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Preface

The final stage of the preparation of the manuscript of this book took place in
unusual conditions. The COVID-19 pandemic caused by SARS-CoV-2 has hit the
world and has already claimed the lives of many, many people around the world
and significantly changed our normal lifestyle, filling it with alarming expectations.
Although there are a lot of frightening details in the news, there is good news about
the progress in finding and creating a vaccine against this dangerous disease.
Leading medical research centers and clinics have already begun testing its various
modifications.

Such a meaningful and targeted search, based on deep scientific ideas and on the
analysis of previous experience, is akin to the approach of ferroalloy scientists to the
search for effective ways to give steel the required properties using special alloys—
ferroalloys.

In time immemorial, the search for ways to give special properties to steel was
based on trial and error. Man learned to use alloying elements to improve the
quality of steel and iron products long before he learned about the existence of such
elements—even before the beginning of the Iron Age, meteorite iron containing up
to 8.5% nickel was used.

Well known are futile attempts by alchemists to find a philosopher’s stone (lat.
Lapis philosophorum, aka masters, Rebis, elixir of philosophers, life elixir, red
tincture, great elixir, fifth element)—a certain reagent necessary for the successful
conversion (transmutation) of metals into gold as well as to create the elixir of life.

The first attempts to make conscious use of the properties of alloying elements
date back to the Middle Ages, and this happened in the East, famous for its
high-quality steel. Held in the 20th century chemical analysis of the steel from
which the Japanese weapons of the 11th—13th centuries were made showed the
presence of molybdenum in its composition. Today, it is well known that molyb-
denum alloy steel has high hardness, strength and toughness.

The need to maintain social distancing, unfortunately, did not allow the authors
of the book to discuss the contents of this preface in a personal meeting.
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viii Preface

I allow myself to take advantage of this circumstance and express my over-
whelming surprise to the fact that I have the honor to be a co-author of Profs.
Mikhail Gasik and Viktor Dashevskii, from whose books I studied metallurgy and
comprehended the basics of the theory of ferroalloy processes. The book is based on
the revised and supplemented content of numerous scientific works and textbooks
by Mikhail Gasik and Viktor Dashevskii, published many times in the USSR, and
then in Russia and Ukraine. Scientific works of Profs. Mikhail Gasik and Viktor
Dashevskii formed the basis of almost all projects implemented in the USSR,
Russia and Ukraine to create and improve the production of ferroalloys. A chapter
has been added devoted to modern methods of preparing raw materials for smelting
ferroalloys, in particular, the agglomeration of natural and anthropogenic raw
materials in the ferroalloy industry. In particular, attention is paid to the stiff vac-
uum extrusion technology, which is gaining popularity in briquetting and is based
on the scientific results I obtained. The environmental aspects of ferroalloy pro-
duction are considered.

The content of the book largely fills the gap that exists in the international
literature and is associated with insufficient coverage of the contribution of Soviet
and Russian scientists to the development of ferroalloy science and technology.

In the sections devoted to fundamental scientific ideas and classical results, there
are, with rare exceptions, literary references. In compensation, we provide a rec-
ommended list of references. For methodological purposes, we also give examples
of calculating fees for the smelting of some ferroalloys, which makes the book
interesting for students and graduate students studying metallurgy as well.
Metallurgists and ferroalloy engineers will find many useful and important things in
the book. Considerable attention is paid to improving the preparation of raw
materials for smelting ferroalloys, methods of utilization of waste products and
by-products, and environmental issues.

On behalf of my co-authors, I express my gratitude to Prof. Vladimir Zhuchkov
(Institute of Metallurgy, Ural Branch of Russian Academy of Sciences) for help in
preparing sections related to sintering and pelletizing of manganese ore fines and
concentrates.

The authors are especially grateful to the publisher for the goodwill and
opportunity to publish this book and the effort to publish it.

Moscow, Russia Dr. Aitber Bizhanov



Introduction

“Take a new earthen pot, put in it a pound of red copper
with half a bottle of Nitric Acid. Boil it for half an hour.
Afterwards add three ounces of verdegris (Copper
Carbonate), and boil for one hour. Then add two and a half
ounces of arsenic, and boil one hour. Add three ounces of oak
bark, well pulverized, and let it boil a half hour, add a 64 fluid
ounces of rose water boil twelve minutes, then add three
ounces of lampblack, and let it boil until the composition is
good. To see whether it is cooked enough, dip a nail in it; if it
adheres, remove it. It will produce a pound and a half of good
gold. If it does not adhere, it is proof that it has not cooked
enough; the liquor can serve four times.”

The recipe for a philosopher’s stone. The Great Grimoire.
Chapter “Secrets of magic art”

Despite the rapid development of science and technology, all kinds of fashionable
definitions of the modern era (scientific progress, information technology, artificial
intelligence, etc.), humanity still lives in the Iron Age, because the role that iron,
and especially its alloy with carbon—steel, plays in the life of modern society is
incomparable with any other building and structural material.

Ferroalloys, in a figurative comparison, are steelmaking salt and pepper. The use
of ferroalloys as enriching additives for the purpose of deoxidation and alloying
improves the physical and mechanical properties and functional characteristics of
metal products. Not a ton of steel is smelted without the use of ferroalloys. The
specific and branded assortment of ferroalloys is extensive. As a rule, separately or
in combination, the composition of ferroalloys includes 20-25 elements of the
Periodic system of elements, which differ significantly in physicochemical prop-
erties and affect the properties of steel and alloys in different ways.

Ferroalloys are mainly used in the smelting of steel and cast iron. Some types of
ferroalloys are used in non-ferrous metallurgy, chemical industry, etc. Ferroalloy
production is an integral part of the mining and metallurgical complex, since
the essence and main task of the ferroalloy industry are the primary extraction
(recovery) of metals from natural mineral formations mined from the bowels. Ores
include nonmetallic minerals, gangue. Therefore, the ore is subjected to enrichment
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X Introduction

in one or sequentially in several ways (gravitational, magnetic, electric, flotation,
less often—chemical) to obtain concentrates in which the content of the leading
metal is significantly higher in comparison with the original ore. The use of con-
centrates rather than the initial ore allows one to obtain ferroalloys with a high
content of the leading (ferroalloy) element, with a lower content of impurity ele-
ments (phosphorus, sulfur, non-ferrous metals) and, which should be especially
noted, significantly reduce the specific energy consumption.

Historically, the beginning of industrial production and use of ferroalloys date
back to the end of the nineteenth century, when melting of carbon ferromanganese
and low-grade ferrosilicon in blast furnaces was developed. Ferroalloys with
leading metals having a greater chemical affinity for oxygen than iron, as well as
ferroalloys with a low carbon content, cannot be obtained by a blast furnace
method. The production of ferroalloys of the entire assortment of hardly reducible
elements and with low carbon content was successfully mastered in the twentieth
century in electric arc furnaces.

The consumption of ferroalloys and, consequently, their production directly
depend on the amount of steel smelted. This general position can be somewhat
clarified by the specific consumption of ferroalloys per ton of steel in the direction
of its decrease in connection with the diversification of methods of steel smelting of
various groups and grades, increasing continuous casting, the development of
innovative technologies.

In 2013, according to World Steel Association, 1.622 billion tons of steel was
produced in the world, of which 779 million tons (48%) in China. According to
most forecasts, in 2014 steel production was set at 1.662 billion tons, in 2015 it
amounted to 1.635 billion tons, and by 2020, global steel production will increase
to 1.814 billion tons (794 million tons will come from China). By 2020, the
smelting of alloyed and special, especially corrosion-resistant steels will increase
even more significantly. For example, if in 2013, 19 million tons of corrosion-
resistant steel was smelted in China (out of 36 million tons of world production),
then by 2015 this figure was already 23 million tons (21% more), and by 2020—
27.7 million tons (an increase of 8.7 million tons, or 46%, compared with the 2013
figure).

Today, per ton of steel, on average, about 20 kg of various ferroalloys is con-
sumed, of which amount is: ferrochromium of the order of 20%; ferrosilicon—18%,
silicomanganese—22%; high-carbon ferromanganese—12%; refined manganese
alloys and metallic manganese—5%; ferronickel—4%; and all others—19% in
total. At the same time, the smelting of 170 million tons of special steels (20% of
world production) required 35% of all consumed ferroalloys, while the melting of
1440 million tons of ordinary grades (respectively 80% of world production)
required 65% of all consumed ferroalloys.

The expansion of the assortment of ferroalloy production in relation to meeting
the needs of the steel industry is primarily associated with the smelting of fer-
roalloys of the small tonnage group—alloys of nickel, titanium, niobium, molyb-
denum, vanadium and ferrovanadium, ferrotungsten, etc.
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The main producers of niobium alloys are Brazil (about 90% of world pro-
duction) and Canada. World production and consumption of ferroniobium in 2013
amounted to about 80 thousand tons. In 2014, the increase in ferroniobium smelting
was estimated at 83 thousand tons, and over the past five years, the increase has
been approximately 4.9% annually.

About 80 thousand tons of tungsten-containing products is sold on the world
market (data from 2017), of which about 20% of the ferrotungsten itself falls, i.e.,
about 16 thousand tons. The largest producers and exporters of ferrotungsten are
countries such as China (2.8 thousand tons), Vietnam (2.2 thousand tons), Sweden
(0.5 thousand tons). The tungsten content in it is usually 75-85% (in a
Swedish-made alloy—more than 90%), and the alloy is supplied in the form of
pieces of 80—-100 mm, briquettes (40 mm) and pellets (3—10 mm). Tungsten is used
for smelting mainly tool steels, including high-speed steels and high-strength carbon
steels for various purposes. Along with tungsten, the branded range of these steels
also includes molybdenum and chromium. In general, metallurgy absorbs almost
95% of all mined tungsten. World tungsten production is 85—87 thousand tons.

The need for nickel for the smelting of special, primarily corrosion-resistant
steels is met mainly by electrolytic nickel produced at non-ferrous metallurgy
enterprises. One of the largest producers of ferronickel is Indonesia, where the total
ferronickel smelting capacity in Indonesia exceeded 140 thousand tons per year.

World production and consumption of vanadium in the form of ferrovanadium
are 86 thousand tons (2013 data). A continuous increase in the production volume
of this alloy is noted: It is predicted that by 2020 this figure will increase to 140
thousand tons. The main producers of ferrovanadium (by countries and regions) are:
China—49.7% of world production, South Africa—13.9%, Russia—7.8%, Europe
—6.7%, North America—4.5%. Forty-six percentage of vanadium produced in the
world is consumed in China, 17% in Europe, 13% in North America, 7% in Japan,
6% in the CIS, 3% in India and 8% in other countries. Almost 72% of fer-
rovanadium is produced from vanadium slag in the world, 19% from primary ore
and 9% from secondary vanadium-containing raw materials.

The desire to comply with the high rates of industrialization and growing con-
sumption of steel was not feasible without the significant development of ferroalloy
science and technology, which, in turn, is impossible without knowledge of the
fundamental principles of the theory of ferroalloy processes.

The book outlines the physical and chemical foundations of high-temperature
processes for producing silicon, manganese and chromium ferroalloys, alloys of
molybdenum, vanadium, titanium, alkaline earth and rare earth metals, niobium,
zirconium, aluminum, boron, nickel, cobalt, phosphorus, selenium and tellurium,
iron—carbon alloys by carbon, silicone and aluminothermic methods. The industrial
production technologies of these groups of ferroalloys, the characteristics of charge
materials and the technological parameters of the melting processes are considered.
A description of ferroalloy furnaces is given. Waste recycling, fine agglomeration
technologies and environmental issues are considered.
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Chapter 1 ®)
Physicochemical Fundamentals i
of Ferroalloy Processes

1.1 Thermochemistry of Ferroalloy Processes

Ferroalloy processes are based on the laws of physical chemistry, and more specif-
ically, on the laws of chemical thermodynamics (thermochemistry) and chemical
kinetics (thermokinetics). The laws of chemical thermodynamics with the help of
a mathematical apparatus allow us to solve problems and get answers to questions:
can this or that reaction proceed at specific given process parameters (temperature T
and pressure P) and, if so, in which direction it will go. Thus, the laws of chemical
thermodynamics determine the possibility and direction of a chemical reaction at
given process parameters. The laws of chemical kinetics make it possible to esti-
mate, according to well-known analytical dependencies, the time during which a
given reaction can change from a non-equilibrium to an equilibrium state when the
process parameters (7', P) change.

Thermochemistry is a section of chemical thermodynamics as applied to high-
temperature chemical (metallurgical) processes. The possibility and direction of reac-
tions in thermochemical processes is determined by a thermodynamic quantity—a
change in Gibbs energy (AGS%):

for standard state (7' = 298 K, P = 101.3 kPa) function AG%ys has the form of a
straight line

y=>b—kx;

AGSyg = AHgy — T AS3ys, where A Hypc—enthalpy change, a AS3,.—change
in the entropy of the reaction.

The values included in this formula have the following dimension: A G5ys—1J/mol;
A H3ys—J/mol; AS3ys — J/(mol K); T—K.

The ferroalloy process with the participation of multicomponent charge materials
can be reduced to a single reaction that determines the purpose and task of the process
and can be written as follows:
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aA+bB < cC+dD £ AH.

The equilibrium constant (K p) of the reaction, which is a mathematical expression
of the law of acting masses, has the form:

- d cre od pd
Kp_a‘c'aD_x(CféofoD
= b b b’
ajy -ag Xy fa - xpfE

where a is the activity of the components involved in the reaction; x is the mole
fraction of the corresponding component; f are the activity coefficients of these
components.

At temperatures of ferroalloy processes, the possibility and direction of reactions
are evaluated by

AGS = AHY — AS - T.

An analytical study of the function AG%(T') indicates that AGY. can take three
values:

(1) AGY < 0; (2) AG% > 0; (3) AGS = 0. In physical chemistry, it is accepted
thatif AG%. < 0, the reaction for the given conditions (7, P) proceeds in the forward
direction (i.e., toward the formation of reaction products); if AG} > 0, the reac-
tion, if it was in equilibrium, with a change in 7, P should shift toward the original
components and, if AG%. = 0, the reaction is in equilibrium. In the educational, and
sometimes in the scientific literature, very often the conditions AG% > 0 are not
interpreted quite correctly. It is indicated that under this condition, the initial compo-
nents of the reaction will not interact. It should be borne in mind that at AGY > 0
and certain parameters (7, P), the reaction can proceed; however, the yield of reaction
products will not be complete; if the reaction was in equilibrium, and the conditions
changed so that the AGY value became greater than zero, then the reaction will shift
toward the starting components and the yield of reaction products will decrease.

In the theory of metallurgical (ferroalloy) processes, the temperature corre-
sponding to the condition AG% = 0 is taken as the temperature of the onset of
a chemical reaction, although, as indicated above, the reaction under the condition
AG% > 0 can proceed, but with a lower yield of products than under the condi-
tion AGYS < 0. Since AGY. and the equilibrium constant of the reaction Kp are
interconnected by the relation:

AGy = —RTInK,,

The conditions AG%. < Ocorrespondto Kp > 1; AGS > 0,Kp<land AGY =0
at K p= 1.

For most individual substances and chemical reactions occurring in ferroalloy
processes, thermodynamic functions are given for standard conditions. Under real
conditions, these processes occur at high and very high temperatures. With a complete
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description of the thermodynamics of the reactions, AG%.(T) is calculated for any
given high temperature. To do this, precalculate

AHS(T) and ASY(T):

T
AHY(T) = AHy + / AC,dT,

298

T
AC
ASS(T) = AS5g +/ T”dT.
298

Many components involved in the reactions of ferroalloy processes undergo
phase transformations, accompanied by a change in their crystal chemical struc-
tures and state of aggregation. These transformations are associated with a change
in energy in reacting systems, which should be taken into account in more accu-
rate thermodynamic calculations of AHZ(T) and AS7(T) according to the formulas
below:

T, T, T
AHp = AHy + f AC,dT + AH, + / ACy,, + Ay + / AC,,dT,
298 T, T
FAC T ac fc
AH A
ASS = ASO +/ pldT—|— C+/ p2+—m+fﬁdT,
r 298 T. T. T, T T;
298 T, T,

where ACp—change in heat capacity of substances, J/(mol K; AH. and Ay,—
enthalpy of conversion of components and heat of fusion of substances, respectively.
The possibility and direction of the reaction can be estimated by the value of the
equilibrium constant. The condition Kp = 1 corresponds to the equilibrium of the
reaction, Kp > 1—the reaction proceeds toward the formation of reaction products
and Kp < 1—the yield of reaction products decreases.

Since AG§ = —RTInKp = AH} — AS3T, then nKp,= —AHZ/RT +
AS?/RT; denoting —AH7/R = —A and AS} /R = B, we obtain the dependence
K p(T) (Arrhenius formula):

InKp=—A/T + B.

Thus, the equilibrium constant of the reaction depends on temperature (at constant
pressure) and does not depend on the activity (concentration) of the components
involved in the reaction. If there are condensed and gaseous components in the
system, the equilibrium constant is a function of temperature and pressure.
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In ferroalloy processes, reactions can be endothermic (carbothermic processes
involving solid carbon) and exothermic (metallothermic processes). In some cases,
it is important to evaluate the effect of temperature (pressure) on the direction of the
reaction. External impact can be estimated using Le Chatelier’s theorem (principle):
“When any system at equilibrium for a long period of time is subjected to a change
in concentration, temperature, volume, or pressure, (1) the system changes to a new
equilibrium, and (2) this change partly counteracts the applied change”.

According to the van’t Hoff equation, the equilibrium constant is associated with
a change in the reaction enthalpy of isobar

AHY = RT*(d In Kp)/dT).

A quantitative expression of Le Chatelier’s theorem is given by the Clausius—
Clapeyron equation

dP/dT = Q/TAV,

where dP/dT—pressure change with temperature 7; Q—heat absorbed or released
by a gram of substance; AV is the change in the specific volume accompanying the
reaction.

1.2 Thermodynamics of Oxide Formation Reactions

Ferroalloys are produced using oxygen compounds of ferroalloy elements as charge
materials, i.e., ores and concentrates in which elements (metals) are contained in the
form of oxides (oxide minerals). Upon receipt of a molybdenum sulfide concentrate at
the ferroalloy plant, it must be preliminarily subjected to oxidative firing to convert
molybdenum sulfide (MoS,) to the oxides MoO, and MoO;. Carbonate types of
raw materials (limestone, manganocalcite manganese concentrates) are also fired.
During smelting of silicocalcium, a charge containing CaCO3 or lime (CaQO), which
is obtained by preliminary firing of limestone, is loaded into an electric furnace.
Therefore, in the thermodynamic analysis of the reduction reactions occurring in the
baths of ferroalloy electric furnaces, the reactions of the interaction of oxides with a
reducing agent (carbon, silicon or aluminum) are considered.

Using the tabular standard values of the thermodynamic constants of substances
(heats of chemical reactions of the formation of compounds (oxides) from compo-
nents A H7, heats of phase transitions of elements and chemical compounds AH,
entropy of elements and chemical compounds S5, change in entropy during phase
transitions and chemical reactions), one can obtain AG$ (T') dependence for the reac-
tions of the interaction of elements with molecular oxygen for a wide temperature
range.

Since the function AG§ = AH} — AS? T has the form of a straight line (equation
y = b — kx), kinks are observed at the points of phase transitions of the function
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Fig. 1.1 Diagram of the AGS . (kl/mol O3)
chemical affinity of elements 0
for oxygen

-1000

273 773 1273 1773 T K

AG%(T). The dependence AGY%.(T') has the form of a broken line, which is shown
for some reactions in a diagram called a diagram of the chemical affinity of elements
for oxygen (Fig. 1.1).

The physicochemical interpretation of the graphical representation of the AG%. (T')
function for reactions in element—oxygen systems allows us to note several funda-
mental conclusions. With an increase in the number of valence electrons of an isolated
atom of an element, the thermodynamic strength of the oxide decreases (Fig. 1.2).

The smaller the AG% (AG(} < O) , the greater the chemical affinity of the element
for oxygen; conditions AG9 = 0—mean the equilibrium of the reaction of interac-
tion of a different element with oxygen, and for AG%. > 0—thermal dissociation of
the oxide.

1. An analysis of the position on the AG%(T) line diagram indicates that all
elements have different chemical affinities for oxygen. To increase the thermo-
dynamic strength of the formed oxides, the elements are arranged in a row (at
1600 °C): Cu, Ni, Co, W, Mo, Fe, P, Cr, Mn, V, Nb, Si, Ti, B, Al Zr, Mg, Ca. A
kink on the straight lines AG% (T) takes place at phase transition temperatures.

2. The chemical affinity of elements to oxygen decreases with increasing temper-
ature, i.e., the higher the temperature, the lower the thermodynamic strength of
the oxides.
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The chemical affinity of carbon to oxygen by the reaction 2C + O, = 2CO with
the formation of gaseous oxide of CO increases with increasing temperature, but
not decreases, as is typical for most other elements. When solid carbon interacts
with molecular oxygen to form CO,, the thermodynamic strength of CO, oxide
weakly depends on temperature.

The point of intersection of the AG%.(T) line of a certain element with the AG =
0 line corresponds to the equilibrium temperature of the reaction of the element
interacting with oxygen.

The temperature corresponding to AG} = 0 is conventionally taken as the
temperature of the onset of thermal dissociation of the oxide. For most oxides,
these temperatures exceed several thousand degrees. This is one of the main
reasons why ferroalloy elements (ferroalloys) are not obtained by simply heating
the oxides, and all ferroalloy processes are based on the reduction of elements
from their oxides with appropriate reducing agents (carbon, silicon or aluminum).
The point of intersection of the AG%.(T') line of carbon for the C + O, =2CO
reaction with the AG?.(T') line of the corresponding element means the chemical
affinity of carbon and this element to oxygen is equal. An increase in temper-
ature promotes an increase in the chemical affinity of carbon for oxygen and,
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conversely, a decrease in the affinity of the corresponding element for oxygen.
In this aspect, carbon is a “universal” reducing agent capable of reducing any
element from its oxide if the necessary temperature conditions are created.

7. The position of carbon in the above series of chemical affinity of elements
to oxygen is determined by temperature. At low temperatures, carbon is in
the extreme left position, and at high temperatures, it is in the extreme right.
With increasing temperature, the carbon will gradually move from left to right,
occupying an intermediate position between the elements in the above row.

8. A comparison of the positions of the lines of the three reducing elements used in
the production of ferroalloys (C, Si and Al) shows that at moderate temperatures,
aluminum and silicon are characterized by a higher reducing ability than carbon.
However, at high temperatures, carbon is a stronger reducing agent.

These main points, arising from the analysis of the chemical affinity diagram of
elements for oxygen, help to find out other features of redox processes that occur
in ferroalloy furnaces in the smelting of ferroalloys and their refining from harmful
impurities.

In some textbooks and teaching aids, the position of carbon lines (its oxidation to
CO and CO,) does not find a physicochemical explanation but is usually interpreted
as the “universality” of carbon properties. Such a “fetishization” of carbon made it
necessary to reveal the essence of this “paradox” and to show that carbon is not an
exception in this aspect, but the most typical example of the well-known in physical
chemistry position on the nature of the AG%(T') function of reactions involving
condensed and gaseous components (substances).

Let us turn to an analytical study of the function AG} = AH} — AS;T. In the
case of the oxidation of elements with oxygen, AH} always has a negative value
(—AHT0 = —i—Q‘}), since oxidation is accompanied by heat generation. Therefore,
the position (slope) of the straight line AG%.(T') in the diagram is determined by the
value of AS? and its sign.

The change in the entropy of the reaction of the interaction of elements with
oxygen s calculated as the algebraic sum of the entropy of the reaction products minus
the sum of the entropy of the starting components. It is known that the entropies of
gaseous substances (oxides O,, CO,, CO, SiOg, Al;Oy) are significantly higher than
the entropies of condensed substances (Cs, Sis, SiOg, Als, Al;O3,). Calculations
show that for reactions accompanied by an increase in the number of moles of
gaseous substances, which is observed in the reaction 2C + O, = 2CO, the change
in the entropy AS} will always be positive. Then in the expression AG(T) =
AHyp — AS7T, both terms will be with a minus sign. Therefore, an increase in
temperature leads to a decrease in AGY, i.e., increase the thermodynamic strength
of CO oxide. In the case of the reaction C + O, = CO,, the number of moles of
gaseous substances does not change, and therefore, the reaction weakly depends on
temperature.

If the interaction of other elements with molecular oxygen proceeds under condi-
tions when the formation of gaseous oxides (SiOg, Al; O, etc.) is possible, an increase
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in temperature increases the thermodynamic strength of these oxides. The above
provisions are illustrated by the calculated data.
Conditions of the problem. Using tabular data, make the equation AG%s(T') for

the following reactions:

2C, 4 0y, = 2CO,

Cs + Ozg = COzg

Si, + 0, = SiOy,

2Si, + 0, = 2Si0,

2Ca, + Oy, = 2CaOs

(A)

(B)

©

D)

(E)

and analyze the effect of temperature on the conditions for the formation of oxides

(thermodynamic strength of oxides).

The tabular values of A H3y; and S5y, for the components involved in the reaction

are as follows:

Parameter Cs Sig Cag Oog COz; | COg SiOg CaOg | SiOy4
—AHjye kI/mol | 0 0 0 0 393.1 |102.1 98.2 |633.7 |909.5
S35 J/mol K 5.7 |18.8 |41.6 [2048 |217.2 |1974 |231.9 39.7 414

The change in the enthalpy of reaction (A) is:

AH35(A) = 2A Hyp5 (CO,) — 24 Hiyg (Cy)
— AHzyg(0y) = —2-102.1 = —204.2 kJ/mol.

The change in the entropy of reaction (A) is

ASSg = 2555 (COg) — 28%5(Cs) — S55(0g) =2-197.4 —2-5.7
—204.8 = +178.6 J/(mol K).

Having performed the corresponding calculations for the remaining reactions, we
obtain the expression AG9yg(T') for all reactions (A)—(E) in J/mol Oy:

AG%(A) = —204,200 — 178.6T;

AG%(B) = —393,100 — 6.7T;
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AG%(C) = —909,500 + 182.2T;
AG% (D) = —196,400 — 221.4T;

AG%(E) = —1,267,400 + 208.6T.

Thus, the thermodynamic probability of reactions with the formation of gaseous
oxides of CO, and SiO, increases with increasing temperature. This relationship is
weakly manifested for reaction (B) with the formation of CO,.

The thermodynamic conditions of reactions (C) and (E) with the formation of
oxides SiO, and CaOjs in the condensed state worsen with increasing temperature.
Note that both of these reactions proceed with the disappearance of the gaseous
component (O,).

The possibility of oxidation (reduction) of metals (elements) is character-
ized by the redox potential of the gas phase, which means the value of
the partial pressure of oxygen (for the Me-MeO—O, system) or the ratio
P,/ pw,o0 and pco/ pco, or 1gH, /H,0; 1g CO/CO; (Fig. 1.3).

The interaction of metals with oxygen and gas mixtures of H,O—H, and CO,—
CO with the formation of oxides is described by the reactions:

Mes.1) + Oz = MeO 1y, Kp(02) = pg: (A)
Me 1y + HoOp = MeOyq 1y + Ho; (B)

Kr(MH>0) = pu,/pu,0

Me;; + COzg = MCO(SJ) + CO; ©

Kp(CO2) = pco/Pco,

The functional dependence AG$.(T) of reaction (A) can be quite graphically
interpreted by representing the function AG$.(T) in the T—AG® coordinates. From
the position of the lines characterizing the change in the Gibbs energy of the reactions
of oxide formation, it is possible to evaluate the possibility and direction of any
reaction. Richardson and Jeffez supplemented this generally accepted form of the
graphical representation of the AG (T') function with nomographic scales (Fig. 1.3),
which make it possible to find the graphical analytical method for the pressure of
dissociation of oxides and the equilibrium ratios of H,/H,O and CO/CO, in gas
mixtures for given temperatures. The procedure for finding the desired values of
Po,, H2/H,O and CO/CO; is as follows. On the nomographic vertical line located to
the left of the diagram, three points x, y and z are indicated. The three scales on the
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Fig. 1.3 Ellingham-Richardson-Jeffez diagrams for metal-metal oxide equilibria: points M and
B are the temperatures of phase transformations of elements

right side of the diagram show numerical values of po, (x scale), Hy/H,O ratios (y
scale) and CO/CO; (z scale).

The determination of the desired value of po, for the reaction of thermal disso-
ciation of an oxide, for example CaO, is carried out as follows. Initially, on the
temperature scale, we mark the temperature of interest (we take 1273 K) and draw
a vertical line until it intersects with the characteristic line for the reaction 2Ca +
0, = 2Ca0. We denote the intersection point of these two lines A. Then, through
the points x and A we draw a straight line until it intersects with the scale po, (x
scale). The value po, indicated on this scale will be the oxide dissociation pressure
equal to 1073* kPa. To find the H,/H,O ratio in the gas mixture corresponding to the
dissociation pressure po, = 107> kPa, we draw a straight line through the points y
and A to the intersection with the H,/H,O scale (y scale). We find that the dissoci-
ation pressures for CaO po, = 10—34 kPa correspond to the ratio H,:H,O = 102
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Therefore, even a small amount of H,O in the gas mixture characterizes it as very
oxidizing, leading to the oxidation of metallic calcium to CaO. The procedure for
determining the CO/CO; ratio is similar to the previous one, with the only difference
being that we draw a straight line through points z and A until it intersects with
the CO/CO;, scale (z scale). Found CO/CO; ratio corresponding to the dissociation
pressure of CaO oxide po, = 10~**kPa.

Thus, the Ellingham-Richardson—Jeffez diagram allows a graphical method to
determine the dissociation pressure of the oxide formed by the reactions presented
on it, as well as to find the H,/H,O and CO/CO; ratios corresponding to a specific
value of the dissociation pressure of each oxide at a given temperature.

1.3 Thermodynamics of Carbide Formation Reactions

The high chemical affinity of most elements to carbon is due to the formation of not
pure metals, but their carbides, when reducing metals from their oxides with carbon.
Thermodynamic analysis of reactions

MeO + C = Me + CO @

MeO + (1 + x)C = MeC, + CO )

confirms the preference for the occurrence of reaction II due to the formation of
MeC; carbide.
Carbides of elements are formed by exothermic reactions.

Me + xC =MeC, + Q(—AH),

that, ceteris paribus, according to Le Chatelier’s principle, provides the reaction II.

Large-scale production of ferroalloys is based on the use of metals from their
oxides with carbon as a reducing agent. Therefore, it is very important to know the
thermodynamic constants of simple and complex carbides and their behavior at high
temperatures of ferroalloy processes. In the subsequent chapters, when analyzing
the reactions of metal reduction with carbon, the numerical values of the enthalpies
and changes in entropy included in the expression AG (T') are given. The following
are some of the thermodynamic constants of the individual properties of carbides to
identify the features of the interaction of elements of certain groups of the Periodic
system of elements with carbon (Table. 1.1).

Thus, group I'Va carbides have the highest formation enthalpies. Moreover, the
heat of formation increases in the series TiC — ZrC — HfC, i.e., the thermodynamic
strength of carbides of the IVa—group increases with increasing atomic number of
the element. A similar pattern is observed in the Va group of elements, where the
absolute value of AH3yg increases in the series VC — NbC — TaC.
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Table 1.1 Standard enthalpies of formation and entropy of carbides of ferroalloy elements

Carbide —AHyye, kJ/mol 899 J/mol Carbide —AHyye, kJ/mol 899 J/mol
CaC, 58.9 70.2 VCoss 101.6 27.6
SrCy 84.4 71.0 NbC 137.9 35.1
BaC, 73.9 87.7 TaC 143.2 424
Be,C 117.6 16.30 Cr3Cq 98.2 105.7
MgC, 50.5 58.5 Cr;C3 227.8 200.6
B4C 46.4 27.1 Cr;Cy 109.5 85.3
SiC 66.8 16.5 CeCy 96.9 739
TiC 183.5 24.2 FesC 25.0 105.1
ZrC 201.4 33.14 Mn;C3 108.6 238.6
HfC 218.3 39.5 wC 38.0 41.8
Mo, C 45.9 65.6

Alkaline earth metals (Ila group) form MeC,; type carbides. In this group of metals,
the heat of formation of carbides also increases with increasing element number, i.e.,
in a row MgC, — CaC, — BaC,.

Alkali metals (Ia group) form carbides of the Me,C, type. The enthalpy of
formation of Li,C, is —59.3 kJ/mol, Na,C, —18.4 kJ/mol.

A more complete assessment of the thermodynamic strength of carbides is

provided by an analysis of the expressions of the change in Gibbs energy as a func-
tion of temperature. So, the functions AG%.(T') for carbides NbC and TiC have the
form (J/mol):

Nby + Cs = NbCy; AGS(NbC) = —130,200 + 1.77,

Tis + Cs = TiC,; AG%(TiC) = —185,870 + 13.24T.

Carbides of ferroalloy elements have different congruent melting and decomposi-
tion temperatures (according to peritectic reactions). As follows from the Table. 1.2,
the most refractory is hafnium carbide HfC (T, = 4163 K).

Table 1.2 Melting points of ferroalloy carbides

Carbide Tm, K Carbide Tm, K Carbide Tm, K
HfC 4163 vC 3100 CaC, 2573
TaC 4153 W,C 3003 BaC, 2053
NbC 3773 MoC 2973 Fe3C 1923
ZrC 3803 ThC 2900 Cr23Cs 1823
TiC 3523 ucC 2623 Mn;C3 1673
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Despite the relatively large thermodynamic strength of carbides in the presence
of liquid silicon, they interact by reaction

Me,C, + zSi — Me,Si, + yC

with the formation of chemical compounds—silicides, since the thermodynamic
strength of the latter is higher than carbides. Due to this, it is possible to produce
silicon ferroalloys with a low carbon content, using metallurgical coke as a reducing
agent.

1.4 Thermokinetics of Ferroalloy Processes

Thermokinetics is a section of chemical kinetics devoted to the presentation of the
laws governing the progress of ferroalloy processes (chemical reactions) in time.
The main postulate of chemical kinetics is the expression of the dependence of the
reaction rate on the concentration (activity) of reacting substances. Actually, the rate
of a chemical reaction is the number of molecules (atoms) of a given species reacting
per unit time, and for the reversible reaction, aA + bB < ¢C + dD has the form
in the forward direction w; = k;x4x5 and in the opposite direction wy = kax&xp,
where x is the molar component fraction.

The physical meaning of the constant coefficients k; and k; is found by assuming
that the concentrations of all components are equal to unity. Then, w; = k; and w,
= k,. Reaction rate is a function of time

w = —dx; /dt.

The effect of temperature on the reaction rate. In accordance with Le Chatelier’s
theorem, an increase in temperature for endothermic reactions creates thermody-
namic conditions for the reaction to proceed in the direction of increasing the yield
of products and accelerates the reaction. For exothermic reactions, the temperature
increase according to Le Chatelier’s theorem counteracts the development of the
reaction in the forward direction, the degree of completion of the reaction decreases.
In this aspect, it would seem rational to lower the temperature. However, it is neces-
sary to choose an optimally moderate temperature for each exothermally proceeding
process, since at low temperatures, diffusion processes in the reducing agent—slag
ore melt—ferroalloy system are significantly slowed down.

The dependence of the rate constant of the endo- or exothermic reaction on
temperature is described by the Arrhenius equation, which has the form

dInk/dT = A/(RT?).

The value of A has a dimension (J/mol) and is called the activation energy.
Integrating this expression, we get:
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Ink =[—-A/RT)] +Inc,

where c is the integration constant. In the coordinates Ink(I/T'), the function Ink =
f(1/T) represents the equation of a straight line. Therefore, the—A/R ratio is tga, and
Inc is the segment b along the y-axis.

The function Ink(1/T) can be written as k = ¢ - e=4/kD

An analysis of this equation shows that for a given c, the chemical reaction rate
(k) will be the greater, the lower the activation energy (A).

1.5 Gibbs Phase Rule

The phase rule is a thermodynamic law that relates the number of phases (P) in
thermodynamic equilibrium with the number of components (C) of the system, the
number of its degrees of freedom (F) and the number of external parameters that
determine the state of the system.

The number of components (C) of a system is the smallest number of starting
materials sufficient for the formation of all phases of a given system. The number of
components is equal to the number of starting materials if in the system the starting
materials do not enter into chemical reactions with each other.

By the number of degrees of freedom (or variability) (F) of a system is understood
the number of thermodynamically independent state parameters, such as pressure,
temperature, concentration of substances (x), which can be changed in a certain
interval independently of each other without changing the number of phases (P).

Usually, the effect on the system of only two parameters is taken into account—
temperature and pressure. In this case, the phase rule, called the Gibbs phase rule, is
written as:

F=C-P+2

The phase rule is of great importance in the analysis of phase equilibrium
diagrams, equilibria of the totality of chemical reactions for producing electro
ferroalloys.

The law of distribution of impurities. The distribution of components between
the phases of the system at phase equilibrium is described by the distribution law,
which establishes that the ratio of the thermodynamic activities of the impurity in
two phases at phase equilibrium is a constant value. In a first approximation, the
activity of the components can be replaced by concentration. The ratio of component
activities is called the distribution coefficient.
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Phase Equilibria in Metal and Oxide e
Ferroalloy Systems

2.1 General Characteristic of X-T State Diagrams
of Systems

When developing new and improving existing technological processes for the
production of ferroalloys, data on phase equilibria in binary, ternary and more
complex systems of metals, oxides, nitrides and others are important. In some cases,
this information is crucial. A study of the position of the boundary lines that outline
the concentration fields of the equilibrium state of phases, their aggregate transfor-
mation, allows some thermodynamic calculations to be performed. These questions
are studied by geometric thermodynamics.

It is important to understand why, when forming the brand composition of
ferroalloys, normative documents indicate quite definite concentration ranges for the
content of one or another element. A deeper knowledge of the features of the state
diagrams of oxide and other systems also makes it possible to reasonably perceive
the patterns of changes in the whole complex of physical and physicochemical prop-
erties of ferroalloys, slags, fluxes in relation to changes in chemical composition and
temperature.

In ferroalloy theory, diagrams with complex phase equilibria are used even when
the number of components does not exceed two. Understanding complex systems
requires knowledge of phase equilibria in simpler systems, which are, as it were,
“bricks” for constructing complex diagrams.

A hypothetical complex two-component diagram of phase transformations
according to F. Raines [1] with an indication of all possible phase transformations
and critical points is presented in Fig. 2.1.

Two types of three-phase equilibria should be distinguished: eutectic and
peritectic, in which the following transformations exist:
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Fig. 2.1 Hypothetical phase equilibrium diagram in two-component system

Eutectic type:

eutectic L < o+ 8,
y < a+p,
monotectic L; <> «a + Ly,

monotectoid y <> y; + B.

eutectoid

Peritectic type:

peritectic o + L < B,
peritectoid o +y < B,
sintectic L;+ L;; < B.

The eutectic type also includes the catatectic transformation, in which the solid
phase turns into a liquid and a new solid phase y < L;+ 8.

2.2 Binary Equilibrium Phase Diagrams

Isomorphic systems. In these systems, componentsA andB are mutually soluble in
solid and liquid states and the two-phase liquid + «-phase region has the form of a
“lentil” (Fig. 2.2).

Eutectic and eutectoid systems.

Eutectic systems. The phase equilibrium diagram of the eutectic system is shown
in Fig. 2.3. Features of the eutectic system, consisting of two componentsA andB,
are as follows. Adding the first quantities of componentA(B) to componentB(A)
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Fig. 2.2 Isomorphic |
two-component system of L
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reduces the liquidus curve to a eutectic composition. At the eutectic point e, the
liquid coexists with thea-phases and 8-phases. ComponentsA andB in the liquid state
dissolve indefinitely, and in the solid state it is limited. Upon cooling, the eutectic
composition liquid decomposes into two phasese andf by reaction
cooling
<>

a+p

heating

The maximum solubility of componentA(B) inB(A) corresponds to the eutectic
temperature.

Eutectoid systems. Systems of this type are similar to the eutectic systems
considered above. Three solid cooling phases are involved in the eutectoid reaction
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Fig. 2.4 Two-component T
eutectoid phase equilibrium L
diagram

vy

A —_—

cooling
<~ a+f

heating

One of the differences between a eutectoid and a eutectic system is the absence
of a liquid phase in the eutectoid reaction. From the given diagrams in Fig. 2.4 with
a eutectoid transformation, it follows that both components A and B have allotropic
(polymorphic for oxide systems) transformations, although eutectoid reactions can
proceed without these transformations. An illustration of a diagram with a eutectoid
reaction is the well-known equilibrium diagram of the Fe—C system. The eutectoid
point (pointc) corresponds to 0.8%C and a temperature of 738°C. ComponentA(Fe)
undergoes allotropic transformations of a-Fe < y-Fe at 911°C and y-Fe <> 3-Fe
at 1392°C. Eutectoid transformation is inherent in a number of binary metallic and
oxide systems of ferroalloy production.

Peritectic and peritectoid systems.

Peritectic systems. A peritectic transformation takes place upon heating and
involves the decay of one solid phase into a liquid and a new solid phase; i.e., the
solid phase melts incongruently (with decay) (Fig. 2.5):

cooling
a+ L <«—

heatings

Peritectoid systems. The basis for the interpretation of transformation as a
peritectoid is the reaction
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Fig. 2.5 Two-component phase equilibrium diagram with peritectic (a) and peritectic and eutectic
transformations (b)

cooling
a+y
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in which the solid phasef breaks up into two new solid phasesa andy (Fig. 2.6).
Monotectic systems. The general view of the diagram with monotectic transfor-
mation is shown in Fig. 2.7. Monotectic three-phase reaction

Fig. 2.6 Two-component ~——
phase equilibrium diagram \ ~ ~ L e
with peritectoid ~
transformation \ \ N Vs -~ 7
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5} * oty %
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belongs to the eutectic class.
With decreasing temperature, the liquid phase L; decomposes into a solid phase
and a new liquid Lj;. There is an area where the liquid phases L; and Lj; do not mix.
Dual sintectic systems. A sintectic reaction is a type of peritectic transformation
and represents the decomposition of the solid phasef when heated into two liquids

cooling
L1+L11 (—),3

heating

In the diagram, the region of existence of two liquids L; and Ly, is limited by the
field of two liquids with an upper critical point (Fig. 2.8). Among technical alloys,
no syntactic reactions were observed.

2.3 Ternary Equilibrium Phase Diagrams

The X-T diagram of a system consisting of three components is graphically displayed
in volume so that the composition is applied on the horizontal plane, and the temper-
ature is applied vertically. The three-phase equilibrium in the spatial model for two
eutectic systems and one isomorphic binary system is shown in Fig. 2.9.

In the spatial image of the phase equilibrium in the MnO-FeO-SiO, system
(Fig. 2.10), the dashed line shows the region of existence of two immiscible liquids.
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To display phase equilibria in a triple condensed system, the Gibbs triangle is

used. Pure components (100%) are located at

the vertices of the triangle, double

compositions on its sides and triple components inside the triangle. The trigonal
prism can be dissected by horizontal or vertical planes and obtain an isothermal or
isopleth (vertical section of the phase equilibrium diagram; poythermal) section on

the plane.

To calculate the composition of the alloy inside the triangle, it is necessary to draw
three lines parallel to its sides through a given point. The straight-line segments cut

off by their intersection point and removed from

the top of the triangle (the content of
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pure components) will characterize the percentage of each component in the ternary
alloy.

Multicomponent systems. The phase equilibrium diagrams of systems containing
four or more components are very complex. Thus, a temperature—composition
diagram for a four-component system would require four measurements. Therefore,
isobaric or isopleth sections are used. To find the composition in a four-component
system, use the correct tetrahedron, which has the same properties as an equilateral
triangle.

The total length of line segments drawn through a given point parallel to four
edges to the intersection with the corresponding faces is equal to the length of any
edge taken as 100%.

Conode triangles. To characterize three-phase equilibrium in a diagram, it is
necessary to use such an element of the diagram that each selected temperature
would show the composition of three conjugate phases. According to F. Raines, such
an element is a triangle composed of conodes (Fig. 2.11).

When any three ternary alloys are mixed, the composition of the formed new
alloyP will be inside the triangle RSL. An example of calculating the composition
of alloyR. Three compositions ofR,S andL are known (Fig. 2.11):

R =20%A +70%B + 10%C;
S =40%A + 40%B + 20%C;
L =10%A +30%B + 60%C.

When mixing two parts of an alloy of compositionR with three parts of alloyS
and five parts of alloyL, we obtain the composition of alloyP:
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Fig. 2.11 Conodal triangle A
analysis
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B C

0.2x20403x4040.5x 10 =21%A
02x7040.3x4040.5x30=41%B
0.2x1040.3 x 204 0.5 x 60 = 38%C

Therefore, the composition of alloy P (21%A + 41%B + 38%C) will be inside
the triangle RLS, at point P (Fig. 2.11). The rule of the conodal triangle remains true
no matter in what proportion the three alloys of compositionsR,S andL were taken.

Reference

1. Raines F (1960) Phase equilibrium diagrams in metallurgy. Metallurgizdat, p 376. (in Russian)
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3.1 Classification of Metals—Leading Ferroalloy Elements

According to the modern classification, metals are divided into two main groups:
ferrous and non-ferrous. The first group includes iron in the entire variety of products,
where it is the main metal—cast iron, steel of various chemical compositions and
ferroalloys. The second group unites almost all known metals. Depending on the
physicochemical properties, metals are divided into the following groups: (1) light
(Al, Ba, Be, K, Ca, Li, Mg, Na, Rb, Si, Sr, T, Cs); (2) rare (V, W, Ga, Hf, Y, Ge, Mo,
Re, REM (rare earth metals), Se, Ta, Ti, Te, Zr); (3) heavy (As, Bi, Cd, Co, Cu, Cr,
Mn, Hg, Ni, Sb, Sn, Pb); (4) noble (Au, Ag, Ir, Os, Pt, Rd, Rh, Ru) and radioactive
(Pu, Po, Ra, Np, Th, U).

A number of elements belonging to the group of non-ferrous metals are the basis
of alloys called ferroalloys and are two-component or more complex compositions of
the corresponding metals and non-metals with iron. Conventionally, the metals and
non-metals that make up the basis of ferroalloys can be called ferroalloy elements.
These include elements: Mn, Si, Cr, Ca, Al, Ba, Sr, Mg, Ti, V, W, Mo, Nb, REM, Se,
Ta, Te, Zr, Ni, B. In ferroalloys in large or smaller amounts of impurity elements are
present: S, P, Cu, Sn, Sb, Bi, O, H, N, etc.

A comparative diagram of the prevalence of these elements in nature is presented
in Fig. 3.1.

Two groups of ferroalloys are distinguished—bulk (major) and minor.

The group of bulk (major) ferroalloys (production volume millions of
tons) includes silicon ferroalloys (ferrosilicon of all grades, crystalline silicon);
manganese ferroalloys (high-carbon, medium-carbon and low-carbon ferroman-
ganese, silicomanganese, metallic manganese, nitrided manganese, manganese liga-
tures); chromium ferroalloys (high-carbon, medium-carbon and low-carbonaceous
ferrochromium, ferrosilicochromium, metallic chromium, nitrided ferrochromium,
ligatures of complex compounds).
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The group of minor ferroalloys (production volume of tens and hundreds of thou-
sands of tons) includes: ferrotungsten; ferromolybdenum; ferrovanadium; ferrotita-
nium and alloys systems Fe—Si-Ti, Ti—Cr—Al; Ti—-Cr—Al-Fe, Ti-Ni; ferroniobium
and alloys of the Ni-Nb, Nb-Ta—Fe systems; Nb—Ta—Mn-Al-Si-Ti; Nb-Ta-Al;
ferrosilicozirconium and ferro-alumo-zirconium; ferronickel and ferrocobalt; alloys
with aluminum (silicoaluminum, ferroaluminum, aluminum ferrosilicon, alloys of
the Fe—Al-Mn-Si, Fe-Mn-Al systems); alloys of alkaline-earth metals (silico-
calcium, silicobarium, silicomagnesium, strontium silicon, complex alloys of the
systems Fe—Si—-Mg—Ca; Si—-Ca—Ba-Fe; Si-Ba—Fe; Si—-Ba—Sr and others); ferroboron,
ferroboral and ligatures with boron (Ni-B, Cr-B, B—-Si—Al-Ti—Zr); alloys with rare
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earth metals (REM) of REM-Si systems; Ce—Si—Fe; REM—-AI-Si; phosphorus and
ferrophosphorus; ferroselenium and ferrotelurium.

The main components of ferroalloys are called leading elements. The degree of
reduction and transition of an element to metal or extraction of a leading element
determines the technical and economic efficiency and feasibility of the technology
used. Analysis and comparison of production indicators of ferroalloys from raw
materials of various compositions and methods of their production in furnaces of
various designs and capacities are carried out under the condition that the number of
ferroalloys is calculated in base tons. Base ton—1 ton of ferroalloy, ore, concentrate
with a strictly defined content of the leading element or its compounds. For example,
in accordance with the FS45 grade ferrosilicon standard, it may contain 41-47% Si,
and 1 ton of alloy with 45% Si is taken as the base ton.

The properties of ferroalloys largely depend on the physicochemical properties
of the leading elements, which are the metals of the first three large periods, more
precisely, the transition metals of the first (Sc, Ti, V, Cr, Mn, Fe, Co, Ni), the second
(Y, Zr, Nb, Mo), third (La, Ta, W) periods, as well as metals at the beginning of large
periods (Mg, Ca, Sr and Ba) of the Periodic Table of D.I. Mendeleev. The properties
of metals are determined by the structure of s-electron, p-electron, d-electron and
f-electron shells. The designation of electronic shells comes from the first letters of
the corresponding words: s—sharp; p—principal; d—diffuse; f—fundamental.

In accordance with a change in the electronic configuration of metals, their prop-
erties naturally change. For example, the melting temperature of metals, as a char-
acteristic of the resistance of the crystal lattice to thermal fluctuations, rises in each
large period as the levels are filled with electrons, reaching maximum values for
chromium (first period), molybdenum (second period) and tungsten (third period),
and then decreases. The same character is observed for the boiling temperature of
metals, as a measure of the energy of the atomic bonding, the heat of vaporization,
valency and some other properties of the elements.

The majority of ferroalloys are used in steelmaking for alloying and deoxidizing
steel, as well as for alloying and modifying cast iron and alloys, the manufacture of
welding electrodes, the production of chemical compounds, as a starting material for
protective coatings on metal structures and devices, in the enrichment of minerals.
Ferroalloys also serve as feedstock for the preparation of highly pure substances
(elements and compounds) and are widely used as reducing agents in metallothermic
processes.

Most ferroalloys contain a relatively large amount of iron. This is because in
the feedstock, along with the oxides of the leading element, iron oxides are always
present, which are not a harmful impurity for most ferroalloys. Moreover, iron,
dissolving the reduced leading element, reduces the activity of the latter and the
melting point of ferroalloys, increases the density of a number of ferroalloys and
increases the useful use of leading elements in the deoxidation and alloying of steel
and alloys. The formation of metal solutions of reduced elements in iron by reducing
the activity of the leading element in the solution decreases the Gibbs energy of the
reduction process. Thus, during the formation of iron-based solutions, the reduction
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of the leading element is possible at lower temperatures with higher recovery; there-
fore, iron is often specially introduced into charge materials (in the form of chips,
less often in the form of oxides). The cost of reduced elements in ferroalloys is lower
than pure ones.

3.2 General Requirements for the Quality of Ferroalloys

The quality of ferroalloys is characterized by the content and limits of variations
of the leading element, the concentration of regulated accompanying impurities (C,
P, S, non-ferrous metals, N, H, O, etc.), particle size distribution, density, state of
the surface of the pieces, melting point, the content of non-metallic inclusions and
inclusions of slag.

Chemical composition. The main indicator of the quality of a ferroalloy is its
chemical composition and, above all, the content of the leading element in it. In
this case, it is important that the content of the alloying element in the ferroalloy of
individual smelting be combined in one batch.

Granulometric composition. An important characteristic of the quality of a
ferroalloy is its particle size distribution, since with the right choice, the process
of dissolution melting is accelerated, and high absorption of the alloying element in
the steel bath is ensured. At the request of consumers, ferroalloys are delivered with a
strictly specified particle size distribution. The mechanical properties of ferroalloys
are also important, since the choice of crushing devices for producing alloys of a
given particle size distribution depends on them.

3.3 Classification of Ferroalloy Processes by the Type
of Used Reducing Agents

This feature is the main one, since not only the physicochemical processes that
determine the essence of the technology of various ferroalloys depend on the type
of reducing agent, but also practical methods of conducting the process, the type of
furnace unit used, the chemical composition of the resulting alloy and the area of
its use. According to this criterion, the processes of production of ferroalloys are
classified into carbothermic, silicothermic and aluminothermic. Calcium-thermic
and magnesium-thermic processes are not used in metallurgy of ferroalloys.
Carbothermic processes. In carbothermic processes, a solid carbon is a reducing
agent for oxides. In general terms, total reactions can be represented as follows:

2/yMe,0, +2C =2x/yMe +2CO + AH;
2/yMe,Oy, + 2 +2x/2)C = 2x/yzMe,C, +2CO + AH,.
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The main feature of these processes is that one of the reduction products is carbon
monoxide, the removal of which from the bath ensures irreversibility of the reactions.
By carbon, all elements from their oxides can be reduced at high process temper-
atures, since the chemical affinity of carbon to oxygen increases with increasing
temperature. Carbon has a low cost, and carbon materials of various quality can be
used.

The disadvantages of carbon as a reducing agent include the following: (1) during
the reduction of oxides, carbides are formed; with increasing silicon content in the
alloy, the carbon concentration decreases; (2) oxides reduction reactions occur with
the absorption of a large amount of heat (AH > 0); therefore, as a rule, the use of
high-power electric arc furnaces is required.

Silicothermic processes. Silicothermic reduction of metals from oxides occurs by
reaction

2/yMe,O, + Si = 2x/y Me + SiO, — AH.

The reduction of silicon oxides is carried out using complex high-silicon ferroal-
loys of the Me—Fe-Si type, where Me is Mn, Cr, which are preliminarily obtained
by the reduction of silica (as well as manganese and chromium oxides) with carbon.
Therefore, the technological scheme for the production of low-carbon ferroalloys
includes the stage of smelting of the alloys for further processing: ferrosiliconman-
ganese and ferrosilicochromium. In some cases, ferrosilicon of the FS75 or FS65
grades is used as a reducing agent in the silicothermic process (smelting of ferrotung-
sten, ferromolybdenum, ferrovanadium, etc.). Because of silicon oxide reduction,
the slag is enriched with silica. A high degree of reduction of the leading element
is achieved by reducing the activity of SiO, in the slag; therefore, melting is carried
out by the flux method using lime (CaO) as a flux. Silicon can also be used as a
reducing agent in the reduction of oxides of elements with a higher chemical affinity
for oxygen than silicon. In this case, a satisfactory removal of the leading element
is achieved by introducing an excess amount of silicon into the charge. The final
product is obtained with a high concentration of silicon (silicothermic silicocalcium,
etc.).

Silicon has a high chemical affinity for oxygen; therefore, it can serve as areducing
agent for elements from oxides such as Cr,O03, MnO, MoO3, WO; and V,03. The
reduction of oxides with silicon is accompanied by the release of heat, which, as a
rule, is insufficient to conduct out-of-furnace silicothermic process, so the process is
conducted in electric furnaces of relatively low power (2.5-7 MV - A).

Silicon as a reducing agent has the following disadvantages:

(1) due to the formation of silica, the amount of slag increases, in which strong
silicates of the lower oxides of the leading element are formed; further reduction
of the leading element is possible when oxides with high basic properties are
introduced into the slag (charge) (CaO, MgO).

(2) at temperatures of smelting of ferroalloys, silicon forms solutions with metals
that are characterized by significant negative deviations from ideal behavior,
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which indicates the strength of the Me—Si bond and makes it difficult to obtain
alloys with a low silicon concentration.

Aluminothermic processes. Aluminothermic reduction of metals from oxides
proceeds by reaction

2/yMe, O, + 4/3A1 = 2x/y Me + 2/3A1,05— A H

and is characterized by significant negative Gibbs energy, so the process proceeds
with a high useful extraction of the leading element. The main features of the
aluminothermic process: the release of a significant amount of heat as a result of
the course of the reduction reaction and the possibility of carrying out processes
outside the furnace. In this case, high temperatures (2400-2800 K) are achieved,
which ensure the production of slag and metal with a temperature exceeding the
onset of crystallization, good separation of the metal and slag phases, and a high
process speed. In aluminothermic processes, the recovery of metals from oxides
does not require additional heat supply (use of an electric furnace), with the excep-
tion of extra strong oxides (for example, production of ferrosilicozirconium), when
they are melted in an electric arc furnace.

The advantage of aluminothermic processes is: (1) the ability to reduce a wider
range of elements with a chemical affinity for oxygen less than that of aluminum;
(2) reduction of oxides and production of alloys and technically pure metals with a
low concentration of carbon and impurities of non-ferrous metals; (3) the simplicity
of the hardware design process, low capital costs; (4) process management in the
leaning furnace with the release of slag and metal; (5) the possibility of preliminary
melting of oxides and fluxes in an electric furnace, which can significantly intensify
the process and reduce the consumption of aluminum; (6) the use of high-alumina
slag for the production of synthetic slag, as well as high-alumina cement.

The disadvantages of the aluminothermic process include: (1) the high cost and
scarcity of aluminum; (2) the possibility of the formation of lower oxides of the
leading metals, a decrease in the thermodynamic probability of the reduction of
these oxides and the reduction of metals from the charge; (3) the formation of high-
alumina slag with a high viscosity, causing loss of reduced metal in the form of metal
shots.

3.4 Classification of Ferroalloy Processes by Type
of Aggregate

The main methods for the production of ferroalloys that currently exist are electric
furnace, metallothermic, blast furnace, electrolytic and special methods.

The electric furnace method is based on the use of electric arc furnaces, in which
heat is released when current passes through the gas gap and charge materials with a
sufficiently high electrical resistance. The processes are characterized by obtaining
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high temperatures in the area of combustion of electric arcs, carrying out processes
with any composition of the gas phase (reducing, oxidizing, neutral) and in vacuum.
It is possible to easily and quickly change the power of a furnace plant with full
automation of its operation.

The metallothermic method is based on the use of heat from chemical reactions
for the reduction of element oxides with aluminum and silicon. These processes can
be carried out without the supply of electrical energy, although in recent years most
technologies have provided for the preliminary melting of charge materials in electric
arc furnaces to intensify the process, save expensive reducers and more fully remove
the leading elements from the charge into metal.

The blast furnace method allowed for the first time to obtain ferroalloys containing
silicon, manganese and chromium, but this method requires a significant consumption
of high-quality coke, and the resulting alloys contain carbon at the saturation limit, so
it is impossible to obtain low-carbon ferroalloys in a blast furnace. So, in the smelting
of high-carbon ferromanganese in a blast furnace, the coke consumption per 1 ton of
alloy is 1700-1800 kg, while in the smelting of this alloy in an ore-smelting electric
furnace, the coke consumption is not more than 450-500 kg/t, which determines a
lower the cost of the alloy melted electrochemically. In a blast furnace, it is impossible
to create temperature conditions for obtaining ferroalloys containing metals having
a greater chemical affinity for oxygen than iron, as well as refractory metals.

The electrolytic method is based on the electrolysis of aqueous solutions or molten
salts and is used to produce highly pure metals. This method is associated with
significant energy consumption and the need to use especially pure raw materials.

Special methods are used to obtain and refine alloys in vacuum resistance furnaces,
induction furnaces and in converters, which makes it possible to produce ferroalloys
and pure metals with a very low content of carbon, oxygen, hydrogen, non-metallic
inclusions, as well as nitrided ones.

3.5 Classification of Ferroalloy Processes by Technological
Features

The variety of reducing agents used determines a number of features of ferroalloy
processes, which are the basis for their classification according to various techno-
logical characteristics.

Continuous and batch processes. Ferroalloy processes are divided into continuous
and batch. Continuous processes are conducted in stationary ore-smelting electric
furnaces. Furnaces can be single-phase (with one or two electrodes) and three-phase
with three or with a large number of electrodes, a multiple of three. The furnaces
are powered by an alternating current of industrial frequency (50 Hz) and can have a
round or rectangular bath. Furnaces with a round bathtub are equipped with electrodes
of circular cross section; furnaces with a rectangular bathtub can have both round and
flat (rectangular, oval) electrodes. In furnaces with a round bath, the electrodes are
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located at the vertices of an equilateral triangle; in furnaces with a rectangular bath,
the electrodes are located in one line. Continuous processes are characterized by
continuous loading of the charge into an ore-smelting electric furnace with a closed
top. The mixture is located in the furnace at a certain level throughout the process.
The electrodes are constantly immersed in the charge, and the release of metal and
slag is carried out periodically or continuously. In this case, furnaces of large unit
electric power (16.5-100 MV - A) are used, and carbon-containing materials (coke,
semi-coke, less often anthracite, coal) are used as reducing agent.

Periodic processes are carried out using a certain amount of charge materials
intended for one heat. The charge loaded into the furnace is completely melted with
the reduction of the oxides of the leading elements. Melting is carried out in steel-
type arc electric furnaces with a capacity of 5-8 MV - A (silicothermic processes)
or in melting furnaces (aluminothermic processes). The release of melting products
(metal and slag) is carried out periodically; most often, they release metal and slag
from the furnace at the same time.

Slag-free and slag processes. Slag-free processes include ferroalloy smelting, in
which the amount of slag is insignificant and amounts to 3—-5% of the mass of the
metal (e.g., smelting of crystalline silicon, ferrosilicon and ferrosilicochromium). In
slag-free processes, slag is formed by oxides contained in small quantities in ores,
concentrates, coke ash, and not recovered during smelting.

Slag processes are accompanied by the formation of a significant amount of
slag. The slag ratio can be 1.2-1.5 (e.g., in the smelting of high-carbon ferroman-
ganese and ferrosiliconmanganese) and 2.0-3.5 (e.g., in the production of low-carbon
ferrochromium and manganese metal by the silicothermic method).

Flux and flux-free processes. Ferroalloys smelting in a batch process is most often
carried out by a flux method, although flux-free melting is advisable under certain
conditions. With the flux method, the reduction of the oxides of the leading element
occurs according to the reactions:

2MeO - SiO; + 2C + CaO = 2Me + CaO - SiO, + 2CO;
2MeO + Si + CaO = 2Me + CaO - SiOy;
3MeO + 2Al 4 CaO = 3Me + CaO - A,Os.

The introduction of flux reduces the activity of SiO; and Al,O; in the slag, which
is accompanied by an increase in the yield of the reduced metal. As fluxes, materials
containing CaO, MgO and other components that form the most durable chemical
compounds with oxides—products of reduction reactions—are used. At the same
time, the viscosity of the slag decreases, the melting temperature of the slag decreases
(or increases), and the concentration of impurities in the ferroalloy decreases, which
leads to a more complete extraction of the lead element and an increase in the quality
of the ferroalloy.

Electric melting and melting without flux are possible. At the same time, energy
consumption is reduced and furnace productivity is increased, but the degree of
reduction of the leading element is decreased. Slag contains a significant amount
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of oxides of the leading element, and it is usually used for smelting ferroalloys. At
the same time, the consumption of flux decreases and the through use of the leading
element increases. However, the flux-free method can be carried out using high-
quality ores and concentrates with a low content of phosphorus and other impurities.
The choice of a technology for melting with the introduction of flux into the mixture
or melting without flux is determined by the quality of the obtained ferroalloy, its
economy and the possibility of increasing the productivity of the furnace.



Chapter 4
Metallurgy of Silicon and Silicon Carbide | o

4.1 Properties of Silicon and Its Compounds

Silicon belongs to VIa group of the Periodic Table of Elements, atomic number 14,
atomic mass 28.08, electron shell configuration 352 3p2 , exhibits oxidation state +4
(the most stable), 43, 42 and +1. The melting point of silicon is 1415 °C; the boiling
point is 3250 °C. The silicon crystal lattice is cubic, face-centered diamond type. The
affinity of the silicon atom to the electron is 1.22 eV, Pauling electronegativity is 1.8,
the atomic radius is 0.133 nm, and the ionic radius is Si4* 0.040 nm (coordination
number 4), covalent radius 0.1175 nm.

Table 4.1 shows the thermodynamic constants of silicon and some of its
compounds.

Silicon melts with a decrease in volume of 9%. The density of siliconis 2.33 g/cm?.
In the range 1687-1973 K, the dependence of density on temperature is described
by the expression (g/cm?):

dg =2.49 —2.722 - 10~4(T — 1687).

Si-O system (Fig. 4.1). The solubility of oxygen in solid silicon is very small;
therefore, this region is not shown in the state diagram. The temperature dependence
of soluble oxygen in liquid silicon has the form:

1g[%0]s = —6975/T + 1.5205.

The change in the Gibbs energy of the reaction of dissolution of molecular
oxygen in liquid silicon is described by the equation: AG% = —339,663 + 69.9T,
(J/mol10,).

The change in the Gibbs energy of the reactions of formation of silica taking into
account the state of aggregation of silicon is characterized by the following equations:
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Table 4.1 Thermodynamic constants of silicon and some of its compounds

Substances formula | A Hyye, kJ/mol | AGSg, kJ/mol | $34q, J/(mol K) C;298, J/(mol K)
Si - - 18.84 20.06
Siras 452.2 407.9 167.98 22.27
SiO2(a-quartz) —911.59 —857.49 41.89 44.47
SiOgas —103.42 —130.299 211.61 29.89
SiC-cubic —66.15 —63.768 16.62 26.88
SiC-hexagonal —62.81 —60.377 16.497 28.81
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Fig. 4.1 Equilibrium state diagram of the Si—O system

Sis + O, = SiOys), AG5o5_ 1600k = — 88,3500
— 12.56TlgT + 218.7T, J/mol,

Sij + O, = SiOx), AGgg_ 1600k = —932,500
— 12.77T1gT 4 250.3T, J/mol.

The most stable phase is SiO, (quartz), melting point ¢,, = 1726 °C and boiling
point t, = 2275 °C, silica has several modifications that are stable in certain
temperature ranges (Table 4.2).

The transformation of quartz during heating (cooling) is accompanied by a rela-
tively large change in volume, sometimes leading to cracking of quartz (quartzite),
as a component of the charge, on the furnace top. The sequence of phase transitions
of quartz is presented in the diagram below:
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Table 4.2. Characterization Transformation t,°C AV. % —0y, J/mol
of the main phase
transformations of silica at B-quartz — a-quartz 574 0.80 | 1047
po, = 100 kPa (Q;—heatof  y_quartz — a-tridymite 870 14.70 | 502
phase transformation) a-quartz — a-cristobalite | 1050 | 1470 | 837
«-cristobalite — melt 1726 1260 1793
870°C 1470°C 1720°C
o - quartz — o - tridymite — o - cristobalite — melted silica
$ 574°C $ 163°C $ 180 — 275°C ¢
- tridymite . .. siliceous(glass obtained
B - quartz B Y B - cristobalite (2

3 117°C
y - tridymite

by rapid cooling

Not all silica modifications have the same value for characterizing the behavior
of quartzite in the smelting of ferrosilicon and other silicon ferroalloys.

According to the rate of modification transformations of quartz, two groups of
transitions are distinguished. The first group includes fast transitions in any main
form of SiO,, and in two directions, i.e., enantiotropically. In the diagram, they are
indicated by vertical arrows indicating temperatures. The high rate of these transitions
is explained by small changes in the lattice parameters. Therefore, with the -quartz
— @-quartz transition, the volume increases by only + 0.8%, while the a-quartz —
a-tridimyte transition is accompanied by a change in volume by + 14.7%.

The second group of transitions proceeding slowly is located in a horizontal row
due to the deep rearrangement of the crystal lattices. For example, «-quartz can be
melted while in an unstable state. Under ordinary conditions, 8-quartz is a stable form
(see the scheme), therefore in nature, there are quartz, and many varieties of quartz
minerals are in the B-form (rock crystal, gangue quartz, quartz sands, sandstones,
quartzite, chalcedony, flint, etc.)

The main crystal-chemical structural unit of quartz is the silicon-oxygen tetra-
hedron [SiO4]* (Fig. 4.2), in which the silicon atom is located in the center of the
tetrahedron and at its vertices. The distance between the silicon atoms and Si—O
oxygen is equal to the distance of 0.162 nm, the nearest oxygen atoms are 0.264 nm
from each other, and the angle of the OSiO is 109°28’. The charge of the tetrahe-
dron is —4. [SiO4]*~ tetrahedra can be in contact, forming various more complex
structural configurations.

Modern ideas about the melts of silicates. Binary and more complex silicates
according to [1] are polyanionic liquids represented by a set of Si;O%™ anions (where
z =2y — 4i) in chemical equilibrium. At the first stages of the study, it was assumed
that in the MeO-SiO, binary system, both Si;O}" and 0% ions are separated by
cation shells. Later, an approach was substantiated to develop a theory of the structure
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Fig. 4.2 Scheme of
elementary tetrahedron
SiOi_ (distances in nm)

of silicates and slags, according to which the melt structure is determined by the
equilibrium of three forms of the oxygen atom: one-, two-bound and free 20~ = Q°
+ 0.

According to the polymer model, two SiOi* monomers can form a complicated
anion-dimer according to the scheme

siO}™ +si0} = 5,05 + 0.

According to the model, the Si3 0?5 trimer, with one self-closure, cleaves the O*~
ion according to the scheme

Si;0%, = Si;05” + 05~

and becomes ring-shaped. When quantitatively processing the model, isomers were
not taken into account, and therefore, an interpretation of the general model, including
all kinds of anion structures and their isomeric forms, was given.

Si-S system. The solubility of sulfur in solid silicon at a temperature close to the
melting point is very low and is characterized by the following data: at 1573 K -4 x
1073% (at), at 1673 K, it increases to 6 x 1073% (at). Silicon with sulfur forms
sulfides SiS,,, and SiSy(gas).

The temperature dependence of the Gibbs energy change of the reaction of
formation of sulfur sulfide is represented by the equation:

1
Sis + 3 S2gas = SiSut A0 g5k = ~52.250 +38.367

Sulfur vapor at a temperature above 900 °C interacts with SiC by the reaction:
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SiC + 484, = SiS; + CS,.

The reactions considered are important for interpreting the behavior of sulfur
contained in charge materials and, first of all, in coke (up to 2%), during the smelting
of crystalline silicon, silicon carbide SiC and other silicon ferroalloys.

Carbon properties. The atomic number of carbon is 6, and the atomic mass is
12.011. Carbon does not melt under normal pressure.

The transition of carbon into a liquid state requires high temperatures and pres-
sures. As follows from Fig. 4.3, equilibrium conditions for the transition of carbon
solid < liquid state are determined by the line delimiting regions 1 and 2. For
example, to obtain carbon in liquid form at 3000 K, a pressure > 400 GPa is required.

C-O0 system. The interaction of carbon and oxygen under certain conditions
can lead to the formation of CO and CO,. For the reaction 2C + O, = 2CO, the
equilibrium constant has the form:

Kp = pto/(a¢ — po,). (4.1)

atac = 1, Kp = péo/poz.
The temperature dependence of 1gKp is determined by the equation IgKp=
56,324/T + 36.89 and AG%. = —236,000 — 168.8T, J/mol Oy.

For the reaction C + O, = CO,, the equilibrium constant is

Kp = pco,/(ac — po,). 4.2)

atac = 1, Kp = pco,/po, 1gKp = 86,255/T + 0.184,

Fig. 4.3 Carbon state T X
diagram: 1—Iliquid;

2—stable diamond;

3—stable graphite; 4—stable

diamond and metastable 4000
graphite; 5—stable graphite
and metastable diamond;
6—is a hypothetical region
of other solid carbon
modifications; 7—points
corresponding to the
conditions for the direct 2000
transformation of graphite

into diamond; 8—areas of

diamond formation using

metals; 9—field of 1000
experiments on the formation

of diamond at low pressure

3000

6

!
!
I
1

pP-10%Pa
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AGS = —394,210 — 0.842T,J/mol O,.

Carbon monoxide CO can interact with oxygen by the reaction 2CO + O, =
2CO,, the equilibrium constant of which

IgKp = peoa/ (Péoro,) (4.3)

lg Kp =123,520/T —41.5,

AGY = —565,000 + 189.86T, J/mol.

Carbon and carbon dioxide can interact by the reaction CO, + C = 2CO, the
equilibrium constant of which

Kp = pto/(pco, — ac) (4.4)
IgKp = —37,330/T + 38.160,

AGY = 170,780 — 174.58, J/mol.

Figure 4.4 shows the dependence AG?. (T) for the reaction (4.1)-(4.4).

An analysis of the equations shows that the thermodynamic probability of the
reaction (4.3) decreases and for the reaction (4.1), increases with increasing temper-
ature. A change in temperature due to a slight change in the entropy of the reaction

Fig. 4.4 Dependence of the AG®, kJ/mol
change in Gibbs energy on
the temperature of reactions

in the C-O system e ’._’_.f"
210 i~ _ C,Oa’_,z"
;LC,O‘ -
i /r’
- t?po"; i
; 0-34 -~
-210 — : A St
i ‘ZC"OJ -
~J -7 ¢c+0,=c0
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weakly affects the thermodynamic probability of the reaction (4.2). The straight lines
AGY = f(T) in Fig. 4.4 for reactions (4.1), (4.2) and (4.3) intersect at a point corre-
sponding to a temperature of 976 K. Under conditions of excess carbon and at 7' >
1300 K, the only product of the interaction of carbon with oxygen is CO. With an
excess of oxygen, carbon and CO are oxidized to CO,.

Si—C system. The state diagram of the Si—C system is presented in Fig. 4.5. The
solubility of carbon in solid silicon is very low, and in the liquid state increases
significantly. The dependence [%C] = f(1/T) has the form [2]

[%C] = 3359 - exp(22147/T).

In this system, SiC carbide with a composition of 70% Si and 30% C is formed,
which at 2545 °C is converted by a peritectic reaction.

The reaction of solid silicon with carbon Si; + C; = SiCy is characterized by
a change in Gibbs energy AGSg_jss3x = —33,510 + 69.5T and for a reaction
involving liquid silicon

Si; + C5 = SiCq

Gibbs energy change equation has the form: AG$ = —100,600 + 34.97. The gas
phase above SiC carbide has a complex composition that is temperature dependent.
So, at 2000 K, the gas phase contains% (vol.): 86.5 Si; 6.1 SiC,; 7.4 SiC.

The density of silicon carbide is 3.22 g/cm?.

The specific electrical resistance of silicon carbide at temperatures up to 1273 K

is 1.3 O m. Silicon carbide is colorless; the presence of impurities stains it in green
or black.

Fig. 4.5 Equilibrium state i
disgram of the SIEC system 0 10 20 30 40 50 60 80 100
t,°C T | R
4000 - Gas SiC, s896°C
v o2l Al
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4.2 Theoretical Foundations of Silicon Reduction
by Carbon

The balance reaction characterizing the process of reducing silicon from silica to
carbon in the preparation of crystalline silicon can be described by the equation

Si0; 4 2C = Si 4 2CO; K p = (asipgo)/(asio, a);

AGY = 697390 — 359.07T, J/mol.

The theoretical temperature of the onset of the reaction (AGj = 0) is 1942 K.
However, in reality, the process of silicon reduction with carbon at various temper-
atures proceeds through the stages of the formation of intermediate products SiOg)
and SiC, which must be taken into account in thermodynamic analysis to correctly
predict the parameters of the technology for smelting crystalline silicon. Thus, a
thermodynamic analysis of the reactions of reduction of Si from SiO, by carbon can
consist in revealing the features of phase equilibria in the Si-O-C system.

In [3-5], a model for thermodynamic analysis of the dominant phase equilibria
in the Si—-O-C system was based on the minimum number of reactions chosen and
the minimum number of possible components in the system (condensed SiO,, SiC,
Si, C and gaseous SiOg,s and CO). The following six basic reactions were taken into
account:

Si0, + C = SiO() + COyyy, IgK = —35444/T 4 17.19; (4.5)

2810, + SiC = 3SiO(y) + CO(y), IgK = —75294/T + 34.45; (4.6)

SiO(g) + 2C = SiC + COyy), IgK = 4583/ T — 0.141; 4.7)
Si0, 4 Sig) = 2Si0(y), Ig K = —33020/T + 15.05; (4.8)
SiO(g) + SiC = 2Si() + COyy), IgK = —9239/T + 4.36; (4.9)
SiO( 4 C = Sig) + CO(y, IgK = —2424/T +2.14. (4.10)

An analysis of the calculations of the phase equilibria in the Si—-O-C system
using the six reaction model and the interpretation of the results presented in the
log(psio/pco) — U/T coordinates shows that this thermodynamic model is inade-
quate [6]. It is known that the components of the coordinate axes cannot contain the
dominant element (in our case, silicon), since, upon calculations, the Gibbs phase
equilibrium rule F = C — P + 2 (Sect. 1.5) will not be satisfied.
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The six reaction model calculates the equilibria in the Si—-O-C system only for
four condensed phases and only takes into account the partial pressures of SiO and
CO, and the components with lower pressures are not included. The forced restriction
of the total partial pressure of the components psio + pco = 1 atm is contradictory
to, e.g., the possibility of reaction (1) (SiO, 4+ C = SiO + CO). The equilibrium
constant of the reaction is 2.22 at 1800 K.

At 1800 K, the change in the Gibbs energy of the reaction at conditions pyy =
psio + pco = 1 atm calculated with new thermodynamic data is 13,763 J/mol. The
equation psio(1 — psio) = 2.22 has no real solutions, since the partial pressures psio
and pco are complex numbers, 0.5 &= 1.404i. Thus, in this approximation, the system
cannot physically exist, although it is reliably known that the reaction can occur.

Another peculiarity of the additional restriction psio + pco = 1 atm should be
taken into account. On this basis, the psiopco product should always be smaller than
or equal to 0.25, since the maximum (0.25) is achieved at psio = pco = 0.5.In a
similar manner, the equilibrium constant of reaction (4.4) (SiO; + Si = 2SiO) is 2.4
at 2200 K, and this means that psio = 1.55 and pco = 1 — 1.55 = —0.55 atm, which
has no physical sense. These data confirm that, under the condition psio + pco =
1 atm, the equilibria of reactions (4.5), (4.6) and (4.8) have no solutions in the region
of elevated temperatures if we use only the six chosen reactions.

4.3 The Assortment of Crystalline Silicon and Quality
of Raw Charge Materials

Silicon assortment. Silicon of technical purity (96-99%) (Table 4.3), called crys-
talline, is obtained by reducing it from quartz or quartzite by carbon in ore-smelting
electric furnaces using alternating or direct (less often) current. The balance reaction
for producing silicon can be represented in the following form (in J/mol):

Si0, 4+ 2C = Si+ 2CO

Table 4.3 Chemical composition of crystalline silicon

Silicon grade The content of elements, % (by weight)
Si, no less Impurities, no more
Fe Al Ca Fe 4+ Al 4+ Ca, no more

Si00 99.0 0.4 0.4 0.4 1.0
Si0 98.8 0.5 0.6 0.4 1.2
Sil 98.0 0.7 0.7 0.6 2.0
Si2 97.0 1.0 1.2 0.8 3.0
Si3 96.0 1.5 1.5 1.5 4.0
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AG$ = 697,390 — 359.07T.

The theoretical temperature of the onset of this reaction, as noted above, is 1942 K
(1669 °C).

Applications for crystalline silicon. Crystalline silicon has a wide range of applica-
tions: for smelting silicon—copper alloys; synthetic aluminosilicon alloys (silumins)
alloyed with other metals of silicon bronze, obtaining organosilicon compounds, and
is also used in ferrous metallurgy for deoxidation and alloying of special steels and
alloys. The highest quality grades of silicon can be used as a starting material for the
production of silicon of solar and semiconductor purity.

The chemical industry consumes 44% of the crystalline silicon produced. The
annual growth in silicon consumption in this industry has reached 6%. About half
of the volume of smelted silicon is spent on obtaining aluminum-silicon cast alloys
(silumins) for the engineering industry.

With increasing energy consumption and environmental requirements, high-purity
silicon has become the focus of attention of scientists and specialists involved in
renewable energy sources and, above all, solar energy.

Quality of quartzite for smelting crystalline silicon. Quartzite represents a rock
composed of quartz cemented by quartz material. In geological practice, quartzite is
a dense and strong rock consisting of quartz grains and cemented by a silica binder,
which together with quartz grains represents an opal—chalcedony—quartz system.
The fibrous structure of chalcedony includes water-containing opal secreted between
the fibers.

Quartzite—sandstones, mainly consisting of quartz, are also distinguished in the
geological literature, the color is absent, the color is light, gray-white, sometimes it
contains hematite pigment and is painted in pink and red tones, and even less often,
they contain highly metamorphosed carbonaceous matter, coloring them in dark gray
tones.

For the smelting of crystalline silicon at the Zaporizhzhya Aluminum Plant (OJSC
ZALK), high-purity quartzite is used for impurity oxides of the Banichsky deposit
(Ukraine). The following quality indicators are regulated in Banichsky quartzite: not
less than 99.0% SiO, and not more than 0.25% Al,O3, 0.15% Fe,O3 and 0.0z5%
Ca0. The bulk weight of quartzite is 1.4 t/m>, and the size of pieces is 20-90 mm.
Due to the higher cost and relatively smaller production of Banichsky quartzite in
comparison with the quartzite of the Ovruch deposit (Ukraine), it is used for the
smelting of crystalline silicon and high-silicon ferrosilicon with a low aluminum
content.

It is important to note that the suitability of quartzite of each deposit is determined
not only by its chemical composition, but also by its behavior in ore-smelting electric
furnaces due to cracking and other factors. The suitability of quartzite for the smelting
of silicon, ferrosilicon and other silicon ferroalloys should be confirmed by lengthy
industrial tests of their electrometallurgical properties.

Quality of carbon reducing agents. The basic requirements for the quality of
carbonaceous reducing agents are different for each group of ferroalloys and include
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monitoring of the following indicators: (1) the content of solid (nonvolatile) carbon,
volatile substances, working moisture and sulfur; (2) the amount and chemical
composition of the ash; (3) electrical resistivity; (4) porosity; (5) physical and
mechanical properties (particle size distribution, strength characteristics); (6) the
reducing ability with respect to the oxides of the reduced element. But under the
real conditions of the ferroalloy process (high temperatures, a low charge column in
a ferroalloy furnace, the inevitable process of the formation of metal carbides and
gaseous lower metal oxides, etc.), one of the most important characteristics of carbon
reducing agents is the reducing ability of the carbon material, taking into account
its electrical resistance and other parameters. Table 4.4 shows the compositions and
properties of the most widely used reducing agents.

The possibility and feasibility of using a specific reducing agent to obtain a certain
type of ferroalloy are determined during testing in industrial conditions.

Table 4.4 Comparative characteristics and quality of carbon reducing agents

Parameter Metallurgical coke | Coke breeze | Semi-coke | Petroleum coke | Charcoal

Technical analysis content, %

A4(ash) 10.65 10.80 27.00 0.71 1.45
vl (yolatile) 1.44 1.20 5.60 8.08 14.54
WP (moisture) 0.44 1.30 1.90 0.80 2.10

§¢ (sulfur) 0.89 1.34 0.91 423 0.04

C; (carbon) 87.02 86.66 71.49 86.98 83.97
Reactivity at 0.69 0.92 8.00 0.42 11.1
1323 K, ml/(g s)

Pspec, Ohm m 1.21 1.48 7500 3 x 10° 2 x 10°
(fraction 3—6 mm)

Structural 83.0 85.0 63.7 64.3 39.0

strength, %

Density, g/cm3

True 1.82 1.95 1.58 1.41 1.40
Apparent 091 0.93 0.93 1.12 0.40
Porosity, % 53.1 49.7 55.0 20.1 63.8
(em*/g) (0.49 (0.51) 0.67) 0.18) (1.1)
Ash content, %

Si0, 35.4 36.5 75.7 46.3 1.90
AlO3 233 22 112 243 3.40
Ca0 + MgO 38 39 3.0 105 41.1
Fe2O3 338 33.7 7.6 142 0.85
P,0s 0.24 0.24 0.03 0.75 5.12

K>0 + Na,O 2.13 2.64 1.18 0.13 0.29
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The tendency of carbon materials to graphitization is of negative importance.
Graphitization causes a decrease in the chemical activity of carbon, electrical resis-
tance and specific surface, which impairs the ability of a carbon material to reduce
metals from oxides.

The electrical resistance of the charge mixtures. An important property of a charge
for producing ferroalloys by a carbothermic process with electrodes immersed in a
charge is its specific electrical resistance p, which, all other things being equal,
depends on the amount and particle size distribution of coke, quartzite and other
charge components.

With a decrease in the size of pieces of coke and quartzite, the value of p increases.
Excessive reduction in the size of the pieces reduces the gas permeability of the charge
column in the furnace bath, which leads to a drop in productivity and technical and
economic indicators of smelting ferroalloys. In practice, the calculation of the particle
size distribution of the charge is checked by examining the operation of furnaces on
the charge of various particle size distribution.

The desire of ferroalloys technologists to maximize the electrical resistance of
the mixture during alloy melting by a continuous process is explained by the need
to reduce the fraction of the charge conduction current and increase the proportion
of the current passing through the electric arc—a high-temperature heat source.

Crystalline silicon of high purity in terms of the content of impurities for special
purposes can be obtained by a two-stage technology. At the first stage, it is necessary
to produce silicon carbide in industrial resistance electric furnaces, the content of
impurity elements in which is always lower than in the quartz (quartzite) used. In the
second stage, from a mixture of silicon carbide and quartz (quartzite) of high purity
in an electric arc furnace, crystalline silicon can be obtained by the reaction SiO; +
2SiC = 3Si + 2CO. Two-stage technology has not received industrial application.

4.4 The Technology of Crystalline Silicon Smelting

Crystalline silicon (Table 4.3) is used in the production of foundry silicon—aluminum
alloys (such as silumins), the chemical and electronic industries (after additional
purification of technical silicon from impurities) and other branches of technology.

Silicon is obtained by reducing SiO, with carbon. The main reactions by which
silicon is obtained have been considered above.

General characteristics of alternating current silicon smelting technology. The
technological scheme of silicon production is shown in Fig. 4.6. Quartzite (less
commonly quartz) and carbon reducing agents are used as charge materials for
silicon smelting; strict quality requirements are imposed on the content of harmful
impurities, particle size distribution, electrical resistivity, etc. The impurity minerals
contained in quartzite, reducing agent ash, and electrodes are source of iron,
aluminum, calcium and other elements in silicon. Unreduced impurity oxides are
slagged with silica, as a result of which a small amount of acidic slag is formed,
which wets liquid silicon well.

The natural forms of silica are represented by the mineral quartz or rocks almost
completely composed by it—quartzite, quartzite—sandstones, etc. The density of
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Fig.4.6 Schematic diagram of the production of crystalline silicon in a single-phase electric furnace
with a capacity of 6.5 MV A with two electrodes. 1—warehouse of quartzite; 2—a warehouse of
carbonaceous reducing agents; 3—silos for technological materials; 4—furnace bunkers; 5—single-
phase arc electric furnace with two graphite electrodes; 6—mold for liquid silicon; 7—a ladle for
refining silicon; 8—mold for casting silicon; option [—loading the mixture using a machine; option
II—on the ducts

quartz is 2.59-2.65 g/cm?, and the hardness is ~7 on the Mohs scale. Depending on
the amount of impurities, the color and hardness of quartz change. When quartzite
is crushed, part of the impurities is removed with fines. After crushing, quartzite is
washed to remove clay, dust deposits and brittle inclusions. Quartzite should have
high heat resistance, crack slightly when heated, have a small apparent porosity
(<2%), low moisture absorption (0.1-0.5%). Below are the technical requirements
for quartzite intended for the smelting of crystalline silicon:

Field ‘ Pervouralskoye (Russia) Banichskoe (Ukraine)
Composition, %

SiO3, no less 98.0 98.0

Fe>03, no more 0.25 0.15

Al;O3, no more 0.60 0.25

CaO, no more 0.25 0.15

Fraction, mm 10-250 40-250
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Silicon is smelted in three-phase open ore-smelting electric furnaces with a
capacity of 6.5; 16.5 and 22.5 MV A alternating current continuous process with
a constant release of the melt. The bathtubs of the furnaces are lined with carbon
blocks. Electrodes are graphitized. Self-baking continuous electrodes are of limited
use because they contribute iron through a steel casing. For smelting, quartzite with
a grain size of 20-50 mm, charcoal—10-80 mm, petroleum coke and gas coal—
5—15 mm are used. The mixed charge coming from the furnace bins is loaded into
the furnace by a filling machine. The mixture is introduced so that cones <0.5 m high
are constantly supported at the electrodes.

The release of silicon is carried out continuously, which is caused by the need to
reduce the duration of stay of the melt in the atmosphere of the furnace gas due to the
development of secondary carbide formation. Since the density of silicon (2.2 g/cm®
at 1600 °C) is less than the density of the slag melt (2.6-2.8 g/cm®) having a high
viscosity (1.0-1.5 Pa s at 1700 °C), continuous release contributes to the exit of slag
melt, which facilitates furnace maintenance and reduces deviations in the electric
melting mode.

The normal operation of the furnace is characterized by a stable and deep landing
of the electrodes, a uniform release of gas over the upper surface, the absence of
darkened areas of sintering of the top and local gas emissions—fistulas, the mixture
is lowered without collapses, the release of silicon and slag is constant in quantity; the
current load on the electrodes is stable and corresponds to the specified. A diagram
of the structure of the bath of a furnace melting silicon is shown in Fig. 4.7.

In the process of silicon reduction by carbon, the reaction product is also CO
burning on the top.
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Fig. 4.7 Structure of the bath of the ore-smelting furnace for smelting crystalline silicon. 1—skull;
2—Ilayer of the initial charge; 3—layer of hot charge; 4—a layer of softened charge; 5—restoration
zone; 6—metal carbide coating; 7—subelectrode cavity; 8—silicon melt; 9, 10—carbon blocks
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When smelting silicon under alternating current in a furnace with a capacity of
16.5 MV A, 2540 kg of quartzite, 1310 kg of charcoal, 150 kg of petroleum coke,
240 kg of gas coal are consumed per 1 ton of silicon at an electric power consumption
of 11,200-12,200 kWh.

The extraction of silicon is 78-85%; 0.5% of reduced silicon is lost with slag.
Passes to silicon from the mixture, %: 50-55 Al; 35-40 Ca; 30-35 Mg; 95-98 Fe.
The resulting silicon has the composition shown in Table 4.5.

During operation of the alternating current furnace with a capacity of 22.5 MV A,
gas is generated (~120 thousand m?/day) of the following composition,%: 80-85 CO;
4-8 COy; 1-3 CHy; 0.1-1 H,O; 1-4 N,; 1-3 H,, which before cleaning contains
1.2-2 g/m? of dust composition,%: 80 SiO,; 2—4 Al,03; 0.1-0.2 Fe,03; 1-2 Ca0O;
7-8 C.

During the operation of the furnace, ~82% of the heat is introduced with electricity,
~17% is introduced as a result of carbon combustion, and 1% is the physical heat
of the mixture and the formation of compounds in the slag. The consumable part
consists of the following articles: heat for reduction of oxides 69—-72%, losses with
exhaust gases 4-9%, heat carried away by metal 4—6% and slag 0.2-0.3%, heat losses
by masonry of the furnace and through the casing 2—4%, heat loss through the top
of the furnace 9-12% and with cooling water 1-5%, electrical losses 10%.

After the mold is filled with silicon, which is continuously discharged from the
furnace, the melt crystallizes. Then, the ingot is crushed, the slag is separated, and
the finished products are sent to the consumer. In some plants, silicon is released
into carbonaceous molds, where it settles to separate slag. Release can be carried out
in settlers with refining the melt from aluminum and calcium impurities by blowing
gases (chlorine, oxygen, argon). Silicon is also refined in heated ladles with fluxes
from alkali metal salts (NaCl, Na3AlFg, etc.). In the process of refining, the aluminum
content decreases from 0.30-0.45 to 0.10-0.20% and calcium from 0.6-1.0 to 0.2—
0.4% and the amount of slag, oxide and carbide inclusions. During silicon smelting,
3-8% of slag is formed from the mass of the alloy of the following composition, %:
30-50 SiO,; 10-30 Si; 8-15 SiO; 1040 SiC; 0.5-1.0 Fe,03; 12-15 Al,O3; 20-30
CaO. This slag can be used for the deoxidation of steel in a furnace, ladle or molds,
as well as in the smelting of ferroalloys with silicon.

Features of silicon smelting technology in a direct current arc furnace. The tech-
nology of smelting silicon, as well as other ferroalloys in ore-smelting electric
furnaces with alternating current, along with many positive parameters, has some
drawbacks, which is associated with a number of specific effects characteristic of
using a three-phase system of high alternating currents.

Table 4.5 Chemical composition of crystalline silicon, %

Smelter Si Fe Al Ca Mg

1 98.3-97.5 0.54-0.84 0.52-0.66 0.39-0.70 0.01-0.05
2 99.20-97.84 0.39-0.80 0.25-0.45 0.32-0.54 0.01-0.012
3 99.06-98.98 0.27-0.40 0.25-0.30 0.30-0.38 n/a




50 4 Metallurgy of Silicon and Silicon Carbide

Among the main ones, the inductive resistance of individual conductors and the
entire electric furnace circuit with respect to active resistance is of great importance.
With alternating current, in the presence of inductive resistance, the current and
voltage do not coincide in phase, and therefore, the active power P, entering the
furnace is

1P, =UIcos ¢.
In this case, the power factor

n T r
U T T e

where r is the active electrical resistance of the conductor; x is the inductive resis-
tance. In this connection, the natural coefficient of electric power of medium-power
arc ferroalloy furnaces is 0.80-0.85, and for furnaces of large unit capacity (20-30
MV A), it decreases to 0.6-0.7. In furnaces operating on alternating current, the
surface effect and the proximity effect of the location of the short-circuit conductors
cause additional losses of electrical energy, which are supplemented by electromag-
netic energy losses in the metal structures surrounding the alternating current conduc-
tors. The smelting of silicon and other ferroalloys, regardless of the type of current
(AC or DC), is carried out with the working ends of the electrodes immersed in the
charge. In the case of alternating current, charge conduction currents that are closed
between the electrodes of various phases in the upper horizons of the furnace bath
cause heating of the charge materials on the furnace top and worsen the gas-dynamic
and electrical conditions of the furnace. When using alternating current, the electric
arc extinguishes and ignites twice during the period, which reduces the stability of
the arc discharge. The above and other disadvantages of using alternating current
and, consequently, the operation of ore-smelting electric furnaces in the production
of silicon, ferrosilicon and other ferroalloys led to extensive research and develop-
ment work on the use of various rectifier circuits and the creation of furnaces and
technology for smelting with direct current.

Figure 4.8 shows possible DC power schemes for a two-electrode ore-reduction
furnace for silicon smelting at OJSC ZALK. The circuit implemented during the
reconstruction of the furnace consists of two rectifier units, each of which consists of
a transformer unit and a reversible rectifier structurally combined with it. The power
source of the combined thyristoformer-type furnace made it possible to compactly
place the electric furnace in the same production areas of the existing workshop as
the alternating current furnace.

As follows from Fig. 4.8, the furnace’s power supply is possible both according to
the scheme with voltage supply between the electrodes and according to the scheme
of independent supply of each electrode from its rectifier. A carbon hearth is created
in the furnace, and the electrical leads are connected using a copper current lead to
the leads of the rectifier.
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Fig. 4.8 Power circuits for
direct current power supply
of a single-phase
two-electrode furnace with a
capacity of 6.5 MV A for
silicon smelting:
1-4—various schemes for
connecting the electrodes to
the furnace transformer
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A single-phase, two-electrode furnace on rectified electric current for silicon
smelting was commissioned in 1997 at OJSC ZALK with an oval bath, and the

technical characteristics of this furnace are as follows:

Active power, MW
Supply voltage, kV

Diameter of electrodes, mm

Type of electrodes
Capacity, t /year

6.4

10

710
graphitized
4000
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The power supply of the furnace according to the “electrodes—hearth” scheme
provides greater efficiency of power distribution in the furnace bath compared to
alternating current. The advantages of direct current furnace operation: The specific
consumption of expensive graphitized electrodes is reduced by 15-20%, the specific
energy consumption is reduced by reducing reactive power, conditions are created
to reduce scarce wood chips, and the quality of marketable silicon is improved,
improving working conditions for staff.

The cost estimate of the efficiency of resource savings in the smelting of silicon
in a DC furnace is a 5-15% reduction in the cost of silicon, taking into account the
depreciation of the additional costs of reconstruction of the furnace as a whole.

4.5 The Technology of Silicon Carbide Production

Silicon carbide (carborundum)—SiC is widely used as an artificial abrasive material
with high microhardness. An abrasive tool made of silicon carbide is used in the
metalworking and metallurgical industries to clean metal products. High thermal
and chemical resistance allows it to be used for the manufacture of refractories.
In combination with aluminosilicate fibers, SiC and SiO, are part of composite
materials. In the electrometallurgy of silicon and silicon ferroalloys, carborundum is
also of interest as an intermediate product in the complex physicochemical process
of smelting silicon of technical purity, silicocalcium, ferrosilicon, silicoaluminium
and other silicon-containing ferroalloys.

In nature, silicon carbide is found in the form of the mineral moissanite (SiC),
which was discovered in the Irkutsk region in 1956 and in the sands of the Dnieper-
Donets Depression in 1965. The density of SiC is 3.22 g/cm?, the decomposition
temperature is 2880 K, the heat of formation AHyy, = 66.16 kJ/mol. Artificial
silicon carbide is obtained by reduction of SiO, with carbon

SiO; 4+ 3C = SiC +2CO, AG% = 555,615 —322.117T,J/mol.

Reaction start temperature (AGS = 0) 1725 K at pco = 100 kPa.

Distinguish between black and green carborundum. Both types of industrial
product are obtained in electric resistance furnaces, in which the working resis-
tance is a layer of coke and the mixture itself, consisting of carbonaceous reducing
agent and silica sand.

At high temperatures, Al4SiCy4 can dissociate with the formation of SiC, Al, and
C;. The vapor pressure Al over the Al4SiC4—SiC-C; system depends on temperature
according to the expression Igp(Pa) = -1856/ T + 12,143.

To obtain green silicon carbide, sodium chloride is added to the mixture, which
reduces the harmful effect of some charge impurities. Alumina has a harmful effect in
quartz sand. Therefore, quartz sands are thoroughly washed. However, it is possible
that the remaining clay sticks, as well as the ashes of reducing agents under reducing
conditions, can form complex carbides of the type Al4SiC and Al;CSi4, which have
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Fig. 4.9 Self-propelled resistance electric furnace for silicon carbide production. 1—trolley; 2—
the mechanism of movement of the furnace; 3—current lead assembly; 4—end walls; S—removable
shields; 6—persistent racks; 7—charge; 8—core; 9—wheel sets

different stability. According to some data, the supposedly black color of industrial
silicon carbide is due to the presence of aluminum. Salt eliminates this effect.

The unit capacity of the resistance furnace is 4000-4500 kV A. The furnace is
a self-propelled platform, at the ends of which there are current-carrying carbon
electrodes. Return to the bottom of the platform, quartz sand, and then lay out core
from lump of petroleum coke, which is the working resistance in the initial period of
the process. A reaction mixture is poured on top of the core (Fig. 4.9). Below is the
specific consumption of charge materials and electricity in the production of black
(numerator) and green (denominator) silicon carbide:

Consumption of materials, kg/ t:

quartz sand 1750/2000
anthracite 900/700
petroleum coke 300/600
wood sawdust 170/370

salt (NaCl) —/230

Electricity consumption, kWh/t  8200/10000

Quartz sand should be used pure by impurities (99.6% SiO,; 0.3% FeO; 0.07%
Al203; 0.04% CaO; 0.03% Mg0; 0.02% TiO;). As a reducing agent, only low-ash
carbon materials can be used: anthracite (3% ash, 93% of Cy); petroleum coke (0.8%
ash, 94% St, 5% volatiles, 3% moisture). 50—65 tons of the charge and 32004500 kg
of core are loaded into the furnace, and then, it is connected to the furnace transformer.
The process of producing carborundum is controlled mainly by the consumption of
electricity.

For a furnace with an installed transformer capacity of 3.5 MW, the process is
considered complete if the energy consumption is 65—70 MWh. The furnace is cooled
for 24-32 h, and then, its contents are disassembled. The composition of the products
is given in Table 4.6.
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Table 4.6 Chemical composition of the products of green carborundum, %

4 Metallurgy of Silicon and Silicon Carbide

Product Si Si0, SiC Al O3 Fe,03
SiC (lumps) 0.17 0.12 97.82 0.92 0.48
Amorphous 0.16 9.21 71.54 0.78 0.82
Splices - 13.45 70.11 1.33 0.69
Charge - 45.40 11.14 0.30 0.55
Siloxicon - 35.14 36.50 3.60 0.52
Cakes - 42.14 5.32 0.58 0.41
Product CaO MgO C NaCl LOI
SiC (lumps) 0.30 0.26 - - -
Amorphous 0.74 0.47 15.15 0.55 0.50
Splices 4.60 0.26 0.03 0.46 -
Charge 1.00 0.47 31.50 8.78 0.80
Siloxicon 2.30 0.30 14.65 6.98 -
Cakes 0.35 0.19 19.50 20.0 -

Lump SiC s sent for further processing to obtain abrasive grains of various classes,
and “splices” containing up to 70% SiC are used in the smelting of ferrosilicon,
in the production of refractory masses, as part of carbon masses for self-baking
electrodes and other purposes. Silicon carbide introduced into the charge for smelting
ferrosilicon is relatively easily destroyed by metallic iron by the reaction:

SiC + Fe = [Si]g. + Cs.

This reaction can proceed until the silicon content in the alloy reaches 23-24%
with the formation of silicocarbide FesSi;Cy, which is in equilibrium with silicon
carbide.

The industrial production of silicon carbide is accompanied by the release of
a large volume of gaseous products of chemical reactions. In accordance with the
design of the furnace and the method of loading CO, the SiO, + 3C = SiC + 2CO
formed by the reaction should burn out to CO,. However, for some reasons, incom-
plete oxidation of CO to CO, takes place, and part of the CO enters the environment.
Sulfur contained in carbon reducing agents passes into the gaseous phase in the form
of various compounds. At t> 900 °C, SiC can interact with sulfur vapors by reaction

SiC 4 4Sy,p — SiS; + CS»,
as well as with halogens to form harmful compounds.

The above requires the creation of systems for collecting and cleaning dust and
gas emissions, which is implemented in industry.
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Chapter 5 ®)
Metallurgy of Ferrosilicon i

5.1 Assortment, Microstructure and Properties
of Ferrosilicon

Ferrosilicon assortment. Ferrosilicon is a large group of alloys of the iron—silicon
system and is intended for deoxidation and alloying of steel. It is widely used in the
foundry industry in the production of castings from iron and steel. In accordance
with Russian Standard GOST 1415-78, 20 grades of ferrosilicon can be produced
taking into account the functional purpose of each grade (Table 5.1).

So, for example, an alloy of the FS75 (el.) grade is intended for alloying electrical
steel; FS20 (1), FS45 (1), FS65 (1) and FS75 (1)—for use in the manufacture of cast
products.

In 1993, the State Standard of Russia and the Interstate Council for Standardiza-
tion, Metrology and Certification adopted the ferrosilicon standard (GOST 1415-93)
by direct application of the ISO 5445-80 standard. In Russia, GOST 1415-93 was put
into effect directly as the state standard of the Russian Federation from 01.01.1997
(Table 5.2).

GOST 1415-93 also recommended the branded and chemical compositions of
ferrosilicon with the accepted international designation of alloy grades from FeSil0
to FeSi90A12 (Table 5.3).

In accordance with the Ukrainian standard DSTU 4127-2002 (Table 5.4), nine
grades of ferrosilicon can be produced from FS10 (8-14% Si) to (inclusive) FS9O
(87-95% Si).

The standard Ukrainian DSTU 4197-2002 permits the production and supply of
ferrosilicon in accordance with the international standard ISO 5445: 1980 (Table 5.4).

Fe-Si system. Silicon belongs to ferrite-forming elements and therefore narrows
the y-Fe region (Fig. 5.1). The maximum solubility of silicon in y-Fe is 1.63% Si.
The biphasic region (o + y) extends to 1.94% Si. There are a number of silicides
in the Fe-Si system: Fe;Si (14.28% Si), Fe,Si (20.0% Si), FesSi3 (23.18% Si), FeSi
(33.46%) and FeSi, (50.15% Si).
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Table 5.1 Chemical composition, %, ferrosilicon (GOST 1415-78)

Grade Si c s [P Ja [mn o |1 o
No more

1 2 3 |4 5 6 |7 |8 9 10
FS92 No less 92 ~ 1002 003 |25 |02 |o2 |- 0.5
FS90 No less 89 ~ lo02 003 |35 |02 |o2 |- -
FS90A2,5 | No less 89 01 1002 003 |25 |02 |02 |- -
FS75 Over74t080 |- 002 005 |- |04 |04 |- -
FS75A2,5 | Over741080 |- 002 |005 |25 |04 |03 |- -
FS75(f) Over74t080 0.1 002 004 |15 |03 |03 |- -
FS75(e) Over74t080 0.1 002 004 |01 |03 |02 005 | 0.1
FS70 6874 ~ 1002 005 |20 |04 |04 |- -
FS70Al(e) | 68-74 01 002 (004 |10 |03 |03 |01 |-
FS70(e) 68-74 0.1 002 004 |01 |03 |03 |004 | 01
FS65 63-68 — Jo02 005 |25 |04 |04 |- -
FS65A2 63-68 ~ 1002 005 |20 |04 |04 |- -
FS65(f) 63-68 0.1 1002 (004 |16 |04 |04 |- -
FS65(c) 63-68 0.1 1002 004 |12 |03 |003 |005 | 05
FS45 4147 ~ 1002 005 |20 |06 |05 |- -
FS45(f) 41-47 02 1002 (005 |15 |06 |05 |- -
FS25 23-27 06 1002 (006 |10 |08 |10 |- -
FS25U0,8 | 23-27 08 002 1006 |10 09 |10 |- -
FS20 20-23 10 1002 |010 |10 |10 |- - -
FS20(f) 19-23 10 1002 1020 |10 |10 |03 |- -

Note In the designation of ferrosilicon brands, lowercase letters indicate the main purpose: f—for
foundry; e—for smelting electrical steel

Table 5.2 Grades and chemical composition of ferrosilicon in accordance with GOST1415-93

Grade Mass fraction, %

Si C E P Al [Mn o

No more

FS90 over 78 to 95 0.1 0.02 0.03 3.5 0.3 0.2
FS75 > 74 >80 0.1 0.02 0.04 3.0 0.4 0.3
FS70 > 68 >74 0.1 0.02 0.04 2.0 0.4 0.4
FS70A1 > 68 >74 0.1 0.02 0.04 1.0 0.3 0.3
FS65 > 63 >68 0.1 0.02 0.05 2.5 0.4 0.4
FS50 > 47 >52 0.1 0.02 0.05 1.8 0.6 0.5
FS45 > 41 47 0.2 0.02 0.05 2.0 1.0 0.5
FS25 > 23329 0.8 0.02 0.06 1.0 1.0 0.8
FS20 > 19 23 1.0 0.02 0.10 1.0 1.0 0.8
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Table 5.4 Chemical composition of ferrosilicon DSTU 4127-2002

5 Metallurgy of Ferrosilicon

Alloy grade Mass fraction of the element, %

silicon c s P Al Mmoo

No more

FS90 from 87 to 95 incl. 0.2 0.02 0.04 35 0.5 0.2
FS75 over 74 » 80 » 0.2 0.02 0.05 3.0 0.5 0.5
FS70 » 68 » 74 » 0.2 0.02 0.05 2.5 0.5 0.5
FS65 or 63 » 68 » 0.2 0.02 0.05 2.5 0.5 0.5
FS45 » 41 » 47 » 0.2 0.02 0.05 2.0 1.0 0.5
FS25 over.23 » 29 » 0.8 0.02 0.10 1.0 1.0 0.8
FS20 » 19 » 23 » 1.0 0.02 0.10 1.0 1.0 0.8
FS15 »14» 19 » 1.5 0.02 0.15 1.0 1.5 0.8
FS10 from 8 » 14 » 2.0 0.02 0.15 0.2 3.0 0.8

Note The letters and numbers in the designation of the brand of ferrosilicon mean: FS—ferrosilicon;

numbers following letters—mass fraction of silicon

Fig. 5.1 State diagram of

the Fe-Si system
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Bisilicide FeSi, exists in two versions: high-temperature FeSi, (HT) in the range
of 937-1220 °C and low-temperature FeSi, (LT) below 937 °C. High-temperature
modification is a non-stoichiometric compound that exists in a certain range of silicon
concentration. In the literature, this silicide is described by the formula FeSiy 3, i.e.,
as a phase with excess silicon. Precision studies performed in the 90s found that
bisilicide is a compound with a deficiency of iron atoms, i.e., Fe,Si,, which at 937 °C
is eutectoid converted to stoichiometric silicide FeSi, and silicon by reaction

yFe,Siy — “FeSi, + 2<y _ f)Si.
y y

Thermodynamic properties of alloys of the Fe-Si system. Thermodynamic prop-
erties of liquid and solid alloys of the Fe-Si system by combining the Knudsen
effusion method and mass spectrometry in the temperature range 1078—1509 °C and
a composition range of 9.2-82.2 at. % Fe were studied in [1].

The vapor pressure of iron and silicon over alloys was measured, the chemical
compositions of which corresponded to the concentration regions of two-phase equi-
libria: Fe,Si (20 at.% Si) + FeSi (33.3 at.% Si), FeSi (33.3 at.% Si) + FeSi, (50
at.% Si), as well as temperature—concentration fields of equilibrium of silicide with
liquid.

Ithas been established that associative reactions occur in melts of the Fe-Si system
in a wide range of chemical composition with the formation of liquid Fe;Si groups;
Fe,Si; FeSi and FeSi,. For these groups, the calculated values AHJ and S7:

Grouping —AHZ, J/mol S, J/(mol-K)
Fe3Si 143,673 28.63
Fe,Si 110,360 16.28
FeSi 99,814 23.70
FeSi, 101,345 29.37

With an increase in the atomic fraction of silicon in the composition of the Fe-Si
system melts, the concentration of conditionally “free” silicon increases (Fig. 5.2,
curve 2), while the “free” iron decreases (curve 1).

With a change in the atomic fraction of silicon in the groups (associates) [Fe,Si, ],
non-monotonic dependences are observed with maxima of their concentrations at
certain atomic ratios of silicon and iron. Moreover, the thermodynamic stability
of groups (associates, clusters) is different and it is accepted proportional to the
maximum concentration of clusters. For 1600 °C, the thermodynamic strength of
the [FeSi], [Fe3Si], [FeSi,] and [FesSisz] clusters correlates as 17.2:6.6:1.9:1.0,
respectively. The most thermodynamically stable (strong) are clusters of congruently
melting (without decomposition) chemical compound (monosilicide) FeSi.

The activity of silicon in melts of the Fe-Si system increases with increasing
silicon concentration, which is illustrated by the data in Fig. 5.3. With an increase in
the activity of silicon, the activity of iron decreases. The intersection of the as and
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Fig. 5.2 Melt composition
Fe-S: 1—[Fe]; 2—I[Si];
3—(FeSi,|; 4—[FesSil; 0
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change T = 2003 K; the
other border (T = 1873 K) is
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are lines corresponds to the atomic concentration of silicon in the 0.48 alloy, and not
to the eutectic composition.

The thermodynamic functions AG% (T') of iron silicide formation reactions were
calculated in [2] using the following equations (in J/mol):

AGY (Fe,Si) = —129028 + 2.52T,
AGS (FeSi) = —163132 4 1.79T,
AGS (FeSiy) = —121842 + 7.18T.
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Fig. 5.3 Activities of silicon &
as; and as;” and iron ape and
are’ in solutions of the Fe-Si
system at 1600 °C; as; and
ape—calculated; as;’ and
ape'—experimental data
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Fe 0,5 Si

The change in the integral and partial excess Gibbs energies of the melts of the
Fe-Si system depending on the molar concentration of silicon is shown in Fig. 5.4.

Figure 5.4 confirms that silicon and iron form thermodynamically strong
compounds (silicides in the solid state) and associates (in the liquid state), which
is accompanied by a decrease in the activity of silicon in industrial ferrosilicon and
improves the thermodynamic conditions for the reduction of silicon from silica by
carbon in the presence of iron.

Fe-Si-Csystem (Fig. 5.5). The solubility of carbon in pure iron depends on temper-
ature [%Clr. = 1.30 4+ 2.5 x 10°¢, °C. The process of graphite dissolution in iron is
characterized by a change in Gibbs energy:

Coraph = [Clre; AG = 21354 — 41.87T, J/mol.

The addition of silicon to a saturated iron—carbon melt reduces the solubility of
carbon in it in a complex manner. In the range of silicon concentrations 0-23.18%
Si, the [%C] = f [%Si] bond is close to straight (Fig. 5.5). At a silicon content corre-
sponding to FesSijs silicide, a bend is marked on the curve. With a further increase
in the silicon concentration in the alloy, the curve section asymptotically approaches
the axis of silicon concentrations. Alloys with 0-23.18% Si are in equilibrium with
pure graphite, and with a higher silicon content, they are in equilibrium with silicon
carbide.

The effect of silicon on the solubility of carbon in alloys of the Fe-Si system is
reflected in the standards for ferrosilicon (Tables 5.1, 5.2, 5.3 and 5.4). The solubility
of carbon in alloys of the Fe-Si system increases with increasing temperature. Alloys
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Fig. 5.4 Integral 1 and -AG, klJ/mol
partial 2(Fe), 3(Si) excess
Gibbs energies of solutions
of the Fe-Si system at
1600 °C
2(Fe)
il 3(Si)
40
1
0 I
Fe 0,5 Si

of various grades released from the furnace have a relatively high temperature (1600—
1800 °C). In the process of lowering the temperature of the alloy in the ladle in liquid
ferrosilicon, the solubility of carbon decreases, which leads to the release of graphite
in alloys containing up to 22-24% Si, or silicon carbide in alloys with a silicon
content of more than 22-24%. To improve the floating conditions of the precipitated
particles of graphite or silicon carbide, liquid ferrosilicon is kept in a ladle before
casting.

5.2 Geometric Parameters of Bath and Electrical
Characteristics of Electric Furnaces for Ferrosilicon
Smelting

Ore-smelting furnaces, unlike steelmaking furnaces, are characterized not by the
capacity of liquid metal, but by the electric power of furnace transformers.
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Fig. 5.5 Influence of the
mass concentration of Si on
the solubility of carbon in
Fe-Sigy alloys equilibrium
with graphite (region A),
graphite and silicon carbide
(region B) and silicon
carbide (region C), at

1760 °C

Mass fraction of carbon, %

[Silo re FeSi, FesSi; FeSi

Mass fraction of silicon, %

The net power of the ferroalloy arc furnace (P,) is calculated by the expression
P, =(GW)/(365-24 KK ax), Where G is the specified furnace capacity, t/year; W—
specific energy consumption for the smelting of this type of ferroalloys, kWh/year;
365-24—the number of hours per year, h; K,—coefficient of use of calendar time
(take K,= 0.80-0.95); K nx—utilization of the maximum power of the furnace.

The full power of the furnace transformer is called the rated power (S,). The
full operating power of the furnace transformer § is defined as S = 3o/, oU; and
characterizes the load on the supply network. The power introduced into the furnace
bath is called active power and is denoted by P,. Active power is always lower than
the full operating power by the value of the power factor cosg, less than unity and
cosg the less, the greater the rated power of the furnace transformer and, therefore,
the geometric parameters of the furnace bath. The lack of reliable theoretical methods
for determining the geometric parameters of ore-smelting furnace forces them to be
selected by analogy with well-functioning furnaces according to empirical formulas.
The main parameters characterizing the OSF bath (working space) are the diameter
of the electrode, the diameter of the electrodes cycle, the diameter and depth of the
bath. Of these, most attention is traditionally paid to the diameter of the electrodes
cycle; it is believed that possible errors in determining the remaining parameters can
be easily eliminated by changing the design of the lining and the level of the top. In
[3], data were analyzed on the influence of such parameters on the active power of
furnaces using 118 ore-smelting furnaces of various ferroalloy plants as an example.
The following are the results obtained in this work.
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The diameter of the electrodes. First, it can be noted the good agreement between
the change in the diameter of the electrodes De of the ore-smelting furnace with the
dependence D,—S'3 (where S is the nominal installed power of the furnace trans-
former, MV - A), which follows from the theory of similarity. The same dependence
can be obtained in another way, namely from the thermal balance of the electrode. The
condition of thermal equilibrium is observed when the powers are equal: the power
released by the electrode during the passage of current and the power transmitted by
the electrode to the environment

4pI?k, /7 D} = qn D,, (5.1)
where from
D, = [40162ka/712q]1/3 _ G(ple)1/3§ D, ~ ,01/3. (5.2)

where p is the electrical resistivity of the electrode material; g is a coefficient char-
acterizing the density of the heat flux of heat transfer from a unit of its surface; I, is
the current in the electrode; k, is the coefficient of increase in the active resistance
of the electrode when the furnace is supplied with alternating current. If we take into
account that the active net power P, = cospSn (here 1 is the electrical efficiency),
then for cosgn = const the dependence D,—S'? is observed. Numerical processing
of the data shown in Fig. 5.6 gives:

D, = 466 §'/3. (5.3)

Electrode cycle diameter. The current spreading in the ore-smelting furnace bath
is possible in several ways: electrode—electrode according to the “triangle” scheme,
electrode—hearth and electrode-conductive lining of the walls according to the “star”
scheme. The diameter of the electrodes cycle D, should be chosen so that the main
part of the power introduced into the bath is allocated under the ends of the electrodes
(current spreading according to the “star” electrode scheme is under), i.e., observance
of conditions E.. < Ep, where E.. and E.p—average electric field strengths in
the areas of the electrode—electrode and electrode-hearth, respectively. Given the
geometry of the bathtub of round three-electrode furnaces, we can write:

Ue.h/hO > Ue.e/[Dc COS(JT/6) — D],
Uy/ ho > 32U, /[ D cos(mt/6) — De]. (5.4)

where Uep, Uee, Up—voltage at the electrode-hearth, electrode—electrode sections
and phase voltage, respectively, where from

D. > (3'2ho + D.)/ cos(x/6),
D. > (2.55 - 2.95) D, (5.5)
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Fig. 5.6 Correlation between the geometric parameters of bathtubs of ferroalloy furnaces and their
active power: points—actual data (J—Db, A—Dc, 0O—hb, O—De); lines—regression curves

where Ay is the distance from the end of the electrode to the hearth; in inequality
(5.5), it is taken into account that in order to ensure the normal operation of the
ore-smelting furnace, sp must be chosen within the limits of (0.7-0.9)D..

Larger values of D./D,. are characteristic for closed furnaces, lower values—for
open ones. The value of hy is taken for furnaces smelting silicon alloys; for furnaces
operating with a slag process, in view of the structural features of their working
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space (a large proportion of the lined part of the electrode is placed in the slag,
whose electrical resistivity is higher than that of a heated mixture), the inequality
E.. < Ee}, is satisfied when hy = (1.2-1.4)D..

Since the thermal situation of the periphery of the bath has little effect on the
temperature field of the reaction zones where the bulk of the furnace current flows,
the dependence of the diameter of the electrodes cycle on the power of the transformer
should be weak.

Based on the above considerations, the following formula was proposed for
determining the reduced diameter of the electrodes cycle:

D./D, = 2.48Y?%, (5.6)
Numerical processing of the data shown in Fig. 5.6 gives:
D./D. = 2.2365%0¥, (5.7)

Bath diameter. In contrast to the diameter of the electrodes cycle, the diameter
of the bath should substantially depend on the power of the furnace transformer.
Indeed, while maintaining the numerical values of the specific volumetric capacities
of the model and designed furnaces, the volumes of the working space in which these
capacities are allocated grow as a cube of linear dimensions, and the heat-transfer
surface of the periphery of the bath is proportional to the square of linear dimensions.
It is also necessary to take into account the increase in the heat flux from the internal
volumes of the bath into the environment. Therefore, with increasing furnace power,
the relative diameter of the bathtub ((D,/D.) should increase so as to ensure the
creation of a skull layer:

Dy/D. = 3.755'/8 (5.8)
The empirical dependence found (according to Fig. 5.6) has the form:
Dy/D, = 3.7178%1%, (5.9)

Bath depth. Studying the influence of the degree of loading the bath with charge
materials on the electrotechnological modes of operation of the furnace showed that
the normal course of the technological process is ensured when choosing the depth
of the bath (from the middle level of the top to the hearth) from the ratio:

Hy/D, = (1.8 —2.0)S'/3°, (5.10)

It should be noted that relation (5.10) gives good results for small- and medium-
power furnaces equipped with electrodes with a diameter of up to 1500 mm. For more
powerful furnaces, the bath depth can also be selected from design considerations
and the technical feasibility of trouble-free operation of large-diameter self-baking
electrodes. The fact is that the formation and operation of such electrodes are a
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complex scientific and technical task that has not yet received its final solution. The
difficulties in the formation of large-diameter electrodes are mainly due to the fact that
with an increase in the transverse dimensions of the coal block, the relative penetration
depth of the alternating current flowing through the electrode decreases (therefore,
the conditions for its formation worsen). So, with a specific electric resistance of 62—
64 12, the depth of current penetration at a frequency of 50 Hz in the coking zone
is 560-570 mm, which is less than half the electrode diameter for D, > 1200 mm.
Electrodes with a diameter of more than 1500 mm have a linear mass larger than
2.6 t/m (for a 1900 mm electrode—4.3 t/m) at o, = 6.2—17.3 MPa. Thus, for given
electrode length 1. and distance from the lower edge of the electrical contact node to
the average level of the top of the furnace 1;, the depth of immersion of the electrode
in the charge h. = l.—I;; having accepted the gap between the end of the electrode
and the bottom Ay = (0.7-0.9) D., we determine the depth of the bath:

Hy = he + ho < I, +0.9D,. (5.11)

For furnaces operating with a slag process, /i can be taken equal to (1.0-1.1)Dk,
thus:

Hy, <l.— I+ 1.1D,. (5.12)

The method by which the above equations are obtained is largely heuristic, at
least in that part where it became necessary to justify the laws of development of
the ore-smelting furnace as a technical object and to formulate a promising direction
for improving their parameters and the conditions for terminating the search in the
extremum region. The obtained dependences are unlikely to give a final solution to the
problem of optimizing the geometric parameters of the furnaces, but along with this
in the current situation they serve as a good working tool that can be used to create
more reliable design methods for the construction and reconstruction of existing
furnaces, moreover, a quite satisfactory agreement of the geometric parameters of
well-functioning furnaces with the calculation according to formulas (5.3), (5.6)—
(5.12) is observed.

At the very first stage, it seems logical to limit ourselves to identifying common
correlations that can be useful and reliable in the sense that they are a generalization
of the vast accumulated experience of real production. In essence, currently operating
furnaces are the result of deliberate evolution, in the known sense of even “selective
choice” according to the criterion of increasing their technical and economic indica-
tors: perhaps it is impossible to find a single ferroalloy furnace from the presented
sample that has retained its original “design” sizes. In the same way, it is difficult
to detect two furnaces that are absolutely identical in geometric parameters (at a
given power), which, on the one hand, reflects the most significant feature of any
evolutionary process—its dynamism and incompleteness, at least with respect to
objects of recent generations, and on the other hand, the lack of unity of opinion,
which could be concentrated in the concept of a “well-functioning furnace” (a typical
example of a fuzzy set), has already been noted. In fact, taking into account possible
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and unavoidable for practical data variations, the statistical selection, including the
geometric parameters of the baths of the existing ferroalloy furnaces, seems represen-
tative enough to ensure the reliability and correctness of the correlation dependencies
obtained by regression analysis.

Since the energy introduced into the furnace bath is ultimately determined (and
first of all) by the active power, it was reasonable to construct the correlation depen-
dences of the geometrical parameters of the baths on P (power) (Fig. 5.6). The regres-
sion equations obtained by statistical processing of the entire set of data (regardless
of the type of smelted alloy) have the form:

Dy, = 1646.4 04367 (5.13)
D, = 1290.7 %3197, (5.14)
Hy, = 831.3P04088, (5.15)
D, = 481.7P%3%%, (5.16)

To identify the features inherent in ferrosilicon-smelting furnaces, a “truncated”
sample was also processed, including only ferrosilicon furnaces (Fig. 5.7). At the
same time, the results concerning furnaces with transformers with a capacity of 33
and 63 MVeA, as well as the features of furnaces operating with a low level of the
top, were taken into account. The correlation dependences of the parameters of baths
of ferrosilicon furnaces on active power are described by the following equations:

Dy, = 1725.64Pp%4782 (5.17)
D, = 1184.8P%3%, (5.18)
hy = 761.39 PO-4395, (5.19)
D, = 483.4 P37, (5.20)

A comparison of the corresponding correlation Egs. (5.13)—(5.16) and (5.17)—
(5.20) shows their insignificant differences (no more than 2% even for high-power
furnaces), which indicates the possibility of choosing the geometric parameters of
the furnace baths regardless of their specialization in the type of alloy to be smelted
(at least within the range of variations for the fleet of furnaces in operation).

The ore-smelting furnace passport parameter, however, is the installed capacity
of the furnace transformer S, and it seems necessary to choose the parameters of the
furnace bath depending on this indicator. The relationship of the active power of the
furnace with the installed power of the furnace transformer is illustrated in Fig. 5.8.
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Fig. 5.7 Correlation between the geometric parameters of bathtubs of ferrosilicon furnaces with
their active power: points—actual data (designations—according to Fig. 5.6); thin lines—regression
curves according to (5.13)—(5.16); thick lines—regression curves according to (5.17)—(5.20)

A reliable correlation dependence (R = 0.9842) is established for P =f (), but at the
same time, the P/S ratio (sometimes interpreted as a power utilization coefficient)
cannot be considered indicative.

Correlations between the geometric parameters of the ore-smelting furnace and
the installed capacity of furnace transformers are presented in Fig. 5.9. The regression
equations obtained by processing the data on furnaces smelting the entire spectrum
of ferroalloys have the form:
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Dy = 1466.2 P04 (5.21)
D, = 1190.9P*373 (5.22)
hg = 741.3 p0-4305182 (5.23)

D, = 441.6P"3, (5.24)
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Fig. 5.9 Correlation between the geometric parameters of bathtubs of ferroalloy furnaces and the
power of furnace transformers: points—actual data (designations—according to Fig. 5.6); thick
lines—regression curves according to (5.21)—(5.24), thin dashed lines—the same according to
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Similar regressions for a sample that includes only specialized ferrosilicon
furnaces are described by the equations:

Dy = 1371.8 P934, (5.25)

D. = 1027.6. P31, (5.26)
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hy, = 741.5 %4104, (5.27)

D, = 423.42 p03482, (5.28)

The coupling tightness coefficients of Egs. (5.21)—(5.28) are slightly higher than
when describing the correlation relationships of bath parameters with active power,
which is not surprising, since during design it is the installed power of furnace
transformers that is taken as the determining one. The discrepancies in the values of
the parameters determined by Eqgs. (5.21)—(5.24) and the corresponding Eqs. (5.25)—
(5.28) are also small and do not exceed 3—5% within the capacities up to 63 MBeA,
which is quite acceptable for practice.

Thus, the performed correlation and regression analysis of the geometric param-
eters of the baths of ferrosilicon furnaces not only allowed us to determine their
quantitative relationships with the installed capacity of furnace transformers, but
also showed the reliability of these connections and the possibility of their use in
the practice of designing electric furnaces and predicting the development of furnace
construction.

5.3 The Technology of Ferrosilicon Smelting and Casting

Ferrosilicon is smelted in ore-smelting furnaces (Fig. 5.10) with a capacity of 22.5—
63 MV-A (Table 5.5). The location of the furnace and processing equipment is shown
in Fig. 5.11.

The raw materials for producing ferrosilicon is quartzite with a particle size of
20-80 mm. Usually they are pre-washed, crushed and sorted. Quartzite suitable for
smelting ferrosilicon should contain not less than 97% SiO, and not more than 1.5%
Al Os.

In the smelting of ferrosilicon, metallurgical coke (coke nut) 5-20 mm in size is
mainly used. The reducing agent must have high electrical resistance and reactivity
with respect to silicon oxide and must have constant moisture content.

Power factor cosg equals:

cos@=+/1— (Ie;x/Up)z.

Knowing cosg, the full working power of the stove transformer is S = 3 P,/cos¢.

In the technology of ferroalloy processes, it is important to know the relationship
between the resistance of the bath () of the furnace and its dimensions.

A ferroalloy furnace, as a powerful electric receiver, generally obeys the laws of
an electrical conductor. The larger the furnace bath, the lower its active electrical
resistance. Even with a significant fraction of the arc discharge, the electric circuit
of the furnace obeys Ohm’s law.
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Fig. 5.10 Round closed ore-smelting electric furnace: 1—bath rotation mechanism; 2—furnace
casing; 3—arch of the furnace; 4—funnel; 5—short network; 6—flexible cables of the secondary
current supply; 7—bearing casing of the electrode; 8—secondary current supply; 9—contact cheeks;
10—pressure ring; 11—an umbrella; 12—suspension of the arch; 13—Ilining of the bath; 14—notch

From the presented in Fig. 5.12 of the /,; electrode current distribution scheme
it follows that part of it passes through an arc discharge (I,), the second part (I..)
passes through a charge at the electrode—charge—electrode and electrode—charge—
bath lining—charge—electrode sections. The corresponding resistances are indicated
as follows: arcs—r,; connected in series with r, the melt resistance r,,; charge
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Table 5.5 Parameters of closed ore-smelting electric furnaces for smelting ferrosilicon

Parameter Furnace 1 | Furnace 2 | Furnace 3
Bath depth, mm 2900 3500 5000
Diameter of a bath, mm 6800 8700 11,600
Diameter of electrodes, mm 1400 1500 1900
High side voltage, kV 10 110 220
Rated voltage of the working stage of the transformer, V 188 224 268.8
Full power, MV-A 22.6 40 80
Current in electrodes, kA 84.6 103 171.8
Power, MW: network consumption net
25.0 36.9 74.2
23.5 33.7 66.2
Useful voltage, V 92.4 109 128.3
Power of Longitudinal compensation device MV-A 14.0 224 82.5
Power coefficient:
Actual 0.70 0.65 0.50
With Longitudinal compensation device 0.937 0.921 0.926
Electric efficiency 0.908 0.915 0.892
|
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Fig. 5.11 Unit for smelting silicon alloys with round closed furnaces with a capacity of up to 30
MVA: 1—electric furnace; 2—electrodes; 3—filling machine; 4—tilter; 5—bucket
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Fig. 5.12 Scheme of current distribution of the electrode /¢ in the bath of ferroalloy furnace

resistance, on the electrode—charge—electrode section, shunting the arc according
to the triangle scheme and resistance, electrode—charge—lining—charge—electrode,
shunting the arc according to the star scheme—r;. Then, the bath conductivity 1/r,
as the reciprocal of the resistance will be equal to the sum of the conductivity of its
individual sections: 1/r, = 1/(r, + 1) + 1/r.

Thus, the conductivity of the bath is influenced by factors that should be taken
into account both in the design of furnaces and in the process control.

The most important parameter is the useful phase voltage Uy, which depends
on the net power per one electrode P, ., and this relationship has the form Uy =
CP],, where C and n are constant values for this type of process and the type of
smelted ferroalloy. For slag-free processes (production of ferrosilicon), n = 0.33,
and for slag processes (production of ferrosiliconmanganese, ferromanganese), n
= 0.25. Coefficient C also depends on the type of ferroalloy process, the type of
melted alloy and is numerically equal: upon receipt of FS75 3.4-3.7; FS45 3.2-3.6;
ferrosiliconmanganese 5.1-6.5; silicocalcium 5.7-6.0; electrocorundum 9.8-10.2;
calcium carbide 2.6-3.0.

The working current in the electrode /¢ (A) and the linear operating voltage U,
(V) are calculated by the formulas:

I = Pue/Useand Uy = /31/x2 + 12,
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where x and r are the inductive and Ohmic resistance of the furnace installation
(bathtub, short circuit and transformer).

The full operating power of the furnace transformer is indicated as S (MV-A), the
active power consumed by the furnace from the mains P, (MW), the useful power
of the bath P, (MW), power loss P,; (MW), power factor cosg and electrical effi-
ciency n.. Using the known analytical dependences of these values on the electrode
current /,; (kA), specific values of the electrical characteristics are calculated and
their graphical dependence on the current is constructed (Fig. 5.13).

As follows from the data in Fig. 5.13, when the electrode current increases, the
values of P, and P, increase, reach extreme values at certain current values and
then decrease, despite a further increase in the electrode current. Losses of electric
power increase with increasing current in the entire range of its values. Power factors
cosg and electrical efficiency 7. decrease significantly with increasing current. If we
optimize the smelting process according to the maximum power of the bath P,
then there would be large losses of electric power and low values of cosg and 7.
In practice, the electric mode is optimized not by the maximum value of P, but
by the minimum specific energy consumption and rational technical and economic
indicators leading to the production of ferroalloy products with the lowest cost. This
corresponds to the regime in the ascending section of the curve Py,= f{(I.). Two
vertical dashed lines show the range of electrode current values that allow you to
have the best furnace performance when smelting ferrosilicon grades FS45 (line
1) and FS65 (line 2). The electric mode of operation of the furnaces is maintained
automatically by the value of the rated current by vertical movement of the electrodes.

Since the electrical and geometric parameters of each ore-smelting furnace,
including a ferrosilicon furnace, are interconnected, one of the important factors

Fig. 5.13 Change in Cosp, N,
electrical characteristics

depending on the electrode

current of the RKZ-63 0,9
ferroalloy furnace with

installed furnace transformer 0,8
power of 81 MV-A in the
smelting of ferrosilicon FS45 0,7
and FS65
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0,5
0,4
0,3
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0,1
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by which the furnace maintenance personnel can control the process is the elec-
trode landing depth (it can change under the influence of switching voltage steps and
changing the charge composition). Excess carbon reducing agent leads to a decrease
in the electrical resistance of the bath; therefore, the depth of immersion of the elec-
trodes in the mixture decreases. The lack of a reducing agent increases the electrical
resistance of the bath and leads to the displacement of the electrodes downward,
i.e., to a deeper fit of the electrodes. A significant deviation of the electrode immer-
sion depth from the optimal one is evidence of violation of the furnace course and
requires the adoption of the necessary measures for recovery by adjusting the charge
or changing the voltage level.

The mixture is loaded into the furnace through pipe-chute through the funnels
around the electrodes on the stoves with a closed arch with the capture of exhaust
flue gases (90% CO) or filling machine (on open furnaces).

The gas exhaust system and gas purification consist of two parallel lines working
alternately. Gas enters the inclined gas-irrigated duct and the scrubber, where it
is preliminarily cleaned of dust. Then, the gas is sent to a Venturi pipe (fine gas
purification) and sequentially to a droplet separator to separate the moisture.

Pure gas is supplied to the consumer. The necessary vacuum in the system is
created by turbo-gas blowing. The sludge released in the system goes to the sludge
collector. The pressure under the arch is 2.0-5.0 Pa, and the gas temperature is
500-600 °C.

Main malfunctions during operation of the furnaces. With a lack of a reducing
agent, current fluctuations are observed, the electrodes in the charge are unstable, gas
evolution is concentrated near the electrodes, the sintering of the charge is increased
and the number of fistulas increases, and viscous slag and furnace gases flow through
the notch. The diameter and length of the working ends of the electrodes are reduced,
the temperature at the top increases from 500-600 °C to 1000-1200 °C with an
increase in silicon losses due to evaporation and entrainment of dust. With prolonged
violations of this type, the output of slag ceases, the notch closes poorly. To correct
the operation of the furnace, it is necessary to restore the correct composition of the
mixture and simultaneously introduce a “light” charge under the electrodes (with
an excess of reducing agent) or change the operating voltage. With an excess of
reducing agent, the electrodes rise, the crucibles become narrow, there is a collapse
of the charge at the electrodes, the operation of electric arcs is audible, slag and alloy
do not leave the furnace well, which is associated with an increase in the amount
of silicon carbide in the bath. At the same time, work on short electrodes may be a
possible cause of violations.

Signs of good furnace running are: (1) uniform burden descent in all funnels
without sections of the sintered charge; (2) deep immersion of electrodes; (3) over-
pressure under the arch of 2.0-5.0 Pa; (4) temperature under the arch <500-600 °C;
(5) the hydrogen content in the top gas <5%, oxygen <1%; and (6) the amount of
exhaust gas is constant. The increase in pressure under the arch is often a consequence
of the lack of a reducing agent and the formation of large quantities of SiOgy.

Composition and properties of slag. Ferrosilicon smelting refers to slag-free
processes, since the amount of slag (its silicate base) does not exceed 3—5%. However,
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the course of the furnace and the release of ferrosilicon and slag (through the same
notch) are complicated due to a change in the composition of the slag. By their
composition, the slags represent a heterogeneous phase consisting of a silicate base
(48-50% Si0,, 20-25% Al,03, 15-18% Ca0), silicon carbide (10-15%) and inclu-
sions of ferrosilicon. The silicate component is formed from silica of quartzite and
impurity oxides (Al,O3, CaO, MgO) contained in quartzite and coke ash. Silicon
carbide is an intermediate compound of the reduction reactions of silicon quartzite
with carbon. Depending on the chemical composition of the silicate part, furnace
slag can crystallize in the concentration fields of anorthite (CaO-Al,03-2Si0,) or
gehlenite (2Ca0-Al,03-Si0;) of the CaO-Al203-Si0; system (Fig. 5.14). Slags of
anorthite composition, taking into account the presence of SiC in them, are char-
acterized by low processability. To improve technological characteristics (increase
fluidity), limestone is periodically planted in the mixture, which allows the furnace
bath to be freed from viscous heterogeneous slag.

Ferrosilicon production and casting technology. Reducing smelting products—
ferrosilicon and slag (3—5% of the mass of the alloy)—are discharged from the
furnace into the ladle through one notch hole (taphole), which, after the previous
melting is released, is closed with a taphole clay (“cone”), consisting of refractory

2 melts

2Ca0-Si00f NS
~2130°% RN

NN \ \ s
Ca0 CayAh Og 1535° 1395°1400° ~]1595° ~1730°~1850° AbO;
~2570° 3Ca0-4h0; / 12Ca074h0; CaO-ARO; CaO24h0; ~2020°

CappAly0y; ~1455°  ~1605° ~1750°  CaO-6Ab0y

Fig. 5.14 Diagram of phase equilibria in the CaO-Al,03-SiO, system. Solid lines—bound-
aries of coexisting mineral phases (anorthite CaO-Al,03-25i0;, t, = 1553 °C; gehlenite
2Ca0-Al,03-Si03, 1, = 1545 °C)
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Fig. 5.15 The scheme of the device for burning tapholes: 1—one of the phases of the busbar; 2—
flexible cable; 3—bracket; 4—carbon lining; 5—notch; 6—electrode for burning tapholes; 7—elec-
trode holder; 8—suspension of the electrode holder; 9—counterweight; 10—clamp; 11—handle;
12—helm; 13—shunt connected to one of the phases of the electric furnace

clay (50% SiO,, 35% Al,03, 1.5% TiO,, 0.5% CaO, residual H,O) with coke or
able to coking carbon mass. During the period between two successive releases of
ferrosilicon, the taphole clay (“cone”) is fired. To open the taphole, the “cone” is
melted (burned) using an electric firing device (Fig. 5.15). The notch hole should be
160-120 mm in diameter, which provides a good yield of ferrosilicon and slag. At
the end of the release, the notch is cleaned of slag deposits and closed with a taphole
clay (“‘cone”).

According to established practice, the number of ferrosilicon releases depends on
the specific energy consumption per ton of alloy, that is, on the grade of ferrosilicon:

Ferrosilicon grade FS20 |FS25 |FS45 FS65 FS75
Specific power consumption, kWh/t | 2180 | 2820 |4700-5200 |7500-8000 | 8800-9500
Number of releases per shift (8 h) 6-8 6-8 5-6 4-5 4-5

Specific electrical resistivity of ferrosilicon (liquid). For the calculation of the
electrical circuit of ferrosilicon furnaces and the selection of rational electrical modes
for its smelting, data on the specific electrical resistivity (SER) of various types of
liquid ferrosilicon are important. Ferrosilicon of industrial smelting by the content
of impurity elements (Al, Ca, Ti, Mn, Cr, Mg, P, As, S, C) differs significantly from
model silicon—silicon alloys, usually used for experimental determination of SER of
liquid and solid binary alloys of the iron—silicon system.
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The SER measurements were carried out under industrial conditions on a jet of
liquid ferrosilicon with its free outflow from the notch of the furnace bath through
an intermediate graphite crucible funnel (Fig. 5.16).

The SER of the jet (p) of liquid ferrosilicon flowing out of the furnace bath
through the chute into the ladle was measured. A diagram of a device for measuring
the resistivity of liquid ferrosilicon is shown in Fig. 5.16. The value of p is calculated
by the formula:

AU - Sy
pP=—F7F"
LI
where AU is the voltage drop along the length of the section, V; I is the current flowing
along the stream, A; S,y—the average cross section of a jet of liquid ferrosilicon;
L;j—the length of the jet.
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Fig. 5.16 Schematic diagram of the electrical circuit for measuring the electrical conductivity of
liquid ferrosilicon: 1—graphite rod; 2—ring graphitized electrode; 3—a bracket made of a steel
pipe into which a graphitized electrode is inserted; 4—rod holder graphite funnel; 5—graphitized
funnel; 6—a jet of ferrosilicon discharged from the furnace bath; 7—bus for connecting the burner;
8——current transformer; 9—breaker; 10—resistance box
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The average value of SER in the range of 1700—1720 °C for ferrosilicon of various
grades was:

Ferrosilicon grade FS25 FS45 FS75
o, Ohm:m 21.7 x 1078 255 x 1078 30.6 x 10~8

Ferrosilicon refining from aluminum. In accordance with the international standard
GOST 1415-93, the aluminum content in the high-silicon ferrosilicon grade FS70A1
should not exceed 1%. In the former GOST 1415-78 and in regulatory documents
of foreign companies, the aluminum content in FS75(e) ferrosilicon, intended for
use in the smelting of electrical steel, should not exceed 0.1%, and in FS75 (1) grade
ferrosilicon to produce cast steel no more than 1.5%. At the same time, the industrial
practice of smelting ferrosilicon using quartzite and metallurgical coke shows that
the actual aluminum content in ferrosilicon grades FS65, FS70 and FS75 exceeds
1.5% and ranges from 1.8 to 2.5%.

High-silicon ferrosilicon should be refined from aluminum, and sometimes from
other impurities (Ca, Ti, Cr). There are two groups of methods for reducing the
aluminum content in ferrosilicon. The essence of the methods of the first group
consists of refining liquid ferrosilicon in arc (less often induction) electric furnaces
under the slag of the CaO-SiO; system, which is enriched with alumina as aluminum
is oxidized by the reaction

4 . 2 .
g[Al]Fs + (SlOZ)SIag = §(A12O3) + [SI]FS-

Therefore, equilibrium in the ferrosilicon—slag system occurs when a certain
content of aluminum in the alloy and alumina in the slag of triple composition CaO—
Al,03-Si0; are reached. Slag in its composition and fusibility is in the system SiO,—
Ca0-Si0,—Ca0-Al,03-SiO; (anorthite) (Fig. 5.14). With a decrease in aluminum
concentration during the refining process, its activity decreases, which necessitates
the maintenance of a lower content of Al,O;3 in the slag. To achieve 0.1% Al in
ferrosilicon, twofold and threefold treatment with “fresh” slag mixtures is carried
out.

The disadvantages of the furnace refining method (both out-of-furnace and ladle
methods) are a decrease in the silicon content (fumes in the form of SiOyys), as well
as arelatively high specific energy consumption of 1400—1500 kWh/t. When refining
ferrosilicon with a double formation of slag, the aluminum content decreases to a
greater extent, but silicon losses increase and energy consumption increases.

The essence of the second group of ferrosilicon refining methods consists in
treating liquid ferrosilicon in a ladle with slag-forming mixtures consisting of lime,
quartz sand using diluent additives (or without them), but with melt blowing in the
ladle with air, technically pure oxygen, nitrogen or mixtures thereof. As a slag-
forming mixture, lime, quartz sand, iron ore and fluorspar (CaF,) are used.

In the ladle, from this mixture of components, a slag is formed having oxidizing
ability, primarily with respect to aluminum, although silicon is partially oxidized.
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The acceleration of the refining process is achieved by blowing the melt in the ladle
with gaseous energy carriers (air, oxygen, nitrogen or their mixtures) using lances
immersed in the melt.

Siderite—iron carbonate is used as a refining component. When heated, siderite
thermally dissociates FeCO3; — FeO + CO,, and the iron oxide formed interacts
with ferrosilicon aluminum.

The CO, gas released in this process helps melt the melt. A higher degree of
aluminum removal is achieved when using fluorspar with siderite with twofold and
threefold updating of slag in the ladle during refining.

The microstructure of ferrosilicon. The microstructure of ferrosilicon ingots of the
FS45 grade is represented by the FeSi phase, Fe,Si, non-stoichiometric silicide, the
FS65 and FS75 grades by Fe, Si, silicide and the pure silicon phase. At temperatures
below 937 °C, Fe,Si, silicide is converted to FeSi, and the phase of secondary pure
silicon. Numerous impurity elements form the so-called excess precipitation phases,
which have a complex chemical composition, crystallize in intergranular precipitates
of the main phases (iron silicides). As an example Fig. 5.17 shows the energy spectra
of the elements of the main and excess phases on the freshly formed fracture surfaces
of ferrosilicon samples of various grades FS75, FS65 and FS45.

In the upper right corner of the spectrograms are the tables of the results of
quantitative processing, where the first column of numbers (S) is the intensity of
the analytical line (peak area in pulses), which directly reflects the content of this
element in the analyzed microvolume. The second column (dS) is the error of the
found area value, determined by the residual mismatch between the modular and
the desired working part of the spectrum. The third column (S, %) is the fraction
of the peak area in the sum of the areas of all peaks in the spectrogram in relative
percentages. From an analysis of the spectrogram data, it follows that microprobe
excess phases of evolution on the surface of freshly formed fractures have a very
complex chemical composition, and some of them contain phosphorus and arsenic.
No phosphorus and arsenic were found on the polished sections of the samples of
the corresponding melts due to their interaction in the process of manufacturing
polished sections with reagents water with the formation of gaseous phosphine PHj
and arsine AsH3—industrial poisons. Microprobing confirmed the presence of basic
silicide structures and the phase of pure silicon.

As an example, the diversity of the composition of the excess release phases in
the structure of the FS65 ferrosilicon ingot in Table 5.6 shows data on the chemical
composition of the phase of pure silicon, silicides and excess phases of selection.

Fractionation of ferrosilicon ingots. The competitiveness of ferrosilicon, as well
as other ferroalloys in the markets of ferroalloy products, along with the regulated
standard of chemical compositions, is also determined by the size class (Table 5.7).

In this regard, ferrosilicon ingots of machine casting are subjected to fractionation
by crushing and sieving, accompanied by the formation of small fractions.

The presence in the ingots of porosity and many excess phases of precipitation
leads to a decrease in the mechanical strength of the ingots, which is enhanced by the
phase transformation of Fe, Si, — FeSi, + Si. It was experimentally established that
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Fig. 5.17 Energy spectra of elements in excess phases of the release of a “fresh” fracture of a
sample of ferrosilicon FS75 (a), FS65 (b) and FS45 (c)
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Table 5.6 Chemical composition of the main structural components and the excess phases of
precipitation in the microstructure of an FS65 ferrosilicon ingot of machine casting

Phase number | The content of elements, %

Si Al Fe Cu P As | Ti Cr |Mn |Ni Cu
1 994 |- 0.6 - - - - - - - -
2 98.5 |- 0.9 0.4 - - 0.2 - - - -
3 97.7 |- 0.5 0.8 - - - - - - —4
4 84.5 | 1.8 132 |- - - - 0.2 0.1 |01 |0.1
5 614 |11.1 |4.6 152 |6.1 - 0.6 04 |- 0.1 |05
6 61.0 |- 300 |26 - - 2.6 03 |- - -
7 571 140 |11.3 |9.0 3.8 - 0.9 1.0 |04 (06 |19
8 54.8 [20.0 [2.6 10.1 2.6 73 2.0 0.7
9 52.7 |18.1 [23.0 |44 - - 0.7 03 (0.1 [03 |05
10 51.6 |15 28.1 |4.0 - - - - 03 |03 |05
11 454 |16.1 |13.5 142 |- - 1.0 - - 0.8 |7.6
12 40.2 | 6.6 10.8 |- - - 108 |56 |- - 0.2
13 357 104 |26 347 159 |05 |- - - - 0.2
14 348 (242 (2.0 351 |- - - - - 0.6 |33
15 30.7 |- 9.7 - - 0.5 [20.0 |65 |- - 0.4

Table 5.7 Grain sizes of ferrosilicon

Class | Particle size range, mm | Undersizee product, % by Oversize product,% by
weight weight
total less than 3.15 mm
1 100-325 20 6 No piece should exceed more
2 75-200 20 6 than 1.5 times the limit of the
specified size range in two or
3 35-100 18 6 three dimensions
4 10-75 18 7
5 3.15-35 8
6 3.15-10 10
7 3.15-6.3 10
8 No more than 3.15 -

with an increase in the silicon content in ferrosilicon of industrial smelting from 25 to
90%, the temporary compressive strength (o ¢om) decreases from 10.7 to 2.8 kg/mm?

(Table 5.8).

The dependence o .om = f[%Si] is represented by the equation:

Ocom = —0.14[%Si] + 14.12, kg/mm?.
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Table 5.8 Temporary compressive strength and hardness of ferrosilicon samples of various grades

Alloy grade The content of elements, %, O coms kg/mm2 Hardness, HV
Si C P

FS25 26.3 0.28 0.04 10.7 420

FS45 44.7 0.1 0.05 8.1 370

FS65 66.3 0.1 0.05 5.0 350

FS75 79.1 0.1 0.03 4.7 350

FS90 89.7 0.1 0.03 2.8 320

In technological schemes for the production of ferrosilicon, a stage for crushing
ingots and sieving the resulting product into size classes is provided. Crushing and
screening complexes in ferrosilicon shops are the same necessary mechanical and
technological equipment, as, for example, filling machines.

Density of ferrosilicon. Due to the significant difference in the density of iron and
silicon, there is an inverse relationship between the density of ferrosilicon and its
silicon content:

Ferrosilicon FS20 FS25 FS45 FS65 FS75 FS90
Mass content of Si,% 19-23 23-27 41-47 63-68 74-80 89
Apparent density, g/cm? 6.7 5.2-6.5 4.9-5.4 3.1-35 2.8-3.1 2.4-2.5

This relationship is used for rapid determination of silicon content in the conditions
of ferrosilicon shops. The essence of the method is as follows. The ferrosilicon sample
is crushed and a weighed sample of an alloy of a fraction of 1-3 mm weighing 100 g
is sieved. The sample is poured into a volumetric flask with kerosene, and its bulk
density is determined (cm?/100 g). The tabulated data determine the silicon content
in a particular smelting of ferrosilicon.

By processing the tabulated data used in the express laboratories of ferrosilicon
shops, the dependences of the silicon content in ferrosilicon of various grades on its
bulk density (cm?/100 g) for various alloy grades are obtained:

FS25 [%Silps2s = 7.5878Vrsys — 94.724;
FS45 [%Silpsas = 3.1335Vggas — 20.435;
FS65 [%Silrses = 2.0236 Vrges — 85.586.

Since in the range of silicon concentrations in ferrosilicon 25-65% the tabulated
values of [% Si]ps and V gy, cm?/100 g do not lie on a straight line, an equation of
the second degree is obtained:

[%Siles = —0, 1807V 25 4 11.395Vs — 110.43.
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The deviation from the additivity of the density of ferrosilicon grades FS25, FS45
and FS65 is due to the structural features of the alloys, as well as different contents
of impurity elements.

Specific consumption of charge materials and electricity. Below are the specific
consumption of materials and electricity in the smelting of ferrosilicon in closed
electric furnaces of various grades:

Ferrosilicon FS20 FS25 FS45 FS65 FS75
Material consumption, kg:

Quartzite 370 552 931 1568 1930
Iron shavings 810 780 658 343 250
Coke breeze 200 280 438 720 845
Electrode mass 10 8 16 433 54
Power consumption, kW-h/t 2100 2750 4800 7410 8800
Silicon recovery, % 94.3 98.5 98.2 92.1 91.8

Properties of silica dust and its utilization. The flue furnace gases of ferrosilicon
furnaces have a high content of siliceous dust and therefore are cleaned. Caught by
dry gas cleaning dust has a chemical composition, % (by weight):

Si0» AlL,O3 CaO MgO Fe; 03 LOL
80-95 1.8-8.6 0.4-2.6 5.1-1.3 0.2-0.4 0.8-1.7

Dust is a fine material with a bulk density of 0.18-0.23 t/m? and a particle size
of 5 . The specific dust surface averages 2000 m?/kg. Dust and gas formations
account for the bulk of the loss of silicon, which amounts to 10-15% when smelting
ferrosilicon grade FS75. The rational use of siliceous dust trapped in gas purification
is one of the urgent tasks of ferrosilicon production—saving material resources and
increasing the efficiency of solving the environmental protection problem. Among
the many directions of methods for the utilization of siliceous dust, the possibility
of using it as part of building cement, in which it exhibits pozzolanic properties, is
noted, upon receipt of liquid glass by the “wet” method by converting silica into
sodium silicate by treating it with an aqueous solution of caustic alkali, as well as
obtaining ceramics, sorbents, silicon tetrachloride SiCly, SiC carbide, Si3Ny nitride,
reinforcement of elastomers (rubber products), etc.

The composition and properties of shungite. Shungite (shungite rock) is an ancient
Precambrian formation, a fossil natural substance consisting of carbon substance,
silica and impurity oxides and therefore is considered as a possible initial compo-
nent of the charge for smelting ferrosilicon and other silicon ferroalloys. The only
shungite field identified is located in Karelia (Russia). Shungite received its name
from the village of Shunga, located in this field. The carbon substance has the formula
C79H19015Ny 3 and is highly metamorphosed caustobiolite, containing mainly amor-
phous carbon of a disordered structure. Shungite rocks make up thick layers. The
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composition and properties of shungite rock from various widespread areas of the
deposit vary significantly in the content of carbonic substance, the amount and
chemical composition of the siliceous component.

The carbonic substance has a chemical composition (wt%):

C H N O S H,0*
93.45 0.99 0.70 4.86 0.54 6.53
93.13 0.73 0.99 2.72 0.43 7.49

4(above 100%)

The siliceous component of shungite rocks is represented by fine-crystalline
inclusions of quartz (chalcedony) and fine-crystalline secricite (finely scaled
muscovite KAl -[(OH, F),AlSi30]. The silica grains have an isometric shape and
the sinuous constituent of the following C% is silica in %):

Si0,
83.0

TiO,
0.58

Al,O3
7.50

Fe, O3
3.46

MgO
0.24

CaO
0.30

NaZO
0.19

K,O
2.20

According to the composition of the mineral base, shungite rocks are divided into
three types: A—high siliceous, B—medium siliceous and C—low siliceous.

Shungite has a density of 1.75-1.80 g/cm?®. The electrical resistivity of shun-
gite rocks depends on the carbon content in them, which varies widely and this
relationship is described by the equation:

p=0.0162-C'""22 .cm,

where C is the mass fraction of carbon, %.

Carbon substance has a different electrical resistivity, which is determined by its
structure. The beginning of the study of shungite was devoted to the study of their
combustible properties, which is explained by the desire to find “northern anthracite”
in shungite. The calorific value of low-ash shungite is close to that for anthracite.
According to the structural characteristics and properties, the carbonaceous substance
of shungite rocks is a natural analogue not of anthracite, but of artificial glassy carbon,
a product of heat treatment of some carbonaceous substances, which are converted
into carbonized products by pyrolysis, bypassing the liquid phase.

The most promising for involvement in the production of ferroalloys are shungite
rocks with a high siliceous base of groups ITa and I11a (83.0-86.7% SiO,) (Table 5.9).
Rocks with a high alumina content can be used for the production of silicon alloys
with aluminum and manganese with a partial replacement of coke and quartz. Shun-
gite rocks of the II and III varieties are practically non-porous, with a density of
2.2-2.5 kg/m>. Most of them belong to thermally stable rocks.

Differential curves of thermal analysis of shungite rock indicate a strong
endothermic effect, starting from a temperature of 1200—1300 °C, indicating the
beginning of the interaction of silicon with carbon. Petrographic studies have shown
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that the endothermic effect is associated with the formation of silicon monoxide SiO.
At higher temperatures, silicon carbide of cubic modification B—SiC is formed.

Shungite rock in the mixture for the smelting of ferrosilicon FS45 and ferrosilicon-
manganese FeSiMn17 increases their electrical resistivity to temperatures of 1000—
1200 °C, which positively characterizes the rock as a possible component of charge
mixtures to replace part of coke and quartzite. However, industrial experiments have
shown that the use of shungite rock (47-62% Si0,, 27-40% C and 4-5% Al,03) in
a charge for smelting ferrosilicon significantly increases the aluminum content in it.
Shungite rock can be considered as a component of the mixture for smelting ferrosil-
icon aluminum and ferrosiliconmanganese, although large-scale industrial tests are
necessary to confirm its effectiveness.

Natural radioactivity of charge materials, ferrosilicon and slag. Mineral types
of raw materials and carbonaceous reducing agents entering the plants for smelting
ferrosilicon contain various amounts radioactive elements (radionuclides) of natural
origin, most notably §2°Ra, 23>Th, the radioactive isotope of potassium {3 K. Among
the mining and metallurgical raw materials, fossil coals, the highest natural radioac-
tivity is in acidic species containing uranium (3.5-10~*%) and thorium (1.8-1073%),
and the smallest are ultrabasic species containing uranium 3.0 x 10~7% and thorium
5 x 1077%. In crystalline rocks (ores), radioactive elements are often found in acces-
sory minerals, for example, zircon ZrO,-Si0O,, monazite (Ce, La, Nd, Th) [PO4], bran-
nerite (U, Ca, Th, V) (Ti, Fe),0¢ and others. Relatively many radioactive elements
are found in organogenic deposits, which are caused by the presence of carbon of
organic origin.

The half-life of the thorium radionuclide gngh isTyp=141x10'° years, radium
#20Ra—1600 years. In the quantitative assessment of the radioactivity of materials,
the contribution of the radioactive potassium isotope 10K (71, = 1.32-10° years),
the content of which is 0.012% in nature, is taken into account.

Radioactive elements are contained in fossil materials mainly in the form of oxides
RaO, ThO,, the thermodynamic characteristics of which are given below:

Oxides fAHg"en, kJ/mol 839g» J/(mol-K) Cp, J/(mol-K) tm, °C
RaO 5154 84.0 48.2
ThO, 1226.4 65.23 61.76 3350

Changes in the Gibbs energy of the reactions of the formation of oxides ThO,,
RaO and K;O are described by the following equations (cal/mol O,):

Th+ O, = ThOy; AGjes = —293400 — 1.6TIgT + 47.7T;
2Ra + 0, = 2Ra0; AG,gs = —259548 + 45.89T;
2K + 0, = K,0;  AG,es = —173200 — 8.8T1g T + 89.2T.

Due to the high thermodynamic strength, the oxides Ra, Th and to a lesser extent
K during ferrosilicon smelting are only partially reduced by carbon and are mainly
concentrated in the silicate part of heterogeneous furnace slag. In this case, the
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equivalent radioactivity of the slag is significantly increased in comparison with the
starting materials. To ensure safe operation, the radioactive safety standards NRB-96
(Russia) and NRBU-97 (Ukraine) were introduced, according to which the equivalent
radioactivity of materials should not exceed 370 Bq/kg. The mass of the radionuclide
in raw materials and its activity are interconnected and this dependence is expressed
by the equation:

me AT Ao
70,693 Ny’

where A—activity, Bq/kg; m—mass, g; A,—atomic mass; N y—6022- 10% mol~'—
Avogadro number; T,—half-life, sec.

The equivalent radioactivity of a specific charge material Aq is calculated as
the sum of the effective radioactivity of the radium, thorium and potassium isotope
nuclides:

Aeq = Ara + 1.25Am + 0.08Ak.

The results of a study of the radioactivity of charge materials indicate that the
activity of quartzites varies from 15 to 30 Bq/kg, coke breeze from 40 to 60 Bg/kg
and steel chips from 5 to 7 Bg/kg. Due to the concentration of Ra, Th and K oxides in
the silicate part of the heterogeneous furnace slag, its activity significantly exceeds
370 Bq/kg. The activity of FS45 grade ferrosilicon is not higher than 7 Bg/kg, and
that of FS65 and FS75 grades 41-46 Bq/kg. Due to dilution of the silicate part of the
furnace slag with silicon carbide with low activity, as well as ferrosilicon inclusions,
the radioactivity of ladle slag ferrosilicon of high silicon grades is about 370 Bg/kg
and the lower the more ferrosilicon inclusions in samples of heterogeneous slag.
Data on the natural radioactivity of the starting charge components and ferrosilicon
smelting products make it possible to calculate the actual amount of the silicate part
of the heterogeneous furnace slag. The results of the balance calculations show that
the amount of silicate part of the slag varies in a small range from 2.5 to 4.7%, while
the mass of ladle slag with inclusions of ferrosilicon and silicon carbide reaches
7-10% or more.
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Chapter 6 ®)
Metallurgy of Manganese Ferroalloys i

6.1 Properties of Manganese and Its Compounds

Manganese-element of the VIIb group of the Periodic system of elements. Atomic
number of manganese 25, atomic mass 54.93, configuration of the outer electron
shell of the atom 3d’4s2, oxidation state from 2 to 7, the most stable are Mn2*
and Mn**. Four cubic crystalline modifications of manganese are known: a-Mn
modification, density 7.44 g/cm3, is stable below 710 °C; at 727-1090 °C—@-Mn,
density 7.29 g/cm?; at 10901138 °C—y-Mn, density 6.37 g/cm?; above 1138 °C—
8-Mn, density 6.28 g/cm?. The melting point of manganese is 1244 °C, and the
boiling point is 2150 °C. Manganese has an abnormally high vapor pressure. The
temperature dependence of manganese vapor pressure is described by the equations:

lg Pyn(Pa) = 10.8828 — 13,625/T (1043 < T < 1158 K),

lg Pyin(Pa) = 20.005 — 14,850/ T +2.521g T (1518 < T < 2353 K).

Mn-—Fe system (Fig. 6.1). In the Mn-Fe system, there exists a large region of
solid solution based on y-Fe and y-Mn. a-Mn and -Mn solutions are formed at a
concentration of >68—70% Mn.

The low melting point of alloys in the Mn—Fe system is 1232 °C with an atomic
manganese content of 87%.

The integral enthalpy of mixing reaches a maximum of —8360 J/mol at xy;, =
0.7.

Mn—C system (Fig. 6.2). In the Mn—C system, carbides were identified: Mn,3Cg
(5.38% C), Mn3C (6.77% C), MnsC, (8.03% C), Mn;Cs (8.57% C). The liquidus
curve in the Mn—C state diagram can be described by the equation

Ig[C, % at.] = —375.8/T — 0.347.
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The dependence AG%.(T) for the reaction of graphite dissolution in liquid
manganese C; + Mn; = [C]yy has the form:

AGY = 17,600 — 25.64T, J/mol.

The temperature dependence of the change in the Gibbs energy of the reaction for
the formation of higher manganese carbide Mn;Cs from the elements 7Mn + 3C =

Mn;C; is described by the equation:

AGY = 66,155 — 58.24T, J/mol.

Mn-Si system (Fig. 6.3). The system state diagram is constructed taking into
account the existence of 7 manganese silicides and solid solutions of silicon in

manganese.

The heats of formation of manganese silicides Mn3Si, MnsSi3, MnSi and MnSi; ;
are, respectively, 17, 24.85, 30.5 and 28.15 kJ/mol. The density of liquid alloys of
the Mn—Si system decreases with increasing silicon concentration. At 1500 K and a

silicon content of 30% and 60% (at.), the density of the alloys is 5.31 and 4.35 g/cm?
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Fig. 6.2 Equilibrium state
diagram of the Mn—C system
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(6.37 and 2.32 g/cm® for pure manganese and silicon). The activity of manganese
and silicon in Mn—Si melts depends on the alloy composition and temperature. The
curves ay, and as; (Fig. 6.4) intersect.

The structural units of the Mn-Si system melts in the aspect of the model
of associated solutions are Mn and S and three associates Mn3Si, Mn,Si and
MnSi. Using the optimization procedure, enthalpy values and entropy changes that
accompany the association processes in the Mn—Si system were calculated ([1],

Fig. 6.5):
Associates —AH°, J/mol AS°, J/(mol K)
Mn;Si 3553 —18.48
Mn;Si 101,066 —15.15
MnSi 93,567 —22.53

As follows from the data in Fig. 6.5, the largest fraction in Mn—Si melts at 1873 K
is represented by MnSi associates.
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Mn-Si—C system (Fig. 6.6). The solubility and activity of carbon in the melts of
the Mn—-Si—C system decrease with increasing silicon content, which is explained
by the higher thermodynamic strength of the chemical bonds of manganese atoms
with silicon than with carbon. This position is common for melts of the Fe—-Si—C,
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Mn-Si—C and Cr-Si—C systems, as well as for melts of the (Mn, Fe)-Si—C, (Cr,
Fe)-Si—systems C and (Cr, Mn)-Si—C. Figure 6.5 shows the dependences of the
equilibrium carbon contents on the silicon concentration in melts of the Mn—Si—C,
(Mn, Fe)-Si—C and Fe-Si—C systems at 1600 °C (Fig. 6.7).

The highest solubility of carbon occurs in the Mn—Si—C system, and the lowest in
the Fe—Si—C system. As the % Mn/% Fe ratio decreases, the equilibrium solubility of
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carbon decreases. A significant difference in the solubility of carbon in the systems
under consideration when the silicon content is up to ~10-15% gradually decreases,
and over 23-25% of the curves merge. It is important to note that with an increase in
the silicon content to 23-25%, the equilibrium phase is graphite. In the concentration
range of silicon content of more than 23-25%, the melts are in equilibrium with
silicon carbide. For the Mn—Si—C system, the limiting value of the silicon content at
which carbon can coexist with silicon carbide is 23.48% Si, which corresponds to
the composition of the Novotny phase MnsSi3C,.

Figure 6.8 shows the manganese corner of the ternary diagram [Mn, Fe]-Si—-C
with the ratio %Mn/%Fe = 4. The presence of iron-manganese silicocarbides [Mn,
Fe];7S14C3, [Mn, Fe]3SiC in equilibrium is noteworthy with graphite and manganese
silicocarbide MnsSi3Cy in equilibrium with SiC. The position of the carbon solubility
isotherms in the melts of the [Mn, Fe]-Si—C system at.% Mn/% Fe = 4 indicates
that with decreasing temperature the equilibrium carbon content decreases and the
process is accompanied by the release of graphite or silicon carbide.

In commodity grades of ferrosiliconmanganese, depending on the alloy grade, up
to 15-20% Fe can be contained at 65% Mn. Figure 6.8 shows the manganese corner
of the ternary diagram [Mn, Fe]-Si—C with the ratio % Mn/% Fe = 4. The presence
of iron—manganese silicocarbides [Mn, Fe] 17Si4C3, [Mn, Fe]3SiC in equilibrium
with graphite is noteworthy and manganese silicocarbide MnsSizCy in equilibrium
with SiC. The position of the carbon solubility isotherms in the melts of the [Mn,
Fe]-Si—C system at.% Mn/% Fe = 4 indicates that with decreasing temperature the
equilibrium carbon content decreases and the process is accompanied by the release
of graphite or silicon carbide.

The equilibrium boundary between carbosilicidal phases and Mn—Fe—Si—C melts
with graphite and SiC in Fig. 6.8 is represented by a broken line.

Mn-P system (Fig. 6.9). Phosphorus does not form solid solutions in manganese,
but a number of manganese phosphides Mn;P, Mn,P, Mn;P, MnP are known
(Table 6.1).

In the melts of the Mn-P system, there is a strong interparticle interaction of
manganese with phosphorus, characterized by a significant negative deviation from
Raoult’s law.
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Mn-S system (Fig. 6.10). Manganese with sulfur forms thermodynamically strong
manganese sulfides MnS and MnS,. MnS sulfide melts at 1610 °C. A change in the
thermodynamic potential of the sulfide formation reaction Mnt + %Ss = MnS; in
the range of 973-1573 K is described by the expression AG = AG% = —296520 +
76.73T, J/mol.

Mn—-O system (Fig. 6.11). The equation for calculating the solubility of oxygen
in liquid manganese at aypmo = 1 has the form: log[O]Mn = —4823/T + 1.159. An
eutectic at 1245 °C corresponds to an oxygen content of 0.0095%.

For metallurgy of manganese, it is of great interest to know the properties of
manganese oxides MnO,, Mn, 03, Mn30O4 and MnO (Table 6.2).

Thermal Dissociation of Manganese Oxides. Mass spectroscopic methods were
used to determine oxygen pressures and the composition of the vapor phase over
MIIOQ, MII203, Ml’l304 and MnO (Table 63)

Thermal dissociation of the lower manganese oxides Mn3;O4 and MnO occurs
according to reactions 3 and 4 (see Table 6.3), and the dissociation pressure depends
only on temperature, since Mn3 O, has practically no homogeneity region (Fig. 6.11).

During the evaporation of MnO, the vapor-gas phase consists of Mn*, MnO*, O
ions; the intensity of the MnO* and O* ions is negligible.
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Fig. 6.9 Equilibrium state
diagram of the Mn—-P
system: a according to
experimental data and

b according to the results of
thermodynamic calculation

Table 6.1 Enthalpy and
entropy of manganese
phosphides
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Fig. 6.11 Equilibrium state diagram of the Mn—O system

MnO-CO, system. Manganese carbonate MnCOj5 (rhodochrosite) is formed in
this system. When heating MnCOj in the range of 620-690 °C, the carbonate dissoci-
ates by the reaction: MnCO3 = MnO + CO,. The mechanism of MnCOj; dissociation
is complex.

MnO-Si0, system (Fig. 6.12). Manganese oxide MnO with silica forms two
compounds: tephroite (Mn,Si04, 70.92% MnO) and rhodonite (MnSiOs, 54.19%



102

6 Metallurgy of Manganese Ferroalloys

Table 6.2 Physicochemical properties of manganese oxides

Parameters MnO Mn3Oq4 Mn, O3 MnO,
Relative molecular weight 70.93 228.81 157.87 86.93
The oxygen content, %
Atomic 50 57.12 60 66.67
Mass 22.55 27.97 30.40 36.80
Density, g/cm? 5.18 470 4.94 5.026
The heat of formation — A Hyyg, kJ/mol 385.186 1387.5 971.75 521.257
Standard entropy S5, J/(mol K) 61.5 148.63 110.53 53.172
Gibbs energy change —AG%g., kJ/mol 363.41 1281.16 882.0 466.409
The melting temperature, °C 1845 1590 1350 850
Table 6.3 Thermodynamic . _
data of reactions of thermal Reaction lgpo, = A/T+B(Pa) | T. K
dissociation of oxygen 4MnOx) = lgpo, = 560-640
compounds of manganese 2Mn2035) + Oo(as) | 9860/ T + 15.98
according to the results of
mass spectroscopic studies 6Mn;O3) = Igpo, = 810-910
4Mn304s) + O2(gas) | —11740/T + 13.92
2Mn304(s) = 6MnO + lgp02 — 1270-1350
O2(gas) —23910/T + 17.73
2MnOg = 2Mngys + lgpo, = 1602-1747
Oa(gas) —24730/T + 14.00
0
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Fig. 6.12 Equilibrium state diagram of the Mn—SiO» system
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MnO). Tephroite is stable up to a melting point of 1345 °C; rhodonite decomposes
peritectically at 1291 °C. There are two eutectics in the system, which correspond
to temperatures of 1315 and 1251 °C.

Tephroite (orthosilicate) and rhodonite (metasilicate) are formed from oxides by
the reactions: 2MnO + Si0O, = MnSiO3, AH = -59,440 J/mol and MnO + SiO, =
MnSiO3; AH = -29,220 J/mol.

The activities of MnO and SiO, in the two-phase temperature—concentration
regions of MnO + L and SiO, + L of the MnO-SiO, state diagram (Fig. 6.12)
are equal to unity. In the single-phase region, the existence of the melt (L) of the
activity of MnO and SiO, changes; with an increase in the fraction of MnO, its
activity increases, and the activity of SiO, decreases (Fig. 6.13). When choosing
pure solid oxides MnO and SiO; as the standard state, the dependence of the loga-
rithm of the activity coefficient of MnO and SiO, on their molar fractions has the
form:

Ig fimo = —3.123(1—xpmo0)* + 0.348;

1g fsio, = —3.123(1 — xsj0,)* + 1.188.

Fig. 6.13 Activity of

: aMno > 48i0y
manganese oxide aypo and

asio, in the MnO-SiO, 1,0 p—————m-a
system at 1600 °C ,\
0,8 asio,
0,6
0,4
0,2
Nx_
0 | 1

XMnO
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The results of calculating the activity and activity coefficients of MnO and SiO,
according to [2] are given below:

XMnO 0.526 0.550 0.600 0.650 0.700 0.737
XSi0, 0.474 0.450 0.400 0.350 0.300 0.263
Jnvno 0.443 0.520 0.705 0.923 1.256 1.355
[si0, 2.108 1.751 1.158 0.739 0.455 0.310
amno 0.233 0.286 0.423 0.600 0.879 1.000
asio, 1.000 0.788 0.463 0.258 0.136 0.082

6.2 Manganese Minerals, Ores and Concentrates

The explored reserves of manganese ores on the continents are extremely uneven:
South Africa 57%, Ukraine 21%, Gabon 7%, Australia 4%, other countries 11%.

Significant reserves of manganese are concentrated on the bottom of the oceans
in the form of iron—-manganese nodules containing non-ferrous metals Cu, Ni, Co,
Mo, etc.

The most common manganese minerals are: pyrolusite MnO,, Hausmannite
Mn3;04, manganite MnO(OH), psilomelane MnO-MnO,-nH,O, manganocalcite
(Mn, Ca)COs, etc.

Deposits of manganese ores are unevenly located on the territory of the former
USSR. In Russia, 6.1% of the reserves of manganese ores of the former USSR have
been explored, 82.4% in Ukraine, 8.9% in Georgia and 2.6% in Kazakhstan.

The majority of manganese ores are mined in Nikopol (~80%) and Chiatura
(~20%) manganese ore basins.

The most common are carbonate and mixed manganese ores (70.3% of the total
reserves); oxide constitutes 28.3%. The reserves of oxidized ores (1.1%) and iron—
manganese (0.3%) are limited.

Manganese ore minerals, like concentrates, are complex mineral raw materials.
Manganese ores of the main deposits of the CIS countries are characterized by a
relatively high phosphorus content (0.2—-0.3%). The occurring isolated phosphorus-
containing minerals are represented by the kurskite Ca3(PO4)-CaO3, francolite
Ca;oF,CO304-H,0, vivianite (FeO,4) and other phosphates.

According to the content of ore-forming minerals, oxidized ores are divided into
manganite-psilomelanic with an admixture of pyrolusite; pyrolusite-psilomelanic
with an admixture of manganite; and pyrolusite-psilomelanic. Carbonate ores
belong to the isomorphic series of manganocalcite—calcium rhodochrosite. The
latter contains an average of 80-86% MnCO3; 14-20% CaCOs; and 39.8-42% Mn.
Manganocalcite has a variable composition%: 28-58 MnCOs; 42-56 CaCOs; and
13-30 Mn.
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Nonmetallic minerals in manganese ores are represented by quartz, feldspar, opal,
chalcedony, glauconite (K,Na,Ca)(Al, Fe?*, Fe**, Mg),-[(OH),Aly 5513 650101
Manganese ore mined from the bowels is subjected to enrichment using complex
methods and technological schemes (washing, gravity, electromagnetic, flotation,
etc.) (Fig. 6.14a).

Quality Requirements for Manganese Concentrates. The chemical composition
of manganese concentrates in the Nikopol basin is governed by the content of
manganese and silicon dioxide, as well as the amount of moisture (Table 6.4), and
the particle size distribution—by the fractions shown in Table 6.5.

6.3 The Technology for High-Carbon Ferromanganese
Smelting

Dephosphorization of Manganese Concentrates. Manganese ore mined from the
bowels has a high content of harmful impurities—phosphorus 0.18-0.22%. When
manganese ore is enriched by mechanical methods, phosphorus is not removed and
passes into manganese concentrates. For the smelting of manganese ferroalloys with
alow phosphorous content, part of the concentrates is subjected to dephosphorization
by the electrometallurgical method.

The essence of the method consists in the selective reduction of phosphorus and
iron by carbon with their conversion to associated high-phosphorus ferromanganese.
For this, manganese concentrates in a mixture with a small amount of coke are melted
in a ferroalloy electric furnace (Fig. 6.15).

a) Source ore b) Source ore

Crushing up to 50 mm Crushing up 10 50 mm
Sortmng Washing
+50 mm 5030 mm 30-0 mm
R —— S———— Washed ore Sladge
Washing
- 1‘:4 . : Sorling Sorting, deslimimng
fashed ore. Shadge ‘_%.:‘l =

Sortin Sorting, deslimimng ]° Io-_\ .=-0 Sands Plums
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. . v
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Fig. 6.14 Schematic diagram of the enrichment of manganese ores in the Nikopol basin: a oxide
ores and b carbonate ores
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Table 6.4 Requirements of technical conditions for the quality of manganese concentrates of the
Nikopol basin

Concentrates Grade Content, %
Mn Moisture LOI
Manganese oxide (O) 1 43.1/43.02 16.0 -
1B - /41.0 16.0 -
I - /34.0 22.0 -
il - /250 23.0 -
Manganese oxide-carbonate (OC) 1 26.5/26.0 18.0 17.0
I - /23.0 20.0 14.0
Manganese flotation oxide (FO) 1 - /43.0 27.0 -
I - 340 27.0 -
Manganese flotation oxide-carbonate (FOC) 1 - /26.0 27.0 17.0
I - /23.0 27.0 14.0

2 The numerator is the highest, and the denominator is the first category of quality

Table 6.5 Granulometric composition of manganese concentrates in the Nikopol basin

Fraction, mm Oxide concentrate (gravity) Oxide-carbonate concentrate
Grade I grade
A | 1I

More than 25 2.49 10.76 8.66 -

25-8 32.33 17.89 10.02 -

8-5 26.62 35.96 15.33 -

5-3 19.87 5.06 6.90 -

3-0.5 13.81 22.67 41.85 65.92

0.5-0.2 4.88 5.28 13.85 18.46

0.2-0.1 - 2.38 - -

Less than 0.1 - - 3.40 15.62

The process is conducted continuously, and melting products are released peri-
odically. The resulting slag contains 38—40% Mn and not more than 0.012-0.017%
P, the associated phosphorous alloy contains 50-55% Mn and 1.5-2.5% Si, and the
rest is Fe, C, etc.

High-Carbon Ferromanganese Assortment. The chemical composition of elec-
trothermic high-carbon ferromanganese is regulated by GOST 4755-80 (Table 6.6)
(Russia) and DSTU 3547-97 (Table 6.7) (Ukraine).

Ore-smelting electric furnaces. High-carbon ferromanganese with a phosphorus
content of <0.35% and <0.6% is smelted in RPZ-63 closed-type ore-smelting electric
furnaces (Fig. 6.16) and RKG-81 (Fig. 6.17).
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Fig.6.15 Ore-smelting electric furnace for smelting low phosphorous slag 1—casing of the furnace
bath; 2—loading funnel for feeding the mixture into the furnace bath; 3—continuous self-baking
electrodes; 4—tubes for feeding the mixture into the funnel; 5—a system for holding and bypassing
electrodes; 6—hydraulic cylinders for moving electrodes; 7—packages of a short power supply
network of the furnace from the furnace transformer; 8—furnace arch; 9—bath furnace; and 10—
notch and exhaust trough
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Table 6.6 Chemical composition (%) of high-carbon ferromanganese produced by electrothermic

method (GOST 4755-80)

6 Metallurgy of Manganese Ferroalloys

Grade (GOST 4755-80) Mn, no less c Isi | s
No more

FeMn78A 78-82 7 2 0.05 0.03
FeMn 78K 78-82 7 1 035 0.03
FeMn 78 78-82 7 2 035 0.03
FeMn 75AC6 75 7 6 0.05 0.03
FeMn 75C4 75 7 4 045 0.03
FeMn 75C9 75 6 9 045 0.03
FeMn 75 75 7 1 045 0.03
FeMn 70 70 7 6 0.60 0.03

Table 6.7 Chemical composition (%) of high-carbon ferromanganese (DSTU 3547-97)

Grade Mn C, max Si, max P, max S, max
FeMn78A 75-82 7.0 6.0 0.10 0.03
FeMn78B 75-82 7.0 6.0 0.70 0.03

Fig. 6.16 Ore-smelting rectangular closed electric furnace of RPZ-63 type with a capacity of
63 MV A for smelting manganese ferroalloys: 1—devices for notch burning; 2—arch; 3—a device
for fixing the electrode holder; 4—seals; 5—hydraulic drive system; 6—device for bypassing the
electrodes; 7—hydraulic lift; 8—short network; 9—water cooling system; 10—electrode holder;
and 11—lining; 12—casing
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Fig. 6.17 Ore-smelting round sealed electric furnace with capacity 81 MV A for smelting

manganese alloys: 1—carbon blocks of the walls of the furnace; 2—arch; 3—short network; and
4—-electrode

Below are the technical characteristics of electric furnaces with rectangular (RPZ-
63) and round (RKG-81) bathtubs for smelting high-carbon ferromanganese (self-
baking electrodes):

Furnace type RPZ3-63 RKG-81
Installed capacity of the furnace transformer, MV A 63 (3 x 21) 81 (3 x27)
High side voltage, kV 154 154
Secondary voltage limits, V 238.5-137.0 340-180
Maximum current in phase, kA 112 160

Power factor 0.91 0.92

(continued)
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(continued)

Furnace type RPZ3-63 RKG-81
Electrode dimensions in cross section, mm 3000 x 750 Diameter 2000
The distance between the electrodes, mm 3300 4300
Average electrode travel speed, m/min 0.5 2
Electrode stroke, mm 1200 1600
Dimensions of the melting space, mm

Length/diameter 20,340 15,000
Width 6000 -
Height 3190 7300
Number of notches 3 2

RPZ-63 electric furnaces are equipped with three single-phase transformers, each
having 23 voltage levels.

The energy and structural characteristics of the RPZ-63 and RKG-81 furnaces are
given below:

Furnace RPZ-63 RKG-81
The current density in the cross section of the electrode, A/cm? 5.30 5.13
Power density in the cross section of the electrode, W/ecm? 413.8 478.5
Specific power in the volume of the bath, kW/m? 65.8 724
Specific active power on the area of the electrode cycle, kW/m? 2200 1800
The cross-sectional area of the electrode, m? 2.25 2.14
Hearth area, m? 188.6 124.6

The optimal active power of the RKG-81 furnace is 45—47 MW. High performance
of a round furnace is guaranteed under the condition of using a manganese sinter
fraction of 20-100 mm and a content of <14% SiO,, a manganese concentrate of a
fraction of 10-30 mm and a content of <112% SiO,.

RPZ-63 electric furnaces are equipped with a longitudinal-capacitive compensa-
tion unit, which provides an increase in power factor up to 0.90-0.92.

The gas treatment system of the furnace consists of six typical independent lines
with one backup. At the outlet of the gas treatment system, the gas contains less
than 20 mg/m* of dust, which allows it to be burned in boiler furnaces and used for
the sintering of manganese concentrates. Deepening the furnace bath from 2.85 m
according to the design to 4.5 m allowed to reduce the dust content of flue gas by
2-2.5 times.

Ore-smelting electric furnaces are equipped with continuous self-baking elec-
trodes, the use of which ensures the continuity of the process without stopping the
furnaces to build up electrodes.

Physicochemistry of the process. Theoretical temperature of the beginning of
manganese reduction to MnCy carbide by reaction
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MnOr + (1 + x)C = MnC,, 4+ CO,

AGY = 196,293 — 123T

equal to 1597 K (1324 °C). Since ferromanganese contains ~7% C, in a first approx-
imation we can assume that the alloy is mainly represented by carbides Mn;C; and
(Mn, Fe)7C3 .

The temperatures of the beginning of reduction and melting of ferromanganese are
close; therefore, liquid droplets of carbon-saturated metal, deposited on the bottom
of the furnace, interact with coke and with slag melt, which leads to the reduction of
silicon according to the scheme:

((Mn, Fe);C3 4 (SiOz) — [Silmage + CO

High-carbon ferromanganese FMN78 (up to 0.7% P) is smelted mainly by an
economical flux-free process. The resulting high-manganese slag (38% Mn) is used
as the initial component of the charge for smelting silicomanganese with a low
phosphorus content, which increases the extraction of manganese and reduces the
consumption of charge materials.

In the flux method, high-carbon ferromanganese is smelted using starting concen-
trates, coke and limestone. To achieve a lower phosphorus content in the charge, the
calculated amount of high-manganese low-phosphorous slag (HMLPS) is used. The
process leads to a more complete reduction of manganese and the production of
waste slag with a basicity of %Ca0/%Si0, 1.0-1.2 and a MnO content of 10-14%.
Calculation of the charge for smelting high-carbon ferromanganese flux method is
given in Appendix A.

The flux method is less economical in comparison with the flux-free method
(Table 6.8). Regardless of the method of smelting ferromanganese, the release of the
alloy and slag from the six-electrode RPZ-63 furnaces is made from three notches
of the furnace in turn into the ladle. The taphole is opened with a machine that can
move along the guides, drill the taphole, clean the front wall of the furnace in the
taphole zone, knock out the cork of the remaining drill hole in the taphole and return
to its original position.

After the release of the melting products, the trolley with the ladle is fed into
the casting span. The slag is poured into the bowl, and the slag remaining in the
ladle is thickened with sand to prevent it from falling onto the ingots. Then, the
ladle with ferromanganese is fed to the filling machine, and the slag is taken out for
slag processing or dump. Ferromanganese is poured on belt machines with cast iron
molds.

The filling machine is intended for casting ferroalloys into molds, cooling, forming
ingots and transporting them to the finished goods warehouse. It is a closed two-belt
conveyor with a length of 70 m. The main technical data of the filling machine
are given in Table 6.9. The optimum temperature for casting ferromanganese is
1380-1340 °C, and the ingot thickness in the mold is 85 mm.
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Table 6.8 Main technical
and economic indicators of

smelting high-carbon
ferromanganese

Table 6.9 Technical

characteristics of the casting

machine MPF-4-722-270

6 Metallurgy of Manganese Ferroalloys

Parameters Smelting method
Flux Non-flux
Specific consumption, kg/b.t
Manganese raw material (48% Mn) 2060 2971
Coke 580 415
Pellets 110 85
Limestone 700 -
Electrode mass 21 224
Specific power consumption, kWh/b.t 4290 3498
Slag (HMLPS) yield (48% Mn), kg/b.t |- 1353
Mn in slag, % 14.2 35.8
Slag ratio 1.2 0.88
Extraction of Mn, % 78-82 |98.8

Parameter

Design values

The capacity of the casting, t/h

Low-phosphorous slag 24
Silicomanganese 48
Ferromanganese 60

Conveyor speed, m/min 3.25;5;6.5; 10
The total number of molds, pcs 726

Type of tilting device Hydraulic lifts
Bucket tilt angle, degrees 100

Conveyor tilt angle, degrees 8°30

Bucket capacity, m? 8

Drive power, kW 50

Mold weight, kg 370

Machine weight, t 504
Dimensions, mm

Length 79,500

Width 12,200

Height 9950

Fractionation of ferroalloys at the NZF is carried out by a crushing and screening
complex, which includes: «KueKen» jaw crusher equipped with a device for regu-
lating the output gap from 50 to 150 mm and providing crushing of metal without
friction, vibration screening of the «Seko» company, consisting of a box assembly
with three removable screens and feeder P1-1211.
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Depending on the required size class of finished products, a certain exit slit is
installed on the crusher, and the necessary sieves with mesh sizes of 80 x 80, 70 x
70,50 x 50,20 x 20, 10 x 10and 5 x 5 mm are installed on the crusher. Productivity
of crushing and screening complex is 120-150 thousand tons/year depending on the
fraction.

Along with the production of high-carbon ferromanganese in electric furnaces, in
modern conditions its production in blast furnaces has partially been restored. At the
Kosaya Gora Iron Works (Russia), ferromanganese is smelted in three blast furnaces
with volumes of 880, 706 and 408 m>.

From the technological point of view, ferromanganese blast furnace smelting is
characterized by a number of progressive measures aimed at increasing smelting
efficiency: increasing blast temperature, increasing blast furnace gas pressure, using
basic magnesia slags, involving lumpy naturally fluxed carbonate manganese ore,
iron—-manganese low-phosphorous ore from Kazakhstan, manganese sinter and high-
basicity sinter (iron flux). An increase in the temperature of the blast leads to a rational
distribution of heat in the furnace and favorably affects the restoration of manganese.
An increase in the temperature of the blast by 100 °C gives a coke saving of 6-8%.
With this in mind, two high-temperature small-sized air heaters with a corundum ball
nozzle with blast heating up to 1400 °C were built at the plant. Favorable conditions
for the restoration of manganese create the main slag. The optimum basicity should
be considered the CaO/SiO; ratio, equal to 1.2—1.3 with a content of 6—8% MgO.
When using carbonate ore, the gas permeability of the mixture improves, the top
temperature decreases, the consumption of raw fluxes decreases, and the utilization
of manganese increases.

The proportion of carbonate ore in the mixture is limited by its high phos-
phorus content. This shortcoming was offset by the development of the Ushkatynsk
manganese ore in production. In recent years, the plant has been working to involve
in the production of iron flux basicity of 3.5. Its use made it possible to exclude
expensive metal additives from the charge and sharply reduce the consumption of
raw fluxes.

At OJSC Magnitogorsk Iron and Steel Works, ferromanganese is smelted in a blast
furnace using manganese ore from the Zhairemsky deposit. The specific consump-
tion of charge materials is determined by solving a system of three equations: for
manganese, slag basicity and magnesia content. The slag yield is 1150 kg/t of alloy.
Tuyere gas has the composition: 34.8% CO, 2.7% H;, 62.5% N,. In the blast flow
30 m3/t of process oxygen and 60 m>3/t of natural gas. The temperature of the air
heater is 1250 °C. The composition of blast furnace gas is: 9.5% CO,, 31.4% CO,
2.0% H; and 57.1% Nj.

6.4 The Technology of Ferrosiliconmanganese Smelting

Ferrosiliconmanganese is used for deoxidation and alloying of steel, alloys, cast
iron, production of refined manganese alloys in the metallurgical industry. This is
a ferroalloy, the basis of which is manganese with a mass fraction of at least 60%
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and silicon with a mass fraction of 10-35%, and the alloy also contains phosphorus,
sulfur and carbon with limited upper mass fractions (Table 6.10). The calculation of
the charge for smelting ferrosiliconmanganese is given in Appendix B.

Depending on the mass fraction of phosphorus (P), ferrosiliconmanganese is
divided into groups A and B, and by size of pieces—into size classes 1, 2, 3, 4,
5.

The carbon content in the alloy depends on the concentration of silicon: The more
silicon in the alloy, the lower the solubility of carbon in it, since the chemical bond
of Mn-Si is higher than Mn—C.

The process of forming silicomanganese consists of the following stages. The
process of forming silicomanganese consists of the following stages. Initially, the
processes of reduction of higher manganese oxides MnO,, Mn,0O3; and Mn3O4
develop with the participation of CO and then MnO according to the direct reduction
reaction to carbide: (MnO) + (1 + x)C — MnC, + CO. In the zone of high temper-
atures, the reaction of silica reduction is noticeably developing. The presence of a
metal melt thermodynamically facilitates the process of silicon reduction with the
formation of ferrosiliconmanganese (SiO,) + 2C + MnC, = [Mn-Si-C,] + 2CO.

Ferrosiliconmanganese in the conditions of OJSC “NZF” is smelted in electric
furnaces with rectangular baths (RPZ-63), with round baths (RKZ-75, RKZ-27).
The charge uses manganese sinter AMNV-2 (manganese content not less than 37%)
and AMNV-1 (not less than 47.5% Mn) with a grain size of 5-200 mm, produced
on sintering machines of the NZF. In order to reduce the phosphorus content in
ferrosiliconmanganese from 0.60 to 0.50%, 0.35, 0.25 and 0.15% manganese slag is
used in the charge (fraction 0—150 mm). Along with Nikopol manganese concentrate,
imported high-manganese low-phosphorous manganese ores from the deposits of
Ghana, Gabon and Australia are used.

As asilica-containing component, quartzite (not less than 96% Si0O, and not more
than 1.8% Al,O3) with a grain size of 25-80 mm is used, and reducing agents—
coke—sorted fractions of 5-25 mm and anthracite. For the formation of furnace slag
of a certain basicity, limestone is used (the sum of % CaO + % MnO is not less than

Table 6.10 Chemical composition of ferrosiliconmanganese

Alloy grade Mass share of element, %
Si Mn, no less C P S
A B
No more

SiMn25 From 25.0 to 35.0 incl. 60.0 0.5 0.05 0.25 0.03
SiMn 22 «20» 25.0 « 65.0 1.0 0.10 0.35 0.03
SiMn 17 «15» 20.0 « 65.0 2.5 0.10 0.60 0.03
SiMn 12 «10.0» 15.0 « 65.0 35 0.20 0.60 0.03

Note The letters and numbers in the designation of the brand of the base alloy of
ferrosiliconmanganese mean: Mn—manganese, Si—silicon; the numbers following the letter are
the average mass fraction of silicon in whole units
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51.5%). The ratio of Cs/Mn in the charge should be 0.38-0.47 (RPZ-63 furnace) and
0.38-0.4 (RKZ-75 furnace); the ratio C/(Mn + SiO;) in the range of 0.19-0.25; and
SiO,/Mn no more.

The normal technological process of smelting ferrosiliconmanganese is character-
ized by a uniform charge flow, top gas pressure under the arch of 1-3 Pa (closed RPZ-
63 furnaces), 5-20 Pa (RPG-63 sealed furnaces) and 20-50 Pa (RKG-75 furnaces).
The gas temperature in the under-arch space should not exceed 400 °C (RPZ-63
furnaces) and 200 °C (RKG-75 furnaces). Top gas contains up to 85% CO. The
content of oxygen and hydrogen in the top gas should not exceed 1.0 and 8%,
respectively.

For the smelting of ferrosiliconmanganese with a low phosphorous content,
charges with various amounts of low-phosphorous manganese ore components are
used (Table 6.11).

With a decrease in the phosphorus content in ferrosiliconmanganese (i.e., with
an increase in the fraction of slag), the specific energy consumption significantly
increases, the slag multiplicity increases, and the useful manganese extraction
decreases (Table 6.12).

Ferrosiliconmanganese and slag from the RPZ-63 furnace are released after 2 h
(after the next release) into cascaded ladles (one for metal and two for slag). Notches
are opened by the car. Ladles for receiving the alloy lined with bold sand using the
SB-50 sandblast.

Slag (47-40% SiO,, 13—15% Mn, 12-13% CaO, 5-7% Al,0s, 2.9-3.1% MgO)
is discharged into steel buckets with a capacity of 11 m3. Duration of release is 20—
40 min. Notches are covered with carbon mass. Ladles with metal and slag are rolled
out into the casting span.

Ferrosiliconmanganese is poured on a filling machine, which has the following
characteristics: number of conveyors 2; conveyor speed 3.25; 5; 7; 10 m/min; length
70.4 m; total number of molds 725; and tilt angle of the tilter 100°.

Table 6.11 Compositions of the charges for smelting ferrosiliconmanganese with different
phosphorus contents

Charge component Phosphorus content in ferrosiliconmanganese,

%

0.15 0.25 0.35 0.50 0.60
Sinter - 500 940 1370 1660
Manganese slag 900 730 360 180 -
Manganese ore (Australia) 680 400 340 140 -
Coke 310 310 320 320 320
Quartzite 250 260 260 260 260
Limestone 60 - - - -
Iron ore pellets 55 65 50 50 50
Secondary manganese raw materials (waste) 200 300 300 400 400
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Table 6.12 Technical and economic indicators of smelting ferrosiliconmanganese with different

phosphorus contents

Parameters Phosphorus content, %

0.20 0.35 0.50 0.60
Specific consumption, kg/t
Manganese raw materials (48% Mn) 1843 1728 1700 1674
Coke 415 425 410 395
Quartzite 285 333 305 294
Limestone 100 - - -
Recyclable waste 163 234 251 217
Secondary manganese raw materials - 208 194 153
Electrode mass 28.5 24.6 242 24.0
Specific power consumption, kWh/t 4191 4088 3930 3840
Mn content in slag, % 11.7 124 12.6 12.5
Slag ratio 1.6 1.5 1.4 1.3
Extraction 75.26 79.9 81.5 82.2

The gas cleaning system of the RPZ-63 furnace consists of six standard indepen-
dent lines and one common gas blower. Up to 50 m?/h of water is consumed for
cooling and wet gas purification. Usually, five lines work with one backup. At the
exit of the gas treatment system, the gas contains up to 20 mg/m> of dust, which
allows it to be burned in boiler furnaces.

6.5 The Technology of Smelting of Metallic Manganese,

Low- and Medium-Carbon Ferromanganese

Metallic Manganese. Manganese of technical purity (95-99.8% Mn), called metallic
(Table 6.13), is obtained by silicothermic and electrolytic methods. In some countries,

manganese metal is produced by the aluminothermic method.

Table 6.13 Chemical composition of metallic manganese, % (GOST 6008-90)

Grade Production method Mn, no less C ‘ Si ‘ P ‘ S

No more
Mn998 Electrolytic 99.8 0.04 - 0.003 0.003
Mn997 99.7 0.06 - 0.05 0.10
Mn965 Electrothermic 96.5 0.10 0.8 0.05 0.05
Mn95 95.0 0.20 1.8 0.07 0.05
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Silicothermic Metallic Manganese Technology. The silicothermic process for
the production of manganese ferroalloys is based on the reaction of reduction of
MnO by silicon of silicomanganese. The technology of metallic manganese includes
three stages (Fig. 6.18): [—smelting of low-phosphorous high-manganese slag;
[I—smelting silicomanganese with high silicon content; and IIl—obtaining metal
manganese.

Smelting of low-phosphorous charge slag (LPCS; “charge” means purposed for
further processing). The mixture for the smelting of the low-phosphorous charge

I Stage
Smelting of high-carbon ferromanganese
FeMn78B and low-phosphorous
slag by a continuous process

Manganese .
concentrate Anthracite
Stage 11
Smelting of silicomanganese
SiMn25 with high silicon content

Solid LPCS
Dolomite
Coke breeze
Quartzite \ COs

SiMn25

Liquid LPCS

Stage 11
Metallic manganese
smelting

Dump slag

Dump slag
Metallic manganese

Fig. 6.18 Three-stage technological scheme for the production of metallic manganese with the
preparation of FMn78B ferromanganese in the first stage and low-phosphorous charge slag (LPCS)
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slag consists of manganese concentrate, dump slag of commercial ferrosiliconman-
ganese and coke, the amount of which is determined from the calculation of the
reduction of iron, phosphorus and partially manganese. Previously, slag was smelted
by the carbothermic method in inclined arc furnaces with a capacity of 5 MV A with
magnesite lining (Fig. 6.15) by a batch process. The disadvantage of the previously
used technological scheme is the formation at the first stage of an associated phos-
phorous alloy containing, %: 45-55 Mn; 30-45 Fe; 1.5-3 P; 0.1-0.3 Si; 3.5-5 C,
which did not have a wide industrial use and which led to a decrease in the benefi-
cial use of manganese. In order to increase the beneficial use of manganese in the
first stage according to the current technological scheme, the slag is smelted by a
continuous process (Fig. 6.18); along with slag, not an associated phosphorous alloy
is produced, but commercial high-carbon ferromanganese FeMn78B grade (up to
0.7% P) due to the greater amount of reduced manganese. This required the adjust-
ment of the technology for smelting silicomanganese with high silicon content and
metallic manganese, as the first stage slag began to contain 36-38% Mn against
42-44% according to the previously used technological scheme.

Smelting of silicomanganese with high silicon content (“foundry” silicoman-
ganese). Silicomanganese with high silicon content is obtained in ore-smelting
furnaces by co-reducing manganese and silicon from a charge consisting of redox
phosphoric manganese slag, quartzite and coke. Silicomanganese is smelted in
furnaces with a capacity of 16.5 MV A by a continuous process with periodic produc-
tion of alloy and slag. The normal course of the furnace is characterized by a stable
immersion of electrodes in the charge and a uniform release of metal and slag from
the furnace. To obtain silicomanganese with a low iron content, graphitized elec-
trodes with a diameter of 450 mm are used; 83.7% Mn and ~60% Si go into the alloy.
The carbon content in the alloy is 0.08-0.1% at a silicon concentration of 27-29%.
The chemical composition of the dump slag of silicomanganese is, %: 8.6 Mn (11.09
MnO); 46.8 Si0,; 18.8 CaO; 10.0 MgO; 9.9 Al,03; 0.002 P; and 1.7 S. The slag
ratio is 0.8—1.

Smelting of metallic manganese. The process of reduction of MnO by silicon of
converted silicomanganese can be represented by the reaction

(nMnO - mSiO») + x[Si] = 2x[Mn] + (n — 2x)MnO - (m + x)SiO;.
The introduction of calcium oxide improves the thermodynamic conditions of the
process, shifting it toward a more complete extraction of manganese and metal yield.

For the reaction

2MnOy;, + [Si] 4+ 2Ca0; = 2Mn + 2Ca0 SiOy),

AGS75_ 1573 = 18480 + 86.47T, J/mol.

The addition of CaO to the MnO-SiO, system increases the thermal effect of the
Mn reduction reaction by silicon. Melting is carried out using liquid low-phosphorous
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manganese slag in open inclined arc furnaces with a capacity of 5 and 7 MV A
(Fig. 6.19). The furnace bath is lined with magnesite brick. Lime is used as a flux,
%: 93.2 Ca0; 0.3-0.5 SiO,; 0.04 FeO; 0.1 Al,O3; 0.5 MgO; 0.03 S; 0.005 P; and
7.5-7.8 LOL The reducing agent is crushed (granular) silicomanganese. The total
melting time is 3-3.5 h. Specific consumption of charge materials and electric energy
per 1 t of manganese metal is: 2087 kg of low-phosphorous slag (48% Mn), 650 kg
of silicomanganese, 1631 kg of lime, 2590 kWh/t electricity. The slag ratio reaches
3.6-4.0, depending on the brand of smelted metallic manganese.
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Fig. 6.19 General view of a ferroalloy refining furnace: 1—bath; 2—electrodes; 3—contact node;
4—electrode holder sleeve; 5—telescopic stand; 6—Ilifting mechanism; and 7—cradle and tilt

mechanism
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Table 6.14 Chemical composition of metallic manganese, %

Shot Mn C Si Fe Al Ca Mg P S

1 96.3 0.12 1.2 1.9 0.054 0.03 0.009 0.05 0.02
2 96.6 0.13 14 2.0 0.08 0.04 0.012 0.05 0.012
3 96.0 0.14 1.2 2.1 0.09 0.04 0.012 0.06 0.015

Table 6.15 Chemical composition of dump slag of metallic manganese, %

Shot Mn SiOs CaO MgO AL O3 FeO P C S

1 13.7 29.0 45.4 33 3.5 0.20 0.003 0.23 0.34
2 15.4 28.9 44.2 3.1 1.8 0.18 0.003 0.12 0.08
3 14.6 27.9 44.4 3.0 2.1 0.15 0.005 0.17 0.15

Metallic manganese of the grade better in terms of Si, P and C content can
be obtained under the condition of higher material costs and, therefore, at lower
economic indicators. During cooling, the waste slag of metallic manganese is scat-
tered into a fine powder due to the conversion of -2Ca0-SiO; to y-2Ca0-SiO,, which
is accompanied by a 12% increase in volume. The actual chemical composition of
manganese metal is given in Table 6.14 and dump slag in Table 6.15.

A feature of the technology for producing metallic manganese is the relatively low
through beneficial use of manganese, not exceeding 50-52% of the specified value,
which is the main reason for the high specific consumption of electricity, charge
materials and the relatively high prime cost of manganese. The low extraction of
manganese from concentrates into the commodity metal is explained by the large
losses of manganese with waste slag, mainly at stage III of the process, which explains
the fact that the transition of manganese to the commodity metal at this stage does
not exceed 60—63%.

Electrolytic production of metallic manganese. The raw materials for producing
electrolytic manganese are oxide ores and concentrates (peroxide version) or
carbonate concentrates (carbonate variant). The technology includes the following
main stages: (1) reducing firing of ore and concentrates at 700 °C; (2) leaching;
(3) purification of solutions from impurities; and (4) electrolysis. The calcined ore
and concentrates are leached with reverse analyte (15-17 g/1): 135-145 g/1 (NHy)
2S04, 20-25 g/1 H,SOy4. Sulfuric acid and ammonium sulfate are added to the leach
solution, as a result of which the concentration of H,SO, increases to 4540 g/l,
(NH4)>SO4 to 150-165 g/1. The leaching process leads to complete neutralization
of the analyte (pH 3.5-4.5), while the concentration of manganese in the solution
rises to 40 g/l and the content of (NH4),SO4 to 180 g/l. The solution is purified
from impurities (Fe, Ni, Al, Co, Mg, Cu, P, etc.) with the help of ammonium sulfide
(NHy),S contained in ammonia water of coke production. After purification, the
solution (33-35 g/l manganese and 145 g/l ammonium sulfate, pH 7-7.5) is fed into
the cathode space from the end of the bath made of vinyl plastic. The anode solu-
tion is removed from the other end of the bath. The exchange rate of the solution
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is 30 ml/h per 1 A. The electrolysis is carried out at a current strength of 2000 A,
which ensures a current density of 300-350 A/m? at the cathode and 700 A/m? at the
anode (electrolysis temperature 35-38 °C, duration 24 h). Manganese deposited on
the cathode is removed in the form of ingots and smelted in induction furnaces. The
production of 1 ton of manganese consumes 4000—4200 kg of manganese concen-
trate (48% Mn), 1300-1500 kg of sulfuric acid (75% H,SO4), 1600-1900 kg of
ammonium sulfate, 500-550 kg of ammonia water, 450-500 kg of standard fuel and
10,500-12,000 kWh of electric energy. The structure of the production cost of 1 ton
of electrolytic manganese is as follows: raw materials—29.6%; electricity—22.5%;
and processing costs and other—49.1%. The cost of electrolytic manganese is 3 times
higher than the cost of metal manganese electrosilicothermic production.

Smelting of low- and medium-carbon ferromanganese. Low- and medium-carbon
ferromanganese (Table 6.16) is smelted in an electric arc furnace with a capacity of
5 MV A using the silicothermic method by a batch process. Slag basicity is 1.3—1.4.

Medium-carbon ferromanganese with a phosphorus content of 0.10% is obtained
by the silicothermic method according to the three-stage scheme (Fig. 6.18). The
composition of the charge includes low-phosphorous manganese slag of flux-free
smelting of ferromanganese, silicomanganese with a high silicon content and lime
(Table 6.17, option 1). When smelting low- and medium-carbon ferromanganese
with a higher phosphorus content (0.30 and 0.35%), the charge can consist of charge
manganese slag, Nikopol manganese concentrate of the first grade, silicomanganese
as areducing agent (screenings of fractionated SiMn17 ingots) and lime (Table 6.17,
option 2).

Technical and economic indicators of smelting medium-carbon ferromanganese
with different phosphorus contents are given in Table 6.18, from which it follows that
with a decrease in the phosphorus content in medium-carbon ferromanganese, the
extraction of manganese into a metal decreases from 63.2% for an alloy from 0.40%
P to 57.1% for an alloy with 0.1% P; correspondingly, the specific consumption
increases electricity by 32.2%.

Table 6.16 Chemical composition of low- and medium-carbon ferromanganese, %

Grade Mn, no less C Si ‘ P ‘ S
No more

Low-carbon ferromanganese

FeMn0.5 85 0.5 2.0 1030 0.03

Medium-carbon ferromanganese

FeMn 1.0A 85 1.0 1.5 0.10 0.03

FeMn 1.0 85 1.0 2.0 0.30 0.03

FeMn 1.5 85 1.5 25 0.30 0.03

FeMn 2.0 75 2.0 2.0 0.35 0.03
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Table 6.17 Technical and economic indicators of production of medium-carbon ferromanganese

Parameter Technology options

1 2
Specific consumption of materials, kg/base t
SiMn17 fractionation screenings 1395 1500
Manganese slag 1115 -
Grade I oxide concentrate - 850
Total manganese raw materials (48% Mn) 2510 2350
Lime 950 640
Fluorite concentrate 30 20
Graphite electrodes 30 18
Specific energy consumption, kWh/base t 2550 1530
The manganese content in the slag, % 13.5 13.2
Slag ratio 2.25 1.7
Manganese distribution, %
In metal 66.5 70.9
In slag 214 14.7
In screenings 3.0 3.1
Lost 9.1 11.3

Table 6.18 Technical and economic indicators of smelting medium-carbon ferromanganese with

different phosphorus contents

Parameter FeMn88P40 FeMn88P30 FeMn88P10
Actual furnace power, kW 2958 2565 2899
Material consumed, kg/t

Commodity silicomanganese 773 440 -
Low-phosphorous slag (48% Mn) 1558 1800 1970
Silicomanganese with high silicon content 169 235 692
Lime 1204 1230 1670
Graphite electrodes 12.1 13.9 12.5
Magnesite brick 70.0 76.0 70..3
Electric power consumption, kWh/t 1971 2265 2606
Manganese extraction, % 63.2 61.1 57.1
Through consumption of electricity, kWh/t | 9163 8748 10,999
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6.6 The Technology of Nitrided Manganese
and Silicomanganese

Nitrided manganese (2—6% N) (Table 6.19) is used in the production of many steel
grades. When smelting corrosion-resistant steels of the austenitic class, nitrogen is
introduced as a substitute for a part of nickel; the nitrogen content reaches 0.5—
0.6%. Nitrided metal manganese is a two-component Mn—-N system (Fig. 6.20), in
which nitrides are formed: MngN (5.99% N), MnsN, (9.2-11.92% N), Mn;N, (13.5-
15% N) and others. When nitriding liquid manganese with molecular nitrogen, the
solubility of nitrogen decreases with increasing temperature due to the exothermicity
of the reaction. Therefore, a solid-phase process for producing manganese nitrides
has been developed.

Table 6.19 Chemical composition of nitrided manganese, % (GOST 6008-90)

Grade Source manganese | Mn, noless |C ‘ Si ‘ P ‘ S N, no less
No more
Mn92H6 | Electrolytic 92.0 0.10 |- 0.005 |0.10 |6.0
Mn87H6 | Silicothermic 87.0 020 |1.8 |0.07 0.05 6.0
Mn89H4 89.0 0.20 |1.8 [0.07 0.05 4.0
Mn91H2 91.0 020 |1.8 |0.07 0.05 2.0
Fig. 6.20 Equilibrium state T K 1800 1 1 1 1 1 1 1 1 1
diagram of the Mn-N system ’
E+G
973 —
863
2 uy -
800 - - Zé, Z
- =
= 661 = =
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N, % ( by mass )
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Table 6.20 Chemical composition of nitrided ferrosiliconmanganese, %

Grade Mn, no less N Si C, no more
SiMn7H 60.0 7.1 9-17 35
SiMn5H 60.0 4.0-7.0 9-17 3.5

The production technology of nitrided manganese by the solid-phase process is
as follows. Manganese powder (fraction <2 mm) obtained in a ball mill in a nitrogen
atmosphere is poured into trays and placed in vacuum furnaces at a temperature
of <200 °C. After creating a vacuum of <133.3 Pa and subsequent heating to
800 °C, molecular nitrogen with a purity of 99% N, is supplied to the furnace. The
temperature of the isothermal extract is 900-950 °C.

Due to the exothermicity of the process, the powder is sintered into strong cakes.
Charge is cooled in a nitrogen atmosphere; the total duration of the process is 70 h.
The strength of the cakes is satisfactory if nitriding is carried out at 750-900 °C.
The density of the cake is 5.9-6.4 g/cm>. When creating a vacuum at the first stage
of the process, a layer of manganese powder is loosened by hydrogen released from
it (140-250 cm?/100 g), which facilitates the access of nitrogen during nitriding.
To obtain 1 t of marketable nitrided manganese, 1030 kg of metallic manganese,
150 m? of nitrogen and 1180 kWh of electricity are consumed. The beneficial use of
manganese is 97%.

Ferrosiliconmanganese can also be nitrided (Table 6.20). During nitridation of
ferrosiliconmanganese, a phase of the Mins_, Si3_, N, type and carbide (Mn, Fe)3,Cs
are formed. Regardless of the final nitrogen content (<9%), x = 2.95 and y = 0.65.

The solid-phase method for producing nitrided ferroalloys is characterized by
versatility and can be used to produce nitrided high-carbon ferromanganese with
vanadium and other alloys.
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Chapter 7 ®)
Metallurgy of Chromium Ferroalloys e

7.1 Properties of Chromium and Its Compounds

Chromium—element of the VIb group of the Periodic system of elements. Atomic
number 24; atomic mass 51.996; electronic configuration 3d°4s!; melting point
1907 °C and boiling point 2671 °C; density 7.19 g/cm?; oxidation state 2, 3 and
6. Chromium has a body-centered cubic lattice and does not have allotropy. Liquid
and solid chromium has a relatively high vapor pressure

IgPcr = —20,380/T + 12.46, at 1800K P, = 13.7 Pa.

Cr-Fe system. Chromium forms a continuous series of solid and liquid solutions
with iron (Fig. 7.1). The region of the y-phase completely “closes” at 13% Cr. Ata
temperature of <820 °C in the range of 30-60% Cr, there is a solid and brittle o-phase.
Chromium solutions in iron-based melts are close to ideal, at 1600 °C y& g, = 1

Cr-C system (Figs. 7.2 and 7.3). Chromium with carbon forms carbides Cr,3Cg,
Cr;C3, Cr3C, and CrC. Monocarbide CrC is stable in the temperature range 1500—
2100 K. Carbide formation enthalpy A Hyys = —10.9 kJ/mol

For reactions of the formation of chromium carbides, the Gibbs energy change in
the temperature range 1500-2000 K is described by the equations:

23Cr + 6C = Cry3Co; AG, = —411480 — 38.55T, J/mol;
7Cr+3C = CryC3;  AG; = —188790 — 18.54T, J/mol;
3Cr+2C = Cr;Cy;  AG; = —89999 — 17.27, J/mol.

Carbon is dissolved in solid chromium in small quantities. The temperature
dependence of the solubility of carbon in chromium is described by the equation

1g[%Cle, = —9887/T + 4.3 (973 — 1673K).
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Fig. 7.2 Diagram of the equilibrium state of the Cr—C system

Cr-Fe—C system (Fig. 7.4). In this system, there are phases: a-solid solution of
carbon in chromium, carbides (Cr, Fe),3Cg; (Cr, Fe);C3; (Cr, Fe);C, and intermetallic
FeCr (o-phase).

With an increase in the carbon concentration in the 70% Cr—Fe—C system, the
liquidus temperature decreases from 1640 °C at 0% C to 1400 °C at 3-3.2% C, and

then, it rises and reaches 1700 °C at 8%.

Cr-Si system. In the Cr-Si system, thermodynamically strong silicides Cr3Si,
CrsSis, CrSi and CrSi, are formed (Table 7.1; Fig. 7.5). Silicides Cr3Si and CrsSij
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Table 7.1 Some properties of silicides of iron and chromium
Type of silicide Silicide Si, % — A H,yq, kJ/mol p, glem® Tm, K
MesSi Fe3Si 14.36 93.85 7.18 1261
Cr3Si 15.26 138.27 6.43 2043
MesSi3 FesSi3 23.18 244.70 6.47 1261
CrsSi3 24.45 326.8 5.86 1993
MeSi FeSi 33.46 73.70 6.16 1683
CrSi 36.05 79.61 5.36 1748
MeSiy FeSiy 50.15 81.28 4.99 1493
CrSia 51.93 123.18 4.69 1748
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Fig. 7.5 Equilibrium state diagram of the Cr-Si system

melt congruently at 1770 °C and 1720 °C, respectively, and CrSi—incongruently at
1475 °C. At the same temperature, CrSi, silicide melts congruently.

The first partial enthalpies of mixing chromium with liquid silicon AHZ =-82.0
and silicon with liquid chromium A H§® = —135.0 kJ/mol.

In the ternary Cr—Fe-Si system, iron—chromium silicides are formed (Cr, Fe);Si;
(Cr, Fe)sSis; (Cr, Fe)Sis.

Cr-Si—C system (Fig. 7.6). The structural components in this system are a solid
solution of silicon and carbon in chromium; carbides Cr,3Cq, Cr;C3 and Cr3C;;
silicides Cr3Si, CrsSi3, CrSi, CrSi;; a-and B-modifications of SiC; silicocarbide
compound CrsSizC, (Novotny phase). Complex silicocarbides are formed in the
Cr—Fe-Si—C system: (Cr, Fe);C,, (Cr, Fe);Cs, (Cr, Fe),4Si4C3, (Cr, Fe)sSi3Cg, (Cr,
Fe)Si (Table 7.2).

Cr-P system (Fig. 7.7). Phosphides Cr3;P, Cr;P, CrP, CrP,, etc. are formed in
this system. In solid chromium, phosphorus is dissolved in small quantities and is
released in the form of phosphides during crystallization of alloys.

The Gibbs energy change equations for the reactions of Cr3P and Cr,P formation
in the temperature range 1350-1680 K are:



7.1 Properties of Chromium and Its Compounds 129

10 10
a M;Cy Cr-Si-C 4 Cr-Fe-Si-C
Cr/Fe=1,5
£ 6 = 6 1\‘13(32
= o
E 4 M?CS = - 4
2+ 2
0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1
10 10
4 M;Co Cr-Fe-Si-C & Cr-Fe-Si-C
. Cr/Fe=4 & Cr/Fe=0,25

---- Fe-Si-C

=g = 6
5 -~
4 2,
2 z SiC
0 | 1 1 | 1 1 1 0 1 | 1 1 1~ T=4. 1
0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28
sil, % [Sil, %

Fig. 7.6 Silicon—carbon ratios in the Cr—Fe—Si—C system at a temperature of 1600 °C

Table 7.2 Chemical composition, %, compounds in the Cr—Fe—Si—C system

Stoichiometric compound formula Cr Fe Si C
(Cr, Fe);C, 83-85 2.5-4.0 - 13
(Cr, Fe);C3 75-76 15-16 - 9
(Cr, Fe)145i4C3 68-70 15-18 11.5-16 4-5
(Cr, Fe)sSi3Ce 45-48 23-30 22-25 2
(Cr, Fe)Si 33-35 28-30 32-34 -
Fig. 7.7 Isobaric sections of t,°C
the Cr-P phase diagram at a \ L
pressure of 1 kPa
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3Cr) + 1/2Py = Cr3P, AG = —252,660 + 193.8T, J/mol;
2Cr + 1/2Py) = CroP, AG' = —228,360 + 153.98T, J/mol.

Chromium with phosphorus forms stronger phosphides than iron. Therefore, the
dephosphorization of chromium alloys by the oxidative method is ineffective.

Cr-S system. There are stable sulfides CrS, Cr3S4 and Cr,S3, as well as metastable
Cr;Sg and Cr3Sg. The Gibbs energy change of the reaction of the formation of
monosulfide from elements in the temperature range 1375-1507 K is described by
the equation

Cr+1/25, = CrS,

AG; = —202,312 + 56.0T, J/mol.

Cr-0 system. Oxides CrO3, Cr; O3, Cr3Oy4, CrO are known. In the region indicated
in Fig. 7.8 temperatures and partial pressures of oxygen, Cr,O3 and Cr3;Oy4 can exist,
with Cr3Oy in a very narrow temperature range of 1650-1705 °C.
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Fig. 7.8 Equilibrium state diagram of the Cr-Cr,0O3 system (po,, kPa) Dash-dotted lines—loga-
rithm of oxides dissociation pressure
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The temperature dependences of the Gibbs energy of the reactions of formation
of Cr,O3 and CrO have the form:

2Cr + 3/20, = Cry03, AG, = —1,153,703 4 275.2T, J/mol;
2Cr 4 O, = 2CrO, AG; = —516,552 + 384.9T, J/mol.

Cr-N system. Nitrogen with chromium form a solid solution and nitrides Cr,N
(11.87% N) and CrN (21.22% N):

4Cr+ N, =2CnN;  AG, = —216,942 — 48.07T1gT + 275.8T, J/mol;
2CrN + N, = 4CiN; AG, = —267,520 — 48.07T1gT + 347.7T, J/mol.

CaO0-Cr,0; system (Fig. 7.9). Calcium chromite-chromate 9Ca0-4CrO3-Cr,O3
with melting point 1774 °C and CaCrO, chromate, which decomposes according to
the peritectic reaction, are formed in the system. A particularly strong compound in
the system is calcium chromate CaO-Cr,O3. Under oxidizing conditions, a number
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Fig. 7.9 Equilibrium state diagram of the CaO—Cr,O3 pseudo-binary system
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of low-melting compositions are formed in the CaO-Cr, O3 system. This feature of
the system is used to obtain a chromium oxide melt Cr,O3 with lime during the
smelting of silicothermic ferrochromium by mixing ore—lime melt with ferrosilic-
ochromium outside the furnace, lime-chromium melt during the aluminothermic
method of ferrochromium production, etc. At a content of 30-60% Cr,03, the
liquidus temperature in the CaO—Cr, 03 system does not exceed 1773 °C.

CrO-Si0, system (Fig. 7.10). In this system, one compound is formed, chromium
orthosilicate 2CrO-Si0,(Cr,Si0y4), which decomposes according to the peritectic
reaction. Chromium oxide (“CrO”) in its pure form at low temperatures is ther-
modynamically unstable and disproportionate in air according to the scheme:
3«CrO» — Cr,03 + Cr. Silica stabilizes CrO, forming chromium orthosilicate. The
heat and change in the entropy of the formation of CrO from elements are A Hyy, =
—399.9 J/mol and S35y = 58.28 J/(mol K).

7.2 Chromium Minerals and Ores

The main minerals of chromium-containing ores are mineral formations of the
chromite-type FeO-Cr,03 (68% Cr,O03 and 32% FeO), although pure chromite is
not found in the earth’s crust, but was found in meteorites. The chromite mineral
belongs to the isomorphic minerals of the cubic system, the so-called spinels, with
the general formula MeO-MeéO3, where Me—bivalent-(Mg”*, Fe* etc.), Me/—are
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trivalent metals (Cr’*, AI**, Fe**). In natural minerals, chromium is replaced by
aluminum, and Fe?* iron is replaced by magnesium. Chromites are minerals from
the group of spinels of the composition (Mg?*, Fe>*)(Cr**, AI**, Fe3*);0,.

The ores contain the following main mineral varieties of chromium-spinelides:
magnesiochromite (Mg, Fe)O-Cr,03; chrompicotite (Mg,Fe)O(Cr, Al);O; and
alumochromite FeO-(Cr,Al);O3. Grains of chromium spinels are cemented with
serpentine of composition 3(Mg,Fe)O-25i0,-x2H,0 or ferruginous cement. The
components of gangue in ores are serpentine, talc Mgg(SigO29)OH, chlorite,
magnesite, quartz, iron hydroxides, etc.

In the CIS countries (Kazakhstan, Russia), there are quite large explored and
developed deposits of chromium (chromite) ores. The most explored and studied are
the deposits of the Kempirsai chromite-bearing massif (Kazakhstan). High chromium
ores (45-65% Cr,03) are characteristic of this massif. Such high chromium concen-
trations are relatively rare for deposits in other regions, where the amount of Cr,03
is 25-35%.

Along with the deposits of the Kempirsai massif, extended deposits of the Sara-
novsky massif in the Middle Urals, containing ores with 33-39% Cr,03, and
the Pobuzhsky deposit in Ukraine are of industrial importance. In recent years, a
large chromium ore deposit has been discovered on the Yamal Peninsula (Russia).
Currently, mining of chromium ore for the smelting of ferrochromium is carried out at
the South Kempirsai deposit, the Donskoy Mining and Processing Plant (DonGOK),
and at the Saranovsky deposit.

One of the most important indicators of the metallurgical value of chromite ores
of the DonGOK is the ratio MgO/Al,03, which, during the development of the
upper ore horizons, gradually increases and reaches >2.0. For this reason, the slag of
smelting ferrochromium becomes highly magnesian, which complicates the process.
Taking into account the large potential reserves of low-grade chromite ores and
the possibility of successful use of ferrochromium with a low chromium content,
the chromium content in high-carbon ferrochromium is set from 45 to 95%, which
allows the use of chromite ores and concentrates with a lower chromium content.
This provides an increase in the extraction of chromium from ore to 90% and the
expansion of the raw material base of chromium. The following are requirements for
the chemical composition of chromite ores in Kazakhstan:

Grade of ore Ore-1 Ore-2
Cry03, % (no less) 50 47
SiOy, % (no more) 7.0 10.0
Cr,03/FeO 35 3.0

P, % (no more) 0.008 0.008

As mentioned above, chromium in ores is in chromium spinels, the compositions
of which are given below, %:



134

7 Metallurgy of Chromium Ferroalloys

Field Cr03 Fe, 03 FeO Al,O3 MgO
“Zhemchuzhina” 62.9 10.4 2.1 9.6 14.2
“40 years of Kazakhstan” 61.9 0.5 14.2 8.6 14.7

In spinels of the Saranovsky chromite deposit, the ratio is lower than in spinels
of the Kempirsai massif. The use of a mixture of chromite ores from the DonGOK
and the Saranovsky deposit lowers this ratio in slag, which improves the process of
slag formation during smelting of ferrochromium.

The largest deposits of chromium ores are in Africa (South Africa, Zimbabwe),
India and Turkey. In the USA and Canada, low-grade chromium ores are mined in
small quantities. The consumption of chromium ore is constantly growing, which is
associated with an increase in the proportion of metal alloyed with chromium.

7.3 The Technology of Obtaining High-Carbon
Ferrochromium

Ferrochromium is divided into three groups: high, medium and low carbon.
The chemical composition of commodity high-carbon ferrochromium is given in
Table 7.3, and foundry ferrochromium in Table 7.4. In this context, foundry means

Table 7.3 Chemical composition of high-carbon ferrochromium, %

Grade Cr, no less C Si ‘ P ‘ S
No more

FeCr650A 65 6.5 2.0 0.03 0.06
FeCr 650B 65 6.5 2.1 0.05 0.08
FeCr 800A 65 8.0 2.0 0.03 0.06
FeCr 800B 65 8.0 2.0 0.05 0.08
FeCr 800CA 60 8.0 5.0-10.0 0.03 0.03
FeCr 800CB 60 8.0 5.0-10.0 0.05 0.05
Table 7.4 Chemical composition of the foundry ferrochromium?, %

Grade Cr, no less C S Si P

No more

FeCrF?* 65 - - - 0.04
FeCrF 850 65 8.5 0.07 2.0 0.04
FeCrF 850A 65 8.5 0.06 2.0 0.04
FeCrF 900 65 9.0 0.06 2.0 0.04

4F—foundry
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Fig. 7.11 Cross section of a melting unit with closed electric furnaces 33 MV A for the smelting
of high-carbon ferrochromium

purposed for further processing. Calculation of the charge for smelting high-carbon
ferrochromium is given in Appendix C.

The production of high-carbon ferrochromium is based on the reduction of
chromium and iron from chromite ores by carbon in a continuous way in ore-smelting
circular closed electric furnaces with a capacity of 16.5-33 MV A with magnesite
lining (Fig. 7.11). The characteristics of these furnaces are given in Table 7.5.

Below are the main reactions for the reduction of chromium from carbon oxides:

Cry03 + 13/3C = 2/3Cr3Cy +3CO;  AGy = 730,940 — 511.68T (Tp = 1430K);  (7.1)
2/3Crp03 + 18/7C = 4/21CryC3 + 2CO; AGOT = 511,128 — 364.57T (Tp = 1403K); (7.2)
CrpO3 + 81/23C = 2/23Cry3Cg + 3CO; AGOT = 749,452 — 526.47T (Ty = 1424K); (7.3)

2/3Cry03 +2C = 4/3Cr +2CO;  AGy = 546,624 — 360.8T (T = 1513K); (7.4)

3(Fe0-Cry03) + 3C = 3Fe 4 3Cry03 +3CO;  AG, = 491,490 — 41537 (Tp = 1185K);
(7.5)

MgO-Cr,03 + 3C = 2Cr + MgO + 3CO; AGOT =720,350 — 465.94T (Ty = 1546K). (7.6)

The first three reactions (7.1)—(7.3) describe the reduction of chromium from
Cr, 03 by carbon to form carbides Cr3C,, Cr;Cs and Cry3Cg. The theoretical temper-
atures at which these reactions begin are slightly different. The reduction of chromium
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Table 7.5 Characterization of ore-smelting electric furnaces for smelting high-carbon
ferrochromium

Parameter RK-16,5 |RKZ-33M1
Voltage on the high side, kV 110 110
Transformer power, MV A 16.5 40

Power of capacitor banks, MV A - 36

Secondary voltage when the control device is switched on under load, | 130-210 |261-95
\%

Working voltage steps, V - 231
Maximum current on the electrode, kA 52.5-65.0 |1 93
Power factor (cos ¢) at the working stage - 0,92
Active power of electric furnace, MW - 31,7
Diameter of a bath, mm 9500 9500
Bath depth, mm 2975 3850
Number of electrodes 3 3
Diameter of electrodes, mm 1200 1500
Diameter of electrode cycle, mm 3300 4250

from Cr;03 to pure chromium is thermodynamically less likely than to carbides.
Therefore, using carbon as a reducing agent, high-carbon ferrochromium is always
obtained. An analysis of the data presented allows us to conclude that iron must first
be reduced from chromite, then chromium from Cr,O3 oxide to carbides, and only
then chromium from the chemical compound MgO-Cr,0s3.

For the smelting of high-carbon ferrochromium, chromite ore and carbonaceous
reducing agents—coke, semi-coke and gas coal—are used. Alloy’s recycled waste is
also introduced into charge. Ferrochromium can also be smelted using sinter and/or
pellets from chromite ores. When calculating the charge, it is assumed that the extrac-
tion of chromium is 92%, iron 95%, and the excess reducing agent for melting in
closed furnaces is 2%, open—10%. The mixture contains: chromite ore, slag from
the production of ferrosilicochromium, quartzite, coke, own metal wastes.

The technological scheme for the production of high-carbon ferrochromium is
shown in Fig. 7.12. Metal and slag are discharged from the furnace together 3—4
times per shift. Slag dump contains %: 4-6 Cr,03; 30 SiO,; 45 MgO; 15 Al,O3; 1
FeO; 1Ca0. The high MgO content in the slag is associated with its high content in
ore. Slag ratio 1. Specific consumption of charge materials in the smelting of high-
carbon ferrochromium, kg/t: 2000-2200 chromite ore; 30-100 quartzite; 200400
coke. Electricity consumption 3400-3600 kWh/t.

High-carbon ferrochromium is also smelted in a plasma furnace, which makes
it possible to efficiently solve a number of problems: use pulverized and low-grade
chromite ores, as well as cheap coal. Among the other positive features of the use
of plasma melting are the independence of the input power from the resistance of
the charge, lower losses of chromium with slag, as well as a high concentration of
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Fig. 7.12 Technological scheme for the production of high-carbon ferrochromium. 1—railway
carriage; 2—overhead crane; 3—grab; 4—bins; 5—plate feeder; 6—screenings of quartzite; 7—jaw
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for granulation of the alloy; 23—trough
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power, which provides higher performance at the same power of the power source.
Ferrochromium was melted in an experimental plasma furnace with a power of
3 MV A with a water-cooled arch and a wall to the slag line. A plasma arc formed
in argon was created between the cooled cathode and the melt. Chromite ore was
loaded into a plasma furnace along with coal and flux. Using low-grade chromite
concentrate (38.2% Cr,03; 24.2% Fe,03), ferrochromium with 54% Cr and 8% C
was obtained. The extraction of chromium was 92%, and the specific electric energy
consumption was 6500 kWh/t alloy.

7.4 The Technology of Obtaining Ferrosilicochromium

Commodity and foundry (for further processing) grades of ferrosilicochromium are
produced (Table 7.6). Commodity ferrosilicochromium is used mainly for deoxi-
dation and alloying of steel. Foundry ferrosilicochromium FeSiCr48V (>45% Si,
>24% Cr, <0,04%P and <0,02% C) is used as a reducing agent in the production
of low-carbon ferrochromium by the silicothermic method.

There are two methods for producing ferrosilicochromium: single- (slag) and two-
stage (slag-free). In Russia and Kazakhstan, a two-stage method is used, which is
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Table 7.6 Chemical composition of ferrosilicochromium, % (GOST 11861-77)

Grade Si Cr, no less C P S
No more

FeSiCr 13 10-16 55 6.0 0.04 0.03
FeSiCr 20 16-23 48 4.5 0.04 0.02
FeSiCr 26 23-30 45 3.0 0.03 0.02
FeSiCr 33 30-37 40 0.9 0.03 0.02
FeSiCr 40 37-45 35 0.2 0.03 0.02
FeSiCr 48 Over 45 28 0.1 0.03 0.02

based on the reduction of silicon from silica (quartzite) by carbon in the presence of
carbon ferrochromium. In the one-stage (slag) method, chromite ore, quartzite and
coke are used in the charge.

The two-stage method for producing ferrosilicochromium is based on reactions:

SiO; 4 2C = Si + 2CO;

1/3(Cr, Fe);C3 4 10/3Si = 7/3(Cr, Fe)Si + SiC;

2/3(Cr, Fe);C3 + SiO, = 14/3(Cr, Fe)Si + 2CO.

Ferrosilicochromium is smelted in a two-stage process by a continuous process
in ore-smelting furnaces with carbon lining with a capacity of 16.5-33 MV A
(Fig. 7.13). The one-step method for smelting ferrosilicochromium is, as noted above,
not used at ferroalloy plants in Russia and Kazakhstan. Conducted pilot industrial
melting in a powerful furnace did not give positive results. For smelting, Kazakhsta-
nian chromium ore, quartzite and coke were used. In the smelting process, iron and
chromium oxides are reduced from chromite ore and silicon from quartzite by a
carbonaceous reducing agent by the reactions:

2/3(Cr,03) + 18/7C = 4/21Cr7C3 + 2CO;

2FeO 4 2/3C = 2/3Fe;C 4 2CO;

SiO; 4+ 2C = Si + 2CO;

1/3(Cr, Fe);C5 4 10/3Si = 7/3(Cr, Fe)Si + SiC.

Comparative data on the specific consumption of charge materials and elec-
tricity during the smelting of ferrosilicochromium with different silicon contents
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Fig. 7.13 Ore-smelting electric furnace RKZ-33M01. 1—casing; 2—Ilining; 3—transformer; 4—
fence compensator short network; 5S—short network; 6—installation of screens; 7—hydraulic lift;
8—device bypass electrodes; 9—electrode holder; 10—arch

by two-stage and one-stage methods are given in Table 7.7. The energy consumption
during the smelting of ferrosilicochromium by the two-stage method is given without
taking into account its specific consumption during the smelting of the high-carbon
ferrochromium.

7.5 The Technology of Obtaining Low-Carbon
Ferrochromium

Low-carbon ferrochromium (Table 7.8) is obtained by the silicothermic method,
reducing chromium and iron-chromite ore with silicon ferrosilicochromium in the



140 7 Metallurgy of Chromium Ferroalloys

Table 7.7 Specific consumption of materials and electricity in the smelting of ferrosilicochromium
by two-stage (numerator) and one-stage (denominator) methods

Parameter Content of Si, %

13 23 33 43 50
Consumption of material, kg/t
Quartzite 298/634 520/881 742/1134 | 965/1323 | 1121/1464
Chromium ore — /1908 — /1600 — /1420 — /1145 - /923
Coke breeze 117/543 220/575 312/625 424/678 308/712
Charge ferrochromium 1089/- 911/- 803— 648/— 525/-
Steel shavings 8/30 41/82 62/84 93/105 115/116
Electric power consumption, | 1500/4770 |2450/5660 |3390/7040 |4350/7770 |5110/8870
kWh/t

Table 7.8 Chemical composition of low-carbon ferrochromium, %

Grade Cr, no less C ‘ Si ‘ P S Al
No more
FeCrO01A 68 0.01 0.8 0.02 0.02 0.7
FeCr 001B 68 0.01 0.8 0.03 0.02 0.7
FeCr 002A 68 0.02 1.5 0.02 0.03 -
FeCr 002B 68 0.02 1.5 0.03 0.03 -
FeCr 003A 68 0.03 1.5 0.02 0.03 0.7
FeCr 003B 68 0.03 1.5 0.03 0.03 0.7
FeCr 004A 68 0.04 1.5 0.02 0.03 0.3
FeCr 004B 68 0.04 1.5 0.03 0.03 0.3
FeCr 005A 65 0.05 1.5 0.03 0.03 -
FeCr 005B 65 0.05 1.5 0.05 0.03 -
FeCr 006A 65 0.06 1.5 0.03 0.03 0.3
FeCr 006B 65 0.06 1.5 0.05 0.03 0.3
FeCr 010A 65 0.10 1.5 0.03 0.03 0.3
FeCr 010B 65 0.10 1.5 0.05 0.03 0.3
FeCr 015A 65 0.15 1.5 0.03 0.03 0.3
FeCr 015B 65 0.15 1.5 0.05 0.03 0.3
FeCr 025A 65 0.25 2.0 0.03 0.03 -
FeCr 025B 65 0.25 2.0 0.05 0.03 -
FeCr 050A 65 0.50 2.0 0.03 0.03 -
FeCr 050B 65 0.50 2.0 0.05 0.03 -
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presence of calcium oxide (lime) to reduce the activity of SiO; in the slag and increase
the activity of Cr,O3. The process in general can be represented as the total reaction

2/3C1205 + Si + 2Ca0 = 4/3Cr + 2Ca0-Si0,.

Optimum conditions for the process are ensured when the basicity of slag = 1.7—
1.9. With a higher basicity, calcium chromite CaO-Cr,O3 may be formed in the slag,
which worsens the conditions for the reduction of chromium and increases the loss
of chromium with slag. There are two methods for smelting ferrochromium.

The essence of the first method (one-stage furnace) is that melting is carried out in
an arc electric furnace with graphite electrodes. The mixture, consisting of chromite
ore, ferrosilicon chromium and lime, is melted in a furnace. The melt is maintained
until a state close to equilibrium between the resulting ferrochromium and slag is
reached. In this case, the carbon content in ferrochromium increases due to its receipt
from graphitized electrodes.

The essence of the second method (mixing) is that the chromite ore and lime are
melted in an arc furnace with graphite electrodes, and then, the ore—lime melt and
liquid ferrosilicon chromium are mixed in a ladle reactor. At the same time, carbon
penetration from electrodes into ferrochrome is reduced, which makes it possible
to obtain ferrochrome with a carbon content of 0.02-0.03%. In both methods of
smelting ferrochromium, chromite ore, ferrosilicochromium and lime should have a
low content of carbon and phosphorus.

Furnace method. In the single-stage furnace method for producing low-carbon
ferrochromium, melting is carried out by a batch process in an electric arc furnace
with a capacity of 5 MV A with an inclined bath lined with magnesite brick (Chap. 6,
Fig. 6.19). Smelting technology consists of the following operations: (1) bath filling,
(2) loading of the entire sample of ferrosilicochrome of the first filling on the bottom,
loading set and feeding of the ore—lime part of the charge; (3) the melting of the first
filling of the mixture; (4) loading of ferrosilicochromium and ore-lime part of the
charge of the second filling; (5) the melting of the second filling of the mixture; (6)
the release of metal and slag.

Below are the main provisions of the technology for smelting low-carbon
ferrochromium according to the current technology at JSC “Chelyabinsk Elec-
trometallurgical Integrated Plant” (ChEMK). The chromium ore arriving at the plant
(0.003% P) is sieved on a screen with a fraction of less than 30 mm being allo-
cated for melting. Lime is obtained by calcining limestone in rotary drum kilns.
When smelting class “A” ferrochromium, the phosphorus content in lime should not
exceed 0.006%. Ferrosilicochromium (0.030% P) use fractions of 20—40 mm. The
fines formed during crushing of ferrosilicochromium chromium ingots containing
an increased amount of carbon (in the form of SiC) is not used in smelting.

Ferrochromium is smelted in electric arc furnaces with a tilting bath equipped
with furnace transformers (Table 7.9).

The electric mode is supported by regulators operating on the principle of
comparing the electrode current with phase voltage. Melting takes place on the third
stage.
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Smelting of low-carbon ferrochromium includes two periods: After the first
period, slag is discharged from the furnace, and after the second, metal and slag
are discharged. The consumption of materials of one filling period is as follows, kg:
chromium ore—5200-5800; lime—4200-4700; ferrosilicochromium—1700-1900.

The technology for smelting ferrochromium with a content of 0.50-0.25% of
grade FeCr050-FeCr025 consists of the following operations for the melting periods.
In the first period of smelting after the release of the metal, 700-1000 kg of ferrosil-
icochromium is given to the bottom for gaining a load, the electrodes are lowered
and after the current load is set, the rest of the ferrosilicochromium is given along
with the ore—lime part of the charge, which is melted and discharged into slag. In the
second period, 700-1000 kg of ferrosilicochromium is given to increase the load on
the hearth, electrodes are lowered onto it, and after the current load is set, the rest
of the ferrosilicochromium is given along with the ore—lime part of the charge, after
melting of which metal and slag are released. When smelting ferrochromium grades
FeCr015, 025, 050, ferrosilicochromium is loaded into the furnace with the charge.

At the end of each period, 25-50 kg of crushed ferrosilicon is loaded into the melt
for a more complete reduction of chromium.

The basicity of the slag in the smelting of low-carbon ferrochromium is supported
by 1.70-1.89. The resulting slag contains %: 48.0-51.0 Ca0; 27.0-30.0 SiO,; 4.5-5.0
Cr,03; 0.8-1.0 FeO.

On average, for smelting in terms of 100 kg of chromium ore, the energy consump-
tion is 150-160 kWh. The total energy consumption in the first period, as a rule,
exceeds the consumption in the second period by 1200-2000 kWh.

When melting ferrochromium of grades FeCr005 and FeCr006, the amount of
ferrosilicochromium in the first period exceeds its amount in the second period of
melting by 700-1000 kg, which contributes to a more complete recovery of chromium
from slag. The amount of lime for melting is calculated based on the need to obtain
slag with a basicity of 1.71 and a CaO content of 45-46 wt%. This is due to the fact
that when the CaO content is less than 46%, the amount of formed calcium carbides
is small and the carburization of the alloy due to the electrodes is reduced. A sample
of lime per 100 kg of chromium ore to produce slag with a CaO content of 45-46%
is 70-75 kg.

The charge consumptions for the smelting periods of low-carbon ferrochromium
grades FeCr005 and FeCr006 are given below, kg:

Chromium ore Lime Ferrosilicochromium
1st period 5600-5800 3600-4000 2000-2400
2nd period 5600-5800 3600—4400 1200-1400

A feature of technological operations in the smelting of ferrochromium grades
FeCr005-FeCr006 is as follows.

In the first period, approximately one-fifth of a portion of ferrosilicochromium is
loaded onto the bottom of the furnace bath; after a steady current load has been set, the
ore—lime part of the charge is loaded into the furnace; after the formation of a liquid
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melt, under the electrodes, the remaining part of ferrosilicochromium is given in small
portions of 200-250 kg; slag is produced. In the second period, approximately one-
third of a portion of ferrosilicochromium is loaded onto the bottom of the furnace;
after a set of current load, the ore-lime part of the charge is loaded into the furnace;
during the formation of a liquid melt, the rest of the ferrosilicochromium is specified
in the furnace; smelting ends with the release of the melt into the ladle with slag of
the 1st period.

The basicity of the slag for smelting ferrochromium with a low carbon content
is CaO/SiO, = 1.7, while the slag corresponds to the composition,%: 45-46 CaO;
26-27 Si0;; 5.0-6.0 Cr,03; 1.0-1.3 FeO.

Mixing method. The obtaining of ferrochromium by a method of mixing ore—
lime melt with ferrosilicochromium is characterized by a number of features. On the
stage of fusion of chromite ore and lime due to the lack of a metal phase and high
oxidation potential of the oxide melt-furnace atmosphere system, the carbon content
in the ore—flux melt is usually low. In the process of mixing the reacting media,
there are no graphite electrodes—one of the sources of carbon in ferrochromium
in the furnace version of the silicothermic method for its production. During the
mixing of melts, a large amount of heat is released due to the exothermicity of the
reduction reactions of chromium and iron oxides with silicon of ferrosilicochromium,
as well as the interaction of CaO with SiO,. Excess of this heat makes it possible
to use, along with liquid also partially solid ferrosilicochromium, which improves
the economy of production of low-carbon ferrochromium. The method of melting
mixing is characterized by high kinetic parameters of the interaction of components
in the ore—flux melt - ferrosilicochromium system, due to which the rate of reduction
of chromium and iron oxides with silicochromium (at the beginning of the mixing
stage), and then the refining of the formed low-carbon ferrochromium from silicon
is incomparably higher than with the furnace version. In practice, accelerating the
refining of ferrochromium from silicon, which corresponds to a decrease in the Cr, O3
content in the slag, is also achieved by multiple overflows (up to 4-6 times) of the
reacting ferrochromium—slag system from the ladle to the ladle. These and other
factors are important in producing very low-carbon ferrochromium.

Charge materials. When producing ore—lime melt, charge components are used:
chromite ore and ferroalloy lime (CaO > 89%, CO, < 2-4% with a particle size
of 5-50 mm). Along with chromite ore, chromite ore concentrates can be used
(Cr,03 > 48%; Cr,03:FeO = 3.5; SiO; < 8,0%, CaO < 0,8%; P < 0.05%). After
controlling the chemical composition, especially the phosphorus content, the initial
charge materials are grouped depending on the level of phosphorus concentration,
since ferrochromium can be obtained by carefully selecting relatively pure phos-
phorus charge materials to produce ore-lime melt and silicochromium. Liquid or
solid (granular) ferrosilicochromium is used, containing, depending on the grade
of smelted ferrochromium, 48-51% Si and 28.5-29% Cr. Both liquid and granular
ferrosilicochromium should contain <0.020% P.

Characteristics of electric furnaces. Under the conditions of ChEMK, the elec-
tric furnace complex for the production of low-carbon ferrochromium by mixing
chromium-lime melt with ferrosilicochromium includes ore-smelting furnaces for the
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smelting of high-carbon ferrochromium, ferrosilicon chromium and an arc furnace
for fusion of chromite ore with lime.

A workshop was built at ChEMK for the production of low-carbon ferrochromium
by mixing as a part of one closed electric furnace of the RKZ-33M type to produce
ferrochromium, three closed electric furnaces of the RKZ-33M2 type for smelting
ferrosilicon chromium and three electric furnaces with an arch of the type RKZ-
10.5RN for the production of ore—flux melt.

To intensify the process of fusion of chromite ore with lime in electric furnaces
RKZ-10.5PPHI1, preliminary joint firing of ore and limestone at temperatures up
to 1100 °C in rotary drum furnaces with a length of 75 and a diameter of 3.6 m
installed at 23.6 m is provided. This allows hot feed the mixture by gravity through
the tubes directly into the electric furnace RKZ-10.5PPH1 for smelting ore-lime
melt (Fig. 7.14).

The furnace bath is lined with magnesite brick, the electrodes are graphite, with
a diameter of 400 mm. The process is conducted periodically. The charge for each
smelting is calculated on the basis of: 73—-82 kg of lime is set per 100 kg of chromite
ore, which should ensure the production of ore-lime melt of 27-29% Cr,0O3 and
40-43% CaO. In order to accelerate the formation of the melt, a small amount of
silicochromium is introduced into the furnace with the initial charge. The interaction
of the latter with the melt is accompanied by the formation of silica, which reduces
the melting temperature, and the heat generated by the reaction intensifies the process
of accumulation of the melt.

The mixing of melts. The ore-lime melt is poured from the furnace into a ladle
with magnesite lining. Before receiving the melt, the ladle is weighed on a balance
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Fig. 7.14 Cross section of the workshop with an electric furnace of the type RKZ-10.5RRN1 for
smelting chromium-lime melt from a preheated charge: 1—dosing unit; 2—tubular rotary kiln; 3—
electric furnace; 4—installation for mixing melts for the production of carbon-free ferrochromium
outside the furnace
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(measurement limits from 0.5 to 25 tons). To reduce heat loss, the melt in the ladle
is covered with scattered slag from previous heats. The melt ladle is mounted on
the balance, and the mass of the melt and the amount of solid additives are deter-
mined. By the content of Cr,O; in the melt and the mass of solid additives, the
required amount of ferrosilicochromium is found. Ferrosilicochromium is poured
into the ladle located on the balance. The calculated amount of ferrosilicochromium
added by overhead crane is indicated by an audible alarm mounted on the balance.
Ferrosilicochromium is filled at a speed corresponding to the speed of the recovery
processes in the ladle (~200 kg of ferrosilicochromium/min.). At the end of the
pouring of ferrosilicochromium, the contents of the reactor ladle are poured into
another ladle and back into the reactor ladle. The number of overflows is determined
by the rate of refining of ferrochromium from silicon and can reach six.

It is known that in order to reduce Cr,O3 in dump slag, mixing can be carried out
in stages. Initially, an excess amount of ferrosilicochromium is filled into the ore—flux
melt, and ferrochromium with a high silicon content is obtained. In the second stage,
this alloy is refined from silicon to obtain ferrochromium with a low silicon content
and slag with a high concentration of Cr,O3. The latter restores ferrosilicochromium
in a new mixing cycle.

In practice, the option of “doubling” the heats is implemented. Initially, ferrosil-
icochrome with an excess of 100-150 kg from the calculated value is poured into the
ore—lime melt when solid additives are fed. After two and four reladlings, the melt in
the ladle is covered with highly basic scattered slag. Then, ferrosilicochromium with
a deficit (~100 kg) is poured into the ore—lime melt of the next release when applying
the usual solid filling. The slag of the first heat is drained, and the ferrochromium is
poured into the second ladle, where the metal of the first heat and the metal and slag
of the second heat are mixed. Mixed melts are poured from ladle to ladle, brought to
the required content of silicon in ferrochromium and poured.

Ferrochromium casting. Low-carbon ferrochromium is poured into cast iron
molds with crumbs of the corresponding brands of ferrochromium. The thickness of
the ingots does not exceed 80 mm. To obtain ferrochromium ingots with a columnar
structure, it is cast under slag or with preliminary evacuation of liquid ferrochromium
in a ladle in a vacuum chamber.

The specific consumption of charge materials for the obtaining of ferrochromium
by the mixing method, kg/t: chromite ore (50% Cr,03) 1750; ferrosilicochromium
(48% Si) 570; lime 1370; electrodes 18. The energy consumption is 2750 kWh/t,
and the useful extraction of chromium is ~80%. The heat balance of the mixing
process is characterized by the following data. Input heat: ore-lime melt 65.8%,
liquid ferrosilicon chromium 11.2%, exothermic reactions 23%. Heat consumption:
heating the alloy 14.4%, heating the slag 55.4%, heating the ladle and other types of
heat transfer 6.7%, excess heat to increase the process temperature and melting the
solid charge 23.5%.

Ferrochromium, obtained by mixing (as well by furnace) from chromites of Kaza-
khstan, contains impurities of non-ferrous metals,%: 0.01-0.04 Co; 0.0005 Sn; 0.004
As; 0.004-0.01 Sb; 0.004 Ti; 0.07 Al; 0.015-0.030 P; 0.02 S.
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In a number of cases, for example, in the smelting of corrosion-resistant
chromium-—nickel steels for nuclear energy, the reduced content of cobalt and other
impurities in ferrochromium is relatively high. A decrease in cobalt concentration can
be achieved by selective reduction. For this, a small amount of ferrosilicochromium
is poured into the ore—lime melt. Due to the significantly lower chemical affinity
of cobalt to oxygen, compared with chromium, cobalt passes into the metal phase
enriched with this and other easily reducible metals. The ore—lime melt with 20—
25% Cr,03, which is purified from cobalt and partially from iron and phosphorus,
is poured into another ladle, and the calculated amount of ferrosilicochromium is
poured into it. The resulting low-carbon ferrochromium has the composition: 81—
88% Cr; 0.07-0.014% P; 0.003-0.008% Co. The mixing method allows one to obtain
anumber of ligatures, containing, as a rule, easily recoverable elements: Mo, W, Mn,
etc.

Along with the positive aspects, the mixing method has some drawbacks,
including the difficulty of obtaining ferrochromium with a low nitrogen content, as
well as the need to comply with the conditions for a safe concentration of hexavalent
chromium in dust and gas emissions, etc.

During the mixing of melts, especially at the stage from ladle to ladle, due
to the contact of liquid ferrochromium (probably the slag phase) with air, the
nitrogen content in the melts increases, which reduces the metallurgical properties of
ferrochromium. The interaction of liquid ferrochromium with nitrogen-containing
gas phases has been fully studied.

Significantly less attention is paid to studying the solubility of nitrogen in slag
oxide melts, although interest in these issues has increased in recent years. Molecular
nitrogen can interact with oxide melts by reaction:

1 3 3
_NZ(gas) + 5(02_) = (NB_) + 23/402(ga5)7

2
3/4 172 3/2
KN = (aN3-pO/2 )/(pN/2 ao/z,).

Since the issue of the solubility of nitrogen in an ore—flux melt with regard to
specific technological parameters for its preparation still requires further study,
it can be assumed that in order to achieve low nitrogen contents in low-carbon
ferrochromium, it is necessary, first of all, to reduce the contact and time of interac-
tion of the ferrochromium melt with air during chromium ore alloying with lime, as
well as when reladling.

The requirement of a low nitrogen content in ferrochromium for the smelting
of particularly low-carbon chromium-nickel steels and chromium superferrites is
justified by the need to increase the corrosion resistance of a metal intended
for use in aggressive environments. In the ferrochromium of silicothermic and
aluminothermic production, the nitrogen content reaches 0.06-0.10%. To obtain
corrosion-resistant stainless low-carbon steels without titanium, the concentration of
nitrogen in ferrochromium should not exceed 0.02%.
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The difficult task of producing low-nitrogen ferrochromium in a silicothermic
way can be solved by the method of vacuum-thermal solid-phase processing of
ferrochromium in vacuum resistance furnaces or its degassing in induction vacuum
furnaces.

Technical and economic indicators for the smelting of low-carbon ferrochromium
significantly depend on the quality of chromium (chromite) ore. With a decrease
in its Cr,O3 content, the specific consumption of ore, ferrosilicochromium, lime
and electricity increases. This fundamentally important point is confirmed by the
following calculation data. The calculations were performed for the conditions of
changing the Cr,03 content from 42 to 50% in 2% increments (Table 7.10).

The waste of silicon of ferrosilicochromium is accepted according to practice data
equal to 17.5%, and the consumption of lime—to obtain furnace slag with a basicity
of % Ca0/% SiO, = 1.87. A decrease in the Cr, O3 content in the slag with a decrease
in chromium oxide in the ore from 6.18% for 50% Cr,O5 to 5.18% for ore with 42%
Cr,03 (Table 7.11) is due to the dilution of the slag mainly by MgO.

With a decrease in Cr, O3 in chromium ore, the calculated production indicators of
low-carbon ferrochromium (in terms of a charge of 100 kg of chromium ore) change
(Table 7.12), the portion of ferrosilicochromium decreases (from 33 to 28.2 kg)
and, therefore, the amount of reduced chromium entering the bath of the furnace
with ferrosilicochromium, and the mass of ferrochromium obtained (from 53.16 to
45.7 kg) and the amount of chromium in it (from 35.29 to 29.8 kg) are also reduced.
It is important to note that, ultimately, the amount of commercial ferrochromium is
reduced from 48.0 kg (50% Cr,03) to 40.6 kg (42% Cr,03).

Thus, with a deterioration in the quality of chromium ore by the content of the
leading oxide Cr;Oj in it, the most important indicators of the production efficiency
of low-carbon ferrochromium are significantly reduced, which is illustrated by the
data given in Table 7.13.

An increase in the MgO concentration in the slag when using less quality
chromium ore has a negative effect on the physicochemical properties of the slag,
transferring it to the region with an increased melting temperature.

Table 7.10 Model chemical compositions of chromium ore used as initial data for calculating the
parameters of the technology for producing ferrochromium by the mixing method

Oxide The content of oxides in the ore, %

Cry03 42.0 44 46 48 50
FeO 11.2 114 11.6 11.8 12.0
Si0, 12.0 10.9 9.74 8.58 7.4
MgO 235 22.5 21.5 20.5 19.5
AL O3 6.6 6.81 6.96 7.12 7.4
LOI 4.3 3.99 3.72 3.44 32
9%Cr/%Fe in the ore 33 3.39 3.49 3.58 3.87
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Table 7.11 Slag composition of the production of low-carbon ferrochromium when using
chromium ore with different contents of Cr,O3

Parameter The content of Cr,O3 in ore,%

42 44 46 48 50
Content of Cr in FeSiCr, % 24 24 24 24 24
Estimated values
¢ Cr content in metal, % 65.1 65.41 65.79 66.07 66.39
* The degree of reduction, Cr, % 80 80 80 80 80

¢ Transition of Cr to metal, %

83.80 83.81 83.77 83.78 83.76

Slag composition, %

Cr203 5.18 5422|5695 |s5924  |6.188
FeO 0.35 0355 |0363 |0368 | 0375
Si0, 262 2628|2634 |2646 | 2653
MgO 15 1439 1384 1318 |126

Ca0 49 49.15 4925 4947 | 49.61
AL O3 431 4398 4513|4595  |4.703
In slag Ca0/SiO, 1.87 1.87 1.87 1.87 1.87

Table 7.12 Estimated production indicators of low-carbon ferrochromium

Parameter The content of Cr,O3 in ore,%

42 44 46 48 50
Chromium ore, kg 100 100 100 100 100
FeSiCr, kg 28.2 29.5 30.5 31.9 33
Lime, kg 81.8 82.23 82.03 82.65 82.65
Chromium set, kg 355 37.19 38.79 40.5 42.13
Received ferrochromium, kg 45.7 47.64 49.4 51.35 53.16
Chromium content, kg 29.8 31.16 32.5 33.93 35.29
Extraction of Cr in the metal, % 83.8 83.81 83.77 83.78 83.76

Table 7.13 Estimated indicators of 1 base tons of commodity low-carbon ferrochromium (60%

Cr)

Parameter

The content of Cr,O3 in ore,%
42 44 46 48 50

Chromium ore, physical, kg

2274 2160 2061 1966 1883

Chromium ore 50% Cr203, kg

1910 1901 1897 1888 1883

FeSiCr, kg

641 637 629 627 621

Lime, kg

1860 1776 1691 1625 1556

The proportion of Cr FeSiCr in the mixture, % | 117.83 |112.63 |107.89 |103.90 |100

Electricity, %

117.83 |112.63 |107.80 |103.90 | 100




150 7 Metallurgy of Chromium Ferroalloys

7.6 Vacuum Processes of Decarburization and Degassing
of Ferrochromium

Until the beginning of the 60s, low-carbon ferrochromium was produced mainly by a
furnace silicothermic method and in small quantities by an expensive aluminothermic
process. However, due to the relatively high content of carbon and nitrogen in
silicothermic (>0.06% C; 0.04% N) and aluminothermic (>0.03% C; 0.1% N)
ferrochromium, these alloys did not satisfy the requirements, presented by steel-
making. At the first stage of the search for technologies for deep decarburization of
ferrochromium, efforts were focused on studying the process of carbon oxidation of
liquid ferrochromium in a vacuum. However, chromium in the solid and liquid state
has a relatively high vapor pressure; therefore, decarburization of liquid chromium
(ferrochromium) in a vacuum is accompanied by a loss of chromium due to its
evaporation. This process has proved difficult to implement.

To solve the problem of producing ferrochromium with very low contents of
carbon and nitrogen, a method for refining ferrochromium in a solid state was devel-
oped and introduced. The essence of this technology is as follows. Ingots of sili-
cothermic ferrochromium with 0.10-0.15% C are subjected to solid vacuum-heat
treatment in resistance electric furnaces at 1450-1500 °C and a pressure of 1-0.1 Pa
for 20-24 h. Under vacuum and high temperature, conditions are created for the
development of the decarburization process of the metal due to the oxygen contained
in it.

The technology was implemented in a three-chamber continuous resistance
furnace (Fig. 7.15).
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Fig.7.15 Vacuum resistance electric furnace to obtain vacuum-thermic ferrochromium. 1—cooling
chamber of ferrochromium; 2—isothermal treatment chambers; 3—vacuum locks; 4—compen-

sators; 5S—preheating chamber; 6—cover lifting mechanism; 7—a cover; 8—trolley; 9—vacuum
locks; 10—frame; 11—fore-vacuum pumps; 12—booster pumps
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The total installed capacity of the furnace is 1.5 MV A. The furnace has
three chambers. The temperature in the preheating chamber is 1000 °C, in the
isothermal holding chamber 1450-1500 °C. The third chamber is designed to cool
ferrochromium and is not lined. Ferrochromium, which has undergone vacuum heat
treatment, contains a small amount of C, N, H and oxide inclusions. There is also
a method for decarburization in vacuum of crushed high-carbon ferrochromium,
previously oxidized in the solid state.

7.7 Oxygen-Converter and Silicothermic Methods
of Obtaining Medium-Carbon Ferrochromium

Medium-carbon ferrochromium (Table 7.14) can be obtained by silicothermic and
oxygen-converter methods.

Silicothermic method. An earlier method is a flux-free silicothermic method
involving the reduction of chromium and iron of chromite ore by silicon of
ferrosilicochromium

FeO-Cr,O3 + [Si — Cr — C,] — [Fe — Cr — C,] + SiO,.

With the flux-free method chromium extraction is low, therefore, the flux method is
currently used. Melting is carried out in arc furnaces of refining type with a capacity
of 5 MV A. The extraction of chromium is 76-80%. 1413 kg of chromium ore
(50% Cr;03) are consumed per 1 ton of medium-carbon ferrochromium; 519 kg of
ferrosilicochromium (48% Si); 100 kg of metal from slag separation; 1241 kg of
lime; 14 kg of electrode mass at a power consumption of 2129 kWh/t.

Oxygen-converter method. This method is based on the process of carbon oxida-
tion of high-carbon ferrochromium with gaseous oxygen. The chemistry of the
process can be described by the reactions:

2/27Cr7C3 + 1/20, = 7/27Cry03 + 6/27CO, AG+ = —292,600 + 46.1T, J/mol;
1/3Cr7C3 + 1/30, = 3Cr + CO, AG, = 316,800 + 162.9T, J/mol;
2/3Cr + 1/20, = 1/3Cr,03, AGy = —377,510 + 85.61T, J/mol.

Table 7.14 Chemical composition of medium-carbon ferrochromium, %*

Grade C P Grade C P
Less than Less than
FeCr100A 1 0.03 FeCr 200B 2 0.05
FeCr 100B 1 0.05 FeCr 400A 4 0.03
FeCr 200A 2 0.03 FeCr 400B 4 0.05

2For all grades 65% Cr, 2% Si, 0.04% S
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An analysis of the above dependences shows that in the initial period of purging
of ferrochromium at relatively low temperatures, the oxidation of chromium and
chromium carbide Cr;Cj; to Cr, O3 develops. With a decrease in carbon concentration
from 7-8 to 6-5% and lower, the bond strength of carbon atoms with chromium
increases, since new groups are formed corresponding to Crp3Cg carbide (5.8% C).
The decarburization reaction of a ferrochromium melt of such a composition in
general form can be described by the equation

Cr3C¢ + 2Cr,03 = 27Cr + 6CO, AGOT = 1,958,200 — 973.62T, J/mol.

The theoretical temperature for the onset of carbon oxidation of Cry3Cg carbide
by oxygen of Cr,Os3 oxide is higher than that of carbon carbide Cr;C;, which
also requires a higher process temperature. To calculate the equilibrium concen-
trations of carbon and chromium when refining ferrochromium from carbon with the
participation of slag saturated with chromium oxides, by the reaction

1/4Cr304 + [C] = 3/4[Cr] 4+ CO

recommended equation (for pco = 0.1 MPa at 1873-2073 K) is:
1g[%Cr]/[%C] = —10850/T + 7.12.

Calculations using the above equation show that at 1873, 1973 and 2073 K, the
equilibrium carbon content is, respectively, 3.1, 1.7 and 0.92%.

The technology for the production of ferrochromium in a 15-ton converter with
the top oxygen supply through a water-cooled lance has been mastered (Fig. 7.16).

From 7 to 11 tons of high-carbon foundry ferrochromium, obtained in the same
workshop in an ore-smelting electric furnace, is poured into the converter through the
neck. Converted liquid alloy for purging in the converter contains, %: >60 Cr; <1.0
Si; <0.05P; <0.06 S, carbon content is not limited. 80—100 m? of oxygenis consumed
per 1 ton of filled metal. After melting, 600-800 kg of scrap of medium-carbon
ferrochromium are set into the metal, and before the metal is drained, 15-20 kg of
granular ferrosilicochromium grade FeSiCr48 is used to partially recover and liquefy
the slag. The release of metal and slag is carried out in a metal receiver, followed
by casting into the mold. Total amount of 1230-1260 kg of carbon ferrochromium,
5-8 kg of aluminum and ~100 m? of oxygen is consumed per 1 ton of finished alloy
with 80-81% chromium extraction.
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7.8 Aluminothermic Method for Producing Metallic
Chromium and Ferrochromium

Metallic chromium (Table 7.15) is produced by aluminothermic method. The reduc-
tion of chromium by aluminum occurs with the formation of an intermediate oxide
CrO. The process is characterized by the following reactions:

2Cr,03 4 4/3A1 = 4CrO + 2/3A1,05;  AG', = —272,340 + 11.07T, J/mol;
2CrO + 4/3Al = 2Cr + 2/3A1,05; AG, = —403,275 + 61.79T, J/mol;
2/3Cry05 + 4/3Al = 4/3Cr 4 2/3A1,03; AG; = —359,630 + 37.5T, J/mol.

For the smelting of metallic chromium, chromium oxides with a total chromium
content in terms of Cr,O3 > 99% and 98% are used. Primary aluminum powder is
used as areducing agent. In out-of-furnace smelting, sodium nitrate containing >99%
NaNOgs is introduced into the charge to obtain the missing amount of heat. Lime is
used as a flux. Calcium oxide forms compounds with a low melting point with Al,O3
(Fig. 7.17). The introduction of CaO in the mixture reduces the melting point of the
slag. Under oxidizing conditions, it is possible to form calcium chromite-chromate
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Table 7.15 Chemical composition of metallic chromium, % (GOST 5905-80)*

7 Metallurgy of Chromium Ferroalloys

Element Cr99A Cr99b Cr98,5 Cr98 Cr97
Cr 99.0 99.0 98.5 98.0 97.0
Si 0.3 0.3 0.4 0.5 0.5
Al 0.2 0.5 0.5 0.7 1.5
Fe 0.6 0.6 0.6 0.8 1.2
C 0.03 0.03 0.03 0.04 0.05
S 0.02 0.02 0.03 0.03 0.04
P 0.02 0.02 0.02 0.03 0.03
Cu 0.01 0.01 0.02 0.04 0.05
As 0.01 0.01 0.01 - -

Bi 0.0005 0.0005 0.0005 - -
Sb 0.008 0.008 0.008 - -
Zn 0.006 0.006 0.01 - -
Pb 0.0008 0.0008 0.001 - -
Sn 0.004 0.004 0.004 - -
Co 0.005 - - - -

N 0.04 0.05 - - -

4Cr content—no less, for the rest—no more

9Ca0-4Cr0O3-Cr,,03 (t,, = 1218 °C). This facilitates the production of chromium-
lime melts before the reduction of chromium from its oxide with aluminum during
the preliminary melting of part of the oxides in an electric furnace during the smelting
of metallic chromium and low-carbon ferrochromium.

Possible options for producing metallic chromium: melting in a stationary furnace
for a block, melting in a leaning hearth with the release of metal and slag, electric
furnace melting with preliminary melting of some oxides without aluminum in an
electric arc furnace.

Melting of metallic chromium on the block is carried out in a detachable cast iron
hearth with a lining in the lower part of the walls with magnesite brick and a bottom
made of magnesite powder. The horn is installed in a special chamber. Melting is
carried out using a mixture consisting of chromium oxide, aluminum powder and
sodium nitrate. Smelting is carried out with a lower ignition, initially setting 10-15%
of the total charge into the furnace. They ignite the ignition mixture, consisting of
magnesium powder or shavings of magnesium and nitrate, and then, after the start
of recovery, load the rest of the charge, evenly distributing it over the surface of
the melt, and close the furnace to reduce heat loss. The resulting ingot is cooled in
water and then crushed. The specific consumption of materials for producing metallic
chromium with 97% Cr is, kg/t: 1650 Cr,O3; 620 aluminum powder; 110 lime; 140
sodium nitrates. Chromium recovery is 88%. The metal usually contains, %: 98—
99.3 Cr; 1.1-0.1 Al; 0.3-0.1 Si; 0.3-0.6 Fe; 0.01-0.02 C; 0.04-0.006 P; <0.02 S;
0.03-0.2 N.



7.8 Aluminothermic Method for Producing Metallic Chromium ...

155
Fig. 7.17 Equilibrium state t, °C T LI T T T T T T
diagram of the CaO-Al,03 \ 2050°C
system 2570%\ H
\
2000 \ -
\
\
1900 - ‘! 18590C &=
i 16,5%
\ T
1800 ‘i 1762°C -
\ 26,5% CA¢
]
CAg
1700 — -1
1604°C
-"?n_.'
1600 f— 317 ool -
1540°C
58% ca
i C3A
1500 =
1400 -
o
1371°C
49%
1300 1 1 1 1 1 1 1 1 |
100 90 80 70 60 50 40 30 20 10 O
CaO Composition, mass. % CaO AlpOg

The technological scheme for the production of metallic chromium, which also
includes the reduction of slag, the preparation of CrAl ligature and high-carbon
ferrochromium, the processing of final slag into a semi-product for synthetic slag or
high-alumina cement clinker (HACC), is shown in Fig. 7.18.

In the production of high purity aluminothermic chromium, out-of-furnace
smelting and casting of chromium are carried out in sealed chambers with the creation
of reduced pressure in them (Fig. 7.19).

The mixture, consisting of chromium oxide of high purity, calcium chromate,
chromic anhydride and aluminum powder (grade A99), is pelletized. Then, the pellets
are fired at 400-500 °C to remove moisture and oxidize impurity carbon. The charge
is melted in the reaction hearth. Metal and slag are discharged from the furnace into
molds installed in the casting chamber. The resulting chromium contains from 0.001
to 0.01% of nitrogen and carbon of each and hydrogen of 1-2 cm?/100 g. Using

the above components, the content of impurities is significantly reduced: iron (0.08—
0.3%), silicon (0.03-0.16%) and non-ferrous metals. The extraction of chromium is
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Fig. 7.18 Technological scheme for the production of metallic chromium with the additional slag
recovery and obtaining an intermediate product or clinker of high-alumina cement: 1—scales;
2—mixer; 3—briquetting press; 4—plate granulator; 5S—drying oven; 6—smelter for smelting
metallic chromium; 7—mold for metal and slag; 8—hearth for additional slag recovery; 9—slag;
10—crusher for slag; 11—electric furnace for additional recovery of slag; 12—casting ladle

93%, the use of aluminum is 97.5%. Specific consumption of materials, kg/t: 1550
Cr,03; 595 aluminum powder; 100 lime; 130 sodium nitrates.

The aluminothermic low-carbon ferrochromium has the following chemical
composition, %:

Grade Cr C Si S P Al
FeCrO03A 75 0.03 0.5 0.015 0.010 0.4
FeCr004A 70 0.04 0.7 0.020 0.018 0.5

Chromite concentrate (58.5% Cr,03; 1.6% SiO;; 10% Al,Os3; 14% MgO),
primary aluminum powder, lime and a small amount of nitrate are used as starting
charge materials. Melting is carried out in the leaning melting hearth. The specific
heat of the process is 3100-3180 kJ/kg, which ensures a process temperature of
2360 °C. The extraction of chromium during smelting is 89%, and the through extrac-
tion of chromium, taking into account losses during enrichment, is ~58%. Technical
and economic indicators of obtaining aluminothermic low-carbon ferrochromium
are given in Table 7.16. Slag contains, %: 60 Al,O3; 2-4 Cr,03; 10-13 CaO; 20-24
MgO; 0.8-1 FeO; 0.8—1.5 SiOy; it is sent for processing to obtain a high-alumina
semi-product or a high-alumina cement clinker according to the above scheme
(Fig. 7.18).
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Fig. 7.19 Two-chamber installation for out-of-furnace smelting of alloys under vacuum and in
a neutral atmosphere: 1—a melting chamber; 2—tilting hearth; 3—hoppers for pellets;4—device
for ignition of the mixture; 5—trough for the release of melting products; 6—casting chamber;
7—rotary table; 8—molds

Table 7.16 Technical and economic indicators of the smelting process low-carbon ferrochromium
aluminothermic method

Parameter

Smelting option

Out-of-furnace on the
block

Electric furnace on the
block

Electric furnace with
the release of the melt

Consumption of materials, t

Concentrate 2.215 1.756 1.640
Aluminum 0.710 0.466 0.445
Saltpeter 0.411 0.032 0.030
Lime - 0.466 0.335
Electrodes - 0.016 0.014
Power consumption, |- 1240 1140
kWh/t

Unit productivity, % | — 100 125
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Table 7.17 Chemical composition of nitrided ferrochromium,% (GOST 4757-91)

Ferrochromium Cr C, < Si P < S, < N
Fused 45-75 0.10 <15 0.03 0.025 2.0-4.0
FeCr...CIN3

Sintered 45-75 0.10 <15 0.03 0.025 2.0-4.0
FeCr...CIN7 0.10 >15 0.03 0.025 4.0-10.0

7.9 The Technology of Producing Nitrided Ferrochromium

Nitrided ferrochromium is used for the smelting of chromium—nickel-manganese
and chromium manganese austenitic and other steels in order to partially replace
scarce nickel and increase the physical-mechanical properties of metal products. In
the CIS countries, nitrided ferrochromium is produced with a nitrogen content of up
to 10% (Table 7.17).

Two types of nitrided ferrochromium are distinguished: fused and sintered. Fused
ferrochromium with a content of 2.0-4.0% N is obtained by nitrogen saturation of
a liquid low-carbon ferrochromium in induction furnaces, as well as in plasma-arc
melting. The dissolution of molecular nitrogen in liquid ferrochromium is accom-
panied by heat; therefore, the content of nitrogen dissolved in liquid ferrochromium
decreases with increasing temperature.

Low-carbon ferrochromium with a low silicon content, deoxidized by aluminum,
is nitrided, providing conditions that exclude the formation of an oxide film (slag)
on the surface of the melt. Gaseous nitrogen must be thoroughly cleaned of oxygen
and H,0O. These conditions are most fully satisfied when nitriding ferrochromium in
vacuum induction furnaces. Nitriding of liquid medium-carbon ferrochromium can
also be performed in an oxygen converter. In this case, a converter with a lateral supply
of nitrogen to liquid ferrochromium is used. The possibility of obtaining nitrided
ferrochromium using plasma technology is shown. In all cases, ferrochromium is
obtained with 1-2% dissolved nitrogen, evenly distributed over the height of the
ingot.

Nitrided sintered ferrochromium (Table 7.18) is a nitrogen-saturated powder (4—
10% N) of high-carbon ferrochromium decarburized in vacuum. Sintered nitrided
ferrochromium can also be obtained by nitriding a powder of low-carbon sili-
cothermic ferrochromium. The essence of the method consists in heating small frac-
tions of ferrochromium in an atmosphere of molecular nitrogen at temperatures that
ensure the thermodynamic stability of (Cr, Fe),N and (Cr, Fe) N nitrides and a high
rate of the nitriding process.

An industrially developed method is the nitriding of briquettes of low-carbon
ferrochromium, obtained by the vacuum method of decarburization of high-carbon
ferrochromium. After the end of the decarburization process in vacuum resistance
furnaces at 1100 °C, nitrogen (99.5% Ny) is introduced into the furnace at a pressure
of 100 kPa. The resulting briquettes of nitrided ferrochromium are cooled to 600—
800 °C in a nitrogen atmosphere at a pressure of 3—4 kPa. Then, air is let into the
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Table 7.18 Chemical composition of nitrated low-carbon ferrochromium, % (GOST 4757-79)*

Grade Cr, no less C ‘ Si ‘ P ‘ S ‘ Al N, no less
No more

FeCrL100A 65 0.06 1.0 0.02 0.02 0.2 1.0
FeCrL100B 0.03

FeCrL200A 65 0.06 1.0 0.03 0.02 0.2 2.0
FeCrL200B 0.04

FeCrL400A 65 0.06 1.0 0.03 0.04 0.2 4.0
FeCrL400B 0.04

FeCrL600A 60 0.03 1.0 0.03 0.04 0.2 6.0
FeCrL600B 0.04

ANitrided low-carbon ferrochromium is produced with a mass fraction of C < 0.02% in all grades;
<0.03% in brands FeCrL100A, FeCrL200B, FeCrL200A, FeCrL400A, FeCrL400B; with a mass
fraction of Al < 0.1% in all brands

furnace and subsequently cooled in air. For 1 ton of nitrided ferrochromium with
6—-8% N, 60% Cr and 0.01% C, 1100 kg of high-carbon foundry ferrochromium are
consumed; 150 m? of nitrogen at an electric energy consumption of 9500 kWh.



Chapter 8 ®)
Metallurgy of Ferrotungsten i

Tungsten was discovered and isolated in the form of tungsten anhydride WO; in 1781
by the Swedish chemist C. Scheele from the tungsten mineral, later called scheelite.
The tungsten content in the earth’s crust is 10™* %. Ferrotungsten was first obtained
in 1893 by the aluminothermic method.

Tungsten is widely used in modern technology in the form of pure metal and
in a number of alloys. It is used for alloying tool, structural, high speed and other
steels; it is part of cermet alloys with high hardness and wear resistance, tungsten
carbide-based hard alloys, heat-resistant and some special alloys. The refractoriness
and low vapor pressure at high temperatures make tungsten indispensable for parts
of electric vacuum devices in radio and X-ray technology, as well as for producing
filaments and spirals in incandescent lamps. In various areas of technology, some
chemical compounds of tungsten are used, for example, Na, WOy, WS,, etc.

8.1 Properties of Tungsten and Its Compounds

Tungsten—an element of the VIb group of the Periodic system of elements. The
atomic number of tungsten is 74, the atomic mass is 183.85, the configuration of the
electron shell is 4f'45d*6s2, the valency is from 2 to 6 (the most stable compounds
of higher valency), the density is 19.3-19.9 g/cm?, the melting point of tungsten is
3410 °C, the boiling point 5930 °C.

W-Fe system. Tungsten narrows the y—Fe region (Fig. 8.1). With a standard tungsten
content in industrial ferrotungsten >60%, the melt temperature is about 2580 °C.
Solutions of tungsten in iron-based melts are close to ideal, at 1600 °C yyg.) = 1.

W-0 system. Tungsten forms a series of oxides WO,, W,0;; and WOj3 with oxygen
(Fig. 8.2). Some properties of oxygen compounds of tungsten are given below:
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Fig. 8.1 Equilibrium state
diagram of the W—Fe system

Fig. 8.2 Equilibrium state
diagram of the W—-O system
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Oxide WO;3 WO,

Color Lemon yellow Dark brown
Crystal cell Monoclinic Monoclinic
Density, g/cm? 7.2-74 10.9-11.1
AC3%, J/(mol K) 79.7 55.8
AHg , kJ/mol —841.3 —588.1
S50, J/(mol K) 81.6 50.6

The temperature dependences of the Gibbs energy change of oxide formation
reactions have the form:

Wi + 3/20, = WOs3); AGaeg = —134,333 + 42.63T1gT + 383.3T, J/mol;
W 4+ 0, = WOy):  AGaeg = —578,930 + 152.98T, J/mol.

W-C system. In the W—C system (Fig. 8.3), carbides W,C (3.07% C) and WC (6.12%
C) are formed. Gibbs energy of the formation of tungsten carbides W,C and WC from
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elements, respectively, is equal to: AG;98 (W,C) = —49,100 J/mol, AG;98 (WC) =
—37,620 J/mol. The density of W,Cis 17.5 g/cm?®, WCis 15.5 g/cm?, and the melting
point is, respectively, 2795 and 2785 °C.

W-=Si system. In the W-Si system (Fig. 8.4), silicides W3Si, (9.21% Si) and WSi
(23.3% Si) are formed by the reactions:

3W +2Si = W3Sin;  AHyg = —20,950 J/mol;
W +2Si = WSip;  AHygg = —93,440 J/mol.

Melting temperature W3Si,—2310 °C, WSi,—2065 °C.

8.2 Tungsten Minerals, Ores and Concentrates

Tungsten minerals. The following minerals are mainly of industrial importance:
Ferberite FeWQ,, Hubnerite MnWO,, Wolframite (Fe, Mn)WQ, and Scheelite
CaWOy, (Table 8.1). Hubnerite and ferberite alone rarely occur; usually, they form
an isomorphic mixture—wolframite, in which manganese and iron can replace each
other in the mineral lattice. Tungsten ores contain an average of 0.2-0.5% WOs,
rarely exceeding 1%. Often, they include molybdenum, tin, copper, arsenic and other
minerals. The main deposits of tungsten ores in the CIS countries are located in Russia
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Table 8.1 Some properties of tungsten minerals

Mineral Chemical formula WOs3, % W, % 0, g/cm3 Mohs hardness
Ferberite FeWO4 76.3 60.5 7.5 4.5

Hubnerite MnWO4 76.6 60.7 7.1 4.0

Wolframite (Fe,Mn)WOq4 76.5 60.6 7.1-1.5 4.0-4.5
Scheelite CaWOy 80.6 63.9 5.8-6.2 4.5-5.0

and Kazakhstan. Rich tungsten ores are mined in China, Korea, Burma, USA, Spain,
Portugal, Bolivia and Australia.

Tungsten concentrates. Ores are subjected to enrichment in various complex ways
to obtain concentrates (Table 8.2). To obtain pure WOs3 oxide, necessary for the
production of tungsten metal, complex chemical and hydrometallurgical schemes
for processing scheelite and tungsten concentrates are used.

Scheelite concentrates contain 45-65% WOs. The gangue is represented by
quartz, calcite and fluorite. Associated minerals are often molybdenite and powellite.
In the concentrates of the Tyrny-Auz deposit (North Caucasus, Russia), the content
of oxidized molybdenum, part of which is isomorphically associated with scheelite,
reaches 2.5-3%. Processing such concentrates allows one to obtain pure WO3 oxide.
Tungsten concentrates with a high sulfur content (1-7%) are subjected to oxidative
roasting in a single-hearth furnace (hearth area 18 m?), and a concentrate containing
0.12-0.56% S is obtained.

8.3 The Technology of Obtaining of Ferrotungsten
by Carbon-Silicothermic Method

The requirements of the standard for the composition of ferrotungsten are given in
Table 8.3.

Tungsten has a small chemical affinity for oxygen and can be reduced from its
oxides by carbon, silicon and aluminum:

2/3WO0; + 2C =2 /3W + 2CO; AG, = 327,332 — 339.887, J/mol;
2/3WOs5 + Si = 2/3W + SiO»; AG; = —351,220 + 34.96T, J/mol;
2/3WO0s + 4/3A1 = 2/3W + 2/3A1,05; AG; = —568,150 + 5877, J/mol.

Ferrotungsten of grades FeW72, FeW70 and FeW65 are obtained by reduction
of carbon and silicon concentrates in an ore-smelting furnace; grades FeW70 (a),
FeW75 (a) and FeW80 (a) are smelted by the aluminothermic method.

To obtain ferrotungsten by the carbon-silicothermic method, a smelting method
is used with scooping the alloy out of the furnace. Melting is carried out in a furnace
with a capacity of 5 MV A. The furnace bath is lined with magnesite brick. During
the melting process, the magnesite lining from the surface is partially replaced by
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Table 8.3 Chemical composition of ferrotungsten, %

Grade W,noless Mo  |Mn |Si  |C P s
No more
FeW80(a) |80 60 |02 |08 000 003 |0.02
FeW75(a) |75 70 o2 11 015 Joo4  [0.04
FeW70(a) |70 70 [03 |20 o2 0.06  |0.06
FeW72 72 0 lo4  Jos |03 0.04  |0.08
FeW70 70 20 |05 |08 |05 006 |0.10
FeW65 65 60 Jos |12 o7 0.0 |0.15
Grade Cu As An Al |Pb Bi Sb
No more

FeW80@) 010 004  [004 (30  |001 |00l |00l
FeW75a) 020 005 005 |50 |- - -
FeW70) 030 006 008 |60 |- - -
FeW72 0.5 004 008 |- 002 002 002
FeW70 020 005 000 |- - - -
FeW65 030 008 020 |- - - -

ferrotungsten, and the working lining is a refractory metal skull. For melting, tungsten
concentrate, petroleum and pitch coke, granular ferrosilicon (FS65 or FS75), steel
shavings and tungsten-containing slag obtained from remelting dust and waste are
used. The composition of the charge is calculated taking into account the transition of
impurities into the alloy in the following amounts, %: Mo—100; Cu—100; As—15;
S—15; Sn—30.

By the nature of the ongoing physicochemical processes and the operations used,
melting is divided into three periods. After the third, last period, ferrotungsten is in
the furnace bath, containing, %: 3-8 Si; 1.7-4.5 Mn; 0.2-2 C; 50-55 W. In the first
period, the alloy is refined from Si, Mn and C, which passed into it when finishing the
slag (previous melting) with oxides of tungsten concentrate loaded into the furnace
according to the reactions:

2/3W0; + Si = 2/3W + Si0y;  AG; = —351,220 + 34.96T, J/mol;
2/3WO0; + 2Mn = 2/3W + MnO; AG; = —280,227 + 22.96T, J/mol;
2/3W0; +2C = 2/3W +2CO;  AG, = 327,332 — 339.88T, J/mol,

o

2FeO + Si = 2Fe + SiO,; AG,; = —492,410 + 112.04T, J/mol;
2FeO + 2Mn = 2Fe + 2MnO; AGOT = —247,630 + 36.5T, J/mol,
2FeO + 2C = 2Fe + 2CO; AGOT = 242,200 — 266.16T, J/mol.

At the beginning of the first period, slag with a high tungsten content obtained
by remelting dust from electrostatic precipitators and dust from battery cyclones is
loaded into the furnace. To reduce the tungsten viscosity, steel chips are introduced
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into the furnace, lowering the melting point of the tungsten-containing alloy, and
then, the concentrate is filled. An oxidizing slag is formed in the furnace, containing,
%: 16-23 WO3; 15-20 FeO; 28-32 SiO,; 10-15 MnO; 8-10 CaO; 1-3 MgO; 24
Al,O3. Toincrease the refining rate, the temperature of the slag and metal is increased,
running the furnace at maximum power. At the end of the first period, they start filling
tungsten concentrate with coke, seeking to obtain working slag of the second period
with a content of 10-12% WOs3. The reduction of tungsten and iron contained in
the concentrate in the first and second periods of melting occurs mainly with coke
carbon by the reactions:

2/3CaWO0, + 2C = 2/3W + 2/3Ca0 + 2CO; AG; = 439,615 — 342.9T, J/mol;
1/2FeWOy4 + 2C = 1/2(W + Fe) 4 2CO; AG; = 92,470 — 253.7T, J/mol.

In the reduction of tungsten and iron, silicon and manganese remaining in the
metal after the third period of the previous melting (period of the repeated reduction
of slag) take part

= —242,830 + 33.367, J/mol;
= —177,100 4+ 3.8T, J/mol;

—581,970 + 121.5T, J/mol;
—477,295 4+ 85.96T, J/mol.

2/3CaWOy4 + Si = 2/3W +2/3Ca0 + Si0»;  AG
2/3CaWOy + 2Mn = 2/3W + 2/3Ca0 + 2MnO; AG
1/2FeWOy + Si = 1/2(W + Fe) + SiO»; AG
1/2FeWOy +2Mn = 1/2(W + Fe) + 2MnO;  AG

oy oy oy ©

By the end of the first period, the metal has a standard content of tungsten and
impurities. In the second period, the duration of which is 1-1.5 h, the working voltage
is reduced from 178-187 to 149 V, trying to warm the metal as best as possible and
ensure its solid-liquid state. Scooping of the alloy in the second period is carried out
by a special machine installed on the working platform (Fig. 8.5). The alloy from
the furnace is scooped up with a removable carbon steel spoon containing 50 kg of
metal. A spoon with metal is immersed in a tank of water and cooled, and an ingot
is knocked out on a special device. To evenly scoop out the alloy, the furnace bath is
rotated.

The goal of the third period is to reduce WOj3 from slag with silicon of ferrosilicon
to <0.25% WOs;. The metal is enriched with silicon and manganese. The tungsten
concentration in the alloy gradually decreases from 65—72 to 52-54%. After receiving
the analysis of another slag sample with a content of <0.25% WOj; (usually 0.05—
0.15%), it is kept in the furnace for 10—15 min, and then, slag is discharged. The final
slag contains, %: 0.05-0.2 WOj3; 0.3-2 FeO; 45-50 SiO,; 15-20 MnO; 25-30 CaO.
After the slag is released from the furnace, the metal of the following composition
remains, %: 6670 W; 5-7 Si; 0.7-2.5 Mn; 0.03-0.14 S; 0.1-0.2 C.

Per one ton of ferrotungsten is consumed, kg: 1530 tungsten concentrate (60%
WO3); 108 ferrosilicon FS75; 87 pitch coke; 40 electrode mass at a power consump-
tion of 3550 kWh. Tungsten recovery is usually 99%. The main share in the cost
of ferrotungsten is concentrate (96-98% of the total cost); therefore, in the process
of producing the alloy, measures are taken to reduce losses of tungsten with slag,
exhaust gases and dust. In order to capture the dust formed during filling concentrate,
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™ —

Fig. 8.5 Ferrotungsten scoop machine. 1 —Work site; 2—rotation mechanism; 3—axis of rotation;
4—control panel; 5—a spoon; 6—capture; 7—device for knocking out an ingot; 8—stand; 9—
electric furnace

containing evaporating tungsten oxides (WO3 and WO,), furnaces are equipped with
battery cyclones and electrostatic precipitators. Sublimates are condensed during
cooling and collected in electrostatic precipitators. The dust is melted in a separate
electric furnace, and an alloy with 40-50% Pb; 45-50% Bi and 5-8% Sn is obtained,
which is sent to non-ferrous metallurgy plants for processing, and slag with 35-40%
WO3 is returned to the furnace melting ferrotungsten. The dust trapped in battery
cyclones is similar in chemical composition to the charge loaded into the furnace.
After briquetting, it is also used in smelting. The average actual composition of the
obtained ferrotungsten is as follows, %: 74.31 W; 0.22 Si; 0.16 Mn; 0.14 C; 0.07 S;
0.028 P; 0.11 Cu; 0.1 Sn; 0.001 Pb; 1.45 Mo; 0.01 Bi and 0.01 Sb.
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8.4 The Technology of Ferrotungsten Production
by Aluminothermic Method

Ferrotungsten of the grades FeW80 (a), FeW75 (a) and FeW70 (a) with a high content
of tungsten is obtained by the aluminothermic method (Table 8.3). The process is
based on the reduction of tungsten trioxide with aluminum:

2/3WOj; + 4/3A1 = 2/3W +2/3AL,03;  AG; = —568,150 4 58.7T, J/mol O,.

The concentrate used to produce ferrotungsten contains impurity oxides of Mo,
Si and Fe; therefore, the main reaction is accompanied by the following processes:

2/3Mo03 + 4/3Al = 2/3Mo + 2/3A1,05; AG} = —683,600 + 122.7T, J/mol O,.
SiO, + 4/3Al = Si + 2/3A1,03; AG = —236,790 + 27.5T, J/mol O,.
2/3Fe;03 + 4/3A1 = 4/3Fe + 2/3A1,03; AG, = —577,000 + 45.5T, J/mol O,.

For melting, mainly scheelite concentrate is used (Table 8.2). The amount of
heat generated by these reactions does not ensure the normal course of melting
(due to the high melting point of the alloy) and good separation of metal from slag.
Therefore, melting is carried out in a three-phase electric furnace with a transformer
1000 kV A with magnesite lining. The diameter of the furnace bath is 800—1000 mm,
and the height is 1200 mm. The bath (crucible) of the furnace is removable and has
an outlet for slag; graphite electrodes with a diameter of 200 mm. The mixture
of the following composition is used, kg: 100 scheelite concentrate; 23 powder of
primary aluminum; 3 iron cutting; 4-5 iron oxide; 1 lime. To increase the extraction
of tungsten, slag crusts, metal wastes of the previous melts and trapped dust are
introduced into the charge. Depending on the crucible volume of the furnace, 2500—
5000 kg of concentrate is consumed for smelting. Per 1 t of ferrotungsten is consumed,
kg: 1555 scheelite concentrate; 345 primary aluminum powder; 20 lime; 80 iron
oxide; 45 iron die cutting at an electric power consumption of 424 kWh. The tungsten
attraction is 99%. Commodity alloy contains, %: 83—-83.5 W; 4—4.75 Mo; 1.25-1.28
Si; 6.9-7.5 Fe; 0.026-0.047 Cu.
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Metallurgy of Ferromolybdenum e

Molybdenum belongs to the group of rare metals. It was discovered in 1782 by the
Swedish chemist P. Gjelm, who isolated molybdenum acid. Its content in the earth’s
crustis 1.1 x 107*%.

Molybdenum and its alloys are widely used in various branches of technology
and industry, but the main consumer is ferrous metallurgy—70-80% of the obtained
molybdenum is used for the production of alloy steels. The rest is used in the form
of pure metallic molybdenum and alloys based on it, alloys with non-ferrous and
rare metals, as well as in the form of chemical compounds. Molybdenum metal is
the most important structural material in the production of electric lighting lamps
and electric vacuum devices. Molybdenum wire and tape are widely used as heaters
for high-temperature furnaces. An important role is played by molybdenum as an
alloying element in heat-resistant and acid-resistant alloys based on nickel, cobalt and
chromium. Some chemical compounds of molybdenum are used, so MoS, molyb-
denum sulfide is used as a lubricant in friction pairs, MoSi, molybdenum disilicide
is used for heaters, etc.

9.1 Properties of Molybdenum and Its Compounds

Molybdenum—an element of the VIb group of the Periodic system of elements. The
atomic number of molybdenum is 42, the atomic mass is 95.94; configuration of
the outer electron shell of an atom 44°5s', melting temperature 2622 °C, boiling
4840 °C, density 10.23 g/cm?.

Mo-Fe system. Iron and molybdenum form FeMo, Fe;Mog intermetallic
compounds and solid solutions (Fig. 9.1). The melting point of the alloys decreases
slightly with an increase in the molybdenum content to 37.5%, and a further increase
in the molybdenum content leads to its significant increase. A binary alloy with
55-58% Mo melts at a temperature exceeding 1650 °C. The maximum solubility
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