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SELF-PROPAGATING HIGH-TEMPERATURE SYNTHESIS 

(SHS) OF COMPOSITE FERROALLOYS
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A B S T R A C T

The results of studies on the production of a new class of alloying materials in the combustion mode are presented 

on the example of synthesis of composite alloys based on vanadium, chromium and silicon nitrides. Principal pos-

sibility of creation of the SHS production of various composite ferroalloys for steelmaking was proved when using 

conventional ferroalloys as a raw material. It is shown that the degree of nitriding of ferroalloys in the conditions of 

filtration combustion strongly depends on the pressure of nitrogen, initial material powder dispersity and porosity 

of the nitride samples. The higher is the nitrogen pressure, the greater is the porosity of the samples and the larger 

are particles of the original ferroalloy powder, and the greater is the amount of nitrogen fixed in the combustion 

products. More dense samples and samples of the larger ferroalloy powder are nitrided in a more narrow range 

of nitrogen pressure. To initiate a stable layer-by-layer combustion it is required to provide higher pressure in 

such samples. It is shown that nitriding of initial ferroalloy can occur either by solid-phase (ferrochromium) or by 

liquid-phase (ferrosilicium, ferrovanadium) mechanisms, depending on the composition of initial ferroalloy.  In 

the first case, the combustion temperature is below the melting point of the initial alloy and eutectic in the sys-

tem Cr–Fe–N. In the second case it is higher. When solid-phase nitriding takes place, ferroalloy saturation with 

nitrogen always occurs step-by-step — at layer-by-layer combustion and volumetric additional burning. When 

liquid-phase nitriding takes place, nitrogen absorption can occur in one or in two stages depending on the amount 

of liquid phase in the combustion wave. When forming large amount of combustion products (e.g. ferrovanadium) 

after melting, additional nitriding is absent.  When fraction of liquid combustion products (e.g ferrosilicium) is 

lower, contribution of additional nitriding is significant.
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Steel production in the world increases permanently. 

1.7 bln t of steel was produced worldwide in 2018. More 

than 2 bln t of ore, ~ 1.2 bln t of coal, ~ 0.2 bln t of lime 

and more than 0.06 bln t of ferroalloys were used. This 

growth seems to be continued in the future, and load on 

the environment will increase. In general, ecological 

problems are very sharp today, and partly “thanks to” 

metallurgists. Increase of steel production can become 

unbearable load for the environment. At the same time, 

there is nor real alternative to steel now. Steel is the main 

structural material and this state will remain in the nearest 

decades. Despite increase of consumption of aluminium, 

titanium and other metals as well as plastic, ceramics and 

other structural materials, it is evident that Fe-based al-

loys will dominate in construction, transport, power en-

gineering etc. Improvement of steel operating properties 

is considered as one of the ways for keeping the level of 

steel applications in order to support sustainable devel-

opment of global economics without harmful impact on 

the environment. Rising strength and other metal physi-

cal and mechanical parameters, it is possible to decrease 

substantially metal’s consumption together with improve-

ment of operating characteristics of finished products and 

increase of their service life.

Microalloying is one of the most efficient ways for 

achievement of the required level of steel operating prop-

erties. Both metals (V, Nb, Ti, Al et al.) and non-metals 

(N, B, P et al.) are used as microalloying elements. In this 

connection quality requirements to alloying materials be-

come more strict. Chemical composition and structure of 

these materials should provide high and stable absorption 

of microalloying elements by steel melt. Exact propor-

tioning of microalloying elements is required for efficient 

steel microalloying; it can be achieved only by controlled 

degree of microalloying elements absorption by melt 

with minimal consumption of alloying composition it-

self. Conventional furnace steel production technology 

is practically exhausted for microalloying. The new pulse 

for widening of alloys application for microalloying can 

be given by transition to composite ferroalloys. Stable op-

timal chemical composition of such alloys and composite 

structure guarantee obtaining of required concentration 

of microalloying elements in steel with minimal expenses. 

It is also important that microalloying elements in com-

posite alloying compositions are presented as dispersed 

particles of refractory compounds: nitrides, borides, sili-

cides etc. Synthesis of such composite materials is real-

ized by the special method without usage of usual metal-

lurgical furnaces; it is self-propagating high-temperature 

synthesis (SHS). 

SHS of combustion synthesis is the national technologi-

cal process suggested more than 45 years ago [1]. Usual SHS 
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is conducted owing to heat emission as a result of exothermal 

synthesis reaction out of elements. SHS reactions are char-

acterized by oxygen absence [2], other non-metals (С, В, N, 

H et al.) play the oxidizer role. SHS differs from usual oxygen 

combustion by absence of solid or gaseous wastes. SHS tech-

nology  practically was not used in metallurgy due to high 

cost of powders of pure metals and non-metals [3, 4]. The 

problem of SHS technology usage in metallurgy was solved 

via development of “metallurgical SHS” process concept, 

where hard flame combustion is realized due to exchange 

exothermal oxygen-free reactions [5]. Ferroalloys, alloying 

compositions and alloys of nonferrous metals are the main 

raw material in synthesis of composite alloying materi-

als. Their additional SHS processing allows to obtain new 

complex of properties and to provide their technological and 

economical efficiency [6–9]. 

Possibility of creation of SHS production of materials 

for metallurgy is displayed in this research on the example 

of synthesis of composite nitrogen-containing ferroalloys. 

This possibility is demonstrated on the examples of ob-

taining of alloying compositions on the base of V, Cr and 

Si nitrides as the most required for steel microalloying by 

nitrogen. Nitrogen is known for more than 80 years as an 

alloying element. Nitrogen acceptability and practically 

endless natural reserves are its advantages. Its “mining” 

technology is not harmful for the environment and is not 

accompanied by forming of wastes. Nitrogen in natural 

form is gaseous and it is usually fixed in composition of 

ferroalloys for introduction in steel. Alloying using alloys 

is the main method of steel melting with nitrogen, owing 

to its universality, while nitriding technology using powder 

wire allows to increase degree of nitrogen absorption and 

to dose strictly its concentration.

Materials and methods of research  

Standard ferroalloys were used as initial materi-

als (Table 1).  

 Standard sieves were used for extraction of powders 

with required dispersity. Nitrogen and oxygen content was 

determined using LECO TCH-600 device. Phase com-

position of initial and synthesized alloys was determined 

with assistance of Shimadzu XRD 6000 diffractometer. 

Gaseous nitrogen with purity 99.95% (GOST 9293-74) 

was used for nitriding. Combustion synthesis was con-

ducted in the laboratorial SHS unit — the high pressure 

reactor [5]. Cylinder samples of two types (formed and 

not formed) were used in experiments. In the first case 

samples were manufactured via extrusion, in the second 

case — via charge of ferroalloy powder in a gas-permea-

ble container made of steel net. Combustion tempera-

ture (Тг) was measured using W/Re 5/20 thermocouples. 

Thermocouple junction point was placed on the lower 

edge of the sample by depth ~1.5 cm.

Results of the research and discussion

Nitrogen is one of the reagents in synthesis of nitrided 

ferroalloys. This synthesis is realized in the form of filtra-

tion combustion that is characterized by strong relation-

ship between combustion parameters and nitrogen pres-

sure (PN2
), powder dispersity (dp) and porosity of samples 

(Пobr.) [2, 10]. 

Synthesis of composite nitrided ferrovanadium

There were many different steel grades containing V 

and N developed at present time. HSLA steels and rail 

steels are most widely applied [11]. NITROVAN alloy is 

mainly used abroad for melting of HSLA steels with V 

and N [12]. High concentration of impurities (S, C and 

other), high melting temperature Тmelt. (~2400 °С) and 

low density (2.5–3.0 g/cm3) are the factors restricting its 

application. Thereby NITROVAN is characterized by 

steel melt with low and unstable absorption of nitrogen 

and vanadium. 

In Russia ferrovanadium with ~ 50% V is the main 

source of vanadium for steel microalloying. It is produced 

via effective silicothermal reduction of vanadium techni-

cal pentoxide. The alloy presents intermetallic compound 

with σ-phase structure. Such ferrovanadium is brittle, 

thereby powder production for nitriding is not difficult. 

Increase of nitrogen pressure and porosity of sam-

ples is accompanied by elevation of nitrogen concen-

tration in combustion products (Fig. 1). Porosity of 

samples 56% corresponds to porosity of powder filling 

without thickening, while 39% corresponds to poros-

ity of extruded samples. Extruded samples don’t burn 

under pressure lower than 3 MPa and non-extruded 

ones - under pressure lower than 0.5 MPa. Porosity of 

samples within ranges 36–46 and 50–56% was obtained 

in formed samples via varying extrusion pressure and in 

non-extruded samples respectively. The samples with 

low porosity in combustion conditions are not nitrided. 

The lower is nitrogen pressure, the most narrow is po-

rosity range within that combustion is possible. Increase 

of nitrogen pressure and porosity of samples finalize in 

improvement of filtration conditions during combus-

tion, what leads to elevation of nitrogen amount fixed 

in synthesis products.

Table 1. Composition of initial ferroalloys

Grade GOST Basic element, % C Si S P Al Mn Phase composition 

FVd50U0.5  27130-94 V: 52.4 0.38 1.9 0.01 0.06 0.1 3.6 σ-VFe 

PFN 4757-91 Cr: 75.6 0.03 0.7 0.01 0.02 0.18 – Cr(Fe) 

FS75 1415-93 Si: 79.4 0.08 79.4 0.01 0.02 0.3 0.3 Si, FeSi2 

FS65 1415-93 Si: 68.1 0.07 68.1 0.01 0.02 1.6 0.4 FeSi2, Si 

FS45 1415-93 Si: 48.3 0.23 48.3 0.01 0.03 0.8 0.7 FeSi2, FeSi 
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Ferrovanadium powders of different fractions were 

subjected to nitriding. Polydispersed powder of initial fer-

rovanadium was screened through sieves with cell sizes 50, 

100, 160 and 315 μm. Non-extruded samples with differ-

ent dispersity were nitrided under pressure 1 and 6 MPa. 

Nitriding of more coarse powder was possible at higher 

pressure. Nitriding of powder with dispersity –315 μm 

could not be realized in combustion conditions. Increase 

of sizes of particles leads to slight elevation of nitriding 

degree: from 8.8 to 9.4 at 1 MPa (–50 and –00 μm) and 

from 10.6 to 11.5 at 6 MPa (–50 and –160 μm).  

Temperature of ferrovanadium combustion in nitro-

gen varies within the range 1480–1560 °С depending on 

the process conditions. It correlates with nitrogen con-

tent in combustion products. Typical temperature profile 

obtained using thermocouple is presented on the Fig. 2.

It is coincided with the structure of combustion area, 

fixed by quenching of combustion sample. The polished 

section was fabricated from 

such sample. We can observe 

that maximal temperature (Тг) 

is reached very quickly (~0,1 

s). The process of transforma-

tion of initial ferrovanadium 

powder (σ-FeV) in composite 

product (δ-VN + α-Fe) takes 

approximately the same time. 

So-called “explosive” nitriding  

as a result of σ→α reaction [5] 

promotes to form practically 

porous-free composite struc-

ture. Accelerated consolidation 

is the cause of absence of ad-

ditional reacting in ferrovanadium nitriding. Nitrogen 

absorption during nitriding of metals and ferroalloys can 

occur step-by-step. Stadiality is fixed during combustion 

of samples in the special SHS unit with continuous reg-

istration of their weight. Single-stage nitriding is realized 

in ferrovanadium combustion. Ferrovanadium samples 

after combustion are characterized by molten structure 

with porosity less than 10%.

Ferrochromium nitriding

At present time nitrided ferrochromium is used for 

melting of wide range of stainless steels. Melting of aus-

tenite stainless steels on Cr–Mn and Cr–Mn–Ni bases 

are considered as the most stable technologies in this field. 

Different variants of these steels are included in stand-

ards. So-called “200 series” (UNS20100, UNS20200, 

UNS20500 etc.) are widely used. Maximal number of 

nitrogen-containing stainless steels is melted today in the 

countries with the most dynamically developed metal-

lurgy (China, India and other). Chromium-manganese 

nitrogen-containing steels are used in construction, 

transport, chemical and food industry, for manufacture 

of the components for automobiles, household appli-

ances, dishes etc. In addition to 200 series steels that are 

widely used, high-nitrogen steels for special usage are 

developed and applied. They become practically having 

no alternative owing to their unique properties. The fol-

lowing steels are the bright examples: 08-12Kh18AG18 

steel with ~0,5% N for fabrication of shroud rings for 

turbines generators, heat-resistant 55Kh21G9AN4 steel 

with 0,3–0,6% N for drive valves of automobiles, as well 

as steel for operation in cryogenic conditions and in sea 

water. Only nitriding can practically provide achieving of 

simultaneous increase of metal strength, toughness and 

corrosion resistance [13, 14]. 

The powder of aluminothermal ferrochromium, 

most pure from impurities, was used for nitriding. 

Ferrochromium powder (dp � 0.02; 0.04 and 0.08 mm) 

was combusted without consolidation in gas-permea-

ble shells from steel net. Combustion in extruded sam-

ples could not be initiated at nitrogen pressure below 

10 MPa. It is caused by low reaction exothermity of 

Fig. 1. Influence of nitrogen pressure and porosity of samples on nitrogen content 
in ferrovanadium, dp � 50 μm:
	
��, %: 1 — 39; 2 — 56

Initial alloy
 σ-FeV, α-FeV

Nitriding area V(Fe), 
VN, α-Fe

Combustion product 
δ-VN, α-Fe

Fig. 2. Typical temperature profile of ferrovanadium 
nitriding and structure of combustion area, size 
of particles less than 50 μm
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forming of chromium nitrides. Interaction be-

tween ferrochromium and nitrogen in combus-

tion wave is realized in accordance with solid 

phase mechanism. Low-carbon ferrochro-

mium is melted at 1550–1670 °C. Temperature 

of liquid phase appearance in the system Cr–

Fe–N is higher than combustion tempera-

ture, which made 1220–1300 °С compared with cal-

culated temperature ~ 1680 °С within the range РN2
 =

= 2.0–10.0 MPa. Rise of initial temperature (T0) ac-

companies by increase of ferrochromium combustion 

rate. More coarse ferrochromium powders (dp � 0,2 mm) 

are nitrided at the temperature T0 � 400 °С. Solid phase 

mechanism promotes achieving the high nitriding degree. 

Calculated nitrogen concentration is 16.9% for the alloy 

containing 75.6% Cr, while actually achieved nitrogen 

concentration was ~14.2% N. The most fine is powder, 

the larger is ferrochromium nitriding degree. Nitrided 

ferrochromium is characterized by composite structure 

containing of (CrxFey)2N nitride and nitrogen solid solu-

tion in Cr(Fe, N) ferrochromium (Fig. 3, Table 2).

Ferrochromium nitriding occurs in filtration proce-

dure. Chemical composition of initial materials, size of 

particles of nitriding alloy, permeability of powder filling, 

nitrogen pressure and conditions of its delivery in reaction 

area are the main parameters. Ferrochromium nitriding 

in combustion procedure is real-

ized in solid phase. Combustion 

temperature is restricted by CrN 

dissociation temperature. It is 

possible to obtain nitride with 

8.8–14.2% N in ferrochromium 

nitriding.

Ferrosilicium nitriding

Regularities of ferrosili-

cium nitriding in combustion 

procedure are close to regu-

larities of silicon combustion 

[15]. Ferrosilicium is melting at 

lower temperature than metal-

lic silicon. Alloys containing 40–80% Si begin melting 

at the heating temperature more than 1210 °С. Thereby 

the effects stipulated by liquid phase forming appear 

stronger. Ferrosilicium, as well as ferrovanadium and 

ferrochromium, is nitrided in filtration procedure. In 

this case combustion regularities as well as composition 

and structure of synthesis products depend strongly on 

working gas pressure, charge metaerial permeability, 

introduction of additional components in charge ma-

terial, their chemical and phase composition, level of 

initial heating of primary mixture, presense of liquid 

phases in charge materials and combustion products. 

The relationships between heating degree and nitro-

gen amount in ferrosilicium combustion products 

(from one side) and silicon concentration (from other 

side) confirm these observations (Fig. 4). Rise of sili-

con content in the alloy leads to increase of its activity. 

Ferrosilicium reacts with nitrogen more intensively and 

combustion rate increases significantly as a result of 

Table 2. Microanalysis results of nitrided ferrochromium (Fig. 3, c)

1 2 3 4 5 6

Сr (a) 57.7 82.8 66.6 66.1 57.6 78.1

Fe (b) 33.1 6.3 25.5 27.5 33.5 13.3

N 3.4 10.7 3.8 2.0 3.1 7.2

Phases Cr(Fe, N) (CrxFey)2N Cr(Fe, N) Cr(Fe, N) Cr(Fe, N) (CrxFey)2N

а b c

Fig. 3. Microstructure and microanalysis of nitrided ferrochromium
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this reaction. Nitrogen concentration in combustion 

products also increases in this case, while part of silicon 

transformed in nitride decreases as soon as Fe content 

in the alloys lowers. At the same time increase of ni-

trogen pressure leads to only slight elevation of com-

bustion temperature of ferrosilicium alloys. More high 

silicon content in ferrosilicium leads to fixing of more 

nitrogen amount in combustion products. Increase of 

nitrogen pressure is connected with slight elevation of 

combustion temperature for all ferrosilicium grades. 

The more silicon amount is transformed in nitride, the 

higher is combustion temperature. If pressure is within 

the range 1.0–12.0 MPa, degree of silicon transfor-

mation in nitride is far from maximal values. Heating 

process achieving during ferrosilicium combustion in 

nitrogen is rather higher than its melting temperature. 

Melting of FS65 and FS75 ferrosilicium starts approxi-

mately at 1200 °С, and they are completely liquid at the 

temperature above 1300–1350 °С. Analysis of micro-

structure of the samples that were combusted not com-

pletely confirms that intensive coagulation of molten 

ferrosilicium particles occurs in combustion wave. As 

a result, reactional surface decreases and it leads to in-

complete silicon transformation in nitride.

Nitriding of ferrosilicium occurs slowly: combustion 

rate Uг = 0.55–0.60 mm/s at PN2
 = 12.0 MPa. It is caused 

by low nitrogen solubility in solid and liquid silicon, by 

low diffusion movability of N and Si atoms, by low heat 

conductivity  of silicon nitride Si3N4 and ferrosilicium 

alloys. The larger is the size of alloy particles, the less ni-

trogen amount is fixed in combustion products owing to 

incomplete silicon transition in nitride. 

Nitrogen filtration is created due to difference of 

pressures in the reaction area and in external space. 

Nitrogen is permanently absorbing and pressure in the 

reaction area decreases. Thereby the reaction area is 

operated as a chemical pump, drawing gas in a com-

bustion wave. The larger is porosity, the most effec-

tive is filtration and the best conditions are created for 

combustion. Saving of samples permeability and in-

completeness of silicon transition in nitride directly in 

a synthesis wave during combustion are the required 

conditions for creation of additional nitriding stage. 

Porosity of combustion products makes 35–55%. 

Analysis of chemical composition of samples quenched 

by sudden interruption of combustion allowed to reveal 

that substantial increase of nitrogen concentration in 

these samples occurs during additional nitriding. The 

large input of additional nitriding stage is a cause of 

weak relationship between nitrogen content in combus-

tion products and nitrogen pressure. 

The main phase containing in nitrided ferrosilicium is 

β-Si3N4. Essential amount of α-Si3N4 were not revealed. 

Silicon amount transformed in the nitride (Si → Si3N4) 

makes the most influence on phase composition. The 

composite product on the base of β-Si3N4 (60–85%) is 

forming after nitriding in combustion procedure. In the 

case of complete silicon transformation in nitride, α-Fe 

will be a binder for it, and in the case of low (incomplete) 

transformation — its silicides. 

Volumetric part of nitride exceeds 90% owing to high 

silicon content in the initial alloy and large difference in 

density of its main ingredients (Si and Fe) in the composi-

tion synthesized from FS75 alloy. In this case Fe is distrib-

uted in the volume in the form of separate islands with size 

up to ~200 μm. Their forming occurs due to coalescence 

of Fe melt and its silicides. 

Therefore, SHS method allows to synthesize the com-

posite alloy on the base of  Si3N4, using all ferrosilicium 

grades as initial material. They are based on the most ther-

mally stable silicon nitride of β-modification. This form 

of Si3N4 is the most effective for application in notch and 

gutter masses and as a component of alloying materials. 

In practical usage, FS57 alloy is optimal for refractories 

production, while FS65 alloy grades (the most pure for 

impurities) are the most suitable for steel alloying. 

In the beginning of 2000-ies the process of trans-

former steel production was started at Magnitogorsk 

Iron and Steel Works and at “VIZ-stal” enterprise. 

Metal was melted in 350 t basic oxygen converters with 

consequent continuous casting in 16 t slabs and rolling 

in 2000 wide hot strip mill. Obtaining of the required 

nitrogen content (0,009–0,012%) as the key alloying 

element was one of the most complicated stage of the 

new steel production technology. It is just nitrogen that 

forms nano-sized aluminium nitrides and allows to ob-

tain the unique rib texture during heat treatment that 

defines high magnetic parameters of the metal. Usage 

of composite nitrided ferrosilicium (Si3N4–FeSi–Fe)

of NITROFESIL®А grade, developed by NTPF 

“Etalon”, became solving of this problem. At present 

time all transformer metal in Russia id manufactured 

via microalloying with this nitrided ferrosilicium. 

Alloying composition is added in bulk form in a ladle 

during metal pouring for preliminary metal alloying by 

nitrogen before ladle treatment. Its required content 

in finished steel is obtained by correction with powder 

wire with the same alloying composition. This technol-

ogy provides production of steel grades with the highest 

nitrogen content in ladle sample on the level 80-90% 

and in rolled billets — 100%. Narrow boundaries of 

nitrogen concentration provide production of finished 

sheet metal with high quality of magnetic properties 

level (within 92–95%).

At present time Novolipetsk Iron and Steel Works 

(NLMK) uses the experience of Magnitogorsk Iron and 

Steel Works (MMK) in melting of transformer steel in 

basic oxygen converters and applies powder wire with ni-

trided ferrosilicium as a filler for correction of nitrogen 

content. It allows to decrease deviation of nitrogen con-

tent in steel in the conditions of converter shop at NLMK 

(Fig. 5).

The new variant of steel modification by nitrogen 

was put into practice at the Russian enterprises since 

2005. It is based on introduction of silicon nitride in a 

ladle using pinch rolls, what allowed to fix finally the 



Powder Metallurgy and Additive Technologies CIS Iron and Steel Review — Vol. 18 (2019), pp. 52–57

57

advantages of nitride option by the level of magnetic 

properties (lowering of losses Р1.7/50 made 0.09 Wt/kg 

for strip thickness 0.27 and 0.23 mm), by decrease of 

consumption ratio (from 1.24 to 1.12 t/t) and by di-

minishing of electric power consumption (from 2.83 

to 2.00 MWt·h/t).

Conclusions

The ways of improvement of SHS production of 

materials for metallurgy were displayed on the exam-

ple of composite nitrogen-bearing ferroalloys on the 

base of V, Cr and Si nitrides. It is shown that use of 

standard ferroalloys of domestic production as raw 

materials makes it possible to synthesize composite al-

loying compositions combining high nitrogen content 

and high density. The new composite ferroalloys were 

successfully tested in pilot-industrial conditions at the 

Russian metallurgical works. So, composite nitrided 

ferrovanadium was tested in melting of high-strength 

low-alloyed (HSLA) and rail steels at EVRAZ NTMK, 

MMK etc., composite nitrided ferrochromium was 

tested in melting of different grades of stainless steels 

(“Elektrostal”, “Ruspolimet” etc.) and composite 

nitrided ferrosilicium was tested in melting of trans-

former steel (NLMK, MMK).
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Fig. 5. Distribution of nitrogen content in steel


