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Poszensoaemoca npobiema nidGumenHs iHMEHCUBHOCMI NIABTEHHS
Y 6upoOHUYmMEi cmaneil 3 6UKOPUCMAHHAM 2aPAMOOPUKEMOBAHUX OKA-
muwie (HBI) ¢ wuxmi, wo cxnadaemvcs 6 ocnoénomy 3 6i0xodie mema-
ay. IIpogedeno ananiz ocooauB0CMi NAABAEHHA 3 BUKOPUCMIAHHAM WUXMU
CKa0H020 cKnady. [[ns 3a0e3neuenns KUNinHsI Memane6oi 6aHHu pexomen-
dyemvcs dodasamu 6 6aHHYy BY2NEUbMICMHY CUPOBUHY Y 6U2NA0i 6i0X00i6
cmani 6invue 80 %. Byno ecmanosneno, wo npu euxopucmanni HBI euxio
npudammnozo memany maiixce e 3Huxcyemocs. Ile noe’szano 3 eucoxum
8MICIMOM Memaiesux 6i0x0016, CKIA006UX WUXMU.

00HOUACHO, AHATIIZYEMDBCS PO NPOUECY OKUCTEHHS KPEMHII0 1 map-
eanuro 6 paginysanii pioxoi cmaui npu naaeaenni 6 ereKkmpooyzo6iii neui
Jle206anux 6i0xX00i8, W0 BUKOPUCMOGYIOMBCA AK WUXMOGUL Mamepial.
Haseodeno 3anesncnocmi pieHoBaANCHUX KOHUEHMPAUiL KUCHIO § KPEMHII0 npu
pisnux memnepamypax ¢ cucmemi Fe—Si—O0. Taxooic, nodyoosanuii epagix
3aexHcHOCHI NPOOYKMIE6 OKUCTEHHA MAP2AHUIO 8 PIOKOMY 3aNi3i 610 meMm-
nepamypu i konyenmpauii mapeanuto é cnaaei MnO—FeO. Busnaueni pig-
HOBAXICHI KOHUEHMPaUii KUCHIO i KPEMHII0 3 POIKUCTI0I01010 30amHicmio
syesieuto, 6 odacmi pioxux cunikamis i ¢ o6aacmi meep0ozo Si0,.

Axciche oxucaenns KpeMHito i Mapeanyro npu 6UNJIA6YLE CMai 3 Memaieeux
6i0x00i6 ma sapsuodpuxemosanux oxamuwie (HBI) cnpuse naiivinvw nosno-
My painyeannio piokoi cmasi wepes pasu meman — waax abo meman — 2as.

Ioxasano, wo nio wac dogedenns esexmpocmani 6Micm Kpemuilo 3Hu-
acyemoces 0o cidis. Taxum uunom, 6 pasi GUKOPUCMAHHI 8 AKOCME WUXMU
Memanesux 6i0x00i6 ma oKamuwie 6 CMalenasuibHOMY NPoyeci pear-
Uil OKUCIEHHS KpeMHito He docsieac pienosazu. kw0 nposodumovcs xuc-
il npoyec, mo mooi OKUCJIeHHS KPEeMHII0 00C2a€ PIBHOBAINCHO20 CIMAHY
i npu neeHUX YMoeax NiAeJeHHs wuxmu nio 0i€lo menia eLeKmpurHoi
Odyeu Modice 8i00ysamucs 3naune 6i0H0GIEHHA KPeMHilo, sKe 6i100yeaemo-
cs1 npu Gibw BUCOKT memnepamypi (KpemeHieion06108aAIbHULL PoYeC).
Pexomenoosarno ocHoeHull npouec niaAGAEeHHA WUXMU 3 MeMAle6ux 6io-
x00i6 ma 2apanodpuxemosanux oxamuwie 6 eaexmpooyzosii neyi. Ilpu
UbOMY 6i0HO6JIEHUL NePiod NIABKU MAE HA Memi POIKUCIEHHS Memay,
suoanenns cipxu, 006edents Ximinnozo ckaaoy cmaJi 0o 3a0amnozo, pezy-
n0eanns memnepamypu npovecy. Bci yi 3aedanns supimyromocs napa-
J1eJIbHO NPOMSA20M YCb020 6101061020 nepiody. Ilicas no6Hozo0 eudanenns
OKUCHO020 WNAKY 6 Niu NPUCAONCYBATU WAAKOYMEBOPIOIOUl CYMiwi pazom
3 posxucatosaramu, moomo nasoouu Hosuil waax (kapoionuii abo oinui).

3 nidsuwennAM memnepamypu y 6aHHi neuwi IMEHUMYEMbCA KOHCMAH-
ma pisnogazu mapeanuro. Tomy npu eidcymnocmi npucadox pepomapean-
u10 y eanni 6 npoueci 006edenHs NAABKU 3 NOBEOIHKU MAP2AHUIO 6 6AHHI
MOJCHA cYOumu npo memnepamypy memany

Kmiouosi crosa: zapsamodpuxemosanuii okamuut, ea1eKmpooy206a niy, in-
MEHCUBHICMb NILABEHHA, MEXANIYHI 6J1ACMUBOCMI CIMAJLL, 1e2068aHi 610X00uU
u| m,
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1. Introduction

The technology of steel making for the production of
construction structures is mainly based on the utilization of
various types of metal waste. In addition to its affordability
from the economic point of view, it also requires special
control over, and attention to, a charge material [1-3]. At
the same time, it should be taken into consideration that it
is not always possible to obtain a high-quality metal waste.
Therefore, improving the intensity of melting when using
such charges is very important. This can be achieved in dif-
ferent ways:

— by adding metallized iron pellets to charge;

— by methods of physical influence [4-6].

It is known that one of the most important issues at elec-
tric steel making is the choice of a metal charge. Currently,
many metallurgical enterprises use the charge that consists
of metal waste from melting. Such a charge, in addition to
a high iron content compared to iron pellets, has the insigni-
ficant amount of harmful additives, including phosphorus

and sulfur. However, in such charges, the amount of manga-
nese and silicon, which are actively involved in the refining of
liquid steel, is not always stable. In other words, their quan-
tity can change dramatically even from charge to charge. It is
therefore of particular interest to study the process of liquid
steel oxidation and refining when using these elements in
varying compositions of charges. These elements are inclu-
ded in a metal charge not in the form of ferromanganese and
ferrosilicon but in the form of a solution in iron. Therefore,
their participation in the processes of oxidation and refining
is characterized by a change in the chemical composition of
a primary steel [7—10].

Some researchers, for example in [11, 12], studied this
problem during iron ore boiling when a significant oxida-
tion of manganese is observed. Lately, many metallurgical
plants [9, 13] have switched to smelting high manganese cast
iron. The smelting and processing of such a cast iron are eco-
nomically feasible. In this case, the quality of produced steel
does not deteriorate, even if 0.20—0.25 % Mn is not maintained
in the bath, as it was previously standardized by technological




instructions on steel making. These requirements were put
forward in order to protect the metal from excessive oxida-
tion, as well as to facilitate the process of desulphurization of
a bath and its washing from a non-metallic phase.

However, the theory of metallurgy, as well as production
practice, revealed the inaccuracy of previous concepts. For
example, the level of oxidation of a liquid bath is regulated
by carbon and the composition of slag. The desulphurization
of a bath is defined by the basicity of the final slag, its low
oxidability, and a melting end temperature.

Therefore, is it a relevant task to study the role of silicon

steel made from the charge that consists of metal waste and
pellets only.

2. Literature review and problem statement

Paper [6] describes elements in the theory of a steel-
making process. It is shown that all processes related to
the production of liquid metal in steel-making furnaces are
associated with the formation of slag. Slag mainly consists
of oxides and a small amount of sulphides. Chemical analysis
makes it possible to establish the composition of slag, but it
could not provide information about its mineralogical struc-
ture, especially in the liquid state.

In determining the mineralogical structure of slag, of
importance are the processes of silicon and manganese oxi-
dation and reduction, which actively participate in the for-
mation of a slag phase and steel refinement. All this suggests
that it is appropriate to undertake a research into the effect
of silicon and manganese oxidation processes on the quality
of steel produced from metal waste and pellets.

There are several varieties of melting in arc steel-making
furnaces: with a complete oxidation of additives, smelting
of alloyed wastes without oxidation, melting on a liquid
semi-product, etc. [7].

Under the influence of high temperature from electrical
arc, charge melts first under the electrodes, with the liquid
metal flowing down and accumulating in the central part of
the bottom. Gradually, complete melting of the charge takes
place. To accelerate melting, pieces of the smelted charge from
the furnace slopes are shifted to the region of electric arcs.
A characteristic feature of the first period of melting is the
foundering of «wells» in the charge, around the electrodes.
During smelting, there occurs the formation of slag, both due
to the admixtures of lime and due to the oxidation of the con-
stituent elements of the charge. Over the melting duration,
silicon is completely oxidized, 50—60 % of manganese, carbon
and iron are partially oxidized, as well as phosphorus [8].

For high-volume and mass production, it is rather im-
portant to accelerate the process of charge melting in the
furnace [9, 10].

In some cases, to accelerate melting, engineers often use
a turn of the furnace body at £40°, or heating charge outside
a furnace (in the loading tub), or in the furnace by applying
fuel burners. In addition, the melting of the greater part of the
charge is followed by blowing with oxygen using lances and
tubes. The oxidation of iron, manganese, and silicon is accom-
panied by the release of considerable amount of heat, which
accelerates the melting of metal scrap residues. However, the
application of techniques for turning a furnace and heating the
charge outside a furnace is associated with additional costs
that affect profitability of the electric steel-making process.

Refining occurs during the oxidative period of smelting,
that is, there is a decrease in the metal’s content of phospho-
rus, hydrogen, and nitrogen, as well as heating the metal to
the desired temperature.

In electric steel making, of importance is the intensity
of the process of melting. In this case, the proper choice of
a rational ratio between pellets and metal wastes in charge
is required [10]. On the one hand, it is impossible, at a small
amount of pellets in the charge, to obtain steel of high quality,
and on the other hand, at a large quantity of pellets in the
charge, the process of melting is decelerated [11]. That is
why many authors [10-12] attempted to load pellets into the
furnace in batches using baskets. However, such an approach
also resulted in a sharp deterioration of melting indicators.
As aresult, due to the low thermal conductivity of pellets, the
metallized charge heated up slowly, part of pellets sintered,
the melting time increased greatly, while the stability of fur-
nace lining decreased [13].

To reduce the duration of melting process and to improve
its indicators, it is important to properly select the rate of
silicon and manganese oxidation. Therefore, to accelerate the
melting processes of electric steel, it could prove promising
to use in the charge from metal waste a certain amount of
hot briquetted iron (HBI). In order to intensify the process
of refining steel and bringing the temperature of the liquid
steel to the required magnitude, it is possible to carry out at
a higher qualitative level the oxidative period of smelting by
introducing to the liquid metal the ferroalloys — ferrosilicon
and ferromanganese [14]. Consequently, when smelting the
charge made from metal waste and pellets in electric arc fur-
naces, it is necessary to have results from theoretical research
into the oxidation process of silicon and manganese that are
adequate for actual practice.

3. The aim and objectives of the study

The aim of this work is to identify patterns in the oxida-
tion processes of silicon and manganese when melting steel
in an electric arc furnace. This would make it possible to en-
hance the intensity of melting metallic charge made from met-
al waste and to improve the quality of refining a liquid steel.

To achieve the set aim, the following tasks have been solved:

—to design the charge from metal waste that contains
a certain amount of hot briquetted iron (HBI), to increase
the intensity of melting in an electric arc furnace;

—to refine a liquid steel by the intensive oxidation of
silicon and manganese for the case when alloyed waste, ferro-
alloys, and HBI pellets are introduced to the furnace.

4. Materials and methods to study the refining process of
electric steel

4. 1. Materials for electric steel smelting

«Baku Steel Company» (Azerbaijan) uses the following
metal wastes for smelting steel in electric arc furnaces:

1) heavy scrap produced directly at metallurgical enter-
prises;

2) scrap and chips from machine-building enterprises;

3) light scrap, which is an amortization source.

The wastes of metallurgical enterprises are considered to
be a relatively high-quality scrap. The bulk density of this
scrap is 1.5 t/m?; it almost does not contain ferrous metals



and non-metallic additives, that is, it has an approximately
known chemical composition. When the liquid steel is poured
to metal moulds, the amount of waste from rolled steel is
about 20-30 % of the total mass of the ingot. This high-qua-
lity scrap with a heavy weight is widely used in all processes
of steel melting. Continuous casting of steel to a crystallizer,
continuously cooled with water, decreases the quantity of
waste from rolling (by up to 5-10 %). Thus, the proportion
of high-quality scrap with heavy weight is sharply reduced.
The shortage of high-quality scrap at smelting in electric arc
furnaces, high requirements to the quality of produced steel,
require the use of alternative metal charges. Such metallic
materials include direct reduced iron (DRI) and hot briquet-
ted iron (HBI). A distinctive feature of hot briquetted iron
properties (HBI) from other types of raw materials, waste of
scrap steel, is the least amount of sulfur, phosphorus, copper,
nickel, chromium, and other additives. In the case where
the amount of hot briquetted iron (HBI) does not exceed
25-30 % of the total mass of charge, and when it is added to
the arc furnace, the melting process takes place in line with
a standard procedure. Reducing the quantity of additives in
a metallic raw material allows its use in two ways:

— to obtain a high-quality metal with the use of metallic
raw materials in the charge;

— to obtain steel of standard quality, using relatively inex-
pensive and high-quality scrap.

4. 2. Methods to study the intensification of a smelting
process

The bulk density of hot briquetted iron is high (1.2—
1.5 t/m?), that is, it is close to the bulk density of specially
prepared briquettes for furnaces with a capacity not ex-
ceeding 100 tons. Given the existence of a magnetized
capability, hot briquetted iron is easily transported to a ware-
house and loaded into the furnace. On the other hand, due
to the low thermal conductivity of a metallic raw material,
it is difficult to heat and melt it, which in turn complicates
the technological process of steel melting. Considering all
these processes, in order to automatically and uninterrup-
tedly supply charge materials to an electric arc furnace, the
following activities were undertaken. To load metal materials
under the furnace arcs, including pellets (DRI) and (HBI),
the equipment made by the Italian company Demora was
installed and put into operation. Thus, the entire cycle of
electric steel melting was improved in an electric arc furnace
thereby providing for the fully-fledged process and intensive
melting. At the same time, the electric arc furnace, in order
to increase the intensity of melting, was complemented with
the permanent electrical device STK-FKU, made in Ger-
many, with a reactive power of 53 MVAR. The result was
an increase in the melting intensity by 14 %, a decrease in
time from 55-60 minutes to 45—39 minutes, lower cost of
electrodes, current fluctuations. In this case, it was possible
to improve performance by 14 %. The applied design of the
transformer compensated for losses in active electric power,
resulting in a lower cost of consumed active electricity. The
average used power increased from 28 MW to 33 MW, the
mean value for active power increased to 460 kW, which, in
turn, made it possible to reduce the consumption of natural
gas, oxygen, and other materials. The load sequence of charge
materials in a comparative form is give in Table 1.

Table 1 shows that the use of steel and cast-iron scraps,
together with hot briquetted iron (HBI), contributes to the
yield of pure metal, averaging 90 %.

Table 1

The sequence of loading charge to the furnace
using hot briquetted iron (HBI) in a metallic charge

Cast Hot Total Yioefld
N Melting | Tub | Tub | Tub | . briquet- | furnace bl
%1 No. 1 2 3 sls;);) ted iron | load 111:; tale
(HBI) | (tons) (tons)
1185392 [29.4(19.2]| 96 | 5.0 15.4 58.2 52.7
2 185393 [29.0(204| 87 | 53 15.3 58.1 52.5
3 185394 [29.2(193]10.0| 5.4 15.6 58.5 52.7
The sequence of loading charge to the furnace using
a metallic charge
1| 85628 |22.0(168|11.4| 8.2 - 584 | 56.1
2 | 85629 [23.2]17.0|10.5| 9.5 - 60.2 | 54.6
3 185630 [22.6]168|11.2| 9.0 - 59.6 | 524

However, when hot briquetted iron (HBI) is not used,
when the charge is composed only of metal waste, the yield
of pure metal at smelting increases to an average of 91.5 %.
In addition, if pellets are used, there is a slight decrease in the
amount of pure metal (Table 1).

Features of the technological process of melting are as
follows:

— HBI shall be loaded after the formation of a liquid
metal in a melting tub;

— continuous loading of HBI shall conform to the power
supplied to the furnace;

— the periods of oxidation-decarburization and melting
periods should be carried out simultaneously;

— due to the insignificant content of sulphur and phos-
phorus in the composition of charge, the technological
melting process is simplified [15].

Following the initial melting of scrap in an electric arc
furnace, HBI is continuously fed into a bath of molten metal.
Typically, a specially prepared hole at the body of the furnace
is used to load it in the electric arc zone by an automated sys-
tem. The periods of loading and melting are combined with
the stage of oxidation. This ensures continuous oxidation of
carbon (bath boiling). The melting process begins with the
loading of steel scrap into the furnace; it is 30—40 % of the
charge weight. This amount is loaded with multiple tubs.
The rate of HBI loading shall conform to the power supplied
to the furnace. To this end, a bath temperature should be
30—40 °C above the metal’s melting temperature. If the
temperature is lower than these indicators, the duration
of a melting phase is longer.

To ensure the boiling of the bath, the composition of
a metallized raw material must include a certain amount of
carbon. When the amount of carbon is insufficient, petro-
leum coke is injected to the bath for metal boiling. Because
the amount of sulphur and phosphorus in HBI is low, the
slag basicity may be lower than that when melting normal
charge (1.5-2.0).

5. Results of research into steel refining

Chemical composition and mechanical properties of
melting, and during rolling using HBI, are given in Table 2.



Table 2

Analysis of chemical composition and mechanical properties of the metal that was melted from hot briquetted iron

Chemical composition, % Mechanical properties

No. 11\1/{161131;5 . . . Y@eld Strgngth Relatiye ;,t; i
C Mn Si P S Cr Ni Cu limit, R;, | limit, R,, | elongation
N/mm? N/mm? 8, %

1 85,392 0.20 0.67 | 0.22 | 0.017 | 0.014 | 0.08 | 0.06 0.09 545 630 22.1 A500
2 85,393 0.2 0.68 | 0.25 | 0.016 | 0.011 | 0.06 | 0.05 | 0.07 550 645 21.8 A500
3 85,394 0.2 0.65 0.21 | 0.015 | 0.012 | 0.08 | 0.07 0.09 535 640 22.0 A500

Analysis of chemical composition and mechanical properties of molten metal using metallic charge
1 85,628 0.2 0.7 0.26 | 0.028 | 0.035 | 0.22 | 0.18 0.26 570 665 19.2 A500
2 85,629 0.20 0.72 | 0.27 | 0.020 | 0.031 | 0.23 | 0.20 | 0.28 580 672 19.0 A500
3 85,630 0.2 0.69 0.27 | 0.022 | 0.034 | 0.28 | 0.22 0.24 556 652 19.8 A500

Table 2 gives the results from analysis of chemical com-
position and mechanical properties of the metal, which was
melted at «Baku Steel Company».

Preliminary results from experiments conducted by «Baku
Steel Company» showed that when the charge materials
are automatically loaded during melting, the weight of hot
briquetted iron (HBI) is 40—60 % of the charge mass, which,
without any changes to the technological melting process,
makes it possible to obtain reinforcement products that meet
European standards.

Table 2 demonstrates that using hot briquetted iron
(HBI) along with metallic alloyed wastes at electric steel
making leads to a slight reduction of the mechanical proper-
ties of steel. When the charge is used that consists of alloyed
wastes only, the values for mechanical properties of steel are
about 5-10 % higher.

However, it should be noted that a slight decline in the
output of a pure metal does not restrict the use of hot bri-
quetted iron (HBI) as an alternative material. In the case
when the supply of smelted alloyed steel waste is reduced or
is not possible at all, the use of different types of metallized
pellets (DRI) and (HBI) becomes appropriate. In such cases,
it is necessary to work out modes for a new technological pro-
cess of melting, which necessitates new research. Therefore,
in this case, refining of a liquid metal in the furnace and ladle
is of particular importance. Given this, one can argue that
the application of oxidation processes of silicon and man-
ganese at charge melting is particularly important in order
to enhance the intensity of charge melting in an electric arc
furnace.

3. 2. Oxidation of silicon

When dissolved in the remelted metal, silicon can oxidize
with oxygen dissolved in the bath of metal, in line with reac-
tion No. 8 (Table 3).

The equilibrium constant of reaction No. 8 is largely
dependent on temperature, that is, at low temperatures the
susceptibility of silicon to oxygen is very high and decreases
significantly at its increase.

The oxidized alloy in the system Fe—Si—O can exist in a
liquid form only at (SiO,)<50 % in a temperature range from
1.200 to 1.650 °C (oisi0,<1). Only the solid phase of SiO, (at
1.710 °C) may exist under relatively higher concentrations
of SiOy. Schematically, this can be represented by equation:

m/2[Si]+(FeO),,(Si02),=(8i02), 2+ntmFe,y,. (1)

According to the rules of phases, three phases (a metal,
solid SiO», and a liquid metal oxide) cannot coexist under
equilibrium conditions. The boundary concentrations of
silicon and oxygen were studied in detail [13]; they separate
the areas of liquid silicate alloys and solid (SiOj). Based
on data by the author, in analogy to diagrams constructed
in[1, 13, 16], the curve MN was built that separates the
curves of equilibrium concentrations of [Si] and [O] and
the presence of liquid silicates of iron and the solid silicon
oxides at their borders at temperatures of 1.540, 1.590, 1.650,
and 1.700 °C (Fig. 1). The diagram shows the equilibrium
concentration of carbon and oxygen (line AB), as well as
oxygen concentration (BGDE) in the corresponding amount
of carbon.

As can be seen from the diagram in Fig. 1, at lower tem-
peratures that provide for the onset of melting, even low
concentrations of silicon (0.1-0.3 %) ensure small oxygen
concentrations under conditions of equilibrium. Therefore,
only at high concentrations of carbon (1.5-3 %) there is
indeed the melting of pure alloy Fe—C-O0.

It is clear that, especially at the beginning of the melting
process, carbon cannot be a competitor to silicon. The oxi-
dation of silicon under these circumstances proceeds in line
with a two-stage pathway:

(FeO) = Fey, 5 [Si]+2[0]=(SiO0,);

(Si0,)+n(FeO)=n(FeO)(SiO,). (2)

Thus, non-metallic silicate compounds may form inside
a metal during this melting period. The oxidation of silicon
under conditions of oxygen blowing into a metal can occur
at the metal and gas interphase (Table 3, reaction No.9).
This is a single-stage (or direct) oxidation of silicon. It is
known [16—18] that silicon, when forming the grouping of
type Fe—Si with iron, is a weak surface-active component,
though more active than carbon.

Based on the analysis performed, one can assume that the
conditions for the oxidation of silicon at the metal-gas inter-
phase are more favorable and, with a lack of oxygen (that is,
when the amount of oxygen inside a gas volume, enclosed by
a liquid metal, is not enough to oxidize all atoms of iron and
its impurities, present at the surface that encloses gas, the
conditions for silicon oxidation are more favorable than for
carbon oxidation [19-21].



Table 3

Thermodynamic characteristics for the oxidation reactions of components in a metal bath at electric steel melting [17, 6]

Reaction No. Reaction Stanﬁgsfnigﬁ?ﬁj:/i;(i)slobar Thermal function of equilibrium constant
1 1/2{04}=[0] AG; = -116.94—0.0024T IgK, =1g([0]/p?)=(6100/T)+0.12
2 Fer+1,/2{0y)=(FeO) AG; =-237.95+0.05T Ig K, =1g (et /pb ) = (12 420/T) - 2.61
3 Fe+[O]=(FeO) AG; = -121.00+0.052T 1gK, =g (00 /[O]) = (6320/T) +2.734
4 [C]+[0]={CO} AG; =-36.63-0.031T 18K, =1g(pco/[C][O] £.,,, )= (1860/T)+1.643
5 [C]+1/2{05}={CO} AG: =—152.570.034T lgK, = lg(pw /[c] m.z) (7965/T)+1.77
6 [C]+{02}={COy} AG; = —431.26+0.051T IgK, :lg(pmz Cpo) (22510/T)—2.64
7 {CO}+1/2{05)={COy} AG; = -278.69+0.084T 18K, =18(pco, /Pco P’ ) = (14550/T) - 4.40
8 [Si]+2[0]=(Si0y) AG; = -593.84+0.233T lg K, =lg(ao, /[SI][O])= (31000 / T)~12.15
9 [Si]+{02)=(Si0y) AG; = -827.73+0.228T lg K, =1g(cts0, /[Si]po, ) = (43200 / T) - 11.90
10 [Si]+2(FeO)=(SiO2)+2[Fe] AG;, ==351.71+0.127T IgK,, =1g (0L, /[Si]oto )= (18360 / T) - 6.68
11 [Mn]+[O]=(MnO) AG;, = —244.53+0.109T 18K, =1g(0t,0/[Mn][O])= (12760 / T) - 5.68
12 [Mn]+1/2{O05}=(MnO) AG;, =—-361.56+0.107T 18Ky, =1g(cty,0 /[Mn]py?) = (18860 / T)-5.56
13 [Mn]+(FeO)=(MnO)+Fey AG;, =—123.35+0.056T 18Ky, =1g(tty0, /[Mn] oty ) = (6440 / T) - 2.95
14 2[P]+2.5{0} =(P,05) AG;, = —154.68+0.438T = Ig (o0, /[P]' pE) = (80750 / T) - 22.88
15 2[P]+5[0]+4(Ca0)=(CasP20y) |  AG;, =-1372.83+0.55T IgK,, = lg(acmpq /[P (O] (xéao) =(71667/T)-28.73
16 [S]+2[0]={SOs} AG;, ==5.63+0.054T lgK,s =18(po, /[SI[O]) = ~(294/T) - 2.80
(O], % Elementary calculations show that in basic slags
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Fig. 1. Dependence of the equilibrium concentrations
of oxygen and silicon at different temperatures at different
values for a5, when compared with the oxidation
capability of carbon: | — region of liquid silicates Olgpo, <

Il = region of solid SiOy, 0,5, =1; AC — curve of equilibrium

concentrations — [C] and [O], [C][0]=0.0027;

BGDE — region of the observed concentrations

of carbon in alloy Fe—C—0 at melting

Finally, the oxidation of silica may occur in the slags of
iron oxides at the boundary between metal and slag (Table 3,
reaction No. 10).

(0tre0 > 0.10; 0, <1) silica can fully transfer into the compo-
sition of slag at any possible temperatures for melting steel,
and at very high temperatures (1.650—1.700 °C) a slight
reduction of silicon with iron is possible.

Thus, silicon, as an additive, easily oxidizes to traces in
the metallic phase independent both of the participation
of components and the high propensity for oxygen under
normal melting conditions at the borders metal-gas and
metal-slag (Table 3).

This is confirmed by the temperature function of equilib-
rium constants of reactions as the relatively large values for
negative coefficients indicate high rates of reactions.

3. 3. Oxidation of manganese

As shown in Tables 3, 4, manganese has a significantly
lower affinity for oxygen than silicon. The oxidation of man-
ganese within a molten metal is simplistically characterized
by reaction No. 11 (Table 3).

However, studies [4, 8, 22] show that at the normal
concentrations of manganese the oxidation products never
demonstrate the pure oxide MnO; they were always rep-
resented by alloys (FeO)+(MnO), and the process can be
properly described by the following equations:

m|Mn|+nFe+(m+n)[O]=m(MnO)n(FeO)
or

m|Mn]+nFer+(m+n)[ O]=mMn2*+nFe?"+(m+n)O%*. (3)



In accordance with the rule of phases, at a constant
temperature a mono-variant system is compatible with the
manganese oxidation reaction. This means that each specific
manganese concentration defines both the amount of oxygen
and the compositions of oxidation products (MnQO)/(FeO).

Fig. 2 shows the dependence (MnO)/(FeO) on man-
ganese concentration. Before steel deoxidation, at normal
concentrations of manganese, the ratio (MnQO)/(FeO) varies
from 0.5 to 2.5. In a clean system, it was discovered inside
a metal that aMnO varies from 0.5 to 0.75 at the elevated
concentration of manganese. The isotherms of deoxidization
of manganese with a metal in equation No. 11 (Table 3)
(or equilibrium concentrations of manganese with oxygen
dissolved in a metal at different temperatures), constructed
by author in analogy to [1, 4, 23], are shown in Fig. 3.
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Fig. 2. Dependence of the composition of oxidation products
of soluble manganese in a liquid iron on temperature and
concentration of manganese in the alloy MnO—FeO:

1 — solid alloys; 2 — liquid alloys
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Fig. 3. Equilibrium oxygen concentrations:

1 — with carbon; 2 — with manganese in the pure
system Fe—Mn—0; 3 — with basic slags of an electric
furnace; 4 — observed with basic slags for open-hearth
furnaces; 5 — equilibrium concentration of [O] and [Mn]
in the presence of basic slag

Fig. 3 shows that at the amount of carbon of 0.1 % [C] in
the bath manganese cannot oxidize in a liquid metal. Only
when the amount is <0.1 [C] and at 7<1.400 °C, the equilib-
rium concentration of oxygen with manganese in a metal is

approximately equal to the concentration of oxygen. In this
case, it is in equilibrium with carbon in a metal [20-23].
Manganese has the capability to oxidize in metals and can
«controly its oxidation. The deoxidation of a metal with fer-
romanganese is an exception; in this case, when melting the
pieces of a deoxidizer, there forms several percent of its local
concentration with the local oxidation of manganese (Table 4).

Table 4

Change in the isobar-isothermal potential during
formation of certain oxides of metals

Yo | | Reaction WCmol | C/molk)
1 Fert1/209=FeO; | -237.497 +49.93
2 Mng+1/209=MnO; | —406.139 +89.6
3 Nif1/20094=NiO, | -254360 | +105.09
4 Mgg+1/2095=MgO; | -739.005 +197.2
5 Cagt1/209=CaO, | -803904 | +205.58
6 2A1+3/2093=AlOs¢) | —1,674.800 |  +320.72
7 Sirt Oy =SiOas) -897.274 +196.8
8 Zr+Og=7rOy, | —1,071.872 | +184.2
9 Tig+ O3y =TiOxs) -911.912 +175.4
10 Mos+Os=M0Osy | —573.619 +164.4
11 W+ Oy =WOa(s) ~582.62 +174.6
12 | 2Cr#+3/2094=Crs03¢ | —1,109.74 +252.8
13 | 2V#3/2099=VaOse) | —1,202925 |  +227.35

In other cases, the oxidation of manganese occurs at the
borders of the following phases: metal-slag or metal-gas.

The first of these reactions correspond to equation No. 13
(Table 3) provided aMnO is equal to 0.05-0.1, depending
on [Mn] and temperature (group of isotherms 5 in Fig. 3 or
equation No. 13 in Table 1).

A MnO activity coefficient varies depending on the
composition of slag; in high-base slags, it is 1.2+1.25, at
(Ca0)/(Si04)>2; for pure alloys FeO—MnO Yo is equal
to 1; for acidic slags, it is 0.2—0.25.

Thus, by setting a temperature of the bath, one can define
a constant for the equilibrium of manganese, and, based on
the magnitude for this parameter, it is possible to determine
the content of manganese in a metal if the content of manga-
nese oxide and iron oxide in slag is known.

6. Discussion of research results aimed to enhance
the intensity of electric steel melting

The use of hot briquetted iron in the charge from metal
waste does not complicate the automated loading of charge
materials. In this case, the mass of HBI being loaded into
an electric arc furnace is 40—60 % of the total charge mass.
Application of HBI during melting ensures that the steel,
as well as structures that are based on it, are of acceptable
quality that meets European standards. In addition, of inte-
rest is an increase in the amount of HBI in the charge made
from metal waste. This approach allows steel smelting from
the charge consisting of alloyed waste and HBI. The charge
for such melting can be made as follows. Upon melting, the
carbon content in a metal should equal 0.05-0.1 % below
the specified steel grade, because at alloying and oxidation



the carbon content slightly increases. In this case, the charge
is prepared only from the waste of alloyed steels, obtained
both directly from a given metal factory and from machine-
building enterprises. When making the charge it is necessary
to use the maximum amount of waste of a given steel grade
or related grades, as well as HBI. Such a rational use of the
charge components provides for a greater saving of alloying
elements, electricity, and improves the performance of elec-
tric furnaces.

The melting based on remelting methods has no oxidation
period. At proper calculation of the charge, the melting is
immediately followed by a reduction period, a metal is deoxi-
dized, added with certain alloying additives, and released.
Such a melting, that is melting by the methods of remelting
alloyed wastes, is significantly shorter than a standard melting.

To intensify the process of steel smelting in an electric
arc furnace, in addition to using alloyed wastes and HBI in
the charge, very important are the processes of oxidation of
such elements as silicon and manganese. High-quality oxida-
tive process of these elements contributes to the improved
refining of steel and to bringing the temperature of a liquid
steel to the required magnitude as a result of the course of
exothermic reactions.

The dependence of equilibrium concentrations of oxygen
and silicon at different temperatures at varying values of
X, in comparison with the deoxidation capability of carbon
shows that at high concentrations of carbon (1.5-3 %) one
observes the melting of pure alloy Fe—-C—0O. At the begin-
ning of the process of melting, silicon oxidation under these
conditions may occur in line with a two-stage pathway, that
is initially there is the reduction of iron oxide, the oxidation
of silicon, followed by the formation of silicate compounds.
The further oxidation of silica occurs in slags at the expense
of iron oxides at the border metal-slag.

Hence, silicon, as an additive in the amount of 0.35 %,
easily oxidizes to traces in the metallic phase and does not
depend on the participation of charge components and their
high affinity to oxygen under melting conditions at the
borders metal-gas and metal-slag. This creates a favorable
condition for using the maximum amount of HBI in charge
and for intensifying the process of charge melting.

The dependence of composition of the oxidation products
of soluble manganese in liquid iron on temperature and con-
centration of manganese in the alloy MnO—FeO shows that at
normal concentrations of manganese the ratio (MnQO)/(FeQO)
varies from 0.5 to 2.5. At the carbon content in the bath
>0.1 % [ C], manganese does not oxidize in a liquid metal. Man-
ganese oxidation requires that the amount of carbon in the melt

should be not less than 0.1 %. The deoxidation of a metal with
ferromanganese is characterized by a different mechanism of
manganese oxidation. In other cases, the oxidation of manga-
nese occurs at the interphases metal-slag or metal-gas.

Thus, one can argue that the use in the charge, made from
metal waste, the remelted material, combined with HBI,
as well as control over the processes of oxidation of silicon
and manganese, could intensify the process of steelmaking
in an electric arc furnace and obtain steel and reinforcement
products that meet the requirements of European standards.

However, a given approach provides steel refining, in
terms of sulphur and phosphorus in the range of 0.014—0.035
and 0.028+0.017, respectively, which matches the average
level of refining indicators. To provide for a deeper refining
of steel, one should further explore the refining technology of
steel by blowing powders in the furnace and ladle.

7. Conclusions

1. It has been established that the use of hot briquetted
iron (HBI) in the electric arc steel making processes increas-
es the intensity of melting. This manifests itself by the fact
that employing such a technological solution made it possible
to shorten the duration of melting by 15-20 %. It has been
established that the application of hot briquetted iron (HBI)
ensures the output of usable metal in the amount exceed-
ing 90 % of the total mass of charge loaded into a furnace,
depending on the sequence of loading the components of
metallic charge. However, the charge, which includes hot bri-
quetted iron, yields the usable steel in the amount that is by
1.5 % less than that in the case when the charge that consists
only of metal waste is applied. This is due to the presence of
non-metallic and other compounds on these pellets.

2.1t was found that the intensity of the emergence of
a new phase in a homogeneous liquid metal (oxidation pro-
ducts of slag-forming components) is significantly higher than
during oxidation of carbon and CO evolution. The silicon and
manganese oxidation processes were estimated and analyzed,;
the data on the thermodynamics of their reactions at the
border metal-slag was specified. The result of this approach
is the achieved refining of reinforcing steel. The amount of
sulphur and phosphorus in it was, respectively, 0.14-0.035
and 0.017-0.028. A thermodynamic analysis of oxidation re-
actions of silicon and manganese at steel electric melting has
revealed that the oxidation of these elements occurs both at
the borders metal-slag and metal-gas and inside the metallic
phase, regardless of the presence of other components.
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Hocnidsceno cnocié npomszyeanus moscmocminnux mpyé. 3anpono-
HOBaHUIl CNOCIO nonsieae 6 Oepopmyeanii nycmominoi 3azomoexu 0es
onpasku. Po3pooneno memoouxy nposedenns meopemurnux 00CaioHcens
MCE. Memoouka npustauena 015 6U3HAUEHHS MENJI06020, dehopmosa-
H020 cmany ma Gopmo3IMinU 3a20MO6KU npu Kyeanui mpyéd 6e3 euxopu-
cmanna onpaexu. 3minnumu napamempamu 0yau enympiwnii oiamemp
nycmominoi 3azomoexu, axuil eapirosascs 6 inmepeani 0.30; 0.55;0.80. Ha
0CHOBI CKIHUEHO-eJleMEHMHO020 MO0eI06AHHS YU 6CMAHO06IEeHI: PO3NO-
din memnepamyp i inmencuenocmi aozapudmiutux oepopmauiii 6 06’°emi
mpy6u nicas npomszyeanns 6e3 euxopucmanns onpasxu. Busnauascs oia-
Memp omeopy mpyou, AKull YymeoproEmvbCs npu NPomA2Y8anHi 0AHUM cno-
cobom. Bcmanogmosanucs 3aneincHocmi iHmencueHocmi no006ICeHHs ma
nomoswenns cminku mpyou. bye pospooaenuii cneyianvnuii nOKAsHUK 0N
ouintosanms nodogicenns mpyou. byao susnaveno, wo npu 30invueni euym-
piunbozo diamempy no0osxcenHs mpyou 3GIILUYEMbCA MA FHUNCYEMBC
iHMEHCUBHICMb 3MEHUEHHS OMEOPY. 3A2ANbHON 3ALEHCHICMIO 3MO0ENbO-
8AHUX CXeM NPOMSLYBAHHS € Me, WO BETUMUHA NOO0BHCEHHS NYCMOMINOT
3a20MOBKU HECYMMEBO 3IMIHIOEMBCS 015 PIZHUX CIMYNEHI8 00MUCKANL NpU
cmanux eionocHux posmipax mpyou. Ile 0ozeonuno ecmanosumu pexo-
Mendosany nodauy 0ns 30inbWEHHA NO00BHCEHHS NYCMOMINOL NOKOG-
KU ma 3meHuwleHHs cmynens 3axpumms omeopy. Pauionanvna nodaua
nosunna cxaadamu (0.05...0.15) D. Pe3ynvmamu cKinueno-enemeHmnozo
MO0eN0BAHHS NePeSIPANUCS eKCNEPUMEHMATIOHUMU 00CHIOHCEHHAMU HA
ceunyesux 3paskax. Byna zanpononosana memoouxa excnepumenmano-
HOo20 Mmodemosanus. Bcmanosneno, wo npu enympimnvomy odiamempi
3azomoexu (0.5...0.6) D, cnocmepizacmoca maxcumym nomoeuseHns cmin-
Ku. Bcmanoeneno, wo pesynvmamu 3 (Popmo3mineHHs 3a20mO6KuU, AKi
ompumani y meopemuunomy oocaioxceni MCE, na 9...14 % 6iavue 3a
excnepumenmanvii. /locmogipricms pesyaomamie meopemunnozo mooe-
NI06AHHS NIOMEEPOHCYEMBCS OAHUMU eKCRepUMEHMY 3i SMEHULEHHS HYM -
plunvozo diamempy mpyou. Pisnuys meopemuunux pesyivmamis i excne-
pumenmanvhux cxaaoae 9...12 %. Bcmanoeneni 3axonomipnocmi daromo
MOJCUGICMb BUHAMAMU OCMAMOuHUIL diamemp omeopy mpy6u. 3a pe3yv-
mamamu M00eN08aAHH 6CMAHOBIEHO, W0 NPOMALYEAHHL MPYOHUX 3420~
moeox 0e3 onpasxu yiaxom mozcauee. Lleii cnocio poswuproe moxcausocmi
Mexnpoyecie 6U20MoBLEHH MPYGHUX 3A20MOBOK

Knrouosi cnosa: moscmocminna mpyéa, npomseysanns 6es onpaexu,
KYBAHHS, 3aK0B8YBAHHS OMEOPY, nodosxucenns 3azomosxu, MCE, menno-
euii cman, depopmosanuii cman
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properties [1—3]. Such parts include thick-walled pipes. These

forgings must be produced by forging on a mandrel. However,

A priority task for the development of power engineering
is to reduce the cost of parts and to improve their mechanical

the thick-walled pipes are manufactured from solid shafts by
using the operation of drilling a hole [4]. The result is the




