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ABSTRACT
In the present laboratory-based study research methodologies have been developed that 

enable phase equilibria and liquidus temperatures to be measured in complex slag systems. 

These techniques have been employed to produce a series of phase diagrams describing 

liquidus temperatures at selected sections in the system "TiO2"-(CaO-MgO)-(Al2O3-SiO2) at 

fixed (CaO/MgO) and (Al2O3 /SiO2) ratios at carbon saturation.

With addition of "TiO2" to normal iron blast furnace CaO-MgO-SiO2-Al2O3 slag the liquidus 

temperatures and primary phase fields in the quinary system are markedly different from 

the system CaO-MgO-SiO2-Al2O3. Two new phases perovskite CaO·TiO2 and pseudobrookite 

[2(Ti3+,Mg2+,Al3+)·Ti4+O5)] are formed in the quinary system. The liquidus temperature 

is shown to be dependent on the (CaO+MgO)/(SiO2+Al2O3), MgO/CaO and Al2O3/

SiO2 ratios and "TiO2" concentration. Limited addition of "TiO2" decreases liquidus 

temperatures of the slag and stability of the Ca2SiO4 phase. The liquidus temperatures of 

the iron blast furnace titaniferrous slags can be significantly decreased with increasing  

MgO/CaO ratio.
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INTRODUCTION
The search for optimum slag composition with low melting temperatures for the blast fur-
nace has long been the target for iron makers. Whilst historically compositions are influ-
enced by the characteristics of commercially available ores, fluxes and fuels, in general, 
the targets are to minimise slag mass and operating temperature whilst satisfying require-
ments for sulphur and alkali removal, and slag tapping [1, 2]. The principal components of 
current iron blast furnace slags are described by the system Al2O3-CaO-MgO-SiO2 [3, 4].

In recent years considerable thought has been devoted to lowering the environmental 
impact of ironmaking, in particular, reducing the energy requirements and greenhouse 
gas emissions from these processes. Significant reductions in CO2 emissions can be 
achieved through lowering the operating temperature of the blast furnace. A key factor 
in achieving the low energy target is lowering the tapping temperature of the slags. Ad-
dition of small amount of TiO2 to slags is used industrially at high temperature operat-
ing conditions to extend the life of furnace linings [5, 11]. It was reported by Fine and 
Arac [12] that TiO2 addition increases the liquidus temperature of CaO-SiO2-MgO-Al2O3 
slags, while most of other researchers reported that liquidus temperatures are actually 
decreased [11, 13,14].

Phase equilibrium data are available for the system Al2O3-CaO-MgO-SiO2 [3]. Muan 
and Osborne [4] examined the effect of substitution of 5 wt% TiO2 for Al2O3 by compar-
ing the liquidus isotherms in these respective sections. The analysis indicated that, at 
these high oxygen partial pressures, the replacement of Al2O3 by TiO2 does not greatly 
change the slag liquidus temperatures.

Research on phase equilibria in the various combinations of binary and ternary sub-
systems of the Al-Ca-Mg-Si-Ti-O system prior to 1993 is summarised in the Slag Atlas 
[4]. More recent work is reported in [15, 16, 17, 18, 19], however, none of these studies 
provide the information on the liquidus surfaces in the composition and oxygen partial 
pressure ranges relevant to the industrial iron blast furnace slags. 
A number of researchers [20, 21, 22, 23, 24, 25, 26] have examined the activities of TiO2 
in fully liquid metallurgical slag systems. Although scientifically useful, these data can 
not provide accurate information on phase liquidus surfaces of slags that may be used in 
industrial ironmaking practice.

Slag viscosity measurements have indicated that Ti2O3 concentrations up to approxi-
mately 10 wt% in a typical blast furnace slag reduce the liquidus temperatures and the 
viscosities of slags under reducing conditions [11, 27, 28], although the flow phenomena 
become more complex with the formation of TiC solids [29].

There have been no direct measurements of the phase equilibria and liquidus of the 
system Al2O3-CaO-MgO-SiO2-TiO2-Ti2O3 at low oxygen partial pressures, in the range of 
compositions relevant to blast furnace ironmaking. This is the type of information re-
quired in order to select the optimum compositions for the proposed low temperature, 
low energy blast furnace operations. This lack of information is a result of experimental 
difficulties encountered by earlier researchers, a situation that can be overcome by the 
use of the recent advances in techniques and microanalytical facilities.

METHODOLOGY
The experimental method used in the present study involves high temperature equilibra-
tion, quenching and electron probe X-ray microanalysis (EPMA). The experimental proce-
dure is similar to those described in previous publications by the authors [30, 31].
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Phase diagrams of the multi−component systems have to be presented in a form of  
pseudo-ternary section. Appropriate selection of the form of pseudo-ternary sections is 
important for efficient research and industrial application of this experimental informa-
tion. In the present study of the system TiO2-CaO-MgO-SiO2-Al2O3 pseudo-ternary sec-
tions TiO2−(CaO+MgO)−(SiO2+Al2O3) have been constructed. The apexes of the pseudo-
ternary section are TiO2, (CaO+MgO) and (SiO2+Al2O3). The weight ratios of MgO/CaO 
and Al2O3/SiO2 are fixed at each section so that (CaO+MgO) or (SiO2+Al2O3) can be con-
sidered as one component. These ratios are close to those in the iron blast furnace slags 
with [32] and without titania [1, 2, 3, 4]. In this way the systematic variation of liquidus 
with the basicity of the slag, i.e., (CaO+MgO)/(SiO2+Al2O3) ratio can be readily examined.

A series of synthetic slags were prepared from high purity (99+%) MgO, SiO2, Al2O3, 
CaCO3 and TiO2 powders. The mixtures were pelletised and approximately 0.2 g pellet 
was placed in a graphite crucible (10mm diameter and 10mm high). The crucible was 
placed in a basket made from pure Mo wire. Equilibration experiments were carried out 
in an atmosphere of ultra high purity Ar gas in a vertical recrystallised alumina reaction 
tube heated by lanthanum chromite elements (PYROX, France). The crucible containing 
the sample was suspended by Mo wire. The samples were equilibrated at predetermined 
temperatures for times from 1 to 16 hours depending on the slag composition and tem-
perature, and then quenched into ice-cooled water. Reaction time has been tested at the 
beginning of the project to ensure that phase equilibrium has been achieved.

The quenched samples were mounted with epoxy resin and polished for metallographic 
examination. The polished samples were coated with carbon using a JEOL (Japan Electron 
Optics Ltd) Carbon Coater for electron microscopic examination. A JXA 8200 Electron 
Probe Microanalyser with Wavelength Dispersive Detectors was used for further analysis. 
The analysis was conducted at an accelerating voltage of 15 kV and a probe current of 
15 nA. The ZAF correction procedure supplied with the electron probe was applied. The 
standards used for EPMA include alumina (Al2O3) for Al, magnesia (MgO) for Mg, rutile 
(TiO2) for Ti and wollastonite (CaSiO3) for Ca and Si. These standards were provided by 
Charles M Taylor Co., Stanford, California, USA. The average accuracy of the EPMA meas-
urements is within ±1 wt %. Under experimental conditions used in the present study 
there may be Ti4+, Ti3+ and Ti2+ present in the samples. However, only the metal cation ra-
tios can be measured using the EPMA; the phase compositions were recalculated to TiO2 
in this paper for presentation purpose.

An important feature to note for the systems under investigation is that the composi-
tions of the solid primary phases do not have the same Al2O3/SiO2 and MgO/CaO ratios 
as the liquid phase present in the pseudo-ternary section. The precipitation of these crys-
tals from the melt results in the selective removal of the components from the slag phase. 
This means that on crystallisation the compositions of the remaining liquids move out of 
the selected section. The greater the proportion of the solid phase formed, the further the 
liquid composition is moved away from the section. The approach that has been adopted 
in the present study is to select possible conditions where a low fraction of solid phase oc-
curs. Although experiments were carefully planned, the liquid compositions at or near to 
the selected ratios, in general, cannot be achieved with the first experiment. This means 
that experiments in these primary phase fields must be repeated several times before the 
results on the desired pseudo-ternary sections are obtained.
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RESULTS AND DISCUSSION

Descriptions of the Pseudo-ternary Sections
The compositions of the liquid and solid phases present in the quenched samples were 
measured using EPMA. These data have been used to construct liquidus isotherms of 
the pseudo-ternary sections TiO2-(CaO+MgO)-(SiO2+Al2O3) with fixed MgO/CaO and 
Al2O3/SiO2 weight ratios. 4 pseudo-ternary sections have been investigated in this study 
with MgO/CaO weight ratios of 0.20, 0.20, 0.40 and 0.72 and corresponding Al2O3/SiO2 

weight ratios of 0.40, 0.60, 0.40 and 0.40 respectively. Figures 1 to 4 show the experi-
mentally determined isotherms of the pseudo-ternary sections at 50 K intervals.

In these figures the experimentally determined phase boundaries are marked with 
thick full lines. The boundaries marked with dashed lines indicate the estimated posi-
tions of these boundaries. The thin full lines are experimentally determined isotherms 
and dashed thin lines indicate the estimated isotherms.

The pseudo-ternary sections are characterised by the presence of the following primary 
phase fields in the composition range investigated:

Section 1. TiO2-(CaO+MgO)-(SiO2+Al2O3) with Al2O3/SiO2 = 0.40 and MgO/CaO = 0.20
Dicalcium silicate 2(Ca,Mg)O·SiO2; merwinite 3CaO·MgO·2SiO2; melilite 

2CaO·(MgO,Al2O3)·2(SiO2,Al2O3); anorthite CaO·Al2O3·2SiO2, perovskite CaO·TiO2, pseudo-
brookite M3O5 and mullite 3(Al,Ti)2O3·2SiO2. EPMA analyses show that the pseudobrookite 
M3O5 can be expressed as 2(Ti3+, Mg2+, Al3+)·Ti4+O5. Concentrations of Ti3+, Mg2+ and Al3+ in 
M3O5 depend on the bulk composition of the slag and temperature.

Section 2. TiO2-(CaO+MgO)-(SiO2+Al2O3) with Al2O3/SiO2 = 0.60 and MgO/CaO = 0.20
Dicalcium silicate 2(Ca,Mg)O·SiO2; melilite 2CaO·(MgO,Al2O3)·2(SiO2,Al2O3); anorthite 

(CaO·Al2O3·2SiO2), perovskite CaO·TiO2, pseudobrookite M3O5 and mullite 3(Al,Ti)2O3·2SiO2. 
The experimental results indicate that merwinite primary phase field disappears when the 
Al2O3/SiO2 ratio is increased from 0.4 to 0.6 while the MgO/CaO ratio is kept at 0.20.

Section 3. TiO2-(CaO+MgO)-(SiO2+Al2O3) with Al2O3/SiO2 = 0.40 and MgO/CaO = 0.40
Periclase MgO; merwinite 3CaO·MgO·2SiO2; melilite 2CaO·(MgO,Al2O3)·2(SiO2,Al2O3); 

anorthite CaO·Al2O3·2SiO2, perovskite CaO·TiO2, pseudobrookite (M3O5) and mullite 
3(Al,Ti)2O3·2SiO2. It can be seen from Figures 1 and 3 that at the same Al2O3/SiO2 ratio of 
0.40 the dicalcium silicate primary phase field is replaced by periclase primary phase field 
when the MgO/CaO ratio is increased from 0.2 to 0.4.

Section 4. TiO2-(CaO+MgO)-(SiO2+Al2O3) with Al2O3/SiO2 = 0.40 and MgO/CaO = 0.72
Periclase MgO; spinel MgO·(Al,Ti)2O3; forsterite2(Mg,Ca)O·SiO2; anorthite 

CaO·Al2O3·2SiO2, perovskite CaO·TiO2, pseudobrookite (M3O5) and mullite 3(Al,Ti)2O3·2SiO2. 
It can be seen from Figures 3 and 4 that at the same Al2O3/SiO2 ratio of 0.40 the merwinite 
and melilite primary phase fields are replaced by spinel and forsterite primary phase fields 
when the MgO/CaO ratio is increased from 0.4 to 0.72.
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Relationship between Liquidus Temperature and Basicity 
(CaO+MgO)/(SiO2+Al2O3) in TiO2-free and TiO2-containing Slags
Liquidus temperatures as a function of basicity (CaO+MgO)/(SiO2+Al2O3) are presented 
in Figures 5 and 6 for TiO2 concentrations of 0 and 10 wt%, respectively. In each case 
4 isotherms derived from Figures 1 to 4 are presented, respectively. It can be seen 
from Figure 5 that there are generally 3 zones presented in 4 sections when basicity 
(CaO+MgO)/(SiO2+Al2O3) is increased from 0 to 1.40. First zone is in mullite primary 
phase field at low basicity where the liquidus temperatures decrease rapidly with 
increasing basicity. The second zone is in anorthite primary phase field at medium 
basicity range in which the liquidus temperatures first increase and then decrease with 
increasing basicity. At higher basicity the slag is located in silicates (dicalcium silicate, 
merwinite, melilite and forsterite) or oxides (periclase and spinel) primary phase fields. 
The liquidus temperatures in this zone gradually increase with increasing the basicity.

Both Al2O3/SiO2 and MgO/CaO ratios in the slag have a significant effect on the liq-
uidus temperature. It can be seen from Figure 5 that the liquidus temperatures for the 
slag having higher Al2O3/SiO2 weight ratio (0.60) are generally higher than those hav-
ing lower Al2O3/SiO2

Figure 1: Experimental data obtained on the liquidus of the system CaO-MgO-Al2O3-SiO2-TiO2 with weight ratios 
of Al2O3/SiO2=0.40 and MgO/CaO=0.20 at carbon saturation, compositions in wt%, temperatures in K
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Figure 2: Experimental data obtained on the liquidus of the system CaO-MgO-Al2O3-SiO2-TiO2 with weight ratios 
of Al2O3/SiO2=0.60 and MgO/CaO=0.20 at carbon saturation, compositions in wt%, temperatures in K

Figure 3: Experimental data obtained on the liquidus of the system CaO-MgO-Al2O3-SiO2-TiO2 with weight ratios 
of Al2O3/SiO2=0.40 and MgO/CaO=0.40 at carbon saturation, compositions in wt%, temperatures in K
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Figure 4: Experimental data obtained on the liquidus of the system CaO-MgO-Al2O3-SiO2-TiO2 with weight ratios 
of Al2O3/SiO2=0.40 and MgO/CaO=0.72 at carbon saturation, compositions in wt%, temperatures in K

weight ratio (0.40) when the MgO/CaO ratio is the same (0.20). At the same Al2O3/SiO2 
ratio of 0.40, the liquidus temperatures do not change significantly with the MgO/CaO 
ratio in mullite primary phase field (zone 1). In anorthite primary phase field the liq-
uidus temperatures decrease with increasing MgO/CaO ratio. When MgO/CaO ratio is 
increased from 0.20 to 0.40 the slag is still located in the melilite and merwinite primary 
phase fields in the basicity range 0.62 to 1.2. The liquidus temperatures decrease slightly 
with increasing MgO/CaO ratio. However, when the MgO/CaO ratio is increased from 
0.40 to 0.72 the anorthite primary phase field is reduced in size and the merwinite and 
melilite primary phase fields are replaced by spinel and forsterite primary phase fields. 
The liquidus temperatures in the spinel and forsterite primary phase fields are generally 
higher than those in merwinite and melilite primary phase fields at the same basicity.

With addition of TiO2 in the slag the relationship between liquidus temperature and 
basicity becomes more complex. Addition of 10 wt% TiO2 in the slag introduced two 
Ti−containing phases, pseudobrookite (M3O5) and perovskite CaO·TiO2. The M3O5 prima-
ry phase field appears in Sections 1, 3 and 4 and is located between mullite and anorthite 
primary phase fields. The perovskite appears in Sections 1, 2 and 3 and replaced melilite 
and merwinite phase fields. 
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Figure 5: Liquidus temperatures as a function of basicity  
(CaO+MgO)/(SiO2+Al2O3) at TiO2−free system

Figure 6: Liquidus temperatures as a function of basicity  
(CaO+MgO)/(SiO2+Al2O3) at 10 wt% TiO2

Effect of TiO2 on Liquidus Temperature
Another effect of TiO2 addition is to decrease liquidus temperatures in the whole basicity 
range investigated. Figure 7 shows the changes of liquidus temperature as a function of 
TiO2 concentration at fixed basicities (CaO+MgO)/(SiO2+Al2O3) of 1.0.

It can be seen from Figure 7 that there are generally 3 zones presented in 4 sections 
in the composition range investigated. In the first zone the primary phase is merwinite 
for Section 1, melilite for Sections 2 and 3, and spinel for Section 4. In the merwinite and 
melilite primary phase fields the liquidus temperatures are decreased by 40−100 degrees 
with additions of 5−8 wt% TiO2. In the spinel primary phase field the liquidus tempera-
tures decrease relatively slowly with increasing TiO2 concentration. In the second zone 
the slag is located in the perovskite primary phase field. The liquidus temperatures in 
zone 2 first increase and then decrease with increasing TiO2 concentration. It can be seen 
that in the second zone the liquidus temperatures can be significantly decreased with in-
creasing MgO/CaO ratio. In the third zone the slag is located in pseudobrookite primary 
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phase field and the liquidus temperatures increase with increasing TiO2 concentration. It 
can be seen from Figure 7 that pseudobrookite is formed at much lower TiO2 (30 wt%) at 
higher MgO/CaO ratio.

Figure 7: Liquidus temperatures for pseudo-binary section (CaO+MgO+SiO2+Al2O3)− TiO2 
at basicity (CaO+MgO)/(SiO2+Al2O3) = 1.0

Applications of the Phase Diagrams
The present research has provided new information on phase relations and liquidus tem-
peratures in the system CaO-MgO-Al2O3-SiO2-TiO2 in composition ranges of interest to 
iron blast furnace practice. These diagrams can be used to explain a number of phenom-
ena that have been observed in previous studies.

A number of workers have investigated the recovery of titania from high-titania iron 
blast furnace slag through the use of controlled crystallisation and physical separation 
techniques [33, 34]. Studies by Fu [33] indicated that fine dendritic perovskite crystals 
were formed for CaO/SiO2 = 1.0, but large equiaxed crystals were formed for CaO/SiO2 = 
1.4. Dendritic crystals typically are formed during cooling of slags that were fully liquid 
at equilibration temperature. The larger equiaxed crystals are typically formed by equili-
bration below the liquidus, in this case in the perovskite primary phase field. From the 
liquidus surfaces that have been determined in the present study (Figures 1 to 4) it can be 
seen that the liquidus temperatures in the perovskite primary phase field increase with 
increasing basicity. As a result, the proportion of the primary crystal is increased at a 
given temperature.

The overall aim of the current study has been to identify potential slag chemistries that 
could be used to operate the modified iron blast furnace at lower temperatures than those 
in existing practice. At this stage in the investigation three significant factors emerge.

Firstly, the liquidus temperatures can be significantly decreased for TiO2-containing 
slags with increasing MgO/CaO ratio. In the southwest of China the iron blast furnace 
titaniferrous slags contain 20−25 wt% TiO2 [32]. It can be seen from Figure 7 that at 
basicity (CaO+MgO)/(SiO2+Al2O3) of 1.0 and Al2O3/SiO2 ratio of 0.40 the liquidus tem-
perature is decreased by more than 100 degrees when the MgO/CaO ratio is increased 
from 0.20 to 0.72.

The second feature is that there is a low temperature region that runs parallel to the 
(CaO+MgO)-(SiO2+Al2O3) joint at approximately 5−8 wt% TiO2. This extends from the 
anorthite primary phase field at the one end, to the Ca2SiO4 or MgO primary phase fields 
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at the other. This low temperature region is bounded on one side by the perovskite pri-
mary phase field, and melilite and merwinite primary phase fields on the other. The exact 
position of the local minimum varies slightly with MgO/CaO and Al2O3/SiO2 ratios.

The third feature is that addition of TiO2 significantly reduces the size of the Ca2SiO4 
primary phase field. Formation of the Ca2SiO4 phase can significantly increase liquidus 
temperature and results in the transformation of α-Ca2SiO4 to α’-Ca2SiO4 on cooling pro-
ducing powder slag. With presence of 10 wt% TiO2 the Ca2SiO4 phase is not formed at ba-
sicities below 1.6 for Sections 1 and 2. In fact, the Ca2SiO4 primary phase field is replaced 
by periclase MgO primary phase field when MgO ratio is increased to above 0.4.

These are interesting observations and further systematic investigations of these sys-
tems are underway to identify optimum slag compositions that may be used in the low 
temperature, low energy blast furnaces of the future.

CONCLUSIONS
The liquidus temperatures and phase relations have been experimentally determined 
in the system CaO-MgO-Al2O3-SiO2-TiO2 at carbon saturation. The results are pre-
sented in a series of pseudo−ternary sections TiO2-(CaO+MgO)-(SiO2+Al2O3) with fixed  
MgO/CaO and Al2O3/SiO2 weight ratios.

With addition of TiO2 to normal iron blast furnace CaO-MgO-SiO2-Al2O3 slag two new 
phases perovskite CaO·TiO2 and pseudobrookite [2(Ti3+,Mg2+, Al3+)·Ti4+O5)] are formed. 
The liquidus temperatures and primary phase fields in the quinary system are markedly 
different from the system CaO-MgO-SiO2-Al2O3. The liquidus temperature is shown to be 
dependent on the (CaO+MgO)/(SiO2+Al2O3), MgO/CaO and Al2O3/SiO2 ratios and TiO2 
concentration. Limited addition of TiO2 decreases liquidus temperatures of the slag and 
stability of the Ca2SiO4 phase. The liquidus temperatures of the iron blast furnace titanif-
errous slags can be significantly decreased with increasing MgO/CaO ratio.
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