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Ipu paginysanni cmani npodysannam nopowkamu mame-
pian pymepyeanns xoswa epae cepiio3ny ponv. Ilpedcmaeneni
epaixu 3anexucnocmi cmynens decyrvypauii 6i0 eumpamu
nopowKy CuNiKoKabyia nio 4ac npooyseanns 6 Koewax, pyme-
posanux piznumu mamepianamu. Bioznawaemocsa, wo xinrvxicmo
FeO 6 wnaxy wunumov cepio3Huii 6naue Ha cepeoHio CMyniHb
decynvpypauii. Ilpu eenuxii xinvkocmi FeO 6 wnakxy, cunv-
Ho nideumyemvca cmynino pecynvPypauii. Ilpedcmasaenuil
naan posmiwenns ooaaonanna 0aa padinyeanns pioxoi cmani
6 xoswi. O0nouacno 0ns npodyeanns nopowky npeocmasie-
Ha cxema npucmporo niu-xieuwi, ocHaujeHa 00NAOHAHHAM 0N
npodyeanns piokoi cmani nopowxamu. B uyvomy obradnanni
MOJCHA BuKOpuUCmMOByeamu nopoukose Qymepysanns i 30iic-
HUMU NPOOYEAHHA CMANE NOPOWKAMU HA OCHOBT CUTIKOKATbUIA.
Ha cmynins decynvpypauii cepiiosnuii 6naue 30itiCHI0€ maxodic
uxiona KinvKicmv Cipku 6 Mmemasnesiil wuxmi 0As1 6UNIAG-
xu cmani. Hasenicmo kpumku 6 TUBAPHUX KOBULAX NOKPAUYE
YMO6U NPOOYEAHHS MeMANY, 3MEHUYEMbC OKUCTEHHS | 6mpa-
ma memany.

Biosnaueno, wo npouec padinyeanns piokoi cmani 8 xoeuti
€ CKIa0HuM npouecom i 3anexncumv 6i0 0azamvox gaxmopis.
Kinvkicmo cipku 6 nepeunniii wuxmi memany, ymepyean-
HA Koéwla, CKJAA0 NOpowKy npooyeanozo mamepiany i mexHo-
J02iuni napamempu npooyeanHss MArOmMv 6AHCAUCE ZHAUEHHS.
Hoena decynrvdpypauis cmani wasxom npodyeanus nopowxa-
Mu, 6 nepuy uepey, 3anexicums 6i0 nouamKo60i Kibkocmi cipxu
6 memani. Buseneno, wo icnye niniiina 3anexicHicmo KiHue6020
emicmy cipku 6i0 il 6uxionozo smicmy 6 cmaJui nio uac npooy-
eannsa memany 6 xoeuti 3 cymiwmunro 70 % Mg0, 20 % Ca0i 10 %
CaF,. Ha odecynvpypauito cmani npodysannam nopowkamu,
0000160 NPOOYEaNHAM CNIAGI6 Maznilo i Kanbyito, Qymepy-
BAHHS KOBULA MOJCE MAMU SHAYHUI 6NIUE

Kantouosi cnosa: pymepysanns xoewa, npodyeanus nopout-
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Intensive introduction of various methods of secondary
steelmaking provides a guaranteed production of liquid
steel with a minimum content of undesirable impurities.
The implementation of these methods requires the use of
the necessary equipment (vacuum chamber, powder injec-
tion devices, introducing special wire, metal purging and its
mixing, steel heating during its processing, etc) and high-
quality refractories.

Nowadays, the most effective way to reduce losses on the
way from the steelmaking device to the production of appli-
cable rolled products is transition from casting into molds
to the use of continuous casting machines. In this respect,
a reduction in metal overspending due to insufficiently high
quality, as well as a reduction in metal consumption owing
to ordinary alloyed steel (with minimum alloying losses)
is ensured by the widespread introduction of ladle refining
method. When using these methods, the concentration of
harmful impurities in the metal, composition and tempera-
ture fluctuations, as well as the consumption of deoxidizers
and alloying additives decrease.

Among the methods of secondary treatment of steel, the
injection of powdered reagents in electric steelmaking can be
considered as the most effective.

The process of liquid steel refining in a ladle is complex
and depends on many factors: the amount of sulfur in the
primary metal charge, ladle lining, the powder composition of
the purged material and the technological parameters of the
purge are of great importance.

At present, there is still no clear answer to the question of
which reagents are preferable to introduce into the metal at
individual links of the technological chain and how.

However, the desulfurization of steel by powder purging,
especially by purging magnesium and calcium alloys, can be
significantly affected by ladle lining.

2. Literature review and problem statement

Steel refining both in the furnace and in the ladle is impor-
tant in the production of electrical steel from remelting waste.
In this case, better refining is achieved using the method of
introducing various reagents into the depth of the metal [3].



Presently, one of the most common methods of secondary
treatment of steel is blowing with powders. Calcium-containing
materials are most frequently used as powdered materials for
treating metal in a ladle [4]. This is due to the following: calcium
has a high chemical affinity for oxygen; therefore, its introduc-
tion into the metal provides a high degree of metal deoxidiza-
tion. Calcium also has a high chemical affinity for sulfur; there-
fore, its introduction into the metal provides a high degree of
steel desulfurization and low sulfur content after processing [5].

The most common deoxidizer of steel is aluminum. It forms
refractory inclusions of alumina worsening metal purity, me-
chanical properties of products made of it and complicates cast-
ing due to the overgrowth of nozzles [6]. Calcium oxide (CaO)
formed when calcium is introduced into steel, interacting
with Al,O3 particles ensures the occurrence of less refractory
nonmetallic inclusions [7]. Those that remain in the metal are
very small and spherical in shape. During pressure treatment,
they are not deformed and they are not stretched in chains of
acute-angle clusters. This is common for alumina inclusions,
which to a small extent worsen the properties of the metal [8].

In this context, it should be noted that the use of magne-
sium, which has a higher oxygen-affinity than calcium in pow-
der mixtures and furnace lining could give better results [9].

Aluminum-deoxidized steel after the introduction of
magnesium can practically have no plastic silicates. Magne-
sium in comparison with calcium can also more effectively
reduce the harmful effects of sulfur remaining in steel, since
the mechanical properties of magnesium sulfide (MgS) are
significantly higher than those of calcium sulfide (CaS),
especially manganese sulfide (MnS). Consequently, sulfites
can also acquire a more rounded shape with a much shorter
length (along the direction of plastic deformation) [10].

This allows to conclude that the use of a dolomite-lined
ladle (MgCO3-CaCO3) can also lead to the above effects
during secondary steelmaking.

Research on the use of magnesium as the main compo-
nent of a powder mixture for liquid steel injection and lining
material in the literature are very scarce, therefore carrying
out researches in this direction would be interesting.

3. The aim and objectives of the study

The aim of the research is to study the influence of the
ladle lining material on the refining of steel when purging it
with magnesium-containing powders. To achieve this aim,
the following tasks have been assigned:

— study of the effect of the lining material on the degree
of desulfurization at different silicocalcium consumption;

—study of the degree of desulfurization of steel on argon
blowing time at different oxide Fe content in the slag;

— development of the equipment placement plan for hot
metal refining in the dolomite lined ladle;

— improvement of the installation scheme of the ladle-
refining furnace equipped with powder injection equipment;

— study of the effect of the initial amount of sulfur in the
metal on the degree of steel desulfurization.

4. Discussion of experimental data

4. 1. The influence of the ladle lining
Fig. 1 illustrates the results of steel desulfurization by
blowing with silicocalcium powders in the ladle furnace lined

with different refractory materials. This figure is based on our
experimental data by analogy with [9]. All experiments were
carried out in a 50 tons ladle lined with various bricks. Steel
from remelting wastes is melted in an electric arc furnace
with a capacity of 60 tons. The data given in Fig. 1 is the
average results of 10 heats.

qsi-Ca, kq/t

Fig. 1. Dependence of desulfurization degree
on the silicocalcium consumption in the dolomite lined
ladles (1), schamotte (2), silicium oxide (3) (1,000 kg surface
furnace slag): 1 — dolomite lining; 2 — fireclay lining;
3 — silica lining

It is worth mentioning that the highest degree (~80 %)
and the lowest silicocalcium consumption (~1 kg/t) for re-
fining 1 ton of steel correspond to dolomite-lined ladle. To
achieve this degree of desulfurization in acid-lined ladles,
very high consumption of silicocalcium (3.5-4.5 kg/t) is
required, which is primarily not always technically possible.
This significantly reduces the amount of silicon in the steel
and increases heat loss. According to [9], in a 125 tons dolo-
mite-lined ladle with the consumption of calcium, silicocal-
cium and calcium carbide at the rate of 1 kg/t with powder
blowing, the degree of steel desulfurization is 80 % and the
final amount of sulfur is 0.003 %. It was noted that these
results were obtained in a ladle without a roof. Lower sulfur
concentrations can be obtained in basic ladle furnaces with
a roof, which helps reduce heat loss, prevent spatter and al-
low dust to be trapped. With an increase of the ladle capacity,
the consumption of the desulfurizing agent is decreased. For
instance, in the ladle with a capacity of 250 tons silicocalsium
consumption is 30 % lower than in a ladle with a capacity
of 125 tons. The optimal consumption of silicocalcium, the
precise regulation of its blow for desulfurization are achieved
as a result of formation of highly basic slag on the metal sur-
face before blowing. If the furnace slag enters the ladle, the
level of desulfurization is reduced by 20-25 %. In dolomite
lining ladles, the degree of calcium absorption is much higher
(25 %). Therefore, steel refining with TN method [10] is
carried out in dolomite lined casting ladles with a durable
removable roof where steel can be stored for a long period
without significant heat loss.

The ladle lining significantly affects the composition and
basicity of slag [3]. When using a ladle, lined with schamotte
and 75 % Al,Os, the reason for the lower basicity of the slag
is the destruction of the lining. In this case, the considerable
amount of the introduced magnesium and calcium is spent



on the interaction with ladle lining. The same situation
occurs during the steel refining process in a ladle lined with
alumina, but in this case the recovery rate of silicon decreases
slightly. Thus, the use of an unstable acidic heat-resistant
coating for ladle lining worsens desulfurization conditions
by injection of calcium and magnesium alloys. The results
of our experiments carried out in a ladle with high alumina
lining (75 % Al,O3) are characterized by a significant dif-
ference in the data on electric steel blowing. This is due to
unstable experimental conditions: significant fluctuations
in the composition and amount of furnace slag entering the
ladle, the amount of aluminum in the metal and temperature.
In this case, the experimental values of the oxygen activity
are close to equilibrium (0.0004—0.0008 %), considering that
the oxygen activity in the liquid metal is controlled by the in-
teraction of the heat-resistant lining of the ladle. The highest
value of the ratio (§)/as was obtained by injecting the mix-
ture of CaO-CaF, into the dolomite lined ladle.

According to the authors [11], it is necessary to use ladles
with a lining that does not contain siliceous compounds.
Such ladles successfully perform steel desulfurization in
a 60 tons ladle when silicocalcium blowing and they also pro-
vide imparting globular shape to non-metallic inclusions. In
case of using the ladle made of refractory bricks consisting of
silica, it was impossible to reduce the amount of sulfur in the
steel (0.003-0.004 %) to the required level. In this regard,
the specific ladles lined with magnesite bricks were used for
desulfurization. After placing 3.5kg/t lime hydrate on the
surface of the slag in the ladle, the latter one was transferred
to a steel desulfurization stand. The roof of the ladle was
closed down to prevent liquid metal splashes and heat loss.
To increase the powder extraction rate, silicocalsium powder
was blown with a 15 mm heat-resistant lined coil and an
8 mm diameter metal pipe (25 kg/min at a rate of 12 kg/t).
The immersion depth in the lower part of the ladle was 50 cm
and in pneumatic conveyors, its flow rate was 15 dm3/s at an
argon pressure of 1 MPa.

Dolomite lining ladles were also used. Before steel pro-
cessing, lime and a mixture of slag and fluorspar were fed into
the ladle. Powder blowing was carried out using a ladle with
a roof. An inert atmosphere of argon or nitrogen was created
on the surface of the liquid before the injection process. Injec-
tion of 1 kg/t of silicocalcium powder for 8 minutes allowed
obtaining the amount of sulfur <0.005 % and all non-metallic
inclusions (even large ones) in globular forms. With an in-
crease in silicocalcium consumption up to 2 kg/t and blowing
time up to 13 minutes, the sulfur content is <0.003 % and it
becomes possible to obtain high-quality steel. In this case, the
strength and viscosity characteristics of steel intended for
the production of rebar significantly improved [12].

In [13] it was indicated that in order to successfully carry
out desulfurization of steel by blowing powder mixtures, as
well as giving nonmetallic inclusions of globular shape, it is
necessary to use ladles with silica-free lining. Metal blowing
with CaO—-CaF,—Al,O3 powder mixtures in 60 tons ladles
with high alumina lining allows achieving a desulfurization
degree of 60—80 % at initial sulfur contents of 0.010-0.035 %
and final 0.004-0.007 %. In this case, at 1550—1700 °C, we
injected 30 kg/t of the mixture for 3—4 minutes. Desulfuriza-
tion degree in schamotte lining ladle furnaces was observed
to increase up to 70-90 %. The initial and final concen-
tration of sulfur was measured to be 0.015+0.030 % and
0.002+0.008 %, respectively. When using fireclay lining in
a ladle with a capacity of 60 tons along with injection pow-

ders in the shortest time (3—3.5 minutes), the degree of de-
sulfurization, which is relatively low when blowing, was also
achieved in the case of using powders of lime and fluorspar.
A high degree of desulfurization (90 %) in ladles with fireclay
lining was achieved using 85 % lime, 15 % fluorspar with the
addition of silicocalcium (0.3 kg/t), aluminum (0.2 kg/t) in
an amount of 10 kg/t in a short time (2—3 min) injection of
it into the metal. However, the effect of fireclay lining on the
amount of sulfur in the metal appears during its subsequent
exposure to the ladle and casting. The amount of sulfur in the
finished steel usually increases to 0.001—0.003 %. The degree
of desulfurization depends on a number of factors, and above
all, on the chemical composition of the slag formed in the
ladle, especially on the amount of FeO.

4. 2. Effect of argon blowing time

If after blowing with powder mixture, pure argon was
blown into steel, an increase in the high degree of resulfuri-
zation and an increase in the amount of FeO in the slag are
observed due to the blowing time of the metal with argon
(Fig. 2). It is necessary to take into account the phenome-
non that for the complete removal of gases and non-metallic
inclusions, the processing of steel with argon should be
further carried out in a schamotte ladle lining [14-17]. An
important factor is the integrity level of desulfurization that
is achieved by the steel refining with powder mixtures. As
a result of processing, to achieve very low sulfur concentra-
tions (£0.003 %), subsequent significant resulfurization is
possible (Fig. 2).
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Fig. 2. Dependence of the steel resulfurization
degree on argon blowing time in different concentrations
of FeO in the slag: [5]: 3.08 (1), 2.08 (2), 0.51 % (3):
1—3.08 % FeO; 2 —2.08 % FeO; 3 —0.51 % FeO

The degree of resulfurization is determined by a number
of factors and primarily depends on the chemical composition
of the forming slag in the ladle, especially on the content of
FeO in it (Table 1).

Table 1

The relationship of desulfurization degree and average
content of FeO in slag (wt. %)

Average concentration of FeO in slag | 3.80 | 2.15 | 1.88 | 0.58
Average degree of desulfurization 115 | 65 38 18




The use of a ladle with a base lining allows obtaining
a desulfurization degree >85 % when blowing well-deoxidized
steel with argon, MgO—CaO-CaF, powders together with
slag for 8 minutes. However, in [18] it was observed that high
desulfurization degree (~80 %) could be obtained in the large
capacity ladles with schamotte lining. This experience is im-
portant for workshops with limited carrying capacity, which
cannot always be used. We have established that mixing slag
and metal with argon and blowing a mixture of powders of
50 % MgO, 25 % CaO, 15 % CaF,, and 10 % Al,O3 in a fire-
clay lined ladle with a capacity of 60 tons lead to a desulfuri-
zation process. The ladle is closed with a heat-resistant roof
with holes, which are for fixing the tuyer. In order to reduce
the partial pressure of oxygen, argon is supplied under the
roof. Then, for intensive mixing of the metal with slag, argon
(1.4-2.0 m3/min) is supplied using a lined tuyer. The tuyer
has two ends located on a horizontal plane, which ensures
good penetration of gas or powder into the liquid metal and
good atomization during prolonged contact with it.

The authors [19] noted that the shape and dimensions of
the ladle significantly affect the feed rate of powders and gas,
as well as heat loss. We found that with increasing depth of
blowing, high pressures are required. The main disadvantage
of blowing metal with powders in the open ladle is the need
for extreme heating of liquid metal in the smelting unit for
the compensation of metal temperature during the refining.
The best results are obtained in case of using the ladles with
a roof. In this case, the most radical solution is replacing
conventional steel-making ladles with auxiliary metallurgical
units, in which the metal is refined from harmful impurities
and the required composition and temperature are reached.
In all cases, applying the roofs for ladles improves the blow-
ing condition, reduces metal loss by splattering and if neces-
sary allows keeping inert atmosphere on the metal surface.

The bucket must be preheated. Installing the roofs on
casting ladles requires further replacing the stoppers with
slide gates, which eliminates long delays in the steel refin-
ing process when blowing with powders. In some cases, the
refining and casting ladles in the slag zone were lined with
dolomite or alumina bricks and equipped with a porous plug
for bottom argon blowing.

At Krupp Stahl AG factories [7] all casting ladles in se-
condary steelmaking are equipped with porous fire-resistant
devices in the center of the ladle for bottom argon blowing
of metal. Ladle lining is made of schamotte or magnesite and
dolomite, whereas in the slag belt is made of dolomite. The
durability of the ladles with intermediate ladle bottom repair
is 40 heats. Heating the ladles up to 1,200 °C is limited only
by the durability of the lining. In order to reduce the effect
of splashes on the edges and roof of the ladle, the shape of the
ladle has been modified (converter-type ladle).

We have found that injection of powders is accompanied
by metal cooling in the ladle which depends on the blowing
time, the flow rates of the powders and the transported gas, the
type and capacity of the ladle, the used tuyer and its immer-
sion depth. When the powder is injected to a depth of 2—3 m,
the ferrostatic pressure at the tuyer section increases and in
order to remove the storing of the metal in the tuyer channel,
it is necessary to increase the gas flow rate, which leads to
additional heat loss (up to 60 % of all losses during blowing
with powders). According to various researchers, the cooling
rate of the metal in the ladle ranges from 1.8-3.72 °C/min.
As a rule, when processing steel for medium-sized ladle fur-
naces, the blowing time does not exceed 15-20 %.

At the Tokyu Works plant (Japan), the Mitsubishi Steel
has developed equipment for the integrated refining of steel,
including the blowing by powders [7]. The plant mainly
produces 36,000 tons of low alloy steels in a month, of which
~2,300 tons are processed in the ladle.

4. 3. Layout of equipment for steel refining in the ladle
Fig. 3 shows the layout of the equipment for the metal refi-
ning in an electric arc furnace with a ladle capacity of 50 tons.
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Fig. 3. Layout of equipment for steel refining in a ladle
furnace: A — slag remover; B — vacuum degassing (VD);
C — metal refining in the ladle furnace (LF); D — metal
refining by powder (1J); 1 — ladle furnace; 2 — porous plug;
3 — electro-waggon; 4 — vacuum-pipe; 5 — bunker for
storage of the alloying materials; 6 — operator room;

7 — graphite electrodes; 8 — belt conveyer; 9 — powder
additive; 10 — tuyer; 11 — ladle roof; 12 — electric
transformer

This placement plan for liquid metal refining equipment
in the ladle includes four processes:

1) removing of slag;

2) vacuum degassing (VD);

3) metal refining in a ladle furnace (LF);

4) metal refining with powder materials (1]).

For complete removal of slag that comes from an electric
arc furnace, the ladle is equipped with turning arrangement
that ensures the tilt of the ladle by <35 °C and with an elec-
tric drive. To determine the mass of the metal in the ladle,
automatic scales are used. When processing metal in a va-
cuum (VD), the ladle is closed by a roof with stainless-steel
bellows, which eliminates air leakage. Usually, evacuation
is carried out at a pressure of <135 Pa for 10—15 minutes
and it takes 3 minutes to obtain the required pressure. The
roof, in vacuum for the introduction of alloyed additions and
fluxes is equipped with a bunker. Metal is heated with three
carbon electrodes (@J=304.8 mm) for the refining in the
ladle furnace (LF) and is mixed by argon blowing through
the porous plug installed in the center of the ladle bottom.
Heating of the metal is carried out by an electric arc furnace
with the formation of foamy surface slag. The heating rate of
the metal was 3—4 °C/min. Unburnt high-alumina bricks are
used as the refractory materials for lining the walls and the
bottom, and resin-impregnated MgO—CaO bricks are used
for lining the ladle in the slag zone. The ladle is equipped
with a slide gate. Fluxes and alloyed materials are weighed on
the automatic scales, and then transferred to bunkers using



a belt conveyor, which are installed on the ladle roof. In this
case, the chemical composition and temperature of the liquid
metal are regulated in a narrow range. Metal processing with
powdered materials (1 J) is performed in this ladle. In order
to implement this operation, the equipment consists of a roof,
a tuyer which is necessary for injecting powders and a feeder
into the metal, which is mounted on a sliding rod having
a stroke of 4 m. Powdered materials are stored in four bun-
kers with a capacity of 500 kg and fed to the feeder by a screw
conveyor after automatic weighing and mixing.

The powder was blown into the metal using a tuyer hav-
ing a replaceable tip immersed in liquid metal to a depth of
1.4 m with a total bath depth of 1.5 m. Powders are blown
horizontally from two holes with a diameter of 12 mm in
a stream of high-purity argon at a pressure of 0.3—0.4 MPa
and a flow rate of 0.2-0.4 m3/min. The processing time is
usually 5-15 minutes. The heat loss of the metal during
processing with powders depends on the type and amount of
the blown powders, as well as on the consumption of argon.
In this case, the average cooling rate of metal is 2 °C/min.
During powder injecting, the sulfur content decreases on
average from 0.02 % to <0.003 %. After powder injection, the
amount of oxygen in the metal is 0.0022—0.0026 %, and the
amount of FeO in the slag is 0.5-0.8 %. The use of synthetic
surface slag with a basicity of 8.2 and metal blowing with
lime powder at a rate of 4 kg/t allows reducing the sulfur
content in steel from 0.023 to 0.0002 % for 10 minutes. Thus,
according to the ladle-refining scheme (Fig. 3), the liquid
steel drained from the electric arc furnace entering the ladle
mounted on the electric carriage can be transported for metal
refining in one of the above four ways. In this case, steel refin-
ing using powder treatments is carried out according to the
scheme VD-LF-1J in combination with additional vacuum
degassing to produce steel with a very low content of gases.

4. 4. Installing a ladle furnace for blowing liquid steel

Apparently, the most promising is the installation of
a ladle-furnace, in which the operations of mixing metal with
argon (if necessary electromagnetic mixing), its heating and
blowing with powdered materials are combined (Fig. 4) [8].

|

mngen |
V] :
] =
el |

Fig. 4. The scheme of ladle furnace with blowing of powders:
1 — inductor for mixing; 2 — electrodes; 3 — bunker;
4 — tuyer for the powder; 5 — roof of the ladle; 6 — alkaline
slag; 7 — ladle; 8 — steel; 9 — argon supplier

In the ladle furnace, the heating system helps to transfer
the heating stage of steel from the furnace to the ladle, which
is necessary by blowing with powders for steel desulfurization
and thereby increases the productivity of expensive melting
equipment. In this case, the possibility of obtaining sufficient-
ly high-quality steel due to heat loss during powder blowing
is compensated by the loss of the required overheating of the
metal. The ability to control the shape and morphology of
the inclusions when blowing the liquid metal with powders
ensures successful casting of aluminum-deoxidized steel. If
we consider the temperature of steel and the development of
a high degree of alloyed materials, then the advantages of such
a combined metallurgical technology are undoubted.

According to the date given in [3] after vacuum treat-
ment of 50 tons of metal with a sulfur content of 0.005 %, it
is poured into the ladle furnace equipped with three carbon
electrodes for heating the metal, as well as by stirring with
argon through a central porous plug, and processed under
the base slag. In the initial state, the metal temperature is
1540 °C, the oxygen activity is 0.003 % and the aluminum
content is 0.012 %. After the first 10 minutes, the tempera-
ture rises to 1,560 °C, the oxygen activity increases up to
0.0004 % and the amount of oxygen in the ladle atmosphere
decreases to 7 %. After 5 minutes of treatment, the oxygen
activity for a given aluminum content reaches an equilibrium
value and then remains unchanged with increasing tempera-
ture to 1610 °C, that is, it remains below the equilibrium
state for a given temperature. At a temperature of 1,610 °C,
we carried out blowing metal with silicocalcium powder; as
a result, the oxygen activity in the initial state decreased to
0.0003 %. At the end of the treatment, the sulfur concentra-
tion was 0.002 %. A comparison of the operation of the equip-
ment with or without powder blowing shows that in case of
powder blowing to achieve the same level of properties of
the obtained steel, the processing time should be significant.

4. 5. The effect of the initial amount of sulfur in the
metal on the degree of desulfurization

The completeness of desulfurization of steel by powders
injection first depends on the initial amount of sulphur in
metal. We have found out (Fig. 5), ceteris paribus, there is
a linear dependence of the final sulfur content on its initial
content in steel when the metal is injected in the ladle with
a mixture of 70 % MgO, 20 % CaO and 10 % CaF,. The desul-
furization degree of the steel strongly depends on the degree
of deoxidation of the metal. It is known that a high degree
of desulfurization is achieved only when refining well-deoxi-
dized steel. The degree of deoxidation of steel depends on the
ratio between the rate of oxygen input from the slag and the
lining and the rate of deoxidation. In [3] it was shown that
steel deoxidation and slag recovery processes occur simulta-
neously with intensive mixing of the metal with the slag in the
ladle. In this case, the oxygen activity in the liquid metal is de-
termined mainly by the content of FeO and MnO in the slag.

We ascertained that depending on the final content of
sulphur [S];, the maximum oxygen activity in the steel has
the following values (Table 2).

According to the data[1], the rate of oxygen supply
from the ladle lining into the steel when blowing with CaC,
powder is %/min: 0.007 (schamotte), 0.0035 (Al,O3) and
0 (dolomite). The rate of oxygen supply from the lining also
depends on the intensity of mixing, the deoxidation degree
of the metal, the ratio of surface area to volume, etc. The
supply of oxygen from the lining increases the activity of



oxygen in the metal, reduces the distribution coefficient of
sulfur between the metal and slag and, therefore, reduces the
desulfurization degree.
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Fig. 5. Dependence of the sulphur concentration in
the metal at the end of the blowing with powders on its initial
concentration

Table 2
The relationship of oxygen activity
and the final sulfur content
[S]x % 0.0028 0.0048 0.009
alO]-10* 1.08 1.88 3.6

Fig. 6 presents results of desulfurization we have obtained
in a ladle with high-alumina lining (60 % Al,O3) by blowing
with silicocalcium (1-2 kg/t) of steel, deoxidized with alu-
minum content in metal <0.0038 % and 0.010-0.020 %.
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Fig. 6. Dependence of desulfurization degree of steel
on its aluminum content when blowing with silicocalcium
(1—2 kg /t) powder in high-alumina lining ladle (60 % Al,O3):
Ns=([S1,—[S1x) /[S1,-100 %, here [S], and [S]x — the initial
and final content of sulphur in a metal

The aluminum content in steel increases from 40-70 %
(£0.0038 % Al) up to 60-85 % (0.01-0.03 % Al). The repro-
ducibility of desulfurization results and obtaining low sulfur

contents in the metal after blowing are ensured provided
that the aluminum and oxygen content in steel is >0.02 and
<0.002 %, respectively.

5. Discussion of experimental results

Research has shown that refining electrical steel in the
ladle is very important. For this purpose, some methods are
used, among the most important of which is blowing the
liquid steel with powders of various components.

Calcium-containing materials are predominately used as
powder components. The use of calcium-containing compo-
nents, however, leads to a decrease in the service life of the
ladle lining. Therefore, we have conducted studies of the ef-
fect of the ladle lining on the electrical steel refining process.

In the case of using a lining consisting of silica, it is im-
possible to reduce the amount of sulfur in the steel to the
desired level. The ladle coating has high acid capacity and
therefore it quickly degrades. Fireclay lining also does not
give the expected result in reducing the amount of sulfur in
electrical steel. Moreover, such lining leads to its destruction
due to the low basicity of slag.

Thus, higher results were obtained in desulfurization of
electrical steel when blowing liquid steel with silicon-cal-
cium in the case of using a dolomite lined ladle. Dolomite
lining contains a large amount of magnesium oxide.

Nonetheless, the use of dolomite lining gives non-metallic
inclusions globular shape, which is especially important for
the production of steel with high mechanical properties.

In the presence of a high content of iron oxide (FeO) in
the slag, the degree of desulfurization of steel is greatly in-
creased. It is inadmissible, since it leads to an increase in the
sulfur content with all the ensuing consequences [20].

Therefore, when using dolomite brick in the ladle lining,
it is possible to reduce sulfur in the final steel, to obtain
non-metallic inclusions of a globular shape in the steel struc-
ture. This form of non-metallic materials does not lead to
a reduction of the mechanical properties of electrical steel.

It has been established that when blowing liquid steel in
a ladle with powders in an argon jet, a high degree of resulfu-
rization is observed due to an increase in the blowing time and
in the amount of FeO in the slag. Only the use of a ladle with
schamotte lining when blowing with argon and low FeO con-
tent (~0.58 %) increases the degree of steel desulfurization.

The developed layout plan of ladle-vacuum degasser
equipment for refining liquid steel in the ladle is more com-
pact. It includes four processes and a ladle is provided with
a turning arrangement for complete slag removal. The pro-
cess involves the vacuum degassing of a liquid which can
significantly increase the degree of steel refining.

Experiments have shown that in order to improve the pro-
ductivity of smelting reinforcing steel, it is necessary to use
the ladle-furnace scheme proposed in [8]. The ladle-furnace
installation is provided with a heating system blowing pow-
ders to desulfurize the steel, which prevents its overheating
in the furnace, that is, this process is transferred to the ladle.

The experimental results confirmed that the less the
amount of sulfur in the steel source from the waste, the
higher the degree of desulfurization of the liquid steel in the
ladle when blowing with powders. It requires a great deal of
attention when selecting the metal component of the charge
(i. e. steel waste from remelting). In other words, used steel
waste would be better desulfurized.



6. Conclusions

1. The effect of the ladle lining on the degree of desulfu-
rization when blowing the liquid steel with the powder mix-
ture has been studied. It has been revealed that the material of
the ladle lining significantly affects the composition and basi-
city of the slag formed. The presence of low basicity slags leads
to a rapid destruction of the ladle lining. For instance, the pre-
sence of a large amount of magnesium and calcium in the slag
interacts with the ladle lining and eventually destroys it.

2. Depending on the amount of FeO in the slag, the
degree of desulfurization with argon blowing has precisely
been determined. It has been established that with increas-
ing FeO content in the slag, a process of resulfurization
(reverse desulfurization process) is observed. With various
FeO contents in the slag and blowing the liquid metal in the
ladle with argon, an increase in the blowing time leads to an
increase in the degree of resulfurization. However, the pre-
sence of ladle roofs improves the condition of metal blowing,
reduces metal loss and the degree of oxidation.

3. For secondary refining of reinforcing electrical steel
in the ladle, the equipment layout design has been proposed.
For blowing liquid metal by powdered reagents, a ladle-fur-
nace device has been presented. When blowing the liquid
metal by powders, the effect of its chemical composition on
the degree of steel desulfurization has been studied. With the
complete desulfurization in the metal, a significant effect of
the initial amount of sulfur has been revealed.

4. The study of the effect of the initial and final amount of
sulfur in the metal showed that high initial amount of sulfur
in the high-alumina ladle lining has a negative impact on
desulfurization process.

5. The developed furnace ladle fitted with equipment for
blowing liquid steel with powders allows the use of a dolo-
mite lined ladle and blowing with silicocalcium-based pow-
ders. All these measures in their entirety lead to the effective
refining of reinforcing electrical steel in a dolomite lined
ladle. The steel refined in this equipment has significantly
high mechanical properties, compared with steel refined in
a conventional ladle lined with schamotte or siliceous bricks.
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