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Abstract

In this communication, the advantages and difficulties of the slag foaming process control are presented, highlighting the thermodynamic
simulations role in the design of isothermal solubility diagrams (which express the relationship between MgO and FeO contents, in weight
percentage, for a specific basicity and temperature). These diagrams can predict the liquid composition changes required in order to induce a longer
foam lifetime at the upper surface of molten slags. Mathematical models and experimental tests have been used to understand the slag foaming
phenomenon, however they do not simultaneously consider all variables involved in this process. Thus, a comparison between some experimental
results and isothermal solubility diagrams was made in this work. According to this evaluation, the use of thermodynamic simulations can be a
good alternative to help keeping the slag foam generation while some equipment is being used in the steel production. The use of isothermal
solubility diagrams provides a clear image of which adjustments can be made in order to attain stable foam, reducing the needs for some additional

experimental analyses.
© 2011 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

The slag foaming process is currently applied to some
equipment for steel production [i.e., electric arc furnace (EAF),
basic oxygen furnace (BOF), etc.] aiming to save energy,
increase productivity, enhance the refractory service life and
inhibit steel re-oxidation. However, besides its advantages, the
end-users have difficulties in applying this procedure due to the
lack of control of the slag chemical composition and viscosity
at high temperatures [1,2].

Some work in the literature has experimentally evaluated the
slag foaming phenomenon, but most of these articles only
focused on the foam height analyses when an inert gas or
oxygen was injected into the liquid [3—7]. The resulting foams
based on this procedure are thermodynamically unstable due to
their large interfacial area, leading to bubble coalescence after a
short period of time.

The bubble stability is usually related to three factors:
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1. Drainage of the liquid from the lamellas among the bubbles,
which approaches their surfaces, resulting in their coales-
cence and foam collapse.

2. Coalescence due to different pressures among bubbles with
different sizes, based on gas diffusion from the smaller to the
larger bubbles, thus broadening their size distribution.

3. Ostwald ripening, which consists of the dissolution of small
crystals or solid particles contained in the liquid and the re-
precipitation of new phases at the larger crystal or solid
particle surfaces [8].

Small partially hydrophobic particles and/or polymeric
additives are frequently used with the aim of inhibiting the
foam collapse at room temperature [8,9]. Nevertheless, new
challenges and difficulties are faced at high temperatures in
order to maintain foam stability.

A simplified way to indicate the foamability of liquids at
high temperature consists of measuring the foaming index (X)
or the average travelling time of the gas in the generated foam.
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Table 1

Experimental results of the foaming index (X) obtained at 1440 °C (1773 K) for BOF slag compositions [13].

Slag compositions B, wt% CaO wt% SiO, wt% FeO wt% MgO )
03 1.0 34.78 33.76 22.52 8.94 0.59
04 1.1 37.39 35.57 20.87 6.17 0.53
05 1.1 30.96 29.39 24.16 15.69 0.54
06 1.1 29.11 27.73 31.52 11.64 0.68
07 0.93 30.00 32.13 18.09 17.78 0.57
08 0.86 28.67 33.42 17.57 20.34 0.87
09 0.61 23.02 37.73 15.23 24.02 0.98
11 1.0 34.08 32.77 15.11 18.04 0.50
13 1.0 38.18 38.94 10.24 12.38 0.37

where AL (cm) represents the foam layer thickness and V,, (cm/
s) is the surperficial velocity of the gas added to the system.
With the aim of improving and adding the effect of various
physical slag properties in X' calculation, some work highlights
the search for mathematical models which express the foaming
behavior in terms of slag characteristics [p = density (kg m ),
w =viscosity (Pas), y=surface tension (N m~ ") and
D,, = average bubble diameter (m)] [5,6]. The model proposed
by Zhang and Fruehan [3] is the most accepted and used to
describe the slag foamability, based on the following equation.
ul?
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However, some difficulties remain to obtain accurate slag
physical properties at high temperatures. Mathematical equa-
tions are also used to predict slag properties, but the calculated
results present deviations of about +2% for density, £10% for
surface tension and £25% for viscosity when compared with
the actual values [10]. Therefore, some researchers prefer to
experimentally evaluate the slag foamability by calculating the
foaming index (Eq. (1)), when a gas phase is injected into the
system, instead of using the mathematical models available
(Eq. (2), for instance).

An alternative to evaluate the slag foaming phenomenon
consists of analyzing phase diagrams, which can define the
influence of each slag component and the combination that
might result in the liquid saturation with some oxides at high
temperatures. When saturated, the precipitation of solid
particles of a second phase into the liquid can take place
and increase the foam stability. The presence of suspended
particles in the slag has a much greater impact on foaming than
changing the surface tension and the slag viscosity [1]. The
solid particles (commonly Ca,SiO, or MgO-FeO) act firstly, by
reducing the interfacial energy of the system and changing the
effective slag viscosity and, secondly, as gas nucleation sites
which lead to a higher content of small gas bubbles in the liquid.

Using thermodynamic software, such as FactSage and
ThermoCalc, it is possible to analyze and predict the position of
the dual saturation point and the MgO and CaO saturated lines
as a function of the slag basicity, temperature, oxygen partial
pressure and other parameters [11,12]. When compared to some
mathematical models [10], these analyses are very accurate and
present an error lower than 1% when the FeO content in the slag

is less than 60 wt%. Moreover, based on these phase diagrams
one can define which adjustments may be carried out in the slag
composition in order to improve and optimize suitable
conditions for foaming, reducing the need of experimental tests.

In this work some isothermal solubility diagrams (ISD) in
the CaO-SiO,-MgO-FeO system were designed using the
FactSage™ software. The thermodynamic simulations were
also compared with experimental results in order to check the
calculation effectiveness and the additional benefits due to the
use of this tool.

2. Thermodynamic simulations

Some phase diagrams known as isothermal solubility (which
express the relationship between MgO and FeO contents, in
weight percentage, for a specific basicity and temperature) were
calculated using the FactSage™ software (version 6.1,
Thermfact/CRCT, Montreal, and GTT-Technologies, Aachen),
which consists of a series of modules that access and
manipulate thermodynamic databases. Phase Diagram module
and Fact53 and FToxid databases were selected for this study,
considering as possible resulting phases: gas, liquid, pure solids
and various solid solutions (including spinel and other phases).
After that, some slag compositions experimentally evaluated by
Jung et al. [13] [Table 1, slags with binary basicity (B, = CaO/
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Fig. 1. ISD in the FeO-MgO-SiO,—CaO system for a basicity B, = 1, temper-
ature = 1440 °C (1773 K) and pO, =0.21 atm. (Foaming index attained in
Table 1 are highlighted between parenthesis.)
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Fig. 2. ISD in the FeO-MgO-SiO,—CaO system for distinct basicities
(B, =Ca0/Si0,), temperature = 1440 °C (1773 K) and pO, =0.21 atm.
(Foaming index attained in Table 1 are highlighted between parenthesis.)

Si0,) values in the range of 0.6 and 1.1] were plotted in the
calculated diagrams (Figs. 1 and 2).

Considering the calculated isothermal solubility diagrams
and the experimental X values, some analyses were carried out
in order to evaluate the effectiveness of the thermodynamic
simulations.

3. Results and discussion

Fig. 1 presents an isothermal cut for the CaO-Si0,—MgO-
FeO quaternary system at the temperature of 1440 °C
(1773 K) and B, =1. Based on the location of the slag
compositions in this ISD diagram, it was observed that those
named 05, 06 and 07 are positioned close to the saturation
region (spinel (MgFe,O,) + liquid) and, therefore, a greater
foamability should be detected for these liquids when
compared with slags 03, 04, 11 and 13. This trend was
confirmed in the experimental tests according to the X values
(Table 1), except for composition 03. This is because the
foaming index deviation values were not presented by Jung
et al. [13] and it is not possible to infer the experimental error
of these measurements. As observed in Fig. 1, compositions
03, 04 and 13 are those which require greater adjustments
and higher FeO contents would be necessary to provide a
suitable condition for their saturation and precipitation of
MgF6204.

On the other hand, slag compositions 08 and 09 (which
present B, < 1, Table 1) performed best in the laboratorial
analyses. Considering a condition of binary basicity equal to 1
(Fig. 1-where CaO and SiO, contents are similar in the liquid
composition), slag 09 would be saturated in MgO and
precipitation of MgO-FeO solid particles could take place.
Nevertheless, although composition 08 would not be saturated,
its location in Fig. 1 indicates that good foamability of this
liquid is expected under this condition. Therefore, slight
changes in the slag basicity could favour or inhibit the foaming
process at high temperatures.

For example, for B, values lower than 1 (increase of SiO,
and decrease of CaO contents), compositions 08 and 09
would be saturated and located in the CaMgSiO4 + L region
of the ISD (Fig. 2). Moreover, based on the experimental data
[13], slags 08 and 09 present viscosity values of 0.250 and
0.283 Pa s respectively. The use of the viscosity values is not
enough to predict foaming behavior because, i.e., composi-
tion 07 (which had viscosity very similar to the slag 08,
0.248 Pa s) showed lower X. Most likely, the high X values
collected for compositions 08 and 09 during the experimental
tests are related to the presence of suspended CaMgSiO,
particles, which increase the liquid viscosity, reducing
the liquid drainage and the bubble coalescence for these
slag compositions [1,8]. Additionally, the presence of
suspended solid particles act decreasing the average free
energy of the foam by reducing the gas—liquid interfacial
area [8].

Changing the slag basicity values, some compositions, that
firstly did not present a suitable foaming condition, can
eventually be found in a region of the diagrams where the slag
saturation is reached. Compositions 07 and 11, which were far
from the saturation area in Fig. 1 (B, =1), are located very
close to the CaMgSiO, + L region when the B, value is reduced
(Fig. 2). Therefore, ISDs could provide important information
in a much simpler and accurate manner, pointing out which
adjustments could be made to extend the foaming effect.

ISDs, as those presented in Figs. 1 and 2, are not frequently
found in the literature, but they are important tools that can be
used for controlling the slag compositions at high temperatures.
Thus, some experiments carried out to evaluate the basicity,
temperature and FeO and MgO contents effect on foaming
behavior (as the ones performed by Jung et al. [13]) can be
reduced by using thermodynamic calculations.

4. Conclusions

Based on the various works in the literature and due to the
complexity of slag foaming phenomenon, it can be concluded
that difficulties remain to define the best conditions to attain the
foam generation and its stability at the upper surface of the
molten slag, considering only experimental tests. Developed
mathematical models are usually adjusted to a simplified
situation and the prediction of slag properties can lead to
inaccurate results or directions. However, the use of isothermal
solubility diagrams based on thermodynamic simulations
seems to be a good tool to evaluate the best conditions to
induce and to keep the foam stability in steel production. The
present authors have been using such tool for industrial
applications with a very positive outcome.
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