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ABSTRACT
The effect of alumina on the relationship between viscosity and structure of the CaO-

SiO2-Al2O3 ternary system and CaO-SiO2-Al2O3-MgO quaternary system are investigated 

by employing viscometer using the rotating cylinder method and Fourier transform–

infrared (FT-IR) spectra, respectively. In addition, the original Darken’s excess stability 

function was introduced in order to understand the thermophysical phenomena and the 

role of alumina based on thermodynamics. Alumina behaves as an amphoteric oxide in 

the CaO-SiO2-Al2O3-MgO melts, and this is not only experimentally confirmed but also 

thermodynamically proved by taking the Darken’s excess stability function into account.
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INTRODUCTION
The relationship between thermophysical properties and the structure of silicate melts 
is of importance to understand the microscopic origin of the thermodynamic properties 
not only in the metallurgical community but also in chemical geology. The viscosity, which 
determines the working temperature and process kinetics of the system, CaO-SiO2-Al2O3 
and CaO-SiO2-Al2O3-MgO melt, has been measured by many researchers.[1, 2, 3, 4] The 
structure of binary and ternary subsystems was investigated with various experimental 
techniques[5, 6, 7, 8, 9]. Also, we can find some reports on the measurement or optimiza-
tion of thermodynamic activities of each component in this ternary and quaternary system 
at high temperatures [10, 11, 12, 13, 14]. Furthermore, there has been considerable inter-
est in the amphoteric behavior of alumina, which acts as a network modifier or network 
former according to the composition of aluminosilicate melts [2, 3, 15, 16, 17, 18, 19].

Seetharaman et al. introduced the Gibbs free energy of mixing ( ) to predict the 
activation energy for the viscous flow ( ) of ternary silicate melts in line with Rich-
ardson’s consideration [20]. Thereafter, Aune et al. expected to link thermophysical 
and thermochemical properties by adopting Darken’s excess stability concept, and they 
demonstrated that the second derivatives of the viscosities of binary silicate melts with 
respect to composition indicated maxima corresponding to the existence of stable com-
pounds in these systems [21]. Recently, Lee investigated the relationship between the 
activity coefficient of silica and viscosity of silicate melts and glasses based on the quan-
titative estimation of the extent of disorder from solid-state 17O 3QMAS NMR (triple 
quantum magicangle spinning nuclear magnetic resonance) and quasichemical approxi-
mation [22]. Although there are several studies on viscosities, structures, and thermo-
dynamic properties of CaO-SiO2-Al2O3 and CaO-SiO2-Al2O3-MgO slags, comprehensive 
explanations integrating all three factors together at a given system are still insufficient. 
We measured the viscosity and Fourier transform–infrared (FT-IR) transmitting spectra 
of CaO-SiO2-Al2O3 (-MgO) melts and glasses [2] and revealed the amphoteric behavior of 
alumina based on the changes of activity coefficient of alumina and silica. In the present 
study, in line with previous works [3], the effect of alumina on the relationship between 
viscosity and structure of the CaO-SiO2-Al2O3(-15 mole pct MgO) system is investigated 
by employing a viscometer using the rotating cylinder method and FT-IR spectra, respec-
tively. In addition, the original Darken’s excess stability function was introduced in order 
to understand the thermophysical phenomena and the role of alumina based on thermo-
dynamics [23].

METHODOLOGY
The viscosities were measured by rotating cylinder method. The viscosity can be deter-
mined by the generated torque from the submerged spindle (Pt-10 mass pct Rh) in the oxide  
melt which is contained in the Pt-10 mass pct Rh crucible. The calibrated viscosities were 
calculated from the generated torque at constant speed by a viscometer (RVDV-II+, Brook-
field, Middleboro, MA) set on the kanthal super electric furnace. Experimental methods, 
schematic diagram of the apparatus, and dimensions of spindle, crucible, and suspending 
wire are described in detail elsewhere [2]. The composition of the slags investigated in 
this study is listed in Table 1. In the measurement of FT-IR spectra, the oxide samples 
of composition listed in Table 1 were melted in a platinum crucible at 1773 K for 3 hours. 
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Table 1: Primary experimental composition of the oxide melts in the present study

	 sample	 Content of oxide component (mol pct.)		  Remarks 
		  CaO	 SiO2	 Al2O3	 MgO	

	 V1	 43.0	 34.9	 7.5	 14.5	

	 V2	 42.3	 34.3	 8.7	 14.7	 Viscosity measurement of liquids

	 V3	 41.5	 33.7	 9.9	 14.8	 at 1773 K

	 V4	 40.4	 32.8	 11.9	 15.0	

	 V5	 39.0	 31.5	 12.8	 15.5	

	 I1	 50.2	 46.9	 2.9		

	 I2	 48.7	 45.4	 5.9		

	 I3	 47.0	 43.9	 9.1		

	 I4	 45.3	 42.3	 12.4		

	 I5	 43.5	 40.6	 15.9		

	 I6	 56.5	 40.6	 2.9		  FT-IR spectra measurement

	 I7	 54.8	 39.3	 5.9		  of quenched glasses

	 I8	 52.9	 38.0	 9.1		

	 I9	 51.0	 36.6	 12.4		

	 I10	 49.0	 35.2	 15.9		

	 I11	 46.9	 33.6	 19.5		

	 I12	 43.0	 34.9	 7.5	 14.5	

	 I13	 40.2	 33.9	 11.2	 14.7	

	 I14	 38.5	 32.7	 13.8	 14.8	

Subsequently, the oxide melts were directly poured onto the copper plate, which was 
cooled by flowing water. The samples were confirmed as a glass using an X-ray diffrac-
tometer (D8 Advance, Bruker AXS Inc., Madison, WI) and crushed to powders that are 
smaller than 100 . The FT-IR spectroscopy (Spectra 100, Perkin-Elmer inc., MA) was 
used, and the transmitting spectra were recorded in the 4000 to 400 cm-1 range using a 
spectrometer, equipped with a KBr (deuterated triglycine sulfate with potassium bromide 
windows) detector. The measurement procedure is described in detail elsewhere [8, 9].

RESULT AND DISCUSSION

CaO-SiO2-Al2O3 Ternary System

Figure 1: Viscosity of the CaO-SiO2-Al2O3 ternary melt at 1823 K as a function of mole of Al2O3
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The viscosities of CaO-SiO2-Al2O3 slags at 1823 K are shown in Figure 1. There are two 
pronounced peaks of viscosity in low and high Al2O3 content ranges. The viscosity in-
crease between 2.9 to 5.9 mol pct. and decrease up to 9.1 mole pct. at CaO/SiO2=1.0. In 
case of CaO/SiO2=1.3, the viscosity of slag decrease again at 30 mol pct. of alumina.

The structural role of Al2O3 in the aluminosilicate melts has frequently been investi-
gated by spectroscopic studies based on the IR and Raman spectra [5, 6, 7, 8, 9]. The Al3+ 
ions would exist as a form of the [AlO4]-tetrahedra incorporated into the [SiO4]-tetrahe-
dral units, when it behaves as a network former. Therefore, the macroscopic phenomena, 
i.e., viscosity of the CaO-SiO2-Al2O3 slags observed in Figure 1, could be understood from 
the microscopic changes in slag structure by employing the FT-IR spectra analysis.

The FT-IR transmittance of the present system is shown in Figures 2 and 3 as a func-
tion of wave numbers and alumina concentration. In the CaO-SiO2-Al2O3 ternary glass 
system, there are two IR band groups in the detecting range of this study, and these can 
be identified as follows. First, the broadband at about 1200 to 730 cm-1 corresponds to 
the stretching vibration of the Si-O bond in [SiO4]-tetrahedral units with various non-
bridging oxygen per silicon (NBO/Si),[2, 3, 8, 9] which are marked in Figure 2 as arrows. 
It is of interest that the relative intensity of the band for NBO/Si = 1 repeats increasing 
and decreasing as the viscosity changes in Figure 1. When CaO/SiO2=1.0, the lower limit 
shift to higher wave numbers, but in case of CaO/SiO2=1.3, it doesn’t shift to anywhere 
before alumina reaches 12.4 mol pct. and after more addition of alumina up to 19.6 mol 
pct., it inclines toward lower wave numbers. This indicates an increase in bond length be-
tween bonded atoms that is a decrease in binding energy, and vice versa. This is based on 
the following Badger’s rule (Equations 1, 2) [2, 3]

	 	 (1)

	 	 (2)

where k is the force constant for the vibration, De is the equilibrium bond length, and aij 

and bij  are constants determined by the nature of the bonded atoms. Also,ν, ν∼, µ, and 
c are, respectively, the frequency, wave number, reduced mass ( ), m1, 
and m2 are the masses of the two nuclei in a diatomic molecules or ions), and the velocity 
of light (3×108 m/s).

	

Figure 2(L): FT-IR transmittance of CaO-SiO2-Al2O ternary glasses at CaO/SiO2=1.0
Figure 3(R): FT-IR transmittance of CaO-SiO2-Al2O ternary glasses at CaO/SiO2=1.3
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Second, the small band at about 800 to 550 cm-1, of which the center is approximately 
750 cm-1, corresponds to [AlO4]-tetrahedra [2, 3, 8, 9], viz. network forming units, and 
the center of this band incline toward low wave numbers (750 to 700 cm-1) as increasing 
the concentration of alumina from 2.9 to 9.1 mole pct. and then does not show remark-
able changes at alumina concentrations greater than 12.4. The width of this band is get-
ting wider as increasing alumina concentration, especially, lower limit of this band shift 
to lower wave numbers (590 to 550 cm-1).

Darken proposed that the thermodynamic behavior of solutions can be uniquely de-
scribed by the second derivative of excess free energy with respect to the mole fraction of 
component, which is defined as an excess stability, as given in Equation 3 [23]

	 	
		  (3)

where  and Xi are the activity coefficient and the mole fraction of component i, respec-
tively. The excess stability ( ), of course, is the property of the system rather than of a 
component in binary solution.[23] However, because we treat the CaO-SiO2-Al2O3 ter-
nary solution in the present study, the subscript i was used in Equation 3, and the excess 
stability of alumina could be defined. The activity coefficient of alumina, ln  at 1823 
K is calculated and described in Figure 4a. Here, the activity value at 1823 K was obtained 
from the measured data at 1873 K by Ohta and Suito based on the regular solution as-
sumptions.[14] From the changes of  , the excess stability of alumina can be de-
duced, as shown in Figure 4b, as a function of the concentration of alumina.

	
Figure 4a (L) : Dependence of activity coefficient of alumina in ternary melt at 1823 K

Figure 4b (R) : Changes of excess stability of alumina in ternary melt at 1823 K

It is particularly noteworthy that the peaks occurs at the composition of  = 0.05 and 
0.2 at CaO/SiO2=1.0 and  = 0.05 and 0.25 at CaO/SiO2=1.3. Actually, It is well known 
that Darken’s excess stability shows the critical peak at the phase boundary. In present 
slags system, the pahse boundary between wollastonite and gehlenite ( = 0.05), 
gehlenite and corundum (  = 0.2 and 0.25) are close to the phase boundary which 
is shown in the pahse diagram [27]. The physical meanings of these peaks, however, 
should be studied more.
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CaO-SiO2-Al2O3-MgO Quaternary System

Figure 5: Viscosity of the CaO-SiO2-Al2O3-MgO melt  
at 1773 K as a function of mole of Al2O3

The viscosity of CaO-SiO2-Al2O3-MgO quaternary melt at 1773 K is shown in Figures 5 
as a function of alumina concentration. The measured data available in the literature are 
compared through the wide composition range [25, 26]. The viscosity of the CaO-SiO2-
Al2O3 slags generally decreases by addition of 15 mol pct. of MgO because both of Mg2+ 

and O2-ion act as network modifier such as CaO. The maximum value of viscosity is ob-
served in the vicinity of 12 mole pct. of alumina, indicating that alumina behaves as a 
network forming element at less than about 12 mole pct by the incorporation of [AlO4]-
tetrahedral units into the silicate network with the charge compensation by Ca2+ cati-
ons. Alumina, however, decreases the network formability or degree of polymerization at 
higher than 12 mole pct. A different tendency from Figure 1 is shown in Figure 5. A High 
viscous region in 5.9 to 12.9 mol pct. of alumina is disappeared and the maximum peak is 
moved forward 12 mol pct. of alumina.

Figure 6: FT-IR transmittance of the CaO-SiO2-Al2O3-15 mol pct. MgO glasses

The FT-IR transmittance of the present glass system is shown in Figure 6 as a function 
of wave numbers and alumina concentration and the previous result for the 5.7 mole pct 
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Al2O3 system is compared [8, 9]. As the CaO-SiO2-Al2O3 ternary glass system, a remarkable  
peak is separated three kinds of group. One is [SiO4]-tetrahedra broadband peak (about 
1220 to 750 cm-1), second is [AlO4]-tetrahedra broadband peak (about 740 to 610 cm-1) 
and the last is [AlO6]-octahedra peak at about 590 cm-1. The width of [SiO4]-tetrahedra 
broadband is wider than that of the CaO-SiO2-Al2O3 ternary system due to Mg2+ and O2- 
from addition of MgO. The O2- ion increase basicity of melt and the Mg2+ has charge com-
pensation effect so that the network composed by [SiO4]-tetrahedra would be modified 
more than in ternary system.

The intensity of [AlO4]-tetrahedra increases by increasing the concentration of alumi-
na from 5.7 to 7.5 mole pct. This band shifts to lower wave numbers (625 to 613 cm-1) at 
alumina concentrations greater than about 11.2 mole pct.

The band for [AlO6]-octahedra, network modifying units, at about 590 cm-1 disappears 
at alumina concentrations greater than 5.7 mole pct. [2, 3, 8, 9] Based on the preceding 
findings, we can propose that the degree of polymerization of silicate glasses increases 
by addition of alumina to about 11.2 mole pct due to the incorporation of alumina to the 
silicate tetrahedral network. The structure, however, becomes slightly modified, that is, 
an increase in bond length between silicon and oxygen, and aluminum and oxygen atoms 
in [SiO4]- and [AlO4]-tetrahedra by further addition of alumina. [2, 3] This tendency is 
well accorded with the behavior of viscosity changes.

	

Figure 7a (L): Dependence of activity coefficient of alumina in quaternary melt at 1773 K
Figure 7b (R): Changes of excess stability of alumina in quaternary melt at 1773 K

Both of activity coefficient changes and Darken’s excess stability are calculated in the 
same manner of ternary system and described in Figure 7a and 7b, respectively. The max-
imum peak is shown at 12 mole pct. of alumina and this shows good agreement with the 
viscosity changes in Figure 5. There is no specific compound at this composition such as 
ternary system, but at this composition, it could be found that the primary phase bound-
ary between melilite and spinel in phase diagram. Qualitatively, this signifies that the 
structural and thermodynamic characteristics of the aluminosilicate melt abruptly chang-
es at this composition, as given in Figures 1 through 7.

CONCLUSIONS
In summary, the results obtained in this study show that the alumina behaves as an 
amphoteric oxide in the both of CaO-SiO2-Al2O3 ternary and CaO-SiO2-Al2O3-MgO  
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quaternary melts, and this is not only experimentally confirmed by measuring viscosity  
and FT-IR spectra but also thermodynamically proved by taking the excess stability function 
into account. Further studies are needed to describe the thermophysical properties of alu-
minosilicate melts in terms of thermodynamic function by extending the present approach 
using the excess stability of the components to wider composition ranges and systems.
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