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A B S T R A C T

The process of obtaining a powder ferrosilicochromic alloy by the method of silico-

thermic reduction of local chromites and slags of copper smelters was investigated. The 

mechanism of this process has been studied. It is established that the best results are ob-

tained in the case of slag / chromite ratio = 1:1, when an alloy with microdispersed struc-

ture and high strength is obtained. The optimum composition of the resulting alloy is as 

follows: 35.1% Fe; 36,35% Si and 28.53% Cr, with a metal yield of 98.4%. The obtained 

alloy powder can be used as an acidified and alloying additive to chromium- and silicon-

containing stainless composite materials. The aspects of the process for obtaining FeSiCr 

alloy have been developed. The maximum temperature (Tc) and the linear propagation 

velocity of the combustion wave (Uv) are determined graphically. The mechanism of the 

formation of FeSiCr in the SHS process is explained.
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Introduction

The scientific and technical progress of metallurgy in 

Armenia is directly related to the efficient use of the local 

raw materials. The development of effective technologies 

for processing of local raw materials will contribute to the 

production of new materials with previously known struc-

tures and physico-mechanical properties [1-3]. Among 

these materials are the stainless steel and alloys, in which 

metallic chromium plays a crucial role as an alloying agent 

[4, 5]. Steels alloyed with chromium are characterized 

by stability at high temperatures, strength and corrosion 

resistance. As a chromium-containing raw material for 

the production of these alloys, a new chromite mine in 

Tapasar of the Sevan Region with 43–46% Cr2O3 can 

be used [6]. But these ores have not yet found industrial 

application due to the lack of processing technologies. 

Meanwhile, after enrichment, these ores can serve as a 

rich chromite-containing raw material [7–11]. These ores 

bring about an increased need for efficient extraction of 

not only chromium, but also iron [12, 13].

In the addressing issues related to the efficient use of 

chromite raw materials in Armenia, its complex process-

ing, which also includes pyrometallurgical technologies, 

plays a special role. Valuable properties are also transferred 

to chromium-containing alloys by silicon, which also 

adds acid resistance and oxidation resistance to alloys. To 

this end, products of the metallurgical production of the 

Alaverdi copper smelter can serve as iron-containing and 

silicon-containing raw materials, in which the iron content 

reaches 38.35%, and the silicon content reaches 30.11% 

[14, 15]. Taking into account the fact that there is a large 

amount of these wastes associated with the development of 

non-ferrous metallurgy and high iron and silicon content in 

these wastes, the production of ferrosilicochromium from 

these wastes and local chromites using new, advanced and 

efficient technologies become very important [16]. 

The obtained ferrosilicochromium can serve as an al-

loying agent for the production of metallic chromium, as 

well as chromium- and silicon-containing valuable steels. 

The production of ferrosilicochromium according to tra-

ditional technologies from the corresponding metals is 

expensive, since metallic chromium is obtained using a 

multiphase, complex and laborious technology [17]. The 

process of obtaining the ferrosilicochromium in combina-

tion with the local chromites and wastes has been studied 

by the silicothermic reduction method. Currently a cost-

effective and improved method for producing alloys is the 

silicothermic method which does not require large energy 

consumption, as the exothermic reduction reaction does. 

It allows to provide the out-of furnace process which is 

the prevailing factor for the given technology [18, 19]. 

Obtaining valuable ferrosilicochromium by alloying ad-

ditives from local chromites and secondary raw material 

by an advanced and efficient technology characterizes the 

importance of the present work.

Experimental investigations   

Investigations are carried out on the chromite concen-

trate from Tapasar. The average chemical composition of 

the concentrate is as follows: Cr2O3 — 52.68%; FeOtotal — 

13.64%; Al2O3 — 5.88%; MgO — 20.38%; SiO2 — 5.06%; 

CaO — 2.36%; and Cr2O3/FeOtotal = 3.86; MgO/Al2O3 =

= 3,47.
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MineralogicallyTapasar’s composition is as follows: 

chromium-spinellide (FeO·Cr2O3) — 60%; magnochro-

mite (Fe, MgO·Cr2O3) —18%; magnetite (Fe3O4) — 5%; 

serpentine (mSiO2·nAl2O3) — 17%. As can be seen the con-

centrate is mainly composed of chromium-spinellide and 

magnochromite. Magnetite occurs in a free form [20, 21].

In the Alaverdi copper smeltery, the iron- and sili-

cium- containing material produces metallurgical waste 

products from in which the content of Fe reaches 38.35% 

and the content of Si reaches 30.11%.

X-ray diffraction (XRD) examination with mono-

chromatic λCuKα radiation (DRON-3 diffractometer) 

was performed. A scanning electron microscope (SEM) 

VEGA TS 5130MM, Tescan, Czech Republic, Micro-

analysis System INCA Energy 300, Oxford Instru ments, 

UK7 and Energy Dispersive X-ray microanalyses were 

used for metallographic investigations [22–24]. 

Results and discussion 

The main purpose of the work is the investigation of 

the ferrosilicochromium obtaining process by joint sili-

cothermic reduction of the Tapasar (Armenia) chromites 

(48% Cr2O3) and tail slags of the Alaverdi copper factory.

The great amount of heat released at the silicother-

mic reduction of chromium, iron and silicon oxides con-

tained in chromites and tail slags is the reason for self-

propagating high-temperature synthesis (SHS), realized 

as a combustion wave propagating through the sample of 

initial mixture raising the temperature in the system up 

to 2500–3000 K. As a result of reduction of chromium, 

iron, and silicon oxides, a metallic phase is formed, and a 

mixture of oxides forms a slag containing mainly silicates 

and alumosilicates.

The work is devoted to obtaining a Fe–Si–Cr alloy 

of the following composition: 36–38% Fe; 28–30% Cr; 

35–40% Si. This ferrosilicochromium alloy is applied in 

the industry as an acidifying and alloying additive to the 

chromium- and silicon-containing stainless steels.

For obtaining the alloy, a charge was prepared con-

taining chromite, tail slags, reducers (Fe–Si and alu-

minum powder), as well as CaO and NaNO3. NaNO3 is 

added to the initial mixture as an agent for increasing the 

reduction temperature, and CaO is used as an additive 

which forms a melt and integrates oxides in the charge.

The experiments were performed as follows [16–17]. 

A green mixture prepared from initial reactants of cer-

tain proportions was homogenized and placed in a con-

tainer filled with sand. The Ti+C mixture was used as 

an igniter. The combustion was initiated by means of an 

incandescent wire. The duration of the experiment was 

12–15 min. Under these conditions, a metallic alloy and 

a slag phase were formed which were easily separated 

after cooling. Both phases were weighted. The metal-

lic phase was examined by chemical, X-ray and micro-

scopic analyses.

In the work, first the yield of the metal, depending on 

the chromite and the tail slag ratio is studied. Below are 

introduced the results of that investigation (Fig. 1, a, b, c;
Fig. 2, a, b, c; Fig. 3, a). 

Fig. 1. The damp slag/chromite ratio:
a — 0,5:1; b —1:1; c — 2:1

а b c

а b c

Fig. 2. The damp slag/chromite ratio:
a — 3:1; b — 4:1; c — 5:1
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Fig. 1, a shows the microscopic view of the metal mass 

in the case of the dump slag/chromite ratio 0,5:1. As it 

can be seen from the figure, the obtained metallic phase is 

microdisperse to some extent and relatively strong. Here, 

the degree of the metal outcome is also high (79.8%). 

According to the data of the chemical analysis, the com-

position of the alloy is as follows: Fe — 32%, Si — 40%, 

and Cr — 28%.

The next figure introduces the dump slag/chromite 

ratio 1:1 (Fig. 1, b). In this picture, the metallic phase is 

the most microdisperse and uniform, and the obtained 

alloy is more aggregate and stronger externally. The de-

gree of metal extraction here is 88%. According to the 

data of the chemical analysis, the composition of the alloy 

is as follows: Fe — 40%, Si — 34%, and Cr — 26%.

Although, compared with the first ratio, here, the 

quantities of Si and Cr are a bit smaller, it is advantageous 

from the viewpoint of the structure. 

The next figure introduces the dump slag/chromite 

ratio 2:1 (Fig. 1, c). The alloy is less uniform here. In some 

places, rather large granules are observed. The alloy is 

externally less complete and has a porous structure. The 

degree of metal extraction here is 90%. According to the 

data of the chemical analysis, the composition of the alloy 

is as follows: Fe — 53%, Si — 27%, and Cr — 20%. 

The dump slag/chromite ratio 3:1 is introduced in 

Fig. 2, a. Here, the alloy is less uniform. In some places, 

big granules are more, and the obtained alloy has a rather 

porous structure externally. The degree of metal extrac-

tion here is 91%. According to the data of the chemical 

analysis, the composition of the alloy is as follows: Fe — 

67%, Si — 23%, and Cr — 10%. 

The dump slag/chromite ratio 4:1 is introduced in 

Fig. 2, b. In this case, the alloy is not uniform and the 

obtained alloy has a more porous structure externally. The 

degree of metal extraction here is also 91%. According to 

the data of the chemical analysis, the composition of the 

alloy is as follows: Fe — 70%, Si — 21%, and Cr — 9%. 

The dump slag/chromite ratio 5:1 is introduced in 

Fig. 2, c. As it is seen from the picture, the alloy is not ho-

mogeneous at all. Only big granules can be observed in the 

picture. The obtained alloy has a rather porous structure 

externally. The degree of metal extraction here is also the 

same — 8%. According to the data of the chemical analy-

sis, the composition of the alloy is as follows: Fe — 72%, 

Si — 20%, and Cr — 8%.

Thus, the increase in the amount of iron, and, at the 

same time, the decrease in the amounts of silicon and 

chromium in the alloy lead to the deterioration of not 

only the ferrosilicochromium structure, but also the alloy 

quality. In all cases, the best results are obtained in the 

case of dump slag/chromite ratio 1:1, when an alloy of a 

microdisperse structure and high strength with rather a 

large outcome of metal is obtained. 

In the next part of experiments, the tail slag was re-

placed by Fe2O3, which led to an increase in the yield of 

metallic phase. Particularly, at the 1:1 molar ratio this 

yield increases from 62 to 80%. However larger amounts 

of Fe negatively influenced the alloy quality (a porous and 

ductile alloy was formed).

Experiments were also performed to raise the Si 

amount (in the form of SiO2). The best result was ob-

tained at the 6,85% content of SiO2 in the charge. In this 

case, a 36,5% content of Si was registered in the metal-

lic phase. The further increase in the SiO2 amount in the 

initial mixture leads to impairment of the quality of the 

metallic phase.

The yield of the metallic phase, depending on the 

amounts of CaO, Fe–Si and NaNO3 was also studied. 

Optimal conditions for obtaining ferrosilicochromium 

were found to be: chromite/tail slag ratio of 1:1; con-

tents of Fe–Si — 25%; Al — 5%, CaO — 30%, and a 

30% excess of NaNO3 in the charge mass. Under these 

conditions, the composition of the obtained alloy was 

as follows: 35.1% Fe, 36.35% Si and 28.53% Cr, and the 

extraction level of the metal was 98.4%. Fig.3, a and b 

illustrates the XRD pattern and the microstructure of 

the final product.

As silicon is equally well dissolved both in iron and 

chromium forming (Fe,Cr)Si and (Fe,Cr)Si2, which are 

characterized by similar diffraction peaks, one can assert 

with confidence that ferrosilicochromium alloy has been 

obtained.

The aspects of mechanism of FeSiCr alloy obtaining 

process were developed (Fig. 4).

By the analog-to-digital converter Ni-USB-610M, 

and the LabView software package, some theoretical 

problems concerning the silicothermic reduction of the 

а

b

Fig. 3. The XRD pattern (a) and the magnified 
by 3000 times microstructure (b) of the combustion 
product
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chromite concentrate and wastes by SHS method were 

studied. 

The experiments were carried out in the following 

way [16, 17]: a certain amount of the charge prepared 

according to the above-mentioned optimal conditions at 

a dispersity of the burden of 40 μm [14], was placed in a 

quartz boat-type crucible in a compressed or a free state, 

in which at a certain distance from each other (20 mm) 

4 W-Re thermocouples (2) were recessed. The tempera-

ture was determined by the thermoelectric principle. The 

thermocouples were placed in the charge so that the heat 

loss of the environment should be minimal, which is im-

portant for the accurate temperature measurement.

For registration and processing of signals obtained by 

means of thermocouples, they are connected to the signal 

amplifiers (5), after which the amplified signals are con-

nected to the input of the Ni-USB-610M analog-digital 

converter, the signals obtained at the output of the latter, 

were entered into a computer (7) and processed using the 

Lab View software.

The experiments were carried out as follows: to the be-

ginning of the charge placed in quartz boat-type crucible 

the (Fe+C) initiator is added and with hot wire made of 

W, the self-propagating high-temperature synthesis was 

initiated and the wave dispersion at a constant rate was 

spread, passing successively through the four thermocou-

ples along the entire length of the charge. At the end of 

the process, the boat-type crucible was cooled, and the 

metallic phase was allocated out of the charge. The occur-

rence of temperature profiles, depending on the amount 

of the reducing agent was investigated (Fig. 5). 

By the type of temperature profiles, it is evident that 

the alloy synthesis is carried out in a fixed rate. However, 

the multiple endothermic and exothermic effects asso-

ciated with the synthesis of the alloy with gradual re-

duction and destruction of chromites in the range of 

50–150 s is observed after the start of reaction. The ther-

mal effects are especially amplified with an increasein 

the reducing agent amounts. In the latter case, at the 

maximum amount of the reducing agent, and a dura-

tion of 100–150 s on the curve, the strong endothermic 

effect is likely associated with the entire recovery of iron 

oxide and with the final destruction of the chromium-

spinelide crystal lattice. In all cases, first iron is reduced, 

thus not violating the integrity of the crystal lattice of 

the chromium-spinelide. After a complete reduction, 

the chromium reduction begins, thus, the reduced iron 

contributes to the extraction of chromium oxide. The 

extraction of silicon is derived from the free SiO2, con-

tained in the charge — along with the chromium oxide 

extraction. Then the final reduction of chromium and 

silicon oxides and the synthesis of FeCrSi take place, 

after which the temperature of the mixture increases, 

reaching a maximum — up to 3000 K.

 Based on the temperature profiles of the reduction 

process, the values of quantities will be defined, some 

problems connected with the SHS mechanism of the 

process for obtaining ferrum-silicon-chromium will be 

elucidated of the combustion.

The propagation velocity of the combustion front (Uv) 

[25–27] can be graphically determined from Fig 5, a, b, c,

at the maximal combustion temperature (Tc) and the 

latter can be determined based on the distance between 

the thermocouples and the time. In case of the quantity 

of the reducing agent is less than the stoichiometry, it 

amounts to Umin = 20 /48 = 0,42 mm/s, and in the case 

of the quantity more than the stoichiometry — Umax=

= 22 /105 = 0,19 mm/s.

As it can be seen from the curves (Fig. 6), the increase 

in the amount of the reducing agent from 95 to 130%, 

at the same stoichiometric quantity, with the degree of 

dispersion 40 μm, the maximal combustion temperature 

increases from 1500 to 3000 K.

Fig. 4. The Laboratory SHS reactor:
1 — quartz boat; 2 — thermocouples; 3 — initial 

mix; 4 — heat thread; 5 — the signal accelerator; 

6 — analogue

а b c

Fig. 5. Temperature profiles of the FeSiCr production, depending on the amount of the reducing agent:
a — the theoretically necessary amount; b — 20% and c — 60% excess amounts
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The linear velocity of propagation of the combus-

tion front (Uv) also increases. With an increase in the 

amount of reducing agent above 130–160% of the nec-

essary amount according to stoichiometry, the values of 

both Tc and Uv begin to decrease. That phenomenon is 

explained by the fact that, probably, at low temperatures 

the reduction process takes place by new, more compli-

cated ways and undergoes more compound phase trans-

formations.  

  As shown in Fig. 7, the dispersion increasing from 120 

to 20 μm significantly increases the values of both Tc and 

Uv. But the preliminary experiments showed that at the 

optimal composition of the charge, at very high tempera-

tures, agglomeration processes can occur, which can lead 

to deterioration of the reduction processes. Therefore, the 

maximum degree of dispersion can be taken no more than 

40 μm.

Thus, obtaining temperature profiles allows to de-

termine the dependence of the combustion temperature 

(Tc) and the velocity of the combustion front propagation 

(Uv) on the amount of the reducing agent contained in the 

charge and the degree of dispersion. Simultaneously, the 

resulting form of profiles allows to clarify some  issues of 

the reduction mechanisms for the ferrosilicochromium 

reduction, applying the chromites recovery method by 

ferrosilicium.

The solution of these issues can help to solve a number 

of technological problems concerning the production of 

ferrosilicochromium. By controlling the synthesis pro-

cess, it is possible to obtain substances of a given compo-

sition, structure and characteristics. Thus, experimental 

investigations have demonstrated the possibility of pro-

ducing a valuable ferrosilicochromium alloy by combined 

silicothermic reduction of Tapasar’s chromites and tail 

slags of the Alaverdi copper smelting factory with the 

metal yield of 98.4%.

Conclusion

It is envisaged to perform experimental investigations 

of theTapasar chromite concentrate and copper smeltery 

waste products by the simultaneous silicothermic reduc-

tion method for obtaining ferrum-silicon-chromium. 

The dependence of the metal’s total output on the waste 

product-chromite relation, on the batch mixture reducing 

agent, the quantity of NaNO3 and CaO has been studied. 

The optimum SHS conditions for providing the maxi-

mum exit of an alloy are selected.

The parameters of combustion process of (tempera-

ture and speed) has been defined.

The structurization problems of the obtained results 

have been studied by the microscopic method under the 

conditions of various ratios of waste products — chromites.

The investigation of ferrum-silicon-chromium mi-

crostructure has been performed by the scanning micro-

scopic and X-ray-phase analysis method.

In terms of theoretical and experimental results of 

investigations, the Tapasar chromite concentrate and 

waste products from copper smeltery together with the 

silicothermic reduction process by the out-of-furnace 

silicothermic reduction method has been performed, the 

productive technology of obtaining ferrum-silicon-chro-

mium additives will be developed and the technological-

economic substantiation will be carried out.

The developed technology will not require huge ex-

penses, and it can be easily implemented in “Armenian 

Molybdenum Production” works functioning in Erevan. 

Simultaneously the results obtained will create the nec-

essary prerequisites for founding non-traditional pro-

ductions based on energy and ore saving technologies in 

Armenia which will allow to solve a number of ecological 

problems.
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Fig. 6. The dependence of the combustion temperature 
(Tc), and the velocity of propagation 
of the combustion front (Uv) on the amount 
of the reducing agent contained in the charge, 
with the degree of dispersion 40 μm:
1 — Tc; 2 — Uv

Fig. 7. The dependence of the combustion temperature (Tc) 
and the velocity of propagation of the combustion 
front (Uv) on the degree of dispersion of the charge, 
when the content of the reducing agent is 130%, 
from the stoichiometry of the required amount
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