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Abstract. In this paper, the nitriding of chromium ferrosilicon is carried out in the combustion mode under the condition of natural nitrogen filtration.
The authors studied the effect of the key parameters (pressure of gaseous nitrogen, diameter and dispersity of starting samples) on the maximum
temperature and combustion of the starting powder mixture based on chromium ferrosilicon. The combustion synthesis of chromium ferrosilicon
proceeds steadily in the stationary mode with formation of a macrohomogeneous nitrided composition which, according to the results of X-ray phase
analysis, contains two nitride phases - chromium nitride and silicon nitride. Interaction of the initial powder with gaseous nitrogen in the filtra-
tion combustion mode proceeds by the following probable chemical reaction: 3CrSi, + 3Si + 3FeSi, + 11.5N, = 3CrN + 5Si;N, + 3Fe. Increasing
the diameter of the starting samples slightly affects the amount of absorbed nitrogen and slows the propagation of the combustion wave front.
An increase in the pressure of gaseous nitrogen increases the amount of absorbed nitrogen and the combustion rate. Increasing the dispersity of the
starting powder increases the amount of absorbed nitrogen and the combustion rate. It was found that the combustion reaction is not possible with
a dense initial sample. The maximum combustion temperature, depending on the nitriding conditions, varies between 2400 and 2650 °C and increases
with increasing gaseous nitrogen pressure, diameter of the initial samples and dispersion of chromium ferrosilicon powder. It is possible to realise
nitriding of chrome ferrosilicon in the combustion mode at the pressure of gaseous nitrogen not less than 3 MPa, diameter of initial samples not less
than 3.5 cm and size of initial particles not more than 100 pm. Optimal parameters of nitriding are gaseous nitrogen pressure of 5 MPa, diameter
of samples 5 cm, size of initial particles less than 100 pm and bulk density of samples (2.23 g/cm?).
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AHHOmayus. B pabore n3yuyeHbl MPOLECCH A30THPOBAHUS (PEPPOCHINKOXPOMA B PEXKMME IOPEHUs] B YCIOBHSX €CTECTBEHHOH (MIIbTpaluu a3ora
U TIPeJCTAaBICHBl PE3yIbTAaThl HCCIENOBAHHS BIISHUA OCHOBHBIX IIapaMETPOB CHHTE3a (IABJICHHE Ta3000pa3HOTO a30Ta, AUAMETp 0oOpasloB
U pa3Mep HUCXOJIHBIX YAaCTHUIl) HA MAaKCHUMAJIbHYIO TEMIIEparypy M HPOLECC FOPEeHUsI UCXOAHOM MOPOIKOBOi HXThL. [opeHue deppocuikoxpoma
IPOTEKAaeT YCTOWYMBO B CTAIHOHAPHOM PEXHME C OOpa30BaHHEM MAaKpPOOZHOPOAHON a30THPOBAHHOH KOMIIO3HIMH, KOTOpas IO Pe3ylbIaTaM
peHTreHo(ha30BOro aHajM3a COACPKUT B CBOEM COCTaBe [BE HUTPUAHbIC (Da3bl — HUTPHUI XpOMa M HUTPUJ KpeMHHs. B3aumoneicrBue ucxon-
HOTO IOpOIIKAa C Ta3000pa3HBIM a30TOM B PeXUME (MIBTPAIHOHHOTO TOPEHHS MPOTEKaeT IO CleAyomeil BepOSTHON XHMHYECKON peaKIuH:
3CrSi, + 3Si + 3FeSi, + 11,5N, = 3CrN + 58i,N, + 3Fe. VBenuuenue nuamerpa HCXOAHBIX 00Pa3LOB HE3HAYUTENBHO BIMSACT HA KOJIMYECTBO IOIIO-
IICHOTO a30Ta M IPUBOAUT K 3aMEUICHUIO IPOIBIDKCHHS (PPOHTA BOJIHBI TOpeHNSL. [1pH MOBBIICHHUH JaBIeHIS Ta3000pa3HOTo peareHTa HaOIrogaeTes
YBEJIMYEHUE KOJIMYECTBA MOMIOIEHHOIO a30Ta U CKOPOCTH ropeHust. bosee TOHKOe M3MeNIBUeHHEe HCXOAHOTO TTOPOLIKA IT03BOJISIET YBEIMYNUTh KOJIU-
94eCTBO HMOIIOIIEHHOTO a30Ta M CKOPOCTh ropeHns. OIpeeneHo, 9To MpH yIUIOTHEHHH UCXOTHOTO 00paslia peaan30BaTh PEaKIIio TOPEHUS HEBO3-
MOXKHO. MakcHMallbHast TeMIIepaTypa ropeHus B 3aBUCHMOCTH OT YCJIOBHI a30THPOBaHUs U3MeHseTcs B rpeenax or 2400 1o 2650 °C u noBbliaercs
IIPY YBETMYCHHUH TABJICHHSA [a3000pa3HOro a30Ta, AMaMeTpa HCXOTHBIX 00pa3IoB U AUCIEPCHOCTHU NOPOIIKa (heppocHinkoxpoma. Peamnsosars a30Tu-
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poBaHKe (eppOCHINKOXPOMA B PEKUME FOPEHHST BO3MOXKHO TIPU JAABJICHUH ra3000pa3Horo a3ora He Menee 3 Mlla, tuamMerpe HCXOIHBIX 00pa3LoB HE
MeHee 3,5 cM U pazmMepe UCXOAHbIX yacTull He 6osee 100 MxM. ONTHMaIbHBIMU TApaMETPaMHU a30THPOBaHUS (PEPPOCUITHKOXPOMA SIBIISIETCS IaBICHUE
ra3oo0pasHoro azora 5 MIla, quamMerp 06pasLoB 5 cM, pa3sMep HCXOIHBIX YacTUll MeHee 100 MKM 1 HachIHas IIIOTHOCTH TTopomika 2,23 r/em?.

Kaloyesvle €108a: caMopactipOCTPaHSIOMIMNACS BEICOKOTEMIICPATYPHBIN CHHTE3, (QHIBTPALIMOHHOE TOPEHHUE, a30THPOBAHHE, HUTPHUIBI, heppociuias,
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CHJIMKOXpOMa B peXKUMe (DHIBTPAIMOHHOTO TopeHust. Mzsecmus 8y306. Yepras memannypeus. 2024;67(3):360-365.
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[ INTRODUCTION

The method of self-propagating high-temperature syn-
thesis (SHS) is based on highly exothermic reactions that
occur in the form of a combustion wave in a self-prop-
agating mode. The SHS method has undeniable advan-
tages: energy efficiency, short synthesis time, environ-
mental friendliness, and simplicity of equipment [1 — 3].

Currently, a large number of materials, particularly
nitrides, have been obtained by the filtration SHS method
in a nitrogen environment [4 — 6]. Several nitride materials
possess unique physicochemical properties [7 — 9]. They can
be used in the production of gas turbine components [10],
heat-dissipating radiators [11], cutting tools [12; 13], pho-
tocatalysts [14], semiconductors [15], and so on.

The most promising application in the filtration SHS
method is the use of accessible and relatively inexpensive
ferroalloys. Using ferroalloys in SHS processes can pro-
duce nitride material at a relatively low cost without losing
product quality [16; 17]. Iron, which is part of the ferroal-
loys, has a catalytic effect on the nitriding process of other
elements included in the initial mixture [18]. Thus, iron
increases the intensity and depth of nitriding of the initial
material. There is a considerable amount of work dedi-
cated to the filtration combustion of simple ferroalloys.
The patterns of nitriding of ferrosilicon [19 — 21], as well
as the filtration combustion of ferrochrome and ferrovana-
dium [22], have been thoroughly studied. The study [23]
investigated the combustion of industrial ferrotitanium
in nitrogen. The monograph [24] described the nitriding
of ferroboron and ferroniobium in a combustion mode.

However, the use of complex ferroalloys in filtration
combustion processes is interesting and little studied.
Complex ferroalloys are alloys of iron with two or more
elements. At present, SHS combustion of ferro-silicoal-
uminium [25] and ferro-aluminum-silicon-zirconium [2]
has been studied.

The aim of this work was to study the combustion
processes of chromium ferrosilicon in a self-propaga-
ting mode under conditions of natural nitrogen filtration
to obtain a nitride-containing composite material based
on chromium nitride and silicon nitride.

[l MATERIALS AND METHODS

Chromium ferrosilicon (CFS) was used as the starting
material. X-ray phase analysis showed that this ferroalloy

is multiphase and contains CrSi,, Si, and FeSi, (Fig. 1).
According to the chemical analysis, the composition
of CFS is as follows (wt. %): 49.4 Si, 29.7 Cr, 20.7 Fe, and
the rest are oxides. For nitriding in the self-propagating
mode, the initial CFS was ground in a ball mill and dried in
a vacuum drying oven at a temperature of 150 °C for 3 h.

Nitriding of the initial CFS was carried out in a constant
pressure setup with a volume of 3 liters. For the synthesis,
the initial powder mixture was placed in a gas-permeable
container mounted on a non-conductive stand. An igniting
composition was poured over the initial charge. A coil was
connected to the igniting composition to conduct an elect-
ric pulse from a transformer. After the electric pulse was
applied, the combustion reaction of the igniting composition
was initiated. Then, the heat released as a result of the com-
bustion of the igniting composition initiated the combus-
tion reaction of the initial CFS powder. After the combus-
tion wave front passed and complete cooling occurred,
the unreacted nitrogen was vented, and the nitrided samples
were removed for further physicochemical studies.

The phase composition was studied using a Shi-
madzu XRD-6000 diffractometer. The oxygen and nitro-
gen contents were determined using a LEKO-ONH 836
instrument. The maximum combustion temperature was
measured using the thermocouple method with tungsten-
rhenium thermocouples (WRe5-WRe20) on an LA20USB.

[ RESULTS AND DISCUSSION

Combustion of chromium ferrosilicon proceeds in
a stationary mode. The nitrided samples obtained based

e CrSi,
m Si
A FeSi,

MHTEHCUBHOCTH

20, rpan

Fig. 1. X-ray diffraction pattern of chromium ferrosilicon

Puc. 1. PentreHoBckas qudpakTorpamMma (GpeppoCcHiInKoXpoMa
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on CFS are macrohomogeneous. An image of the nitrided
CFS is shown in Fig. 2.

The probable chemical reactions of the interaction
of the initial charge based on CFS with nitrogen are given
below:

3CrSi, + 5.5N, = 3CrN + 2Si;N, ; (1)
3Si+ 2N, = Si,N,; )
3FeSi, + 4N, = 2Si,N, + 3Fe. 3)

The overall chemical reaction equation is as follows:

3CrSi, + 38i + 3FeSi, + 11.5N, =
= 3CrN + 5Si,N, + 3Fe. )

Reaction (4) corresponds to the complete nitriding
of the initial CFS (with a conversion degree of 1). Due
to the rapid processes of SHS, the initial charge is in
the reaction zone for a relatively short time and does not
fully react with nitrogen. It is theoretically calculated that
the maximum amount of absorbed nitrogen by chromium
ferrosilicon is 28.99 %.

The nitrided CFS product is a multiphase material
containing B-Si,N,, a-Fe, CrN, Cr and CrSi,. The pres-
ence of Cr and CrSi, indicates the incomplete nitriding
reaction of the initial powder (Fig. 3).

Parameters such as the pressure of the gaseous reac-
tant, sample diameter, particle size, and density of the ini-
tial material significantly influence the maximum temper-
ature, process, and feasibility of filtration combustion in
a self-propagating mode.

Fig. 2. Sample of nitrided chromium ferrosilicon

Puc. 2. O6pa3er a30THPOBAHHOTO (heppOCHIIMKOXpOoMa
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Fig. 3. X-ray diffraction pattern of nitrided chromium ferrosilicon

Puc. 3. PentreHoBckas audpakrorpaMmma a30THpOBAHHOTO
(eppocunkoxpoma

Fig. 4 shows the dependence of the amount of absorbed
nitrogen and the combustion rate on the diameter
of the initial samples. The influence of the diameter was
studied in the range of 35 to 65 mm. Combustion of CFS
can be initiated with initial sample diameters of at least
35 mm. Increasing the diameter slightly affects the amount
of absorbed nitrogen and leads to a decrease in the com-
bustion rate from 0.11 to 0.021 mm/s. This slight change in
the amount of absorbed nitrogen is due to the increased dif-
ficulty of nitrogen filtration reaching the reaction zone as
the diameter increases. At the same time, due to the slow-
down in the combustion wave front, the residence time
of the initial CFS particles in the reaction zone increases.
The slowdown of the combustion wave front is related
to the increased volume of the powder mixture, which
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Fig. 4. Dependence of the content of absorbed nitrogen (/)
and combustion rate (2) on diameter of the starting samples
(3 — theoretically calculated maximum amount of absorbed nitrogen)
at P=5MPa, D> 100 pm and p = 2.23 g/cm’

Puc. 4. 3aBUCUMOCTD KOJIMYECTBA MOTIOMICHHOTO a30Ta (/)
U CKOpOCTH ropenust (2) oT auamerpa oopasios (3 — TeopeTHIeCKU
paccYUTaHHOE MAKCUMAaJIbHOE KOJHYECTBO MOMIOICHHOTO a30Ta)
npu P =5 MIla, D > 100 Mxm 1 p = 2,23 r/em?
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Fig. 5. Dependence of the content of absorbed nitrogen (/)
and combustion rate (2) on pressure of gaseous nitrogen
(3 — theoretically calculated maximum amount of absorbed nitrogen)
atd =50 mm, p =2.23 g/cm3 and D > 100 um

Puc. 5. 3aBUCUMOCTb KOJIMYECTBA MOMIOIIEHHOTO a30Ta (/)
U CKOpOCTHU ropeHus (2) heppoCHINKOXpOoMa OT JaBICHHSL
ra3zo00pa3Horo a3oTa (3 — TeOpeTHYECKH PaCCYUTAHHOE
MAaKCHMaJIbHOE KOTMYECTBO TIONIOIEHHOTO a30Ta)
npu d =50 mm, p = 2,23 r/em’ u D > 100 Mkm

requires a large amount of heat for heating. When changing
the diameter, the maximum amount of absorbed nitrogen
was about 22 %, which is 6.99 % less than the theoretically
calculated amount of nitrogen absorption. As the diameter
of the initial powder mixture increases, the maximum com-
bustion temperature of CFS changes from 2400 to 2650 °C.

In a laboratory setup with a volume of 3 liters, it is
preferable to implement combustion of samples with
a diameter of 50 mm.

Increasing the pressure accelerates the filtration
of gaseous nitrogen and, accordingly, increases the con-
centration of the reagent gas in the chemical reaction
zone. Combustion of CFS at a nitrogen pressure of less
than 3 MPa could not be achieved. Increasing the pres-
sure of gaseous nitrogen leads to an increase in the amount
of absorbed nitrogen from 18.3 to 22.8 % and the com-
bustion rate from 0.073 to 0.092 mm/s. In the nitrogen
pressure range from 5 to 7 MPa, the change in the amount
of absorbed nitrogen becomes less pronounced. Increas-
ing the nitrogen pressure above 7 MPa is not advisable
because, at 5 MPa, the influence of pressure on the com-
bustion process becomes insignificant (Fig. 5). When
implementing CFS combustion at a pressure of 7 MPa,
the sample contains 6.29 % less nitrogen than the theore-
tically calculated value. As the pressure of gaseous nitro-
gen increases from 3 to 7 MPa, the maximum combustion
temperature rises from 2350 to 2600 °C.

Combustion of CFS with particle sizes greater than
100 um and without fine fractions (less than 63 pm) could
not be achieved. As the particle size of the initial mate-
rial decreases, the amount of absorbed nitrogen increases
from 21.9 to 23.5 % and the combustion rate from 0.081
to 0.140 mm/s. The increase in the dispersity of the initial
material leads to an increase in the specific surface area
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Fig. 6. Dependence of the content of absorbed nitrogen (/)
and combustion rate (2) on dispersity of the starting powder
(3 — theoretically calculated maximum amount of absorbed nitrogen)
atd =50 mm, P =5 MPa and p = 2.23 g/cm?

Puc. 6. 3aBUCUMOCTb KOJIMYECTBA MOIIOIEHHOTr0 a3ota (/)
¥ CKOpPOCTH TOpeHust (2) OT AUCTIEPCHOCTH MOPOIIKA
(eppocunnkoxpoma (3 — TECOPETHYECKH PACCYUTAHHOE
MaKCHMaJIbHOE KOJIMYECTBO MOMIOLIEHHOTO a30Ta)
npu d =50, P =5 MIla u p = 2,23 r/cm’

capable of reacting (Fig. 6). The reduction in particle size
of CFS results in an increase in the maximum tempera-
ture from 2400 to 2490 °C.

The increase in the density of the initial powder mix-
ture was achieved by pressing the initial powder into tab-
lets with a diameter and height of 40 mm in molds. Com-
bustion of the pressed powder, which retains the shape
of the tablet (p=2.52 g/cm?), could not be achieved.
Therefore, only samples with a bulk density (2.23 g/cm?)
were used.

[ ConcLusIONs

The combustion of chromium ferrosilicon proceeds
in a stationary mode, resulting in homogeneous nitrided
samples without melt droplets or cracks.

Increasing the diameter leads to a decrease in
the combustion rate from 0.11 to 0.021 mm/s and slightly
affects the amount of absorbed nitrogen. Increasing
the nitrogen pressure results in an increase in the amount
of absorbed nitrogen (18.3 —22.8 %) and the combus-
tion rate (0.073 — 0.092 mm/s) of chromium ferrosilicon.
Reducing the dispersity of the initial material allows
for an increase in the amount of absorbed nitrogen from
219 to 23.5% and the combustion rate from 0.081
to 0.140 mm/s. A slight increase in the density of the ini-
tial powder prevents achieving the combustion reaction
of chromium ferrosilicon in a nitrogen environment.

The maximum combustion temperature increases with
arise in gaseous nitrogen pressure from 3 to 7 MPa (from
2350 to 2600 °C), the diameter of the initial samples from
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35 to 65 mm (from 2400 to 2650 °C), and a decrease in
the particle size of the initial charge from less than 100
to less than 40 pm (from 2400 to 2490 °C).

Stable combustion in the self-propagating mode
of chromium ferrosilicon powder samples is possible at
a nitrogen pressure of at least 3 MPa, a sample diame-
ter of at least 3.5 cm, a particle size of less than 100 um
with the presence of fine fractions (less than 63 pm), and
a sample density not exceeding 2.23 g/cm?. It is optimal
to carry out nitriding of the initial chromium ferrosilicon
under conditions of natural nitrogen filtration at a pres-
sure of 5 MPa, a sample diameter of 5 cm, a particle size
of the initial material less than 100 um, and a bulk sample
density of 2.23 g/cm?.

The product of chromium ferrosilicon nitriding con-
tains B-Si;N,, CrN, a-Fe, Cr and CrSi,. The presence
Cr and CrSi, indicates the incomplete nitriding reaction
of the initial chromium ferrosilicon. The nitrogen satura-
tion is 21.9 %, which is 7.09 % less than the theoretically
calculated maximum amount of absorbed nitrogen.
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