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ABSTRACT 

The present paper describes the 
experimental determination of the viscosities of 
the ternary slag systems CaO-FenO-SiOz, Mg0-
Fen0-Si02, Mn0-Fen0-Si02 and Ca0--Mn0-
Si02 as well as the quaternary system CaO­
FenO-MnO-SiOi, using the well-established 
rotating cylinder method. The experimental set 
up consists of a Brookfield digital viscometer 
mounted over a specially-designed furnace with 
graphite heating elements. Iron crucibles were 
used along with iron spindles. The 
measurements were carried out in the 
homogeneous liquid regions of these slags up to 
a maximum temperature of 1753 K. The 
measurements were made at varying rotating 
speeds of the spindle and the constancy of the 
viscosity values was confirmed. The 
experimental arrangement was periodically 
calibrated using the standard reference slag 

recommended by the European Union. The 
results were incorporated into a slag model 
developed at the Division of Theoretical 
Metallurgy, Royal Institute of Technology. The 
model is based on the classical Temkin­
Lumsden description and enables the 
extrapolation of slag viscosities as functions of 
temperature as well as composition in the case 

of multicomponent systems. The viscosities of 
the four component system Ca0-Fen0-Mn0-
Si02 were computed based on the experimental 
values. 

1.INTRODUCTION 

Viscosity is one of the most important 
thermophysical properties of metallurgical 
melts, in view of its direct effect on the kinetic 
conditions of the processes. In the development 
of metallurgical slags, viscosity is among the 
key properties to be taken into consideration. 
While the importance of slag viscosities has 
long been realized, the need for accurate 
viscosity data is even more strongly felt with 
the advancement of today's technology. 

The oxides commonly used in steel slags are 
Al20 3, CaO, Cr20 3, MgO, MnO, Si02 as well 
as Feno. Most of these oxides are also 
important components in the slags of non­
ferrous metallurgy. Great efforts have been 
made to generate viscosity data for various 
slags since the early thirties of this century. 
However, the data available are still too few to 
meet the increasing demands of the advanced 
technology. Recently, a mathematical model for 
estimation of viscosities of multi-component 
melts has been developed at the present 
laboratory.Cl] The model makes it possible to 
express viscosity as a function of temperature 
and composition for multi-component systems. 
Application of the model to various metallic 
and ionic melts has shown satisfactory results. 
In the light of this model, a long term project is 
currently being carried out at the Division of 
Theoretical Metallurgy to get a complete 
description of viscosities in the multi­
component system, Al20rCaO-Cr20rFeO­
Fe20rMgO-MnO-Si02. A reliable description 
for this multi-component system necessitates 
accurate experimental data for corresponding 
lower-order systems. In the present work, the 
viscosities in the CaO-FenO-SiOi, MgO-FenO-
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Si02, Mn0-Fen0-Si02, Ca0--Mn0-Si02 and 
Ca0-Fen0-Mn0-Si02 systems are studied. 

2. EXPERIMENTAL 

2.1. Materials and preparation of the slags 

The materials used in the present work are 
listed in Table I. While the Si02, MnO and 
Fe203 powders were dried at 393 Kover night, 
the CaO and MgO powders were calcined at 
1223K for 12 hours in a muffle furnace to 
decompose any carbonate or hydroxide before 
use. In order to keep the slags from both 
oxidation and reduction during the preparation 
of the slags as well as viscosity measurements 
in the case of Feno containing slags, an oxygen 
partial pressure between 2.5· 10-10 and 1-10-6 

atm should be maintained in the gas phase at 
the experimental temperatures. The traces of 
moisture in the argon gas were removed by 
passing the gas through columns of silica gel as 
well as Mg(Cl04h and the C02 impurity was 
absorbed by ascarite kept in the gas stream. The 
gas was further passed through a column of 
copper turnings at 773 K to remove the traces 
of oxygen. The oxygen partial pressure of the 
gas was monitored constantly by a ZrOrCaO 
oxygen probe and found to be about 1 o-9 atm 
during both the preparation of the slags and the 
viscosity measurements. 

In order to prepare a slag, the oxide powders 
of appropriate proportions were mixed well to 
achieve the desired slag composition. In the 
case of the Feno containing slag, iron and 
Fe203 powders were first mixed. The Fe-Fe20 3 

mixture had a total composition of 51 mole 
percent of oxygen, at which liquid oxide would 
be in equilibrium with 6-Fe at temperatures 
around 1673 K.[21 The Fe-Fe203 mixture was 
then mixed with the other oxides as mentioned 
earlier. 

Table 1. Materials used in the present study 

Material Purity Supplied by 

2alcium Oxide lAnhydrous, AR Fisher 
(CaO) grade Scientific, 

New Jersey, 
U.S.A. 

Iron Oxide Anhydrous, AR E.Merck, 
(Fe20 3) grade Darmstadt, 

Germany 

E.Merck, 
Magnesium Anhydrous, AF Darmstadt, 

Oxide (MgO) grade Germany 

Johnson 
Manganese >99.5%pure Matthey, 

Oxide (MnO) Karlsruhe, 
Germany 

E. Merck, 
Silicon Oxide, Merck-pro Darmstadt, 

(Si02) analysi Germany 

E. Merck, 
Iron (Fe) pro analyse Darmstadt, 

grade Germany 

Argon, (Ar) Argon Plus AGAGas, 
Stockholm 

The mixture was packed in a crucible made 
of pure iron. The dimensions of the iron crucible 
are given in Table II. The same crucible was 
later also employed for the viscosity 
measurement. After positioning the crucible in 
a resistance furnace, the reaction chamber was 
flushed by argon gas for 2 h. Thereafter, a 
constant low flow of argon ( 0.05 1/min) was 
maintained during the preparation of the slag. 
The sample was heated up to a desired 
temperature and hold there for more than 12 
hours. After furnace cooling, the slag was 
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taken out and ocularly examined to ascertain 
that the sample had completely been melted. 
The iron crucible did not show any sign of 
oxidation. The slight blue colouration on the 
side of the crucible ensured that the oxygen 
partial pressure in the gas stream was neither 
oxidizing nor reducing. The slag along with the 
iron crucible was then stored in a desiccator 
before being used in the viscosity measurement. 

2.2. Apparatus and procedure 

The rotating cylinder method was employed 
for viscosity measurements. Figure 1 shows the 
experimental setup. A Brookfield digital 
viscometer (model RVDV-3) controlled by a PC 
through a DV-111 controller, was used in the 
present work. The full scale torque associated 
with the viscometer was 7187 dyne·cm. The 
acquisition of the torque values and the 
calculations of the viscosities were carried out 
using the software supplied by Brookfield. 

A high temperature furnace, Laboratory 
Furnace Group 1000, supplied by Thermal 
Technology INC was used for the 
measurements. The furnace had a specially 
designed graphite heating element and was 
controlled by a regulator (Model 818) using an 
optical pyrometer sensor. The crucible 
containing the slag was placed in an alumina 

reaction tube mounted vertically inside the 
furnace. Special care was taken to ensure that 
the crucible was positioned in the even 
temperature zone of the furnace. Alumina 
radiation shields were placed both above and 
below the crucible. This arrangement ensured 
that the variation of the temperature in the even 
temperature zone was less than ±3 K in the 
whole experimental temperature range. A Pt-
10%Rh/Pt thermal couple in an alumina sheath 
was placed in contact with the bottom of the 
crucible so that the slag temperature could be 
measured accurately during the experiment. 

The viscometer was rigidly mounted on a 
movable platform above the furnace so that it 
could be properly aligned to the crucible. A 
metal flange-TEFLON bellows coupling was 
used to close the gap between the viscometer 
and the alumina reaction chamber. 

As mentioned earlier, the iron crucible used 
for the premelting of the slag was later 
employed for the viscosity measurement as 
well. Pure iron spindles were used in the 
experiments. As shown in Figure 1, the spindles 
consisted of a bob and a shaft, with 45 degree 
tapers at the tip and near the shaft. The 
dimensions of spindles are also presented in 
Table II. 

Table II The dimensions of the crucible and spindle 

i.d (mm) Height (mm) wall thickness base thickness 
Fe (mm) (mm) 

Crucible 
40 103 1 8 

i.d of bob Length of i.d of shaft Length of shaft Degree of Taper 
Fe (mm) bob (mm) (mm) (mm) 

Spindle 
16 27 4 53 45 
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Figure 1 Experimental setup 

In a general run, after the crucible with the 
premelted slag was placed in the even 
temperature zone of the furnace, the spindle 
mounted on the iron transducer was introduced 
into the alumina reaction tube. The reaction 
chamber was then sealed by coupling the 
TEFLON bellows and the metal flange. The 
length of the TEFLON bellows was adjusted to 
keep the iron spindle 1 cm above the slag. A 
stream of argon gas was introduced through the 
gas inlet near the bottom of the furnace. The gas 
was led out through the gas outlet connected to 
the metal flange on the top of the furnace. After 
flushing the reaction chamber for 1 hour, the 

flow rate of argon gas was reduced. Thereafter 
a constant flow of argon ( about 0.2 l·min-1 ) 

was maintained during the whole course of the 
experiment. The slag was heated up to the 
desired temperature at a heating rate of 5 Kmin-
1. When the temperature was stabilized, the 
spindle, rotating at a speed of 40-60 r:p.m. was 
introduced into the molten slag by adjusting the 
length of the TEFLON bellows. The distance of 
the tip of the spindle from the crucible base 
was about 1.2cm and the length of the shaft 
immersed in the melt was 1.0 cm. The thermal 
equilibration time at each temperature set point 
was 30 min. When the thermal equilibrium was 
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obtained, viscosity measurements were carried 
out. Several rotating rates were employed and 
the equilibration time for viscosity measurement 
at each speed of rotation was chosen to be 2 
min. The viscosity values obtained at different 
rotation rates were found to be in very good 
agreement. The viscosity measurements were 
usually carried out during cooling cycle. 
However, repetitions of some measurements 
during heating cycle showed very good 
reproducibility. 

The viscometer was calibrated at 298 ± O. IK 
with four mineral oil standard with viscosities 
0.985, 0.960, 4.850, and 12.500 Pa·S 
respectively. The viscometer was also calibrated 
in the temperature range of 1463-1675 K using 
a reference slag, ( consisting of Li20-Al20r 
Si02) developed for the BCR program of the 
European UnionC31. 

After the viscosity measurements, some of 
the slags were sent for chemical analysis using 
a sequential X-ray spectrometer SRS303 
supplied by SIEMENS. The contents of CaO, 
FeO and Si02 obtained by analysis were in 
agreement with the weighed-in amounts within 
±1 pct. 

3. RESULTS 

The experimentally determined viscosities in 
the Fe0 0-Mn0-Si02, Fe0 0-Ca0-Si02, Fe00-
Mg0-Si02, Ca0-Mn0-Si02 and CaO-Fe0 0-
MnO-Si02 systems are presented in Tables III­
VII, respectively. It should be pointed out that 
the viscosity at each temperature listed in these 
tables is the average value over the experimental 
data obtained using five different rotation rates. 
The maximum deviation of the experimental 
data from the mean values was found to be less 
than 1 percent. 

The reproducibility of the measurements is 

demonstrated in Figure 2, where the measured 
viscosities of two runs for the Ca0(45wt%)­
Mn0(15wt%)-Si0i(40wt%) slag are plotted 
against temperature. It is seen that the 
agreement between two individual experiments 
is satisfactory. Figure 2 also shows the good 
agreement between the viscosity values obtained 
during cooling and heating cycles. 

The effect of temperature on the viscosity in 
the quaternary system, CaO-Fe0 0-MnO-Si02 is 
shown in Figure.3. It is seen that while the 
viscosity generally increases with the decrease 
of temperature, the increase is more profound in 
the case of the slag having composition of 
Xcao = 0.265, XFeO = 0.172 and XMno = 0.077. 

i 
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8 rn 
5 
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CaO( 45wt%)-Mn0( 15wt%) 
1 
·
6 

-Si0i40wt%) 
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Figure 2 Measured viscosities of the 
CaO( 45wt% )-Mn0(15wt% )-SiOi( 40wt%) slag 

MOLTEN SLAGS, FLUXES AND SALTS '97 CONFERENCE - 523 



Table III The measured viscosity values of some 
Fen0-Mn0-Si02 slags 

Temperature Feno MnO Viscositie 
K wt% wt% s 

poise 

1753 49.05 10.00 1.07 
1723 49.05 10.00 1.24 
1673 49.05 10.00 2.05 
1653 49.05 10.00 2.35 
1623 49.05 10.00 3.04 
1603 49.05 10.00 3.54 
1753 24.40 30.00 2.77 
1753 10.00 44.20 2.88 
1738 10.00 44.20 3.19 
1723 10.00 44.20 3.64 
1708 10.00 44.20 4.50 
1753 38.12 30.00 0.47 
1723 38.12 30.00 0.51 
1673 38.12 30.00 0.58 
1623 38.12 30.00 0.68 
1573 38.12 30.00 0.84 
1523 38.12 30.00 1.10 
1753 18.70 45.00 0.68 
1723 18.70 45.00 0.80 
1673 18.70 45.00 1.07 
1623 18.70 45.00 1.38 
1588 18.70 45.00 1.65 
1573 18.70 45.00 1.82 

a, 
1/) 

·5 
e:, 
Z:-.iii 
0 
(.) 
1/) 

5 

• \ 
4 .\. 

3 

2 

0 

\ 

-0-X(CoO)•O.,s,, X('•O~ 

X(Mn0)=0.077 '• 

-e-X(Ca0)=0.095, X(Fe0)=0.186, 

X(Mn0)=0.452 

-A- X(Ca0)=0.206, X(Fe0)=0.357, 

X(Mn0)=0.060 ·-· -·-· .::·-· ... ·-·-·-· 
1600 1650 1700 1750 

Temp. (K) 

Figure 3 Viscosities as functions of temperature 
of some Ca0-Fen0-Mn0-Si02 quaternary slags 
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Table IV The measured viscosity values of some Fen0-Ca0-Si02 slags 

Temp. K CaO Feno Viscosity Temp. K Cao Feno viscosity 
wt% wt% Poise wt% wt% Poise 

1753 5.50 50.00 1.55 1623 24.38 35.00 1.09 
1723 5.50 50.00 1.79 1573 24.38 35.00 1.39 
1698 5.50 50.00 2.11 1523 24.38 35.00 1.84 
1673 5.50 50.00 2.63 1493 24.38 35.00 2.32 
1753 14.95 35.00 3.35 1473 24.38 35.00 2.68 
1723 14.95 35.00 4.00 1753 36.90 18.00 1.89 
1673 14.95 35.00 5.40 1738 36.90 18.00 2.06 
1753 6.90 70.00 0.22 1723 36.90 18.00 2.27 
1723 6.90 70.00 0.24 1698 36.90 18.00 2.70 
1673 6.90 70.00 0.28 1673 36.90 18.00 3.26 
1623 6.90 70.00 0.34 1753 45.57 11.00 1.88 
1753 15.00 50.00 0.51 1738 45.57 11.00 2.05 
1723 15.00 50.00 0.54 1723 45.57 11.00 2.45 
1723 15.00 50.00 0.51 1753 33.28 35.00 0.48 
1673 15.00 50.00 0.64 1723 33.28 35.00 0.54 
1673 15.00 50.00 0.64 1673 33.18 35.00 0.62 
1623 15.00 50.00 0.76 1623 33.28 35.00 0.94 
1623 15.00 50.00 0.75 1573 33.28 35.00 1.33 
1573 15.00 50.00 0.93 1553 33.28 35.00 1.52 
1523 15.00 50.00 1.22 1753 25.60 50.00 0.33 
1473 15.00 50.00 1.71 1723 25.60 50.00 0.38 
1423 15.00 50.00 2.45 1673 25 .60 50.00 0.47 
1723 24.38 35.00 0.75 1623 25.60 50.00 0.59 
1673 24.38 35.00 0.86 1573 25.60 50.00 0.92 

Table V The measured viscosity values of some Fen0-Mg0-Si02 slags 

Temperature Fe!oO MgO Viscosities 
K wt Yo wt% Poise 

1753 50.0 8.0 1.02 
1738 50.0 8.0 1.09 
1723 50.0 8.0 1.17 
1703 50.0 8.0 1.30 
1673 50.0 8.0 1.47 
1648 50.0 8.0 1.71 
1623 50.0 8.0 1.98 
1608 50.0 8.0 2.13 
1753 44.0 13.0 1.12 
1738 44.0 13.0 1.21 
1723 44.0 13.0 1.30 
1713 44.0 13.0 1.37 
1693 44.0 13.0 1.50 
1673 44.0 13.0 1.70 
1753 68.0 9.0 0.66 
1738 68.0 9.0 0.69 
1723 68.0 9.0 0.96 
1708 68.0 9.0 1.20 
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Table VI The measured viscosity values of some Ca0-Mn0-Si02 slags 

Temperature Cao MnO Viscosities Temperature CaO MnO Viscosities 
K wt% wt% Poise K wt% wt% Poise 

1753 31.85 18.00 3.67 1573 8.31 45.00 8.72 
1738 31.85 18.00 4.09 1753 23.00 42.00 0.82 
1723 31.85 18.00 4.46 1723 23.00 42.00 0.92 
1708 31.85 18.00 4.94 1673 23.00 42.00 1.17 
1708 31.85 18.00 4.95 1638 23.00 42.00 1.40 
1688 31.85 18.00 5.63 1623 23.00 42.00 1.53 
1673 31.85 18.00 6.31 1598 23.00 42.00 1.81 
1753 21.58 30.00 3.08 1573 23.00 42.00 2.14 
1723 21.58 30.00 3.66 1753 11.00 56.00 0.68 
1673 21.58 30.00 4.89 1723 11.00 56.00 0.73 
1643 21.58 30.00 6.04 1673 11.00 56.00 0.84 
1623 21.58 30.00 6.98 1623 11.00 56.00 1.05 
1601 21.58 30.00 8.33 1598 11.00 56.00 1.22 
1573 21.58 30.00 10.55 1753 45.00 15.00 1.57 
1753 8.31 45.00 2.69 1753 45.00 15.00 1.58 
1723 8.31 45.00 3.20 1738 45.00 15.00 1.75 
1696 8.31 45.00 3.72 1738 45.00 15.00 1.74 
1673 8.31 45.00 4.27 1723 45.00 15.00 2.20 
1653 8.31 45.00 4.86 1723 45.00 15.00 2.18 
1623 8.31 45.00 5.94 1716 45.00 15.00 2.59 
1598 8.31 45.00 7.21 

Table VII The measured viscosity values of some CaO-Fe0 0-MnO-Si02 slags 

Temperature CaO Fe0 0 MnO Viscosities 
K wt% wt% wt% Poise 

1753 8.00 20.00 48.00 0.28 
1723 8.00 20.00 48.00 0.31 
1693 8.00 20.00 48.00 0.34 
1673 8.00 20.00 48.00 0.38 
1653 8.00 20.00 48.00 0.54 
1753 24.00 20.00 8.80 2.20 
1738 24.00 20.00 8.80 2.36 
1723 24.00 20.00 8.80 2.58 
1708 24.00 20.00 8.80 2.85 
1673 24.00 20.00 8.80 3.45 
1658 24.00 20.00 8.80 3.83 
1643 24.00 20.00 8.80 4.18 
1623 24.00 20.00 8.80 4.74 
1753 18.00 40.00 6.60 0.51 
1738 18.00 40.00 6.60 0.53 
1723 18.00 40.00 6.60 0.56 
1708 18.00 40.00 6.60 0.59 
1673 18.00 40.00 6.60 0.66 
1643 18.00 40.00 6.60 0.75 
1623 18.00 40.00 6.60 0.84 
1598 18.00 40.00 6.60 0.94 
1573 18.00 40.00 6.60 1.07 
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Figure 4 A comparison of the present experimental data with 
the literature values for the Ca0-Fen0-Si02 system. 

4 DISCUSSION 

The viscosities in the Ca0-Fen0-Si02 and 
Mn0-Fen0-Si02 systems were earlier studied by 
Kozakevitch[4l at 1673 K. The viscosities of the 
Ca0-Fen0-Si02 slags at 1673 K were also 
measured by other research groups. [5-71 The 
viscosities suggested by different authors at this 
temperature are compared with the present 
experimental data in Figure 4 for the Ca0-
Fen0-Si02 system. While in general, the 

agreement between the results of the present 
work and the literature data is reasonable, the 
present viscosity values between 0.5 and 1 poise 
are somewhat lower than Kozakevitch's 
results[41 but agree well with the iso-viscosity 
lines reported by Johannsen et al.[71 In Figure 5, 
the present experiment data of the Mn0-Fen0-
Si02 slags are compared with the iso-viscosity 
lines recommended by Kozakevitch.[41 It is seen 
that the present viscosity values are much higher 
than Kozakevitch's results. The differences 
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Figure 5 A comparison of the present experimental data with the literature values for the Mn0-
Fen0-Si02 system. 

between the results may be attributed to the 
refinement in the measuring technique in later 
years. 

In order to express viscosities in multi­
component systems as functions of temperature 
and composition, a mathematical model has 
earlier been developed at the Division of 
Theoretical Metallurgy.CI] To give an orientation 
to the reader, some of the salient features of the 
model when applied to oxide systems are 
presented in this section. 

The viscosity, 1l can be expressed by the 

equation 

hNp ~G· 
T) = --·exp(--) 

M RT 
(1) 

where h is the Planck's constant, N is the 
Avogadro's number, R is the gas constant, Tis 
the temperature, p and M stand for density and 
molecular weight of the melt, respectively. AG* 
in equation (1) is the Gibbs energy of activation 
for viscosity, which is considered to be a 
function of both temperature and composition of 
the melt. 

For unary systems, the Gibbs energy of 
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activation can be described as a function of 
temperature. [I 1 In the case of multi-component 
systems, the use of equation (1) requires the 
molecular weight and the density of the melt. 
The molecular weight can be calculated by 

M = E~·Mi (2) 

where, Xi and Mi represent the mole fraction 
and the molecular weight of the component i in 
the solution, respectively. As a first 
approximation, the average density of a solution 
is represented by a similar equation: 

(3) 

where Pi is the density of the pure component i 
in liquid state. 

The Gibbs activation energy in the case of 
multi-component systems can be represented as 

where a Gt is the Gibbs energy of activation of 
the pure component i in liquid state. The second 
term in equation ( 4) is due to the mutual 
interactions between different species and is 
expected to be a function of composition. In the 
case of ionic solutions, the Temkin description 
is adopted. An oxide ionic solution can be 
represented by the formula: 

(Cl ,C2, ... Ci, ... Cn)p(O)Q (5) 

where P and Q are the stoichiometric 
coefficients and Cl, C2, Ci, ... , Cn represent 
different cations. The ionic fraction of cation Ci 
within the cation grouping is defined as 

NCi 

Yci = LNc (6) 

In equation ( 6), N represents the number of 
the ions and the summation covers all the 
cations in the system. 

AG* may be considered to consist of two 
parts: 

For an ionic solution in which only oxygen ions 
are present in the anionic grouping, the term r·T 
is expressed by: 

r = -RPLYci·lnyci (8) 

The A Ea* Mix term in equation (7) is meant to 
take into account all non-linear, non­
symmetrical interactions between the various 
ionic species. This term is expressed by suitable 
polynomials.[11 

Model calculations were carried out using the 
present experimental data and the experimental 
information from the literature. Table VIII lists 
the sources of the experimental information 
adopted in the present work. The optimized 
parameters are presented in Tables IX. Even the 
density data for the five oxides are given in the 
same table. It is noted that the model parameters 
listed in Table IX should be considered to be 
preliminary, as further experimental information 
that is currently being acquired is to be 
incorporated in a very near future. In Figure.4, 
the calculated viscosities are plotted against the 
experimental values. It is seen that the 
experimental data are well reproduced by the 
model calculations. 

The calculated iso-viscosity lines at 1673 K 
in the three ternary systems, Fen0-Mn0-Si02, 

Fen0-Ca0-Si02 and Ca0-Mn0-Si02 are 
presented in Figures 7-9, respectively. The 
present experimental data are also included 
in these figures. The agreement between the 
results of the model calculations and the 
experiments are again brought out in the case of 
all the three ternary systems. A common trend is 
observed in these ternaries, viz. the viscosity 
increases with Si02 content. 
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At the present stage, no model calculation has 
been made for the Mg0-Fen0-Si02 system, as 
the experimental data are so far mainly in the 
low MgO region. It is felt that more 
experiments need to be carried out for the slags 
having higher MgO contents, before reliable 
model calculations could be made. 

Table VIII The sources of the experimental data 
employed for the model calculations 

System References 

CaO 8 
Unary 

FeO 9 

Si02 10-17 

Ca0-Si02 18-22 

Binary FenO-Si02 23-25 

Mn0-Si02 26-29 

FenO-CaO-Si02 Present work 
Ternary 

FenO-MnO-SiO; Present work 

Ca0-Mn0-Si02 30, Present work 

Quater- CaOFenO-MnO Present work 
nary Si02 

The iso-viscosity lines in the quaternary 
system, Ca0-Mn0-Fen0-Si02 at 1773 K and 
XsiOZ =0.5 are plotted in Figure 10. It shows that 
the slags having composition around Xcao =0.1, 
XFeO =0.2 and XMno = 0.2 have highest 
viscosities. The viscosity does not show 
dramatic change in this section. 

SUMMARY 

In the present work, the viscosities in the 
Fen0-Ca0-Si02, FenO-MnO-Si02, FenO-MgO-

8 

I 
-6 c: 
0 

i 
::, 
u 
ii 4 
~ 
~ 
"iii 

~ 2 

5 

0 
0 2 4 8 8 

Viscosity (Experiment) (poise) 

o CaO-FeO-MnO-SiO 
2 

o CaO-FeQ-SiO 
2 

• CaO-MnO-SiO 
2 

+ Ca0-Mn0-Si0
2 

+ + 

Figure 6 A comparison of the calculated 
viscosities with the experimental data 

Si02, Ca0-Mn0-Si02 and Ca0-Fen0-Mn0-
Si02 systems have been determined using 
rotating cylinder technique. Iron crucibles and 
spindles have been employed. The present 
experimental results have been compared with 
the available literature data at 1673 K. While the 
comparison has shown agreement in the case of 
Fen0-Ca0-Si02 system, the present viscosity 
values have been found to be considerably 
higher than the literature data in the Fen0-Mn0-
Si02 system. Calculations have been carried out 
using the viscosity model earlier developed at 
the Division of Theoretical Metallurgy. The 
model calculations have been based on the 
present experimental data and the information 
assessed for the viscosities in the relevant lower 
order systems. The experimental data have 
been well fitted by the model calculations in the 
case of both the Ca0-Fen0-Mn0-Si02 system 
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Table IX The optimized model parameters 

Component i Density(g.cm"3) aa/ (J.mole-1) 

CaO 3.3 1.86211759·105 

Feno 4.7 1.33749·105 -18.032553-T 

MnO 5.4 2.44844371 ·104 

Si02 2.3 427554.041-8.54698812-T 

Ga*Mix 

Binary CaO-FenO a Ea* MixCCaO-FenO)=YcaYFe(l .1670124 7· 106-467.039849-T) 

CaO-MnO A Ea* Mi/CaO- MnO)=YcaYMn(2.13418485.106-420.322098T) 

Ca0-Si02 aEa*MixCCaO-Si02)=ycaYSi ( (-8.48791647-105 +120.369642-T) 

+2.56430864·105(yca-Ys)) 

FenO-MnO a Ea* MixCFenO-MnO)=YFeYMn(-1.11655212·107+6191.44176-T) 

FenO-Si02 a Ea* Mix(Fen0-Si02)=yFeYSi ( (-1.00534363·106 +282.697236-T) 

+2.01709998· 105(yFe-Ysi)) 

Mn0-Si02 a Ea* MixCMnO-Si02)=YMnYSi ( (-4.69335571 ·105+ 102.136386-T) 

+2.92864789·105 (yMn-Ysi)) 

Ternary CaO-FenO- A Ea* Mix(CaO-FenO)+a Ea* Mix(CaO-Si02)+a Ea* Mix(FenO- Si02) + F CFS 

Si02 FCFs = YcaYFeYSi ( (3.12041186-106+405.389958-T) -1.27469520·107.yca-

4.95984073·106.yFe +1.38608984·107·yc/)) 

CaO-MnO- aEa*MixCCaO-MnO)+aEa*MixCCaO-Si02)+aEa*MixCMnO-Si02) + FcMs 

Si02 FcMs = YcaYMnYsi ( ( 8.61061762·105+ 1.12340732·103-T) -
9.97865389·106·yca-9.05475078·106·yMn +2.92390372·106·yc/)) 

Feno- A Ea* MixCFenO-MnO)+a Ea* MixCFenO-Si02)+a Ea* MixCMnO-Si02) + FFMS 

Mn0-Si02 FFMS = YFeYMnYSi ( ( 2.77075874·107-1.49874069·104-T)+ 
(1 .39405992·107 - 7.43995272·103-T) ·yea) 

Qua tern CaO-FenO- E • E * E • · a a Mix(CaO-FenO)+a a Mix(CaO- MnO)+a a Mix(CaO-S102) 

ary Mn0-Si02 +a Ea* Mix(FenO-MnO)+aEa* MixCFenO- Si02)+aEa* Mix(MnO-Si02)+ 

FcFs + FcMS + FFMS + YcaYFeYMnYsi'(l.67951738· 108 -l.01492515· 105·T 
+ YcaC-8.74469716-108 + 4.90583622·105·T)) 
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Si02 

FeO XMnO 

Figure 7 !so-viscosities in the MnO-Fe 0-SiO 
n 2 

A. 0.28 poise 
B: 0.47 
C: 0.64 
D: 0.69 
E: 2.63 
F: 0.86 

G: 5.40 

H:3.26 

Si02 

System at 1673 K 

FeO 

Figure 8 !so-viscosities in the Fe 0-CaO-SiO 
system at 1673 K n 2 
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CaO 

Si02 

A: 4.27 poise 
B:4.89 
C: 6.31 

D:0.84 
E: 1.17 

~o MnO 

Figure 9 !so-viscosities in the Ca0-Mn0-Si02 system at 1673 K 

0.5 FeO 

X =0.5 
Si02 

T = 1773 K 

3.5 

I 

0.5 MnO 0.1 
I 

0.2 
I 

0.3 
I 

o.4 0.5 cao 

Figure 10 !so-viscosities in the Ca0-Fen0-Mn0-Si02 system at 1673 Kand 
Xsio2 =0.5 
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and the corresponding lower order systems. Iso­
viscosity lines have been evaluated for different 
systems. 
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