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Abstract—The simplex lattice method has been applied to studying the chemical composition influence of
CaO–SiO2–B2O3 oxide system containing 15% Al2O3 and 8% MgO on viscosity and solidification point
(hereinafter wt % are used). The addition of boron oxide to slags of the considered oxide system expands the
range of slag composition with low solidification point and viscosity. The slags with basicity of 2.0–3.0 con-
taining 1– 3% B2O3 are characterized by low (1400–1450°C) solidification point and high viscosity. Viscosity
of such slags upon their heating to 1550 and 1600°C does not exceed 0.20 and 0.15 Pa s, respectively. An
increase in B2O3 content to 4–6% in slags with basicity of 2.0–3.0 is accompanied by a decrease in solidifi-
cation point to 1350–1425°C with retention of low (not higher than 0.15 Pa s) viscosity at heating temperature
of 1550 and 1600°C. Generated slag displacement containing 1–6% B2O3 to the basicity regions increasing
to 3.0–5.0 retains a sufficiently high f luidity. Herewith, it can be observed that the considered oxide system
is displaced to a low solidification point region with an increase in boron oxide concentration. A slag solidi-
fication point with basicity of 3.0–4.0 containing 6% B2O3 reaches 1400°C and actually does not exceed
1475°C for the slags with basicity of 4.0–5.0 containing 1–2% B2O3. At 1600°C, the slag viscosity varies from
0.15 Pa s at basicity of 3.0 and B2O3 content of 5– 6% to 0.25 Pa s at basicity of 4.0–5.0 and B2O3 content of
1–3%. A temperature decrease of the considered oxide system by 50°C is accompanied by an insignificant
(not more than 0.05 Pa s) increase in viscosity.
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INTRODUCTION

Viscosity and solidification point are important
properties of oxide systems that primarily determine
the rates of certain physicochemical processes in a dif-
fusion area [1–4]. For instance, the sulfur removal
rate from metal to slag is limited by its transfer rate in
an oxide system and is inversely proportional to vis-
cosity of an oxide melt [2, 3]. Studies show [5] that
deep desulfurization of metal can be maintained with
a slag viscosity in the range of 0.15–0.30 Pa s. Here-
with, the lower is the solidification point of an oxide
melt, the higher is the rate of its overheating above liq-
uidus point in the temperature range of processes run-
ning in a steel-casting ladle furnace, as well as the
refinery slag f luidity being higher.

CaO–SiO2–Al2O3 oxide melt is the slag base of
steel ladle metallurgy. Low viscosity of such slags can
be provided by f luorspar as a liquefying f lux [1, 3, 6–
11], which forms low melting eutectics with calcium
orthosilicate and acts as a depolymerizing agent in sil-

icate systems, decreases viscosity for a short time, as
well acts as a slag solidification point. However, during
high temperature metal treatment by CaO–SiO2–
Al2O3–CaF2 slags, volatile f luorides are formed when
the composition of refinery slags and their physico-
chemical properties vary in time. Thus, there is a need
to study the physicochemical properties of a f luoride-
free oxide system for steel ladle metallurgy due to its
environmental hazard of volatile f luorides and physi-
cochemical property inconsistencies of generated
slags.

This problem can be solved by the use of boron
oxide instead of f luorspar. This oxide with a low melt-
ing point can decrease the solidification point and sig-
nificantly expand the chemical composition range of
slags with low viscosity. Moreover, during the overall
treatment of metal [12–16], its physicochemical prop-
erties provide consistency. However, according to
[17, 18], boron oxide acts as a typical complex-form-
ing oxide, increases polymerization rate of slag struc-
ture, and can increase viscosity. With an increase in
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Table 1. Experimental data

Mixture 
no.

Slag 
index

Viscosity, P, at T, °C
Тs, °С

1550 1600
1 Y1 1.7 1.4 1371
2 Y2 4.1 3.2 1509
3 Y3 2.4 2.1 1416
4 Y4 1.0 0.8 1335
5 Y12 2.1 1.9 1454
6 Y13 3.2 2.5 1477
7 Y21 3.4 2.8 1477
8 Y22 2.7 2.3 1446
9 Y31 2.1 1.6 1400

10 Y32 1.4 1.2 1371
11 Y41 1.2 1.1 1343
12 Y42 1.5 1.2 1362
13 Y121 2.0 1.8 1453
14 Y122 1.7 1.6 1436
15 Y131 2.5 2.2 1465
16 Y132 2.4 2.0 1442
slag basicity, the concentrations of calcium and mag-
nesium oxide increase. Thus, the concentrations of
oxygen-free ions (O2–) increase, which then simplifies
the silicon oxygen network [17] while reacting with
bridge oxygen in silicates. Moreover, with an increase
in slag basicity, in addition to depolymerization of its
complex silicate structure, the borate structure is
modified when free oxygen ions interact with bridge
oxygen connecting [BO3] triangles and [BO4] tetrahe-
drons, breaking diborates. In addition, a simple two-
dimensional structure [BO3] is embedded into a com-
plex three-dimensional silicate structure. Its symme-
try and strength decrease significantly, thus decreasing
the slag viscosity [17].
Fig. 1. Composition–solidification point (Ts) diagram of CaO–
(- - -) lines of equal basicity).
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This study presents the experimental results of a
chemical composition influence on viscosity and
solidification point of CaO–SiO2–B2O3 slags con-
taining 15% Al2O3 and 8% MgO presented in the form
of composition–property diagrams.

EXPERIMENTAL

The formulated problem was solved using the sim-
plex lattice method, which helps obtain its property as
a composition function in the form of continuous
function [19, 20]. While constructing the experiment
design matrix, the variable constituents of the five-
component CaO–SiO2–B2O3–Al2O3–MgO system
were restricted as follows: CaO/SiO2 = 2.0–5.0; 0–6%
B2O3; and 15% Al2O3; 8% MgO. The system is esti-
mated as a three-component mixture, since the con-
tent of Al2O3 and MgO is constant. The slag viscosity
(P) was measured in graphite crucibles using a vibrat-
ing viscometer. The slag temperature was measured
using PR 30/6 thermocouple. The considered slag
solidification point (Ts) was determined graphically by
a knee of a curve using a viscosity logarithm as an
inverse temperature function. The experimental data
are summarized in Table 1.

The mathematical models describing solidification
point and viscosity as a composition function are
selected in the form of polynomials of the third degree.
The polynomial coefficients were determined by
16 experiments carried out according to an experiment
design matrix using equations in [19, 20]. The
obtained models were used for the prediction of solid-
ification point and viscosity of slags in its overall range
of compositions, with the respective composition–
property diagrams plotted (Figs. 1 and 2).
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Fig. 2. Viscosity diagram of CaO–SiO2–B2O3 slags containing 15% Al2O3 and 8% MgO at 1550°C (a) and 1600°C (b) (⎯⎯) viscosity,
Pa s; (- - -) lines of equal basicity).

0.15 Pa s

0.20 Pa s 0.25 Pa s 0.30 Pa s

0.35 Pa s

0.40 Pa s

48 50 52 54 56 58 60

22 20 18 16 14 12

22 20 18 16 14 12

62 64 66

48 50 52 54 56 58 60 62 64 66

CaO, by weight

B
2 O

3 , by weight

B
2 O

3 , by weight
6

4

2

0

6

4

2

0

24

26

28

30

24

26

28

30

2
SiO2, by weight

(a)

3 4 5

2
SiO2, by weight

SiO2, by weight

(b)

3 4 5

0.15 Pa s 0.20 Pa s

0.25 Pa s

0.30 Pa s
RESULTS AND DISCUSSION
Experimental data analysis depicted in the form of

composition–property diagrams makes it possible to
estimate quantitatively the influence of temperature
and chemical composition on physical properties of
CaO–SiO2–B2O3 slags containing 15% Al2O3 and 8%
MgO. The considered oxide slags without B2O3 are
characterized by an increased solidification point and
viscosity. Solidification point varies from 1400°C at
basicity of 2.1 to 1500°C at basicity of 5.0 (Fig. 1). Slag
viscosity at 1550°C varies from 0.20 Pa s at slag basicity
of 2.5 to 0.40 Pa s at basicity of 5.0 (Fig. 2a) and
decreases with a temperature increase to 1600°C to
0.15 and 0.30 Pa s at basicity decrease to 2.1 and 4.3
(Fig. 2b).

The existence of B2O3 in slags of the considered
oxide system expands the range of slag composition
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with low solidification point and viscosity. The slags
with basicity of 2.0–3.0 containing 1–3% B2O3 are
characterized (Fig. 1) by a low solidification point
varying from 1400 to 1450°C and high f luidity. Slag
viscosity upon heating to 1550 and 1600°C actually
does not exceed 0.20 and 0.15 Pa s, respectively
(Fig. 2). In the slags with basicity of 2.0–3.0, the
increase of B2O3 content to 4–6% is accompanied by a
decrease in the solidification point to 1350–1425°C
(Fig. 1) with retention of low, not higher than 0.15 Pa s,
viscosity at heating temperatures of 1550 and 1600°C
(Fig. 2).

The displacement of generated slags containing
1‒6% B2O3 to the basicity region increasing to 3.0–
5.0 retains a sufficiently high f luidity. Moreover, with
an increase in B2O3 concentration, the displacement
trend of the considered oxide system to the region of
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low solidification point becomes obvious. The slag
solidification point with basicity of 3.0–4.0 containing
6% B2O3 reaches 1400°C and actually does not exceed
1475°C for the slags with basicity of 4.0–5.0 contain-
ing 1–2% B2O3 (Fig. 1). At 1600°C, the viscosity of
such slags varies from 0.15 Pa s at basicity of 3.0 and 5–
6% B2O3 to 0.25 Pa s at basicity of 4.0–5.0 at B2O3
content in the range of 1–3% (Fig. 2, b). The tempera-
ture decrease of the considered oxide system by 50°C
is accompanied by an insignificant (not higher than
0.05 Pa s) increase in viscosity.

CONCLUSIONS
Experimental studies of physical properties of

CaO–SiO2–B2O3 slags containing 15% Al2O3 and
8% MgO using the simplex lattice method provided
new data on solidification point and viscosity of the
considered oxide slags presented in the composition–
property diagram. Boron oxide is an efficient tool to
control physical properties of the considered oxide
slags. Formation of slags containing 1–6% B2O3 in the
basicity range of 2.0–5.0 provides a high f luidity in the
range of 1550–1600°C. Solidification point of such
slags varies in the range of 1350–1475°C, thus provid-
ing viscosity of the considered oxide system in the
range of 0.15–0.30 Pa s. The presented composition–
property diagrams can be used in ladle metallurgy for
the development of optimum chemical composition of
refinery slags with perfect physicochemical properties.
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