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Abstract: In this paper the interconnection of acid-base properties and the structure of ionic melts with their
thermodynamic and physical properties, thermodynamics of chemical interaction between molten metals and ionic
melts especially slag-metal reactions, removal of impurities from metals and alloys are generally discussed on the base
of industrial experience, results of equilibrium investigations and thermodynamic calculations. Some comments on the
physical and physicochemical properties of slags and their role are included in the presentation. Examples from iron and
steelmaking and sulfide smelting processes with contributing results of experimental research are also presented in the
context with the treatment of general thermodynamic and physical properties and behavior of slags.
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1. Introduction
Ionic melts, slags, fluxes and molten salts have an important role practically in all metals production and processing
stages except for solid state processing like roasting and sintering of ores or concentrates. The main role of slag in
primary smelting of raw materials is the collection and dissolving the non-reducing minerals like silicates, lime,
magnesia, phosphorus oxide etc. present in the ores and concentrates. The secondary task of slag in primary smelting is
the removal of other impurities, but as the composition of slag is greatly controlled by non-reducing minerals and iron
oxide formed in oxidizing smelting of sulphide concentrates, the choice for optimal composition of slag is usually very
limited. In the refining stages of raw metals smelting, like in oxygen converting of hot metal or matte as well as scrap
smelting and especially in special treatments of raw metal (like removal of sulphur from hot metal) or final refining
stages before casting of the alloys, the slag composition can be more strictly focused to removal of impurities. In casting
of metals and alloys the role of fluxes in tundish and mold is to protect the metal melt from oxidation, to act as thermal
insulator and lubricant between the solidified alloy and mold, even as inclusion absorption or modifier of inclusions in
the solidifying metal. Molten salt electolysis is an alternative for extraction of metals when reduction by carbon, carbon
monoxide and hydrogen or aqueous electrolysis 1 are thermodynamically constrained. Aluminium, alkaline, alkaline
earth metals, lantanides and actinides are extracted through molten salt electrolysis. The role of ionic melt is to dissolve
the metal compound in the electrolyte, offer suitable mobility for ions participating in the total electro-reduction process
and protect the formed metal or non-oxide compound from oxidation.
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when oxides of the elements are more stable than water i.e. elements can react and reduce water to hydrogen by

absorbing the oxygen from it these elements cannot be principally extracted by aqueous electrolysis (due to kinetic
constrains zinc can be reduced by aqueous electrolysis although zinc oxide is more stable than water).
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In the pyrometallurgical processes the main roles of slag are the removal of impurities from molten metals and alloys
in various stages of the processing and protection the metallic phase from oxidation but also the control of heat radiation
from the metal bath surface or electric arc. The role of mold fluxes is to protect the melt from oxidation in tundish and
mold, to act as lubricant between the solidfying alloys and mold, in some cases to offer latest agent to modify
nonmetallic inclusions in the solidifying alloy. In the molten salt electrolysis the role of ionic solution is to offer
optimal conditions for electrochemical reduction of metals including the conduction of the ions, cations to be reduced at
the catode and anions to be oxidised at the anode. One factor of increasing important is the suitability of slags or molten
salts from metals processing to recycling that should also be taken into account when the composition of slags, fluxes
and electrolytes is planned. Figure 1 is schematically showing the general properties and interaction processes in
metallurgical processes where ionic melts play an important role.

Fig. 1 Schematic description of interaction phenomena of ionic melts in metallurgical processes and properties affecting
interaction and physico-mechanical phenomena. 1) Chemical reaction with ionic melt with gas, metal/matte melt, 2a)
metal/matte droplets and gas bubbles in ionic melt and 2b) ionic melt droplets and gas in metal/matte melt, 3)
infiltration and interaction of ionic melt with the refractory of the reactor, 4) Marangoni phenomenon, 5) foaming of the
slag.
2. Properties of ionic melts that affect the phenomena in the process environment
The main properties of ionic melt that affect its physicochemical interaction with metallic or sulphide melts are:
1) The chemical potentials of species in ionic melts that affect the chemical interaction with metal, matte melts, gas
phase andfurnace lining: chemical reactions, dissolution and evaporation of species in phases present in the process
environment. Activities of species in molten electrolyte have also influence on the electrochemical reduction processes.
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2) Viscosity of melt affects the rate and geometry of fluid flows, movement of metal or matte droplets or gas bubbles
inside the melt, formation and stability of foam created by gaseous products of chemical reactions, rate of penetration of
melt into the refractory lining (pores) as well as the diffusivity of individual species, electrical conductivity and thermal
conductivity in the ionic melt.
3) Surface properties of the interphases of ionic melt with other phases present in the process environment affect the
interaction between the phases; interfacial energy (tension) with metal/matte/gas and furnace lining which affects the
formation of metal or sulphide droplets inside the ionic melt and vice versa, foaming in the ionic melt and its
penetration into refractory lining of the reactor.
4) Density of the molten phases that affects the separation rate of mixed droplets from molten phases
Acid-base properties of the ionic melt related to its composition and ionic structure affect both the thermodynamic
properties, chemical potential of individual species in the melt as well as physical properties, viscosity, surface energies
between the molten phases, thermal conductivity, diffusivity of species, electric conductivity. Especially the properties
of oxide slags are sensitive to the acidity of the phase due to the radical changes in the atomic/ionic structure of the
phase with acid-base relation.
2.1 On the structure of ionic melts and its role in physical and thermodynamic properties of the phase
Acid-base relationship/properties of species forming ionic melts control greatly the structure as well as the chemical
and physical properties of ionic melts. The compounds forming the ionic melt can be divided in basic, acid and
amphoteric species depending to their tendencies to form simple or complex ions and networks. The common slag
forming oxides, K 2 O, Na 2 O, Li 2 O, BaO, SrO, CaO, MnO, FeO, ZnO, MgO and BeO are usually treated as basic
compounds due to high ionic fraction of the bond, basicity decreasing in the showed order. Cr 2 O 3 , Fe 2 O 3 , Al 2 O 4 and
TiO 2 are treated as amphoteric oxides, SiO 2 , P 2 O 3 and V 2 O 5 as acid oxides due to low ionic fraction of their bond [1].
Basic compounds, like sodium oxide tend decompose into simple cations and oxygen anions when they are melting or
forming a molten phase with acid compound with network structure. Oxygen anions tend to break the network. This
process can be schematically presented by the reaction:

Na+ and O- refer to sodium ion and partly bound oxygen by silica network.
Increasing amount of basic oxide, like sodium oxide will break down the network or complex silica anions and when
the mixture with strong bases reaches the formal composition 2CaO*SiO 2 or 2Na 2 O*SiO 2 , silicon is mainly present in
the form of non-bridging anion 𝑆𝑆𝑆𝑆𝑆𝑆24− . When amphoteric oxides are dissolved in a melt of acid compounds, here in
molten silica, they react similar way as basic oxides braking the silica network whereas their dissolution in a melt with
high basic oxide concentration will lead to formation of complex oxide anions (like 𝐴𝐴𝐴𝐴𝑂𝑂45− ) and to some extend they
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contribute the network formation by bridging the silica anions in the melt. Molten salt mixtures, like mixtures of
chlorides, fluorides, nitrates etc. behave principally the same way, but due to the much weaker acidity of the compounds
the networking tendency is generally much weaker. One has to remember that the effect of the content of the species
classified as base or acid to the structure and properties of ionic melt is varying depending on the basicity-acidity
relation, charge and the size of the ion in the molten solution.
The main physicochemical properties of ionic melts that affect its physicochemical interaction with metallic or
sulphidic melts, furnace lining and electrolysis are depending on the melt composition, temperature and pressure, and
are closely related to the structure and acid-base properties of the phase in molten state. Termodynamic properties,
entropy, enthalpy and Gibbs energy of ionic melts are related to the acidity/basicity of the melt, so are also and in more
close relation such physical properties as density, viscosity, surface tension, interfacial tension between the phases in
contact – interfacial properties are naturally depending on the state of both phases as well as the interfacial interaction.
Such properties as density, thermal conductivity, diffusivity and ionic conductivity of individual species, all having
certain role, often of significant importance, in processes in which ionic liquids, slags, fluxes and molten salts are used
are also related to the acid – base relation of the melt.
2.2 On the thermodynamic properties of molten ionic solutions
The chemical potential of the species M z A y in the solution phase is expressed in the simplest form by
𝑜𝑜
𝑜𝑜
𝜇𝜇𝑀𝑀𝑧𝑧 𝐴𝐴𝑦𝑦 = 𝜇𝜇𝑀𝑀
+ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑎𝑎𝑀𝑀𝑧𝑧 𝐴𝐴𝑦𝑦 = 𝜇𝜇𝑀𝑀
+ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑥𝑥𝑀𝑀𝑧𝑧 𝐴𝐴𝑦𝑦 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅γ𝑀𝑀
𝑧𝑧 𝐴𝐴 𝑦𝑦
𝑧𝑧 𝐴𝐴 𝑦𝑦

(1)

𝑧𝑧 𝐴𝐴 𝑦𝑦

𝑜𝑜
when the compound in the solution is treated as stoichiometric compound. 𝜇𝜇𝑀𝑀
, 𝑎𝑎𝑀𝑀𝑧𝑧 𝐴𝐴𝑦𝑦 , 𝑥𝑥𝑀𝑀𝑧𝑧 𝐴𝐴𝑦𝑦 and γ𝑀𝑀
𝑧𝑧 𝐴𝐴𝑦𝑦

𝑧𝑧 𝐴𝐴𝑦𝑦

are the

standard chemical potential of species M z A y at the reference state, usually as stable stoichiometric compound, activity,

mole fraction and activity coefficient of the compound in solution melt, respectively. Standard chemical potential and
activity coefficient are functions of temperature and pressure, activity coefficient depending also on solution
composition expressing the strength of mutual interaction between the species in the solution phase.
The affinity or driving force of chemical interaction between the species in molten phases is depending on the
chemical potentials of species taking part into the interaction process like chemical reaction. When a species M in a
molten metallic phase is moving from the metallic phase to the ionic solution in an oxidized form i.e through an
oxidizing reaction
z[M] + y[O] = (M z O y )

(2)

the driving force (at constant temperature and pressure) is related to the chemical potential of species in the reacting
phases
∆𝑅𝑅 𝐺𝐺2 = 𝜇𝜇(𝑀𝑀𝑧𝑧 𝑂𝑂𝑦𝑦 ) − 𝑧𝑧 ∗ 𝜇𝜇[𝑀𝑀] − 𝑦𝑦 ∗ 𝜇𝜇[𝑂𝑂]

𝑜𝑜
𝑜𝑜
𝑜𝑜
= 𝜇𝜇(𝑀𝑀
− 𝑧𝑧 ∗ 𝜇𝜇[𝑀𝑀]
− 𝑦𝑦 ∗ 𝜇𝜇[𝑂𝑂]
+ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑎𝑎(𝑀𝑀𝑧𝑧 𝑂𝑂𝑦𝑦 ) + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑎𝑎(𝑀𝑀𝑧𝑧 𝑂𝑂𝑦𝑦 ) − 𝑧𝑧 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑎𝑎[𝑀𝑀] − 𝑦𝑦 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑎𝑎[𝑂𝑂]
𝑧𝑧 𝑂𝑂𝑦𝑦 )

= ∆𝑅𝑅 𝐺𝐺2𝑜𝑜 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
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(3)

𝑜𝑜
𝑜𝑜
𝑜𝑜
where ∆𝑅𝑅 𝐺𝐺2 and ∆𝑅𝑅 𝐺𝐺2𝑜𝑜 = 𝜇𝜇(𝑀𝑀
− 𝑧𝑧 ∗ 𝜇𝜇[𝑀𝑀]
− 𝑦𝑦 ∗ 𝜇𝜇[𝑂𝑂]
is are the partial Gibbs reaction energy and the standard Gibbs
𝑧𝑧 𝑂𝑂𝑦𝑦 )

energy of reaction (1). Gibbs energy of mixing, i.e. the change of Gibbs energy when two or more components are
mixing and forming a homogeneous phase is related to structure of the phase but especially to the strength of interaction
between the individual species in solution.
The equations (1), (2) and (3) are valid but formal. As the compound (here M z O y ) is dissolving in an ionic solution in
the ionic form, “decomposing” into cations and anions which can form more or less stable complex ions with the other
ionic species present in the solution, the mole fraction is quite formal expression of the concentration. There are several

thermodynamic models describing the thermodynamic properties of ionic melts and individual components ranging
from the expression of the concentration of dissolved species in the form of stoichiometric compounds to complex
expression of concentration based on ionic structure and interaction between the various ions in the solution. The
general problem in modeling of thermodynamic properties of ionic melts and its individual constituents is not only the
dissipation of compounds into individual ions but also possible change of oxidation state and formation of complex ions
that is strongly dependent on the acid-base relation of the solution. Anyway, the activity of a species dissolved in an
ionic solution, related to the thermodynamic stability of pure species (here M z O y ) describes its true reactivity in the
solution (especially at high temperatures where the rate of chemical reactions is high). The value of activity coefficient
of species in the solution is depending on strength of interaction of ionic species in the solution but also on the choice of
expression for the concentration of the dissolved species. Anyway the comparison of activity coefficients of individual
species is related to the strength of their interaction with the other species in the solution phase and their relative
reactivity in the solution. The role of acid-base relation of the ionic solution in determining the activity coefficient in
binary oxide solution is demonstrated in Figures 2. and 3.
Silica is known as one of the most acidic oxides and tends to form the more stable solution with high Gibbs mixing
energy the more basic are the other solution components. The more negative is the Gibbs mixing energy in the solution
formation the more stable is the solution and the more inactive are the components towards interaction, with other
phases dissolution in them or evaporation to gas phase or chemical reactions with species in other phases. Figure 2.
shows activity coefficients of several oxides in binary silica solutions. The lower is the activity of component in the
solution the less reactive is the component in the solution relative to external phases like metal melts or gas atmosphere.
Activity coefficient is the factor expressing strength of the internal interaction between the species in the solution. The
activity coefficients of potassium and sodium oxides are extremely low whereas for nickel and iron oxide the values are
rather high demonstrating much weaker basicity and weak interaction with silica in the solution. The reactivity of the
solution species are naturally not dependent only of the activity of species in the solution phases like silica slags but
also by the chemical stability of pure compounds. However, it is a general tendency that the “more noble” are the oxide
forming metals the less stable are the solutions with strong acids thermodynamically. This is simply related to the
properties of cations of these metals in ionic solutions. As can be seen by comparing the activity coefficients of ferrous
and manganese oxides in binary solutions with silica and ternary solutions with silica and lime oxide (Fig.3) an increase
in basicity increases the activity coefficients of both oxides already at low concentrations.
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An increase in slag basicity enhances the removal of impurities forming acid oxides and vice versa. The slagging of
phosphorus from blast furnace or BOS slag is directly related to the basicity of slag. Figure 4. shows the effect of
basicity in various iron and steel melting type slags to activity coefficient of phosphorus oxide. Deacreasing acitivty
coefficient decreases the activity and chemical potential of phosphorus and enhance the solubility of phosphorus oxides
in the slag
2[P] Fe + 5[O] → (P 2 O 5 ) slag
the lower is the activity coefficient of phosphorus pentoxide the higher is its equilibrium concentration in slag, the
concentration which the solubility tends to reach in the oxidation reaction; x [P2O5] =

2
𝑎𝑎 𝑃𝑃
∗𝑎𝑎 5[𝑂𝑂 ]

𝛾𝛾 (𝑃𝑃 2 𝑂𝑂 5 )

.

Fig. 2 Qualitative comparison of excess stablity of some oxides in binary molten solution with silica (Me x O-SiO 2 )
through activity coefficient. Temperature for FeO-, MnO- and MgO- binaries [2] is 1873K, for K 2 O [2] and Na 2 O [3]
binaries 1773K. Temperature for NiO- and CaO-SiO 2 -binaries from source [1] was not clearly expressed. Values for
SiO 2 -values are for SiO 2 -CaO binary at 1873K8[4] . PbO-SiO2-binary at 1273K [5]

Fig. 3 Activity coefficients of FeO x (1550°C) and MnO (1550°C) in ternary MO-CaO-SiO 2 solutions at x CaO /x SiO2 = 1
[2]
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An increase in slag basicity enhances the removal of impurities forming acid oxides and vice versa. The slagging of
phosphorus from blast furnace or BOS slag is directly related to the basicity of slag. Figure 4. shows the effect of
basicity in various iron and steel melting type slags to activity coefficient of phosphorus oxide. Decreasing activity
coefficient decreases the activity and chemical potential of phosphorus and enhance the solubility of phosphorus oxides
in the slag by reaction
2[P] Fe + 5[O] → (P 2 O 5 ) slag
The lower is the activity coefficient of phosphorus pentoxide the higher is its equilibrium concentration in slag, the
concentration which the solubility tends to reach in the oxidation reaction - x [P2O5] =

5
2
𝑎𝑎 𝑃𝑃
∗𝑎𝑎 [𝑂𝑂
]

𝛾𝛾 (𝑃𝑃 2 𝑂𝑂 5 )

.

Fig. 4 Activity coefficient of phosphorus pentoxide as a function of (optical) basicity of slags. Redrawn from [6].
An increase of slag basicity promotes also the solubility of sulphur in slags as can be seen from the Figure 5. The
explanation for increasing sulphur solubility with increase in basic oxide contents in slag is a complex question. The
behavior is related obviously to interaction between sulphur or sulphate anions with basic cations Ca2+ Mg2+, Na+, K+.
Although sulphur is not dissolved in slag as formal oxide or sulphate, the stability (Gibbs energy of formation) of pure
compounds will tell qualitatively the interaction tendencies with those ions in the solution. The values in Table 1. are
informing that sulphides and sulphates (per one mole of sulphur/sulphur trioxide) with basic oxide formers are more
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stable than silicon sulphide. Silicon is obviously not able to form stable sulphates. The stability of sulphide and sulphate
of amphoteric oxide former aluminium is lower than those with elements forming strong basic oxides.
Table 1. Stability of sulfides and sulphates of some “basic” cations, silica and aluminium (calculated by HSC 7)
o

T/ C
1400
1600

1400
1600

CaO
MgS
Na2S
∆ fG
∆ fG
∆ fG
kJ/mol kJ/mol kJ/mol
-455
-292
-284
-433
-282
-278
CaSO4 MgSO4 Na2SO4
∆ fG
∆ fG
∆ fG
kJ/mol kJ/mol kJ/mol
-796
-611
-755
-723
-536
-688

1/2SiS2 1/3Al2S3
∆ fG
∆ fG
kJ/mol
kJ/mol
-93
-177
-89
-173
Si* Al2(SO4)3
∆ fG
∆ fG
kJ/mol
kJ/mol
-503
-428

* stability data for Si-sulphates was not found

Fig. 5 The effect of slag basicity on the slag - hot metal distribution of sulphur in blast furnace (BF No. 1 at SSAB
Luleå, Sweden). During six days period of smelting temperature varied between 1428-1490°C, CaO, MgO, K 2 O and
MnO concentrations were taken into account in optical basicity calculations [7]
2.2

On the physical properties of molten ionic solutions and their role in interaction in high temperature
processes

The chemical as well as electrochemical processes are a combination of driving forces of chemical or electrochemical
reactions and rate phenomena, macroscopic flow and chemical/electrochemical diffusion. Physical properties of the
reacting phases like viscosity, interfacial tension/energy and density affects such phenomena as mutual mixing of
molten phases and formation of suspensions or foams and their stability as well as fluid flow inside the phases.
Viscosity and interfacial energies of molten ionic solutions affect the penetration of slag into the refractory lining of the

8

reactor. Gradient in surface tension of slag and interfacial tension between the slag and metal or matte phase brings
about so called Marangoni phenomen, strong surface flow that can speed up the dissolution of refractory in the slag.
Viscosity
The properties of slags that play an important role in smelting and refining stages of metals production are as
metioned earlier, viscosity, interfacial energy between the reacting phases as well as with refractory lining. Viscosity of
the slag effects the fluid flows in the slag, diffusivity of species in the slag phase, mixing of slag and metallic or matte
phase as well as foaming phenomena in slag.
Viscosity of slags and other ionic melts are strongly dependent on the acid-base relation in the ionic melt. Figure 6
shows the change of viscosity of molten ternary mixture of basic (Na 2 O), acid (SiO 2 ) and amphoteric oxide (Al 2 O 3 )
with the change of composition and relation of various types of components. Information of the Figure 6 is that
viscosity of the binary Na 2 O-SiO 2 and in Na 2 O-SiO 2 -Al 2 O 3 -ternary solutions is strongly increasing with acidity i.e.
increasing of silica concentration. Substitution of sodium oxide with alumina increases viscosity until the certain decree
of substitution has been reached and behaviour of amphoteric alumina in the solution changes from acid to basic. The
presence of solid precipitates in slag increases strongly slag viscosity as presented schematically in Figure 8.
In Figure 8 viscosities of various metallurgical slags are presented as a function of temperature. Viscosity of molten
oxide mixtures is strongly dependent on acid base relation of slag and increasing with increasing acidity. Viscosities are
greatly dependent on the acidity of the slags especially on silica content with relation to various basic oxides like lime,
magnesia and other alkali and earth alkali oxides as well as fluorides (especially in mold fluxes).

Figure 6 Change of viscosity of Na 2 O-SiO 2 -Al 2 O 2

Fig. 7 Schematic presentation of effect of solid

ternary when sodium oxide is replaced by alumina at

precipitates in blast furnace slag to the viscosity;

various concentrations of silica; redrawn from [8]

redrawn from [9]
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Viscosities in molten salts like mixtures of clorides and nitrates are in general much lower than those of metallurgical
slags being generally under 0.01 Pa.s in homogenous melts (the liquidus temperature for molten salts is usually much
lower than that of slags). This is due to the properties of molten salt mixtures used in molten salt electrolysis like
chlorides or nitrites in which the tendency to formation of network i.e. acidity of components is much lower than in
slags containing strong acids. Also in oxide slags without high concentration of acidic constituents like calcium ferrite
slags the viscosities are lower. The viscosity of calcium ferrite slags within temperature range 1250 – 1600°C vary on a
level of 0.07 to 0.01 Pa.s [10,11].
Table 2. Composition ranges of some common metallurgical slags
SLAGS

BF

CaO
SiO 2
MgO

30 – 49
27 - 47
3 – 18

BOS
30 - 55
8 - 20
5-15

EAF
(C-steel)
35-60
9-20
5-15

EAF
(alloy/SS)
39-45
24-32
8-15

ladle
30-60
2-35
1-10

Cu-smelting
1-12
25-40
1-11

Al 2 O 3
5 – 17
1-6
2-9
3-7.5
3-35
2-10
`FeO´
0.1 – 1.6
10-35
15-30
1-6
0.1-15
FeO
34-43
Fe 2 O 3
7-10
MnO
0.1 – 6
2-8
3-8
0.4-2
0-5
K2O
0.2 – 1.9
Na 2 O
0.1 – 0.6
TiO 2
0.4 – 2.5
0.4-2
P2O5
0.17
S
0.2-2.5
0.05-0.15
0.08-0.2
0.1-0.3
0.1-1
0.4-2.7
P
0.2-0.25
0.01-0.25
0.01-0.07
0.1-0.4
Cr
0.1-0.5
0.1-1
0.1-20
0-0.5
Cu
0.3-5
*“Basicity”
0.5-2.1
1.3-6.7
1.4-6.8
1.2-2.2
0.4-14
0.04-0.9
*formal basicity - (CaO+MgO/(SiO 2 +Al 2 O 3 ); the true basicity is depending also on the concentration of “non-acid”metal
oxides like FeO and MnO and is expressed much more reliably by optical basicity

Fig. 7 Qualitative comparison of viscosities of various types of silica containing industrial slags and silica free calcium
ferrite slags: blast furnace, BOS, mold fluxes for continuous casting of steel and copper matte smelting slags; calcium
ferrite slags could be applied in copper or nickel matte converting and direct blister smelting from low silica
concentrates. Viscosity data from sources [9,12,13,14,15,16,17,18]
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Interfacial energy
The interfacial properties of slag, surface tension and interfacial energy between slag and molten metallic or matte
phase as well as with furnace refractory lining affect the intensity of interaction between the phases, as well as mutual
mixing of molten phases in the form of small droplets or formation of foam. Interfacial energies are depending on the
presence of surface active species in the molten phases in contact and on the chemical interaction between the phases.
In Figure 9 surface tension of some binary silicates are presented as a function of silica content (acidity) and in Figure
10 surface tension of iron silicate slag and its interfacial tension with copper matte are presented as a function of
Fe/SiO 2 ratio. The surface tensions of molten salt mixtures, like chlorides and nitrates at temperatures close to the
liquidus temperatures are generally on a level of 50 to 200 mN/m.
Strong chemical interaction between the molten phases decreases the interfacial energy as can be seen from the
Figure 11. As the chemical interaction between molten metal/matte and slag as well as with gas atmosphere is obviously
very strong in oxidizing or reducing pyrometallurgical processes the interfacial energies of phase boundaries including
the droplets suspended in the contacting melts or gas bubbles inside the molten phases are obviously far from the values
measured at equilibrium conditions. Marangoni phenomena, intensive fluid flow at interfaces caused by gradient of
interface energy is known to intensify the dissolution of refractor materials in slag and the same phenomena would also
affect the formation of metal suspensions in slag and vice versa and intensify the chemical interaction between the
droplets and their sudden “mother” phase.
3.

Two examples on the role of slag and its properties in metallurgical processes

3.1 Alternative for traditional silicate slag in sulphide smelting – calcium ferrite
The composition of slag, especially a radical change in slag acidity, affects the interaction of dissolving species with
slag constituents and their activity coefficient. The removal of sulphur from hot metal or molten steel increases with
increasing basicity of slag by lime addition. Iron silicate slag has been the traditional and self-evident choice in sulphide
smelting processes. In primary smelting of sulphide concentrates, like copper or nickel matte smelting there is
practically no alternatives for iron silicate slags due to silica content of concentrates. Also in matte converting stage
silica has been the traditional choice for slag former due to its ability to form relatively low melting iron silicate slag
even at highly oxidizing conditions. Iron silicate slag has however some disadvantages like its low “affinity” to some
harmful impurities like arsenic and antimony. The choise of silica free slags for removal of impurities from copper and
nickel mattes in matte converting stage or copper refining can improve radically the removal of certain impurities like
arsenic or antimony. Calcium ferrite slags are very efficient in this respect. In Figure 12 the stability range of molten
slag and oxygen potential lines are compared for calcium ferrite and iron silicate slags. The liquid range of calcium
ferrite slag is extending to very high oxygen potentials.
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Fig. 9 Surface tension of Me x O - SiO 2 binaries at 1573K. Redrawn from [16]

Fig. 10 Surface tension of fayalite slag and slag-copper matte interfacial tension at two different matte grades; Redrawn
from [16]
As can be seen from Figure 13, the sulphur (sulphide/sulphate) solubility in the calcium ferrite melt is much higher
than in the iron silicate melt. Solubility is decreasing with increasing matte grade / increasing oygen potential.
Solubility of certain impurities, especially As and Sb, are also much higher in calcium ferrite slags than in iron silicate
slags as can be seen from the results of laboratory scale experiments and industrial scale tests presented in the Figure 14.
Table 3 is showing distribution of As, Sb, Pb and Bi between matte and slag. Similar distribution behavior between
copper matte - slag [19, 20], copper - slag [21] as well as between nickel matte – slag [15,22] has also been reported in
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literature. The much more efficient slagging of As and Sb in calcium ferrite slags is caused by stronger interaction of
cations of these elements with anions in calcium ferrite slag (including sulphur species?).

Fig. 11 The effect of oxidation of aluminium and its dissolution as alumina in molten slag to the slag
– iron melt interfacial energy. 11a redrawn from [ 23 ], 11b from [ 24 ] (The unit J/m2 of interfacial energy
corresponds to the interfacial tension unit N/m)
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Fig. 12 Comparison of liquidus isotherms in ternary FeO-Fe 2 O 3 -SiO 2 (dashed lines) and FeO-Fe 2 O 3 -CaO (solid lines)
systems at 1300°C.[25] The melt range of calcium ferrite system extends to much higher oxygen potentials than in the
iron silicate system.

Fig. 13 Equilibrium solubility of sulphur from copper matte to calcium ferrite (at 1523K) and calcium silicate slag (at
1573K) as a function of matte grade under various sulphur dioxide pressures in laboratory experiments. Solid line –
calcium ferrite slag, dashed line iron silicate slag at silica saturation (under equal sulphur dioxide pressure as in calcium
ferrite experiments) [26].
Thermodynamically the higher distribution coefficient means that the formal activity coefficients of oxides of these
elements are much lower in calcium ferrite slag compared with iron silicate slag. The decrease of As and Sb distribution
coefficient when copper saturation is approached (at about 79-80% of copper in matte) can be explained by lower
activity coefficient of these elements in molten copper precipitating within matte and/or by effect of decreasing sulphur
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content of slag. In industrial tests the precipitation of copper starts at lower copper concentration corresponding to nonequilibrium conditions caused by continuous oxidation reactions.
The substitution of iron silicate slags with calcium ferrite slags in sulphide smelting and converting is problematic if
the feed contains silica or silicates. The solubility of silica in calcium ferrite slag is very limited in matte smelting or
converting temperatures and silica tends to precipitate as calcium silicates with high melting temperatures (3CaO*SiO 2
and 2CaO*SiO 2 ). One problem related to the substitution of traditional iron silicate slag with calcium ferrite slag is its
lower viscosity that increases its aggressiveness toward the furnace refractories. One factor that can also boost the
penetration of slag into the refractory pores is the (equilibrium) surface tension of slag that is reported to be higher in
calcium ferrite slags. This problem could be resolved by choosing refractory materials that are less sensitive to calcium
ferrite slag attack. The substitution of silicate slag with other low silica ionic melts, like Na-Ca carbonate fluxes has
been studied and realized in the matte converting and copper refining stages.
Table 3. Weight-% distribution coefficients of As, Sb, Pb and Bi between copper matte and iron silicate
/ calcium ferrite slags [27]

Figure 14. Slag-matte distribution ratio of As and Sb for calcium ferrite slag in laboratory and industrial tests compared
with laboratory tests for iron silicate slag [28]
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3.2 Comments on the role and behavior of slag in BOS
The role of slag in oxygen converting of hot metal is to offer molten environment for “impurities” oxidizing during
the decarburizing of iron melt - Si, Mn, P, S, (Al, Ti,V). The composition of BOS slags during the blow depends on the
fluxing and blowing practice. If the blow is started with “high lance”, iron will preferably oxidize, when
thermodynamically preferable impurity components are oxidized and due to weak mixing and slow fluid flow mass
transfer in the iron bath their concentrations and activities in the surface layers of iron bath are low. Oxidation of iron
results in low melting calcium-iron oxide slag with relatively low liquidus temperature. The same result is obtained by
adding iron oxide concentrate or BOF dust before the blow which was the blowing practice at Koverhar steelworks until
the late 90ies. Figure 15 shows the forming of slag in blows of top-blowing converter at Koverhar steel works in 70ies.
Foam height as a function of blowing time is presented as an average for a set of test runs at Koverhar steel works in
Figure 19 and for one specified blow in Figure 15b. Slag foaming was assumed and observed to have a positive effect to
the blow at Koverhar plant. The portion of iron droplets in slag from the total mass of iron was estimated by the droplet
density in slag from taken samples and total amount of iron in the blow at the same blowing time, Figure 17. Also
higher portions of recirculating iron in slag during BOF blow have been reported in literature [29,30].
Figure 16 is showing qualitative change of amount of iron oxide in the slag - the reducing behavior of iron oxide
content in slag was clear in the several blows analyzed, but quantitative amount of iron oxide(s) in slag is difficult to
determine exactly. Iron oxide in slag acts obviously oxidizer for the various impurities in iron droplets circulating in the
slag. In Figure 17 the carbon content in iron droplets circulating in the slag is compared with the carbon content in iron
bath (analyzed from samples taken from the bath). It is very probable that on the “hot spot” at iron bath surface
everything, including iron, is oxidized. The formed oxide layer is adhering the droplets thrown by the impinging oxygen
jet acting as oxidizer of minor components in droplets. The rest of formed oxide is dissolved in the slag acting further as
oxidizer for minor constituents in iron droplets, (silicon, carbon, manganese and other species thermodynamically
“willing” to be oxidized) circulating in the slag. It also obvious that some oxygen is dissolved in the iron melt at the
surface and when this high oxygen iron from the surface of the bath is circulating inside the bath and mixing with iron
with higher impurity levels, some oxidation proceeds also inside the iron bath.
Controlled foaming, controlled in the respect of optimal height, has obviously a positive effect for the role of slag as
oxidizer and as collector of the oxidized products. Slag foam is also evening the temperature gradient in the converter
and decreasing heat losses. There seems, however, not to be a clear, common acceptance in the literature what is the
optimal blowing practice, optimal composition of slag and its optimal physical properties like viscosity or surface
properties 2 of slag formed in converting of carbon steels with various carbon contents or low and high alloyed steels.
Converter processes are a combination of complex phenomena, chemical reactions, dissolution/precipitation of
solids, mass transfer by fluid flow and diffusion as well as change of properties in reaction environment(s) like
temperature, slag composition, formation and depression of the emulsion and foam within the progress of the process.

2

As mentioned earlier, the surface properties like surface energy or interfacial energy between the slag and circulating

iron droplets might be something else than the under equilibrium conditions measured values
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Fig. 15a and 15b Evolution of iron bath a and slag b composition in a blow in 55 ton LD- converter at Koverhar
steelworks[31,32]. The temperature of the steel with 0.22% C in the end of the blow was reported to be close to 1700°C.
Charge: 48 ton of hot metal, 5 ton scrap and 1 ton converter dust with high iron oxide content.
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Fig. 16 Change of iron oxide (fayalite) content in slag as function of blow time. The initial amount of iron oxides in the
dust added to the converter (1 ton) was not clear as dust contains 2- and 3- valent iron oxides as well metallic iron. At
12 min the lance height was raised that could have been causing the increase in iron oxide content in slag [32].

Fig. 17 Carbon content in droplets recycling in slag compared with average carbon content in iron bath in five test runs
at Koverhar steelworks 1975 [33]
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Fig. 18 Foamy slag emulsion with large gas bubbles and iron droplets after 2 min and 5 min from the start of the
blow [33]

Fig. 19 Mass fraction of iron droplets suspended in slag and the foam height in five test runs at Koverhar steelworks
1975 [33]). The distance from the iron bath surface to converter mouth was to 5 m.

4.

Concluding comments
The role of ionic melts, slags, fluxes and molten electrolytes is very important in various stages in metals processing

ranging from primary smelting of raw materials to the final pyrometallurgical stages of metals refining and casting. The
optimal properties of the ionic melts and optimal processing conditions in various stages is a very complex question that
is depending not only on the optimal properties with relation to the process itself, but also on the aggressiveness of the
melt to the furnace lining and the recyclability of the melts, especially slags from various metallurgical smelting,
converting and refining processes.
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If we look at the two examples presented here, 1) substitution of traditional iron silicate slag in matte converting or
direct blister making by calcium ferrite slag (or sodium - calcium carbonate melt that is also an alternative for effective
impurity removal) and 2) role of slag and its relation to blowing practice in oxygen converter process, can we say that
all available knowledge is collected, analyzed and used for process development related to the properties of ionic melts
playing important role in these processes?
There is very large amount of knowledge available in literature concerning the thermodynamic and physical
properties of slags and fluxes, their role in the various metallurgical processes and various processing stages, ranging
from specified experimental data and analysis of role of ionic melts in individual process steps to comprehensive
models for processes including the role of ionic melts, slags and fluxes. Would it be useful to establish a wide
international project for collection and critical analysis on all available knowledge concerning the properties of ionic
melts and their role in various metallurgical processes, including the optimal choice of furnace lining?
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