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The paper introduces the results of the experiments on synthetic slag desulphurization and deoxidizing using slag
belonging to the ternary system CaO-Al,O;-TiO,. The experiments have been done in a 10 kg induction furnace.
In order to obtain the reducing slag we used a mixture of lime, alumina and titanium oxide, representing 2 % of the
charge weight. The experiments were done on mechanical mixtures produced according to various recipes; for each
experiment, the slag was sampled in order to determine its chemical composition and the steel was also sampled, in
order to determine its contents in sulphur and oxygen. The resulting data have been processed in EXCEL, which
gave the correlation equations between the desulphurization and deoxidizing output and the chemical composition
of the synthetic slag, respectively the ratio and sum of the oxides.

Synthetic slag; Steel; Titanium dioxide; Refining; Lime; Alumina.

Tratamiento del acero con escorias sintéticas de calcio y aluminio con
oxido de titanio afiadido

Resumen
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1. INTRODUCTION

En el trabajo se presentan los resultados del experimento que se refiere a la desulfuracién y desoxidacion de las escorias
sintéticas con escorias del sistema ternario CaO-Al,O;-TiO, Los experimentos se hicieron en un horno con induccién
de 10 kg de capacidad. Para formar las escorias reductoras se ha utilizado una mezcla compuesta de cal, aldmina y
6xido de titanio en porcentaje de 2 % del peso de la carga de acero mds escoria sintética. Para los experimentos se
usaron mezclas mecénicas producidas por varias recetas y de cada experimento se tomaron muestras de escorias para
determinar la composicién quimica y muestras de acero para determinar el contenido de azifre y oxigeno. Los datos
obtenidos fueron procesados en el programa de célculo EXCEL, obteniéndose ecuaciones de correlacién entre la efi-
ciencia de la desulfuracién y desoxidacién y la composicién quimica de la escoria sintética.

Escoria sintética; Acero; Diéxido de titanio; Refinado; Cal; Alimina.

the temperature of the steel has to be by more than
20-40 °C above the normallll. In practice, synthetic

Steel refining with liquid slag or with various powdery
mixtures of synthetic slag is based on the boosting of
the passage of unwanted impurities (sulphur, non-
metallic suspensions, oxygen) from the molten steel
into the slag, mainly by diffusion, or partially by
draining some suspensions alongside with the
synthetic slag particles which are decanted in the
steel bath under treatment. Synthetic slag can also
be obtained by addition of mechanical mixture,
directly into the casting pot, in which case, in order
to compensate the cooling of the steel inside the pot
because of the additives (melting and overheating),

slag deoxidizing uses slag belonging to the following
binary systems: CaO-ALO;; CaO-TiO, and CaO-CaF,
(with 57-70 % CaF,) or to the ternary systems:
CaO-SiO,-AL O; (a representative system for the blast
furnace slag) and CaO-CaF,-ALO;, CaO-TiO,-ALO;.
According to reference literature data, the best results
were obtained with synthetic slag belonging to the
binary system CaO-AlLQO;, with a 50-52 % content
of CaO and 38-42 % ALO;!M.

The influence of the slag components upon
viscosity depends on the nature of the slag. Thus,
researches have shown that the viscosity of blast
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furnace slag is directly proportional to the amount of
SiO, and Al O, and inversely proportional to the
content of CaO, MgO, FeO, MnO, Na,O, CaS, FeS
and TiOZ[Z].

The viscosity of the synthetic slag is particularly
influential when it comes to the physical and
chemical processes occurring during the treatment
of the molten steel, it having a high weight in the
capacity of slag emulsification. An increase of slag
viscosity from 0.15 to 0.45 Ns/m? (1.5 to 4.5 Poise)
leads to a 30 % reduction of the steel-slag interaction
surface. Such an increase of calcium-aluminate slag
viscosity can be noticed when its temperature goes
down, for instance from 1600 °C to 1470 °C. It is
then of utmost importance to grant, during steel
processing with synthetic slag, an optimal temperature
regime, specific to each type of slag in use, in order
to obtain an appropriate fluidity (viscosity).

For the synthetic slag steel processing
temperatures, the minimum viscosity is that of the
slag containing 56 % CaQ; but, considering the
industrial conditions, it is likely to have frequent
deviations from this optimal composition (by 1-2 %)
and reach unwanted values of over 57 % CaO;
therefore, in industrial practice, it is recommended
to have a content of 52-54 % CaO in the slag,
amount for which normal composition deviation
cannot trigger abrupt increases of viscosity.

The viscosity of synthetic slag is also influenced by
the other components; thus, it can significantly increase
for a higher content of SiO,, while contents of MgO
of up to 8 % are favorable. For temperatures exceeding
1500 °C, the introduction of TiO, into the calcium-
aluminate slag leads to a slight decrease of viscosity.

Usually, the chemical structure of the synthetic
slag belonging to the system CaO-Al,O; most often
used in practice, ranges within the following limits:
CaO=48-55 %; Al,0,=40-45 %; SiO, maximum
3,0 %; MgO max. 3 % and FeO max. 1 %, the rest
being other oxides!? and 4],

As the rate of diffusion into the slag increases with
temperature T and with the reduction of viscosity 1,
it results that synthetic slag viscosity, respectively its
fluidity ¢ = 1/n is particularly important in the process
of steel treatment with synthetic slag.

Also, the larger the contact surface between the
synthetic slag and the metal bath, the faster the passage
into the slag of the elements under consideration, this
aspect being, alongside with viscosity, fundamental in
steel treatment with synthetic slagP.

2. EXPERIMENTAL

Starting from the above-mentioned considerations,
a series of laboratory experiments have been done in

order to determine the influence of the slag chemical
composition and of the ratios between various oxides
upon the degree of desulphurization and oxidizing.

The laboratory experiments have been done in
an induction furnace with the following
characteristics: capacity 10 kg; crucible diameter
97 mm; crucible height 220 mm; frequency 100 kHz;
transformer power 150 KVA; primary voltage 500 V;
secondary voltage 167 V; variable voltage 100/83/50 V;
power on high frequency 50 kW.

The charge of the furnace consisted in carbon
steel scrap, more exactly leftovers of samples used in
the determination of chemical composition of steel
elaborated in electric steel plants and leftovers from
refining pig iron samples.

In order to determine the melting conditions, steel
temperature was measured and a sample was collected
in order to determine the chemical composition (the
content in sulphur being of particular interest) and
the content in oxygen, melting duration ranging
within 30-40 min.

In order to determine the influence of the
chemical composition of the synthetic slag (resulting
from the melting of the reducing mixture),
mechanical mixtures were produced according to
several recipes (16 recipes in all), for each of them
the chemical composition being varied, while
keeping the treatment time constant, i.e. 8 min. The
mechanical mixture was made of lime, alumina and
titanium oxide, so that the structure of the resulting
reducing slag corresponds to the ternary system
CaO-AlLO;-TiO, (CaO=48-55 %, Al,O;=34-41 %,
TiO,=3-6.25 %) (Table I).

During the experiments, before the deoxidizing
treatment with synthetic slag, the molted slag was
removed from the surface of the metal bath and
then the bath was covered with a slag layer of the
same quality as the experimental one (made
according to the same recipe, in order to confirm
as clearly as possible the influence of the chemical
composition upon the refining process), more
exactly 150 g of mixture were added to the metal
bath.

After the slag was formed on the surface of the
metal bath, 200 g of reducing mixture was immersed
into the bath (representing 20 %). The mixture was
introduced into a metallic cartridge (made of thin
steel plate), attached to a wooden rod, and it was kept
at the bottom of the crucible until complete melting;
all along this process (8 min), the metal bath was
stirred, it being also agitated by the induction
phenomenon.

After 8 min of treatment with reducing slag
(respectively before tapping and casting the steel into
4x2 kg ingots), steel samples were collected from the
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Table I. Results of experiments

Tabla |. Resultados de los experimentos

The values of various ratios

. i o
No Chemical composition, % between oxides and slags Output
ca0 2)AI203 3')Ti02 A+T C+A+T C/A CIT CIA+T AT Ng Mo
1 48.02 41.03 3.00 4403 9205 1171 16.00 1.09 13.66 20.51 30.51
2 4852 4051 3.25 4376 9228 1.198 1492 1.10 1246 25.02 26.90
3 4911 40.08 3.52 4360 9271 1.225 1400 1.12 1142 3504 39.52
4 4951 3951 375 4326 9277 1253 1320 114 1053 38.05 38.06
5 50.01 39.04 404 43.08 93.09 1282 1250 1.16 9.75 4111 41.02
6 5054 3851 425 4276 9230 1312 1188 1.18 9.05 44.02 44.04
7 5103 38.05 4,52 4257 9360 1.342 1133 1.20 8.44 48.01 4812
8 5152 3752 475 4227 9379 1373 10.84 1.21 7.89 53.12 52.98
9 5205 3703 505 4208 9413 1.405 1040 1.23 740 55.05 54.96
10 5250 36.51 525 4176 9426 1438 10.00 1.25 6.95 54.03 54.03
11 53.07 36.02 551 4153 9460 1472 9.63 1.27 6.54 53.10 52.99
12 5351 3550 575 4125 9476 1.507 9.30 1.29 6.17 52.04 51.02
13 54.04 3505 6.03 41.08 9512 1.543 9.00 1.31 583 50.11 50.12
14 545 3450 6.25 40.75 9480 1.580 8.72 1.33 552 47.03 47.03
15 55.1 3403 6.05 40.08 9508 1.618 9.16 1.37 566 42.02 42.09
16 54.08 3471 6.15 4086 9494 1.558 8.79 1.32 564 4274 41.98
1 Ca0=C;2AL,0,=A;3TiO,=T.
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Figure 1. Desulphurization efficiency depending on the content of CaO in slag.

Figura 1. Eficiencia de la desulfuracion en funcién del contenido de CaO en la escoria.

furnace in order to determine the content of sulphur
and oxygen; slag was also sampled in order to

% ALO, and % TiO,).
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Figure 2. Desulphurization efficiency depending on the content of Al,O, in slag.

Figura 2. Eficiencia de la desulfuracion en funcion del contenido de Al,O, en la escoria.
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Figure 3. Desulphurization efficiency depending on the content of TiO, in slag.

Figura 3. Eficiencia de la desulfuracion en funcion del contenido de TiO, en la escoria.

3. RESULTS experiments were checked from the technological
point of view and then processed in EXCEL.

In order to establish the technological correlations At the first stage, the correlations established

between the parameters under consideration, the were of linear, 2, 31 and 4t degree polynomial,

technological data resulting from the laboratory logarithmic and exponential type. It was
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Figure 4. Desulphurization efficiency depending on the content of Al,O,+TiO, in slag.

Figura 4. Eficiencia de la desulfuracion en funcion del contenido de Al,0,+TiO, en la escoria.
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Figure 5. Desulphurization efficiency depending on the content of CaO+Al,0,+TiO, in slag.

Figura 5. Eficiencia de la desulfuracion en
escoria.

considered that the most representative ones are
the 2" degree polynomial correlations and this
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is why they are the only ones presented in the
paper.
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Figure 6. Deoxidation efficiency depending on the content of CaO in slag.

Figura 6. Eficiencia de la desoxidacion en funcién del contenido de CaO en la escoria.
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Figure 7. Deoxidation efficiency depending on the content of Al, O, in slag.

Figura 7. Eficiencia de la desoxidacion en funcion del contenido de Al,O, en la escoria.

Each correlation obtained from the calculation

program was presented both in

analytical and in

graphic form and they were analyzed from the
technological point of view.
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Figure 8. Deoxidation efficiency depending on the content of TiO, in slag.

Figura 8. Eficiencia de la desoxidacion en funcion del contenido de TiO, en la escoria.
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Figure 9. Deoxidation efficiency depending on the content of Al,O,+TiO, in slag.

Figura 9. Eficiencia de la desoxidacion en funcion del contenido de Al,0,+TiO, en la escoria.

Also, for each correlation, the (upper and lower) limits and graphically for the two dependent parameters, namely
of the variation domain were presented both analytically the desulphurization and the deoxidizing output.
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Figure 10. Deoxidation efficiency depending on the content of CaO+Al,O,+TiO, in slag.

Figura 10. Eficiencia de la desoxidacion en funcion del contenido de CaO+Al,O,+TiO, en la
escoria.
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Figure 11. Desulphurization efficiency depending on the ratio of CaO/TiO, in slag.

Figura 11. Eficiencia de la desulfuracion en funcion de la relacion de CaO/TiO, en la escoria.

Considering the values obtained for the Further on, the results are presented both
correlation coefficients, it ensues that the resulting graphically and analytically.
correlations are representative.
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Figure 12. Desulphurization efficiency depending on the ratio of CaO/Al, O in slag.

Figura 12. Eficiencia de la desulfuracion en funcion de la relacion de CaO/Al, O, en la escoria.
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Figure 13. Desulphurization efficiency depending on the ratio of CaO/(Al,0,+TiO,) in slag.

Figura 13. Eficiencia de la desulfuracion en funcion de la relacion de CaO/(Al,0,+TiO,) en la
escoria.

4. DISCUSSION — in all cases, the 2™ degree polynomial
correlations represent a climax;

A global analysis of the resulting correlations shows — the variation domains are well delimited both

that: at the upper and lower limit; in about 20 % of the
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Figure 14. Desulphurization efficiency depending on the ratio of Al,O,/TiO, in slag.

Figura 14. Eficiencia de la desulfuracion en funcion de la relacion de Al,O/TiO, en la escoria.
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Figure 15. Deoxidation efficiency depending on the ratio of CaO/Al, O, in slag.
Figura 15. Eficiencia de la desoxidacion en funcion de la relacion de CaO/Al, O, en la escoria.
— both the desulphurization and deoxidizing

output vary within large limits, according to the
chemical composition of the slag and the ratio

instances all the values are ranging within the
variation domain and in another 45 % of the cases,
up to three values are out of the variation domain;
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Figure 16. Deoxidation efficiency depending on the ratio of CaO/TiO, in slag.

Figura 16. Eficiencia de la desoxidacion en funcion de la relacion de CaO/TiO, en la escoria.
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Figure 17. Deoxidation efficiency depending on the ratio of CaO/(Al,O, + TiO,) in slag.

Figura 17. Eficiencia de la desoxidacion en funcion de la relacion de CaO/(Al,O, + TiO,) en la
escoria.

between the various oxides, in all cases there existing — the maximum desulphurization, respectively
a maximum point; deoxidizing output has well-defined coordinates;
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Figura 18. Eficiencia de la desoxidacion en funcion de la relacion de Al,O/TiO, en la escoria.

Table Il. Data centralized according to the chemical composition

Tabla Il. Datos centralizados segun la composicion quimica

, Oxide . Limits of variation, % Coordinates Varlatlpn Resulting
N° (sum Fig domain domai
. . . .. . omain
oxides) Oxides Ns No maximum  minimum  of choice
1 Ca0 1 18- 55 20-57.73 - 5249 ;57.73  48;20 50-54  37.60-57.75
6 15.12-57.69 51.28;57.69 55;15 50-54  30.01-57.69
2 ALO 2 34 - 41 18.25 - 55.02 - 36.41;55.02 41;18.25 35.5-40  30.82-55.02
23 7 - 1318-57.83 37.72;57.83 34;1318  355-40  31.56-57.83
3 TO 3 3.625 17.94 - 54.96 - 516;54.96  3;17.94  350-575 31.21-54.96
2 8 ' - 11.67-57.68 4.64;57.68 6.25;11.67 3.50-575 30.02-57.68
4 ALO+ 4 40- 44 20.01 - 55.01 - 41.66;55.01 44;2001 41.00-43.5 30.01-55.01
TiO, 9 13.5-55.94 4237;55.94  40;135  41.00-435 31.44-54.94
5 CaO+ALO+ 5 90 - 95.25 19.07 - 55.33 - 93.99;55.33  92;19.07 924-9475 30.01-55.33
TiO, 10 ' - 20.33-53.03 93.15;53.03 95.25;20.23 92.4-94.75 359-53.03
— starting from the correlations, it is possible to oxides in the slag (CaO, Al,O,, TiO,) in view of
determine the variation limits for the main obtaining high values for the desulphurization and
components, respectively the ratios between the deoxidizing output.
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Table III.

Data centralized according to the oxides ratio

Tabla Ill. Datos centralizados segun la relacion de los 6xidos

" Oxide . Limits of variation, % Coordinates of the point \Ga;::g;:\n Variation

(ratio) g . . . . domain
Ratio Ns No maximum  minimum  of choice

1 CaOITO, n 8.72-16 15.28-55.32 10.306;55.32  16;15.28 9.50-14  31.30-55.32

17.23-55.35  12.13;5.35 16;17.23 9514  32.65-55.35

2 CaOIALQ, 21.171-1.618 20.17-56.50 1.4556.50  1.171;2017  1.23-1.55  31.35-56.50

15 19.86-54.14 1375415  1.61819.86  1.23-1.55 31.54-57.22

3 CaO/ALO,+ 13 1091 1375 20.42-57.22 1265722  1.091:2042 1.13-1.31  31.17-57.22

TiO, 3.23-53.74 1215374 1375323  1.13-1.31  30.67-53.74

4 ALO,TO, 14 5 5013 667 14.37-55.32 7.30;55.32  13.667;14.37 6-11.2 32.80-55.32

8 10.37-55.80  9.33;55.80  13.667;10.37 6-11.2 30.30-55.80

The analysis of the correlation diagrams given in
figures 1-10, respectively 11-18, and of the centralized
data shown in tables II and III, leads to the following
conclusions:

— in order to obtain a desulphurization and
deoxidizing degree of at least 30 %, the oxides have to
range within the following limits: CaO=50-54 %;
AL O;=35.5-41 %, and TiO,=3-6.25 %, so, within
variation limits that are narrower than those envisaged
by the experiments;

— with respect to the three basic oxides, it is
desirable that their content vary within the suggested
limits, but the following conditions are also to be met:
AL O; + TiO,=41.00-43.50 %, and CaO+Al,O;+
TlO 92 4- 94 75 %,

— as to the ratio of the main oxides CaO/ Al O;,
CaO/ TiO, and AL O, [TiO,, thay have to vary w1th1n
the limits: CaO/ Al O =1.23- 155 CaO/TiO,=9.50-14.00
and ALO;/TiO, 6 OO 11.2, so that the desulphurlzatlon
and deox1d1z1ng degree should be of at least 30 %;

— concerning the ratios given above, it is desirable
that they vary within the suggested limits,
but the following condition has also to be met:
CaO/ (ALO, +TiO,)= 1.13 -1.31.

The conditions given above can be observed and
met technologically and therefore it is possible to
ensure for ng, respectively 1, values within the

interval 30 % - 58 %.

5. CONCLUSIONS

— Mechanical mixtures based on lime, alumina and
titanium oxide, respectively the slag resulting
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from their melting, grant favorable condition for
steel refining inside the ladle through the method
called “synthetic slag treatment”.
— A mechanical mixture whose oxide values (the
sum of the oxides) range within limits close to
the climax leads to high values for n, respectively
No-
In the case of variation of the oxide ratios in the
vicinity of the climax, it is possible to obtain for
Mg, respectively g values next to the upper
limit.
The results obtained lead to the idea of
continuing the experiments by using as one
component of the mechanical mixture, the
slag resulted from the production of ferro-
titanium.
Laboratory experiments shall continue in view
of determining the optimal quantity of slag (kg/t
of molten steel), as well as the duration of the
treatment in order to obtain the best results in
steel refining.
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