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Effect of TiO, Addition on the Viscosity of Ladle
Refining Slags

XIAOMENG ZHANG, ZHIYIN DENG, ZIWEN YAN, CHUNXIN WEI,
and MIAOYONG ZHU

In order to understand the effect of TiO, on the viscosity of ladle refining slags, the viscosity of
Ca0-Si0,-30pct Al,O3-5pct MgO-TiO, refining slag system was measured in laboratory, and
the activation energy of the viscous flow was calculated. FTIR and Raman were also used to
analyze the change of slag structures. The results show that with the increase of TiO, content (0
to 10 pct) in the slag system, the viscosity of the slags decreases first and then increases. A low
TiO, content (e.g., 2 pct) in the ladle slags can weaken the strength of the slag structure due to
the formation of [TiO,4]*~; while sufficient TiO, (e.g., 10 pct) will lead to the formation of
[Ti,Og]*", and further increase the degree of polymerization (DOP) of the slags. Although
silicate structure can be depolymerized by TiO,, the [AlO,]° -tetrahedron structure variation
plays more profound role in the change of viscosity. With the increase of the basicity (w(CaO)/
w(Si0,) = 2 to 10) of the TiO,-containing slags, the viscosity decreases. The free oxygen
provided by CaO decreases the DOP of both aluminate and silicate structures. The proper
addition of TiO, into ladle refining slags is very possible for the refining of Ti-bearing steel
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grades due to the positive effect on the melting point and viscosity of the slags.
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I. INTRODUCTION

WITH the rapid development of automotive and steel
industries, more and more attention is being paid to the
development of high-strength steels with excellent perfor-
mance.' ! Generally, the element of titanium (Ti) can
improve the strength, formability and weldability of steels,
so Ti is widely added in automobile steel grades. In
industrial production, Ti-bearing steel is often refined by
Ca0-Si0,-AlL,03-MgO slag system. After Ti alloying, due
to the steel-slag equilibrium, some Ti element in the steel will
transfer to the slag,* thus forming a CaO-SiO,-ALOs-
MgO-TiO, system final slag. The formation of TiO, in the
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slag leads to a lower yield of Ti alloy. Therefore, if a certain
amount of TiO, was added into the refining slag system, the
yield of Ti alloy can be improved.

In the refining process, lower viscosity of slags gener-
ally leads to faster mass transfer, so slag viscosity is an
important factor affecting steel cleanliness. Many studies
were conducted to understand the effect of slag compo-
sition on the viscosity of the slag.l®'” Many research-
erst!® 31 studied the effect of TiO, on slag viscosity, and
most of them focused on blast furnace (BF) slags, which
have a silicate structure with low basicity [R = w(CaQ)/
w(Si0,)] and a low AlLO; content. In these studies, 3"
although the contents of TiO, were different (0 to 45 pct)
in TiO,-containing BF slags, the viscosity of the slags
generally decreased with TiO, content. There are different
proposed mechanisms to explain the viscosity decrease of
BF slags. For example, Pang er al.'” proposed that TiO,
dissociated O”~ to break Si-O network structure, so the
viscosity of CaO-SiO,-12pct Al,O3-8pct MgO-TiO; slag
system decreased with the addition of TiO, from 0 to 6
pet. Liao et al.** believed that TiO, acted as a basic oxide
in  CaO-SiO,-7pct  MgO-12pct  AlL,O5-TiO, slags
(R = 0.5t0 0.9 and w(TiO,) = 15 to 30 pct), leading to
the decrease of viscosity. Zheng et al.*¥ claimed that with
the addition of TiO, into CaO-SiO,-TiO, system slags
(R = 1.15t0 1.21, w(TiO,) = 0 to 30 pct), the introduc-
tion of Ti*" into silicate network weakened the strength
of the structure thus lowered viscosity, although it
enhanced the degree of polymerization (DOP). In the
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study of Zhang ez al..”> TiO, was considered to have a
higher appealing ability to O”", resulting in a structure
similar to MgO rather than CaO in the CaO-SiO,-8pct
MgO-14pct Al,O3-TiO, slag system (R = 1.0 to 1.2,
w(TiO,) = 0 to 30 pct). Besides, due to the depolymer-
ization of the structure,?*?* the viscosity of BF slags was
reported to decrease with the rise of slag basicity in these
studies as well. In addition, the effects of TiO, on other
properties (e.g., surface tension,*” foaming phe-
nomenon,¥ density and thermal stability®*) of BF slags
were also investigated by researchers.

It is noted that ladle refining slags generally have higher
Al>O5 contents with higher basicity in contrast to BF slags.
Additionally, the content of TiO, in refining slags can
hardly reach that of BF slags (up to 45 pct as mentioned
above). As reported,*” TiO, acts as an amphoteric oxide,
and it may behave like an acid or basic oxide in the slags
depending on the composition of the slags. Although
many publications reported the effect of TiO, on the
viscosity of BF slags as mentioned above, the effect of
TiO, on the ladle refining slags may still be different due to
the evident difference in compositions.

On the other hand, the viscosity of ladle refining slags was
also widely investigated. Kim e a/.*% found the viscosity of
low-silica calcium aluminosilicate melts decreased with sla
basicity and the ratio of w(CaO)/w(ALLOs). Zhang et al.?
investigated the influence of Al,O; on the viscosity of
Ca0-Si0,-Al,03-8pct MgO-8pct CaF, slag (R = 6), and
the slag viscosity dramatically decreased with the increase of
Al,Os content. They believed that Al,Os inhibited the
precipitation of CaO phase in the slag. Jonsson er al.*®
measured the viscosity of CaO-SiO,-Al,03-MgO ladle
refining slags, and the decrease of viscosity was also
observed with an increasing Al,O; content at 1750 K
(1477 °C) to 2000 K (1727 °C). In these studies, the effect of
TiO, was rarely involved. Although the present authors
investigated the melting behaviors of TiO,-containing
refining slags in a previous study,®” there are still few
studies focusing on TiO,-containing refining slags. There-
fore, it is necessary to study the influential mechanism of
TiO, on the viscosity of ladle refining slags.

In this study, the viscosity of a TiO,-containing ladle
refining slag system (CaO-SiO,-30pct Al,Oz-5pct MgO-x
pct TiO,, x = 0 to 10) was measured by a viscometer at
different temperatures [1623 K to 1873 K (1350 °C to
1550 °C)], and the structure of the slag system was
characterized by a Fourier transform infrared spectrom-
eter (FTIR) and a Raman spectrometer. In addition, the
activation energy of the slag system was calculated. Based
on the results, the effect of TiO, on the viscosity of the
ladle refining slag system was discussed.

II. EXPERIMENTS

A. Viscosity Measurement

The chemical reagents of CaO, SiO,, MgO, Al,O5,
and TiO, were used to make the synthetic slags. Similar
preparation method of sP/nthetic slags was also consid-
ered in previous studies.”*” Table I shows the weighed
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Table I. Compositions of Experimental Slags (Weight Pct)

Slag No. CaO SiO, AlL,O; MgO TiO, Basicity R

Al 55.71 9.29 30.00 500 — 6
A2 54.00 9.00 30.00 5.00 2.00 6
A3 51.43 8.57 30.00 5.00 5.00 6
A4 49.71 8.29 30.00 5.00 7.00 6
AS 47.14 7.86 30.00 5.00 10.00 6
B1 40.00 20.00 30.00 5.00 5.00 2
B2 53.33 6.67 30.00 5.00 5.00 8
B3 54.55 5.45 30.00 5.00 5.00 10

composition of each slag. The content of TiO, in the
slags ranged from 0 to 10 pct, and the basicity
[R = w(CaO)/w(Si0,)] of the slags varied from 2 to 10.

The viscosity of the slags was measured by the
rotating cylinder method using RTW-10 viscometer
(Northeastern University, China). Figure 1(a) illustrates
the sketch of RTW-10 viscometer, which is consisted of
an electric resistance furnace and a viscometer. As
shown, a B-type thermocouple was seated below the
crucible to measure the temperature of the slag. Since
the viscosity of castor oil at a specific temperature is
known, the viscometer with a Mo spindle (see Fig-
ure 1(b)) was calibrated by castor oil before measure-
ment. 140 g mixed slag was put in a graphite crucible
(OD50 mm, ID40 mm, H 200 mm), and then placed in
the hot zone (D 50 mm, L 250 mm) of the PID-con-
trolled furnace (accuracy: £1 K). To maintain the
atmosphere, high purity (>99.999 vol pct) argon gas was
injected into an Al,O5 reaction tube at a flow rate of 1
NL/min. After the furnace was heated up to 1773 K
(1500 °C), the Mo spindle was hung above the liquid
level to heat it to the same temperature. Once the slag
was entirely melted, the Mo spindle was then slowly
dipped into the liquid slag and rotated at 200 rpm. The
distance between the tip of the Mo spindle and the
bottom of the crucible was 10 mm. During measure-
ment, the temperature dropped gradually at a rate of 3
K/min, until the slag viscosity roughly reached 4 Pas.
After the measurement, the furnace was reheated to
1773 K (1500 °C) to take the spindle out from the slag.
The crucible with the slag was eventually quenched with
water (no direct contact with slag).

B. FTIR and Raman Spectroscopy Analysis

1. Pre-melted slag preparation

After viscosity measurement, the quenching of the
slags was insufficient. So completely glassy slags were
difficult to be obtained for FTIR and Raman spec-
troscopy analysis. To solve this problem, another
vertical electric resistance furnace was employed to
prepare pre-melted slags. Figure 2 gives the schematic
diagram of the furnace. As shown, besides an Al,O;
reaction tube, a water-cooled quenching chamber is also
equipped in the furnace. Both the reaction tube and
quenching chamber were sealed by O-rings, and they
can be vacuumized by a vacuum pump. Before
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Fig. 2—Experimental setup for quenched slags. (¢) Furnace; (b) Sample holder with crucibles.

experiments, the well-mixed chemical reagents were put
in a Mo crucible, and further placed in a Mo sample
holder. Then, the sample holder was driven by a motor
to move to the hot zone of the furnace. After that, the
furnace was sealed and evacuated, and high purity
(>99.999 vol pct) argon gas was introduced into the
furnace at a flow rate of 0.2 NL/min. When the furnace
was heated up to 1773 K (1500 °C), the slag was melted
for 2 h. Thereafter, the sample holder was quickly lifted
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to the quenching chamber. Meanwhile, a high flow rate
of argon gas was injected into the chamber to strengthen
quenching. Thus, glassy slag was obtained.

2. Analysis

The pre-melted slags were ground into fine powders.
The quenched phases in the pre-melted slags were
determined by X-ray diffraction (XRD, Ultima IV,
Rigaku). In order to understand the relationship
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between the viscosity and the structure of the slags,
FTIR and Raman spectroscopy analyses were carried
out. 2.0 mg of the slag powders and 300 mg of KBr were
well-mixed and pressed into a thin film for FTIR
analysis (Nicolet iS10, Thermo Fisher Scientific). The
glass samples were also analyzed by a micro-Raman
spectrometer (inVia Qontor, Renishaw) at room tem-
perature with excitation wavelength of 532 nm and a
1-mW semiconductor laser as the light source. Accord-
ing to previous studies,*”! the wavenumber of ladle slags
was generally within the range of 400 to 1200 cm'.
Therefore, the wavenumber for FTIR and Raman
spectra was chosen in this range. The detailed assign-
ments of the FTIR and Raman spectra are introduced in
the following sections.

III. RESULTS

A. Effect of TiO, on Viscosity

Figure 3 plots the viscosities of the slags (R = 6) with
different TiO, contents at different temperatures. As
shown in Figure 3, when 2 pct of TiO, is added into the
slags, the lowest viscosity is obtained at high tempera-
tures [>1723 K (1450 °C)]. With further addition of
TiO, in the slags, the viscosities of the slags increase. It
is noted that the viscosities of some slags increase
sharply at a certain temperature. This temperature is
considered as breaking point temperature (7 )[41
When no TiO, is added, the highest Ty, [1703 K
(1430 °C)] is obtained; Tg, has the lowest value of 1643
K (1370 °C) when the content of TiO, is 5 pct. When
TiO, further increases to 10 pct in the slags, there is no
obvious Ty, as a result. This is probably due to some
phases formed at a certain temperature. As reported in
literature,[*!! Ty, is close to the liquidus temperature of
slag. The present authors also measured the meltlng
points of these slags in a previous publication,”**! and
found that the melting points decrease first and then
decrease with the addition of TiO, in the slags. The T,
shown in Figure 3 is in line with the previous
publication.

B. Effect of Basicity on Viscosity

The effect of basicity on the viscosity of CaO-
Si0,-30pct Al,O3-5pct MgO-5pct TiO, slags at various
temperatures is shown in Figure 4. The results show that
with the climb of slag basicity from 2 to 10, the viscosity
decreases at high temperatures, and 7, presents a
declining trend first and then increases. When the
basicity is 8, Tp, obtains the lowest value [1613 K
(1340 °C)]; Tp, reaches the highest value of 1773 K
(1500 °C) when R = 2.

C. FTIR Spectra of Slag

The XRD patterns of the quenched slags are shown in
Figure 5. It is seen from Figure 5 that the quenched slags
are fully amorphous. Therefore, FTIR and Raman
analyses are reasonable. Figure 6 shows the FTIR

METALLURGICAL AND MATERIALS TRANSACTIONS B

Ca0-Si0,-5%Mg0-30%Al,0,-TiO,
R=6

4

A —m— 0%TiO,
—@— 2%TiO,

0 —A— 5%TiO,

G 3F .

o —@— 7%TiO,

> —¥— 10%TiO,

@

8 2

20

S

1350 1400 1450 1500
Temperature(°C)

Fig. 3—Effect of TiO, content on slag viscosity.
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Fig. 6—FTIR spectra of slags with different TiO, contents (R = 6).
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Fig. 7—FTIR spectra of slags with different basicity (w(TiO,) = 5
pet).

spectra of the as-quenched slags with different TiO,
contents. Based on previous studies,”** ! the symmetric
stretching vibration of the [SiO4]* -tetrahedron (800 to
1200 cm ™), the stretching vibration of the [AlO4]°-te-
trahedron (660 to 800 cm '), and T-O-T (T: Si or Al)
band vibration (=500 cm ') are mainly considered in the
FTIR spectra. As shown in Figure 6, with the increase of
TiO, content from 0 to 10 pct, the peaks of the T-O-T
band vibration decrease first and then increase. When
the TiO, content is 2 pct, the [AlO4]> -tetrahedron
becomes less pronounced. It gets deeper when the
content of TiO, is 10 pct in the slag. In addition,
[SiO4]* -tetrahedron also becomes less pronounced with
TiO, addition.

The influence of slag basicity on the FTIR spectra is
shown in Figure 7. As can be seen, when the basicity of
the slags increases from 2 to 10, the T-O-T band
vibrations become weaker and weaker, and the depth of
[AlO,]* -tetrahedron vibration band decreases as well.
It means the complex aluminate structure is
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Fig. 8—Effect of TiO, content on Raman spectra.
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Fig. 9—Effect of basicity on Raman spectra.

depolymerized. In addition, the [SiO4]* -tetrahedron
becomes less pronounced, indicating that the silicate
structure in the slag plays limited role due to the low
SiO, content.

D. Raman Spectra of Slag

The Raman spectra are shown in Figures 8 and 9. In
Raman spectra of slags, the vibration bands of the
[SiO4]* -tetrahedron can refer to the units of S
(n =0, 1,2, 3..., number of bridging oxygen (BO) in
silicates), which represent the degree of polymerization
(DOP) of slags. As reported,*>* 0% QL. 0% and Q3
are detected at the wavenumbers of ~ 860 cm™
([SiO4]*~, monomer), ~ 915 ecm™ ' ([Si,O5]°", dimer),
~ 980 cm ™! ([Si309]*", chain), and ~1060 cm '
([Siz00]°", sheet), respectively. Similarly, the units of
01, 03, and 0%, in the stretching vibration of
[AlO4]° -tetrahedron correspond to the wavenumbers
at ~740, ~790, and ~850 cm !, respectively.[36’45’46] On
the other hand, according to previous studies,*’ % the
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Table II. Structural Units and Corresponding Raman Bands

Raman Shift

(em™") Assignments References

400 to 700 T-O-T [45, 46]

500 to 600 Al-O-Al [45, 46]

~740 Q{%l [36, 45, 46]

~790 [36, 45, 46]

~790 T1 O stretching [19, 24, 25, 44, 50]
vibrations
in [TiO4*"

~850 04 [36, 41, 42]

~850 Ti-O stretching [24, 25, 44, 50]
v1brat10ns
1n [Ti,O6]*~

850 to 880 §1 [44]

900 to 930 Og; [44]

950 to 980 Q§i [44]

1040 to 1060 05 [44]

Raman band of [TiOg]®~ is at the wavenumbers of 600
to 650 cm ™. As shown in Figure 8, there are no obvious
peaks at 600 to 650 cm™ °, therefore the bands at ~790
and ~850 cm™ reﬂect the stretching v1brat10ns of Ti-O
bond in [TiO4*  (monomer) and [Ti,O¢]*~ (chain),
respectively.l** 25 4430 1n addition, the T-O-T (T: Al or
Si) linkages are at the wavenumbers of 400 to 700
cm 1154 Typically, the Al-O-Al bond mainly exists in
the wavenumber range of 500 to 600 cm™ "M% Table II
summarizes the structural units and their corresponding
Raman bands.

The fractions of the structure units can be calculated
semi-quantitatively according to the integrated area of
the deconvoluted peaks. As shown in Table II, it is
noted that both Q3, and [TiO4* correspond to the
wavenumber at around 790 cm~', and similarly the
wavenumber at around 850 cm~! can be assigned to
both Q%, and [Ti,O¢]*~. Therefore, it is difficult to
distinguish Q3 \[TiO,]*" and Q%,\[Ti,O6]*" at the cer-
tain Wavenumbers Cons1der1n% this aspect, the peaks at
around 790 cm ™' and 850 cm ™ in this study are seen as
the combined effects of Q3 T +[TiO4]*~ and
04, +[Ti,04]* ", respectively.

Figure 10 shows the deconvolution of the Raman
spectra of the slags with different TiO, contents, and the
relative fractions of Q% and Qg units in the slags are
given in Figure 11. As shown in Figure 10(a), the units
of 0%, 03 Al and Q% in the [AlO,]’ -tetrahedron and the
units of 0%, QL and Q% in the [SiO,4]* -tetrahedron are
found, while Q3 (1060 to 1200 cm ') could not be
observed in the TiO,-free slag system due to its low
intensity. It is seen from Figure 11(a) that with the
addition of TiO, into the slags, the fractions of
o4+ [Ti,Og]*™ and T-O-T bond decrease first and then
increase; while the fractions of Q3%, and Q3,+[TiO4]*~
show an opposite changing tendency. As shown in
Table II, because Al-O-Al bond is at the wavenumber of
500 to 600 cm™ ', and the SiO, contents in the slags are
very low (<9.5 pct, see Table 1), the T-O-T in Figure 10
and Figure 11(a) are very likely Al-O-Al. In the case of
silicate structure shown in Figure 11(b), an obvious
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Fig. 10—Raman spectra of slags with different TiO, contents
(R=6). (&) w(TiO,) =0 pct; (b)) w(TiO,) =2 pct; ()
w(TiO,) = 10 pct.
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increasing trend can be found in Q; with the increase of
TiO, content in the slags. Besides, the fraction of Q%
continues to decrease to almost zero, when the content
of TiO, is 10 pct.

Figure 12 gives the deconvolution results of the
Raman spectra of the slags with different basicity. The
relative fractions of Al-O\Ti-O and Q¢; units in the slags
are given in Figure 13 as well. It is seen from Figure 13(a)
that T-O-T bond occupies the largest fraction when
R = 2. When the basicity increases from 2 to 6, the
T-O-T bond decreases, and the fractions of Q3
03, +[TiO " and Q% +[Ti,0]*" increase. When the
basicity is further increased to 10, the T-O-T bond
becomes not obvious, and a declining trend is found in
the fractions of Q3 +[TiO4]*" and Q% +[Ti,0]* . It is
noted that the T-O-T bond in Figures 12 and 13(a) is
probably Al-O-Al bond as well, because Al-O-Al band
can decrease in frequency with the drop of SiO,
content.[*! On the other hand, the proportion of silicate
structure is getting lower and lower. As shown in
Figure 13(b), the fractions of Qf and Q3 continuously
drop with increasing basicity, and Q(S)i decreases first and
then increases.

IV. DISCUSSION

A. Activation Energy for Viscous Flow

For a viscous flow, activation energy refers to the
viscous flow barrier. According to the study of Litovitz
et al.P" when the network structure of a viscous flow
depolymerizes at high temperatures, the increased
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thermal motion is the reason to cause the change of
activation energy. A higher temperature leads to a
smaller activation energy. The relationship between
temperature and slag viscosity can be described by
Arrhenius equation, see Eq. [1].

n=no eXp(g—"T) (1]

where 7, 19, R, and T are viscosity, pre-exponent con-
stant, activation energy, and the ideal gas constant as
well as absolute temperature, respectively. Eq. [1] can
be logarithmically written into Eq. [2].
E, 1
R T
Based on Eq. [2], Figure 14 plots the values of Iny
against 1/T. The apparent activation energies (£,)
therefore can be calculated from the slopes of the fitting
lines of the plotted data. Table III lists the calculated
activation energies of different slags. As shown in
Table III, the activation energy decreases from 145.96
to 133.55 kJ/mol when the additional amount of TiO,
rises from 0 to 2 pct; while it increases to 190.61 kJ/mol
when the TiO, content further climbs to 10 pct in the
slags (R = 6). It implies that the addition of TiO,
influences the activation energy of the ladle slag system.
Suitable addition amount of TiO, (e.g., 2 pct) is
favorable to lower the activation energy, leading to
lower viscosity of the slags. On the other hand, with the
increase of slag basicity from 2 to 10, the activation
energy of the slags (w(TiO,) = 5 pct) drops from 231.14
to 142.88 kJ/mol. The variation of activation energy is
also in accordance with the change of slag viscosity.

Iy =TI, + 2]
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Fig. 12—Raman spectra of slags with different basicity
(W(TiOy) = S pet). (@) R = 2; (b)) R = 6; (¢) R = 10.
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B. Effect of TiO> on Slag Structure

Both Si and Al ions can be surrounded by four
oxygen atoms to form a stable tetrahedron, namely
[AlO4]>~ and [SiO4]*". In charge balanced aluminosili-
cates, most [SiO4]*" and [AlO~ tetrahedron are
polymerized to form bridging oxygen sites (BO), e.g.,
Si-O-Si, Si-O-Al and Al-O-Al, with small amounts of
non-bridging oxygens (NBO)."? In the Raman spectra
shown in Figures 10 and 12, T-O-T bond is presented.
As reported in literature,'>> > A1,O5 mainly presents in
the form of [AlO4]°~ in high CaO and low SiO, slags.
Generally, the ordering of framework in aluminosili-
cates is often described in terms of the Al avoidance rule,
which states that two [AlO4]° -tetrahedrons would
never be linked.”? Nevertheless, some researchers’®¥
pointed out that this rule is not applicable in amorphous
aluminosilicates. Therefore, Al-O-Al is reasonable in
this study.

As mentioned above, Al-O-Al bond is very likely to
present the T-O-T structure in Figures 10 and 11(a).
According to Figure 10(a), the AI-O band in Slag Al
should be Al-O-Al bond, Q3%;, O3, and Q% units, since
no TiO, is contained in this slag. When 2 pct of TiO, is
added in Slag A2, the fraction of Al-O-Al bond and
04, +[Ti,0¢*”  unit decrease, while Q% and
03 +[TiO4]*" units increase as shown in Figure 11(a).
Because of the drop of Al-O-Al bond, the amount of
bridge oxygens (BOs, O") in the slags decreases, and the
aluminate is partially depolymerized. In this case, some
of Q%, is modified into Q%, and Q3,, resulting in the
increase of 0%, and Q3. On the other hand, due to the
addition of TiO,, the Ti-O bond should increase in Slag
A2. Because Q‘}M+[Ti206]4* unit decreases, the Ti-O
bond should be mainly in the form of [TiO4]*", not
[Ti,Og)*~. [TiO4]*~ monomer would weaken the slag
structure as reported in Reference 58.

With further increase of TiO, content in the slags, the
Al-O-Al bond and the structure of Q%+ [Ti,O]*™ units
increase, while Q% and Q3 +[TiO4]*" units decrease in
Slag A5 (w(TiO,) = 10 pct) as shown in Figure 11(a).
The FTIR spectra shown in Figure 6 also proves the
climb of T-O-T band. The rise of Al-O-Al bond
indicates the increase of BOs in the slag. However, the
fraction of Al-O-Al bond in Slag A5 is still lower than
that of Slag Al, therefore the fraction of Q% should be
lower as well. On the other hand, the [AlO,]> -tetrahe-
dron structure is significantly increased compared with
that in Slag A1. Because Qzl +[TiO4]*" unit decreases, it
can be estimated that the Ti-O bond should be mainly in
the form of [Ti,Og*™ unit. In this case, the evident
increase of Q%+ [Ti,04]*" should be mainly due to the
formation of [Ti,O4]*".

When an Al ion forms an [AlO4]> -tetrahedron with
the external oxygen atoms, charge compensation from
cations is required.””% In this study, due to the higher
content of ALO; in the slags, [AlO4]° -tetrahedron
structure requires more charge compensation, in
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Fig. 14—Arrhenius plots of slags with different TiO, contents («) and basicity (b).

Table III. Activation Energy of Slags

Slag No. R TiO, (Mass Pct) E, (kJ/mol)
Al 6 — 145.96
A2 6 2.00 133.55
A3 6 5.00 146.28
A4 6 7.00 184.80
AS 6 10.00 190.61
Bl 2 5.00 231.14
B2 8 5.00 144.14
B3 10 5.00 142.88

contrast to [SiO4J4_—tetrahedron structure. As reported
by Zheng er al®* [Ti,Og]*~ unit can compete with
silicate to coordinate Ca®" so as to maintain the local
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charge balance in CaO-SiO,-TiO, BF slag system.
Consequently, a few NBOs linked to Si** turn into
BOs, increasing the DOP of silicate network. Similarly,
it can be inferred that [Ti,Og]*~ can also compete with
aluminate to coordinate Ca’" and Mg?", making
aluminate structure polymerize.

It can be seen that when a small amount of TiO, is added
(e.g., 2 pct, Slag A2) in the ladle slags, the Ti-O bond is
mainly presented in the form of [TiO4]*"; it changes to
[Ti,O6]*~ as majority when the TiO, content is sufficiently
high (e.g., 10 pct, Slag AS5). As mentioned above, the
structure of [TiO4]*~ is monomer, while [Ti,O¢]*™ is in
structure of chain. Therefore, different TiO, contents play
different roles in [AlO4]°~-tetrahedron.
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In terms of silicate structure, it is seen from Fig-
ure 11(b) that QL unit increases, Q% and Q% units
decrease with the addition of TiO, in the slags. It implies
[SiO4]*" tetrahedron is further depolymerized by TiO-.
Mysen et al.®” proposed the depolymerization mecha-
nism of silicate structure as shown in Eq. [3].

0% + 0% = 20 3]

The free oxygen ions (O>") can react with BOs (O°) in
the viscous units of the network structures to form
NBOs (07),!°!) which can simplify the structure of the
slag. Eq. [4] shows the reaction.

0> +0"=20" 4]

According to previous studies,®” when Ti®* ions are
largely existed in the slags, the color of the quenched
slags is purple. In this study, no purple slags were
obtained. Therefore, titanium ions are very likely in the
form of Ti*". Because TiO, can release O®~, it can
break the external silicate structure make it be depoly-
merized. This is consistent with previous stud-
jes 12 1416.19°23] 11y these studies, BF slag system was
considered. The viscosity of the slags decreased with the
addition of TiOs,.

Although TiO, can modify the structure of silicates as
reported in literature,!'* 7 it has different impact on the
structure of aluminate depending on its content as
mentioned above. In this study, the ladle refining slags
contain a low SiO, content and a high Al,O3 content.
So, more [AlO4]° -tetrahedrons should be existed in the
slags, and the structure variation of [AlO,4]> -tetrahe-
dron (Q3%,, 0}, and Q%)) should play more profound role
in the change of viscosity. A low TiO, content in the
ladle slags can weaken the strength of the slag structure
according to the formation of [TiO4]*~, while sufficient
TiO, will lead to the formation of [Ti,O]* ", and further
increase the DOP of the slags. Meanwhile, the changing
trend of viscosity is also in line with the calculated
activation energies, see Table III. As a result, the slag
viscosity decreases first and then increases with the
addition of TiO, in the slags.

C. Effect of Basicity on Slag Structure

As shown in Figures 7 and 13(a), with the increase of
slag basicity, T-O-T bond declines, and Qil increases.
Besides, the fraction of Q3 +[TiO4* and
Q“Al +[Ti,Og]*™ units first increases and then decreases.
Meanwhile, it can also be seen from Figurel3(b) that,
the fraction sum of Qg units drops with slag basicity,
and the ratio of simple unit Q% climbs in the Q% units.
These results indicate that both the aluminate and
silicate structures are impacted bP, slag basicity.

There are many publications!'*?**-¢ indicate that
CaO as a basic oxide can change the slag structure by
providing free oxygen ions gOzf). 0>~ can combine with
Si and Al cations in [AlO4]°~ and [SiO4]*~ structures to
break BOs, and depolymerize the complex structures
into simpler ones. It is seen from Figure 13(a) that when
R = 2, T-O-T bond dominates the structure. With the
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increase of slag basicity (e.g., R = 6), some of the
T-O-T bond is broken by the free oxygen ions. On the
other hand, due to the decrease of SiO, content in the
slags, the proportion of silicate structure becomes
smaller, making aluminates structure more profound.
When the basicity further increases to 10, although
T-O-T bond is further depolymerized, the change is
relatively small, and some of Q% +[Ti,0g]*~ and
Q?&l +[TiO4]*" units are modified into Qil unit, leading
to the increase of NBOs. McMillan er al* also
reported that adding CaO to aluminates would result
in an unstable network of depolymerized aluminate
tetrahedron groups. Additionally, due to the rise of free
oxygen ions in the slags, the silicate structure is also
modified into simpler units, see F'Ogure 13(b). This is in
line with the results in literature.>*>"

It is noted that the Al,O3 contents (30 pct) in the
experimental slags are much higher than that of SiO,,
even the slag basicity is 2. As discussed above, the
structure of [AlO4]° -tetrahedron may play more pro-
found role in the viscosity due to the low content of SiO,
in the slags in this study. Considering the wavenumbers
of the T-O-T structure shown in Figures 9 and 12, it can
be estimated that AI-O-Al bond is more likely in
contrast to Si-O-Si bond (at 600 to 750 cm'**)), even
when R = 2. In the study of Kim and Park,?®! Al-O-Al
was also taken into account in CaO-SiO,-Al,05-MgO-
CaF, slag system with 24 to 35 pct of AlLO3. On the
other hand, the consideration of T-O-T in this study
seems more comprehensive, because it can avoid incor-
rect assignments, and doesn’t influence the discussion on
the effects of TiO, and basicity as well.

Additionally, as shown in Table III, with the increase
of basicity, the calculated activation energy decreases as
well. Therefore, the slag viscosity should decline with the
rise of slag basicity. In the present study, even though
some TiO, is added in the slags, the effect of basicity on
the viscosity of the slags presents the same trend.

As mentioned above, a small amount of TiO, can
improve the fluidity of the ladle refining slags. In a
previous study of the present authors,”™ it was also
found that a small amount of TiO, can lower the
melting point of the ladle slags. Therefore, the addition
of TiO, into ladle refining slags is possible for the
refining of Ti-bearing steel grades. Even though, future
studies are still needed to understand the effect of
TiO,-containing slags on steel cleanliness.

V. CONCLUSIONS

In this study, the effect of TiO», on the viscosity of a
TiO,-containing ladle refining slag system was investi-
gated. The main conclusions are listed as follows.

1. With the increase of TiO, content in the slag system,
the viscosity of the slags decreases first and then in-
creases. A low TiO, content (e.g., 2 pct) in the ladle
slags can weaken the strength of the slag structure
according to the formation of [TiO4]*"; while suffi-
cient TiO, (e.g., 10 pct) will lead to the formation of
[Ti,04]*", and further increase the DOP of the slags.
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Although silicate structure can be depolymerized by
TiO,, the aluminate structure variation plays more
profound role in the change of viscosity in the study.
With the increase of slag basicity, the viscosity of the
slag system decreases. The free oxygen provided by
CaO decreases the DOP of both aluminate and sili-
cate structures in the TiO, containing slags.

Due to the positive effect on melting point and vis-
cosity, the addition of TiO, into ladle refining slags is
very possible for the refining of Ti-bearing steel
grades.
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