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Abstract. The main properties of the highly dispersed Si,N,~TiC composition are presented, demonstrating the potential for using nitride-
carbide composite materials across various industries. An in-situ process was employed to synthesize composite ceramics by chemi-
cally producing nitride and carbide nanoparticles directly within the composite volume. The study details the development of the tech-
nology for synthesizing the highly dispersed Si,N,~TiC composition using the azide SHS method during the combustion of mixtures
of Ti, C, and sodium azide (NaN,) powders with polytetrafluoroethylene (PTFE, (C,F,),) serving as an activating and carbiding addi-
tive. Thermodynamic calculations of these reactions showed that the adiabatic temperatures were sufficiently high to sustain a self-
propagating combustion mode. Experimental investigations into the microstructure and phase composition of the combustion products
are also presented. The synthesized compositions consist of highly dispersed equiaxed particles, which include a mixture of nanosized
(less than 100 nm) and submicron (100-500 nm) particles of titanium carbide and nitride, as well as silicon nitride fibers with diame-
ters of 50-200 nm and lengths of up to 5 um. The use of PTFE as a partial replacement for carbon in the mixture during azide SHS
eliminated, in most cases, the limitations of traditional approaches for achieving various ratios of target phases of Si,N, and TiC.
This enabled the synthesis of highly dispersed Si;N,~TiC powder compositions with a phase composition closely aligned with theo-
retical calculations. Thus, the application of the azide SHS method proved effective for obtaining highly dispersed ceramic powder
compositions, including Si,N,~TiC and Si;N,~TiN-TiC.

Keywords: silicon nitride, titanium carbide, composite ceramics, self-propagating high-temperature synthesis, sodium azide, poly-
tetrafluoroethylene, halide salts, combustion, composition
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AHHoTauus. Vccrenosanbl OCHOBHbIE cBoiicTBa Kommosuiuu Si;N,~TiC, KOTOpble MOKa3bIBAIOT IEPCHEKTUBBI HCIIONb30BAHMUS

HUTPHHO-KapOUIHBIX KOMIO3HIIMOHHBIX MaTEPHAJIOB B PA3IMYHBIX OTPACIISAX POMBILIICHHOCTH. [IpUMEHeH in-situ pouece noiy-
YEHUSI KOMIO3MI[MOHHON KEePaMHKHU IyTEeM IPOBEACHUS XMMUYECKOTO CHHTE3a HUTPUIHBIX U KapOMJHBIX HAaHOYACTHIl B 00beMe
KOMIIO3MTa, TaK KaK M3BECTHO, YTO IOJIyYCHHbIC 3apaHee OYeHb MEJIKUE YACTHLbI PAa3INyuHbIX (a3 He MOTYT ObITh PABHOMEPHO
pacrpezieeHbl B 00beMe KOMIIO3HTa ITyTeM MEXaHHYeCKOTO CMEIIMBaHKs TOPOLIKOB (ex-situ nporecc). IIpeacraBieHs! pe3ylibTaThl
PasBUTHSA TEXHONOrUK nomydenus kommosuimu Si,N,~TiC metomom asunnoro CBC npu cxurannu cmeceit noporxos Ti, C, NaN,
C aKTUBHMpYOIIeH M KapOuausupyromei nobaskoit nomurerpadropstunena (C,F,) (IITDD). Pesynsrarsl TepMOTMHAMHYECKHX
pAcyeToOB TUX PEaKLHil MOKA3aJHM, YTO aJNadaTHYECKUE TEMIIePATyPbl JOCTATOYHO BBICOKH JUIS PEAIM3allii CaMOIO/IeP/KUBAIO-
merocs pexuma ropenust. [IpeacTaBieHbl SKCIIEPUMEHTANIBHBIC UCCIEI0BaHU MUKPOCTPYKTYPbI M (pa30BOro cocraBa MPOJYKTOB
ropernsi. CHHTE3UPOBAHHBIC KOMIIO3UIIUK COCTOST U3 BBICOKOJIMCIIEPCHBIX YACTHI] PABHOOCHOW (h)OPMBI, IIPEACTABISIONIMX COOOH
cMmech HaHopasMmepHbIx (MeHee 100 HM) u cyOMukpoHHBIX (0T 100 mo 500 HM) uyacTui KapOuIa M HUTPUAA TUTAHA, a TAKKe
BOJIOKOH HHUTpHIa KpeMHHA TuaMeTpoM oT 50-200 uM u amuHOo# 10 5 MkwM. IIpumenenune IITDD ¢ wactuuHol 3aMeHO yrie-
pona B cocrase cMeceid B a3uaHoM CBC 10o3BOIMIIO YCTPAHUTh B OOJBIIMHCTBE CIIy4aeB HEJOCTATKH TPaJUIMOHHOTO TTOAXO0AA UL
PasJIMYHBIX COOTHONIEHUH 1eneBbX (a3 Si,N, u TiC u cuHTe3UpOBaTh BBICOKOIUCIIEPCHBIE TTOPOIIKOBBIE Kommosuimuu SiN,~TiC
¢ (a30BBIM COCTaBOM, 3HAYUTENBHO O0JIee OIM3KUM K PACCUMTAHHOMY TEOPETHYECKOMY cOCTaBy. TakuM 00pa3oM, pacCMOTPEHHOE
npuMeHeHre MeTosa azuaHoro CBC mo3BoJIMIO MOJTyYMTh BHICOKOIMCIIEPCHBIC KOMIIO3UIMK KepamudeckuX nopomikos Si;N,~TiC

u Si,N,~TiN-TiC.

KnroueBble cnoBa: HUTpUI KPEMHUA, Kapﬁl/lﬂ TUTaHa, KOMIIO3UIIMOHHAA KEpaMUKa, CaMOpaCHpOCTpaHS{IOH.[PIfICH BLICOKOTeMHepaTypHBIﬁ
CHUHTE3, asu/l HaTpus, HOJ'II/ITeTpa(bTOpSTI/IJ'IeH, TraJIOUJHBIC COJIU, TOPEHUE, COCTaB

BnaropgapHocTy: Pabora BoimonHeHa npu GUHAHCOBO# moaepkke Poccuiickoro Hay4gnoro ¢onaa B pamkax mpoekra Ne 23-29-00680.

Ansa yntnposarHus: Turosa 10.B., SIkybosa A.®., benosa I.C. CamopacnpocTpaHsIOIINICS BHICOKOTEMIIEPATYPHbIH CHHTE3 BBICOKO-
nucniepcHoit komnosuiuu Si;N,~TiC ¢ HCcrosb30BaHMEM a3K/1a HATPUS M PA3IUYHBIX HCTOYHUKOB yriiepona. Mseecmus 6y3o06. Ilo-
pouwkogas memainnypeus u @ynuxyuonanshsie nokpoimus. 2024;18(6):44-55. https://doi.org/10.17073/1997-308X-2024-6-44-55

Introduction

Silicon nitride ceramics exhibit excellent mechani-
cal and thermal properties, making them an ideal mate-
rial for high-temperature applications such as aero-
space structural components and turbine engines [1].
Their microstructure after sintering resembles that
of composites reinforced with B-Si,N, whiskers, which
act as reinforcing elements [2—4]. Adequate fracture
toughness, high hardness, and good wear resistance
are critical characteristics for advanced ceramics,
which find applications in cutting tools and automo-
tive components such as cam rollers and ball bea-
rings in diesel engines [5—7]. Recently, silicon nitride
ceramics have attracted significant interest due to their
high mechanical properties, wear resistance, and cor-
rosion resistance [8—12]. Thermal shock resistance is
a key property for their high-temperature applications.
However, most studies on silicon nitride nanocompo-

sites focus on optimizing fracture toughness and flexu-
ral strength. To expand the application areas of silicon
nitride ceramics, improvements in shock resistance and
high-temperature creep resistance are essential [13].

Considerable efforts have been made to improve
the mechanical properties of Si,N, by controlling
the microstructure or creating various types of com-
posites. During the densification process, B-Si;N, fibers
significantly increase fracture toughness as cracks
interact with these large grains [14].

Tensile strength is widely recognized as one
of the most important factors for enhancing the ther-
mal stability of ceramics [15; 16]. Incorporating se-
cond-phase particles into a ceramic matrix can enhance
the mechanical properties of ceramics. Studies have
also shown that the addition of a secondary phase can
improve crack initiation and propagation resistance in
various ways [17-20]. For example, adding TiC par-
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ticles to a silicon nitride matrix enhances mechanical
performance, thermal shock behavior, and fatigue resis-
tance, with an optimal TiC content of 10 wt. % [13].
Other researchers [21-23] have also reported the influ-
ence of TiC particles on the Si;N, matrix.

Moreover, silicon nitride is extremely hard and
non-conductive, making machining with conventional
diamond tools challenging and costly, significantly
increasing the final cost of ceramic components.
Consequently, new electrically conductive composites
based on silicon nitride have been developed for more
cost-effective electrical discharge machining by incor-
porating certain amounts of electrically conductive
particles such as TiC, TiN, or TiCN into the ceramic
matrix [24; 25]. For instance, a Si;N, + TiN composite
with critical TiN content can be machined using inex-
pensive electrical discharge machining [26].

A Si;N,~TiC nanocomposite with high mechani-
cal properties was obtained by hot pressing with
the addition of 10 wt. % nanosized Si,N, particles and
15 wt. % TiC to a submicron Si;N, matrix, using Al,O,
and Y,0, as sintering aids. Layered composites dem-
onstrated high strength, fracture toughness, and wear
resistance due to the presence of compressive sur-
face stresses in the layers. A ceramic nanocomposite
Si;N,~TiC was fabricated using a Si,N, micro-matrix
with nanosized Si;N, and TiC particles. Cutting tools
made from this ceramic exhibited better wear resistance
than those made from sialon. Wear occurred mainly
through abrasion and adhesion, whereas sialon cutting
tools predominantly experienced abrasion, adhesion,
thermal cracking, and delamination [27; 28].

The addition of secondary phases, namely the pro-
duction of composites with ceramic matrices, offers
many significant advantages, such as improved fracture
toughness compared to unreinforced ceramics [29; 30].
Moreover, recent studies have shown that in-situ phase
formation provides additional opportunities com-
pared to composites produced using traditional ex-sifu
methods. The main advantages of in-situ manufactur-
ing methods include enhanced mechanical properties,
the ability to achieve unique microstructures, process
simplicity, and inexpensive raw materials [27].

One promising in-situ technology is the self-prop-
agating high-temperature synthesis (SHS) process,
which enables the production of a wide range of refrac-
tory compounds, including nitrides and carbides, by uti-
lizing the heat released during combustion in simple,
compact equipment with short processing times [30].

To produce highly dispersed (¢ < 1 pm) Si,N,~TiC
powder compositions, the authors of this article inves-

tigated the use of azide synthesis, a variation of SHS
where sodium azide (NaN;) powder serves as the nitrid-
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ing agent, and various activating halide salts are used
alongside elemental reactants. This approach results in
relatively low combustion temperatures, the formation
of numerous intermediate vapor-gas reaction products,
and final by-products consisting of condensed and
gaseous phases. These by-products separate the target
powder particles and prevent their agglomeration into
larger particles.

The study summarizes the results of azide SHS syn-
thesis of Si;N,~TiC ceramic compositions with various
nitride-to-carbide phase ratios of Si;N,:TiC = 4:1, 2:1,
1:1, 1:2, and 1:4, according to the following stoichio-
metric equations, using halide salts such as Na,SiF,
and (NH,),SiF [33; 34].

Si-Ti-NaN,-Na,SiF ,-C system

11Si + Ti + 4NaN, + Na,SiF, + C =
= 4Si,N, + TiC + 6NaF, (1)

5Si + Ti + 4NaN, + Na,SiF, + C =
= 2Si,N, + TiC + 6NaF + 2N,, )

2Si + Ti + 4NaN, + Na,SiF, + C =
=Si,N, + TiC + 6NaF + 4N,, 3)

2Si + 2Ti + 4NaN, + Na,SiF, + 2C =
= Si;N, + 2TiC + 6NaF +4N,, (4)

2Si + 4Ti + 4NaN, + Na,SiF, + 4C =
= Si;N, + 4TiC + 6NaF + 4N, . (5)

Si-Ti-NaN,-(NH,),SiF ,-C system

11Si + Ti + 6NaN, + (NH,),SiF, + C =
=4Si)N, + TiC + 6NaF + 4H, +2N,, (6

58i+ Ti + 6NaN, + (NH,),SiF, + C =
= 2Si,N, + TiC + 6NaF + 4H, + 6N,, @)
2Si + Ti + 6NaN, + (NH,),SiF, + C =
= Si,N, + TiC + 6NaF + 4H, + 8N,, 3
2Si+ 2Ti + 6NaN, + (NH,),SiF, +2C =
= Si,N, + 2TiC + 6NaF + 4H, + 8N,, ©)

2Si + 4Ti + 6NaN, + (NH,)2SiF, + 4C =

=Si,N, + 4TiC + 6NaF + 4H,+8N,.  (10)

In these stoichiometric reactions, the composition
of the reaction products is expressed in moles. When
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converted to weight percent (wt. %), the following
ratios are obtained for the expected theoretical com-
position of the target Si,N,~TiC compositions after
the removal of the water-soluble byproduct salt, NaF,
from the condensed reaction products:

(1), (6)  4Si,N, + TiC = 90.4 % Si,N, + 9.6 % TiC,
(2),(7)  2Si,N, + TiC = 82.4 % Si,N, + 17.6 % TiC,
(3),(8)  Si,N,+ TiC =70.1 % Si,N, +29.9 % TiC,
(4), (9)  Si,N, + 2TiC = 53.9 % Si,N, + 46.1 % TiC,

(5), (10) Si;N, +4TiC =36.9 % Si,N, + 63.1 % TiC.

The results of the phase composition analysis
of the washed solid combustion products from reac-
tions (1)—(10), determined experimentally, are pre-
sented in Table 1. In most cases, the products consist
of a highly dispersed powder with a complex compo-
sition, appearing as submicron equiaxed particles ran-
ging in size from 100 nm to 1 pm (Fig. 1).

From the data in Table 1, it is evident that the expe-
rimental phase composition of the products from azide
SHS differs significantly from the expected theoreti-
cal composition of Si,N,~TiC powder compositions.
The content of the target carbide phase TiC is signifi-
cantly lower than its theoretical value (ranging from 2.7
to 19.9 %), the amount of Si,N, is excessive, and an
undesirable secondary phase, titanium nitride, is pre-
sent (ranging from 1.9 to 19.2 %). These results can be
attributed to the fact that very fine and lightweight par-
ticles of technical carbon may be partially or completely
removed from the burning, highly porous bulk charge

sample by gases released during the decomposition
of'sodium azide and halide salts, preventing their partici-
pation in the formation of titanium carbide. As a result,
silicon nitride forms in larger quantities, and titanium
nitride forms due to an excess of nitrogen (since com-
bustion in a nitrogen atmosphere is essential for in-situ
nitride formation in SHS compositions), while tita-
nium carbide forms in smaller amounts than predicted
by the initial stoichiometric reaction equations and ther-
modynamic calculations. Additionally, the synthesized
compositions may contain impurities of unreacted free
silicon (up to 1.9 %) or carbon (up to 1.5 %).

To address these shortcomings, several directions
for further research on applying the SHS process
to produce highly dispersed Si;N,~TiC compositions
can be pursued. The simplest approach is to use poly-
tetrafluoroethylene (PTFE (C,F,) ) as an activating
and carbon-containing additive in the charge, promo-
ting the formation of TiC, as successfully demonstrated
in previous studies [35; 36].

In this context, the aim of the present study was
to maximize the convergence of the theoretical and
experimental compositions of the Si;N,~TiC powder
composition by modifying the initial reactant compo-
sition with full or partial replacement of carbon with
PTFE and optimizing the conditions of the azide SHS
process.

Research methodology

To synthesize the target Si;N,~TiC composition
with phase molar ratios ranging from 2:1 to 1:4, chemi-
cal reaction equations involving full (11)—(14) and
partial (15), (16) substitution of carbon with polytetra-
fluoroethylene (PTFE) were used:

Table 1. Experimental phase composition of washed solid products from azide SHS

Ta6bnumya 1. DxkcnepuMeHTAIbHBIN (Pa30BbIi COCTAB NPOMBITBHIX TBePABIX NPOAYKTOB a3uaHoro CBC

) Si.N :TiC Content, wt. %
Equation N - - - - -
(mo) | oSiN, | p-SiN,| TN | TiC | C | i
Si-Ti-NaN,-Na,SiF ~ C system

@) 4:1 51.2 34.8 7.9 6.1 - -
2) 2:1 43.2 29.8 18.9 8.1 - -
3) 1:1 55.7 29.2 1.9 11.3 - 1.9
“4) 1:2 51.6 203 2.3 153 1.5 -
5 1:4 48.6 27.6 4.0 19.9 0.8 -
(6) 4:1 65.5 25.0 5.0 2.7 - 1.8
@) 2:1 60.8 24.0 5.1 9.3 - 0.7
(8) 1:1 48.6 27.6 19.2 4.7 - -
) 1:2 43.2 29.8 18.9 8.1 - -
(10) 1:4 43.0 21.1 16.1 8.9 - -
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(2) 5Si + Ti +4NaN; + Na,SiF, + C

(9) 28i + 2Ti + 6NaN; + (NH,),SiF, + 2C (10) 2Si + 4Ti + 6NaN, + (NH,),SiF, + 4C
Fig. 1. Microstructure of combustion products from charges according to equations (1)—(10)

Puc. 1. MukpocTpyKTypa MpoayKTOB TOPEHHS ILIHXT B COOTBETCTBUH ¢ ypaBHeHUs MU (1)—(10)
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12Si + 2Ti + 4NaN, + C,F, + 3.25N, =

=4Si,N, + 2TiC + 4NaF + 1.25N,,  (11)
6Si + 2Ti + 4NaN, + C,F, =
=2Si,N, + 2TiC + 4NaF + 2N, (12)
3Si + 2Ti + 4NaN, + C,F, =
= Si;N, + 2TiC + 4NaF + 4N, (13)
3Si + 4Ti + 8NaN, + 2C,F, =
= Si,N, + 4TiC + 8NaF + 10N, (14)
3Si+ 2Ti + 0.32NaN, + 1.84C + 0.08C,F, +
+1.52N, = Si,N, + 2TiC + 0.32Na,  (15)
3Si + 4Ti + 0.64NaN, + 3.68C + 0.16C,F, +
+1.04N, = Si,N, + 4TiC + 0.64NaF.  (16)

To achieve the Si;N,~TiC composition with the maxi-
mum titanium carbide phase content (Si,N,:TiC = 1:4),
carbiding mixtures with increased PTFE content were
also used:

3Si+4Ti+ 0.8NaN, +3.6C + 0.2C,F, +

+0.8N, = Si;N, + 4TiC + 0.8NaF, (17)
3Si+4Ti + 1.6NaN, +3.2C + 0.4C,F, =

= Si,N, + 4TiC + 1.6NaF + 0.4N,, (18)
3Si +4Ti + 2.4NaN, +2.8C + 0.6C,F, =

= Si,N, + 4TiC + 2.4NaF + 1.6N,. (19)

Thermodynamic calculations were conducted using
the Thermo software [37] to predict the feasibility
of combustion reactions by determining thermal effects
(enthalpies), adiabatic temperatures, and the composi-
tions of synthesis products.

The following raw materials were used in the
experiments:

— silicon powder, grade Kr0 (main substance con-
tent >98.8 wt. %, average particle size d = 5 pm;

—titanium powder, grade PTOM-1 (98.0 wt. %,
d =30 pm);

—sodium azide powder,
(>98.71 wt. %, d = 100 um);

— carbonblack, grade P701 (>99.7 wt. %,d = 70 nm,
agglomerates up to 1 um);

— polytetrafluoroethylene, grade PN-40 (>99.0 %,
d =40 pm).

analytical  grade

Combustion of the starting reactant mixtures
(charge) with a bulk relative density of 0.4 was con-
ducted in a paper crucible with a diameter of 30 mm
and a height of 45 mm. The experiments were per-
formed in a laboratory SHS-Az reactor with a volume
of 4.5 L, equipped with two thermocouples, under
a nitrogen pressure of 4 MPa. The thermocouples were
used to measure combustion temperatures and calculate
the combustion rate. The pressure variation in the reac-
tor during the combustion process was monitored with
a pressure gauge.

The synthesized product was weighed and com-
pared to the theoretical yield calculated from reactions
(11)—(19). The combustion product was washed with
water to remove water-soluble impurities, and the pH
of the wash water was measured to assess the pre-
sence of free sodium in the combustion product and
the completeness of the chemical reaction. The phase
composition of the synthesized combustion products
was determined using an automated ARL X’trA X-ray
diffractometer (Thermo Scientific, Switzerland). Cuk
radiation was employed with continuous scanning
over the angular range of 26 = 20-80° at a scan rate
of 2°/min. The resulting spectra were processed using
the WinXRD software package. The surface topo-
graphy and powder particle morphology were exami-
ned using a JSM-6390A scanning electron microscope
(Jeol, Japan) equipped with a Jeol JED-2200 energy-
dispersive spectroscopy attachment.

Results and discussion

The results of thermodynamic calculations for reac-
tions (11)—(19) performed using the Thermo software
are presented in Tables 2—4.

From the presented data, it is evident that all reac-
tions exhibit high adiabatic temperatures sufficient for
the realization of the SHS process in a combustion
mode. The reaction products contain all the phases
corresponding to the right-hand sides of equations
(11)—(19), including the target phases of silicon nitride
(Si;N,) and titanium carbide (TiC), the water-soluble
byproduct salt NaF, and minor impurities of free sili-
con (Si) and titanium (T1).

The results of the microstructural analysis
of the combustion products of the initial powder mix-
tures (charges) from reactions (11)—(19) after washing
with water to remove the byproduct salt NaF are shown
in Fig. 2.

As shown in Fig. 2, the combustion products
of charges from reactions (11)—(19) consist of highly
dispersed equiaxed particles, comprising a mix-
ture of nanosized (less than 100 nm) and submicron
(100-500 nm) particles of titanium carbide and tita-
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Table 2. Thermodynamic analysis results for reactions (11)-(14)
Ta6bnuya 2. Pe3yabTaTbl TEPMOIUHAMUYECKOT0 aHAIM3a peakuuii (11)—(14)
Reaction 7 T Combustion products composition, mol AH,
equation | "¢’ F(g) | Na(g) | Si(g) | Ny(g) | NaF(g) | NaF(l) | TiC(s) | Si,N,(s) | KkJ
(11) 3033 | 0.0314 | 0.0314 | 2.0400 | 2.6100 | 3.9686 - 2.0000 | 3.3200 | -5271
(12) 2984 | 0.0253 | 0.0253 | 1.0602 | 2.7068 | 3.9747 - 2.0000 | 1.6466 | —3695
(13) 2893 | 0.0196 | 0.0196 | 0.3998 | 4.2666 | 3.9804 — 2.0000 | 0.8667 | —2908
(14) 2810 | 0.0284 | 0.0284 | 0.3246 | 10.2164 | 7.3922 | 0.5794 | 4.0000 | 0.8918 | —5027
Table 3. Thermodynamic analysis results for reactions (15), (16)
Tabnumya 3. Pe3yabTaTsl TEpMOAMHAMUYECKOr0 aHaau3a peakuuii (15), (16)
Reaction o5 Combustion products composition, mol AH,
equation o F(g) | Na(g) | Ny(g) | Si(g | Ti(g) | NaF(g) | TiC(s) | Si;N,(s) kJ
(15) 3702 | 0.0117 | 0.0117 | 0.0074 | 0.0056 | 0.0002 | 0.3083 | 1.9998 0.9981 —1342
(16) 3380 | 0.0108 | 0.0108 | 0.0025 | 0.0019 | 0.0023 | 0.6292 | 3.9999 0.9994 —1896
Table 4. Results of thermodynamic analysis of reactions (17)—(19)
Ta6nuuya 4. Pe3yabTaThbl TePMOIUHAMHYECKOT0 aHan3a peakuuii (17)—(19)
Reaction T K Combustion products composition, mol AH,
equation | "¢’ F(g) | Na(g) | Ny(g) | Si(g) | NaF(g) | TiC(l) | TiC(s) | Si;N,(s) | kJ
(17) 3426 | 0.0199 | 0.0199 - 0.6002 | 0.7801 | 3.9999 - 0.7999 | —1964
(18) 2271 | 0.0114 | 0.0114 | 0.8959 | 0.7438 | 1.5886 — 4.0000 | 0.7521 -2304
(19) 2937 | 0.0157 | 0.0157 | 2.0485 | 0.6728 | 2.3843 - 4.0000 | 0.7757 | —2645

nium nitride, as well as silicon nitride fibers with dia-
meters of 50-200 nm and lengths of up to 5 pm.

The results of X-ray phase analysis for the washed
combustion products of systems with the maximum
titanium carbide phase content (Si,N,:TiC = 1:4) are
presented in Fig. 3.

The results of quantitative processing of the XRD
spectra presented in Fig. 3 are summarized in Table 5.
These results show the phase content in the washed
combustion products of charges with the maximum
titanium carbide phase fraction (Si;N,:TiC = 1:4)
under various conditions: full replacement of carbon
black with PTFE (reaction 14), carbiding mixtures with
minimal PTFE content (reaction 16), and carbiding
mixtures based on reactions (17)—(19) to synthesize
the Si;N,~TiC composition. The experimental data are
compared with theoretical phase compositions of tar-
get products Si;N, and TiC based on the stoichiometric
equations (11)—(19).

Fromthe datain Table 5, itis evident thatusing PTFE
as a carbon source for synthesizing nitride-carbide com-
positions via azide SHS is a promising research direc-
tion. A comparison of the experimental phase composi-
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tions of combustion products from charges (11)—(14)
with theoretical values indicates that full replacement
of carbon black with PTFE is not advisable, although
the titanium carbide phase content increases compared
to azide SHS without PTFE. For example, the titanium
carbide content in the combustion products of charge
(5): 28i + 4Ti + 4NaN, + Na,SiF, + 4C with the maxi-
mum TiC content (Si,N,:TiC=1:4), is 19.9 wt. %.
With full replacement of carbon black by PTFE in
charge: 3Si + 4Ti + 8NaN, + 2C,F,) the titanium car-
bide content increases to 31.0 wt. %. However, partial
replacement of carbon black and its combined use with
PTFE as a carbon source allows the titanium carbide
content to reach 52.3 wt. % in the combustion pro-
ducts of charge (16): 3Si + 4Ti + 0.64NaN, + 3.68C +
+0.16C,F, + 1.04N,.

The best results were obtained using carbi-
ding mixtures with increased PTFE content accor-
ding to equations (17)—(19), where the TiC con-
tent in the experimental products ranged from
58.6 to 61.7 wt. %. Furthermore, the use of PTFE
reduced the content of the secondary phase, titanium
nitride, to 2.0-4.0 wt. % in the products of carbiding
mixtures (17)—(19).
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170.00 nm

94.34 nm

(17) 3Si + 4Ti + 0.8NaN, + 3.6C + 0.2C,F, + 0.8N, (18) 3Si + 4Ti + 1.6NaN, + 3.2C + 0.4C,F,

(19) 3Si + 4Ti + 2.4NaN, + 2.8C + 0.6C,F,

Fig. 2. Microstructure of combustion products from charges according to equations (11)—(19)

Puc. 2. MukpocTpyKTypa MpoAyKTOB TOPEHHS ILIKXT B COOTBETCTBUH ¢ ypaBHeHUs MU (11)—(19)
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Fig. 3. X-ray diffraction patterns of combustion products from charges (14), (16)—(19)

Puc. 3. PentrenoBckue nudpaktorpaMMel IpoaykToB ropenust muxr (14), (16)—(19)



Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(6):44-55
Titova Yu.V., Yakubova A.F., Belova G.S. Self-propagating high-temperature synthesis of highly ...

Table 5. Theoretical and experimental phase compositions of washed products
from azide SHS according to equations (11)—(19)

Tabnuya 5. TeopeTuyeckuii M IKCIIEPUMEHTAIbHBIN (pa3oBble COCTABBI MPOMBITHIX MPOAYKTOB
asuHoro CBC corntacno ypaBHenusim (11)—(19)

) ) ) Content, wt. %
}::l?acggg SI3(Nm4(;1];IC Theoretical Experimental
Si,N, | TiC | aSi,N,|p-Si,N,| TiC | TiN Si
(11) 2:1 82.4 17.6 62.0 17.0 12.0 9.0 -
(12) 1:1 70.1 29.9 52.0 20.0 23.0 5.0 -
(13) 1:2 53.9 46.1 53.0 14.0 27.0 6.0 -
(14) 1:4 36.9 63.1 42.0 7.0 31.0 10.0 -
(15) 1:2 53.9 46.1 26.6 14.1 44.1 52 -
(16) 1:4 36.9 63.1 27.8 10.0 523 9.9 -
17) 1:4 36.9 63.1 29.7 7.7 58.6 2.0 2.0
(18) 1:4 36.9 63.1 28.0 9.0 59.0 4.0 -
(19) 1:4 36.9 63.1 28.7 3.0 61.7 3.6 3.0
Conclusion ratios of target phases Si,N, and TiC. This allowed for

The presented results demonstrate that the SHS
technology can make a significant contribution
to the development of methods for producing highly
dispersed Si,N,~TiC nitride-carbide compositions.
The SHS process is attractive for its simplicity and
cost-effectiveness and is one of the promising in-situ
chemical methods for the direct synthesis of ceramic
powders within the desired composition from a mixture
of inexpensive starting reagents.

Traditional azide SHS using NaN, and gasifying
halide fluorides, such as Na,SiF, and (NH,),SiF, is
characterized by comparatively low combustion tem-
peratures, the formation of large amounts of interme-
diate vapor and gaseous reaction products, as well as
final byproduct condensed and gaseous products that
separate the target powder particles. This enabled
the synthesis of a highly dispersed (<1 um) Si;N,~TiC
powder composition, with Si;N, predominantly in
the a-modification phase during the combustion of all
studied mixtures.

However, in all cases of traditional azide SHS
application, the amount of TiC phase synthesized in
the experiments was significantly lower than expected.
Additionally, all synthesized compositions contained
the TiN phase, with its content exceeding that of tita-
nium carbide in mixtures without PTFE additives.
Furthermore, the synthesized compositions may include
impurities of unreacted free silicon (up to 3.0 wt. %).

The use of PTFE as an activating and carbiding
additive with partial replacement of carbon in the mix-
tures (15)—(19) in azide SHS eliminated, in most cases,
the shortcomings of the traditional approach for various

the synthesis of highly dispersed Si,N,~TiC powder
compositions with a phase composition significantly
closer to the calculated theoretical composition.
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