation and evolution of
inclusions in Ti-bearing steel grades, e.g., gear steel,l'”
IF steell”'""'? and stainless steel!'*'*! In the case of
Ti-bearing gear steel, the authors™ found that before the
addition of Ti, the inclusions transformed along the
route of “Al,O; — MgO-AlLO; — Ca0O-Al,05”,
whereas the inclusions changed into MgO-Al,05-TiO,
or Ca0-Al,05-TiO, after Ti addition. For low carbon
and ultra-low carbon steels (IF steel), due to the high
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FeO content, the effect of the slag on the evolution of
the inclusions is relatively weak. As a result, the
inclusions are dominated by Al,O3 and ALO5-TiO,.["!
In terms of stainless steel, the evolution of inclusions
was generally different from that of conventional steel
grades, because argon oxygen decarburization furnaces
(AOD) are often used in the production process. Chen et
al" reported that CaO-Al,O5-MgO-TiO, inclusions
were observed after the addition of Ti in stainless steel
grade 321. In the laboratory study of Li ez al.'¥ when
0.02 pct Ti was added in the steel, Al,O3-TiN inclusions
were detected. If the Ti content in the steel further
climbed to 0.05 pct or 0.12 pct, TiN and Al,O5-TiN were
the dominant inclusions. According to these studies, it
can be concluded that the types of inclusions in
Ti-bearing steel grades are strongly influenced by Ti
content, and a higher Ti content may result in a higher
TiO, content in the inclusions.

During the secondary refining process, due to ther-
modynamic equilibrium, the dissolved Ti in steel should
transfer to the slag, increasing the content of TiO, in the
slag. This has been proved by industrial practice.!'*'”!
Therefore, TiO,-containing slags may be directly con-
sidered for the refining of Ti-bearing steel grades to
increase the yield of Ti alloys. Previous studies of the
authors!'®!” investigated the properties of TiO,-con-
taining refining slags, and they found that suitable addi-
tion of TiO, to refining slags could lower the melting
point and the viscosity of the slags, thus improving the
fluidity of the slags. In addition, the degradation
behaviors of MgO refractory by TiO,-containing slag
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were also studied by the authors."® It was found that
the TiO, in the slags enhanced the dissolution of MgO
refractories into the slags, and a higher MgO content in
the slags could weaken the dissolution. Furthermore,
there are only a few studies considering the effect of
TiO-containing slag on the cleanliness of steel. For
instance, Chen ef al!'¥! indicated that the use of
TiO,-containing slag could reduce the total oxygen
content in stainless steel. Zhao er all" carried out
laboratory studies to investigate the effect of TiO, in the
slag on the inclusions in Ti-bearing steel, and
Ca-Mg-Al-Ti-O complex inclusions, titanium nitrides
and carbides were found in the steel after the steel-slag
reaction. Due to the large number of steel grades,
further studies (especially industrial studies) are still
needed to reveal the effect of TiO,-containing slag on
the evolution of inclusions and steel cleanliness.

In addition, allo;/s are also an important source of
inclusions in steel.***"" As reported, Ti-Fe alloys gen-
erally contain high oxygen and nitrogen content. The
high Al content in Ti-Fe alloy may also lead to the
generation of titanium aluminate inclusions when alloy-
ing. So, improving the cleanliness and reducing the
addition of Ti-Fe alloys are conducive to the cleanliness
of Ti-bearing steel grades. Because the use of TiO,-con-
taining slag can improve the yield of Ti alloys, it also
presents its significance for steel cleanliness.

In this study, industrial experiments were conducted
to investigate the cleanliness of Ti-bearing steel using
TiO,-containing and conventional ladle slags. The
evolution of inclusions, the yield of Ti alloy, and the
cleanliness of the steel were compared. Based on the
experimental results and thermodynamic calculations,
some suggestions were made for the refining of Ti-bear-
ing steels.

II. EXPERIMENTS

A. Process Description and Sampling

The industrial experiments were carried out in a
Chinese steel plant, and the experimental steel grade was
Q355, which was produced by the process of <230t basic
oxygen furnace (BOF) — 230t ladle furnace (LF) —
230t Ruhrstahl-Hereaeus furnace (RH) — slab contin-
uous casting (CC)”. There are two processes, namely
Process S1 and Process S2. During the tapping process
of BOF, most of the deoxidizers, alloys, and slag
formers were charged into the ladle. Especially, in
Process S1, around 200 kg TiO, was additionally added.
At the LF stage, some slag deoxidizers, e.g., Al, were put
on the top of the slags for slagging, and some alloys
were also added for composition adjustment. It is
necessary to mention that in Process S1, the Ti-Fe alloy
(70 pct Ti, 3.5 pct O and 0.94 pct N) was added in the
RH vacuum chamber when RH started; while it was
added at the end of LF refining in Process S2. The time
of LF refining was about 60 min, and RH treatment
lasted around 20 min. In each process, five pail-type
steel samples were taken after tapping (marked as TP),
before LF (marked as L1), at the middle stage of LF
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(marked as L2), at the end of LF (marked as L3) and at
the end of RH (marked as R1). Table I gives the detailed
compositions of these steel samples. Also, some lollipops
were sampled during LF treatment and RH treatment to
analyze the variation of Ti content in the steel. In
addition, the slags were also sampled at the middle stage
of LF (L2), at the end of LF (L3) and at the end of RH
(R1), and the compositions of the refining slags of the
two processes are listed in Table II.

B. Analysis

The steel samples were cut, and their compositions
were measured by an inductively coupled plasma-optical
emission spectrometer (ICP-OES). The Ca and Mg
contents in the steel samples were analyzed by induc-
tively coupled plasma-mass spectrometry (ICP-MS).
The total oxygen contents and nitrogen contents were
measured by LECO O/N/H analyzer. In addition, the
steel samples were prepared for inclusion observation
using scanning electron microscopy (SEM, Zeiss EVO
18) with energy-dispersive X-ray spectrometry (EDS).
The compositions of the slags were also detected by
X-ray fluorescence analysis (XRF).

III. RESULTS
A. Composition and Nature of Slags

The composition of each slag sample is given in
Table II. As shown in this table, after TiO, addition to
the refining slag, the TiO, content in the slag (Process S1)
1s4.28 pct at the middle stage of LF refining. With refining
time, the content of TiO, decreases slightly. In contrast,
the contents of TiO, in the slags of Process S2 are lower
the 1 pct, and they increase with time. Additionally, it is
noted that there is only a very small difference in the slag
basicity (R = w(CaO)/w(Si0,)), which ranges from 3.4 to
4.1. The contents of Al,Oj5 in the slags of Process S2 are
also slightly higher than the that of Process S1.

Figure 1 shows the photos of the refining slags during
LF refining. As shown in this figure, the full liquid
nature can be clearly seen in Process S1, while some
crusts are formed on the surface of the slag in Process
S2. It indicates that the addition of TiO, improves the
fluidity of the slag.

B. Composition of Steel Samples

The compositions of the steel samples are shown in
Table 1. Figure 2 also plots the Ti contents in the
lollipop samples. As shown in Table I and Figure 2, in
both processes, the initial Ti content after tapping is
only around 20 ppm. In the case of Process S1, the Ti
content in the steel gradually increases during LF
refining, due to the addition of TiO, in this slag. At
the middle stage of LF (L2), the Ti content reaches 67
ppm, and it increases slightly to around 72 ppm before
Ti-Fe is added in RH. In Process S2, the Ti content
almost keeps the same before Ti addition. After Ti
alloying in both processes, the Ti contents are about
0.017 pct.
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Table I. Compositions of the Steel Samples at Different Stages (Mass Percent, *ppm)

Process Stage C Si Mn Cr Al Ti Ca* Mg*
S1 TP 0.12 0.18 1.30 0.031 0.046 0.0020 0.1 1.2
S1 L1 0.13 0.16 1.31 0.032 0.034 0.0021 0.5 2.0
S1 L2 0.14 0.12 1.36 0.030 0.020 0.0067 0.6 2.8
S1 L3 0.15 0.12 1.39 0.040 0.054 0.0070 0.5 1.2
S1 R1 0.15 0.11 1.39 0.030 0.044 0.0168 2.1 1.3
S2 TP 0.11 0.14 1.05 0.035 0.045 0.0019 0.7 2.1
S2 L1 0.13 0.14 1.30 0.038 0.043 0.0019 0.6 2.5
S2 L2 0.14 0.14 1.39 0.040 0.043 0.0017 0.9 3.7
S2 L3 0.15 0.12 1.38 0.040 0.035 0.0165 0.5 4.7
S2 R1 0.14 0.11 1.36 0.040 0.031 0.0170 1.9 1.5

Table II. Compositions of Experimental Refining Slags (Mass Percent)

Process Stage MgO Al,O4 CaO SiO, TiO, Basicity R
S1 L2 4.58 23.61 51.72 12.75 4.28 4.1
S1 L3 4.86 24.27 51.52 12.51 4.21 4.1
S1 R1 5.31 24.99 50.10 12.53 4.09 4.0
S2 L2 5.09 28.45 49.56 13.73 0.54 3.6
S2 L3 4.96 29.18 48.66 13.52 0.85 3.6
S2 R1 4.94 28.52 47.28 14.05 0.91 34

Fig. 1—Photographs of the slags during LF refining. (a) TiO,-containing slag (S1); (») conventional slag (S2).

Figure 3 presents the total oxygen and nitrogen
contents of the steel samples. It can be seen from this
figure that the total oxygen contents in Process S1 are
generally lower than that in Process S2. After RH
treatment, the total oxygen contents are only 4 ppm and
5 ppm in Processes S1 and S2, respectively. After
casting, the total oxygen contents of the slabs increase to
8 ppm and 11 ppm, respectively. In the case of nitrogen
contents, an increasing trend can be found, and Process
S1 also obtains a lower content compared with Process
S2.

C. Inclusions in Steel

1. Types of inclusions

Table III lists the types of inclusions at each stage of
refining process, and Figures 4 through 8 give the
elemental mappings of these types of inclusions. As
shown in Table III, Type-I inclusions are Al,O5 inclu-
sions, which are mainly found after BOF tapping and at
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the early stage of LF. In general, they are small in size
and irregular in shape, and some of them are in the form
of clusters.

As shown in Figure 4, Type-II inclusions are irregular
MgO-Al,Oj inclusions. They are mainly presented at the
middle stage and the end of LF refining, and in the
whole process of RH refining. Their sizes are small (5
um to 10 um).

The Al,O5-TiO, inclusions are the inclusions of
Type-III. As shown in Figure 5, these inclusions are
small as well, and they are in both globular and irregular
shapes. In Process S1, this type of inclusion is detected
since the middle stage of LF refining. While in Process
S2, they appear after the addition of Ti-Fe alloy (L3).

The inclusions of Type-IV (viz. MgO-Al,05-TiO,) are
observed at the same stage as Type-III inclusions, and
the number is very small. This type of inclusion is also
mainly composed of MgO-Al,O5 spinel, but a small
amount of TiO, is formed at the edge of the inclusions,
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Fig. 2—Ti content in steel during refining process.
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Fig. 3—Total oxygen content and nitrogen content in steel.

see Figure 6. In addition, some MnS-TiS, can also be
found at the edge sometimes, due to the precipitation of
sulfide.

Both Type-V and Type-VI inclusions are calcium
aluminates. The difference between these two types of
inclusions is that only CaO-Al,O3(-MgO) phase can be
detected in Type-V inclusions as displayed in Figure 7,
while some MgO-Al,O5 spinel cores exist in Type-VI
inclusions, besides the outer phase of CaO-Al,03(-MgO)
as shown in Figure 8. These inclusions are generally
globular, and their sizes are relatively larger. They can
be observed after LF refining process, and further
become the main types of inclusion after RH treatment.
It is worth noting that a trace of TiO, can also be
detected in these types of inclusions [see Figure 8(b)], but
they are still calcium aluminates. This will be discussed
in the discussion part.
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2. Composition of inclusions

The compositions of inclusions at different stages in
Processes S1 and S2 are shown in Figures 9 and 10,
respectively. In these figures, both CaO-MgO-Al,O3
system and MgO-TiO,-Al,O3 system are considered,
and the blue lines in the figures are the liquidus at 1600
°C. As reported,’>?* TiO, can be represented by Ti;Os
at an extremely low oxygen potential. Therefore, the
composition of each inclusion is plotted in both
Ca0O-MgO-Al,O3 system and MgO-TizO5-Al,O5 sys-
tem. Also, the overall and the average compositions of
inclusions are given in Figures 9(h), (i) and 10(h), (i).

By comparing Figures 9 and 10, it can be seen that the
variations of the inclusion compositions are almost the
same in Processes S1 and S2. In the CaO-MgO-Al,03
system, after tapping and at the early stage of LF refining,
the inclusions in the steel are Al,O5 (Type-I) as shown in
Figures 9(a) and 10(a); With time, due to the rise of MgO
content (below 20 pct) in inclusions, most of the inclusions
transform into MgO-Al,O5 (Type-II) at the middle and
the end of LF refining, see Figures 9(b), (c) and 10(b), (c).
Besides, a few CaO-Al,O; (Type-V) and CaO-
Al,O3-MgO (Type-VI) inclusions are also found in the
steel samples. During RH treatment, the MgO content in
MgO-Al,O; inclusions further climbs, even up to 30 pctin
a few of inclusions. At the same time, the CaO content in
some inclusions also increases as shown in Figures 9(d)
and (h), 10(d) and (h). In addition, these inclusions move
to the region of liquid phase, indicating that they are
liquid at steelmaking temperatures.

On the other hand, it can be seen from Figures 9(¢)
through (g) and 10(e) through (g) that there is a small
difference in the TiO, changing trends in these inclusions.
In Process S1, a small amount of TiO, is generated in
inclusions at the middle stage of the LF refining process,
as shown in Figures 9(e) and (h). In contrast, only
MgO-Al,O3 and Al,O3 are detected at the same stage in
Process S2, as displayed in Figures 10(e) and (h). With
refining time, the TiO, content of inclusions in Process S1
drops again as shown in Figures 9(f) through (h). In
Process S2, a small number of TiO -containing inclusions
are also present due to the addition of Ti-Fe alloys at the
end of LF refining, see Figures 10(f) and (h). In both
processes, at the end of RH treatment, the TiO, content of
inclusions is very low, as shown in Figures 9(g) through (i)
and 10(g) through (i).

3. Number density of inclusions

The number density of inclusions in slabs is measured
by SEM-EDS using automatic analysis, and the results
are given in Table IV. As shown in this table, the
number density of inclusions is 25.0 mm 2 in Process S1,
while it is 31.7 mm 2 in Process S2. The number density
of inclusions is in line with the trend of total oxygen
contents shown in Figure 3.

D. Yield of Ti Alloy

Because 72 ppm Ti is already contained in the steel
before Ti-Fe addition in Process S1, only 32.0 kg of
Fe-Ti alloy is added in the RH vacuum chamber. In the
case of Process S2, 57.0 kg of Fe-Ti alloy is added at the

METALLURGICAL AND MATERIALS TRANSACTIONS B



Table III. Composition of Inclusions at Different Stages in Processes S1 and S2

Stage

TP L1 L2 L3 R1
Types Specification of Inclusions S1/S2 S1/S2 S1 S2 S1/S2 S1/S2
I Al,O; X X X X X X X X X X X X X
II MgO-AlL O3 — — X X X X X X X X
111 Al,O5-TiO, — — X — X X
v MgO-AL,03-TiO, — — X — X X
A% Ca0-Al,03(-MgO) — — — — X X X
VI CaO-A1203 + MgO-AIZO; — — — — X X

“Xx x x”—a large number, ““x x”—a moderate number, “x”’—a small number.

Fig. 4—Elemental mappings of a Type-II inclusion.

end of LF refining. Obviously, the yield of alloy in
Process S1 is higher. To be detailed, the yield of the Ti
alloys is calculated, and the results are shown in
Table IV as well. As shown, the yield in Process S1 is
96.3 pct, which is about 10 pct higher than that in
Process S2 (86.5 pct). This is consistent with the trend
reported in Reference 13.

IV. DISCUSSION

A. Estimation of Ti Content Considering Steel-Slag
Equilibrium

It can be seen from Table I and Figure 2 that the Ti
content in steel is about 72 ppm before Ti-Fe alloy is
added. The rise of Ti content is mainly due to the
equilibrium between the TiO,-containing slag and steel.
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In this case, the [Ti]-[O] equilibrium can be considered to
estimate the Ti content. In literature,”¥ Ti,O3 and Ti;Os
were considered based on different Ti contents in steel.
In this study, although TiO, was added in the slags in
Process S1, considering the atmosphere of LF refining
and the alloys in steel, Ti;O5 is chosen to represent the
TiO, in the slag, and Eq. [1] is employed to calculate the
equilibrated Ti content. The thermodynamic data are
given in Table V.

(Ti;Os) = 3[Ti] + 5[O] 1]

In general, the dissolved oxygen activity is around 3
ppm after Al addition in the case of the experimental
steel grades. At the same time, the activity of the
dissolved oxygen was also reported as around 3 ppm
when the Al content is about 0.04 pct.>*>! Based on the
dilute solution model, the activity of Ti in steel can be
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Fig. 5—Elemental mappings of a Type-I1I inclusion.

n

S

Fig. 6—Elemental mappings of a Type-1V inclusion.

calculated based on the Ti content and the activity
coefficient using the data given in Table VI. The
activities of the Ti;Os in the slags (L2) are estimated
by thermodynamic calculation software FactSage 7.3
using the FToxid database, viz. 1.73x107° and
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8.15x107 " for Processes S1 and S2, respectively.
Therefore, the calculated Ti contents when in equilib-
rium are 8§1.0 ppm and 13.6 ppm in the two processes,
respectively. The calculated values are marked in Fig-
ure 2 for comparison, and it is found that the measured
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Fig. 7—Elemental mappings of a Type-V inclusion.

values are very close to the calculated ones before Ti
addition in both processes. From thermodynamic
aspect, the addition of TiO, in the slag can lead to
much higher Ti content in steel.

B. Evolution of Inclusions

Several studies indicated that the inclusions in
Ti-bearing Al-killed steel (Ti 0.07 pct) transformed from
Al,O3 inclusions into MgO-Al,O3 spinel and further
into MgO-Al,O5-TiO, system inclusions after Ti addi-
tion. When the Ca content in steel increased to a certain
extent, the inclusions changed into CaO-Al,O5-TiO,
and even CaO-TiO, system inclusions.™In this study, as
shown in Figures 9(e) through (h) and 10(f) through (h),
some TiO, can also be detected in the inclusions. Even
though, the TiO, content of inclusions drops with time,
and the inclusions become MgO-Al,O5 (Type-II) and
Ca0-Al,O3 systems (Type-V and Type-VI) at the end of
RH refining. This difference in the evolution of inclu-
sions probably depends on the different compositions of
the steel grades. In order to check this reasoning,
thermodynamic calculations and considered to calculate
the phase stability diagram of different inclusions.

As reported,>273% Egs. [2], [4] and [6] can be
employed to draw the phase stability diagram of
Al,O3/MgO-Al,03/MgO-Ti,Os. The Gibbs free energies
are calculated based on the data listed in Table V. The
activities of dissolved Al, Mg and Ti in steel are also
estimated by the dilute solution model, and the activities
of AlLO3;, MgO, MgO-Al,O3 and MgO-Ti,O3 are con-
sidered as unity. In addition, the dissolved O and Mg in
steel are set as 3 ppm and 2 ppm, respectively.

METALLURGICAL AND MATERIALS TRANSACTIONS B

3MgO - ALOs+2[Al] = 4A1,05 + 3[Mg]  [2]

AGY = —540936 + 487.4T (J/mol) 3]

4MgO + 2[Al] = MgO - ALO; + 3[Mg]  [4]

AGY = —616248 +462.2T (J/mol) 5]

MgO - Al,Os + 2[Ti] = MgO - Ti,O; + 2[Al]  [6]

AG? = 3262551 — 134T (J/mol) 7]

Figure 11 gives the calculated stability phase diagram
of A1203/MgOA1203/MgOT1203 Meanwhile, the mea-
sured Al and Ti contents are plotted in this figure. In this
study, the Ti content is about 0.017 pct, therefore it can
be seen from this figure that MgO-Al,O; is the
stable phase before and after Ti addition in the
experimental steel grade. In fact, this is different from
the results in the previous studies.!! It implies that the Ti
content in steel holds the key to this difference. It is also
necessary to mention that a few AlL,O3-TiO, (Type-III)
and MgO-Al,05-TiO, (Type-1V) inclusions are found,
but the content of TiO, in the inclusions is still low as
given in Figures 9(h) and 10(h). Because those inclusions
also transform into MgO-Al,O; and CaO-Al,O;
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Fig. 8—Elemental mappings of a Type-VI inclusion.

systems as mentioned above, it further improves that
MgO-Al,Os5 is the stable phase when dissolved Ca in
steel is not taken into account.

As shown in Figures 7 through 10, some CaO-Al,O3
system inclusions (Type-V and Type-VI) are observed
after LF treatment and RH treatment. It can be seen
from Table I that the Ca content is extremely low during
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LF treatment, and then it increases to around 2 g);)m
after RH treatment. There are many publications™>>>3"!
pointing out that MgO-Al,O3 inclusions would trans-
form into CaO-Al,Os5 inclusions when a trace of Ca is
presented in steel. Therefore, the formation of
Ca0-Al,O3 system inclusions seems reasonable in this
study. Considering the effect of Ti in the steel, the

METALLURGICAL AND MATERIALS TRANSACTIONS B



0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Al,O; (mass%) Al,O; (mass%) Al,O; (mass%)
(a) s1-L1 (b) s1-L2 (c) st-L3

40 60 40 60
AlL,O; (mass%) AlL,O; (mass%) Al,O; (mass%)
(d) s1-R1 (e) st-L2 (f) s1-L3

100 u«««(«((«(«m«««v.('««(«(,("('. o 100 |
90 Wtz ®
2 ~
PR Q %%% g 8o
S 70} @
£ £
£ 60 m% = 60|
Q c
T 50 2
o [=4
@ 40F S 4ol
o L1 L2 L3 R1 «‘}& 9
Q9 30t o
El 2
S 20 E g < < 20
= AN
10 F ol &
Q)
0 0F
I A e M N M M A
0 10 20 30 10 20 30 10 20 30 10 20 30
0 20 40 60 80 100 Ordinal of inclusions Stage
AlL,O; (mass%)
(g) s1-R1 (h) (i)

Fig. 9—Composition of inclusions at different stages in Process S1. (a) to (d): plotted in CaO-MgO-Al,O; system (L1 to R1); (e) to (g): plotted
in MgO-TiO,-Al,O3 system (L2 to R1); (/) composition of each inclusion; (i) average composition.

stability between CaO-Al,O; and CaO-TiO» inclusions
also needs to be checked using Eq. [8]. It is calculated
that the Gibbs free energy (AG) of Eq. [8] is 125.8
kJ/mol, and this value proves that CaO-Al,Oj5 inclusions
are more stable than CaO-TiO, inclusions.
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In this case, the phase stability diagram of Al,Os/
Ca0O-Al,0O3/MgO-Al,O3 shown in Figure 12 can also be
calculated using Egs. [2], [10] and [12] by referring to a
previous study of the authors.) The measured Ca and
Mg contents are also plotted in Figure 12. According to
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Fig. 10—Composition of inclusions at different stages in Process S2. (a) to (d): plotted in CaO-MgO-Al,O; system (L1 to R1); (e) to (g): plotted
in MgO-TiO,-Al,O3 system (L2 to R1); () composition of each inclusion; (i) average composition.

Figure 12, it is confirmed that the stable inclusions are ) )
Ca0-ALO; system when the Ti content is 0.017 pct. 3Ca0 - ALOs 4 4[Ti] + [Ca] = 4Ca0 - TiO; + 6[Al]
This means that MgO-Al,O5 inclusions should trans- 8]
form into CaO-Al,O3 system inclusions when a trace of

Ca (even 2 ppm) is generated in the steel. On the other

hand, due to the low Ti content in steel, CaO-TiO,

inclusions can hardly be formed, even if the Ca content AGg = —504610 + 2717 (J/mol) &
in steel is sufficiently high.
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Table IV. Number Density of Inclusions and Ti Yield in Processes S1 and S2

Fig. 12—Stability phase diagram of Al,05/Ca0-Al,05/MgO-Al,O5.

Process Number Density of Inclusions (mm~?) Ti-Fe Alloy Addition (kg) Ti Yield (pct)
S1 25.0 32.0 96.3
S2 31.7 57.0 86.5
Table V. Gibbs Free Energies of the Reactions
Reactions AG°(J/mol) Refs.
TiO, = [Ti] + 2[0] 675600 — 234T 25
Ti,O; = 2[Ti] + 3[0O] 822000 — 247.7T 26
Tiz;O0s = 3[Ti] + 5[0O] 1307000 — 381.8T 26
AlLO3 = 2[Al] + 3[O] 867300 — 222.5T 27
CaO = [Ca] + [O] 138240 + 63T 28
MgO = [Mg] + [O] 89960 + 82T 29
MgO-AlL,O; = MgO + AlLO; 18828 + 6.3T 30
CaOTiO, = CaO + TiO, 79900 — 3.35T 31
CaO-Al,O; = CaO + ALO; 17910 + 17.38T 32
AlLL,O3TiO, = [Ti] + 2[Al] + 5[O] 1435000 — 400.5T 33
MgO-Ti,O; = [Mg] + 2[Ti] + 4[0O] 713537 (1873K) 34
Table VI. Interaction Coefficient e{ of Dissolved Element in Steel>~%
J
; Ci Si Mn Cr Al O Ti Mg Ca
Al 0.091 0.056 — 0.004 0.012 0.045 — 1.98 0.016 —0.13 — 0.047
Mg 0.15 — 0.096 — 0.05 —0.12 — 460 — 0.64 — —
Ca —0.34 — 0.096 — 0.007 0.014 —0.072 — 780 —0.13 —0.13 — 0.002
Ti —0.19 —0.025 —0.043 0.0158 0.037 —34 0.042 - 1.27 — 0.157
(0] —0.421 — 0.066 —0.021 — 0.055 — 1.17 —0.17 —0.44 — 300 — 515
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AL,0; + [Ca] + [0] = CaO - AL,O; [10]

AGY, = —156150 — 80.387 (J/mol) [11]

MgO - ALLO3 + [Ca] = CaO - AL,O3 + [Mg] [12]

AGY, = —47362 4 7.92T (J/mol) [13]

It is noted that in Figures 9(h), (i) and 10(h), (i), both
MgO-Al,O3 (Type-IT) and CaO-Al,O5 systems (Type-V
and Type-VI) are observed after LF treatment and RH
treatment. It seems that the experimental results are not
consistence with the thermodynamic calculations. In
fact, this can be explained from the aspect of kinetics.
Before the sufficient generation of Ca in liquid steel,
MgO-Al,O3 (Type-II) inclusions are the stable phase, so
the MgO content in the inclusions should be increased.
When the stable phase changes into CaO-Al,O3 system,
the evolution of MgO-Al,O5 into CaO-Al,O3 needs to
take place, leading to the rise of CaO content in
inclusions. As reported in literature,[5‘3s] the reaction
of Eq. [12] is the mechanism. Because the Ca in steel is
still low as given in Table I, this transformation takes
some time. As a result, MgO-Al,O; (Type-II) and
Ca0-Al,O3 (Type-V and Type-VI) inclusions coexist in
steel, and both the average contents of CaO and MgO
are higher than that at an earlier stage. This doesn’t
change the evolution route of inclusions.

C. Influence of TiO, Addition on Steel Cleanliness

As shown in Figure 3, the total oxygen and nitrogen
contents in steel are reduced by using TiO,-containing
slag. By checking the inclusions detected by SEM, the
number density of inclusions in Process Sl is also lower
than that in Process S2, sece Table IV. These results
indicate that the steel cleanliness is improved by the
addition of TiO», in the slag.

It is also noted that after the addition of TiO, in the
slag in Process S1, the addition of Ti-Fe alloy is also
reduced as shown in Table IV. As mentioned earlier, the
Ti-Fe alloy contains a high total oxygen content (3.5
pct) and a high nitrogen content (0.94 pct), so the
smaller addition of Ti-Fe alloy in steel reduces the
pollution of the impurities in the alloy. In this case,
better steel cleanliness should be reasonable.

On the other hand, as shown in Figure 1, the slag
properties are improved after the addition of TiO; in the
slag in Process S1. In fact, the laboratory studies of the
authors!'® ¥ also confirmed this effect of TiO,. It is
found that a suitable addition of TiO; (e.g., 5 pct) in
refining slags could lower the melting point and the
viscosity of the slags. As reported in literature,*4"
lower melting point and viscosity are beneficial for the
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removal of inclusions. In this case, the slag in Process S1
plays an important role in the lower total oxygen
content as well.

It is also noted that in this study, the slag basicity is in
the range of 3.4~4.1. Even though, the total oxygen
contents after RH treatment are around 5 ppm, which
are extremely low. Some researchers®’*!! proposed that
ultra-high basicity is good for steel cleanliness. They
believed that the slag can accelerate the evolution of
inclusions, and the generated liquid calcium aluminate
inclusions can be easily removed, thus improving steel
cleanliness. In contrast, the present authors**! and
some researchersi*?! found that the removal of solid
inclusions (e.g., Al,O3 and MgO-Al,05) is much easier
than that of liquid inclusions, due to the huge difference
in the separation behaviors at the steel-slag interface.
Considering the evolution route of inclusions,
MgO-Al,O5 inclusions are suggested to be removed
before they transform into liquid calcium aluminates. It
is reported™3>*?! that most of solid inclusions can be
removed in RH, therefore suitable slag basicity is
necessary to control most of the inclusions to be solid
MgO-AlL,O; in RH. In the earlier publication of the
authors,™¥! slag basicity of around 4 is suggested for
ultra-low oxygen steels. In this study, the low total
oxygen contents further prove this possibility. Although
there is a difference in the basicity in Process S1 and
Process S2, the differences in the CaO and SiO, contents
in the slags are still small (up to 2 pct). Therefore, the
basicity difference in these processes cannot lead to an
evident difference in total oxygen contents in the steel.
As shown in Table III and Figures 9, 10, MgO-Al,O;
inclusions (Type-II) are the dominant type of inclusions
after RH treatment. The evolution of inclusions in this
study also confirms that suitable slag basicity could
control most of the inclusions to be solid state.
Furthermore, by comparing Process S1 and Process
S2, it can be seen that the addition of TiO, in the slag
doesn’t change the evolution of inclusions evidently.
From this aspect, the addition of TiO, can hardly
weaken the removal efficiency of inclusions in this study.
Instead, it can play a positive role due to the effect on
the properties of the slag.

It is necessary to mention that the Ti content is
around 170 ppm in the experimental steel. In fact, for
different Ti-bearing steel grades, the Ti content should
be different. As discussed above, the evolution of
inclusions may be influenced by the Ti content in steel.
Therefore, the effect of the TiO,-containing slag on the
inclusions in steel needs further investigation for differ-
ent Ti-bearing steel grades.

V. CONCLUSIONS

In this study, the effect of TiO, addition on the
evolution of nonmetallic inclusions in Ti-bearing
Al-killed steel was investigated. Based on the industrial
studies and thermodynamic analysis, the main conclu-
sions are obtained as follows:

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Suitable addition of TiO, can improve the fluidity of
the slag, thereby enhancing the refining effect. When
using TiO,-containing slag, the Ti content increases
to 72 ppm in steel during LF refining due to [Ti]-[O]
equilibrium, and the yield of Ti-Fe alloy also climbs
from 86.5 pct to 96.3 pct in RH refining even with a
lower addition amount. In this case, the steel
cleanliness is improved together with lower total
oxygen and nitrogen contents as well as a smaller
number density of inclusions in steel.

There is no evident difference in the evolution of
inclusions. In both processes, the inclusions gener-
ally transform from Al,Oz into MgO-Al,O3, and
even liquid CaO-Al,O; inclusions. Although a small
amount of TiO, is generated in inclusions at the
middle of LF due to the effect of TiO,-containing
slag, solid MgO-Al,O; inclusions are still the dom-
inant inclusions in steel after RH refining. There-
fore, suitable addition of TiO, does not evidently
influence the evolution of inclusions, and it can
hardly weaken the removal efficiency of inclusions.
In fact, it helps the removal of inclusions due to its
effect on slag properties.
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