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Abstract: The effects of MgO/Al2O3 ratio on the viscous behaviors of MgO−Al2O3−TiO2−CaO−SiO2 systems were 
investigated by the rotating cylinder method. Raman spectroscopy was used to analyze the structural characteristics of 
slag and Factsage 7.0 was adopted to demonstrate the liquidus temperature of slag. The results show that the viscosity 
and activation energy for viscous flow decrease when the MgO/Al2O3 ratio increases from 0.82 to 1.36. The break point 
temperature and liquidus temperature of slag initially decrease and subsequently increase. The complex viscous 
structures are gradually depolymerized to simple structural units. In conclusion, with the increase of MgO/Al2O3 ratio, 
the degree of polymerization of slag decreases, which improves the fluidity of slag. The variations of liquidus 
temperature of slag lead to the same changes of break point temperature. 
Key words: vanadium-bearing titanomagnetite; titanium-bearing slag; viscous behavior; degree of polymerization of 
slag; MgO/Al2O3 ratio 
                                                                                                             

 

 

1 Introduction 
 

Vanadium-bearing titanomagnetite (V−Ti ores) 
is an important mineral resource containing Fe, V 
and Ti elements [1,2]. Since 1970s, the traditional 
blast furnace (BF) process has been employed to 
process V−Ti ores. The TiO2 content of titanium- 
bearing BF slag is only 20−25 wt.% [3]. For the 
lack of efficient methods to extract the TiO2 
component from the titanium-bearing BF slag, the 
abundant titanium resources are wasted. 
Considering the disadvantages of BF process, the 
direct reduction-electric furnace process has been 
reported as a simple route to realize the recovery of 
V and Ti resources from V−Ti ores [4−6]. When the 
iron and vanadium resources are utilized, the 

introductions of impurities are reduced. The TiO2 
grade in the titanium-bearing slag is improved 
(exceed 40 wt.%) [7]. Subsequently, the appropriate 
hydrometallurgical process can be adopted to 
efficiently extract TiO2 from the titanium-bearing 
slag, realizing the comprehensive utilizations of 
V−Ti ores [8,9]. 

Significantly, the smelting separation of V−Ti 
ore metalized pellets is the most critical step when 
the direct reduction-electric furnace process is  
adopted to maximize the utilizations of V−Ti ores, 
which controls the distribution ratios of valuable 
elements between the metal and the slag. It is 
closely related to the viscous behaviors of slag 
[10−12]. Therefore, the fundamental researches on 
the viscous behaviors of titanium-bearing slag 
obtained in the smelting separation process of V−Ti  

                       
Foundation item: Projects (51574067, 51904063) supported by the National Natural Science Foundation of China; Projects (N172503016, 

N172502005, N172506011) supported by Fundamental Research Funds for the Central Universities, China; Project 
(2018M640259) supported by China Postdoctoral Science Foundation 

Corresponding author: Man-sheng CHU; Tel: +86-24-83684959; E-mail: chums@smm.neu.edu.cn 
DOI: 10.1016/S1003-6326(20)65255-4 



Cong FENG, et al/Trans. Nonferrous Met. Soc. China 30(2020) 800−811 

 

801

ores are necessary. 
The viscous behaviors and structural 

characteristics of titanium-bearing slag have been 
researched [13−17]. SHI et al [13] measured    
the viscosity of CaF2−CaO−Al2O3−MgO−(TiO2) 
systems and analyzed the degree of polymerization 
of slag. They concluded that the degree of 
polymerization of slag decreased by forming some 
simple structural units with the increase of TiO2 
content in the experimental range. Consequently, 
the viscosity and activation energy for viscous flow 
of slag decreased. QIU et al [14] reported the 
effects of Cr2O3 addition and CaO/SiO2 ratio on the 
viscosity and structure of CaO−SiO2−Cr2O3− 
8wt.%MgO−22wt.%TiO2−14wt.%Al2O3 systems 
(CaO/SiO2 ratio of 0.90−1.30, and Cr2O3 content of 
0−4 wt.%), in which the viscosity of slag obviously 
increased with the increase of Cr2O3 content and 
decreased with the increase of CaO/SiO2 ratio. But 
the restructure and transformations of various 
structural units in the titanium-bearing slag have not 
been discussed in detail. ZHEN et al [15] 
demonstrated that the degree of polymerization of 
CaO−MgO−Al2O3−SiO2−TiO2 systems increased 
when the Al2O3/TiO2 ratio increased, resulting in an 
increase of viscosity. ZHANG et al [16] verified 
that the TiO2 component acted as the basic oxide in 
the CaO−SiO2−TiO2−8wt.%MgO−14wt.%Al2O3 
system and had a prominent effect on 
depolymerizing the networks of slag. When the 
TiO2 content increased from 0 to 30 wt.%, the 
viscosity of slag decreased. In addition, LI et al [17] 
found that Ti4+ generated by TiO2 component in the 
molten CaO−SiO2−TiO2−15wt.%CaF2 slag systems 
(CaO/SiO2 ratio of 1.00, and TiO2 content of   
0−10 wt.%) mainly existed in TiO4

4− in slag and 
formed the TiO2-like clusters with Ti4+ in 
tetrahedral coordination, which could not change 
the degree of polymerization of networks. A small 
amount of Ti4+ entered into the networks as the role 
of network formation and the degree of 
polymerization of networks was enhanced. These 
researches were mainly focused on the titanium- 
bearing BF slag, mold flux and refining slag. 
Moreover, the analyzed emphases and results of 
different slag systems were inconsistent. 

Currently, the reports on the viscous behaviors 
of titanium-bearing slag with low CaO/SiO2 ratio 
(less than 0.80) and high TiO2 content (exceed   
40 wt.%) were few. In our previous work [18], the 

effects of CaO/SiO2 ratio on the viscous behaviors 
of titanium-bearing slag obtained in the smelting 
separation process of V−Ti ores have been 
researched. Nevertheless, the effects of MgO/Al2O3 
ratio on the viscous behaviors of this type high- 
TiO2-content slags are not investigated in detail. 
The variations of degree of polymerization of slag 
are not clear. 

In this study, the effects of MgO/Al2O3 ratio on 
the viscous behaviors and structural characteristics 
of MgO−Al2O3−TiO2−CaO−SiO2 systems with high 
TiO2 content of 43 wt.% and the low CaO/SiO2 
ratio of 0.50 were researched. The viscosity, break 
point temperature, activation energy for viscous 
flow and degree of polymerization of slag were 
analyzed. The range of MgO/Al2O3 ratio was 
0.82−1.36. In addition, Raman spectroscopy was 
used to analyze the structural characteristics of slag 
and Factsage 7.0 was adopted to demonstrate the 
liquidus temperature of slag. 
 
2 Experimental 
 
2.1 Slag sample preparation 

The experimental slag samples were 
synthesized with the calcined analytical-grade 
oxides of CaO, SiO2, MgO, Al2O3 and TiO2 in a 
molybdenum crucible at 1843 K, based on the 
approximate compositions of titanium-bearing slag 
obtained in the practical smelting separation 
process of V−Ti ores. The main chemical 
compositions of basic titanium-bearing slag are 
listed in Table 1. Due to the low content of Fe and 
V element in the titanium-bearing slag, it has little 
effects on the viscous behaviors and melting 
behaviors of slag. Therefore, the Fe and V element 
were not considered in the process of preparing the 
sample. The experimental scheme and chemical 
compositions of titanium-bearing slags with 
different MgO/Al2O3 ratios are given in Table 2. 
The TiO2 content is fixed to 43 wt.% and the 
CaO/SiO2 ratio is a constant of 0.50. Because the 
CaO/SiO2 ratio of experimental slags is less    
than 1.00 and the TiO2 component is an amphoteric  
 

Table 1 Main chemical compositions of basic titanium- 

bearing slag 

Content/wt.% CaO/SiO2

ratio CaO SiO2 MgO Al2O3 TiO2 Fe V 

10.65 20.72 11.32 11.22 43.58 1.42 0.15 0.514 
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oxide, the experimental titanium-bearing slags have 
the acidic slag characteristics. 
 
2.2 Experimental apparatus 

The viscosity measurements of experimental 
slags were carried out by the rotating cylinder 
method with a digital viscometer. The schematic 
diagram of apparatus is shown in Fig. 1. Six 
U-shaped MoSi2 heating elements were used in the 
electric resistance furnace to heat and melt the slag 
samples. The temperature of slag could reach  
1843 K. The experimental temperatures were 
controlled by two B-type thermocouples inserted 
into the furnace with an error less than ±3 K. The 
crucible and rotating spindle employed for the 
viscosity measurements were both made of 
molybdenum. The detailed dimensions are also 
given in Fig. 1. Before the viscosity measurements 
of slag, the viscometer was calibrated using the 
standard castor oil with known viscosity at room 
temperature. Other detailed descriptions of the 
above equipment were reported in our previous 
studies [18−20]. 

2.3 Viscosity measurements 
The pre-melted slag sample of (140±0.01) g 

was filled in a molybdenum crucible. The crucible 
was then placed at the even temperature zone of 
resistance furnace, when the experimental slags 
were heated to 1843 K. After the slag sample 
completely melted, its amount was about 40 mm in 
depth. It took 30 min to stabilize the temperature 
and homogenize the compositions of molten slag. 
Then, the molybdenum rotating spindle was slowly 
immersed in the molten slag and kept at a  
distance of 10 mm above the crucible bottom. The 
crucible and spindle were properly aligned along 
the axis of viscometer. Subsequently, the viscosity 
measurements were started. In the whole 
experimental process, argon gas (purity of 99.99%) 
was flowed with 0.3 L/min to protect the 
molybdenum crucible, molybdenum spindle and 
apparatus. 

The viscosity measurements of slag were 
performed with the continuous cooling method to 
acquire the relationships between the viscosity and 
the temperature in a wide temperature range. The 

 

Table 2 Experimental scheme and chemical compositions of experimental slag samples 

No. 

Initial designed composition Final composition by XRF 

Content/wt.% CaO/

SiO2 

 ratio

MgO/

Al2O3

ratio

Content/wt.% CaO/

SiO2 

ratio

MgO/

Al2O3

ratioCaO SiO2 MgO Al2O3 TiO2 CaO SiO2 MgO Al2O3 TiO2 

1 12.33 24.67 9.00 11.00 43.00 0.50 0.82 11.76 24.39 9.26 10.78 43.36 0.48 0.86

2 11.67 23.33 11.00 11.00 43.00 0.50 1.00 11.53 22.61 11.43 11.14 42.79 0.51 1.03

3 11.00 22.00 13.00 11.00 43.00 0.50 1.18 10.62 22.11 12.78 10.56 43.45 0.48 1.21

4 10.33 20.67 15.00 11.00 43.00 0.50 1.36 10.56 20.31 14.78 10.85 43.21 0.52 1.36

 

 

Fig. 1 Schematic diagram of experimental apparatus (unit: mm) 
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molten slag was cooled with a rate of 3 K/min from 
1843 K. When the viscosity of slag reached about 
3.5 Paꞏs, the measurements were ended. After the 
viscosity measurements, the experimental slags 
were reheated to 1843 K and maintained for 60 min. 
Subsequently, the reheated molten slags were 
quenched in the cold water to obtain the amorphous 
phases for the structural analyses. Further detailed 
descriptions on the viscosity measurement  
processes were also illustrated in our previous  
reports [18−20]. 
 
3 Results and discussion 
 
3.1 Reproducibility of viscosity measurements 

In the present work, the viscosity data of 
titanium-bearing slags with different MgO/Al2O3 
ratio are the average values of measurement results 
for three times. In order to analyze the 
reproducibility and accuracy of the viscosity 
measurements, the comparative results of viscosity 
measurements for No. 1 experimental slag are given 
in Table 3. It can be seen that the measured 
viscosity values at various temperatures are greatly 
matched. The relative deviations of measured 
viscosity data from the mean value are less than 
1.00%. This illustrates that the viscosity 
measurement methods adopted in this study are 
reliable. In addition, the chemical compositions and 
phases of quenched experimental slags obtained 
after the viscosity measurements are analyzed by 
XRF and XRD in Table 2 and Fig. 2. Clearly, the 
compositions of quenched slags are very similar to 
the initial designed compositions. The XRD 
analyses show that all the quenched experimental 
slags are amorphous and representative of molten 
state of slag. 
 
Table 3 Viscosity measurements for No. 1 experimental 

slag 

Temperature/
K 

Viscosity  
measurement/ 

(Paꞏs) 

Average 
viscosity/ 

(Paꞏs) 

Relative
deviation/

% 

1843 0.275, 0.278, 0.275 0.276 0.48 

1823 0.297, 0.292, 0.291 0.293 0.80 

1793 0.317, 0.322, 0.316 0.318 0.73 

1773 0.344, 0.343, 0.340 0.342 0.49 

1753 0.373, 0.371, 0.369 0.371 0.36 

1733 0.460, 0.462, 0.465 0.462 0.36 

 

 

Fig. 2 XRD patterns of quenched titanium-bearing slags 

with different MgO/Al2O3 ratio 

 

3.2 Effects of MgO/Al2O3 ratio on break point 
temperature 
Figure 3 displays the viscosity−temperature 

(η−T) curves of titanium-bearing slags with 
different MgO/Al2O3 ratios by the viscosity 
measurements in the continuous cooling process. It 
is found that the viscosity of slag gradually 
increases with a decrease of temperature. When the 
temperature decreases to a certain value (a 
temperature turning point), the viscosity of slag has 
a sharp increase. Generally, this temperature turning 
point is defined as the break point temperature (TBr) 
of slag. It is also known as the free flow 
temperature of slag and is an important viscous 
property of molten slag [21]. 
 

 
Fig. 3 Viscosity−temperature (η−T) curves of titanium- 

bearing slags with different MgO/Al2O3 ratios 

 
According to the work performed by QI     

et al [22], the TBr of slag is determined as the 
temperature that corresponds to the tangency point 
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of a 45° line on η−T curve. As illustrated in     
Fig. 4(a), the TBr of slags with different MgO/Al2O3 
ratios is 1721, 1718, 1723 and 1730 K, which 
initially decreases and subsequently increases with 
the increase of MgO/Al2O3 ratio from 0.82 to 1.36. 
 

 
Fig. 4 Variations of TBr (a) and viscosity (b) of slags with 

MgO/Al2O3 ratio 

 
It should be noted that the TBr is distinguished 

from the liquidus temperature of slag. The TBr of 
slag is the critical temperature where the viscosity 
of slag changes sharply with the temperature. It can 
represent the boundary between better fluidity and 
worse fluidity of slag in one sense. The liquidus 
temperature of slag refers to the initial point where 
the solid crystals are precipitated from the molten 
slag. As reported in the relevant literature, it is still 
difficult for the acidic slag to flow freely when the 
slag completely melts, and the viscosity of slag is 
high. Only when the temperature is further 
increased to the TBr, can the acidic molten slag 
reach the free flow state [23]. Although the TBr is 
inconsistent with the liquidus temperature of slag, 
the variations of TBr have a relationship with the 
liquidus temperature of slag [24,25]. Therefore, 

Factsage 7.0 was adopted to calculate the phase 
diagram of MgO−Al2O3−TiO2−CaO−SiO2 system 
with the TiO2 content of 43 wt.% and CaO/SiO2 
ratio of 0.50. Meanwhile, the effects of MgO/Al2O3 
ratio on the liquidus temperature of experimental 
slags were analyzed. The results are shown in Fig. 5. 
The slag system transfers from the crystalline 
region of rutile to that of MgTi2O5, while the 
MgO/Al2O3 ratio is increased from 0.82 to 1.36. 
The liquidus temperature of experimental slags 
calculated by Factsage 7.0 is 1605, 1585, 1607 and 
1625 K, respectively, which is initially decreased 
and subsequently increased. It is same to the 
variations of TBr. 
 

 
Fig. 5 Phase diagram of MgO−Al2O3−43wt.%TiO2− 

CaO−SiO2 system with CaO/SiO2 ratio of 0.50 

 
As QI et al [22] noted, when the liquidus 

temperature of slag is low and the actual 
temperature is higher than the liquidus temperature, 
the superheat degree (the difference between the 
actual temperature T and the liquidus temperature 
TL of slag, expressed as T−TL) of slag is high. As a 
result, the slag can keep the molten state more 
easily in the continuous cooling process from the 
high temperature to the low temperature, and    
the sharp increase of viscosity is restrained, 
contributing to the decrease of TBr. 
 
3.3 Effects of MgO/Al2O3 ratio on viscosity 

The viscosities of titanium-bearing slags with 
different MgO/Al2O3 ratios at various temperatures 
are shown in Fig. 4(b). The viscosity decreases at 
given temperatures when the MgO/Al2O3 ratio 
increases from 0.82 to 1.36. In the molten slag, the 
SiO2 component has an obvious characteristic of 
acid oxide and can produce the complex [SiO4]- 
tetrahedral structures [26,27]. Al3+ dissociated by 
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Al2O3 in slag can cause the [AlO4]-tetrahedral 
structures to form and further incorporate into the 
[SiO4]-tetrahedral structures, behaving as a  
network former [25]. In addition, the TiO2 
component in the molten titanium-bearing slag can 
generate the complex O—Ti—O deformation in 
sheet structures [28]. These complex viscous 
structures can increase the amounts of bridged 
oxygen (O0), which strengthens the degree of 
polymerization of slag. In the previous works on the 
correlations between the viscosity and the degree of 
polymerization of slag, these complex viscous 
structures had an important influence on the 
viscosity of slag [29,30]. Their depolymerizations 
resulted in the lower viscosity of slag. 

In the molten slag, MgO can be dissociated to 
Mg2+ and free oxygen ions O2−. As the MgO/Al2O3 
ratio increases, more free oxygen ions O2− are 
provided to the slag. These O2− can react with O0 in 
the complex viscous networks to produce the 
non-bridged oxygen (O−) [31]. Therefore, the 
increase of MgO/Al2O3 ratio results in the 
increasing of polymerization degree of slag and the 
increasing of the viscosity of experimental slags. 
 
3.4 Effects of MgO/Al2O3 ratio on activation 

energy for viscous flow 
The activation energy for viscous flow (Eη) is 

an important viscous characteristic of slag. It can 
reflect the fluctuation degree of viscosity with the 
temperature change and represent the thermal 
stability of slag. In addition, it is an indication of 
energy required to sever a sufficient number of 
bonds within the networks to initiate flow. 
Variations of Eη reveal the changes of frictional 
resistance for viscous flow and suggest a change of 
structural units in the molten slag. Unless the 
characteristics of structural units in slag change, the 
value of Eη is expected to be constant for a certain 
molten slag [22,25]. This value can be obtained 
from the Arrhenius equation, combining the linear 
regression method and viscosity data above the TBr. 
The Arrhenius type equation is shown as [22] 

 
1

ln ln
E

A
T R T


                            (1) 
 

where η is the viscosity of slag, Paꞏs; A is the 
proportionality constant; T is the temperature, K; R 
is the gas constant (8.314 J/(molꞏK)); Eη is the 
activation energy for viscous flow, J/mol. 

Figure 6(a) presents ln(η/T) as a function of 

1/T for titanium-bearing slags with different 
MgO/Al2O3 ratios. It can be seen that ln(η/T) has a 
good linear relationship with 1/T and the linearly 
dependent coefficient r is higher than 0.95 for all 
slags. These results indicate that the relationships 
between viscosity and temperature are closely 
consistent with the Arrhenius behaviors. 
 

 
Fig. 6 Linear fitting between ln(η/T) and T−1 (a), and 

variations of Eη of slags with different MgO/Al2O3  

ratios (b) 

 
Based on the above experimental data, Eη of 

slag are obtained through the slope of fitting line. 
The effects of MgO/Al2O3 ratio on the Eη of slag are 
calculated and plotted in Fig. 6(b). The Eη decreases 
from 98.08 to 83.36 kJ/mol with the increase of 
MgO/Al2O3 ratio from 0.82 to 1.36, which is 
similar to the variations of viscosity. The decrease 
of Eη implies that the energy barrier for viscous 
flow is reduced and the structural units for viscous 
flow become simpler with an increase of 
MgO/Al2O3 ratio. 
 

3.5 Raman spectra analyses on degree of 
polymerization of slag 
In order to obtain the structural characteristics 
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of molten titanium-bearing slags and further reveal 
the variation mechanisms of viscosity and 
activation energy for viscous flow, Raman 
spectroscopy was adopted to analyze the 
amorphous quenched slags. Figure 7(a) shows the 
original Raman spectra of experimental slags in the 

range of 400−1200 cm−1. It can be seen that, a 
strong band exists in the region between 500 and 
950 cm−1. With the increase of MgO/Al2O3 ratio, 
this strong band becomes more pronounced. 
Besides, a shoulder band is observed in the range  
of 950−1100 cm−1 at the MgO/Al2O3 ratio of 0.82. 

 

 
Fig. 7 Raman spectra (a), deconvolution results (b−e) and further analyses (f) for slags with different MgO/Al2O3 ratios 
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And the corresponding shoulder almost disappears 
as the MgO/Al2O3 ratio further reaches 1.36. 

The conversions of various structural units in 
the molten slag with the MgO/Al2O3 ratio can    
be speculated by the deconvolutions of Raman 
spectra [32]. According to the obvious distributions 
of bands in the spectra, the focus of deconvolutions 
in this work is in the 550−1100 cm−1 range. The 
obtained Raman spectra are deconvoluted by 
Gaussian-deconvolution method and the 
deconvolution fitting process was conducted under 
the guidance of works performed by JIN et al [33]. 
The deconvoluted results of Raman spectra of 
titanium-bearing slags with different MgO/Al2O3 
ratios are illustrated in Figs. 7(b−e). Ten 
deconvolution bands are presented in the analyzed 
frequency range to be about 570, 630, 690, 750, 800, 
840, 860, 920, 980 and 1040 cm−1, respectively. 

The structural units of TiO2-free silicate have 
been reported by Raman spectroscopy in many 
studies. The band at 840−860 cm−1 is due to the 
stretching vibrations of silicate tetrahedral with four 
non-bridged oxygen (NBO) and it is referred to 0

SiQ  
(superscript refers to the number of bridged oxygen) 
species in monomer structure. The bands located at 
900−920, 960−980 and ~1040 cm−1 correspond to 

1
SiQ  in the dimer structure, 2

SiQ  in the chain 
structure and 3

SiQ  in the sheet structure, 
respectively [34]. Al3+ can form as different 
structural units in the molten slag, where 
[AlO4]-tetrahedral stretching vibration acts as 
network former and [AlO6]-octahedron stretching 
vibration plays a network modifier. According to 
JUNG and SOHN [35], Raman band at about   
570 cm−1 is assigned to the [AlO6]-octahedron and 
Raman band at about 630 cm−1 represents the 
[AlO4]-tetrahedral. In addition, MYSEN et al [36], 
PARK et al [37], ZHEN et al [15] and WANG    
et al [38] have suggested that the bands at 860−880, 
790−830, 720−750 and 690−700 cm−1 on the 
Raman spectra of titanium-bearing melts are due to 
the Ti—O stretching vibrations in 4

2 6Ti O   chain 
structure, Ti—O stretching vibrations in 4

4TiO   
monomer structure, O—Ti—O deformation in  
sheet structure and Ti—O stretching vibrations in 
6-coordinated Ti4+, respectively. The O—Ti—O 
deformation in sheet structure is complex structural 
unit. The 4

4TiO   monomers, 4
2 6Ti O   chains and 

Ti—O stretching vibrations in 6-coordinated Ti4+ 
are simple structural units, decreasing the 

polymerization strength of complex viscous 
structures [39]. A brief summary is given in Table 4. 
The central band frequency of various structural 
units in the Raman spectra of experimental slags is 
displayed in Table 5. The central band frequency of 

 
Table 4 Assignments of Raman bands on spectra for 

experimental slags 

Raman 
shift/cm−1 Raman assignment Reference

~570 
[AlO6]-octahedron stretching 

vibrations 
[35] 

~630 
[AlO4]-tetrahedral stretching 

vibrations 
[35] 

690−700 
Ti—O stretching vibrations in 

6-coordinated Ti4+ 
[38] 

720−750 
O—Ti—O deformation in sheet 

structures 
[36] 

790−830 
Ti—O stretching vibrations in 

4
4TiO 

 monomers 
[37, 36, 

15] 

840−860 
4
4SiO   with zero bridging 

oxygen in monomer units, 0
SiQ

[34] 

860−880 
Ti—O stretching vibrations in 

4
2 6Ti O  chain units 

[36] 

900−920 
6

2 7Si O   with one bridging 

oxygen in dimer units, 1
SiQ  

[34] 

960−980 
4

2 6Si O   with two bridging 

oxygen in chain units, 2
SiQ  

[34] 

1010−1040
2

2 5Si O   with three bridging 

oxygen in sheet units, 3
SiQ  

[34, 15]

 
Table 5 Central band frequency of various structural 
units on Raman spectra of experimental slags (cm−1) 

Structural units 
MgO/Al2O3 ratio 

0.82 1.00 1.18 1.36
0
SiQ  in monomer structure 840 840 840 840

1
SiQ  in dimer structure 918 918 918 917
2
SiQ  in chain structure 977 979 979 977
3
SiQ  in sheet structure 1042 1041 1041 1041

[AlO6]-octahedron 574 574 573 573

[AlO4]-tetrahedral 633 633 633 633

Ti—O stretching vibrations 
in 4

4TiO   monomer structure 
802 802 803 802

Ti—O stretching vibrations 
in 4

2 6Ti O   chain structure 
862 862 863 861

O—Ti—O deformation in 
sheet structure 

746 747 748 747

Ti—O stretching vibrations 
in 6-coordinated Ti4+ 

693 693 693 693
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various structural units changes slightly with the 
increase of MgO/Al2O3 ratio, which may be related 
to the relatively small variations of compositions of 
slag. 

The abundance of coexisting structural units in 
the molten slag is related to the corresponding band 
areas in the deconvoluted Raman spectra. Typically, 
the mole fractions of Si

nQ  species in the silicate 
network are calculated according to [40] 
 

3

0

n n
n

n n
n

A
X

A









                            (2) 

 
where Xn, θn and An denote the mole fraction of Si

nQ  
species (n ranges from 0 to 3), Raman scattering 
coefficient and Raman band area of Si ,

nQ  
respectively. However, the exact values for θn 
remain unknown. It is difficult to obtain the 
accurate abundances of structural units from Raman 
spectra. As an alternative, the relative variations of 

Si
nQ  can be analyzed by comparing the ratios of 

band area, by considering the θn to be constant and 
only decided by Si

nQ  species themselves [33]. 
Figure 7(f) presents the variations of A1/A2, 

A3/A2 and A0/A2 as a function of MgO/Al2O3 ratio. It 
can be found that A1/A2 and A3/A2 have a decrease 
tendency when the MgO/Al2O3 ratio is increased 

from 0.82 to 1.36; whereas, A0/A2 increases. This 
demonstrates that the complex silicate networks are 
modified and the degree of polymerization of 
silicate networks decreases. Furthermore, the area 
ratios of O—Ti—O deformations in sheet structure 
in the titanium-bearing structural units (S1) and 
[AlO4]-tetrahedral stretching vibrations in the 
aluminum-bearing structural units (S2) are also 
shown in Fig. 7(f). Clearly, S1 and S2 are decreased 
with an increase of MgO/Al2O3 ratio. The complex 
O—Ti—O deformations in sheet structure and 
[AlO4]-tetrahedral stretching vibrations are 
depolymerized by forming the relatively simpler 
structural units, such as 4

4TiO   monomers,  
4

2 6Ti O   chains, Ti—O stretching vibrations in 
6-coordinated Ti4+ and [AlO6]-octahedron 
stretching vibration. This decreases the number of 
bridged oxygen in slag and weakens the degree of 
polymerization of titanium-bearing slag. Therefore, 
the viscosity and activation energy for viscous flow 
of slag decrease when the MgO/Al2O3 ratio is 
increased in the experimental range. The 
depolymerization mechanisms of silicon-bearing 
structural units, aluminum-bearing structural units 
and titanium-bearing structural units are illustrated 
in Figs. 8, 9 and 10, respectively. 

 

 
Fig. 8 Depolymerizations of silicon-bearing structural units with MgO/Al2O3 ratio 
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Fig. 9 Depolymerization of aluminum-bearing structural units with MgO/Al2O3 ratio 

 

 

Fig. 10 Depolymerization of titanium-bearing structural units with MgO/Al2O3 ratio 

 
 
4 Conclusions 
 

(1) When the MgO/Al2O3 ratio is increased 
from 0.82 to 1.36, the viscosity and activation 
energy for viscous flow of MgO−Al2O3−TiO2− 
CaO−SiO2 slag systems (TiO2 content of 43 wt.% 
and CaO/SiO2 ratio of 0.50) decrease, and the  
break point temperature initially decreases and 
subsequently increases. 

(2) Raman spectroscopy results reveal that the 
complex silicate networks, O—Ti—O deformations 
in sheet structure and [AlO4]-tetrahedral stretching 
vibrations are depolymerized with the formations of 
simple structural units when the MgO/Al2O3 ratio is 
increased. The degree of polymerization of 
titanium-bearing slag is weakened. The fluidity of 
slag has been improved. 

(3) Calculated by Factsage 7.0, the liquidus 
temperature of experimental slags initially 
decreases and subsequently increases with the 
increase of MgO/Al2O3 ratio, resulting in the same 
variations of break point temperature. 
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MgO/Al2O3比对 MgO−Al2O3−TiO2−CaO−SiO2 

低碱度高钛渣黏流行为和结构的影响 
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摘  要：运用旋转柱体法分析 MgO/Al2O3 比对 MgO−Al2O3−TiO2−CaO−SiO2渣系黏流行为的影响。采用拉曼光谱

研究渣系结构特征，结合 Factsage 7.0 热力学软件分析实验渣系液相线温度。结果表明，当 MgO/Al2O3比由 0.82

升高至 1.36 时，渣系黏度和黏流活化能降低，渣系熔化性温度和液相线温度先降低后升高，渣中复杂黏滞结构逐

渐解聚为简单黏滞流动单元。随 MgO/Al2O3比升高，实验渣系聚合程度降低，实验渣系流动性得到改善，使得渣

系黏度和黏流活化能降低。此外，渣系液相线温度随 MgO/Al2O3比的变化导致渣系熔化性温度发生对应变化。 

关键词：钒钛磁铁矿；含钛渣系；黏流行为；渣系聚合程度；MgO/Al2O3比 
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