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TiO2 additions up to 10mass% behaved as a basic oxide and lowered the viscosity in the

CaO–SiO2–17mass% Al2O3–10mass% MgO-based slags by depolymerizing the silicate

network structure. Raman spectroscopy revealed the sum of NBO/Si 1 and 3 decreased

while the sum of NBO/Si 2 and 4 increased with TiO2 content. Unlike the silicate

structures, the aluminate structures seems to be relatively unaffected by TiO2 additions

according to the FTIR results. 5mass% TiO2 significantly decreased the viscosity compared

to the TiO2 free slags, but beyond 5mass% TiO2 meaningful changes in the viscosity was

not observed. From the comparison of the viscosity at constant TiO2 of 5 and 10mass%

and varying CaO/SiO2 ratio, increasing the CaO/SiO2 ratio was more effective in decreasing

the viscosity than TiO2 additions.

1. Introduction

Cost issues related to integrated steel mill operations and

unavailability of high grade raw materials with high con-

centrations of iron has sparked interest in the use of other

potential sources of iron bearing materials once regarded

as uneconomical for the present day integrated steel mill

operations. In particular, iron ores consisting of significant

TiO2 such as ilmenite is comparatively abundant in

Australia and other parts of the world. These ores due to

the high TiO2 content may result in significant issues such

as lower reduction degree of the ore,[1–4] variations in the

liquidus temperature of the slag,[5–7] reduced refining

capacity of the slag,[8–10] and slag viscosity deviations from

optimum processing conditions.[11–15]

However, potential benefits of TiO2 in the blast furnace

slags have also been realized from work done by Morizane

et al.[9] and others.[15–18] By forming a protective layer of

titanium carbo-nitride on the refractory brick, the premature

failure and erosion of the hearth was found to be inhibited.

Thus, both the thermophysical and chemical properties of

the slag can change with TiO2 additions and a fundamental

understanding on these topics, in particular the effect of

viscosity, is essential to maintain and optimize the overall

efficiency of the blast furnace operations.

Handfield and Charette[12] showed small TiO2 additions

can decrease the slag viscosity, but large TiO2 additions

had the opposite effect. Ohno and Ross[13] described TiO2

additions to increase slag viscosity in the CaO–SiO2–Al2O3–

TiO2 slags under reducing conditions. Work done by

Shankar et al.[19] showed the effect of TiO2 in the CaO–

SiO2–MgO–Al2O3 slag system under Ar, where TiO2 up to

2mass% decreased the viscosity at various fixed extended

Vee ratio [(CaOþMgO)/(SiO2þAl2O3)] between 0.46 and

0.83. Saito et al.[14] also studied the effect of TiO2 in the

CaO–SiO2–MgO–Al2O3 slag system at 10 and 20mass%

TiO2 content. TiO2 lowered the viscosity of the slag and

the corresponding activation energy of viscous flow

decreased with TiO2 content. Thus, slag viscosity can be

affected by the amount of TiO2 additions. However, to the

knowledge of the authors, the viscosity data between 0 and

10mass% TiO2 is not well defined for blast furnace type

slags and its correlation with the slag structure has yet to be

fully understood.

Therefore, understanding and controlling the effects of

TiO2 on the viscosity of blast furnace type slags, when raw

materials’ containing significant amounts of TiO2 such as

ilmenite is utilized, would be essential in maintaining

stable blast furnace operations. In this work, the influence

of TiO2 on the viscous behavior of calcium-silicate based

slags with 17mass% Al2O3 and 10mass% MgO based slags

have been studied using a rotating viscometer. To directly

correlate the relationship between slag structure and

viscosity, flux samples from the fully liquid region at

1773K were quenched and analyzed using Fourier trans-

form infra-red (FTIR) and Raman spectroscopy.
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2. Experimental Methods

2.1. Materials

Slags were prepared using reagent grade chemicals of CaO,

SiO2, MgO, Al2O3, and TiO2. Using a Pt-10mass% Rh cru-

cible, slags were premelted under 0.4 Lmin�1 of Ar to

obtain a homogeneous mixture of CaO–SiO2–17mass%

Al2O3–10mass%MgO. After 3 h, the homogenized samples

were quenched and crushed for the primary experiments.

Chemical composition of the post-experimental slags was

analyzed using X-ray fluorescence (XRF) spectroscopy (S4

Explorer; Bruker AXS GmbH, Karlsruhe, Germany) and no

apparent change was observed. Thus, the initial weighed

mixture was taken as the slag composition. The exper-

imental chemical composition is given in Table 1.

2.2. Apparatus and Procedure

The viscosity was measured using a rotating spindle con-

nected to a calibrated Brookfield digital rheometer (LVDV-

IIþ; Brookfield Engineering Laboratories, Middleboro, MA).

The details of the experimental apparatus have been given

elsewhere,[20,21] but a schematic diagram is shown inFigure 1.

Samples weighing 120 g were prepared according

to Table 1 and placed in a Pt-10mass% Rh crucible (H:

60mm, ID: 40mm). Furnace temperature was calibrated

using a reference B-type thermocouple and controlled

within �3K using a PID controller. Slag samples were

heated to 1773K and sufficiently held for more than an

hour in an Ar gas atmosphere to achieve thermal equi-

librium. Measurements were taken at each target tempera-

ture during a 58Cmin�1 cooling cycle after 30min of

soaking and in the fully liquid region of the slag system

well above the break temperature (TBr) of each slag com-

position. The break temperature has been described in

detail by Kim and Sohn[21] and Sridhar et al.[22] Viscosity

measurements taken at temperatures higher than the

break temperature are assumed to be in the fully liquid

region of the slag system, of which the present experimen-

tal measurements have been done. The break temperature

can easily be identified using the example given in Figure 2

for the CaO–SiO2–17mass% Al2O3–10mass% MgO–5ma-

ss% TiO2 slag at constant CaO/SiO2 of 1.2. The natural

logarithm of viscosity (ln h) as a function of reciprocal

temperature (1/T) shows a significant increase below tem-

peratures of 1598K, which is the starting temperature for

the formation of large solid precipitates. Viscosity

measurements were also taken during a heating cycle of

58Cmin�1 and 30min of soaking time, but no appreciable

difference was found during measurements in the fully

liquid region of the slag system and thus subsequent

viscosity measurements were done during the cooling

cycle.

After completing the viscosity measurements, slag

samples were reheated to 1773K and quenched on a

water-cooled copper plate to confirm the slag structure

using FTIR (Spectrum 100 Optica; Perkin-Elmer, USA) and

Raman spectroscopy (PD-RSM300; Photon Design, Japan)

with a 514nm laser. Non-parametric baseline fitting rou-

tine was used and the deconvolution was performed by

Peak Fit V4 (Systat Software Inc, USA). Sample removal

from the hot zone of the furnace and pouring onto the

copper plate took less than 10 s. Preliminary X-ray diffrac-

tion (XRD) analysis of the transparent samples resulted in

negligible characteristic diffraction peaks indicating the

sample to be amorphous and representative of the slags

molten structural state. Wang and Cramb[23] were also able

No. Composition (mass%) C/S Viscosity (Pa s�1)

CaO SiO2 Al2O3 MgO TiO2 1325

(8C)
1350

(8C)
1375

(8C)
1400a)

(8C)
1425

(8C)
1450a)

(8C)
1475

(8C)
1500a)

(8C)

1 33.2 39.8 17 10 0 0.8 – – 0.98 0.76 0.63 0.51 0.43 0.34

2 30.9 37.1 17 10 5 0.8 – 0.92 0.73 0.56 0.45 0.37 0.30 0.25

3 28.6 34.4 17 10 10 0.8 1.01 0.76 0.61 0.48 0.41 0.33 0.27 0.24

4 36.5 36.5 17 10 0 1.0 – – – 0.69 0.54 0.43 0.35 0.28

5 34.0 34.0 17 10 5 1.0 – – – 0.52 0.39 0.32 0.28 0.23

6 31.5 31.5 17 10 10 1.0 – – – 0.48 0.39 0.28 0.24 0.21

7 40.6 32.4 17 10 0 1.2 0.56 0.42 0.33 0.27 0.22

8 37.8 30.2 17 10 5 1.2 1.04 0.79 0.60 0.46 0.35 0.28 0.22 0.17

9 17 10 10 1.2 1.01 0.75 0.52 0.42 0.31 0.24 0.19 0.14

a)Data provided by the authors in a previous publication for the calculation of the activation energy.[24]

Table 1. Measured viscosities of CaO–SiO2–Al2O3–MgO–TiO2 slags.
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to obtain a completely amorphous sample on a water-

cooled copper plate, which was similar to the quenching

method applied to the present study.

3. Results and Discussion

3.1. Effect of TiO2 on the Viscosity

Figure 3 shows the viscosity of the CaO–SiO2–17mass%

Al2O3–10mass%MgO-based slag with TiO2 additions and a

constant CaO/SiO2 of 1.0 at various temperatures from

1673 to 1773K. Similar to previously published work by

the authors[24] at constant CaO/SiO2 of 0.8, TiO2 additions

at 5 and 10mass% decreased the viscosity at the tempera-

ture range of interest. The initial addition of TiO2 of 5ma-

ss% lowers the viscosity of the slag and the effect of the

initial TiO2 additions of 5mass% seems to be more pro-

nounced at lower temperatures and is evident from the

linear slope between 0 and 5mass% TiO2. Further addi-

tions of TiO2 above 5mass% has only a slight or negligible

effect in lowering the viscosity. According to work done by

others,[13,25] TiO2 was suggested to be a weak acidic oxide

in a basic slag system, which would increase the network

structure of the slag by polymerizing the molten slag, and

thus increasing the viscosity. However, the present results

seem to show that TiO2 additions decrease the viscosity,

which contradicts the behavior of a network forming acidic

oxide. Thus, the decrease in the viscosity with TiO2 addi-

tions seems to suggest that TiO2 behaves as a basic oxide

contrary to some results[13,25] and subsequently depoly-

merizes the slags network structure.

Similar trends were also observed in Figure 4 for the

CaO–SiO2–17mass% Al2O3–10mass% MgO–TiO2 slag sys-

tem at a fixed CaO/SiO2 of 1.2. TiO2 additions decreased
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Al2O3
Refractory
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Figure 1. Experimental apparatus for the slag viscosity
measurements.

Figure 2. Break temperature (TBr) for the CaO–SiO2–17mass%
Al2O3–10mass% MgO–5mass% TiO2 slag system at a fixed C/S
ratio of 1.2. Break temperature was 1598K (13258C).

Figure 3. Effect of TiO2 additions on the viscosity in the CaO–
SiO2–17mass% Al2O3–10mass% MgO–xTiO2 slag system at con-
stant CaO/SiO2 of 1.0 and various temperatures.
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the viscosity, but the initial effect of 5mass% TiO2 at higher

basicities is not as pronounced as the slag at CaO/SiO2 of

1.0. This dampened effect of TiO2 at higher CaO/SiO2 of 1.2

is likely due to the additional depolymerization caused by

higher concentrations of CaO compared to the CaO/SiO2 of

1.0.

TiO2 additions at constant temperatures of 1698 and

1773K at CaO/SiO2 ratio of 0.8 and 1.2 decreases the

viscosity as observed in Figure 5. Similar to the results

observed in Figure 3, comparison of the initial slope of

5mass% TiO2 additions and the slope between 5 and

10mass% TiO2 additions suggest the effect of TiO2 addi-

tions becomes less pronounced after the slag becomes

significantly depolymerized.

3.2. Effect of CaO/SiO2 on the Viscosity

The effect of CaO/SiO2 at TiO2 of 5 and 10mass% at 1698

and 1748K is shown in Figure 6. Regardless of the TiO2

content and temperature, increased CaO/SiO2 lowered the

slag viscosity. Higher CaO/SiO2 ratio is likely to have depo-

lymerized the slags silicate network structure and lowered

the viscosity by providing additional free oxygen ions

(O2�). TiO2 additions of 5 and 10mass% had comparatively

less effect on lowering the viscosity than increasing the

CaO/SiO2 ratio. Considering the highly basic nature of CaO

compared to TiO2 as suggested by Banya[26] using the ion–

oxygen attraction suggested by Ward,[27] an increase in the

CaO content should be more effective in depolymerizing

the slag structure and lowering the viscosity compared

to TiO2. Shankar et al.[19] has also showed similar trends

with higher CaO/SiO2 in blast furnace type slags with

lower MgO.

3.3. Effect of TiO2 on the Slag Structure Using FTIR and
Raman Spectroscopy

The FTIR results at constant CaO/SiO2 of 0.8 and 1.2 is

shown in Figure 7a,b, respectively, which further support

the role of TiO2 as a basic oxide and a network modifier.

There are several characteristics of the FTIR results in TiO2-

containing CaO–SiO2–17mass% Al2O3–10mass% MgO

quintenary slag systems. FTIR spectra of silicate slags

are typically focused within the wavenumber region

between 1200 and 400 cm�1.[20,28,29] This region represents

the symmetric stretching vibration bands of the [SiO4]-

tetrahedra, the asymmetric stretching vibrations of the

[AlO4]-tetrahedra, and the symmetric Si–O bending

vibration bands, etc.

Figure 4. Effect of TiO2 additions on the viscosity in the CaO–
SiO2–17mass% Al2O3–10mass% MgO–xTiO2 slag system at con-
stant CaO/SiO2 of 1.2 and various temperatures.

Figure 5. Effect of TiO2 additions on the viscosity in the CaO–
SiO2–17mass% Al2O3–10mass% MgO–xTiO2 slag system at vari-
ous CaO/SiO2 ratio.

Figure 6. Effect of CaO/SiO2 on the viscosity of the CaO–SiO2–
17mass% Al2O3–10mass% MgO–TiO2 slags at 1773K.
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The vibration band between the wavenumbers of 1200

and 800 cm�1 is the [SiO4]-tetrahedra symmetric stretching

vibration band, which are well known to be the convoluted

band of the NBO/Si transmission troughs from NBO/Si of

1–4. This characteristic stretching vibration band for the

large silicate network structures becomes less pronounced

and the depth of the convoluted band becomes shallower

with TiO2 additions. NBO/Si is the non-bridged oxygen per

unit silicon atom,where lowerNBO/Si pertains to themore

polymerized slag structure. According to Mysen et al.,[30]

NBO/Si assigned values from 1 to 4 are structurally defined

as sheets (1100–1050 cm�1), chains (980–950 cm�1), dimers

(920–900 cm�1), and monomers (880–850 cm�1), respect-

ively. This decrease in the depth of the transmission trough

indicates a depolymerization of the slag structure as

suggested in previously published literature.[20,21]

No significant differences could be ascertained from the

asymmetric stretching vibration bands for [AlO4]-tetrahe-

dra. However, the depth of the symmetric Si–O bending

vibration band from 600 to 520 cm�1 decreasedwith higher

TiO2 as shown in Figure 7a,b. Since the Si–O bending

vibrations typically becomes more pronounced with a

higher degree of polymerization, the decreased depth of

the FTIR transmittance from 600 to 520 cm�1 further

suggests that the slags are becoming depolymerized.[31,32]

Therefore, the FTIR analysis seems to suggest that TiO2

depolymerizes the slag by modifying the silicate structure

Figure 7. FTIR result of as-quenched samples from 1773K with
varying TiO2 concentration in CaO–SiO2–17mass% Al2O3–10ma-
ss% MgO–TiO2 slags at CaO/SiO2 of a) 0.8 and b) 1.2.

Figure 8. Deconvoluted Raman spectra of as-quenched samples
from 1773K with varying TiO2 concentration in CaO–SiO2–
17mass% Al2O3–10mass% MgO–TiO2 slags at CaO/SiO2¼ 0.8.
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of the slags, but has little or no effect on the aluminate

structure of the slag for the present slag compositions.

The as-quenched slag structure was also studied using

Raman spectroscopy. Figure 8 shows the raw Raman spec-

tra for the CaO–SiO2–17mass% Al2O3–10mass% MgO-

based slags containing 0–10mass% TiO2. Deconvolution

of the Raman spectra qualitatively showed several [SiO4]-

tetrahedra peaks with symmetric stretching vibrations per-

taining to NBO/Si of 1,2,3,4 and asymmetric stretching

vibrations of NBO/Si 0 near 1040 and 1170 cm�1. Ti–O–

Ti stretching vibrations are observed near 830 cm�1.[33]

Integration of the deconvoluted spectra provides a semi-

quantitative value of the various silicate species as a func-

tion of TiO2 content, which is plotted in Figure 9a,b.

According to the results of the deconvoluted Raman spec-

tra, the sum of the NBO/Si of 1 and 3 decrease and the sum

of the NBO/Si of 2 and 4 increase with TiO2 additions.

The decrease in the sum of NBO/Si of 1 and 3 is an

indication of depolymerization occurring within the

silicate structure. The depolymerization mechanism can

be speculated to occur by reaction[1] proposed by Mysen

et al.[30]

Q1þQ3 $ 2Q2 (1)

Furthermore, the increment in the fraction of [SiO4]-tetra-

hedra species (NBO/Si¼ 1,2,3,4) was significant with an

initial 5mass% TiO2 addition, but comparatively less effec-

tive in further modifying the fraction of NBO/Si species

within the molten slag structure at 10mass% TiO2. This

corresponds well with the observed viscosity changes

observed in Figure 3 and 4.

3.4. Temperature Dependence and Activation Energy

Figure 10 shows the temperature dependence of the

viscosity for the CaO–SiO2–17mass% Al2O3–10mass%

MgO–TiO2 system at CaO/SiO2 of 1.2, respectively. The

viscosity decreases with increasing temperatures and using

the Arrhenius type relationship the apparent activation

energies for viscous flow in the various slag compositions

were calculated to be between 226 and 262 kJmol�1.[24]

4. Conclusion

In this study, the effect of TiO2 on the viscosity in the fully

liquid region of the CaO–SiO2–17mass% Al2O3–10mass%

MgO–TiO2 slag system at various CaO/SiO2 ratios was

directly correlated with the slag structure revealed by

FTIR and Raman.

TiO2 additions lowered the viscosity by affecting the

silicate network structure, where the complex silicate

sheets were depolymerized into simpler silicate structures,

Figure 9. Fraction of [SiO4]-tetrahedra stretching for various
NBO/Si (1,2,3,4) species and Ti–O–Ti stretching at constant
CaO/SiO2 of a) 0.8 and b) 1.2.

Figure 10. Temperature dependence for the CaO–SiO2–17ma-
ss% Al2O3–10mass% MgO–xTiO2 slag system at CaO/SiO2 of 1.2
and various TiO2 content.
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but the aluminate structures seems to be relatively unaf-

fected by TiO2 additions. Both the Raman and FTIR

analysis clearly indicate the depolymerization of the slag

and closely correlates to themeasured viscosity values with

TiO2 content. In addition, an increase in the CaO/SiO2 ratio

seems to be more effective in decreasing the viscosity

compared to TiO2 additions. From the temperature

dependence at CaO/SiO2 of 1.2, the activation energy of

viscous flow was calculated between 226 and 260 kJmol�1

depending on the slag composition.
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