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Abstract. The behavior of  compacted mixtures of metal powders (Al, Ti) and recycled metalworking wastes (Fe + Fe2O3 + C) during 

vacuum sintering under controlled heating was investigated to assess the possibility of producing in situ metal–matrix composites 
containing oxide strengthening particles. The starting materials were titanium and aluminum powders (particle size <160 μm and 
<100 μm, respectively) and a powder produced from recycled steel chips (<300 μm). The resulting samples exhibited a heterogeneous 
phase composition, which was examined by X-ray diffraction (CuKα radiation, XRD-6000 diffractometer) and optical microscopy 
(Axiovert 200MAT). A pronounced difference was observed between the aluminum- and titanium-based systems: the  former exhi
bited a distinct thermal peak, whereas the latter showed smooth temperature behavior without thermal spikes. A thermokinetic model 
describing the multi-stage reactions in both systems was developed. The model incorporates metallothermic reduction and interme-
tallic formation reactions. Formal kinetic parameters were estimated using a semi-empirical approach and refined by comparison with 
experimental data. The governing equations, including the heat balance equation and the system of kinetic rate equations, were solved 
numerically using a semi-implicit Euler method, while mass conservation and atomic balance were verified. The initial composition 
of the samples was varied in the calculations – accounting for oxygen, carbon, and the Fe/Fe2O3 ratio in the steel-chippowder – to repro-
duce the experimentally observed product compositions. The calculated and experimental results showed qualitative agreement. 

Keywords: metal-matrix composite, vacuum sintering, metallothermic reactions, intermetallics, thermokinetic model
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(theoretical part) and Project FWRW-2021-0005 (experimental part).
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IntroductionIntroduction
The in-situ formation of  strengthening particles 

in metal–matrix composites (MMCs) has become 
a  focal point in powder-processing technologies 
owing to  applications across the  aerospace, automo-
tive, and energy sectors, and it continues to  attract 
sustained interest from diverse research groups [1–4]. 
The spectrum of MMCs obtainable by powder routes 
is broad  – in terms of  both matrix chemistries and 
sets of  strengthening phases. Of particular interest 
are systems built from chemically reactive powder 
components, where reactions between constituents 
synthesize the strengthening phases in-situ as micron-
scale inclusions. This is largely characteristic of com-
bustion-synthesis routes that rely on metallothermic 
reactions [5–9]. Such reactions are typically strongly 
exothermic, which helps sustain the synthesis process. 
Creating the  strengthening particles directly during 

composite fabrication is advantageous for interfacial 
bonding with the surrounding matrix. However, when 
a mixture permits metallothermic reduction (one metal 
reducing another), the presence of additional constitu-
ents can markedly redirect reaction pathways because 
local interaction conditions vary across different 
regions of the compact [10].

The problem becomes even less straightforward if 
one component of the powder mixture is itself a comp
lex material – namely, a metallic base containing oxide 
inclusions – produced by recycling steel chips [11].

Here, the  feasibility of  producing metal–matrix 
composites from Al–Fe2O3–Fe and Ti–Fe2O3–Fe pow-
der mixtures (optionally containing carbon) under 
sintering in a vacuum chamber is assessed, together 
with a theoretical description based on a thermokinetic 
model that accounts for the  kinetics of  the  principal 
reactions. 

  l9627826013@yandex.ru
Аннотация. Проанализировано поведение прессовок из смесей порошков металлов (Al, Ti) и переработанных отходов металло

обработки (Fe + Fe2O3 + C) в условиях вакуумного спекания при регулируемом нагреве для исследования возможности 
получения in situ металломатричных композиционных материалов с упрочняющими оксидными частицами. В качестве 
исходных материалов использованы порошки титана и алюминия с фракциями d < 160 мкм и <100 мкм соответственно, 
а  также порошок переработанной стружки из стали размером менее 300 мкм. В результате проведенного эксперимента 
обнаружен неоднородный фазовый состав образцов, который исследовали с помощью рентгеновского дифрактометра 
XRD-6000 с CuKα-излучением и оптического микроскопа «Axiovert 200MAT». Продемонстрировано существенное различие 
в поведении систем на основе алюминия и титана: первая система характеризуется ярко выраженным термическим пиком, 
а  во  второй  – превращения идут в спокойном режиме. Предложена термокинетическая модель процесса, учитывающая 
стадийность превращений для обеих систем. Учтены металлотермические реакции и реакции образования интерметал-
лидов. Дана оценка формально-кинетическим параметрам реакций с помощью полуэмпирического подхода. Полученные 
параметры корректировались при сравнении с экспериментом. Модель реализована численно с помощью полунеявного 
метода Эйлера. Проверялись закон сохранения массы и неизменность числа атомов. Начальный состав образцов в расчетах 
варьировался (за счет учета присутствия кислорода, углерода и соотношения железа и оксида железа в стружке) таким 
образом, чтобы в результате синтеза получить состав продуктов, максимально приближенный к результатам эксперимента. 
Получено качественное соответствие теории и эксперимента.  

Ключевые слова: металломатричный композит, вакуумное спекание, металлотермические реакции, интерметаллиды, 
термокинетическая модель
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1. Experimental1. Experimental
1.1. Materials and methods1.1. Materials and methods

Phase evolution under vacuum sintering with 
a  controlled heating program (sintering temperature 
1173–1473 K; 60-min hold) was examined for pow-
der systems based on Ti–Al–Fe2O3/(Fe + C) using 
the  following representative mixtures (from several 
possible combinations): Al + (Fe + Fe2O3 + C) and 
Ti + (Fe + Fe2O3 + C). Titanium powder TPP-8 (main 
fraction d < 160 μm) and aluminum powder PA-4 
(d < 100 μm) were used to  prepare the  mixtures. 
As an  analogue of  the  Fe + Fe2O3 + C composition, 
a powder produced from recycled steel 45 chips with 
a  particle size not exceeding 300 μm was employed; 
its characteristics are described in detail in  [11]. 
The component ratios in the mixtures were calculated 
to be sufficient both for metallothermic reduction and 
for intermetallic formation. The quantitative composi-
tions of the powder mixtures under study are given in 
Table 1. 

Selection of proportions for the aluminum-contain-
ing mixtures was guided by the  binary Al–Fe phase 
diagram. The first option corresponds to  the α-AlFe3 
field, while the  second lies predominantly in 
the Al3Fe/AlFe phase region. Both options imply exo-
thermic reactions.

The titanium-containing mixture comprised 
75 wt. % Ti and 25 wt. % steel chips, which favors 
the formation of a matrix basis in the resulting compo
site as a solid solution of iron and oxygen in titanium.

Microstructural characterization was performed 
by optical microscopy, scanning electron microscopy 
(SEM), and X-ray diffraction (XRD). The follow-
ing instruments were used: Axiovert 200MAT optical 
microscope (Carl Zeiss, Germany), Mira 3 LMU SEM 
(Tescan, Czech Republic), and XRD-600 (Shimadzu, 
Japan) and DRON-8 (Russia) diffractometers with 
CuKα radiation. Phase identification employed 
the PDF-4+ database and POWDER CELL 2.4 for full-
profile analysis.

According to [11], chips oxidized in water and then 
milled form oxide-coated steel-chip fragments with 
an Fe core, containing dissolved carbon (≈1.5 wt. %). 

Although carbide phases were not detected by XRD, 
the  presence of  carbon in the  steel-chip particles 
was confirmed by energy-dispersive X-ray spectros-
copy (EDS). Carbon content, measured with a LECO 
ONH-836 gas-impurity analyzer (USA), showed 
a  broad distribution (0.8–1.6 wt. %), reflecting 
the  substantial heterogeneity of  the  processed steel-
chip–derived particles. Their surfaces bear iron-oxide 
regions (Fe3O4/Fe2O3/FeO)  [11], with the  oxide frac-
tion reaching ≈50–70 %. Because these oxide layers 
are highly nonuniform (Fig. 1), the  contact between 
a chip-derived particle and Al or Ti powder depends 
on the  local surface domain encountered. Within 
the same mixture, the second component can therefore 
contact metallic iron (carbon steel) and iron oxides 
simultaneously.

1.2. Experimental results1.2. Experimental results
Under vacuum sintering at Ts = 1273 K, a hetero-

geneous phase assemblage was identified for both 
Al + (Fe + Fe2O3 + C) formulations  [12]. The pressed 
compacts of  aluminum powder with milled, oxidized 

Table 1. Composition of the investigated powder mixtures, wt. %
Таблица 1. Состав исследуемых порошковых смесей, мас. %

Mixture Composition Ti Al Recycled steel chips 
(Fe + Fe2O3 + С)

1 Al + (Fe + Fe2O3 + С)
– 25 75
– 60 40

2 Ti + (Fe + Fe2O3 + С) 75 – 25

Fig. 1. Microstructure of the recycled steel 45 chips 
after oxidation and crushing

Light areas correspond to the steel core, dark areas to the iron oxide layer 

Рис. 1. Микроструктура переработанной стружки из стали 45 
после процедур окисления и дробления

Светлая область – стальная сердцевина,  
темная – слой из оксидов железа

Powder Metallurgy аnd Functional Coatings. 2025;19(5):5–16 
Knyazeva А.G., Korosteleva Е.N., Safronova V.S. Sintering and thermokinetic modeling ...
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steel chips lost structural integrity and disintegrated 
into separate fragments. The selected sintering condi-
tions were sufficient to initiate a cascade of reactions, 
yielding Fe–Al intermetallics together with oxide 
strengthening particles. Residual (unreacted) iron was 
also detected in the  products (Fig. 2). Oxygen was 
transferred almost entirely from the iron oxides to alu-
minum, forming Al2O3 , and FeAl constituted the domi-
nant volumetric fraction of the product. 

With increasing aluminum content in the  com-
pact, the  reaction products contained a substantial 
fraction of  residual, unreacted constituents, attribu
table to  a  decrease in the  overall exothermicity 
of the reactions.

The second formulation, Ti + (Fe + Fe2O3 + С), 
is less exothermic. Since the solubility of  iron in β-Ti 
reaches 22 at. % at Ts = 1358 K and drops to 0.34 at. % 
in α-Ti at 673 K, it was expected that part of  the  iron 
would react with titanium to  form intermetallics. 
It was also anticipated that titanium would be sufficient 
to interact with oxide inclusions present in the recycled 
steel-chip powder. Experimentally, the steel-chip pow-
der in the Ti + (Fe + Fe2O3 + C) mixture exhibited good 
sinterability, with predominantly diffusional interaction 
with iron and oxygen migration from iron oxides into 
the titanium matrix. It is plausible that carbon contained 
in the  chips enhances sintering via diffusion into tita-
nium; however, its amount is too low to produce tita-
nium carbide at levels detectable by X-ray diffraction. 
Interaction of  free iron with titanium in the  presence 
of  oxide inclusions does not impede interdiffusion. 
The  phase set and phase fractions depend on the  sin-
tering temperature; nevertheless, in all cases the  pro

ducts are dominated by a titanium-based solid solution 
(Fig. 3). At lower temperatures, the  products contain 
a nonstoichiometric TiO2-based oxide (18 wt. %) and 
residual Fe2O3 (32 wt. %) originating from the  steel-
chip particles. Iron from these particles reacts with 
titanium to  yield up to  20 wt. % of  the  equiatomic 
intermetallic TiFe. At a higher sintering temperature 
(1473 K), no unreacted constituents remain, and two 
types of α-Ti–based solid solutions form with different 
dissolved Fe and O contents; small inclusions of Ti2Fe, 
TiFe2 , or TiFe are also observed. Oxides are not detected 
as a separate phase under these conditions (Fig. 3).

The results reported in [13; 14] provided the basis 
for constructing thermokinetic models that capture 
the staged nature of phase formation.

Fig. 2. Microstructure of a fragment of the sintered material  
25 % Al + 75 % (Fe + Fe2O3 + C) 

Рис. 2. Микроструктура фрагмента спеченного материала  
25 % Al + 75 % (Fe + Fe2O3 + С)

Fig. 3. Microstructure of sintered compacts from the mixture  
75 % Ti + 25 % (Fe + Fe2O3 + C) at temperatures  

Ts = 1173 K (a) and 1473 K (b)
a: 1 – regions of residual iron with oxide inclusions;  

2 – α-Ti of variable composition with TiFe inclusions;  
b: 1 – α-Ti of variable composition with dissolved iron and oxygen,  

with small TiFe2 or TiFe inclusions;  
2 – α-Ti regions depleted in iron with small of Ti2Fe inclusions 

Рис. 3. Микроструктура спеченных прессовок 
из смеси 75 % Ti + 25 % (Fe + Fe2O3 + С) 

при температурах Тs = 1173 К (a) и 1473 К (b)
a: 1 – область остатков железа с оксидными включениями;  

2 – α-Ti переменного состава с включениями TiFe;  
b: 1 – α-Ti переменного состава с растворенными железом и кисло-
родом, небольшими включениями TiFe2 или TiFe; 2 – области α-Ti, 

обедненные железом с небольшими включениями Ti2Fe

Известия вузов. Порошковая металлургия и функциональные покрытия. 2025;19(5):5–16 
Князева А.Г., Коростелева Е.Н., Сафронова В.С. Спекание и термокинетическое моделирование эволюции ...
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2. Sintering model  2. Sintering model  
with detailed kineticswith detailed kinetics

2.1. Heat balance2.1. Heat balance
The thermokinetic model accounts for the  sample 

temperature change arising from the controlled exter-
nal heating program and from heat release by chemical 
reactions. Owing to the small sample size, temperature 
gradients within the compact are neglected (a lumped-
capacitance assumption); estimates justifying this 
approximation are given in  [15]. The heat-balance 
equation has the form

     (1)

where T is the  temperature; t is time; V and S are 
the  compact volume and surface area; с and ρ are 
the  heat capacity and density of  the  pressed powder 
mixture; Wch  is the  total heat release due to chemical 
reactions; σ  is the  Stefan–Boltzmann constant; ε is 
the  surface emissivity of  the  compact; α is the  heat-
transfer coefficient (in vacuum it may be taken as zero); 
Те  is the  ambient temperature (if Newton cooling is 
included). 

The vacuum-chamber wall temperature TW follows 
a linear law:

TW = T0 + at, for T < Ts , 
and 
		    TW = Ts , for T ≥ Ts ,	 (2)

where а is the  heating rate and Ts is the  sintering 
temperature. 

Within the  interval Tmin–Tmax , melting is assumed 
to  occur, with the  liquid-phase fraction (ηL ) varying 
from 0 to 1:

              	 (3)

Here, Tmin is the lowest melting temperature among 
the  reagents and reaction products in the  chosen sys-
tem, and Tmax is the highest one (see Table 2). 

Within the  melting interval, the  (specific) heat 
capacity is given by

	     	 (4)

where сS is the heat capacity of the mixture in the solid 
state, cL is the heat capacity of the mixture in the liquid 
state; Qeff  is the  effective enthalpy of  fusion (J/mol); 
m  is the mean molar mass of  the mixture of  reagents 
and reaction products.

Heat release from chemical reactions is given by

		        	 (5)

where n is the number of reactions; Φi are the reaction 
rates; Qi are the reaction enthalpies (heat effects).

2.2. Model of phase composition  2.2. Model of phase composition  
evolution during sinteringevolution during sintering

Because the  detailed mechanisms of  most solid-
state reactions are rarely known and the steps involved 
often comprise a mix of physicochemical processes, it 
is most appropriate to use a reduced-chemistry model 
that explicitly tracks the  formation of  the experimen-
tally observed phases. 

In the Al-containing system (where aluminum has 
the lowest melting temperature), the dominant exother-
mic step is expected to be the aluminothermic reduc-
tion of iron oxide: 

	          2Al + Fe2O3 = Al2O3 + 2Fe.	 (I)

The reduced iron then reacts with excess alumi-
num to  form intermetallic phases. Owing to  the  large 
reaction enthalpies, phase formation is expected 
to  occur predominantly in the  liquid phase and to  be 
accompanied by the appearance of agglomerates [16]. 
At the  same time, as noted in  [17], direct reaction 

Table 2. Melting points of the starting substances  
and selected reaction products 

Таблица 2. Температуры плавления исходных веществ 
и некоторых продуктов

Phase 
(compound) Tm , K

Phase 
(compound) Tm , K

Al 903,3 Ti–Al* 1513–1733
Fe 1811 Ti–Fe* 1273–1723
Ti 1941 Al–Fe* 825–1583

Fe2O3 1838 FeAl2O4 1713
Al2O3 2345 Ti3FeO2 –**

TiO2 2116 TiC 3473
* Intermetallic phases in the corresponding binary 
system.
** An unstable compound that decomposes before 
melting (at T = 1273 K).

Powder Metallurgy аnd Functional Coatings. 2025;19(5):5–16 
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between aluminum and iron oxides during combus-
tion is preceded by the partial decomposition sequence 
Fe2O3 → Fe3O4 → FeO. Thin plates of FeAl2O4 , have 
been observed in  [17] as a result of  the  interaction 
between FeO and the amorphous Al2O3 film that inva
riably coats aluminum:

	            FeO + Al2O3 → FeAl2O4 .	 (II) 

Iron aluminates such as FeAl2O and FeAl2O4 com-
monly appear in the Al–Fe2O3 system, which is unfa-
vorable for further reduction of iron oxides – especially 
in the presence of Al2O3 [18]. 

In the  Al–Fe2O3 system, an additional step may 
occur 

		   2Fe2O3 → 4FeO + O2	 (III)

followed by oxidation of aluminum:

		   4Al + 3O2 = 2Al2O3 .	 (IV)

The Al–Fe phase diagram contains several inter-
metallic phases (Fig. 4). The diagram was constructed 
using the  Thermo-Calc Software (open version) with 
the TCBIN: TC Binary Solutions v1.1 database.

Formation of  intermetallic phases proceeds via 
the reactions

		        Al + Fe = FeAl,	 (V) 

		     FeAl + Al = FeAl2 ,	 (VI)

		     FeAl + 2Fe = Fe3Al,	 (VII)

		     FeAl2 + Al = FeAl3 ,	 (VIII)

		  FeAl2 + FeAl3 = Fe2Al5 .	 (IX)

The FeAl intermetallic is not shown on the diagram; 
however, it is known to form by ordering of the α-Fe(Al) 
solid solution. Fe3Al is a metastable phase that 
appears via a second-order phase transformation from 
FeAl [19]. Carbon present in the processed chips could, 
in principle, participate in the  synthesis of  aluminum 
carbide (Al4C3 ), but the sintering schedule and mixture 
composition do not provide sufficient carbon or tem-
perature to initiate the corresponding reaction.

In the second case (Ti–Fe2O3–Fe–C system), iron is 
the lowest-melting component (see Table 2). According 
to [20], the thermite reaction Ti–Fe2O3 proceeds through 
several steps  – reduction of  Fe2O3 by Ti to  form Fe 
and TiO2 , followed by the formation of the metastable 
intermetallic Ti2Fe. Allowing for partial decomposition 
of  iron oxide, the presence of carbon, and the  forma-
tion of intermetallic phases (Fig. 4, b), the reaction set 
can be written as:

	          3Ti + 2Fe2O3 = 3TiO2 + 4Fe,	 (I′)

		        Ti + Fe = TiFe,	 (II′)

		      TiFe + Ti = Ti2Fe,	 (III′)

		     TiFe + Fe = TiFe2 ,	 (IV′)

		          Ti + C = TiC,	 (V′)

		  2Fe2O3 → 4FeO + O2 ,	 (VI′)

		        Ti + O2 = TiO2 ,	 (VII′)

	              TiO2 + Ti2Fe = Ti3FeO2 .	 (VIII′)

The notation for species concentrations (Сk ) for 
each system is given in Tables 3 and 4.

For each reaction network, the kinetic equations can 
be written as

Fig. 4. Phase diagrams of the Al–Fe (a) and Ti–Fe (b) systems 

Рис. 4. Диаграммы состояния Al–Fe (a) и Ti–Fe (b) 

Известия вузов. Порошковая металлургия и функциональные покрытия. 2025;19(5):5–16 
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Table 3. Concentration designations  
for the Al + (Fe + Fe2O3 ) system 

Таблица 3. Обозначения концентраций  
для системы Al + (Fe + Fe2O3 )

Species Concentration Species Concentration

Al С1 Fe2Al5 С7

Fe С2 Al2O3 С8

FeAl С3 Fe2O3 С9

FeAl2 С4 FeO С10

Fe3Al С5 O2 С11

FeAl3 С6 FeAl2O4 С12

		       	 (6)

where νki are the stoichiometric coefficients of compo-
nent k in reaction i; r is the number of reactions, Фi are 
the reaction rates. We assume that the reaction rates fol-
low an Arrhenius temperature dependence and depend 
on concentrations according to the law of mass action:

		       	 (7)

Here, nki  are the  exponents equal in absolute value 
to the corresponding stoichiometric coefficients; 

		    	 (8)

where ki0 are the pre-exponential factors; Ei are the acti-
vation energies; R is the universal gas constant. The rate 
expressions for all reactions are given in Table 5.

Thus, for the first system we require 27 formal kinetic 
parameters ki0 , Ei , Qi , and for the second – 24. Using 

published parameters for overall reactions in SHS-type 
mixtures [21] is not feasible. One reason is the strong 
dependence of parameters on the determination method, 
mixture processing, heating rate, etc. Another is the lack 
of data for most steps. Even for one of the most studied 
thermite mixtures (Al–Fe2O3 ), published values are 
inconsistent [22], including the reaction enthalpies. For 
example, for reaction (VI) in the Al-containing system, 
[23] gives: ΔH = –851.4 kJ/mol, whereas [16] reports 
ΔH ≈ –752 kJ/mol. 

The entropies and enthalpies of  reactions were 
obtained using Hess’s law:

        (9)

	 	 (10)

where the first terms on the  right-hand side are sums 
of  the  parameters for the  reaction products, and 
the  second terms are the  parameters for the  reactants 
(reagents in the  formula). However, tabulated values 

Table 4. Concentration designations  
for the Ti + (Fe2O3 + Fe + C) system 

Таблица 4. Обозначения концентраций  
для системы Ti + (Fe2O3 + Fe + C)

Species Concentration Species Concentration

Ti С1 TiFe2 С7

Fe С2 TiC С8

Fe2O3 С3 FeO С9

TiO2 С4 O2 С10

TiFe С5 Ti3FeO2 С11

Ti2Fe С6

Table 5. Reaction rate expressions 
Таблица 5. Скорости реакций

Al-containing system Reaction rate Ti-containing system Reaction rate

1) Al + Fe = FeAl Ф1 = k1C1C2 1) 3Ti + 2Fe2O3 = 3TiO2 + 4Fe Ф1 = k1

2) FeAl +Al = FeAl2 Ф2 = k2C1C3 2) Ti + Fe = TiFe Ф2 = k2C1C2

3) FeAl + 2Fe = Fe3Al Ф3 = k3 C3 3) TiFe + Ti = Ti2Fe Ф3 = k3C1C5

4) FeAl2 + Al = FeAl3 Ф4 = k4C1C4 4) TiFe + Fe = TiFe2 Ф4 = k4C2C5

5) FeAl2 + FeAl3 = Fe2Al5 Ф5 = k5C4C6 5) Ti + C = TiC Ф5 = k5C1C8

6) 2Al + Fe2O3 = Al2O3 + 2Fe Ф6 = k6  C9 6) 2Fe2O3 → 4FeO + O2 Ф6 = k6

7) 2Fe2O3 → 4FeO + O2 Ф7 = k7 7) Ti + O2 = TiO2 Ф7 = k7C1C11

8) FeO + Al2O3 = FeAl2O4 Ф8 = k8C9C10 8) TiO2 + Ti2Fe = Ti3FeO2 Ф8 = k8C4C6

9) 4Al + 3O2 = 2Al2O3 Ф9 = k9

Powder Metallurgy аnd Functional Coatings. 2025;19(5):5–16 
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Table 6. Formal kinetic parameters obtained using a semi-empirical approach 
Таблица 6. Формально-кинетические параметры, найденные с помощью полуэмпирического подхода

Al + (Fe + Fe2O3) Ti + (Fe2O3 + Fe + C)
Reaction 

No. k0i E Reaction 
No. k0i E

1 –26.10 1015 32,104.53 –30.7 1 –0.36 9·1013 15,710.04 –1155.0
2 –25.15 1015 31,218.18 –33.7 2 –3.47 1014 18,730.20 –44.6
3 –36.10 3·1015 36,638.25 –93.0 3 –40.92 1016 78,275.70 –49.1
4 –26.38 1015 32,365.77 –37.6 4 –40.43 1016 77,496.60 –45.4
5 –24.95 1015 47,960.92 –161.5 5 –161.62 3·1022 17,970.00 –209.0
6 –38.48 8·1015 43,655.07 –760.0 6 274.20 6·1026 15,255.54 584.0
7 274.30 6·1026 15,260.94 584.0 7 –183.32 1022 10,348.02 –933.0
8 –5.40 1014 22,621.50 –122.0 8 10.60 2·1014 32,147.00 –173.3
9 –626.86 1045 34,299.18 –3164.0

N o t e s . Units: [ ] = J/(mol·K); [k0i ] = s–1; [E] = J/mol; [ ] = kJ/mol.  
      Reaction numbers follow Table 5.

are not available in the  literature for all compounds. 
For this reason, approximate semi-empirical methods 
were used to obtain preliminary estimates of the formal 
kinetic parameters (Table 6). The parameter-estimation 
procedure is described in detail in [15]. 

For each system, the problem (which comprised 10 
and 9 ordinary differential equations of  the  form  (6) 
for the  Al- and Ti-containing systems, respectively, 
plus the heat-balance equation (1)) was solved numeri-
cally using a semi-implicit Euler method. In every run, 
mass conservation and atomic balance were verified. 
Calculations were performed at constant  and . 
The reaction orders were adjusted during the numerical 
solution. For the first system, we obtained:

k01 = 1017, k02 = 1022, k03 = 3·1022, k04 = 1022, 

k05 = 1022, k06 = 8·1019, k07 = 6·1015, 

k08 = 1015, k09 = 1024 s–1.

For the  second system, the  adjustments affected 
two pre-exponential factors and the activation energy 
of one reaction:

k05 = 3·1019 с–1, k06 = 6·1023 s–1, 

E6 = 150,255 J/mol.

A single scaling factor applied to all reactions was 
10–17 for the  Al-containing system and 7.5·10–13 for 
the  Ti-containing system. The criterion for selecting 
this factor was the  characteristic reaction time under 
the experimental conditions.

2.3. Numerical analysis results2.3. Numerical analysis results
Calculated temperature and composition profiles 

for reactive sintering of the studied systems are shown 
in Figs. 5–7. The typical temperature curves differ for 
the Al- and Ti-containing mixtures (Fig. 5). In the for-
mer, a temperature spike appears upon reaction ini-
tiation at Т = 700–900 K. In the latter, there is no pro-
nounced spike, although a wavy temperature curve is 
observed. 

Such behavior is often ascribed to  thermocouple 
sensitivity; however, the  calculations indicate that it 
may also arise from the interplay of coupled physico-
chemical processes.

As noted above, the  exact oxide composition in 
the  chips is unknown. Accordingly, the  modeling 
allows for different choices of  initial data (Table 7). 
We assume the presence of two iron oxides – FeO and 
Fe2O3 . Fe3O4 can, to  first approximation, be treated 
as a combination of  FeO and Fe2O3 and is therefore 
not included explicitly. In addition, the  numerical 
experiment accounts for adsorbed oxygen and alu-
mina on particle surfaces. Only under this assump-
tion does the  model reproduce the  amount of  Al2O3 
observed experimentally in the products. The numeri-
cal study further enables exploration over a wide range 
of  initial compositions, which is difficult to  achieve 
experimentally.

No such complications arose for the  Ti system, 
although the initial composition of the powder mixture 
can likewise be varied numerically. 

Composition-evolution results for different ini-
tial data are presented in Figs. 6 and 7. We find that 
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the  product composition can vary substantially. For 
the Al-containing system (Fig. 6), the products always 
contain Fe3Al and FeAl3 intermetallics in different 
proportions, as well as Al2O3 . The reduction of iron is 
the  fastest reaction. FeAl is not observed in the  pro
ducts. The mixed oxide appears only when the  initial 
mixture contains Al2O3 , FeO, and oxygen; in that case, 
Fe2Al5 is also present. The experimental data are best 
matched by Composition 2, which includes oxygen and 
oxide in the starting mixture.

The phase composition of  the  Ti compact also 
evolves (Fig. 7). All reactions proceed actively over 
a  time interval shorter than the  total sintering time. 
For all initial compositions, the products always con-
tain the  intermetallic Ti2Fe and unreacted Ti. TiFe 
appears as an intermediate during sintering. In three 
variants, the product contains Ti3FeO2 . In the  second 
variant, the  starting mixture contains a small amount 
of iron oxide, hence its role is minor; however, Fe2O3 
most closely reflects the  experimental conditions. 
Under the  experimental conditions, the  product con-

tains 91 wt. % of α-Ti solid solution + Ti2Fe and α-Ti 
solid solution + TiFe. In this case, Fe2O3 is insufficient 
to form TiO2 . In the other three variants, TiO2 appears 
as an intermediate that is consumed rapidly to  form 
the complex oxide.

Fig. 5. Typical temperature curves for the composition  
with (a) and titanium (b)

Mixtures compositions 2 from Table 7 
Sintering temperature Ts = 1273 K 

1 – heater temperature; 2 – sample temperature 

Рис. 5. Типичное поведение температурных кривых  
для состава с алюминием (a) и титаном (b)

Составы смесей 2 из табл. 7 
Температура спекания Ts = 1273 К

1 – температура нагревателя; 2 – температура образца

Fig. 6. Phase composition evolution  
of the aluminium compact during sintering
The nitial composition corresponds to Table 7

Al-based mixtures: a – composition 1, b – 2, c – 3, d – 4 

Рис. 6. Изменение фазового состава прессовки  
с алюминием в условиях спекания

Начальный состав соответствует табл. 7
Составы с Al: a – состав 1, b – 2, c – 3, d – 4
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ConclusionConclusion
This study demonstrates good agreement between 

the  proposed thermokinetic model and experimental 
data for multicomponent powder mixtures  – recycled 
steel-chip powder with aluminum or titanium  – under 
vacuum sintering. Consistent with the  experiments, 
the  calculations predict substantial heat release upon 
heating Al + (Fe + Fe2O3 + C) mixtures, whereas 
Ti + (Fe + Fe2O3 + C) sinters in a steady regime. 
In the former case, aluminum carbide was not included 
in the model because of  the  low sintering temperature; 
in  the  latter, titanium carbide formed only in trace 
amounts. No carbides were detected experimentally 
in either system.
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Abstract. Refractory high-entropy alloys (RHEAs) based on refractory metals exhibit a combination of outstanding properties, 

such as high strength and thermal stability at elevated temperatures. These alloys typically contain costly refractory elements, 
including Mo, Nb, Ta, W, and Hf. In addition to their high cost, RHEA production is associated with a number of technological 
challenges. Well-established commercial methods used for nickel-based superalloys are generally unsuitable due to the higher 
melting points and increased chemical reactivity of the components. To address this issue, the present study explores the feasibility 
of synthesizing cast RHEAs using centrifugal self-propagating high-temperature synthesis (SHS) metallurgy – a technological 
approach within the broader field of SHS. For the first time, cast RHEAs based on the Mo–Nb–Ta system, alloyed in situ with 3d 
metals (Cr, V, Zr, Hf), were successfully synthesized via SHS. It was demonstrated that crystallization of the ingots occurs from 
the molten state, ensuring homogeneous distribution of Mo, Nb, Ta, Cr, V, Zr, and Hf. The phase composition of the synthesized 
RHEAs was found to depend on the alloying elements. Co-reduction of group V (Nb, Ta, V) and group  VI  (Cr, Mo) metals 
resulted in nearly single-phase alloys with a body-centered cubic (BCC) structure typical for these elements. The addition of Zr 
and Hf – metals with a hexagonal crystal structure – to the quaternary MoNbTaCr alloy significantly altered the phase compo-
sition of the ingots. In addition to BCC-phase reflections, the X-ray diffraction patterns exhibited intense reflections of face-
centered cubic (FCC) phases and weak reflections of two hexagonal close-packed (HCP) phases. The proposed synthesis method 
considerably simplifies the otherwise complex technological process of producing cast, multicomponent RHEAs with a desired 
composition. Oxidation resistance tests revealed that the Mo–Nb–Ta–Cr–V composition is the most promising for further investi-
gation. Compared to other compositions, this alloy demonstrated superior oxidation resistance, making it a competitive candidate 
for high-temperature applications. 

Keywords: self-propagating high-temperature synthesis (SHS); centrifugal SHS metallurgy; thermite-type SHS systems; high-entropy 
alloys (HEAs); refractory high-entropy alloys (RHEAs); multimetallic alloy synthesis; oxidation resistance of HEAs
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IntroductionIntroduction
Since the  first studies published in 2004  [1; 2], 

a new paradigm based on multicomponent alloy design 
has been introduced into materials science, laying 
the  foundation for the  development of  a novel class 
of  metallic materials. These materials, referred to  as 
high-entropy alloys (HEAs), have remained the focus 
of intense research interest over the past two decades. 

In addition to their multicomponent nature, a defining 
feature of  HEAs is their tendency to  form predomi-
nantly single-phase, thermodynamically stable, dis-
ordered substitutional solid solutions with high-sym-
metry crystal lattices  – typically face-centered cubic 
(FCC) or body-centered cubic (BCC) [3–6]. 

Initial investigations proposed that the  high con-
figurational entropy of  mixing, arising from the  pre

  denis-ikornikov@yandex.ru
Аннотация. Высокоэнтропийные сплавы на основе тугоплавких металлов (ТВЭС) (англ. RHEAs – refractory high-entropy alloys) 

обладают набором замечательных свойств – такими, как высокая прочность и термическая стабильность при высоких темпе-
ратурах. В состав этих сплавов входит ряд дорогостоящих тугоплавких элементов: Mo, Nb, Ta, W, Hf и др. Помимо высокой 
стоимости, получение ТВЭС характеризуется рядом технологических трудностей. Успешно действующие коммерческие 
технологии для никелевых жаропрочных сплавов здесь практически не применимы вследствие более высоких температур 
плавления компонентов и их высокой химической активности. Для решения этой проблемы в настоящей работе исследована 
возможность получения литых ТВЭС методом центробежной СВС-металлургии – одним из технологических направлений 
в области самораспространяющегося высокотемпературного синтеза (СВС). Используя данный метод, впервые были полу-
чены литые ТВЭС на основе базовой системы, состоящей из тугоплавких металлов Mo–Nb–Ta, легированные 3d-металлами 
(Cr, V, Zr, Hf) непосредственно (in situ) путем СВС. Показано, что кристаллизация слитков происходит из жидкого состо-
яния, в котором обеспечивается гомогенное распределение элементов Mo–Nb–Ta–(Cr, V, Zr, Hf). Выявлено, что фазовый 
состав синтезируемых слитков ТВЭС зависит от сплавляемых компонентов. При совместном восстановлении металлов 
V (Nb, Ta, V) и VI (Cr, Mo) групп формируются практически однофазные сплавы, имеющие кристаллическую структуру 
ОЦК, характерную для металлов этих групп. Введение в 4-компонентный сплав MoNbTaCr элементов Zr и Hf, имеющих 
гексагональную кристаллическую структуру, приводит к существенному изменению фазового состава слитков с рефлек-
сами ОЦК-фазы на дифрактограмме, где присутствуют интенсивные рефлексы ГЦК-фазы, а также слабые рефлексы двух 
ГПУ-фаз. Показано, что применение предлагаемого метода существенно упрощает сложную технологическую задачу по 
получению литых многокомпонентных ТВЭС заданного состава. Изучением окислительной стойкости полученных мате-
риалов установлено, что состав Mo–Nb–Ta–Cr–V наиболее перспективен для дальнейшего исследования и, в сравнении с 
другими составами, имеет хорошие показатели по жаростойкости, что делает данный материал конкурентоспособным для 
высокотемпературного использования.  

Ключевые слова: самораспространяющийся высокотемпературный синтез (СВС), центробежная СВС-металлургия, СВС-системы 
термитного типа, высокоэнтропийные сплавы (ВЭС), сплавы на основе тугоплавких металлов, получение полиметаллических 
сплавов, окислительная стойкость ВЭС
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sence of  multiple principal elements in equiatomic 
or near-equiatomic ratios, would favor the  formation 
of disordered solid solutions over ordered intermetallic 
phases. As a result, these high-entropy solid solutions 
were expected to simultaneously exhibit high strength 
and sufficient ductility. However, subsequent studies 
revealed that entropy alone is not always the dominant 
factor governing the formation of disordered solid solu-
tions in real alloy systems. It has since been established 
that the phase composition of HEAs is determined pri-
marily by the specific atomic properties of the consti
tuent elements rather than their number [7–12]. 

It is anticipated that HEAs will surpass the  per-
formance of  conventional commercial structural 
alloys  [13–16] owing to  rational composition design 
(including deviations from strict equiatomicity) and 
the  development of  advanced microstructural control 
tools, such as novel synthesis techniques and post-
processing via thermal or mechanical treatments. 
Numerous HEAs have already been identified that 
exhibit superior physicochemical properties compared 
to traditional alloys [4; 7; 11–17].

Among the  various families of  HEAs [18], a spe-
cial place is held by refractory high-entropy alloys 
(RHEAs), which are designed for high-temperature 
service and are composed mainly of high-melting-point 
elements such as niobium (Nb), molybdenum (Mo), 
tantalum (Ta), tungsten (W), rhenium (Re), and haf-
nium (Hf)  [14; 18–23]. Refractory metals are known 
for their high strength and resistance to  deformation 
at elevated temperatures, making them ideal candidates 
for the development of RHEAs.

Early studies [22; 23] reported that BCC-structured 
RHEAs such as NbMoTaW and VNbMoTaW demon-
strate good strengthening behavior at room temperature 
and structural stability up to 1400 °C. Remarkably, these 
alloys retained yield strengths of  405 and 477 MPa, 
respectively, even at 1600 °C, clearly indicating their 
promising potential for practical high-temperature 
applications. As a result, RHEAs are being actively 
explored for use in the aerospace and aviation indust
ries, particularly for components in high-temperature 
gas turbine systems where there is a demand to increase 
operating temperatures beyond the  limits of  current 
nickel-based superalloys (up to 1100 °С) [24; 25]. 

The main drawbacks of the earliest RHEAs – based 
on refractory elements such as Mo, Nb, Ta, W, and V – 
were their very high density and low oxidation resis-
tance [23]. To address these issues, subsequent efforts 
focused on substituting or partially replacing these ele-
ments with lighter and more accessible ones, such as 
Cr, Ti, Zr, Co, Mn, and Al [18; 26–38]. The incorpora-
tion of such elements improves specific strength, oxida-

tion and corrosion resistance, thermal shock resistance, 
creep resistance, and high-temperature deformation 
behavior. Most RHEA studies to date have focused on 
understanding structure–property relationships, while 
comparatively little attention has been paid to develop-
ing new, effective synthesis methods that offer precise 
control over alloy composition and the designed distri-
bution of structural constituents. 

At the same time, expanding the range of elements 
used in RHEA design introduces significant techno-
logical challenges. These stem from the extremely high 
melting points of  key components (e.g., W, Mo, Nb, 
Re, Hf), the  large differences in melting temperatures 
between base and alloying elements (e.g., Al, Ti, V, Cr, 
Fe), and the  high chemical reactivity of  certain con-
stituent elements, as well as other factors.

Numerous laboratory-scale methods have been pro-
posed currently for RHEA synthesis [18; 38], including 
mechanochemical approaches (mechanical alloying, 
MA), combinations of MA with spark plasma sintering 
(SPS), electrochemical techniques  [39], additive 3D 
manufacturing, and melting-based metallurgical pro-
cesses. However, most of these methods share common 
drawbacks: the  requirement for high-purity elemental 
feedstock, high energy consumption, and low produc-
tivity – factors that are acceptable for research purposes 
but not for industrial-scale production (with the excep-
tion of melting techniques). Among all available meth-
ods, casting remains the most promising for producing 
RHEAs [18; 38]. The most common techniques include 
vacuum arc remelting (VAR), vacuum induction mel
ting (VIM), and, less frequently, electron beam melting 
(EBM). However, melting modes suitable for conven-
tional alloys are inadequate for RHEAs. The presence 
of  refractory elements (W, Mo, Ta, Nb, Hf) demands 
significantly higher temperatures and extended hold-
ing times in the molten state to ensure full intermixing 
and dissolution. To avoid elemental segregation and 
macrosegregation, multiple melting cycles (up to 5–6) 
are typically required. Furthermore, RHEAs produced 
via VAR often have relatively coarse grain structures 
(ranging from 100 to 300 µm), which limits the grain 
boundary strengthening effect. 

We previously demonstrated the  feasibility 
of  synthesizing cast HEAs based on 3d metals 
(Co–Cr–Fe–Ni–Mn) using centrifugal SHS metal-
lurgy [40; 41] – a direction within the broader, energy-
efficient class of  self-propagating high-temperature 
synthesis (SHS) technologies. Subsequently, in situ 
SHS was used to  produce composite materials based 
on these HEAs, incorporating strengthening structural 
precipitates such as Mo(Nb)5SiB2 , Mo(Nb)3Si, and 
MoSi2 [42]. 

Powder Metallurgy аnd Functional Coatings. 2025;19(5):17–35 
Sanin V.N., Ikornikov D.M., and etc. Synthesis of refractory high-entropy alloys based ...



20

The aim of  the  present study was to  investigate 
the  possibility of  synthesizing cast RHEAs based on 
the  Mo–Nb–Ta system alloyed with 3d metals (Cr, 
V, Zr, Hf, Ti) using centrifugal SHS metallurgy and 
to  examine the  influence of  the  alloying system on 
a key performance characteristic – oxidation resistance. 

The ability to  produce cast RHEAs without fur-
nace equipment and high energy input offers signifi-
cant potential for practical applications. SHS metal-
lurgy relies on oxide raw materials (metal oxides) and 
the  chemical energy released during highly exother-
mic reactions initiated in a combustion front through 
a compacted powder charge. The SHS process requires 
no external energy input. This approach may prove 
substantially more cost-effective than traditional mel
ting of pure metals. Moreover, the high synthesis tem-
perature (above 2300 °C) and the action of centrifugal 
forces (g-forces) enable enhanced dissolution of alloy-
ing components, improved metal reduction complete-
ness, and more efficient separation of  metallic and 
oxide phases [40–44].

1. Starting powder components 1. Starting powder components 
and experimental scheme for RHEA and experimental scheme for RHEA 

synthesissynthesis
As previously demonstrated  [40–44], the  use 

of  highly exothermic thermite-type SHS mixtures 
makes it possible to  reach temperatures sufficient for 
producing reaction products in the molten state (above 
2500 °C), and thereby obtain the synthesized material 
in a cast form, including cast HEAs [40–42].

The synthesis was carried out using thermite-type 
SHS systems containing powder oxides of  the  target 
elements (MoO3 , Nb2O5 , Ta2O5 , Cr2O3 , V2O5 , TiO2 ), 
Zr–Mo and Hf–Mo master alloys, a metallic reducing 
agent (Al), and functional additives (fluxing agents 
CaO and CaF2 ). Selected characteristics of the primary 
powder reagents used are listed in Table 1.

All starting oxide powders were pre-dried to remove 
adsorbed moisture in SNOL-type drying ovens 
(t = 90 °C, τ = 1 h). After weighing the  components 
(calculated to  achieve the  target alloy composition), 
the reagents were mixed in an MP4/5.0 planetary mill 
with a drum volume of up to 5 L for 15–20 min at a ball-
to-charge mass ratio of 1:10. The elements Zr and Hf 
were introduced into the reaction mixture in  the form 
of Zr–Mo and Hf–Mo master alloys, custom-fabricated 
for this purpose. 

The charge composition was determined based on 
the stoichiometry of the following main reactions:

	           MoO3 + 2Al = Mo + Al2O3 ,	 (1)

	      3Nb2O5 + 10Al = 6Nb + 5Al2O3 ,	 (2)

	       3Ta2O5 + 10Al = 6Ta + 5Al2O3 ,	 (3)

	          Cr2O3 + 2Al = 2Cr + Al2O3 ,	 (4)

	        3V2O5 + 10Al = 6V + 5Al2O3 ,	 (5)

	         3TiO2 + 4Al = 3Ti + 2Al2O3 .	 (6)

The experiments used powder charges designed 
to produce five alloy compositions (S1–S5), as shown 
in Table 2. 

Table 1. Selected characteristics of the primary powder components 
Таблица 1. Некоторые характеристики основных исходных порошковых компонентов

Component Grade GOST/Technical 
specification (TU)

Particle 
size

Chemical 
composition, wt. %

MoO3
Analytical 

reagent (ChDA) TU 6-09-01-269-85 – 99.9

Nb2O5
Extra pure 

(OSCh (8-2)) TU 6-09-4047-86 – 99.9

Ta2O5 – TU 48-4-408-78 <70 µm 99.9
Cr2O3 Pure (Ch) TU 6-09-4272-84 <20 µm 99.0
V2O5 – TU 6-09-4093-75 – –
TiO2 – TU 6-09-2166-77 – 99.8

Zr–Mo – Custom-made <3 mm Zr – 40.0
Mo – balance

Hf–Mo – Custom-made <3 mm Hf – 40.0
Mo – balance

Al Aluminum 
powder (PA-4) GOST 60-58-73 <130 µm 98.8
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When Zr–Mo and Hf–Mo master alloys were intro-
duced into the  charge, the  composition was adjusted 
based on the  total molybdenum content. Aluminum 
served as the  reducing agent, while CaO and CaF2 
were used as fluxing additives. The required amount 
of flux to bind Al2O3 and form a low-melting-point slag 
system during melting was calculated from the  total 
amount of  aluminum oxide generated in reactions 
(1)–(6). The mass of  the  starting mixture was con-
stant across all experiments and amounted to  600 g. 
The concentration of  the  added flux varied from  2 
to  5 wt. %. To synthesize the  alloys in combustion 
mode, hollow cylindrical refractory molds made of sin-
tered electrolytic corundum (Al2O3 ) were used. These 
molds had an inner diameter of  80 mm and a height 
of 170 mm and were pre-dried for at least 1 h at 90 °C. 
During the filling process, the powder charge (500 g) 
was compacted by vibration into the mold. The loaded 
mold was then placed on the rotor of a centrifugal SHS 
setup. Combustion synthesis of  the prepared mixtures 
was carried out in a custom-designed centrifugal SHS 
unit [43; 45], specifically developed for producing cast 
materials via centrifugal SHS metallurgy. It was pre-
viously shown [43] that the optimal range of centrifu-
gal acceleration (hereinafter referred to  as overload) 
for synthesizing alloys based on refractory metals is 
between 55 and 65g. 

To generate the  required centrifugal acceleration, 
the  rotor was driven by an electric motor to  a preset 
rotational speed, producing a g-force within the speci-
fied range. The reaction mixture was then ignited using 
a short laser pulse focused on the  sample surface. 
Combustion proceeded at a constant rotor speed in 
an  open-type reaction mold under atmospheric pres-
sure. The combustion temperature exceeded 3000 K, 
which was higher than the melting points of  the final 
products. After the  reaction, the  molten products 
(the alloy and the  alumina-based slag) separated due 
to their mutual immiscibility and the action of centrifu-
gal forces and then solidified upon cooling. Cooling 
of the reaction mass was forced through a water-cooled 
jacket of  the  reaction chamber. The combustion pro

ducts formed a two-layer ingot with a well-defined 
interface. The upper part of the ingot (slag layer) con-
sisted of  fused corundum, while the  lower part was 
the target RHEA alloy.

The application of  overload during the  combus-
tion stage of thermite-type SHS mixtures made it pos-
sible to  significantly reduce, or even completely sup-
press, the  dispersion of  combustion products. It also 
ensured intensive mixing of the high-temperature melt 
behind the combustion front, enabling high conversion 
of the starting mixture directly within the combustion 
zone. The action of  overload during the  gravitational 
separation and subsequent cooling stages led to a high 
yield of the metallic phase in the ingot – approaching 
the  theoretical value  – and facilitated the  removal 
of  gaseous reaction products. In addition, overload 
promotes homogeneous distribution of  the  chemical 
elements throughout the volume of the resulting ingot, 
which is critically important for the synthesis of multi-
metallic alloys. The combustion process was recorded 
using a video camera mounted on the rotor of the cen-
trifugal SHS setup.

Phase composition was analyzed using an ARL 
X’TRA X-ray diffractometer. Elemental distribution 
within the  structural constituents of  the  synthesized 
RHEAs, as well as energy-dispersive spectroscopy 
(EDS) analysis, were performed using a Zeiss Ultra 
Plus ultra-high-resolution field emission scanning 
electron microscope (based on the Ultra 55 platform), 
equipped with an EDS detector capable of generating 
elemental mapping across the sample surface. 

2. Results and discussion2. Results and discussion
2.1. Thermodynamic analysis2.1. Thermodynamic analysis

An important parameter in the development of SHS 
system formulations is the thermodynamic assessment 
of  the  maximum achievable synthesis temperature 
(adiabatic temperature) at various ratios of  starting 
components. This evaluation helps determine the range 
of component ratios that meet the necessary conditions 
for obtaining cast final synthesis products. One such 
condition is that the  adiabatic temperature of  synthe-
sis must exceed the  melting points of  the  final and 
intermediate reaction products. It is important to note 
that the  calculated combustion temperature is always 
somewhat higher than the  actual experimental syn-
thesis temperature. This discrepancy arises from heat 
losses due to thermal exchange with the mold material, 
incomplete chemical reactions (i.e., partial conversion 
of  the  reactants), shifts in component concentrations 
caused by partial gas evolution (primarily suboxides), 
and possible ejection of  reaction products during 

Table 2. Calculated chemical composition, wt. %
Таблица 2. Расчетный химический состав, мас. %

Compo
sition Mo Nb Ta Cr V Zr Hf

S1 34.35 33.26 32.39 – – – –
S2 31.46 30.47 28.77 9.30 – – –
S3 28.29 27.39 25.69 13.06 5.57 – –
S4 23.30 22.57 35.16 10.10 – 8.87 –
S5 21.82 22.82 32.92 9.46 – – 12.98
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the high-temperature interaction of  the  initial compo-
nents in the combustion front. 

To theoretically assess the  maximum achievable 
synthesis temperature (adiabatic temperature) as 
a  function of  the  initial component ratios, a ther-
modynamic analysis of  the  synthesis processes was 
performed using the  THERMO software package 
developed at ISMAN. This software allows thermo-
dynamic equilibrium calculations in complex multi-
component heterophase systems. It includes a data-
base of  thermodynamic data for equilibrium calcula-
tions and features a function for adding data for new 
compounds  [46; 47]. The calculation results include 
the equilibrium composition of reaction products (both 
condensed and gaseous) and the adiabatic temperature. 
The software enables thermodynamic calculations 
under isobaric, isochoric, or isothermal conditions, 
depending on the selected mode. The studied systems 
can be either gas-free or contain any amount of gase
ous phase. 

The results of  the  thermodynamic analysis 
of  the  adiabatic temperature (Tad ) and the  total con-
centrations of the gas (gas), metallic (ingot), and oxide 
(oxide) phases in the  reaction products for the  inves-
tigated systems S1–S5 (see Table 2) are presented in 
Fig. 1. 

Analysis of the obtained data revealed that for sys-
tems S1–S3, the  combustion temperature of  the  mix-
tures can reach or exceed 3000 K (3427–2935 K), 
which is higher than the  melting points of  all alloy 
components (Тmelt , K: Nb  – 2741, Mo  – 2896, Cr  – 
2163, Zr – 2125, V – 2170, Hf – 2506), with the excep-
tion of tantalum (Ta – 3290 K). However, the presence 
of  a high-temperature liquid phase formed by these 

components is likely to  promote rapid dissolution 
of finely dispersed solid-phase tantalum particles that 
form in the  combustion front. In the  case of  system 
S5, the adiabatic combustion temperature is somewhat 
lower (Тad = 2890.8 K), which may result in Ta and Nb 
remaining partially in the  solid state. Nonetheless, as 
in the previous systems, the presence of molten phases 
from other alloy components should enable their rapid 
and complete dissolution in the  resulting alloy ingot. 
This assumption will be tested in the experimental sec-
tion of this study.

Across all the  studied systems, the  mass fractions 
of  oxide and metallic phases vary only slightly (see 
Fig. 1), which is a favorable factor for their compara-
tive evaluation in the experimental work.

The analysis of  the  calculated adiabatic tempera-
tures and component concentrations under thermody-
namic equilibrium conditions showed that the combus-
tion temperature can reach up to  3427 K for systems 
S1–S3 (see Table 2), and up to  2935 K for system 
S5. Thus, it can be concluded that there are no ther-
modynamic limitations to producing cast materials in 
the studied systems (S1–S5); the combustion tempera-
tures are sufficient to obtain materials with the desired 
(target) composition. 

2.2. Effect of centrifugal acceleration 2.2. Effect of centrifugal acceleration 
(overload) on the composition and (overload) on the composition and 
microstructure formation of RHEAsmicrostructure formation of RHEAs

As shown in previous studies  [40–44], the  level 
of overload can have a significant impact on the mac-
roscopic kinetics of  the  synthesis process and, con-
sequently, on the  resulting composition and micro-
structure of cast alloys. In the case of alloys based on 
refractory metals, the lifetime of the high-temperature 
melt in its liquid state is relatively short, as these sys-
tems have considerably higher crystallization tem-
peratures compared to  transition-metal-based alloys. 
Therefore, to  ensure proper formation of  the  ingot in 
the  bottom part of  the  mold, it is essential to  accele
rate the phase separation between the metallic (ingot) 
and oxide (Al2O3-based corundum) phases. The most 
effective way to achieve this is by applying centrifugal 
forces generated by centrifugal SHS units during both 
the combustion stage and the phase separation of syn-
thesis products. 

Fig. 2 presents data for the base system S1 (Mo, Nb, 
Ta), showing how the combustion rate (Uc ), the metallic 
phase yield in the ingot (η1 ), and the loss of combustion 
products due to dispersion (η2 ) depend on the applied 
centrifugal acceleration g. The results clearly demon-

Fig. 1. Thermodynamic analysis of the adiabatic temperature (Tad ) 
and the relative amounts of gaseous, metallic, and oxide phases  

in the combustion products for systems S1–S5 

Рис. 1. Термодинамический анализ адиабатической  
температуры (Tад ) и соотношения в продуктах горения  

газовой, металлической и оксидной фаз для систем S1–S5
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strate that the combustion rate of the base composition 
increases significantly under overload, particularly in 
the range of 1 to 50g. Notably, the metallic phase yield 
also increases within this range, approaching a  satu-
ration level at values exceeding 100g. These findings 
indicate that applying overloads in the  range of  50 
to 100g is optimal for synthesizing the studied alloys.

Visual examination of  the  resulting samples con-
firmed that all of  them exhibited a cast structure. 
Applying an overload greater than 50g ensured the for-
mation of  ingots with well-defined phase separation. 
At overloads below 50g, the ingots developed an irre
gular macrostructure, with gas inclusions observed in 
their upper sections. As a result, an overload of  60g 
was selected for synthesizing the  target compositions 
S2–S5. 

Video analysis of the combustion process for S2–S5 
showed no significant increase (exceeding 15 %) in 
the combustion rate. 

2.3. Chemical and phase analysis  2.3. Chemical and phase analysis  
of the synthesized RHEAsof the synthesized RHEAs

The cast RHEA samples (S1–S5), after removal 
from the refractory mold, were sectioned transversely 
and subjected to  analysis. Elemental composition 
analysis (Table 3), performed by X-ray fluorescence 
spectroscopy, confirmed the presence of the target ele-
ments Mo, Nb, Ta, Cr, V, Zr, and Hf in the synthesized 
alloys. The deviation of  their concentrations from 
the calculated values did not exceed 1 wt. %. It should 
be noted that the  use of  Zr–Mo and Hf–Mo master 

alloys helped minimize the  interaction of  chemically 
active components (Zr and Hf) within the combustion 
front, thus enabling their incorporation into the  alloy 
at concentrations close to the theoretical values. 

For comparative analysis, a binary Mo–Nb alloy 
designated as S0 was synthesized. The X-ray diffrac-
tion patterns of the RHEA samples (S0–S5) are shown 
in Fig. 3. 

The results of X-ray diffraction (XRD) analysis for 
the S0–S5 alloys are summarized in Table 4. The phase 
composition of the metallic ingots depends on the spe-
cific combination of alloying elements. The co-reduc-
tion and subsequent alloying of  group V metals (Nb, 
Ta, V) with group VI metals (Cr, Mo) result in the for-
mation of nearly single-phase alloys with a body-cen-
tered cubic (BCC) crystal structure, which is typical for 
these elements. It is well established that one of the key 
conditions for the  formation of  a single-phase solid 
solution is that the  constituent metals share the  same 
crystal structure type. 

The XRD pattern of the binary S0 (Mo + Nb) alloy 
(Fig. 3) confirms the  formation of  the  MoNb phase 
(space group Im-3m, PDF2 card #65-5786). Indeed, 
the  Mo–Nb binary system exhibits unlimited mutual 
solubility and conforms to the Hume–Rothery rules for 
the formation of substitutional solid solutions. A small 
amount of  impurity phases, such as Al2O3 and NbO, 
was also detected, likely due to incomplete phase sepa-
ration during ingot formation. 

The addition of a third component (Ta) to alloy S1 
also results in the  formation of  a BCC solid solution 
phase, MoNbTa. The diffraction peaks of this phase are 
shifted toward lower angles, indicating an increase in 
its unit cell parameter compared to  the binary MoNb 
solid solution. This increase is attributed to the larger 
atomic radius of Ta (1.430 Å) relative to Mo (1.362 Å) 
and Nb (1.429 Å)  [14]. Weak diffraction peaks 
of  the Al2Nb3Mo3 phase with a cubic structure (space 

Table 3. Chemical composition  
of synthesized RHEAs ingots (wt. %)

Таблица 3. Химический состав  
синтезированных слитков ТВЭС (мас. %)

Alloy Mo Nb Ta Cr V Zr Hf
S0 50.8 49.2 – – – – –
S1 34.7 33.4 31.9 – – – –
S2 31.9 30.9 28.1 9.1 – – –
S3 28.6 27.9 25.1 12.7 5.7 – –
S4 23.7 22.8 35.2 9.7 – 8.6 –
S5 22.5 23.6 32.2 9.3 – – 12.4

Fig. 2. Effect of overload (g) on the combustion rate (Uс ),  
the yield of the metallic phase in the ingot (η1 ),  

and the combustion product loss (η2 ) for the base S1 system  
(see Table 2) 

Рис. 2. Влияние величины перегрузки (g) на скорость 
горения (Uг ), полноту выхода металлической фазы 

в слиток (η1) и величину потерь продуктов горения (η2) 
для базовой системы S1 (см. табл. 2)
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group Pm-3n, PDF2 card #65-4465) are also observed 
in the XRD pattern of alloy S1 (Fig. 4). 

The addition of  a fourth component (Cr) to  alloy 
S2 leads to  the  formation of  two BCC solid solution 
phases with similar unit cell parameters, designated 
as BCC1 and BCC2 in Fig. 3. The corresponding 
diffraction peaks are significantly broadened due 
to the overlap of reflections from both phases. Notably, 
the  peaks are shifted toward higher angles, indica
ting a reduction in the  unit cell parameter. This can 
be attributed to  the  presence of  Cr in the  solid solu-
tion, as Cr has a substantially smaller atomic radius 

(1.249 Å) than the other elements in the alloy. The dif-
ference in unit cell parameters between BCC1 and 
BCC2 suggests varying Cr content in the two phases, 
as confirmed by the microanalysis data shown in Fig. 5. 
Crystallization occurs from the melt, where a homoge-
neous distribution of Mo, Nb, Ta, and Cr is established. 
It is likely that the  two-phase structure forms over 
a  temperature range in which the Cr-depleted, refrac-
tory-rich phase (Mo–Nb–Ta) solidifies first, followed 
by a Cr-enriched, lower-melting phase. It is known that 
in multicomponent systems, the formation of a single-
phase solid solution requires that the  atomic radius 

Table 4. Phase composition of RHEAs ingots 
Таблица 4. Фазовый состав слитков ТВЭС

Alloy Main phases Secondary phases Impurity phases
S0 MoNb – Al2O3 , NbO
S1 MoNbTa (BCC solid solution) Al2Nb3Mo3 –
S2 MoNbTaCr (BCC1 + BCC2 solid solution) – TaO
S3 MoNbTaCrV (BCC3 solid solution) – NbO
S4 MoNbTaCrZr (FCC + BCC3 solid solution) HCP –
S5 MoNbTaCrHf (BCC4 solid solution) HCP –

Fig 3. XRD patterns of the synthesized RHEA samples (S0–S5) 

Рис. 3. Дифрактограммы синтезированных образцов ТВЭС (S0–S5)
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difference between constituent elements not exceed 
4 %. This condition is not met with Cr addition, which 
explains the formation of a two-phase alloy. 

Introducing a fifth component (V) into alloy S3 
results in the  formation of  a group of  BCC phases, 
collectively referred to  as BCC3 in the XRD pattern. 
The observed reflections are symmetric but significantly 

broadened, indicating the  presence of  multiple BCC 
phases with different elemental compositions and cor-
responding unit cell parameters. Although the  atomic 
radius of V (1.316 Å) is larger than that of Cr, the cri-
teria for single-phase formation are still not satisfied. 
The  peak shift toward higher angles is the  most pro-
nounced in this alloy, suggesting that the average unit 

Fig. 4. Microstructure of alloy S1 (a, b) and elemental distribution maps of the obtained alloy (c–f)
c – combined image of elemental distribution map, d – Mo, e – Nb, f – Ta 

Рис. 4. Микроструктура сплава состава S1 (a, b) и карты распределения элементов полученного сплава (c–f)
c – комбинированное изображение карты распределения элементов, d – Mo, e – Nb, f – Ta

Fig. 5. Microstructure of alloy S2 (a, b) and elemental distribution maps of the obtained alloy (c–g)
c – combined image of elemental distribution map, d – Mo, e – Nb, f – Ta, g – Cr 

Рис. 5. Микроструктура сплава состава S2 (a, b) и карты распределения элементов полученного сплава (c–g)
c – комбинированное изображение карты распределения элементов, d – Mo, e – Nb, f – Ta, g – Cr
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cell parameter of  the  BCC phases in the  five-compo-
nent system is the lowest among the MoNb, MoNbTa, 
and MoNbTaCr alloys.

The addition of  group IV elements (Zr and Hf), 
which have a hexagonal crystal structure, to the four-
component alloy S2 (MoNbTaCr) causes significant 
changes in the  phase composition of  alloys S4 and 
S5, respectively. In the Zr-containing five-component 
alloy S4, the XRD pattern shows, in addition to BCC 
reflections, strong peaks of  an FCC phase (space 
group Fm-3m) and weak peaks of  two hexagonal 
(HCP) phases (space groups P-6m2 and P63/mmc). 
The PDF2 Realize 2022 diffraction database does 
not list compounds containing these elements in 
the  observed combinations with these specific space 
groups. For the Hf-containing alloy S5, intense reflec-
tions of  a  BCC4 phase are observed, with angular 
positions close to those of the BCC3 phase, indicating 
similar unit cell parameters. As in the  Zr-containing 
alloy, weak reflections of two HCP phases are also pre
sent. Clearly, the  formation of  multiphase structures 
in alloys S4 and S5 is a result of the differing crystal 
structures of the alloying elements – BCC for group V 
and VI metals (Mo, Nb, Ta, Cr) and HCP for group IV 
metals (Zr and Hf). Moreover, the atomic radii of Zr 
(1.603 Å) and Hf (1.578 Å) are significantly larger 
than those of the BCC-forming elements.

2.4. Microstructure of the synthesized 2.4. Microstructure of the synthesized 
RHEAs (S1–S5)RHEAs (S1–S5)

Microstructural analysis was performed on pre-
polished cross-sections of  the  cast RHEA samples 
(S1–S5). Elemental distribution maps were obtained 
using energy-dispersive X-ray spectroscopy (EDS). 
The results are shown in Figs. 4–8. 

Microstructural analysis of the cast RHEA samples 
(S1–S5) revealed that the  addition of  modifying ele-
ments (Cr, V, Zr, and Hf) leads to the formation of new 
structural features.

The base alloy S1 (Fig. 4, a, b) exhibits a fairly uni-
form elemental distribution, indicating a single-phase 
microstructure, which is consistent with the  XRD 
results. Elemental mapping (Fig. 4, c–f) shows only 
slight Nb enrichment at the grain boundaries, a com-
mon characteristic of cast materials.

The introduction of  Cr into the  base composition 
(Fig. 5) causes noticeable structural changes in alloy 
S2. The micrographs reveal a two-phase microstruc-
ture, which agrees with the XRD data. This structure 
comprises two BCC solid solutions (see Fig. 3): one 
forms a Cr-rich matrix, and the  other is a Mo-based 
dendritic phase.

With the addition of both Cr and V to the base alloy 
(Fig. 6), alloy S3 exhibits a similar dendritic structure. 
However, the  dendrite arm size is slightly reduced, 
ranging from 5 to 10 µm.

The combined addition of  Cr and Zr to  the  base 
composition leads to  significant changes in the phase 
composition of  alloy S4. According to  the  XRD data 
(Fig. 3), three distinct phases form: two BCC solid 
solutions and one FCC solid solution. However, micro-
structural examination (Fig. 7) shows two clearly dis-
tinguishable components: the  first (Fig. 7, c–h, bright 
regions) exhibits an equiaxed grain structure and is 
based on a Mo–Ta solid solution, while the  second 
forms an intergranular network enriched in Cr and Zr.

In the case of alloy S5, where both Cr and Hf are in
troduced, XRD analysis (Fig. 3) indicates the formation 
of a single-phase BCC solid solution. Microstructural 
observations (Fig. 8) confirm a relatively homogeneous 
distribution of the primary elements. Nevertheless, ele-
mental mapping (Fig. 8, c–h) reveals localized Hf-rich 
precipitates with sizes of  3–5 µm. Chromium is pre
sent as dispersed intragranular particles and thin bands 
along grain boundaries. 

The fine-dispersed microstructure observed in 
alloys S2–S5 is expected to  contribute to  enhanced 
mechanical properties.

The objective of  this study did not include mea-
suring the  physicochemical or mechanical proper-
ties of  the alloys, as the primary goal was to confirm 
the  feasibility of  synthesizing such RHEAs based on 
three refractory components (Mo–Nb–Ta) by centrifu-
gal SHS metallurgy using oxide feedstock. This fea-
sibility was successfully demonstrated, and the  next 
stage of research will focus on establishing structure–
property relationships.

2.5. Oxidation resistance  2.5. Oxidation resistance  
of the synthesized alloys S2–S5of the synthesized alloys S2–S5

The oxidation resistance of the synthesized refrac-
tory high-entropy alloys (RHEAs) S1–S5 (see Table 2) 
was investigated under cyclic heating and holding at 
1000 °C in an air atmosphere. It is worth noting that 
most studies on RHEA oxidation behavior are conducted 
under isothermal conditions. While such conditions are 
suitable for evaluating oxidation kinetics and mecha-
nisms, they do not adequately simulate the  repeated 
heating–cooling cycles that these materials typically 
experience in real-world service environments. 

Disk-shaped samples with a diameter of 8 mm and 
a height of 4 mm were cut from the cast ingots using 
a GX-320L electrical discharge machine (CHMER 
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Fig. 6. Microstructure of alloy S3 (a, b) and elemental distribution maps of the obtained alloy (c–h)
c – combined image of elemental distribution map, d – Mo, e – Nb, f – Ta, g – Cr, h – V 

Рис. 6. Микроструктура сплава состава S3 (a, b) и карты распределения элементов полученного сплава (c–h)
c – комбинированное изображение карты распределения элементов, d – Mo, e – Nb, f – Ta, g – Cr, h – V

Fig. 7. Microstructure of alloy S4 (a, b) and elemental distribution maps of the obtained alloy (c–h)
c – combined image of elemental distribution map, d – Mo, e – Nb, f – Ta, g – Cr, h – Zr 

Рис. 7. Микроструктура сплава состава S4 (a, b) и карты распределения элементов полученного сплава (c–h)
c – комбинированное изображение карты распределения элементов, d – Mo, e – Nb, f – Ta, g – Cr, h – Zr
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EDM, China). The samples were then ground to a sur-
face roughness of Rz = 5, followed by ultrasonic clea
ning in isopropanol.

The oxidation annealing tests were carried out in 
a programmable muffle furnace. The samples were 
placed on alumina ceramic supports and arranged in 
a  “cassette” fixture to  enable convenient and rapid 
insertion/removal from the  furnace. The cassette 
was loaded into a preheated furnace and held accor
ding to  the following schedule: 30 min per cycle dur-
ing the first hour, followed by 1 h cycles until a total 
annealing time of 10 h was reached. After each oxida-
tion cycle, the  samples were air-cooled to  room tem-
perature and weighed using an analytical balance with 
a precision of 0.1 mg. The mass gain per unit surface 
area over time was determined. Oxidation kinetics 
curves were constructed based on the  experimental 
data. The appearance of the samples after 10 h of oxi-
dation is shown in Fig. 9. 

Visual examination revealed that the  S1, S4, and 
S5 alloys underwent complete structural degrada-
tion. In contrast, the S2 alloy showed only partial loss 
of  structural integrity, while the  S3 alloy retained its 

original shape and developed only a dense oxide layer 
on its surface.

Since alloy S3 exhibited the  lowest degree of oxi-
dation, a cross-section of  its sample was prepared 
to investigate the structure of the oxidized and transi-
tional zones. The remaining samples were pulverized, 
and their powders were subjected to  XRD analysis 
(Table 5). The results indicate that in the  oxidized 
alloys S4 and S5, the  primary oxidation product is 
the rutile-type phase CrTaO4 , which forms via a reac-
tion between Cr2O3 and Ta2O5 . According to the litera-
ture [48], unlike conventional oxides such as Al2O3 and 
Cr2O3 – which typically form dense, continuous surface 
layers during high-temperature oxidation of heat-resis-
tant alloys  – CrTaO4 tends to  form as discontinuous 
flakes. Although it does not prevent internal oxidation, 
it effectively hinders the outward diffusion of metallic 
cations. In contrast, another rutile-type oxide, CrNbO4 , 
is known to enhance oxidation resistance  [49], which 
is consistent with our experimental observations: in 
alloy S2 (Mo–Nb–Ta–Cr), CrNbO4 was identified as 
the predominant oxidation phase. As shown in Fig. 9, 
the S2 sample partially retained its shape, in contrast 
to the S1, S4, and S5 alloys.

Fig. 8. Microstructure of alloy S5 (a, b) and elemental distribution maps of the obtained alloy (c–h)
c – combined image of elemental distribution map, d – Mo, e – Nb, f – Ta, g – Cr, h – Hf 

Рис. 8. Микроструктура сплава состава S5 (a, b) и карты распределения элементов полученного сплава (c–h)
c – комбинированное изображение карты распределения элементов, d – Mo, e – Nb, f – Ta, g – Cr, h – Hf
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The mass change data for the  tested samples are 
shown in Figs. 10  and  11. Analysis of  these data 
revealed anomalous behavior in the single-phase base 
alloy S1 (Mo–Nb–Ta). This sample exhibited a signifi-
cant mass loss during annealing (Fig. 10), especially 
within the first 5 h. 

It is well established that Mo-based alloys are sus-
ceptible to oxidation at temperatures above 773 K due 
to the formation of volatile MoO3 . The Mo content in 
alloy S1 is the highest among all samples (34.35 wt. %), 
and notably, it lacks chromium, which can form protec-
tive complex oxides. As a result, the intense oxidation 

Fig. 9. Appearance of the tested RHEA samples after oxidation annealing (T = 1273 K, τ = 10 h)
a – S1 (Mo–Nb–Ta); b – S2 (Mo–Nb–Ta–Cr); c – S3 (Mo–Nb–Ta–Cr–V); d – S4 (Mo–Nb–Ta–Cr–Zr); e – S5 (Mo–Nb–Ta–Cr–Hf) 

Рис. 9. Внешний вид испытуемых образцов ТВЭС после проведения окислительного отжига (T = 1273 К, τ = 10 ч)
a – S1 (Mo–Nb–Ta); b – S2 (Mo–Nb–Ta–Cr); c – S3 (Mo–Nb–Ta–Cr–V); d – S4 (Mo–Nb–Ta–Cr–Zr); e – S5 (Mo–Nb–Ta–Cr–Hf)

Table 5. Phase composition of oxidation products after annealing (Т = 1273 К, τ = 10 h) 
Таблица 5. Фазовый состав окисленных продуктов после отжига (Т = 1273 К, τ = 10 ч)

Alloy Composition Main phase Secondary phases Oxidation

S1 Mo–Nb–Ta MoTa12O33
(PDF2 card #000-89-6894) – Complete

S2 Mo–Nb–Ta–Cr CrNbO4
(PDF2 card #000-81-0909)

Mo13O33
(PDF2 card #000-82-1930),

MoNb (BCC, space group Im-3m,
PDF2 card #000-65-5786)

Partial

S4 Mo–Nb–Ta–Cr–Zr CrTaO4
(PDF2 card #000-39-1428)

TaZr2,75O8
(PDF2 card #000-42-0060),

Mo13O33
(PDF2 card #000-82-1930)

Complete

S5 Mo–Nb–Ta–Cr–Hf
CrTaO4

(PDF2 card #000-39-1428)

Nb4Ta2O15
(PDF2 card #000-15-0114),

HfO2
(PDF2 card #000-53-0560)

Complete
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of  molybdenum leads to  considerable mass loss due 
to  the  volatilization of  Mo. This assumption is sup-
ported by the XRD data.

Analysis of the data presented in Fig. 11 shows that 
the oxidation behavior of the alloys varies both quali-
tatively (mass gain or loss) and quantitatively depend-
ing on their composition. Alloys S4 and S5 exhibited 
the  greatest mass gain during the  first 5 h of  expo-
sure; thereafter, a non-monotonic oxidation trend was 
observed, and at τ > 5 h, they began to  lose mass. 
Among all tested samples, alloy S3 showed the small-
est mass change, which made the  investigation of  its 
structure near the oxidation zone particularly relevant. 

Microstructural analysis based on cross-sectional 
micrographs (Fig. 12) reveals that the  interface 
between the oxidized layer and the bulk alloy is well 
defined. A distinct transition zone is practically absent. 
Elemental distribution data (Fig. 12, c–h) indicate that 
the most significant compositional change in the oxi-
dized layer is observed for Mo, whose concentration 
is minimized due to the volatility of the molybdenum 
oxide. The other elements (Nb, Ta, Cr, and V), accord-
ing to the XRD data, retain their concentrations while 
transitioning to  oxidized states and forming complex 
oxides.

These findings suggest that the  S3 alloy 
(Mo–Nb–Ta–Cr–V) is the  most promising candidate 
for further research. Compared to other compositions 
reported in the  literature, it demonstrates superior 
oxidation resistance  [50]. With further optimization 
of  the  alloying system, its oxidation resistance could 
be improved even more, making this material a strong 
contender for high-temperature applications. As previ-
ously noted, oxidation resistance is just one of the key 

performance parameters for refractory high-entropy 
alloys (RHEAs), and future studies will aim to evaluate 
other relevant properties.

ConclusionConclusion
This study experimentally demonstrated the  feasi-

bility of producing cast refractory high-entropy alloys 
(RHEAs) by self-propagating high-temperature syn-
thesis (SHS) metallurgy  – one of  the  technological 
approaches within the SHS field. Using this method, cast 
RHEAs based on the Mo–Nb–Ta system, alloyed with 
3d-transition metals (Cr, V, Zr, Hf), were obtained for 
the first time directly in situ via SHS. Microstructural 
analysis confirmed that all target elements were suc-
cessfully incorporated and homogeneously distributed 
throughout the  ingot volume. The overall elemental 
concentrations showed only minor deviations from 
the  calculated chemical composition, indicating that 
the synthesis parameters were appropriately selected. 

The introduction of  modifying elements (Cr, V, 
Zr, and Hf) was found to induce the formation of new 
structural features, offering broad opportunities for tai-
loring the microstructure at the synthesis stage.

The experimental data confirm the  potential 
of the investigated cast refractory high-entropy alloys 
(RHEAs) based on the  Mo–Nb–Ta system and sup-

Fig. 10. Mass change of the S1 alloy (Mo–Nb–Ta) sample  
during oxidation annealing (T = 1273 K, τ = 10 h) 

Рис. 10. Изменение массы испытуемого образца сплава S1 
(Mo–Nb–Ta) при окислительном отжиге (T = 1273 К, τ = 10 ч)

Fig. 11. Mass change curves for the S2–S5 alloy samples during 
oxidation annealing (T = 1273 K, τ = 10 h)

Compositions: Mo–Nb–Ta–Cr (S2); Mo–Nb–Ta–Cr–V (S3);  
Mo–Nb–Ta–Cr–Zr (S4); Mo–Nb–Ta–Cr–Hf (S5) 

Рис. 11. Кривые изменения массы испытуемых образцов  
S2–S5 при окислительном отжиге (T = 1273 К, τ = 10 ч)

Составы: Mo–Nb–Ta–Cr (S2); Mo–Nb–Ta–Cr–V (S3);  
Mo–Nb–Ta–Cr–Zr (S4); Mo–Nb–Ta–Cr–Hf (S5)
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port the  feasibility of  the  proposed alloy formation 
method via combustion synthesis using thermite-type 
SHS mixtures. This approach may serve as an effective 
alternative to  energy-intensive vacuum electrometal-
lurgical techniques. In light of  increasingly stringent 
environmental regulations for metallurgical produc-
tion  – including the  need for improved energy effi-
ciency and reduced carbon footprint – the SHS-based 
centrifugal metallurgy method explored in this study 
fully aligns with these objectives. 

It enables the production of cast RHEAs with high 
chemical homogeneity. The proposed method signifi-
cantly simplifies the complex technological challenge 
of producing multicomponent cast RHEAs with cont
rolled composition and targeted microstructural distri-
bution. This can contribute to expanding the scientific 
basis for designing novel high-temperature metallic 
materials based on HEAs and for developing next-
generation high-performance engineering systems.

Oxidation resistance testing revealed that alloy 
S3 (Mo–Nb–Ta–Cr–V) shows the  greatest potential 
for further investigation. Compared to  compositions 
reported by other researchers, it exhibited superior oxi-
dation resistance, making it a promising candidate for 
high-temperature applications. 
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Abstract. Silicon carbide (SiC) and titanium nitride (TiN) are widely used non-oxide ceramics characterized by low density and 

high melting point, hardness, wear resistance, high-temperature strength, and corrosion resistance. However, single-phase silicon 
carbide ceramics have a number of drawbacks that limit their wider application. The main reason for developing TiN–SiC composite 
ceramics lies in the introduction of an electrically conductive TiN phase into the electrically non-conductive silicon carbide phase, 
which makes it possible to  significantly reduce the high specific electrical resistivity of SiC while improving the  sinterability, 
as well as the physical and mechanical properties of SiC-based composite ceramics. This study focuses on improving a simple 
and energy-efficient method of azide self-propagating high-temperature synthesis (SHS) for producing highly dispersed (<1 μm) 
TiN–SiC powder compositions from charge mixtures consisting of sodium azide (NaN3 ), titanium, silicon, and carbon powders, 
through the use of powdered polytetrafluoroethylene (PTFE) as an activating and carbiding additive. The bulk and pressed charges 
were combusted in a reactor under a nitrogen pressure of 3 MPa. The maximum pressure and the yield of solid combustion products 
were measured. The morphology and phase composition of  the combustion products were determined using scanning electron 
microscopy (SEM) and X-ray diffraction (XRD). The use of  the  PTFE additive eliminated the  shortcomings of  the  traditional 
azide SHS of TiN–SiC compositions involving halide salts ((NH4 )2TiF6 , Na2SiF6 , and (NH4 )2SiF6 ). While maintaining the high 
dispersity of the synthesized TiN–SiC powder compositions, their phase composition became much closer to the theoretical one: 
the silicon carbide content in the synthesized TiN–SiC product increased substantially, while the amount of the secondary phase 
of silicon nitride (Si3N4 ) decreased or was completely eliminated. 

Keywords: titanium nitride, silicon carbide, powder compositions, self-propagating high-temperature synthesis (SHS), sodium azide, 
polytetrafluoroethylene (PTFE), combustion products, composition, structure
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Аннотация. Карбид кремния (SiC) и нитрид титана (TiN) относятся к широко используемым неоксидным керамическим мате-

риалам с малой плотностью и высокими значениями температуры плавления, твердости, износостойкости, жаропрочности, 
коррозионной стойкости. Однако керамика из однофазного карбида кремния имеет ряд недостатков, препятствующих 
ее более широкому применению. Наиболее важная причина создания композиционной керамики TiN–SiC заключается 
в  добавлении электропроводной фазы TiN в неэлектропроводную фазу карбида кремния для существенного снижения 
его высокого удельного электрического сопротивления с улучшением при этом спекаемости, физических и механических 
свойств композиционной керамики на основе SiC. Работа посвящена усовершенствованию простого энергосберегающего 
метода азидного самораспространяющегося высокотемпературного синтеза (СВС) композиций высокодисперсных 
(<1 мкм) порошков TiN–SiC из смесей исходных порошковых реагентов (шихт) азида натрия (NaN3 ), титана, кремния 
и  углерода за  счет использования активирующей и карбидизирующей добавки порошкового политетрафторэтилена 
(ПТФЭ). Эти шихты в насыпном и прессованном виде сжигались в реакторе с давлением газообразного азота 3 МПа. 
Измерялись максимальное давление и выход твердых продуктов горения. С применением сканирующей электронной 
микроскопии и рентгенофазового анализа определялись морфология и фазовый состав продуктов горения. Использо-
вание добавки ПТФЭ позволило устранить недостатки традиционного азидного СВС композиций TiN–SiC с примене-
нием галоидных солей (NH4)2TiF6 , Na2SiF6 и (NH4)2SiF6 . При сохранении высокой дисперсности синтезированных компо-
зиций порошков TiN–SiC их фазовый состав стал значительно ближе к теоретическому составу, существенно увеличилось 
содержание карбида кремния в синтезированном продукте TiN–SiC при уменьшении содержания или полном устранении 
примеси побочной фазы нитрида кремния Si3N4 .

Ключевые слова: нитрид титана, карбид кремния, композиции порошков, самораспространяющийся высокотемпературный 
синтез, азид натрия, политетрафторэтилен, продукты горения, состав, структура
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Применение политетрафторэтилена 
в азидном самораспространяющемся 

высокотемпературном синтезе высокодисперсной смеси 
керамических порошков TiN–SiC
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IntroductionIntroduction
Silicon carbide (SiC) is one of  the  most widely 

used non-oxide ceramic materials due to  its low den-
sity (3100 kg/m3) and high values of  such properties 
as melting point (refractoriness), hardness, wear resis-
tance, thermal conductivity, dimensional thermal sta-
bility, high-temperature strength, heat resistance, and 
corrosion resistance. As a result, its application range 
extends from traditional uses – abrasive and cutting tool 
materials, mechanical seals, brake discs, turbine com-
ponents, catalyst supports, heating elements, carbon 
and silicon sources for steelmaking, filters for molten 
metals and gases, and foundry crucibles  – to  modern 
applications such as composite armor for military vehi-

cles and bulletproof vests, semiconductor processing 
components, mirror substrates for astronomical tele-
scopes and other optical systems, matrices and clad-
dings for nuclear fuel particles, and power electronic 
devices [1; 2].

However, single-phase silicon carbide ceramics have 
several drawbacks that limit their practical use [3]. First, 
SiC exhibits relatively low flexural strength (on ave
rage 450 MPa) and fracture toughness (2.8 MPa·m1/2), 
which makes it brittle under impact loading. It is gene
rally believed that increasing impact strength would 
enable silicon carbide to compete with structural mate-
rials based on silicon nitride, which exhibit higher 
flexural strength (around 750 MPa) and fracture tough-
ness (approximately 5.3 MPa·m1/2)  [4; 5]. Second, 

Powder Metallurgy аnd Functional Coatings. 2025;19(5):36–50 
Uvarova I.A., Amosov A.P., and etc. Application of polytetrafluoroethylene in azide self-propagating ...

mailto:egundor@yandex.ru
https://powder.misis.ru/index.php/jour/search/?subject=нитрид титана
https://powder.misis.ru/index.php/jour/search/?subject=карбид кремния
https://powder.misis.ru/index.php/jour/search/?subject=композиции порошков
https://powder.misis.ru/index.php/jour/search/?subject=самораспространяющийся высокотемпературный синтез
https://powder.misis.ru/index.php/jour/search/?subject=самораспространяющийся высокотемпературный синтез
https://powder.misis.ru/index.php/jour/search/?subject=азид натрия
https://powder.misis.ru/index.php/jour/search/?subject=политетрафторэтилен
https://powder.misis.ru/index.php/jour/search/?subject=продукты горения
https://powder.misis.ru/index.php/jour/search/?subject=состав
https://powder.misis.ru/index.php/jour/search/?subject=структура
https://doi.org/10.17073/1997-308X-2025-5-36-50
mailto:egundor%40yandex.ru?subject=


38

the  extremely high melting point of  silicon carbide 
(2730–2830 °C, with decomposition) caused by strong 
covalent bonding and low atomic self-diffusion results in 
poor sinterability of SiC powders. Therefore, very high 
temperatures of 2100–2200 °C are required during pres-
sureless solid-state sintering, which leads to a  coarser 
microstructure and deterioration of mechanical proper-
ties [4; 6]. Third, the high specific electrical resistivity 
of  silicon carbide (106–1011 Ω·cm), typical of  a semi-
conductor, prevents the fabrication of complex-shaped 
components by the  cost-effective method of  electri-
cal discharge machining (EDM). Instead, mechanical 
machining of high-hardness SiC (20–30 GPa) requires 
expensive diamond tools, which also restricts its 
broader application  [4; 7]. Moreover, when SiC cera
mics are used as the  friction pair in mechanical face 
seals, the specific (volume) electrical resistivity must be 
below ~103 Ω·cm to prevent triboelectric charge accu-
mulation generated by rubbing of the mating end-faces 
during operation, which can trigger electrochemical 
corrosion and accelerate wear [8]. 

To date, extensive efforts have been made to over-
come the  aforementioned drawbacks of  single-phase 
SiC ceramics by introducing secondary-phase additives, 
applying various processing and sintering technologies, 
using silicon carbide powders of  different polytypes 
(α-SiC and β-SiC modifications) and dispersities, as well 
as adopting other approaches [1–9]. As a result, the most 
effective solution has been found to be the  incorpora-
tion of secondary phases, i.e., the transition from single-
phase SiC ceramics to SiC-based composite ceramics. 
Numerous studies have demonstrated that the addition 
of oxide, carbide, boride, and nitride phases enhances 
the sinterability and improves the physical and mecha
nical properties of SiC-based ceramics [6; 9].

Two main sintering methods for SiC ceramics 
involving additives are solid-state sintering and liquid-
phase sintering. Solid-state sintering requires additives 
that reduce the energy barrier for SiC densification [6]. 
Carbon, boron, aluminum, titanium carbide (TiC), 
boron carbide (B4C), and titanium diboride (TiB2 ) 
are among the  most widely used additives in this 
system  [8–13]. However, even with these additives, 
the sintering temperature remains high, and achieving 
full densification of  SiC continues to  be a challeng-
ing task  [6; 9]. Moreover, SiC ceramics containing 
carbon or graphene are unsuitable for semiconductor-
processing components because carbon contamination 
adversely affects subsequent chemical vapor deposition 
(CVD) procedures. Similarly, aluminum-containing 
additives may be get into finished semiconductor pro
ducts and worsen their performance characteristics [7].

Liquid-phase sintering is the most common method 
for producing SiC components. A liquid phase pro-

motes faster mass transport, shortens sintering time, and 
lowers the sintering temperature to 1800–1900 °C [4; 6]. 
The final product generally exhibits a homogeneous, 
fine-grained microstructure and acceptable physical 
and mechanical properties. A widely used additive is 
an alumina–yttria mixture with the 5Al2O3:3Y2O3 stoi-
chiometry; under sintering conditions it forms a  tran-
sient liquid that crystallizes to yttrium aluminum garnet 
(YAG, Al5Y3O12 ), promoting densification and lower-
ing the  sintering temperature. Consequently, YAG for-
mation increases density and enhances the mechanical 
properties of SiC ceramics through several toughening 
mechanisms, including crack deflection, crack brid
ging, phase transformation, grain-boundary streng
thening, and a shift of the fracture mode from intergra
nular to  transgranular  [6]. In recent years, in addition 
to  the  Al2O3–Y2O3 system, other additives have been 
used to  further improve the  mechanical and physical 
properties and refine the  microstructure of  SiC-based 
ceramics. These include MgO, CaO, TiO2 , La2O3 , and 
SiO2 from the oxide group; TiC from the carbide group; 
TiB2 and ZrB2 from the boride group; and AlN and TiN 
from the nitride group [4; 6; 9]. Each of these additives 
imparts specific characteristics to SiC ceramics, gener-
ally inhibiting matrix grain growth, enhancing mechani-
cal performance, and activating toughening mechanisms. 

One of  the  most promising approaches for pro-
ducing SiC ceramics suitable for electrical discharge 
machining is nitrogen doping (N-doping) of  the  SiC 
crystal lattice [7]. Nitrogen doping through the  liquid 
phase can reduce the specific (volume) electrical resis-
tivity of  sintered SiC ceramics by up to  ten orders 
of magnitude (from 108 to 10–2 Ω·cm) [14]. N-doping 
can be achieved either by sintering in a nitrogen atmo-
sphere or by introducing nitride additives as a nitro-
gen source. However, gaseous N2 inhibits mass trans-
port and results in low density of  sintered SiC cera
mics  [15], making the  use of  nitride-phase additives 
more promising. Importantly, adding 1 wt. % AlN low-
ers the  specific (volume) electrical resistivity of  SiC 
ceramics by four orders of magnitude – from 1.7·105 
to  8.3·101 Ω·cm  – but introduces undesirable alumi-
num impurities into the  SiC matrix  [16]. In contrast, 
the  addition of  50 vol. % TiN decreases the  specific 
electrical resistivity by nine orders of  magnitude  – 
from 2.0·105 Ω·cm (0 % TiN) to  2.0·10–4 Ω·cm in 
the  SiC–50 vol. % TiN composite  – due to  the  com-
bined beneficial effects of N-doping and the electrically 
conductive TiN grain boundaries [4; 17].

Given these considerations, let us focus more 
closely on the use of titanium nitride (TiN) powder as 
an additive – that is, on TiN–SiC ceramic composites. 
Like silicon carbide, titanium nitride has a high melting 
point (2950 °C), good corrosion resistance, and rela-
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tively high hardness (20 GPa). However, TiN differs 
fundamentally from SiC in its very low specific electri-
cal resistivity (2.2·10–5 Ω·cm)  [18]. This key distinc-
tion determines the  main interest in using an  electri-
cally conductive TiN ceramic phase as an additive 
to  the  non-conductive SiC ceramic matrix  – to  sig-
nificantly reduce its high specific electrical resistivity 
(106–1011 Ω·cm) to below 103 Ω·cm, while simultane-
ously improving the sinterability and the physical and 
mechanical properties of SiC-based ceramics [6; 7; 9].

The first studies in this area investigated the effect 
of  nano-TiN additions on sintering behavior, micro-
structure, and mechanical properties of  SiC cera
mics  [19; 20]. A powder mixture consisting of  α-SiC 
(particle size 0.5–1.0 µm) as the matrix, 0–15 wt. % TiN 
nanoparticles (average particle size 20 nm) as the rein-
forcing phase, and 10 wt. % of  sintering additives 
(5Al2O3 + 3Y2O3 ) was cold-isostatically pressed 
at 250 MPa into rectangular bars and subsequently 
liquid-phase-sintered at 1950 °C for 15 min and then 
at 1850 °C for 1 h  [19]. It was shown that the  addi-
tion of  TiN nanoparticles suppressed grain growth 
in the  ceramics, and that reactions of  TiN with SiC 
and of Al2O3 with the formation of new TiC and AlN 
phases, within a certain range of TiN content, improved 
the properties of SiC ceramics. The composition con-
taining 5 wt. % nano-TiN exhibited the most homoge-
neous microstructure, the highest density, and a flexural 
strength of 686 MPa. The beneficial effect of nano-TiN 
addition was also demonstrated in another study  [20] 
for pressureless-sintered SiC ceramics: the  Vickers 
hardness increased from 18.19 to 26.65 GPa, flexural 
strength varied from 416 to 1122.81 MPa, and the maxi
mum fracture toughness reached 8.69 MPa·m1/2. 

However, later research indicated that the  use 
of nanopowders in fabricating SiC-based ceramics com-
plicates processing and increases production costs due 
to the high price of the initial nanopowders [4; 13; 21]. 
Therefore, studies began to employ coarser and more 
affordable highly dispersed TiN powders with par-
ticle sizes up to  1 µm. SiC-based ceramic samples 
were produced by hot pressing at 2000 °C for 3 h 
under a nitrogen gas pressure of 40 MPa from a pow-
der mixture of  β-SiC (~0.5 µm), 2 or 4 vol. % TiN 
(~1 µm), and 2 vol. % Y2O3 as a sintering aid  [21]. 
Phase-composition and microstructural analyses 
of the sintered samples revealed predominantly β-SiC 
grains with traces of α-SiC and Ti2CN clusters located 
between β-SiC grains. The highly conductive in-situ-
formed Ti2CN clusters significantly reduced the  spe-
cific electrical resistivity of the SiC ceramics to 2.4·10–3 
and 1.8·10–4 Ω·cm for 2 and 4 vol. % TiN, respec-
tively. In a subsequent study by the same group [17], 
SiC–Ti2CN composites were fabricated by pressure-

less sintering at 1950 °C in a nitrogen atmosphere 
from powder mixtures containing 0, 3, 12, 20, and 
25 vol. % TiN. All ceramic composite samples were 
sintered to a density of at least 98 % of the theoretical 
value, and their specific electrical resistivity decreased 
with increasing TiN content, reaching a minimum 
of 8.6·10–4 Ω·cm at 25 vol. % TiN. The high electrical 
conductivity of the composites was attributed to in-situ 
synthesis of  the conductive Ti2CN phase and to grain 
growth of nitrogen-doped SiC during pressureless sin-
tering. The sample containing 25 vol. % TiN exhibited 
a flexural strength of  430 MPa, fracture toughness 
of  4.9 MPa·m1/2, and Vickers hardness of  23.1 GPa 
at room temperature. 

In [4], SiC-based ceramic composites were fab-
ricated by hot pressing at 1900 °C from SiC powder 
(~0.7 µm) with various TiN contents (0–50 wt. %, 
0.8–1.2 µm), using Al2O3 and Y2O3 as sintering addi-
tives. The resulting composites reached densities above 
98 % of  the  theoretical value. The specific electrical 
resistivity decreased from 2.0·105 Ω·cm (0 % TiN) 
with increasing TiN content and reached a plateau 
at 2.0·10–4 Ω·cm for 40–50 wt. % TiN. At the same time, 
flexural strength gradually increased with the TiN con-
tent, attaining a maximum of 921 MPa at 40 wt. % TiN 
compared with 616 MPa for the original SiC (0 % TiN). 

Additional results on the  use of  TiN additives 
were obtained for SiC ceramics produced by solid-
state pressureless sintering in a graphite resis-
tance furnace at a  significantly higher temperature 
of  2100 °C for 2 h in a  flowing argon atmosphere. 
The samples were prepared from pre-pressed pow-
der mixtures of  α-SiC (~0.5 µm) + 1–10 wt. % TiN 
(~1 µm) + 2.5 % C + 0.7 % B4C (~0.5 µm)  [7]. A TiN 
content up to  1 wt. % resulted in relative densities 
above 97 %, whereas further increase in TiN concent
ration led to the formation of large residual pores and 
a sharp decrease in relative density. For example, 
at  ≥5 wt. % TiN, the  density dropped to  about 60 %, 
presumably due to  the detrimental effect of excessive 
N2 evolution during TiN decomposition. Nitrogen 
doping derived from TiN reduced the  specific elect
rical resistivity by only one order of  magnitude  – 
to 9.0·106 Ω·cm at 1 wt. % TiN. 

Thus, the  effect of  TiN addition on the  properties 
of SiC-based ceramics strongly depends on the  fabri-
cation method, the  composition of  the  initial powder 
mixtures, and the amount of TiN added. The most posi-
tive results – namely, a substantial decrease in specific 
electrical resistivity and improvement of  mechanical 
properties  – were achieved by hot pressing and pres-
sureless sintering in a nitrogen atmosphere at tempera-
tures not exceeding 2000 °C, using mixtures of highly 
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dispersed SiC and TiN powders (≤1–2 µm) with Al2O3 
and Y2O3 as sintering additives and TiN contents 
from 1 to 50 wt. %.

In all the above studies, SiC–TiN ceramic compo
sites were produced using the simplest and most com-
mon ex situ approach, which involves mechanical mix-
ing of pre-synthesized SiC and TiN powders, followed 
by compaction and sintering. However, fine ceramic 
powders are costly; for instance, industrial-scale pro-
duction of  highly dispersed TiN powders requires 
complex equipment and energy-intensive plasma-
chemical or vapor-phase reduction processes, in which 
titanium tetrachloride vapors are reduced by ammonia 
at 900–1000 °C [22; 23]. Furthermore, pre-synthesized 
fine powders are difficult to  mix mechanically into 
a  homogeneous composition because their particles 
tend to form strong agglomerates that are hard to break 
apart. For these reasons, an in-situ approach  – based 
on the chemical synthesis of SiC and TiN powder par-
ticles directly within the composite from inexpensive 
starting reagents with uniform mixing – is considered 
more promising for the production of highly dispersed 
SiC–TiN composite powders [24–26]. To be fair, in-situ 
methods are currently used only under laboratory con-
ditions and have not yet been adopted in industrial 
practice, where single-phase ceramic powders are still 
manufactured and composite powders are obtained 
by the  traditional ex-situ route of  mechanical mixing 
and milling of their single-phase components [25; 26]. 
Nevertheless, in-situ chemical synthesis methods for 
composite highly dispersed powders are considered 
advanced and strategically important, warranting fur-
ther development and industrial implementation. Once 
this goal is achieved, high-quality composite highly 
dispersed powders will become commercially avai
lable, leading to  significant improvements in the per-
formance characteristics of  the  resulting composite 
ceramics [25; 26].

Among in-situ chemical synthesis methods for pro-
ducing highly dispersed ceramic powders and their 
composites, the  self-propagating high-temperature 
synthesis (SHS) method stands out for its simplicity 
and energy efficiency. It is based on the  combustion 
of  mixtures of  inexpensive starting reagents  [27–29]. 
Reference  [29] presents earlier results, obtained with 
the  participation of  the  present authors, on the  appli-
cation of the azide variant of SHS to Si–Ti–C–NaN3–
halide-salt systems. The charge mixtures consisted 
of silicon (Si), titanium (Ti), technical carbon (C), and 
sodium azide (NaN3 ) as the  nitriding reagent, with 
halide salts – (NH4 )2TiF6 , Na2SiF6 , and (NH4 )2SiF6 –
serving as activating and gasifying additives. To synthe-
size highly dispersed TiN–SiC powder compositions at 
five molar ratios of the target phases – TiN:SiC = 4:1, 

2:1, 1:1, 1:2, and 1:4 – the corresponding stoichiomet-
ric equations were formulated, for example

2Si + Ti + 6NaN3 + (NH4 )2TiF6 + 2C =

= 2TiN + 2SiC + 6NaF + 4H2 + 9N2 .

Of the 15 stoichiometric equations derived, only one 
is shown here for brevity – the equation using the halide 
salt (NH4 )2TiF6 corresponding to  the  TiN:SiC = 1:1 
molar ratio of  the  target phases. The charge mixtures 
of  the starting reagents corresponding to  these 15 stoi
chiometries were combusted in bulk in an azide SHS 
reactor under a nitrogen pressure of 4 MPa. After cooling, 
the combustion products were removed from the reactor, 
disintegrated to a bulk powder form in a porcelain mortar, 
and washed with water to remove the by-product sodium 
fluoride (NaF). In most cases, the  combustion product 
was a highly dispersed powder of  complex composi-
tion, consisting of a mixture of submicron (0.1–1.0 µm) 
equiaxed particles and fibers. The  phase composition 
of  the  washed combustion products is summarized in 
Table 1, in comparison with the  theoretical composi-
tion of the TiN–SiC target phases at various molar ratios 
according to the 15 stoichiometric equations.

According to  Table 1, the  phase compositions 
of  the  synthesized TiN–SiC powders differed mar
kedly from the  theoretical predictions. The content 
of silicon carbide was much lower – or even absent – 
ranging from 0 to 49.4 wt. % instead of the theoretical 
13.9–72.1 wt. %. In addition, a considerable amount 
of the secondary silicon nitride phase (12.3–54.2 wt. %) 
in α- and β-modifications was observed, despite its 
absence in the  theoretical composition. The forma-
tion of SiC was especially limited, or completely sup-
pressed, when the  halide salt (NH4 )2TiF6 was used. 
It is also noteworthy that the azide SHS products con-
tained only minor amounts of  free silicon and carbon 
(≤1.4 wt. %) or none at all.

Reference [29] also reports that using the  tradi-
tional azide SHS route with gasifying halide activa-
tors  – (NH4 )2SiF6 , AlF3 , and NH4F  – to  synthesize 
AlN–SiC powders led to systematic deviations between 
the  experimental and theoretical phase compositions 
across AlN:SiC molar ratios of 4:1, 2:1, 1:1, 1:2, and 
1:4. On average, the  SiC content was approximately 
half of  the  theoretical value, and substantial amounts 
of the undesired secondary phase Si₃N₄ were detected. 
These issues were recently addressed in our study [30] 
by replacing the  halide activators with powdered 
polytetrafluoroethylene (PTFE, (C2F4)n) used as an 
activating carbiding additive in the azide SHS synthe-
sis of AlN–SiC powders. Partially substituting 0.1 mol 
of carbon with 0.05 mol of PTFE in the carbiding mix-
ture (0.9C + 0.05C2F4 ), together with sodium azide as 
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the  activating nitriding agent in an amount sufficient 
to  neutralize the  fluorine released upon complete 
PTFE decomposition, preserved the  high dispersity 
of the synthesized AlN–SiC powders and brought their 
phase composition – particularly for pressed charges – 
much closer to the theoretical one. The SiC phase frac-
tion increased substantially, and the undesired silicon 
nitride phases were eliminated.

A similar approach  – partial substitution of  0.3 mol 
of carbon with 0.15 mol of PTFE in the carbiding mixture 
(0.7C + 0.15C2F4 ) – was used in our recently published 
work  [31] to  synthesize highly dispersed Si3N4–SiC 
powder compositions by azide SHS, yielding a phase 
composition close to the theoretical stoichiometry. 

Considering these results, in the present study – aim-
ing to bring the composition of the synthesized highly 
dispersed TiN–SiC powder mixture closer to the theo-
retical one by increasing the  SiC phase content and 
removing the  undesired secondary Si3N4 phase  – we 
analogously used partial substitution of  carbon with 
PTFE, instead of  halide salt additives, in the  initial 
Azide SHS reagent mixture, and investigated the com-
bustion products of the Si–Ti–NaN3–C–C2F4 system. 

Research methodologyResearch methodology
The following starting reagents were used in 

the  study (hereafter in wt. %): silicon powder, grade 
Kr00 (main component ≥99.9 %, mean particle size 
d = 40 µm); titanium powder, grade PTOM-1 (98.0 %, 
d = 30 µm); sodium azide powder, analytical grade 
(≥98.71 %, d = 100 µm); polytetrafluoroethylene 
(PTFE) powder, grade PN-40 (≥99.0 %, d = 40 µm); 
and technical carbon black, grade P701 (≥88.0 %, 
d = 70 nm, agglomerates up to 1 µm).

As in  [30; 31] and following  [32; 33], to  increase 
the silicon carbide content in the synthesized TiN–SiC 
composites, technical carbon was partially replaced 
by PTFE in amounts of 5, 10, and 15 %. This corres
ponded to the following carbiding mixtures of carbon 
and PTFE, each equivalent to  one mole of  carbiding 
carbon:

		      0.9C + 0.05C2F4 ,	 (A)

		       0.8C + 0.1C2F4 ,	 (B)

		      0.7C + 0.15C2F4 .	 (C)

Table 1. Theoretical and experimental phase composition  
of washed solid products of azide SHS of the TiN–SiC composition [29] 
Таблица 1. Теоретический и экспериментальный фазовые составы  

промытых твердых продуктов азидного СВС композиции TiN–SiC [29] 

TiN:SiC
(mol)

Content, wt. %
Theoretical Experimental

TiN SiC TiN SiC α-Si3N4 β-Si3N4 Si C
Halide salt (NH4)2TiF6

4:1 86.1 13.9 87.7 – 5.6 6.7 – –
2:1 75.6 24.4 80.0 – 14.0 6.0 – –
1:1 60.7 39.3 45.8 – 49.8 4.4 – –
1:2 43.6 56.4 41.2 6.4 43.9 7.6 0.9 –
1:4 27.9 72.1 28.8 19.9 42.5 7.4 1.4 –

Halide salt (NH4)2SiF6

4:1 86.1 13.9 61.0 4.0 27.0 7.0 1.0 –
2:1 75.6 24.4 71.0 – 18.0 9.0 1.2 0.8
1:1 60.7 39.3 54.7 16.0 17.4 11.9 – –
1:2 43.6 56.4 40.0 31.0 19.0 9.0 1.0 –
1:4 27.9 72.1 24.2 49.4 21.1 5.0 0.3 –

Halide salt Na2SiF6

4:1 86.1 13.9 76.0 – 19.0 5.0 – –
2:1 75.6 24.4 64.0 10.0 17.0 9.0 – –
1:1 60.7 39.3 54.0 20.0 15.0 11.0 – –
1:2 43.6 56.4 42.0 34.0 16.0 8.0 – –
1:4 27.9 72.1 23.0 49.0 21.0 6.0 1.0 –
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Sodium azide (NaN3) was added to  the  charge in 
an amount sufficient to neutralize the fluorine released 
during complete PTFE decomposition and to  bind it 
into water-soluble sodium fluoride (NaF), which can 
be readily removed from the  azide SHS product by 
washing with water. Consequently, the  stoichiometric 
equations of azide SHS for the TiN–SiC target phases 
at five molar ratios (TiN:SiC = 4:1, 2:1, 1:1, 1:2, and 
1:4) were derived for carbiding mixtures (A)–(C) con-
taining PTFE, assuming combustion in gaseous nitro-
gen, as follows:

for carbiding mixture (A):

4Ti + Si + 0.9C + 0.05C2F4 + 0.2NaN3 +
	    + 1.7N2 = 4TiN + SiC + 0.2NaF,	 (1)

2Ti + Si + 0.9C + 0.05C2F4 + 0.2NaN3 +
	     + 0.7N2 = 2TiN + SiC + 0.2NaF,	 (2)

Ti + Si + 0.9C + 0.05C2F4 + 0.2NaN3 +
	      + 0.2N2 = TiN + SiC +0.2NaF,	 (3)

Ti + 2Si + 1.8C + 0.1C2F4 + 0.4NaN3 =
	     = TiN + 2SiC + 0.4NaF + 0.1N2 ,	 (4)

Ti + 4Si + 3.6C + 0.2C2F4 + 0.8NaN3 =
	     = TiN + 4SiC + 0.8NaF + 0.7N2 ;	 (5)

for carbiding mixture (B):

4Ti + Si + 0.8C + 0.1C2F4 + 0.4NaN3 +
	     + 1.4N2 = 4TiN + SiC + 0.4NaF,	 (6)

2Ti + Si + 0.8C + 0.1C2F4 + 0.4NaN3 +
	     + 0.4N2 = 2TiN + SiC + 0.4NaF,	 (7)

Ti + Si + 0.8C + 0.1C2F4 + 0.4NaN3 =
	     = TiN + SiC + 0.4NaF + 0.1N2 ,	 (8)

Ti + 2Si + 1.6C + 0.2C2F4 + 0.8NaN3 =
	    = TiN + 2SiC + 0.8NaF + 0.7N2 ,	 (9)

Ti + 4Si + 3.2C + 0.4C2F4 + 1.6NaN3 =
	    = TiN + 4SiC + 1.6NaF + 1.9N2 ;	 (10)

for carbiding mixture (C):

4Ti + Si + 0.7C + 0.15C2F4 + 0.6NaN3 +
	    + 1.1N2 = 4TiN + SiC + 0.6NaF,	 (11)

2Ti + Si + 0.7C + 0.15C2F4 + 0.6NaN3 +
	    + 0.1N2 = 2TiN + SiC + 0.6NaF,	 (12)

Ti + Si + 0.7C + 0.15C2F4 + 0.6NaN3 =
	       = TiN + SiC + 0.6NaF + 0.4N2 ,	 (13)

Ti + 2Si + 1.4C + 0.3C2F4 + 1.2NaN3 =
	      = TiN + 2SiC + 1.2NaF + 1.3N2 ,	 (14)

Ti + 4Si + 2.8C + 0.6C2F4 + 2.4NaN3 =
	      = TiN + 4SiC + 2.4NaF + 3.1N2 .	 (15)

The reagent mixtures corresponding to  equations 
(1)–(15), with masses ranging from 23 to  37 g (ave
rage 30 g), were combusted in a 4.5 L azide SHS reac-
tor under an initial nitrogen pressure of  P0 = 3 MPa. 
Combustion was performed in two forms: as a bulk 
charge, placed in a tracing-paper crucible (30 mm 
in diameter and 45 mm in height), and as briquetted 
charges, compacted under 7 MPa into cylindrical pel-
lets measuring 30 mm in diameter and approximately 
22 mm in height. (The nitrogen pressure of  3 MPa 
and the  briquette compaction pressure of  7 MPa for 
a 30 mm charge diameter were selected according 
to  [33], which demonstrated that under these condi-
tions partial replacement of carbon with PTFE ensures 
the complete course of  the silicon carburization reac-
tion and the formation of SiC particles with an average 
size of about 200 nm). Combustion was initiated using 
a tungsten spiral heater. The maximum gas pressure 
(Pmax ) in the reactor during combustion was recorded 
using a manometer. After cooling, the  combustion 
products were removed from the reactor, disintegrated 
to a bulk powder form in a porcelain mortar, and washed 
with water to  remove the  byproduct sodium fluoride 
(NaF). The dried and washed combustion product was 
weighed, and the mass loss (Δm, %) was determined as 
the difference between the initial charge mass (m0 ) and 
the mass of  the washed product (mk ). This mass loss 
was interpreted as the scattering of part of the solid syn-
thesis products beyond the charge volume due to gases 
intensively released during combustion. (This estima-
tion of product scattering is approximate, since it does 
not account for the formation of NaF in the products or 
for the consumption or release of gaseous nitrogen in 
the reactor according to equations (1)–(15). However, 
because this approach was used in our previous stu
dies [30; 31], it is retained here to ensure comparability 
of the product-scattering data. The validity of this esti-
mation will be discussed later in the following sections 
of the paper).

The phase composition of the synthesized products 
was analyzed using an ARL X’TRA powder X-ray dif-
fractometer (Thermo Fisher Scientific, Switzerland) 
equipped with a Cu anode X-ray tube. The diffraction 
patterns were processed, and the  phase composition 
was determined by the  Rietveld refinement method 
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using the  HighScore Plus software package and 
the  COD-2024 crystallographic database. The mor-
phology and particle size of  the  synthesized powders 
were examined with a JSM-6390A scanning electron 
microscope (JEOL, Japan).

Results and discussionResults and discussion
The experimentally determined maximum reactor 

pressure (Pmax), mass loss (∆m) for the bulk and pressed 
powder charges of  reactions (1)–(15), and the  phase 
compositions of the washed solid combustion products 
are summarized in Table 2 as average values from three 
repeated experiments for each charge.

A comparison between the experimental phase com-
positions of  the  washed solid products of  the  Azide 
SHS reactions for TiN–SiC compositions (Tables 1 
and  2) reveals a marked difference between the  two 
sets of  results. Table 2 shows that partial substitu-
tion of  technical carbon with PTFE led to  the  forma-
tion of  a  considerably higher fraction of  silicon car-
bide (13–72 %), compared to  the  use of  halide salts 
(0–49.4 % SiC, Table 1). Whereas some compositions 
in Table 1 show complete absence of  SiC (0 %), all 
samples in Table 2 contained measurable SiC. Notably, 
the  experimentally obtained SiC contents (13–72 %) 
in Table 2 are very close to  their theoretical values 
(13.9–72.1 %) calculated from the stoichiometric equa-
tions. A similar trend is observed for the  secondary 
silicon nitride (Si3N4 ) phase in α- and β-modifications. 
While the  total Si3N4 content in Table 1 reached 
12.3–54.2 %, its amount in Table 2 was much lower 
(0–18 %) and, in several cases, completely absent, in 
line with theoretical predictions. Table 2 also indicates 
that free carbon impurities were entirely absent, and 
free silicon was either undetected or present in trace 
amounts, not exceeding a few tenths of  a percent. 
Only four of  the  thirty analyzed samples contained 
1.0–3.3 % Si. Overall, the  data in Table 2 show that 
the  experimental phase compositions of  the TiN and 
SiC target phases obtained via azide SHS using PTFE 
correspond much more closely to the theoretical stoi-
chiometric predictions than those achieved by the tra-
ditional Azide SHS process with halide additives 
(NH4 )2TiF6 , Na2SiF6 , and (NH4)2SiF6 [29].

However, Table 2 also shows very large mass losses 
(product scattering) during combustion, particularly 
for bulk charges (42.0–88.7 %), with noticeably lower 
values for pressed charges (17.7–77.5 %). In con-
trast, in traditional azide SHS processes, these values 
were much smaller  – for example, 4.2–10.4 % for 
Si3N4–SiC synthesis from bulk charges using the halide 
salt NH4F  [34]. The mass losses observed here for 
TiN–SiC are also significantly higher than those 

reported for AlN–SiC compositions synthesized using 
carbiding mixture (A) with PTFE  – 0.2–38.9 % for 
bulk charges and 0.1–26.3 % for pressed charges [30]. 
Meanwhile, the  mass losses of  the  solid products 
obtained for mixture (C) are comparable to  those 
reported for Si3N4–SiC synthesized with the same mix-
ture – 57.0–81.4 % for bulk charges and 12.6–80.4 % 
for pressed charges [31].

We now consider how including NaF formation in 
the  products and the  consumption or release of  gas-
eous nitrogen in the  reactor affects the  calculated 
mass loss of  the combustion products. First, consider 
reaction (1), which consumes gaseous nitrogen, using 
a  bulk charge that showed a large product-scattering 
loss of 73.5 % (Table 2). For this reaction, the charge 
mass was m0 = 37.23 g, and the  mass of  the  washed 
product was mk = 9.83 g. On the  right-hand side 
of  equation  (1), 0.2 NaF corresponds to  2.92 %, or 
0.29 g, relative to  the  mass of  4TiN + SiC equal 
to  9.83 g. Thus, the  unwashed product mass equals 
10.12 g, and when the NaF mass is taken into account, 
the product mass loss decreases from 73.5 to 72.8 %. 
The correction for nitrogen consumption is made based 
on the  left-hand side of  equation  (1), where 1.7 N2 
accounts for 19.13 %, or 7.12 g, of  the  total charge 
mass of 37.23 g. When the consumed nitrogen is taken 
into account, the  total mass of  the  initial reactants on 
the left-hand side of equation (1) increases to 44.35 g. 
Consequently, the estimated mass loss of the unwashed 
product  – including the  NaF mass  – rises from 72.8 
to  77.2 %. Thus, accounting for the  mass of  NaF 
formed in the product and for the nitrogen consumed 
in the  reactor changes the  approximate product mass 
loss value of 73.5 % to more accurate estimates of 72.8 
and 77.2 %, respectively. However, this difference is 
negligible at high product-loss levels. 

For the  average product loss value in Table 2  – 
an  approximate estimate of  29.5 % for reaction  (11) 
with a pressed charge – similar calculations show that 
accounting for NaF formation in the  product and for 
the  mass of  nitrogen consumed yields more accurate 
product-loss estimates of  23.3 and 30.8 %, respec-
tively. When only NaF formation is taken into account, 
the calculated value of 23.3 % is noticeably lower than 
the  approximate estimate of  29.5 %; however, when 
both factors (NaF and N2 ) are included, the  resulting 
value of 30.8 % differs insignificantly from the approx-
imate estimate of 29.5 %.

For the  minimum scattering-related mass loss  – 
an approximate estimate of 17.7 % for reaction (3) with 
a pressed charge – accounting only for NaF formation 
likewise gives a noticeably lower value of  10.9 %. 
However, when both NaF formation and nitrogen con-
sumption are taken into account, the  resulting value 
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Table 2. Combustion parameters of charge mixtures for reactions (1)–(15)  
and theoretical and experimental phase compositions of washed solid products  

for bulk and pressed charges 
Таблица 2. Параметры горения шихт реакций (1)–(15) и теоретический  

и экспериментальный фазовые составы промытых твердых продуктов реакций  
для насыпных и прессованных шихт

Reaction 
equation

TiN:SiC
(mol)

Pmax , 
MPa

∆m, 
%

Phase composition of reaction products, wt. %
Theoretical Experimental

TiN SiC TiN SiC α-Si3N4 β-Si3N4 Si Other
Bulk charges

Carbiding mixture (A) 
(1) 4:1 5.33 73.5 86.1 13.9 71.3 13.0 – – – 15.7 Ti2N
(2) 2:1 5.49 77.1 75.6 24.4 74.1 23.3 – – 0.4 2.2 Ti
(3) 1:1 5.18 63.5 60.7 39.3 59.4 37.3 – – 3.3 –
(4) 1:2 4.60 83.5 43.6 56.4 28.0 55.0 10.0 6.0 1.0 –
(5) 1:4 4.44 78.1 27.9 72.1 29.0 51.0 13.0 5.0 2.0 –

Carbiding mixture (B)
(6) 4:1 5.71 57.0 86.1 13.9 86.5 13.5 – – – –
(7) 2:1 5.75 57.6 75.6 24.4 75.0 22.0 – – 3.0 –
(8) 1:1 5.62 81.9 60.7 39.3 59.5 33.3 – 6.3 0.9 –
(9) 1:2 5.25 85.4 43.6 56.4 38.9 53.3 2.3 5.0 0.5 –
(10) 1:4 5.49 87.6 27.9 72.1 17.0 72.0 4.8 6.0 0.2 –

Carbiding mixture (C)
(11) 4:1 5.04 42.0 86.1 13.9 81.7 15.2 3.1 – – –
(12) 2:1 5.87 69.5 75.6 24.4 75.8 22.1 2.1 – – –
(13) 1:1 5.87 88.7 60.7 39.3 57.3 34.0 5.0 3.3 0.4 –
(14) 1:2 5.98 69.5 43.6 56.4 37.2 55.7 4.0 3.1 – –
(15) 1:4 4.91 78.2 27.9 72.1 25.0 69.0 4.0 2.0 – –

Pressed charges
Carbiding mixture (A)

(1) 4:1 5.30 38.3 86.1 13.9 88.7 11.3 – – – –
(2) 2:1 5.15 36.3 75.6 24.4 72.3 17.3 10.1 – 0.3 –
(3) 1:1 4.76 17.7 60.7 39.3 60.4 30.0 9.6 – – –
(4) 1:2 4.45 39.2 43.6 56.4 23.0 65.0 10.0 2.0 – –
(5) 1:4 4.58 58.6 27.9 72.1 25.0 61.5 11.0 2.5 – –

Carbiding mixture (B) 
(6) 4:1 4.58 49.7 86.1 13.9 84.5 15.5 – – – –
(7) 2:1 5.67 48.1 75.6 24.4 72.7 27.0 – – 0.3 –
(8) 1:1 5.45 32.9 60.7 39.3 60.4 33.1 6.0 – 0.5 –
(9) 1:2 5.23 49.3 43.6 56.4 40.0 53.0 4.0 3.0 – –
(10) 1:4 5.47 74.2 27.9 72.1 21.9 67.6 6.5 4.0 – –

Carbiding mixture (C) 
(11) 4:1 5.21 29.5 86.1 13.9 83.0 14.0 3.0 – – –
(12) 2:1 5.54 32.6 75.6 24.4 73.4 22.5 4.3 – – –
(13) 1:1 5.67 35.5 60.7 39.3 56.7 34.0 7.3 – 0.2 –
(14) 1:2 5.75 45.5 43.6 56.4 39.8 55.5 5.3 – – –
(15) 1:4 5.74 77.5 27.9 72.1 26.2 69.9 3.6 – – –
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Fig. 1. XRD patterns of the washed combustion products of pressed charges from reaction equations (11)–(15)
a – (11), b – (12), c – (13), d – (14), e – (15) 

Рис. 1. Рентгеновские дифрактограммы промытых продуктов горения прессованных шихт из уравнений реакций (11)–(15)
a – (11), b – (12), c – (13), d – (14), e – (15)
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Fig. 2. SEM images of the washed combustion products of pressed charges from reaction equations (11)–(15)
a – (11), b – (12), c – (13), d – (14), e – (15) 

Рис. 2. Морфология промытых продуктов горения прессованных шихт из уравнений реакций (11)–(15)
a – (11), b – (12), c – (13), d – (14), e – (15)

of  15.5 % differs only slightly from the  approximate 
estimate of 17.7 %. 

Thus, for reactions involving nitrogen consump-
tion, the  approximate estimates of  solid product loss 
are close to  the  more accurate values obtained when 
both NaF formation and nitrogen consumption are fully 
taken into account, the latter increasing the total mass 
of the initial reactants. In contrast, for reactions accom-
panied by nitrogen release – where nitrogen appears on 
the right-hand side of the reaction equations – there is 
no need to consider it when evaluating the loss of solid 
products, since gaseous nitrogen is not part of the solid 
phase. In these cases, a more accurate loss estimate 
involves accounting only for NaF formation, whose 
mass is generally small compared with the other solid 
reaction products and can reduce the  calculated loss 
value by approximately 10 %. For example, in reac-
tion (8) from Table 2 (pressed charge), the approximate 
product loss is 32.9 %, while accounting for NaF for-
mation gives 21.9 %. The relative difference between 
the  two estimates is therefore significant (33.4 %), 
demonstrating how strongly NaF correction can reduce 
the calculated solid product loss in cases of small over-
all loss. Conversely, for reaction (15) with a very large 
product loss (approx. 77.5 %), accounting for NaF 
formation lowers the estimated loss to 67.3 %, where 
the relative difference is minor (13.2 %).

It was then necessary to select, from the 30 charge 
variants presented in Table 2, those corresponding 
to  different TiN:SiC molar ratios that most closely 
matched the  theoretical phase compositions calcu-
lated from the  initial stoichiometric equations, while 
also exhibiting the  lowest combustion-related losses. 
These optimal variants could then be recommended for 
further study and for assessing the feasibility of using 
the azide SHS process with PTFE to produce commer-
cially viable highly dispersed TiN–SiC composite pow-
ders. The selection was based on a comparative assess-
ment of the efficiency of bulk and pressed charges pre-
pared with different carbiding mixtures (A, B, and C), 
using two parameters: the mass loss of the solid reac-
tion products (Δm, %) and the  total impurity content 
in these products (impurities, %). From the  data in 
Table 2, the average values of these parameters for all 
variants were calculated as follows: for bulk charges, 
Δm = 72.9 % and impurities = 7.64 %; for pressed 
charges, Δm = 44.3 % and impurities = 6.22 %. Thus, 
in general, the  use of  bulk charges results in consi
derably higher product losses and greater contamina-
tion by impurities compared with pressed charges. 
Therefore, the search for the best synthesis conditions 
was continued among the  pressed charges prepared 
with the three carbiding mixtures. Based on the results 
obtained with these mixtures (A, B, and C), the average 
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values of  the parameters were as follows: Δm = 38.0, 
50.8, and 44.1 %, and impurities = 9.1 %, 4.9 %, and 
4.7 %, respectively. Mixture (A) provided the  low-
est mass loss (38.0 %) but also the  highest impurity 
content (9.1 %). Mixture (C), in contrast, showed 
a  slightly higher mass loss (44.1 %) yet a markedly 
lower impurity level (4.7 %), nearly twice as low as 
for mixture (A); therefore, mixture (C) was considered 
the  most favorable option. Mixture (B) demonstrated 
a somewhat higher impurity level (4.9 %) and notice-
ably larger product losses (50.8 %) compared with mix-
ture  (C). Consequently, mixture (C) can be regarded 
as the most efficient carbiding composition for pressed 
charges. As a result of this systematic analysis, the best 
synthesis variants  – those representing the  optimal 
balance between product loss and impurity content  – 
were identified for all five TiN:SiC molar ratios. These 
correspond to  the  pressed charges prepared with car-
biding mixture (C) according to  equations (11)–(15). 
Indeed, most of these variants exhibit some of the low-
est product mass losses – 29.5, 32.6, 35.5, and 45.5 % 
for equations (11)–(14), respectively  – and impurity 
levels of  3.0, 4.3, 5.3, and 3.6 % for equations (11), 
(12), (14), and (15), respectively. However, two issues 
remain: the  relatively high impurity level (7.3 %) in 
the products of reaction (13) and the very large product 
loss (77.5 %) observed for reaction  (15). These ques-
tions are discussed in the Conclusion section. 

The X-ray diffraction patterns of  the washed com-
bustion products for the  selected optimal synthesis 
variants of  the  TiN–SiC powder compositions are 
shown in Fig. 1. 

The diffraction patterns in Fig. 1 exhibit strong 
reflections corresponding to the target phases TiN and 
SiC, along with weak reflections from minor impurities 
of  free Si and secondary phases α-Si3N4 and β-Si3N4 . 
In some cases, these impurity reflections are absent alto-
gether. As seen from Fig. 1 and Table 2, silicon nitride 
forms predominantly in the α-Si3N4 modification. 

The morphology of  the  TiN–SiC powder compo-
sitions for the  selected best synthesis variants is pre-
sented in Fig. 2. 

As shown in Fig. 2, all synthesized products are 
highly dispersed powders composed of  equiaxed 
particles less than 1–2 µm in size, aggregated into 
agglomerates. 

ConclusionConclusion
This study shows that replacing the  halide activa-

tors (NH4 )2TiF6 , Na2SiF6 , (NH4 )2SiF6 with polytetra-
fluoroethylene (PTFE) as an activating, carbiding addi-
tive in azide SHS  – together with partial substitution 
of technical carbon by 5–15 % – substantially increases 

the  SiC phase fraction in the  synthesized highly dis-
persed TiN–SiC powders, while reducing or completely 
eliminating the  secondary Si3N4 phase. As  a  result, 
the  experimental phase compositions obtained with 
PTFE agree much more closely with the  theoretical 
stoichiometric predictions than those produced by 
the traditional azide SHS route using halide salts.

The drawback is that PTFE can lead to large mass 
losses of  solid product (up to 88.7 %) due to  scatter-
ing by vigorously evolving gases. Bulk charges showed 
higher losses on average (72.9 %) than pressed charges 
(44.3 %), and their products contained more impurities 
(average 7.64 % vs 6.22 %). The best balance of  low 
loss and low impurity was achieved with 15 % PTFE 
replacing carbon in pressed charges across all five 
TiN:SiC ratios (4:1, 2:1, 1:1, 1:2, 1:4). The correspon
ding mass losses were 29.5, 32.6, 35.5, 45.5, 77.5 %, 
and the impurity contents were 3.0, 4.3, 5.3, 7.3, 3.6 %, 
respectively. These conditions are promising candi-
dates for further study toward commercial production 
of  composite, highly dispersed TiN–SiC powders by 
azide SHS with PTFE.

Further research should be conducted in pilot-scale 
SHS reactors (SHS-20 and SHS-30, with volumes 
of  20 and 30 L, respectively) capable of  accommo
dating kilogram-scale charges, rather than in a small 
4.5 L laboratory reactor limited to  ≤50 g  [27; 35]. 
Increasing the  charge mass is expected to  enhance 
self-heating during SHS, leading to  a longer and 
higher thermal profile due to  reduced specific heat 
losses from the surface compared with smaller charges 
(≤50 g). This effect should promote more complete 
formation of  the  TiN and SiC phases and reduce 
the  total impurity content (Si + Si3N4 ) to well below 
7.3 %. To reduce losses of the target powder products 
caused by scattering during vigorous gas evolution 
in combustion  – reaching 77.5 % in one of  the  rec-
ommended variants – the charge should be placed in 
filtering assemblies when burned in pilot-scale reac-
tors. These assemblies are hollow cylindrical frames 
made of  metal mesh or thin steel sheet with numer-
ous drilled perforations and gas-permeable inner 
liners of carbon fabric or fiberglass [35]. In addition, 
scattering-related mass loss can be further reduced by 
increasing the  initial nitrogen pressure in the reactor. 
For example, in our previous study [31] on azide SHS 
of  the  Si3N4:SiC = 1:4 composition from a pressed 
PTFE-containing charge, raising the  initial nitrogen 
pressure from 3 to  4 MPa led to  a  nearly twofold 
decrease in Δm – from 80.4 to 41.9 % – while main-
taining a comparable phase composition of the washed 
combustion product. With these measures, scattering-
related losses in the other recommended variants can 
be reduced to well below 30 %.
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Аннотация. Представлены результаты исследования структуры и физико-механических свойств дисперсно-упрочненных 

композиционных материалов на основе алюминия с различным содержанием упрочняющей фазы ZrC, полученных 
методом порошковой металлургии. Согласно картам распределения химических элементов наполнителя и значениям 
твердости, частицы карбида циркония распределены в матрице равномерно. Изучено влияние времени перемешивания 
(от 1 до 2 ч) и усилия прессования (от 636 до 1910 МПа) на плотность, пористость и свойства образцов. С повышением 
количества частиц карбида циркония механические свойства композита улучшаются. Отмечена корреляция плотности, 
пористости, твердости и прочности композитов. Показано, что увеличение времени спекания практически не оказало 
влияния на плотность и пористость образцов. После спекания твердость образцов уменьшается вследствие отжига. 
Кроме того, скопления частиц ZrC на границах зерен могут ослабить химическую связь между алюминием и материалом 
наполнителя. В исследуемых композитах упрочнение происходит за счет следующих механизмов: передача активной 

  Khasin@ursmu.ru
Abstract. This study examines the structure and mechanical properties of aluminum-matrix composites (AMCs) with varying contents 

of the ZrC reinforcing phase, produced by powder metallurgy. Elemental mapping together with hardness measurements indicate 
a uniform distribution of ZrC particles in the matrix. The effects of mixing time (1–6 h), compaction pressure (636–1910 MPa), 
and sintering time (1–2 h) on density, porosity, and properties were investigated. With increasing ZrC content, the composite’s 
mechanical properties improve, and correlations among density, porosity, hardness, and strength are observed. An increase in 
sintering time has little effect on density and porosity; after sintering, hardness decreases due to annealing. Local agglomeration 
of ZrC at grain boundaries may weaken interfacial bonding between aluminum and the reinforcement. Strengthening arises from 
load transfer, Orowan strengthening, and thermally induced dislocations due to the coefficient-of-thermal-expansion mismatch 
between the particles and the matrix. Efficient load transfer during compression testing requires good particle–matrix interfacial 
contact; dislocation–particle interactions generate Orowan loops, contributing to the observed strengthening. 

Keywords: aluminum-matrix composites (AMCs), zirconium carbide, density, porosity, structure, morphology, hardness, strength, 
deformation

For citation: Khazin M.L., Apakashev R.A., Adas V.E. Structure and properties of an aluminum-matrix composite reinforced with 
zirconium carbide particles. Powder Metallurgy аnd Functional Coatings. 2025;19(5):51–59.
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IntroductionIntroduction
Modern mechanical engineering, including the  mi

ning industry, is increasingly characterized by the use 
of new materials. The growing demand for lightweight 
materials with high specific strength, excellent high-
temperature strength, and corrosion resistance stimu-
lates active research and development of  advanced 
high-performance materials [1–4].

Among light-weight materials with low density, 
aluminum-matrix composites (AMCs) occupy a lea
ding position. The use of  aluminum and its alloys as 
a matrix material continues to  expand, finding broad 
applications in numerous industrial sectors due to their 
high strength and ductility, excellent thermal conduc-
tivity and corrosion resistance  [5–7], as well as their 
relatively low cost compared to other light metals such 
as Mg and Ti [4; 8]. 

The global market for metal-matrix composi
tes was estimated at USD 224.82 billion in 2023. 
It is projected to  grow from USD 239.21 billion in 
2024 to  USD 369.29 billion by 2032, demonstrating 
a  compound annual growth rate (CAGR) of  5.58 %. 
The  increasing demand for lightweight materials in 
the mechanical engineering, automotive, and aerospace 
industries is expected to  further stimulate key market 
drivers and contribute to market expansion1. 

The main limiting factor for the use of aluminum 
alloys is their relatively low hardness. Therefore, 
various reinforcements are incorporated into 
the  matrix to  enhance the  physical and mechani-
cal properties of  aluminum-based materials. Metal-
matrix composites (MMCs) are produced by different 
methods, including stir casting, die casting, spray 
forming, hot pressing, dynamic compaction, ultrasonic 
cavitation, physical vapor deposition, mechanical 
alloying, liquid-metal infiltration, and powder metal-

lurgy (PM) [1; 2; 9; 10]. Most commercial MMCs are 
produced by liquid-phase methods with mechanical 
stirring, which makes it possible to  obtain compo-
nents of various sizes and geometries. However, these 
techniques have several drawbacks: low wettability 
of  reinforcement particles by the  molten matrix and 
the difficulty of achieving a uniform composite struc-
ture. Upon cooling and cessation of stirring, the rein-
forcement particles tend to  distribute non-uniformly 
in the  aluminum matrix, often forming agglome
rates [1; 11; 12]. As a result, the composite may exhibit 
nonuniform mechanical behavior. 

Unlike liquid-phase techniques, PM methods pro-
vide a uniform distribution of  the  dispersed phase 
within the  aluminum matrix, usually prevent the  for-
mation of undesirable phases, and ensure strong inter-
facial bonding between the matrix metal and the rein-
forcing particles. 

The PM method is energy-efficient, cost-effective, 
and technologically versatile for producing both 
simple and complex components of  required dimen-
sions. In recent years, PM processing has proven to be 
efficient and competitive compared with conventional 
casting methods in the fabrication of metal-matrix com-
posites reinforced with ceramic particles. Composites 
fabricated by powder metallurgy generally exhibit 
lower density and higher porosity than those produced 
by  stir casting; however, the  reinforcement particles 
are uniformly distributed in the metallic matrix, unlike 
in stir-cast materials.

Aluminum-matrix composites produced by various 
methods are widely used in mechanical engineer-
ing [13], shipbuilding [14], electrical engineering [15], 
medicine [16] the aerospace [17] and defense [18; 19] 
industries, and even in consumer products [20]. 

Reinforcements typically include oxides, carbides, 
nitrides, fly ash, and carbon powders  [1–3; 21; 22]. 
The  choice of  reinforcing particles depends on 
the  intended application of  the  composite. The most 
commonly used dispersoids are SiC, TiC, ZrC, TiB2 , 

1 Metal matrix composites market size & share report. URL: https://
www.marketresearchfuture.com/reports/metal-matrix-composites-
mmcs-market-8131 (accessed: 16.05.2025).
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B4C, Al2O3 , and Si3N4 . Among them, zirconium carbide 
(ZrC) is one of the most suitable reinforcing materials 
for wear-resistant applications, seals, bearings, cru-
cibles in the nuclear industry, and electronic devices. 
ZrC is characterized by a high melting point, specific 
strength, hardness, and corrosion resistance  [23]. 
However, there are very few studies examining 
the effect of ZrC addition on the physical and mechani-
cal properties of aluminum-matrix materials [24]. 

The aim of  the  present study is to  investigate 
the  structure and physical and mechanical properties 
of  dispersion-strengthened aluminum-matrix compo
sites reinforced with zirconium carbide (ZrC) particles. 

Research methodologyResearch methodology
The objects of study were aluminum-matrix compo

sites containing different amounts of  the ZrC reinfor
cing phase. Aluminum powder grade GOST 6058-73; 
99 %  purity; 250–450 µm) was used as the  matrix. 
Zirconium carbide (ZrC) powder (GOST 28377-89; 
40–100 µm) was served as the reinforcement. 

The aluminum and zirconium carbide powders were 
mixed in a polystyrene cylinder rotating at 100 rpm 
for 1–6 h, with the  rotation direction reversed every 
15 min to enhance homogeneity. 

The homogeneous powder blend was cold-pressed 
in a PGR-400 uniaxial hydraulic press using a harde
ned 40Kh steel die (ID 10.2 mm); industrial oil was 
applied to lubricate the die walls. The green compacts 
were sintered at 640 °C for 1–2 h under a protective 
carbon-powder layer and then furnace-cooled to room 
temperature.

SEM micrographs and EDS elemental maps 
of  the  aluminum-matrix composite were acquired 
on  a  Vega LMS (Tescan, Czech Republic) scanning 
electron microscope equipped with an Xplore30 EDS 
system (Oxford Instruments, UK). The microstructure 
was also examined using an Olympus BX61 research 
optical microscope (Olympus Corp., Japan). 

The actual density was determined by measuring 
mass on an AND GR-300 electronic analytical balance 
(A&D Company Ltd., Japan), with volume obtained 
geometrically from micrometer measurements. Vickers 
hardness was measured on the  sample surfaces using 
an ITV-30-AM tester (Metotest LLC, Neftekamsk, 
Russia) tester under a 25 N load and 15 s dwell; in 
accordance with GOST R ISO 6507-1-2007, five 
indents were made per sample. Compressive strength 
was measured on a MIM 2-20-2 universal testing 
machine (GOST LLC, Moscow, Russia) at a crosshead 
speed of  0.2 mm/s (GOST 25.503-97), with simulta
neous stress–strain curve acquisition.

Results and discussionResults and discussion
Density and porosity are primary parameters for 

many applications. After cold compaction of the initial 
powder blend, the density of the material was measured 
in both the  compacted and sintered states and com-
pared with the theoretical density calculated by the rule 
of  mixtures. The actual density was determined from 
the mass-to-volume ratio. Porosity was determined as 
the ratio of the difference between the theoretical and 
actual densities to the theoretical density. In estimating 
porosity, the theoretical density was assumed to remain 
unchanged during sintering because the  composite 
constituents are mutually insoluble.

To select the optimal compaction pressure, trial runs 
were performed (Table 1). At P = 636 MPa, the  com-
pacts were friable, weak, and failed under slight load. 
Beginning at Р = 950 MPa, dense compacts were 
obtained. Further increases in compaction pressure 
produced only minor changes in density (γ); therefore, 
all subsequent experiments used 980 MPa.

Analysis of the effect of compaction pressure shows 
that density increases with increasing reinforcement 
(carbide-phase) fraction (Table 1), owing to the higher 
density of  the ZrC particles. After sintering, the den-
sity decreases. Theoretical densities exceed the  mea-
sured values due to  residual porosity, which likewise 
increases with increasing reinforcement content in 
the matrix. 

With increasing reinforcement content, the porosity 
of  the compacts initially rises linearly and then slows 
down, stabilizing at 7–10 wt. % reinforcement. After 
sintering, the porosity increases due to  the  expansion 
of  air trapped during mixing of  the  initial powder 
blend. This expansion enlarges the  pore volume and 
causes a corresponding change in the linear dimensions 
of  the  samples. Excessive addition of  reinforcement 
particles also leads to matrix swelling of  the  sintered 
samples. Such porosity variations are consistent with 
the findings reported by other authors [1; 11].

According to  the  experimental data, both 
the  “green” and sintered densities are governed by 
the combined and interacting effects of several factors, 
including compaction pressure, sintering conditions, 
and the  compressibility of  the  reinforcing particles. 
As  a result, the  green and sintered densities deviate 
from the theoretical density of the composites. 

Increasing the sintering time from 60 to 120 min had 
almost no effect on density and porosity, whereas for 
aluminum-matrix composites reinforced with SiC or 
Al2O3 , an increase in sintering time from 60 to 90 min 
was reported to enhance density [11].
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The surface morphology and elemental distribu-
tion of  the  synthesized samples are shown in Figs. 1 
and 2. In all cases, a smooth and relatively even sur-
face was observed. The measured surface roughness 
of  the  sample cross section was Ra = 1.0–1.2, corres
ponding to fine turning. Elemental mapping confirmed 
a sufficiently uniform distribution of  the  constituent 
elements. 

The high detected oxygen content, and correspon
dingly lower total aluminum content, are explained 
by the  formation of  an Al2O3 film on the  alumi-
num surface exposed to  air (2 mol Al → 3 mol O). 
According to  the  analysis, the  ratio was 1.87 mol Al 
and 2.64 mol O. This oxygen amount oxidizes most 
of  the  surface aluminum (1.76 mol Al), leaving 
0.11 mol Al unoxidized. 

Hardness is one of the key parameters directly influ-
encing the strength, impact toughness, fatigue strength, 

and wear resistance of  metal-matrix composites. It is 
well known that hardness testing is one of  the  most 
informative and rapid methods for assessing mechani-
cal properties.

For the composites investigated in this study, varia-
tion of the mixing time from 1 to 6 h had virtually no 
effect on hardness (Fig. 3). 

Increasing the  sintering time from 60 to  120 min 
caused a 3.7–8.6 % increase in hardness (Fig. 4). 
However, as the  reinforcement content increased, 
the  relative hardness change decreased, approaching 
a steady value of 3.7–3.8 %. 

To assess the  uniformity of  particle distribution, 
hardness measurements were taken along the polished 
surface of  the  sintered samples at 2.5 mm intervals. 
The small variation in hardness (±2.6 %) confirmed 
uniform particle dispersion in the  aluminum matrix, 
consistent with the elemental maps. 

Table. 1. Effect of compaction pressure on the density and porosity of the samples 
Таблица 1. Влияние величины давления формования на плотность и пористость образцов

Sample P, MPa γtheor , 
kg/m3

γact , kg/m3 Porosity, %

before
sintering

after
sintering

before
sintering

after
sintering

Al

636

2700

1718 1652 36.37 38.81

750 2081 2073 22.92 23.22

900 2478 2469 8.22 8.56

950 2572 2564 4.74 5.04

960 2584 2576 4.29 4.59

980 2604 2596 3.56 3.85

1273 2610 2602 3.33 3.63

1910 2612 2601 3.26 3.67

Al–4%ZrC

636

2861

1840 1832 35.68 35.96

900 2630 2622 8.07 8.35

950 2747 2738 3.98 4.29

980 2760 2752 3.53 3.81

1273 2765 2757 3.35 3.63

1910 2769 2761 3.22 3.49

Al–7%ZrC

636

2982

1914 1906 35.81 36.08

980 2871 2865 4.62 4.81

1273 2875 2864 3.59 3.96

1910 2882 2872 3.35 3.69

Al–10%ZrC

636

3103

1947 1941 37.25 37.44

980 2984 2978 3.86 4.03

1273 2998 2987 3.38 3.74

1910 3007 2998 3.09 3.38
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With increasing ZrC content in the  aluminum 
matrix, the  composite hardness increased (Table 2). 
After sintering, hardness decreased due to  annealing. 
In addition, clustering of ZrC particles at grain boun
daries may weaken interfacial bonding between alumi-
num and the reinforcement.

Previous studies have reported a correlation bet
ween hardness and density (or porosity) of  the samp
les  [1; 3; 6; 7]. A similar proportional relationship 
between hardness and density (porosity) was also 
observed in this study (Fig. 5).

The compressive strength of  the  composites was 
determined by compression testing. Unlike tension 
tests, not all materials can be brought to failure under 
compression, as ductile metals such as aluminum tend 
to deform into thin plates.

With increasing reinforcement content, the  com-
pressive strength increased similarly to  hardness. 
Composites containing carbide particles exhibited 

a substantial strength improvement compared with 
the  unreinforced aluminum matrix, indicating that 
ZrC particles provide a strong strengthening effect. 

Fig. 1. SEM images of the surface of an Al–5%ZrC sample
a – SEM secondary-electron (SE) image; b – SEM backscattered-electron (BSE) image 

Рис. 1. Морфология поверхности образца Al–5%ZrC
a – топо изображение; b – электронное изображение

Fig. 2. Elemental distribution map and corresponding EDS spectrum
a – surface of the Al–4%ZrC sample; b – EDS spectrum showing elemental composition 

Рис. 2. Карта распределения элементов
a – по поверхности образца Al–4%ZrC; b – суммарное распределение элементов

Fig. 3. Effect of mixing time on the hardness  
of Al–4%ZrC samples

1 – before sintering; 2 – after sintering 

Рис. 3. Влияние времени перемешивания  
на твердость образцов Al–4%ZrC
1 – до спекания; 2 – после спекания
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As the ZrC content increased, both the ultimate strength 
and yield strength of  the  composites rose (Fig. 6). 
The strengthening can be attributed to the higher dislo-
cation density and the role of carbide particles as bar
riers to dislocation motion.

The relative strength increase of  the  composites 
compared with the  aluminum matrix ranged from 20 
to  50 %. The addition of  carbide particles to  an alu-
minum alloy has a positive effect on mechanical 
properties. The obtained results are consistent with 
the  reported compressive strength of Al–ZrC compo

sites produced by powder metallurgy [24] and by fric-
tion stir processing method [25].

Several strengthening mechanisms contribute 
to  the  improved performance of  metal-matrix com-
posites, the  most important being thermal-expansion 
mismatch and elastic-modulus mismatch between 
the matrix and the reinforcement (Hall–Petch relation-
ship and Orowan mechanism). 

In the studied composites, strengthening arises from 
load transfer from the  matrix to  the  reinforcement, 
Orowan strengthening, and the  generation of  internal 
thermal stresses due to the difference in the coefficients 
of  thermal expansion (CTE) between the  reinforce-
ment particles and the aluminum matrix. Effective load 

Fig. 6. Compression stress–strain curves  
of the samples

1 – Al–0%ZrC; 2 – Al–4%ZrC; 3 – Al–7%ZrC; 4 – Al–10%ZrC 

Рис. 6. Диаграммы деформации образцов,  
полученные при испытаниях на сжатие

1 – Al–0%ZrC; 2 – Al–4%ZrC; 3 – Al–7%ZrC; 4 – Al–10%ZrC

Table 2. Effect of composition  
on the hardness of composites 
Таблица 2. Влияние состава  

на твердость композитов

Sample
Hardness, HV

before
sintering

after
sintering

Al–0%ZrC 48.38 31.44
Al–4%ZrC 57.42 32.76
Al–7%ZrC 59.75 33.57
Al–10%ZrC 60.42 34.88

Fig. 4. Effect of sintering time on the hardness  
of the samples

1–3 – before sintering; 4–6 – after sintring
1, 4 – Al–0%ZrC; 2, 5 – Al–4%ZrC; 3, 6 – Al–10%ZrC 

Рис. 4. Влияние времени спекания  
на твердость образцов

1–3 – до спекания; 4–6 – после спекания
1, 4 – Al–0%ZrC; 2, 5 – Al–4%ZrC; 3, 6 – Al–10%ZrC

Fig. 5. Effect of density on the hardness  
of Al–ZrC samples after sintering 

Рис. 5. Зависимость твердости от плотности  
образцов Al–ZrC после спекания
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transfer between the  ductile matrix and hard ceramic 
reinforcement particles during tension or compression 
occurs when good interfacial contact exists between 
the two phases.

Interactions between dislocations and reinforcement 
particles enhance the  composite strength according 
to the Orowan mechanism. The presence of dispersed 
reinforcement particles in the matrix leads to  the  for-
mation of  dislocation loops as dislocations bypass 
the particles.

ConclusionConclusion
Based on the results of the conducted study, the fol-

lowing conclusions can be drawn:

1. Fabrication of Al–ZrC composites by the  pow-
der metallurgy method ensures a uniform distribution 
of  zirconium carbide particles within the  aluminum 
matrix, as confirmed by microstructural observations 
and hardness measurements.

2. Increasing the  zirconium carbide content from 
0 to  10 wt. % leads to  higher density and porosity 
of  the  aluminum-matrix composite. The porosity 
of  the  samples initially increases linearly with rein-
forcement content, followed by a slowdown and stabi-
lization at 7–10 wt. % reinforcement.

3. The hardness and strength of  the  composites 
increase proportionally with reinforcement content. 
With a zirconium carbide content of  up to  10 wt. %, 
the hardness and strength of the composites rise by 11 
and 52 %, respectively.

4. Increasing the  mixing time from 1 to  6 h has 
little effect on the hardness of the composite material: 
the relative change was 0.5–0.8 % for green compacts 
and 2.6–3.2 % for sintered samples.

5. With an increase in sintering time from 1 to 2 h, 
hardness of  the  samples rises from 3.7 to  8.6 %, but 
as the reinforcement content in the matrix increases, it 
decreases and approaches a steady value of 3.7–3.8 %.
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Abstract. Alumina-based composite ceramics containing barium hexaaluminate are promising for various industrial applications, 

including the fabrication of replaceable cutting inserts. However, reports on such materials produced by spark plasma sintering 
(SPS) are scarce. This study aimed to evaluate the influence of sintering temperature on the structure and properties of alumina 
ceramics containing barium hexaaluminate. The materials were fabricated from highly dispersed Al2O3 and BaO powders 
by co-dispersion in an alcohol medium, followed by drying and spark plasma sintering at 1500, 1550, and 1600 °C. X-ray diffrac-
tion, scanning electron microscopy, and hydrostatic weighing were used to determine phase composition, microstructure, apparent 
density, and open porosity. Vickers hardness and fracture toughness were evaluated by indentation. The formation of α-Al2O3 and 
Ba0.83Al11O17.33 phases was confirmed. The relative density of alumina ceramics without additive reached 99.72 ± 0.3 %, while that 
of ceramics containing barium hexaaluminate was 92.45 ± 0.5 %. The average Al2O3 grain size decreased from 4.27 ± 1.80 μm 
(without additive) to 1.49 ± 0.80, 1.89 ± 0.85, and 1.60 ± 0.63 μm at sintering temperatures of 1500, 1550, and 1600 °C, respec-
tively. The barium hexaaluminate plates grew with increasing temperature, from 2.45 ± 0.22 μm at 1500 °C to 5.23 ± 0.46 μm at 
1600 °C. The maximum fracture toughness (KIc = 5.00 ± 0.10 MPa·m1/2 ) was obtained for the material containing barium hexaalu-
minate sintered at 1550 °C, which also exhibited a hardness of 2070 ± 43 HV2 . 

Keywords: spark plasma sintering (SPS), alumina, barium hexaaluminate, phase formation, microstructure, fracture toughness
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Аннотация. Композиционная керамика на основе оксида алюминия, содержащая гексаалюминат бария, является перспективной 

для применения в различных областях промышленности, в том числе для изготовления сменных режущих пластин. Работ, 
в  которых отмеченные материалы получены электроискровым спеканием, практически не наблюдается. Целью данного 
исследования являлась оценка влияния температуры электроискрового спекания на структуру и свойства керамики на основе 
оксида алюминия, содержащей гексаалюминат бария. Исследуемые материалы получены из высокодисперсных порошков 
оксида алюминия и оксида бария путем совместного диспергирования спиртовых суспензий, их сушки и последующего 
электроискрового спекания при температурах (tс ) 1500, 1550 и 1600 °С. Проводили рентгенофазовый анализ, исследования 
структуры методом растровой электронной микроскопии, оценку кажущейся плотности и открытой пористости методом 
гидростатического взвешивания. Оценивали твердость по Виккерсу и трещиностойкость методом индентирования. Зафик-
сировано формирование фаз α-Al2O3 и Ba0,83Al11О17,33 . Относительная плотность от теоретической алюмооксидной кера-
мики без добавок составляет 99,72 ± 0,3 %, при формировании гексаалюмината бария  – 92,45 ± 0,5 %. Средний размер 
зерен оксида алюминия в материале без добавки находится в диапазоне 4,27 ± 1,80 мкм, а при формировании 15 мас. % 
гексаалюмината бария – 1,49 ± 0,80, 1,89 ± 0,85 и 1,60 ± 0,63 мкм при tс = 1500, 1550 и 1600 °С соответственно. Размеры 
пластин гексаалюмината бария с ростом температуры спекания увеличиваются. При tс = 1500 °С их длина составляет 
2,45 ± 0,22 мкм, а при tс = 1600 °С – 5,23 ± 0,46 мкм. Наиболее высокое значение критического коэффициента интенсив-
ности напряжений (5,00 ± 0,10 МПа·м1/2) зафиксировано для материала, содержащего гексаалюминат бария и спеченного 
при tс = 1550 °С, твердость такого материала составляет 2070 ± 43 HV2 .  

Ключевые слова: электроискровое спекание, оксид алюминия, гексаалюминат бария, фазообразование, структура, 
трещиностойкость
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IntroductionIntroduction
Research on alumina and alumina–zirconia cera

mics continues to  expand. Their combination of  high 
mechanical performance and low weight, along with 
other advantageous properties, has driven adoption 
across medical  [1], defence  [2], and tooling  [3] sec-
tors. As performance requirements tighten, improving 
the  service properties of  oxide ceramics has become 
essential; in particular, boosting resistance to  crack 
propagation remains a central challenge [4].

In modern materials science, an active approach is 
to reinforce alumina ceramics with alkali, alkaline-earth, 
and rare-earth metal hexaaluminates (MeAl12O19 , mag-
netoplumbite; MeAl11O18 , β-Al2O3))  [5]. In the struc-

ture of  such materials, hexaaluminate grains are flat-
tened hexagonal prisms that contribute to  improved 
fracture toughness through various mechanisms [6–8]. 
The most frequently reported mechanisms include 
crack deflection, grain pull-out, crystal fracture in 
transverse  – and less often longitudinal  – directions, 
crack bridging, and crack branching. It has been noted 
that the  overall material performance is significantly 
affected by the type of initial additive used for hexaalu-
minate formation  [9] and on crystal size and volume 
fraction  [6], which determine the  strength of  their 
bonding with the  matrix grains and the  mechanisms 
contributing to fracture toughness enhancement.

Numerous studies have reported that variations in 
hexaaluminate content lead to  changes in key mate-
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rial properties  – such as density, porosity, hardness, 
strength, and fracture toughness. For instance, when 
up to  10 wt. % CaAl12O19 is formed in the  struc-
ture of  Al2O3–ZrO2 ceramics, the  fracture toughness 
increases from 5.8 to  6.3 MPa·m1/2. Further increase 
in calcium hexaaluminate content results in a decrease 
in fracture toughness to  5.5 MPa·m1/2, accompanied 
by reduced density and hardness  [10]. A similar rela-
tionship was observed in  [11], where the  formation 
of  2.8 vol. % LaAl11O18 led to  an increase in fracture 
toughness by approximately 1 MPa·m1/2, whereas 
higher LaAl11O18 content reduced it to 2.7 MPa·m1/2. 

Notably, that hexaaluminates themselves exhibit 
a wide range of  functional properties, including con-
siderable catalytic activity and stability  [12], lumines-
cence  [13], electrical conductivity  [14], among others. 
Therefore, when selecting a hexaaluminate-forming 
additive for alumina ceramics, its choice should be 
guided by the  intended application area. For example, 
calcium hexaaluminate is widely used in the  produc-
tion of medical ceramics [1]. The formation of barium 
hexaaluminate enhances thermal shock resistance, and 
compositions based on it remain among the  least stu
died  [8]. The  relevance of researching the Al2O3–BaO 
system, along with its thermodynamic characteristics 
and the thermal stability of different phases, is discussed 
in the article [15]. It has also been reported that the ba
rium hexaaluminate phase is the most thermally stable. 

Barium hexaaluminate belongs to  the  β-Al2O3 
structural family and forms as nonstoichiometric 
phases such as Ba0.75Al11O17.25 , Ba2.33Al21.33O34.33 , 
and Ba0.83Al11O17.33  [5; 16]. Due to  its plate-like mor-
phology, it also contributes to  improving the  fracture 
toughness of  alumina ceramics. In  [8] 20.89 vol. % 
Ba0.75Al11O17.25 in an Al2O3–ZrO2 matrix increased 
fracture toughness by approximately 25 % relative 
to  the additive-free material. Further increase in con-
tent to 41.38 vol. % yielded a smaller additional gain 
in toughness but markedly reduced hardness, strength, 
and density. Similar plate-mediated toughening has 
been reported for Al2O3 with up to 10 vol. % ZrO2 [17], 
with effectiveness of  toughness enhancement tied 
to the degree of material densification.

This study examines the effect of spark plasma sin-
tering (SPS) parameters on the  structure and proper-
ties of  alumina ceramics with barium oxide additive. 
As noted in [3], spark plasma sintering enables the fab-
rication of ceramic workpieces for cutting-tool produc-
tion. Therefore, the present work not only contributes 
to  the  body of  knowledge on the Al2O3–BaO system 
but may also hold practical significance for develop-
ments in the tooling industry. 

Materials and methodsMaterials and methods
High-purity alumina powder (99 %, average partic

le size 140 ± 50 nm, China) and barium oxide powder 
(99 %, average particle size 2.7 ± 0.6 μm, Russia; pre-
pared in accordance with TU 6-09-5397-88) were used 
as starting materials. Alcohol suspensions were pre-
pared using isopropyl alcohol (50 vol. %) as a disper-
sion medium for mixing the initial powders. The BaO 
content was set to  3 wt. % to  form approximately 
15 wt. % barium hexaaluminate. A relatively high bar-
ium hexaaluminate fraction was chosen to clearly eva
luate its effect on the properties of the studied materials. 

Dispersion was carried out in a ball mill for 10 h 
with periodic stops to cool the suspension. The rotation 
speed was 90 rpm. The drum of the mill was lined with 
polypropylene, and alumina grinding bodies 3 mm in 
diameter were used. 

After dispersion, the powders were dried and con-
solidated by spark plasma sintering on an MS-1 unit 
at sintering temperatures (ts ) of 1500–1600 °C, under 
a pressure of  17 MPa, with a 5-minute holding time 
at  maximum temperature. To prevent direct interac-
tion between the powder and the tooling surfaces, gra
phite paper was placed between the powder and the die 
walls, as well as between the  powder and the  punch 
faces. Heating was provided by pulsed direct current 
passing through the graphite tooling. The temperature 
was measured using a pyrometer positioned in a side 
hole of the die assembly.

The apparent density and open porosity of the sin-
tered materials were determined by the  hydrostatic 
weighing method. 

The apparent density was calculated as the  ratio 
of  the  dry sample mass to  the  difference between 
the saturated and immersed masses:

 [g/cm3],

where Мdry is the  mass of  the  dry sample, g; Мsat is 
the mass of the sample saturated with liquid, g; Мliq is 
the mass of the sample immersed in liquid, g.

The relative density was calculated as

The theoretical density was determined using 
the  literature values of  the X-ray densities of  the  sin-
tered components according to the formula:

 [g/cm3],
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where ρi and ρn are the theoretical densities of the indi-
vidual components, g/cm3; mi and mn  are their mass 
fractions in the composite, %.

The open porosity (Po ) was calculated as

X-ray diffraction (XRD) analysis was performed 
using a PowDix600 diffractometer (ADWIN Smart 
Factory, Republic of  Belarus) with  radiation. 
The phases were identified using the  ICDD PDF-4+ 
database. Polished sections for microstructural analy-
sis were prepared using standard procedures, including 
grinding and polishing with diamond wheels and suspen-
sions of various fineness. To reveal the grain structure, 
thermal etching was performed at a temperature 200 °C 
below the  sintering temperature. Microstructural ana
lysis was carried out using an EVO 50 scanning elect
ron microscope (Carl Zeiss, Germany) equipped with an 
X-ray microanalysis attachment. Prior to examination, 
the  polished sections were coated with a 40-nm cop-
per layer to improve conductivity. Secondary electron 
detection was used for imaging. Grain sizes were mea-
sured using the JMicroVision 1.3.4 software. The alu-
mina grain size was determined as the equivalent-circle 
diameter corresponding to the grain projection area in 
the  microstructure image. For barium hexaaluminate 
grains, their length and width were measured, and 
the  aspect ratio was calculated. At least 300 alumina 
grains and 100 barium hexaaluminate grains were ana-
lyzed for each composition. 

The Vickers hardness and fracture toughness were 
evaluated by the  indentation method under a 2-kg 
load using an SV-50A Vickers hardness tester (China). 
The fracture toughness, KIc (critical stress intensity fac-
tor), was calculated using the following equation [18]: 

 [MPa·m1/2],

where HV is the hardness, GPa; a is the half-diagonal 
of  the  indentation, μm; c is the  length of  the  radial 
crack measured from the indentation center, μm; Φ = 3 
is the constant. 

The Young’s modulus (E) of  the  composite mate
rials was estimated by the rule of mixtures:

 [GPa],

where Еi and Ej are the  Young’s moduli of  Al2O3 
(397 GPa) and Ba0.83Al11О17.33 (226 GPa), respectively; 

mi and mj  are their mass fractions (%). The modulus 
values were taken from the literature [19].

Results and discussionResults and discussion
Experimental materials were sintered from start-

ing mixtures of  alumina and barium oxide. The sin-
tering temperature (ts ) was 1500, 1550, and 1600 °C. 
As a reference, an additive-free alumina ceramics was 
prepared.

X-ray diffraction patterns of  the  sintered materials 
are shown in Fig. 1. Regardless of  the  sintering tem-
perature, the  materials with BaO in the  starting mix-
ture display, in addition to α-Al2O3 , diffraction peaks 
of Ba0.83Al11О17.33 . No other barium-containing phases 
were detected.

The apparent density and open porosity of the sin-
tered materials were evaluated; the  results are sum-
marized in Table 1. The highest relative density 
(with respect to  the  theoretical density) was obtained 
for the  additive-free alumina ceramics. Formation 
of  barium hexaaluminate in the  composite led 
to  a  decrease in relative density and an increase in 
open porosity, which is consistent with prior reports 
on hexaaluminate formation in alumina matrix [5; 11]. 
With increasing sintering temperature, density and 
porosity changed nonlinearly. 

Microstructural studies were performed by scan-
ning electron microscopy (SEM). In the  SEM micro-

Fig. 1. X-ray patterns of the sintered materials
1 – alumina ceramics without additives, sintered at ts = 1500 °С;  

2–4 – ceramics of the composition Al2O3 + Ba0.83Al11О17.33 ceramics,  
sintered at ts = 1500 (2), 1550 (3), and 1600 (4) °C 

Рис. 1. Рентгеновские дифрактограммы  
спеченных исследуемых материалов
1 – алюмооксидная керамика без добавок,  

спеченная при tс = 1500 °С;  
2–4 – керамика состава Al2O3 + Ba0,83Al11О17,33 ,  

спеченная при tс = 1500 (2), 1550 (3) и 1600 (4) °С 
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graphs (Fig. 2), the darker equiaxed grains correspond 
to the low-Z alumina phase, whereas the brighter elon-
gated grains belong to  the  Ba-rich phase. SEM–EDS 
spot analyses conducted on the elongated grains con-
firmed the presence of Ba, Al, and O, identifying them 
as barium hexaaluminate (Fig. 2, e). Grains of  both 

phases are distributed fairly uniformly, though local 
clusters of  bright elongated grains are occasionally 
observed.

A detailed quantitative analysis of the structural cons
tituents was performed, and the  results are presented 
in Fig. 3 and Table 2. The average grain size of  alu-

Table 1. Apparent density and open porosity of the sintered materials 
Таблица 1. Кажущаяся плотность и открытая пористость спеченных материалов

Material Sintering 
temperature, °С

Apparent density, 
g/cm3

Relative 
density, % of 

theoretical

Open 
porosity, %

Al2O3 1500 3.98 ± 0.02 99.72 ± 0.3 0.26 ± 0.07

Al2O3 + Ba0.83Al11О17.33

1500 3.70 ± 0.04 92.45 ± 0.5 4.75 ± 0.09

1550 3.86 ± 0.03 96.41 ± 0.4 1.76 ± 0.08

1600 3.86 ± 0.03 96.35 ± 0.4 2.08 ± 0.08

Fig. 2. Microstructure of the sintered materials
a – alumina ceramics without additives; b–d – ceramics containing barium hexaaluminate sintered at ts , °C – 1500 (b), 1550 (c), 1600 (d);  

e – results of micro-X-ray spectral analysis obtained from region 1 marked in Fig. 2, c 

Рис. 2. Структура спеченных материалов
a – алюмооксидная керамика без добавок; b–d – содержащая гексаалюминат бария; tс , °С – 1500 (b), 1550 (c), 1600 (d);  

e – результаты микрорентгеноспектрального анализа, полученные с области 1, выделенной на рис. 2, c
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mina in the additive-free material was 4.27 ± 1.80 μm. 
The alumina powder used in this study was highly dis-
persed, which provided high sinterability. In addition, 
the  SPS technique and the  presence of  barium oxide 
contributed to  the  intensification of  the  sintering pro-
cess. In materials containing BaO, the alumina grains 
were significantly smaller. For instance, under identi-
cal sintering conditions at ts = 1500 °С, the  alumina 
grain size decreased by about 65 % in the  material 
containing barium hexaaluminate. This effect can be 
attributed to Ba segregation along alumina grain boun
daries, which inhibits their migration and growth [20]. 
Furthermore, the  growth of  hexaaluminate grains 
of  any chemical composition is usually accompanied 
by the consumption of alumina grains, which also leads 

to their size reduction – a behavior consistent with pre-
viously reported findings [21; 22]. 

The alumina ceramics exhibited the  widest grain 
size distribution, whereas in the  material containing 
barium hexaaluminate and sintered at ts = 1600 °С, 
the  distribution of  Al2O3 grains was the  narrowest, 
with a maximum grain size not exceeding 4 μm. 
It  was also observed that the  barium hexaaluminate 
plates increased in size with rising sintering tem-
perature. At  ts = 1600 °С, both the  length and width 
of the hexaaluminate plates increased. The aspect ratio 
of  the  barium hexaaluminate grains changed nonlin-
early, reaching its minimum value at ts = 1550 °С. This 
indicates that at the  maximum sintering temperature, 
the  most intensive growth of  barium hexaaluminate 
plates occurs, accompanied by alumina grain con-
sumption, which ultimately results in smaller alumina 
grains. Therefore, at ts = 1600 °С, the decrease in alu-
mina grain size is mainly associated with their partici-
pation in barium hexaaluminate formation rather than 
Ba segregation along grain boundaries. 

The observed grain-structure features correlate 
with the changes in density and porosity of the studied 
materials. It was established that pores in the compos-
ite ceramics are predominantly concentrated in regions 
where barium hexaaluminate grains accumulate (high-
lighted by an oval in Fig. 2, b). Hence, the  presence 
of pores is associated with the loose packing of plate-
like grains, which explains the  pronounced decrease 
in density and increase in porosity upon BaO addi-
tion in the  materials sintered at ts = 1500 °С. Further 
temperature increase promoted alumina grain growth. 
At ts = 1550 °С, the average Al2O3 grain size reached 
approximately 1.89 ± 0.85 μm. The coarsening of alu-
mina grains led to a reduction in open porosity and an 
increase in relative density. At this temperature, alumina 
grain growth likely inhibited the  elongation of  bar-
ium hexaaluminate plates. However, at ts = 1600 °С, 
the growth of barium hexaaluminate plates dominated, 
resulting in longer plates, smaller alumina grains, and 
increased porosity. 

Table 2. Grain sizes of the sintered materials 
Таблица 2. Размеры зерен спеченных материалов

Material
Sintering 

temperature, 
°С

Average Al2O3 
grain size, μm

Ba0.83Al11О17.33 grains

Length, μm Width, μm Aspect ratio

Al2O3 1500 4.27 ± 1.80 – – –

Al2O3 + Ba0.83Al11О17.33

1500 1.49 ± 0.80 2.45 ± 0.22 0.57 ± 0.05 1.0:4.3

1550 1.89 ± 0.85 3.38 ± 0.21 0.93 ± 0.04 1.0:3.6

1600 1.60 ± 0.63 5.23 ± 0.46 1.20 ± 0.06 1.0:4.4

Fig. 3. Grain size distribution of alumina in the sintered materials
 – Al2O3 , 1500 °C;  

 – Al2O3  + Ba0.83Al11O17.33 , 1500 °C;   
 – Al2O3  + Ba0.83Al11O17.33 , 1550 °C;   
 – Al2O3  + Ba0.83Al11O17.33 , 1600 °C 

Рис. 3. Распределение размеров зерен оксида алюминия  
в спеченных материалах

 – Al2O3 , 1500 °C;  
 – Al2O3  + Ba0,83Al11O17,33 , 1500 °C;   
 – Al2O3  + Ba0,83Al11O17,33 , 1550 °C;   
 – Al2O3  + Ba0,83Al11O17,33 , 1600 °C
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Plate-like grains in the  microstructure can signifi-
cantly influence the mechanical properties of the mate-
rial [19]. The results of Vickers hardness and fracture 
toughness measurements are summarized in Table 3. 
The materials containing barium hexaaluminate exhi
bited higher hardness compared with the additive-free 
alumina ceramics. For oxide ceramics, the  incorpora-
tion of hexaaluminates more commonly results in hard-
ness degradation [9–11]; in this case, however, the hard-
ness increase is attributed to the substantial refinement 
of alumina grains. An improvement in fracture tough-
ness was also observed in alumina ceramics contain-
ing barium hexaaluminate. The highest KIc value was 
recorded for the material sintered at ts = 1550 °С. It is 
likely that this composition provides the  most favo
rable combination of porosity and grain sizes of both 
alumina and barium hexaaluminate. 

Fig. 4 shows a typical Vickers indentation with 
radial cracks emerging from the indentation diagonals 

and a magnified view of a crack propagating through 
the Al2O3–BaAl12O19 composite. The measured crack 
lengths, taken from the indentation center to the crack 
tip, correlate with the calculated KIc value. In the addi-
tive-free alumina, the  average crack length reaches 
~80 μm, whereas in the composite ceramics it ranges 
from 50 to  55 μm, with the  maximum length not 
exceeding 65 μm.

Detailed examination of  the  crack path (Fig. 4, b) 
revealed intergranular fracture along alumina grain 
boundaries and transgranular fracture of  barium 
hexaaluminate plates in both transverse (1) and longi
tudinal (2) sections. Crack propagation was further 
accompanied by deflection at plate interfaces and 
the formation of crack bridging (3). 

ConclusionsConclusions
1. Regardless of  the  sintering temperature, XRD 

analysis of  materials containing barium oxide in 

Fig. 4. Typical indentation (a) and propagating crack (b) in the investigated materials containing barium hexaaluminate
Numbers indicate the toughening mechanisms: 1 – plate fracture in the transverse direction;  
2 – in the longitudinal direction with subsequent crack path deflection; 3 – crack bridging

The white arrow indicates the direction of crack propagation 

Рис. 4. Типичный снимок отпечатка (a) и распространяющейся трещины (b) в исследуемых материалах,  
содержащих гексаалюминат бария

Цифрами обозначены механизмы повышения трещиностойкости: 1 – перерезание пластины в поперечном направлении;  
2 – в продольном направлении с последующим отклонением траектории распространения;  

3 – формирование мостиков
Белой стрелкой показано направление распространения трещины

Table 3. Hardness and fracture toughness of the investigated materials 
Таблица 3. Твердость и трещиностойкость исследуемых материалов

Material Sintering 
temperature, °С

Hardness,
HV2

Fracture toughness, 
MPa·m1/2

Al2O3 1500 1990 ± 71 4.65 ± 0.14

Al2O3 + Ba0.83Al11О17.33

1500 2085 ± 33 4.85 ± 0.08
1550 2070 ± 43 5.00 ± 0.10
1600 2120 ± 67 4.50 ± 0.18
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the  starting mixture revealed, in addition to α-Al2O3 , 
the presence of Ba0.83Al11O17.33 reflections. 

2. The formation of  barium hexaaluminate leads 
to a decrease in relative density and an increase in open 
porosity. With rising sintering temperature, density 
and porosity change non-uniformly due to the simulta
neous growth and loose packing of plate-like barium-
hexaaluminate grains and variation in alumina grain 
size.

3. The size of barium-hexaaluminate plates increa
ses with sintering temperature: their average length 
rises from 2.45 ± 0.22 μm at 1500 °C to 5.23 ± 0.46 μm 
at 1600 °C.

4. The formation of  barium hexaaluminate in 
the ceramic microstructure causes a reduction of  alu-
mina grain size by approximately 65 % under identical 
sintering conditions at ts = 1500 °С.

5. The highest fracture toughness (KIc = 5.00 ± 
± 0.10 MPa·m1/2) was obtained for the  material 
containing barium hexaaluminate and sintered at 
ts = 1550 °С. The corresponding Vickers hardness was 
2070 ± 43 HV2 .
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Abstract. Titanium carbide (TiC) coatings were produced on the surface of graphite components using a low-cost liquid-phase tech-

nique involving application of a TiO2-based reaction mixture followed by carbothermal annealing in vacuum at 1900 °C. Typical 
grades of structural graphite (GMZ, MPG-6, and I-3) commonly used in high-temperature graphite assemblies were employed as 
substrates for the protective coating. The resulting polycrystalline titanium carbide films (NaCl-type structure) exhibited an axial 
growth texture [111] and thermal stresses that depended on the graphite grade, caused by the difference in the coefficients of thermal 
expansion between titanium carbide and graphite. Typical coating thicknesses ranged from 10 to 20 µm. Graphite components with 
TiC coatings were successfully tested under high-temperature silicon carbide single-crystal growth conditions. The tribological 
properties of the coatings were also evaluated. The use of denser grades of isostatic graphite (I-3) is preferable due to the formation 
of a dense two-dimensional structure of the protective layer on the graphite surface. 

Keywords: titanium oxide, titanium carbide, protective coating, structural characteristics
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Аннотация. Покрытия из карбида титана (TiC) создавали на поверхности графитовых изделий посредством дешевого «жидко-

фазного» способа, включающего нанесение жидкой реакционной смеси на основе TiO2 и ее последующий карботерми
ческий отжиг в вакууме при температуре 1900 °С. В качестве основы для нанесения защитного покрытия выбраны типовые 
марки конструкционных графитов, используемых в промышленности для создания элементов высокотемпературной графи-
товой арматуры (ГМЗ, МПГ-6 и И-3).  Полученные поликристаллические пленки карбида титана (структурный тип NaCl) 
характеризовались ростовой аксиальной текстурой  [111] и наличием «температурных» механических напряжений, зави-
сящих от марки графита, вследствие разности температурных коэффициентов линейного расширения между карбидом 
титана и графитовой основой. Типовые толщины покрытий составляли 10–20 мкм. Графитовые компоненты с покрытием 
TiC успешно протестированы в условиях высокотемпературного процесса синтеза монокристаллов карбида кремния. 
Проведена оценка трибологических свойств покрытий. Использование наиболее плотных разновидностей изостатического 
графита (И-3) является предпочтительным вследствие формирования двумерной плотной структуры защитного слоя на 
поверхности графита.  

Ключевые слова: оксид титана, карбид титана, защитное покрытие, структурные характеристики
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IntroductionIntroduction
Single-crystal silicon carbide is currently in demand 

for manufacturing components of power, high-frequency, 
and high-temperature electronic devices  [1]. Single-
crystal SiC ingots are typically grown by the sublimation 
method (modified Lely process), developed by Tairov and 
Tsvetkov at LETI Institute, on their own seeds, in vacuum 
or in an inert atmosphere (usually argon) at a temperature 
of about 2000 °C, using high-purity silicon carbide pow-
der as the source material. The graphite components used 
in the standard process of the modified Lely method are 
exposed to  an  aggressive vapor–gas environment con-
taining volatile species Si, SiC2 , and Si2C, which causes 
corrosion and leads to contamination of the crystal ingot 
with graphite particles [2]. 

To protect the surface of graphite assemblies, tanta-
lum carbide films are typically used [3]. They remain 
stable at  t > 2000 °C and can be produced by various 

methods. However, tantalum carbide coatings are rela-
tively expensive, particularly when applied to compo-
nents intended for single use. Therefore, it is necessary 
to search for more cost-effective coating materials that 
can serve as efficient protective barriers to prevent cor-
rosion of graphite assemblies. Their surface can also be 
protected using other high-temperature carbides such 
as TiC, WC, VC, and others [4; 5]. Among them, tita-
nium carbide is of  greatest interest, as it provides an 
optimal balance of high hardness (up to 2400 HV and 
higher), corrosion resistance, and thermal stability. 

The properties of  TiC depend on the  synthe-
sis method  [6]. Chemical vapor deposition (CVD) 
methods  [7–9] are widely used industrially for 
corrosion-resistant materials; the  resulting coatings 
exhibit high adhesion and uniformity on flat surfaces. 
However, these methods are costly (due to equipment 
and large consumption of carrier gases) and characte
rized by low growth rates (typically producing coatings 
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about 2–3 µm thick), as well as by the use of toxic or 
pyrophoric precursors  [9]. The use of plasma enables 
coating of  substrates and surfaces sensitive to  high 
temperatures; such coatings are distinguished by high 
adhesion and low surface roughness [10]. 

The family of  physical vapor deposition (PVD) 
methods includes thermal evaporation, ion sputtering, 
cathodic arc deposition, and electron-beam evapora-
tion [11–13]; the most common heating method among 
them is indirect resistive heating. The coatings pro-
duced by these methods exhibit high hardness and 
wear resistance but insufficient adhesion to  the  sub-
strate. Moreover, nonuniform coating thickness is 
observed inside cavities or on components with comp
lex geometry.

The use of  magnetron sputtering systems, inclu
ding reactive and radio-frequency sputtering  [14–17], 
enhances process efficiency by enabling deposition 
of uniform films over large areas. Additional annealing 
of coatings [14] improves the crystallinity of TiC films 
and increases the grain size. The actual coating thick-
ness achieved and applied in practice remains small 
(a few micrometers), yet such films have a dense struc-
ture without cavities or cracks. The challenge of coa
ting sidewalls and complex profiles is addressed using 
advanced magnetron control mechanisms. 

Laser cladding of titanium carbide–reinforced com-
posite coatings is effectively employed for surface 
passivation or surface hardening [18], but it cannot be 
used for large-area deposition. Pulsed laser deposition 
(PLD) involves the  use of  a laser to  ablate material 
from a target  [19]. The disadvantages of  this method 
include its limited suitability for mass production, 
the dependence of  ablation on laser energy, and non-
uniform coating formation on complex surfaces.

Titanium carbide coatings can also be produced 
by several other methods. In  [20], a TiC-containing 
coating was produced by plasma transferred arc weld-
ing  (PTAW), which increased the  corrosion potential 
of the substrate and significantly reduced the corrosion 
current density. Methods based on in-situ carburizing 
of  titanium in a CaCl2–CaC2 molten salt  – the  salt-
thermo-carburizing route  [21]  – or on anodic polari
zation–accelerated TiC coating formation in molten 
salt  [22] are also applicable. These approaches are 
simple and provide high coating growth rates (over 
100 µm in 8 h [21] and about 15 µm in 0.7 h [22]). 

Overall, none of  the  methods reviewed combines 
all the required characteristics for producing low-cost 
functional corrosion-resistant TiC-based coatings for 
graphite components used in high-temperature pro-
cesses of silicon carbide and aluminum nitride synthe-
sis. Therefore, there is a need to identify the most eco-

nomical coating techniques that do not require expen-
sive equipment and can yield dense protective layers 
tens of micrometers thick.

Experimental procedureExperimental procedure
In this study, a titanium carbide (TiC) film coating 

was produced by applying a reaction mixture containing 
powdered titanium dioxide TiO2 (OSCh 7–3), an adhe-
sive, and a solvent onto graphite components. Various 
phenol–formaldehyde resins were used as adhesives, 
and ethyl alcohol served as the  solvent. The  mix-
ture was applied at room temperature to  the  surface 
of  graphite components made of  different graphite 
grades. The  coated components were dried in air 
at t = 80÷100 °C, followed by annealing of the applied 
coating in forevacuum at  temperatures up to 1900 °C 
for 4–5 h. 

Graphite parts of commonly used domestic grades 
were employed as substrates for titanium carbide 
coating deposition, namely low-ash extruded gra
phite GMZ  [23], fine-grained dense pressed graphite 
MPG-6 [24], and isostatic graphite I-3 [25]. 

The resulting coatings were examined by X-ray dif-
fraction (XRD) for structural and phase composition 
analysis, scanning electron microscopy (SEM), opti-
cal microscopy (OM), energy-dispersive spectroscopy 
(SEM–EDS), profilometry, and tribometry.

The phase composition of  the  products at diffe
rent stages of synthesis was studied using a D2 Phaser 
X-ray diffractometer (Bruker AXS, Germany) equipped 
with a  copper anode X-ray tube and a nickel β-filter. 
The phase identification was carried out using the EVA 
software package (Bruker AXS, Germany) with 
the  ICDD PDF-2 diffraction database, release 2014 
(PDF-2 Powder Diffraction File-2, ICDD, 2014). To cal-
culate the unit cell parameters of TiC, sodium chloride 
(NaCl) was used as an internal standard, certified with 
the XRD powder standard Si640f (NIST, Gaithersburg, 
Maryland, USA). The calculations were performed 
using the Rietveld refinement method implemented in 
Topas-5 (Bruker). The error did not exceed ±0.0001 Å.

XRD analysis was used to  determine the  lattice 
parameters, texture, crystallite size, and second-order 
microstrain.

Second-order stresses (microstresses within crystal-
lite or mosaic block volumes) and the size of the cohe
rent scattering regions (CSR) were estimated from 
the  broadening of  X-ray reflections obtained from 
θ/2θ scans on the  diffractometer. The observed line 
broadening generally includes the following contribu-
tions: instrumental broadening, size broadening due 
to  small crystallite size (i.e., CSR dimension), and 
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strain broadening caused by lattice microdeforma-
tion  [26]. The size–strain separation was performed 
using the  Williamson–Hall method  [26], which con-
siders the  dependence of  reflection broadening on 
the reflection order (for the first and third orders – 111 
and 333  – of the  cubic titanium carbide lattice). The 
instrumental contribution was determined from peak 
widths of  nearly perfect single crystals (Si and Ge) 
measured at similar diffraction angles. 

For Bragg angles corresponding to  the  111 and 
333 reflections of TiC, high-quality single-crystal sili-
con and germanium standards were used to  evaluate 
the  instrumental broadening. For the  111 reflection 
at 2θ ≈ 35.9°, the instrumental component was

βinstr = 1.9∙10–4 rad,

and for the 333 reflection (2θ ≈ 135.1°) it was

βinstr = 7.0∙10–4 rad.

The diffraction profiles followed a Gaussian distri-
bution; therefore, the total line broadening was calcu-
lated by summing the squared components from diffe
rent sources as follows:

where βΣ  is the  total broadening; βinstr  is instrumen-
tal broadening;   is the  broadening caused by lat-
tice strain along the  diffraction vector;   is the  size 
broadening due to  the  finite CSR dimension; βphys is 
the physical broadening. It is known that

		          	 (1) 

		        	 (2)

where εn = Δd/d, d is the interplanar spacing.
The coating thicknesses were determined by SEM, 

SEM–EDS, and OM from polished cross-sections 
of  the  “titanium carbide – graphite substrate” struc-
tures. Cross-sections were prepared from the end faces 
of  the  structures by breaking or cutting samples, fol-
lowed by facing, grinding, and polishing operations. 

The tribological properties of  the  TiC coating 
(10 μm thick) on a graphite substrate (grade I-3) were 
evaluated using counterbodies made of structural steel 
(ShKh-15) and zirconia (ZrO2 ) on an FMT-5000 tri-
bometer according to  the  standard disk–ball test con-
figuration. The disk rotation speed was 60 rpm (linear 
speed 0.03 cm/s), the wear track radius was 5 mm, and 
the applied load range was 10–200 N.

To assess the  chemical stability, graphite compo-
nents with TiC protective coatings were held at 2100 °C 
for 10 h in the presence of SiC powder.

Results and discussionResults and discussion
Synthesis mechanism. According to  estimates 

reported in  [27], the  chemical reaction between tita-
nium oxide and carbon powders starts at t = 1300 °С, 
and a single-phase titanium carbide is formed at about 
1500 °C It was also noted in  [28] that the  degree 
of  conversion of  titanium dioxide to  titanium car-
bide approaches unity in the  temperature range 
of 1500–3340 K. XRD phase identification of the pro
duct obtained by holding the TiO2-based reaction mix-
ture applied to graphite components at 1500 °C for 1 h 
in forevacuum (<1 Pa) (Fig. 1, a) revealed a mixture 
of the oxides Ti2O3 and TiO together with the titanium 
carbides TiC0.957 and TiC. 

Thus, it can be assumed that the transformation pro-
ceeds through intermediate stages involving the forma-
tion of  lower oxides (TiO and Ti2O3 ), in accordance 
with the principle proposed by A.A. Baykov [29]:

TiO2 → Ti2O3 → TiO → TiC.

Fig. 1. X-ray diffraction patterns (CuKα radiation)  
of TiO2–carbon reaction products

a – t = 1500 °C, τ = 1 h; b – 1900 °C, 1 h 

Рис. 1. Рентген-дифрактограмма (CuKα-излучение)  
продуктов взаимодействия TiO2 с углеродом

a – t = 1500 °С, τ = 1 ч; b – 1900 °С, 1 ч

Powder Metallurgy аnd Functional Coatings. 2025;19(5):70–79 
Afanas’ev А.V., Bykov Yu.О., and etc. Titanium carbide coating for high-temperature graphite ...



74

After holding at t = 1900 °С for 1 h under foreva
cuum conditions (Fig. 1, b), the reaction of carbide for-
mation was complete for all graphite grades. The main 
phase was cubic TiC0.957 (hamrabayevite, NaCl-type 
structure) with a small amount of  graphite, which 
apparently resulted from carbonization of the adhesive.

As noted in  [30], the  high rate of  solid-state 
carbothermal reactions of  oxide carburization can 
be explained by the  formation of  a vapor phase that 
adsorbs onto carbon surfaces. In this study, in addition 
to  vapor-phase transport, we observed redistribution 
of  the reaction mixture along the graphite surface via 
flows of a liquid phase (likely TiO2 ). 

Coating thickness. In fracture cross-sections 
of  the  TiC-on-graphite structure, the  coating thick-
ness could not be determined by optical microscopy 
(OM) because of insufficient contrast. After polishing, 
a strong optical contrast appeared due to the substantial 

difference in mechanical properties between titanium 
carbide and graphite, enabling thickness estimation 
(Fig. 2). Since graphite is highly porous and the trans-
formation of oxides into carbide occurs via participa-
tion of  a liquid phase, OM observations of  polished 
sections may overestimate the coating thickness. 

SEM–EDS mapping of  the  same structure (Fig. 3) 
yielded significantly smaller thickness values  – 
20–25 μm compared to 50–60 μm in Fig. 2.

Penetration of  the  liquid oxide into graphite pores 
and its reaction with the  substrate lead to  blurring 
of  the  TiC–graphite interface and to  the  formation 
of  an  extended composite interlayer beneath the  TiC 
coating, composed predominantly of  graphite. This 
interfacial blurring is evident in Fig. 4.

Fig. 2. Optical micrograph of a polished cross section 

Рис. 2. Оптическая микрофотография участка шлифа

Fig. 3. SEM–EDS image of a polished cross section (see Fig. 2) 

Рис. 3. РЭМ ЭДС-изображение участка шлифа (см. рис. 2)

Fig. 4. SEM image of a polished cross section  
in backscattered electron (BSE) contrast 

Рис. 4. РЭМ-изображение шлифа  
в упругоотраженных электронах (BSE контраст)
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Morphology. On isostatic graphite, the  titanium 
carbide coating generally exhibited a dense, flat surface 
composed of fused crystallites with sizes of 10–30 μm 
(Fig. 5, a). For less dense graphite grades, the surface 
appeared more developed, consisting of columnar crys-
tallites poorly bonded to each other (Fig. 5, b).

Structural defects. In thicker coatings (>30 μm), 
local cracking was observed, evidently caused by 
the  difference in the  linear coefficients of  thermal 
expansion (CTE) between the  coating and the  sub-
strate for all graphite grades (Fig. 6). First-order 
(macroscopic) stresses were confirmed by XRD (see 
Table 2). 

Texture analysis. Protective coatings obtained 
on graphite components by chemical vapor deposi-
tion (CVD) methods usually exhibit a pronounced axial 
growth texture oriented normal to the graphite surface 
(for example, this is noted for tantalum carbide coa
tings in [31]). 

For protective applications, the  most favorable 
state is texture-free, as it is associated with the absence 
of  through cracks  [31]. However, a weak growth tex-
ture contributes to  improved crystallite bonding and 
enhances the smoothness and continuity of the coating 
layer.

To evaluate the growth texture, XRD (θ–2θ) reflec-
tion intensities were measured after background sub-
traction for TiC films deposited on graphite plates 
made from the  selected grades (sample 1  –  GMZ, 
2  – MPG-6, 3  –  I-3). A polycrystalline TiC reference 
from the ASTM card No. 35-0801 [32] and a TiC pow-
der synthesized in-house (without a graphite substrate) 
were used for comparison. The reflection intensities 
normalized to  the  intensity of  the  (111) reflection 
of the corresponding sample are presented in Table 1.

According to  Table 1, samples 1–3 are, with high 
confidence, characterized by a pronounced axial [111] 
growth texture.

Fig. 6. SEM image of the coating surface on GMZ graphite at different magnification
The arrows indicate surface crack 

Рис. 6. РЭМ-фотографии поверхности покрытия на графите ГМЗ с разным увеличением
Стрелки указывают на трещины на поверхности

Fig. 5. Surface morphology of the protective coating (optical microscopy image)
a – on I-3 graphite; б – on MPG-6 graphite 

Рис. 5. Морфология поверхности защитного покрытия (ОМ)
а – на графите И-3; б – на графите МПГ-6
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Determination of the lattice period and first-
order stresses. The measured lattice parameters 
of  TiC are presented in Table 2 (the measurement 
uncertainty was ±0.0001 Å). According to  the ASTM 
database, the equilibrium lattice parameter of titanium 
carbide is аeq = 4.3274(2) Å. The values of TiC lattice 
strain on graphite substrates of different grades, listed 
in Table 2, are of  the  same sign in all cases, which 
suggests the  presence of  thermal stresses at the TiC–
graphite interface. As is well known, graphite grades 
exhibit high anisotropy and a wide range of linear coef-
ficients of  thermal expansion  (CTE); however, litera-
ture data on CTE values for specific graphite grades are 
scarce [33–36]. An exception is represented by isostatic 
graphites, which are characterized by isotropic physical 
properties. The CTE values of the graphite grades used 
are also given in Table 2. For comparison, the  CTE 
of titanium carbide is (7.0÷8.0)∙10–6 K–1 [29; 37].

As can be seen from Table 2, the  strain values 
are not only of the same sign (positive) but also cor-
relate with the  differences between the  CTE of  TiC 
and that of the corresponding graphite substrate. Note 
also that isostatic graphite is not the best substrate for 
a TiC film owing to the high stress level generated in 
the coating.

Measurement of  crystallite size and inhomo-
geneous lattice microstrain. The calculated results 
are summarized in Table 3.

It is well known that, according to Eqs. (1) and (2), 
the ratio β333/β111 lies within the bounds

.

When β333/β111 approaches the  cosine ratio, the  line 
broadening is governed primarily by the finite crystal-
lite size (i.e., the  limited coherent scattering region, 
CSR). Conversely, when the ratio approaches the tan-
gent ratio, microstrain provides the  dominant contri-
bution to  broadening. As seen from Table 3, for all 
graphite substrates the  principal contribution arises 
from the limited CSR (crystallite) size, which – within 
the measurement uncertainty – is on the order of 103 Å.

Tribological testing. During wear testing 
of  the TiC coating (Vickers hardness 3000 HV, thick-
ness 10 µm) deposited on a graphite substrate (500 HV) 
in disk configuration and tested against a ShKh15 steel 
ball (1900 HV), no coating wear was observed. When 
the TiC coating was tested against zirconium dioxide 
(ZrO2 , 12,000 HV), coating wear occurred, and it was 

Table 1. Intensities of X-ray diffraction peaks  
for TiC samples 

Таблица 1. Интенсивности рефлексов  
обзорных дифрактограмм образцов TiC

Reflection
Intensity, arb. units

Sample ASTM, 
035-0801

TiC 
powder1 2 3

111 100 100 100 100 100
200 64 86 52 137 110
220 37 42 18 82 82
311 19 22 16 41 65
222 16 16 22 23 47
400 4 5 5 14 30

Table 2. Lattice parameter a of TiC and related characteristics on graphite substrates of different grades 
Таблица 2. Параметры решетки TiC на деталях из различных марок графита

Graphite 
grade

TiC lattice 
parameter а, Å

TiC lattice strain (first-order), 
(а – аeq)/аeq

Graphite CTE,  
10–6 K–1

∆CTE (TiC – graphite), 
10–6 K–1 

GMZ 4.3305 +7.2·10–4 4.5 2.5–3.5
MPG-6 4.3290 +3.7·10–4 6–8 0–1.0

I-3 4.3340 +1.5·10–3 3–5 2.0–5.0

Table 3. Analysis of X-ray peaks broadening factors 
Таблица 3. Анализ факторов уширения рентгеновских линий

Graphite grade Reflection βphys , 10–3 rad β333/β111 εn Ln , Å

GMZ
111 2.15

2.06 – 750–900
333 4.44

MPG-6
111 1.39

2.84 – 1000–1150
333 3.95

I-3
111 2.08

2.33 – 750–850
333 4.84
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four times greater than the wear of  the ZrO2 ceramic 
ball. In this case, the TiC coating began to fail at loads 
≥90 N, accompanied by a sharp increase and scatter 
(instability) in the  friction force and an exponential 
increase in the  penetration rate of  the  ZrO2 ball into 
the coating during sliding as the load increased.

In the  initial state, the  profilometric parame
ters of  the  coating were, μm: Ra = 1.973; Rq = 2.550; 
Rz = 14.096; and Rt = 17.547. After testing, the surface 
roughness increased approximately 1.2-fold.

Testing under SiC single-crystal growth con-
ditions. After holding the coated graphite components 
in contact with SiC powder at 2100 °C under an argon 
atmosphere (200 Pa) for 10 h, no changes in the coa
ting’s morphology or phase composition were observed. 

ConclusionConclusion
A simple and inexpensive two-stage liquid-phase 

process for depositing titanium carbide from a TiO2-
based mixture can be used to produce passivating layers 
on graphite assembly components operating in high-
temperature processes under aggressive gaseous envi-
ronments. Isotropic graphites with minimal porosity are 
preferable as structural materials for graphite assem-
blies, as they exhibit a more favorable morphology 
of  the  protective coating. The resulting coatings are 
characterized by a [111] texture and by thermal stresses 
whose magnitude depends on the graphite grade.
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Abstract. This article continues the research on α-SiC powder preforms produced by selective laser sintering (SLS) [1]. The study 

examines the hydrostatic density and microstructure of the surface and internal cross sections of both the porous preforms and 
the densified specimens obtained through post-processing. Two post-processing routes were tested to increase the density of porous 
SLS preforms. The first method involved densification by silicon infiltration (liquid silicon infiltration, LSI). The second method 
was hybrid, combining polymer infiltration and pyrolysis followed by silicon infiltration (PIP + LSI). For conventionally pressed 
materials, this hybrid treatment forms a higher fraction of silicon carbide in the structure compared to LSI alone, which has a benefi-
cial effect on mechanical and thermophysical properties. The study established the dependence of SiC, Si, and C phase contents and 
the relative density on the number of infiltration and pyrolysis cycles and on the post-processing route. Specimens were fabricated 
with different single-layer thicknesses (30 and 50 µm). Specimen with a 30 µm layer thickness had a higher initial density than those 
with 50 µm layers and required only 2–3 infiltration cycles for carbon saturation, compared with 4–5 cycles for the 50 µm specimens. 
The final density of the specimens with both layer thicknesses was approximately the same – no higher than 2.88 g/cm3. The density 
of specimens subjected only to silicon infiltration was 2.52–2.65 g/cm3, which is lower than that of the fully post-processed speci-
mens. This density difference was not due to porosity; in fact, the porosity was lower in the LSI specimens. According to quantitative 
microstructural analysis, the lower density resulted from nearly twice the content of free silicon, which has a lower density than SiC 
and thus decreases the overall density of the LSI specimens. 

Keywords: selective laser sintering, silicon carbide, densification, siliconization, reaction sintering, liquid silicon infiltration (LSI), high-
temperature ceramics, porous ceramics, post-processing
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Аннотация. Данная статья является продолжением работы по исследованию образцов из порошка α-SiC, получаемых по техно-

логии селективного лазерного спекания (СЛС) [1]. Рассматриваются гидростатическая плотность, а также микроструктура 
поверхности и внутренних сечений пористых заготовок и уплотненных с помощью постобработки. Проведена апробация 
двух способов постобработки для повышения плотности пористых заготовок. Первый способ – уплотнение за счет сили-
цирования, так называемой пропитки расплавом кремния (LSI), или жидкофазной пропитки. Второй способ уплотнения 
является гибридным из-за сочетания метода пропитки полимером пористой заготовки с последующим пиролизом и сили-
цированием  – так называемый PIP метод, совмещенный с LSI. Для стандартных методов прессования гибридная обра-
ботка PIP + LSI позволяет сформировать повышенную долю карбида кремния в материале по сравнению со способом LSI, 
что благоприятно сказывается на механических и теплофизических свойствах. По результатам исследований установлена 
зависимость содержания фаз SiC, Si, С в материале и относительной плотности от количества циклов пропитки, пиролиза 
и способа постобработки. Образцы изготавливались с различной высотой единичного слоя – 30 и 50 мкм. Образцы с высотой 
слоя 30 мкм имели бόльшую начальную плотность, чем образцы со слоем в 50 мкм, а также требовали 2–3 пропитки для 
насыщения углеродом, в отличие от 4–5 пропиток во втором случае (50 мкм). Финальная плотность образцов при высоте 
слоя 30 и 50 мкм находилась примерно на одном уровне – не более 2,88 г/см3. Для образцов, прошедших только стадию 
силицирования, плотность составила 2,52–2,65 г/см3, что меньше, чем у образцов после полного цикла постобработки. 
Разница плотности образцов не связана с пористостью – напротив, пористость меньше в образцах после LSI. По резуль-
татам количественного микроструктурного анализа разница плотности обусловлена в 2 раза бόльшим содержанием свобод-
ного кремния, который имеет плотность ниже, чем у SiC, снижая тем самым общую плотность LSI-образцов.  

Ключевые слова: селективное лазерное спекание, карбид кремния, уплотнение, силицирование, реакционное спекание, пропитка 
расплавом кремния, высокотемпературная керамика, пористая керамика, постобработка
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IntroductionIntroduction
Porous ceramic materials are widely used in in

dustry for a range of  functions, including heaters, 
filters, catalysts, and thermal insulators. Silicon car-
bide (SiC) in a porous form is commonly employed as 
a filtration element in metal casting operations. Porous 
architectures can also be used as catalyst supports for 
depositing a catalytice coating; for such applications, 
porosity typically ranges from ~70 to  ~20 %. In pre-
forms produced by selective laser sintering (SLS), 
achievable porosity is ~55 to ~15 %, which is suitable 
for manufacturing such components. A further advan-
tage of SLS is the ability to design hierarchical porous 
structures within a part – useful for heat-exchange and 
thermal-management elements, gas and liquid filters, 

catalysts, sensors for aggressive environments, and 
medical implants.

During SLS, laser exposure sinters SiC powder 
via a high-rate evaporation–condensation mechanism: 
SiC partially decomposes upon sublimation and then 
recondenses. The surfaces of  the starting powder par-
ticles undergo this process, which causes spheroidiza-
tion of angular fragments and the formation of submi-
crometer particles of  nonstoichiometric SiC1–x and Si 
(average size <1 µm). These decomposition products 
appear on the particle surfaces as spherical inclusions. 
Owing to  laser heating, lower-melting surface phases 
of  Si and nonstoichiometric SiC1–x form on the  SiC 
powder particles. These phases promote particle sli
ding and rearrangement, leading to local densification 
within the sintering zone; upon crystallization, the par-
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ticles bond to one another, thereby building the porous 
skeleton of the SLS preform [1].

It should be noted that, to impart additional strength 
to the porous SLS framework, an extra manufacturing 
cycle in the form of pressureless sintering at a tempera-
ture typical for such processes (usually above 1800 °C) 
with a short dwell (3–5 h) may be required. This 
operation is warranted because the interparticle bonds 
formed during high-rate sintering via the evaporation–
condensation mechanism are relatively weak and con-
tain a fraction of free silicon, as shown in our previous 
study [1]. During pressureless sintering, stronger bon
ding develops owing to more complete and extensive 
diffusion at interparticle contacts under the  sintering 
temperature with a longer time at temperature than in 
the SLS process.

Combining SLS with conventional pressureless sin-
tering enables the fabrication of parts and porous struc-
tures with tailored, controlled porosity and complex 
geometries for high-tech, emerging industrial sectors 
that require such components.

However, despite a certain industrial demand for 
porous SiC components of complex shape, the greater 
share of demand is for high-density products. This is 
driven by their superior mechanical and thermophysi-
cal properties, which broaden the range of applications.

It is well established that, across various additive 
manufacturing (AM) methods for SiC, the as-built rela-
tive density of SiC parts typically lies in the 40–85 % 
range; therefore, porous SLS preforms require post-
processing to  increase material density and meet 
the property requirements of dense parts [2; 3].

To increase the  density of  porous α-SiC preforms 
produced by conventional and additive manufacturing 
methods, both chemical vapor infiltration (CVI) – first 
tested in the  1910s  [4]  – and siliconization by liquid 
silicon infiltration (LSI), known since the  1960s  [5], 
can be employed [5].

Densification methods  Densification methods  
for porous SiC preformsfor porous SiC preforms

Possible implementations of densification methods 
for porous SiC preforms are shown in Fig. 1.

Chemical vapor infiltration  (CVI) involves the  in
filtration of  silane compounds from the  gas phase 
into porous compacts. According to  [6], this method 
yields additively manufactured parts with a bulk den-
sity of up to 92 % and a flexural strength of 300 MPa. 
The  residual porosity results from isolated pores that 
are not accessible from the surface [6].

Siliconization, or liquid silicon infiltration  (LSI), 
is a conventional powder-metallurgy technique used 
to  increase the  density of  porous graphite and SiC 
components, thereby minimizing production costs  – 
either by avoiding the  need for initially denser com-
pacts or by replacing more time-consuming densifica-
tion processes. The resulting microstructure contains 
an increased amount of  free silicon, which limits 
the  use of  this method by the  compositional require-
ments of the material. During siliconization, pores are 
filled by molten silicon through capillary action, which 
increases the  density and, consequently, enhances 
the  mechanical properties of  the  material. Since 
the mechanical and thermophysical properties of  sili-
con are lower than those of  SiC, a drawback of  this 
post-processing method is the reduced overall property 
set caused by the  presence of  residual free silicon in 
the regions formerly occupied by pores.

An important advantage of  siliconization is that 
the process causes virtually no shrinkage. Solidification 
of  molten silicon is accompanied by a volumetric 
expansion of  up to  10.8 %  [7], which helps prevent 
cracking during cooling. This allows the densification 
of  not only simple shapes but also complex-profile 
parts, where thermal stresses upon cooling are much 
higher. However, this volume expansion also means 

Fig. 1. Variants of densification routes for porous SiC preforms 

Рис. 1. Варианты реализации уплотнения пористых заготовок деталей из SiC

Известия вузов. Порошковая металлургия и функциональные покрытия. 2025;19(5):80–93 
Бубненков Б.Б., Жармухамбетов А.С. и др. Повышение плотности пористых СЛС-заготовок из карбида кремния ...



83

that an excess volume is generated during solidifica-
tion. As the solidification front moves toward the sur-
face, the final freezing of the silicon melt occurs near 
the  surface and is accompanied by expulsion of  free 
silicon outward. This makes mechanical removal 
of the excess silicon necessary and represents a specific 
limitation of the method.

Another densification route is the formation of reac-
tion-bonded SiC (RB-SiC) ceramics via reactive wet-
ting of pyrolytic/free carbon by molten silicon within 
the  pores  – reactive melt infiltration (RMI)  – with 
the  pore space being progressively filled by secon
dary SiC formed in situ. The process flow is illustrated 
in Fig. 2. At the  first stage, the  preform is impreg-
nated with a  high-char-yield, low-impurity polymer 
(e.g.,  phenolic resin) to  fill the  pores. The polymer 
is then thermally decomposed  – pyrolyzed  – to  form 
pyrolytic carbon in the  regions previously occupied 
by the polymer. Alternatively, a carbon source can be 
incorporated during the initial preform fabrication, for 
example by using a mixture of SiC powder with carbon 
powder.

Thermal pyrolysis of  the  polymer binder phase 
generates internal pressure within the SiC preform due 
to the active gas evolution associated with the decom-
position of organic components in the binder composi-
tion. As a result, a thermal cycle with a slow heating 
rate (about 1–2 °C/h) is required to  prevent thermal 
deformation and cracking during pyrolysis. In this con-
text, geometric limitations are imposed on the  resul
ting components, particularly on the  wall thickness. 
Typically, the  binder phase is converted into residual 
carbon after thermal debinding, but it can directly 
transform into SiC when a silicon-containing polymer 
precursor, such as polycarbosilane or allylhydridopoly-
carbosilane, is used [8].

After binder burnout, a preliminary sintering step is 
performed to form new and strengthen existing necks 

between particles, thereby imparting mechanical integ-
rity to the porous body, similar to conventional porous 
ceramics fabrication.

At the  next stage  – siliconization  – densification 
occurs through the  reaction between the  pyrolytic 
carbon and molten silicon, resulting in the  formation 
of secondary silicon carbide:

	               Si(l) + C(s) = SiC(s).	 (1)

The liquid silicon infiltration (LSI) process is typi-
cally carried out at 1500–1600 °C. During the  exo-
thermic reaction (cementation) between molten silicon 
and pyrolytic carbon, β-SiC is formed and remains 
stable upon cooling. It is known that the  transforma-
tion of β-SiC into α-SiC occurs at temperatures above 
2000 °C, although a local thermal spike caused by 
the exothermic reaction may induce partial conversion 
to the α modification [9; 10]. Densification is gradually 
completed during cooling with the formation of a new 
secondary SiC phase, which coexists with the  ini-
tial α-SiC, residual free silicon, and, in some cases, 
unreacted carbon. Depending on its volume fraction, 
the  pyrolytic carbon is either completely or partially 
converted to SiC during siliconization.

After additional polymer infiltration and pyroly-
sis (PIP) cycles, the volume fraction of SiC after LSI 
increases due to  the  growth of  the  β-SiC phase on 
the initial α-SiC particles. The amount of carbon partic
les decreases as they dissolve in the silicon melt, start-
ing with the  smaller ones. The pyrolytic carbon acts 
as the nucleation center for the formation of the β-SiC 
phase  [11]. The reaction leading to  the  formation 
of  secondary β-SiC is accompanied by a volumet-
ric expansion of  approximately 53 %  [12; 13], which 
exceeds the expansion occurring during the crystalliza-
tion of silicon in the LSI process.

Fig. 2. Flow diagram of densification of porous SiC part preforms by reactive melt infiltration (RMI) 

Рис. 2. Схема реализации уплотнения пористых заготовок деталей из SiC методом реакционной пропитки (RMI)
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A variation of the Reactive Melt Infiltration (RMI) 
method involves using a porous carbon preform instead 
of SiC for silicon-based densification. The mechanical 
strength of such products is significantly lower because 
of  the high content of unreacted free carbon (matrix) 
remaining after siliconization [14].

In the  PIP + LSI method, an important parameter 
affecting the  anisotropy of  properties is the  unifor-
mity of  carbon distribution within the  pores across 
the  section. This factor determines the  completeness 
of  the  reaction between free silicon and carbon and, 
consequently, the  residual amount of  free silicon. 
In regions with a higher carbon concentration, the local 
temperature is elevated, accelerating the  C + Si reac-
tion. This, in turn, leads to  a pronounced increase in 
the rates of phase formation and gas evolution (CO and 
SiO2 ), as well as a rise in the material’s porosity [15].

Another important factor is the carbon content within 
the  pores, defined as the  average fraction of  a  pore’s 
volume filled with carbon. This parameter determines 
the  infiltration capacity of  the  pore network during 
siliconization  – that is, how long the  molten silicon 
can penetrate through the system of capillary channels 
before they become sealed by newly formed SiC. It is 
crucial to minimize the residual free silicon and poro
sity to achieve the desired combination of mechanical 
properties. At the same time, this aspect of the process 
can be deliberately utilized to  fabricate graded mate
rials by varying the  porosity, carbon concentration, 
and free silicon content across the section. The number 
of PIP cycles directly influences the concentration and 
distribution of pyrolytic carbon, as well as the amount 
of residual free silicon. Moreover, the number of infilt
ration cycles can be optimized to  reduce residual 
porosity and obtain the  required mechanical strength 
characteristics [16].

With an increase in the carbon content of  the pre-
form before siliconization, both the strength and den-
sity initially rise, reach a maximum, and then decrease. 
This behavior is explained by the fact that at low car-
bon contents, a large amount of free silicon remains in 
the structure, whereas at high carbon contents, free car-
bon persists, and the  pores become sealed, hindering 
the penetration of silicon into the bulk of the preform. 
As a result, the interfacial strength between large SiC 
particles and the residual silicon weakens.

At an optimally adjusted carbon concentration, with 
appropriate reactivity and pore channel size, the  resi
dual pore volume surrounding the pyrolytic carbon can 
be completely filled with secondary silicon carbide. 
Thus, the  secondary and primary SiC phases can be 
bonded without residual components in the  structure. 

Reducing the amount of free silicon directly decreases 
the total area of weak SiC/Si interfaces and the number 
of regions with localized residual stress concentrations. 
Consequently, the  likelihood of crack initiation along 
the SiC/Si boundary decreases, while both the density 
and mechanical strength of the material increase.

The LSI process can also be applied to composites 
(e.g., Cf  /SiC), but it has certain specific features. Since 
LSI is carried out at a temperature above the melting 
point of silicon, the carbon fibers (Cf ) eact with mol-
ten Si to form SiC [17–19]. This reaction significantly 
reduces the  carbon fiber content in the  composite, 
thereby diminishing the reinforcing effect.

In [20], the CVI method was used to produce a pro-
tective SiC interphase coating on the surface of the Cf  , 
preventing their reaction with molten silicon. After LSI 
processing, the fibers were well protected, and the com-
posite exhibited a flexural strength of  274 ± 13 MPa 
and a fracture toughness of  5.82 ± 0.25 MPa·m1/2. 
The authors of  [21] fabricated Cf coated with SiC by 
a hydrothermal method. The SiC coating successfully 
protected the  fibers from erosion and significantly 
improved the flexural strength and fracture toughness 
of  the Cf  /SiC composite by 32.6 and 26.3 %, respec-
tively. However, both of these protective approaches are 
relatively low in productivity and resource-intensive.

Another study [22] demonstrated that the  PIP 
method can be used to protect fibers prior to siliconi
zation by forming a pyrolytic carbon layer on their 
surface. This approach is considerably faster and more 
cost-effective, while increasing the  fraction of  secon
dary SiC and reducing the content of free silicon. 

The use of various siliconization approaches in com-
bination with SLS offers new opportunities for compo-
nent fabrication, enabling the  production of  complex 
SiC parts with near-net shapes, thereby eliminating 
the need for costly final machining by additive methods 
and subsequent densification of porous preforms [23].

The objective of this study was to evaluate the effect 
of  post-processing parameters  – polymer infiltration, 
pyrolysis, and siliconization – on the density of porous 
SiC preforms produced by the SLS method.

Materials and methodsMaterials and methods
Porous cubic SiC preforms (10×10×10 mm; 

Fig. 3) were produced by selective laser sintering in 
the  vertical build direction on mesh supports using 
a MeltMaster3D-160 system (NPO TsNIITMASH, 
Moscow) equipped with an ytterbium fiber laser 
(up  to 200 W). The laser energy density used to form 
the  porous SLS preforms was maintained at approxi-
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mately 100 J/mm3 while varying the  layer thickness 
from 30 to 50 µm according to the following relation:

		              	 (2)

where Е is the  laser energy density, P is the  laser 
power, V and d are the  scanning speed and scanning 
pitch, respectively, and h is the layer thickness.

The starting material for sintering was a single-com-
ponent SiC powder (grade F320), pre-dried at 100 °C. 
The powder had poor flowability, an average particle 
size of 48 ± 0.5 µm, a bulk density of 1.11 ± 0.01 g/cm3, 
and a vibrated density of 1.36 ± 0.01 g/cm3. No sinter-
ing aids or other additives were introduced. Layer-by-
layer sintering of  the  SiC powder was carried out in 
an argon flow atmosphere to  prevent oxidation and 
the  formation of  SiO2 . The synthesis procedure is 
described in more detail in [1].

The post-processing of the SLS-fabricated SiC pre-
forms consisted of three main stages:

1. Polymer infiltration  – filling the  open porosity 
with a carbon-rich polymer (furan resin). The process 
was repeated until complete saturation, which was 
determined by the  absence of  further mass increase 
after each infiltration stage.

2. Pyrolysis  – thermal decomposition of  the  poly-
mer with a high carbon yield. After this stage, the infil-
trated polymer decomposed within the  pore network, 
leaving free carbon behind. The combined process 
of  polymer infiltration and pyrolysis is referred to  as 
PIP (Polymer Infiltration and Pyrolysis).

3. Siliconization (LSI) – infiltration of the preforms 
through open porosity with liquid silicon. The process 
was carried out in a chamber under excess pressure, 
promoting melt penetration into the pores. The molten 
silicon reacted with the previously formed free carbon, 
resulting in the formation of secondary silicon carbide, 

which crystallized upon cooling. A portion of  excess 
silicon also remained and solidified within the  pores, 
filling them.

The post-treatment aimed at increasing the density 
and strength of the preforms was carried out using two 
different methods:

– Liquid Silicon Infiltration (LSI) without prelimi-
nary polymer infiltration;

– PIP + LSI, combining polymer infiltration, pyroly
sis, and subsequent siliconization.

Polymer infiltration  Polymer infiltration  
with a carbon-rich precursorwith a carbon-rich precursor

Polymer infiltration was performed in furfurylidene 
diacetone under vacuum, followed by drying at 150 °C 
to cure the polymer inside the pores. After each infil-
tration and curing stage, the preforms were subjected 
to carbonization (pyrolysis).

Carbonization was carried out in a muffle furnace in 
air, using a graphite-chip carburizer bed as the protec-
tive medium according to  the  following temperature 
schedule:

– heating to 240 °C at a rate of 220 °C/h;
– heating to 450 °C at a rate of 20 °C/h;
– heating to 850 °C at a rate of 220 °C/h;
– holding for 1 h;
– cooling to room temperature.
Carbonization of  the  resin at 850 °C was not 

complete but sufficient for performing the subsequent 
operations.

The infiltration procedure was repeated n times 
until the network of inter-pore channels within the pre-
form volume was saturated. Saturation was evaluated 
by measuring the specific mass gain after each infiltra-

Fig. 3. Initial porous SLS SiC preforms 

Рис. 3. Исходные пористые СЛС-заготовки
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tion cycle. The absence of further weight increase indi-
cated complete saturation of  the preform, after which 
it was subjected to liquid silicon infiltration (LSI). For 
different preforms, the  number of  infiltration cycles 
ranged from 2 to 6.

Siliconization in a vacuum furnaceSiliconization in a vacuum furnace
After completing the  infiltration and carbonization 

cycles, the  SLS- preforms were placed in a vacuum 
thermal furnace for LSI. The preforms were positioned 
in a crucible on a technological support assembly com-
posed of  composite materials and spacer elements. 
The  crucible was placed on a separate stand, taking 
into account the temperature-field gradient of  the fur-
nace hot zone. Pre-prepared silicon was loaded into 
the crucible. Its quantity was determined by calculation 
based on the mass of the SLS preform, their free-carbon 
content, and porosity. LSI was conducted at 1450 °C. 
Capillary infiltration was used as the  mechanism for 
melt penetration. The temperature was monitored with 
a pyrometer and visually through the furnace viewing 
ports. The total process time was about 10 h. After LSI, 
a small amount of  silicon remained on the  preform 
surfaces; the excess was removed mechanically during 
the finishing step.

Hot mounting of specimensHot mounting of specimens
For metallographic preparation, the specimens were 

hot-mounted in phenolic resin using a CitoPress-1 
mounting press (Struers, Denmark). Mounting was car-
ried out in both longitudinal and transverse orientations 
relative to the SLS build direction.

Preparation  Preparation  
of metallographic specimensof metallographic specimens

Metallographic specimen preparation was per-
formed in several stages using a TegraPol-11 grind-
ing and polishing system (Struers) equipped with 
the  TegraForce-1 semi-automatic specimen rotation 
unit (Struers). The preparation sequence included 
grinding, fine grinding, diamond polishing, and oxide 
polishing. For grinding, diamond disks with abrasive 
grain sizes from 54 to  18 µm were used. Running 
water was supplied continuously to  the  grinding area 
as a cooling and lubricating medium. Fine grinding was 
carried out using composite single-step fine-grinding 
disks with diamond suspensions of  15–6 µm particle 
size. Polishing was performed on a hard polishing cloth 
with 3 µm diamond suspension, followed by final poli
shing on a soft cloth using an alumina suspension with 
a particle size of 0.04 µm.

MicroscopyMicroscopy
Optical microscopy. Microstructural constituents 

and their relative proportions in the  specimens were 
examined using an Olympus PNG-3 optical microscope 
(Japan) equipped with the Vestra Imaging System (NPO 
LATEMI, Moscow) for image analysis. Quantitative 
analysis was performed by assigning distinct colors 
to individual phases and calculating the number of colo
red pixels using software-based image segmentation.

Because the structural constituents exhibited diffe
rent etching behavior, chemical etching for microstruc-
ture revelation was not performed.

Scanning electron microscopy. SEM studies 
were conducted using a Tescan Vega 3XMU analyti-
cal system (Czech Republic) equipped with an Oxford 
Advanced AZtec Energy EDS unit (UK) based on 
an X-Max80 detector (Oxford Instruments, UK). 
Observations were performed in high-vacuum mode 
at an accelerating voltage of 20 kV.

Density measurement  Density measurement  
by hydrostatic weighingby hydrostatic weighing

The density of the specimens was determined after 
SLS fabrication, during post-processing, and after 
the  final LSI stage using the  hydrostatic weighing 
method in accordance with GOST 18898-89. The den-
sity was calculated as

	           	 (3)

where М1 is the mass of the specimen without protec-
tive coating, g, М2 is the mass of the coated specimen 
weighed in air, g, М3 is the mass of the coated specimen 
weighed in liquid, g, М4 is the mass of  the protective 
coating, g; ρl is the density of the working liquid, g/cm3, 
ρc is the density of the coating material, g/cm3.

Results and discussionResults and discussion
Post-processingPost-processing

As a result of post-processing, final SiC specimens 
were obtained from the porous SLS preforms (Fig. 4). 
Their outer surface exhibited a characteristic metallic 
sheen, which can be attributed to the presence of free 
silicon segregated on the  surface. During infiltra-
tion, silicon penetrates into the  porous SLS preform 
by a capillary mechanism. It reacts both with the sin-
tered SiC skeleton of  the  preform and with the  free 
carbon present in the pore channels introduced through 
the PIP process. Upon crystallization, silicon undergoes 
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volumetric expansion, which causes the  residual melt 
to be expelled toward the surface of the specimens.

It should be noted that the  depth of  melt penetra-
tion into the bulk is limited by the presence of closed 
porosity, the  pore size, and the  reactivity of  carbon. 
Fig. 5 shows a fracture surface of a specimen demonst
rating limited melt infiltration to a depth not exceeding 
1.0–1.5 mm. In this case, the shallow penetration was 
associated with an excessive number of  PIP cycles, 
which led to  over-saturation with carbon and, conse-
quently, a reduction in pore size and blockage of most 
pore channels, preventing molten silicon from penet
rating into the interior of the porous SLS preform. 

The reaction between molten silicon and carbon 
occurred only in the  near-surface zone on all sides 
of  the specimen, since the entire outer surface was in 
contact with the melt. However, the observed infiltra-
tion pattern indicates that the melt penetrated the speci-
men volume only within this peripheral region, uni-
formly distributed over the entire cross-section.

Density measurementDensity measurement
The initial density of the specimens fabricated with 

a layer thickness of 50 µm (hereinafter referred to  as 
“50 µm” specimens) ranged from 1.28 to  1.37 g/cm3, 
whereas specimens produced with a layer thickness 
of  30 µm (“30 µm” specimens) exhibited densities 
13–16 % higher, in the range of 1.46–1.63 g/cm3. This 
difference suggests denser layer packing and more 
complete sintering in thinner layers.

The porous SLS preforms were subjected to  PIP 
densification, which included vacuum infiltration with 
furfurylidene diacetone followed by carbonization. 
Carbonization, representing the thermal decomposition 
(pyrolysis) of  the  polymer, resulted in the  formation 
of  free carbon. After each PIP densification cycle, all 
specimens were re-weighed to evaluate their density.

The density data were used to  plot density varia-
tion curves as a function of  the number of PIP cycles 
(Fig. 6) for preforms fabricated with different techno-
logical parameters  – namely, layer thicknesses of  50 
and 30 µm.

As seen in Fig. 6, a, the  initial density increase 
for the  “50 µm” specimens after the first PIP infiltra-
tion –from 1.28–1.37 to 1.58–1.67 g/cm3 – amounted 
to 16–24 %. After the second infiltration, their density 
rose further to  1.68–1.80 g/cm3, i.e., an additional 
7–12 % compared to the first cycle. During subsequent 
infiltration and pyrolysis cycles, a stable density 
increase of 2–5 % per cycle was observed.

According to the graphs for the “30 µm” specimens 
(Fig. 6, b), their density after the first infiltration either 
remained nearly unchanged or slightly decreased, most 
likely due to moisture retained in the pores. However, 
after the  second infiltration, the  density increased 
to  1.76–1.85 g/cm3, i.e., by approximately 11–16 % 
compared to the previous cycle.

Fig. 4. Cubic specimens – porous SLS SiC preforms after PIP densification and LSI treatment 

Рис. 4. Кубические образцы – бывшие пористые СЛС-заготовки,  
прошедшие стадии пироуглеродного уплотнения и силицирования

Fig. 5. Cross-sectional fracture of a specimen subjected  
to an excessive number of PIP densification cycles after LSI 

Рис. 5. Поперечный излом образца с избыточным  
количеством циклов пироуглеродного уплотнения  

после силицирования
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A noticeable mass increase for the “30 µm” speci-
mens ceased after the  second PIP cycle, while for 
the  “50 µm” specimens it leveled off after the  fourth 
cycle, indicating complete saturation. Thus, the  limit 
of  PIP densification was reached after 4–5 cycles 
for the  “50 µm” specimens and after 2–3 cycles for 
the  “30 µm” specimens. Based on the  difference in 
the number of cycles required to achieve saturation for 
specimens fabricated with different layer thicknesses, 
it can be inferred that these specimens possess differ-
ent free volumes and, consequently, different porosities 
and initial densities, which is consistent with the den-
sity measurements. It is also reasonable to assume diffe
rences in pore and channel sizes, which could affect pore 
permeability and infiltration efficiency during polymer 
infiltration. The final density of the “50 µm” specimens 
after the  last infiltration cycle was 1.88–1.94 g/cm3, 
while that of the “30 µm” specimens ranged from 1.73 
to 1.85 g/cm3.

Subsequently, the  densified specimens were sub-
jected to liquid silicon infiltration (LSI). Fig. 7 shows 
the  relationship between the  density of  the  “30 µm” 
specimens after LSI, the  number of  PIP cycles, and 
the density after the final PIP cycle.

In addition, a comparative analysis of  the  density 
of specimens fabricated under identical SLS parameters 
but subjected to  different post-processing routes  – 
LSI only and the  combined PIP + LSI treatment  – 
was carried out (Fig. 8). According to  the  resulting 
diagram, the  specimens after LSI exhibited a den-
sity of  2.52–2.65 g/cm3, while those that underwent 
the complete PIP + LSI cycle reached 2.77–2.88 g/cm3. 
The  average density difference between the  speci-
mens after LSI and PIP + LSI treatments was 
approximately 10 %.

Microstructural studiesMicrostructural studies
A detailed microstructural analysis was performed 

on the  “50 µm” specimens after both PIP + LSI and 
LSI treatments to  determine the  relative contents 
and distribution characteristics of  the  SiC, Si, and C 
phases, as well as residual closed porosity. In the opti-
cal micrographs (Fig. 9), the  initial SiC powder par-
ticles appear as dark gray, irregularly shaped grains, 
including fragmented and needle-like morphologies. 
Silicon is observed as light gray regions, while carbon 
particles appear darker than SiC. 

Fig. 6. Variation in the density (ρ) of specimens treated by  
PIP + LSI as a function of the number of infiltration cycles n

Layer thickness – 50 μm (a) and 30 μm (b) 

Рис. 6. Изменение плотности (ρ) образцов, подвергнутых  
обработке PIP + LSI, в зависимости от количества пропиток (n)

Толщина слоя – 50 мкм (a) и 30 мкм (b)

Fig. 7. Density of the “30 µm” specimens after silicon infiltration 
(ρLSI ) as a function of (a) the number of prior infiltration 
cycles n and (b) the density after the last infiltration (ρn )

Рис. 7. Зависимость плотности образцов «30 мкм» 
после силицирования (ρLSI )  

от количества предварительных пропиток (n) (a)  
и от плотности после последней пропитки (ρn ) (b)
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Pores are displayed as black areas. The secon
dary SiC exhibits an intermediate gray tone between 
the  original SiC and silicon  – that is, lighter than 
SiC grains but darker than free silicon. According 
to  the  analysis, the  secondary SiC phase is identified 
similarly to  the  primary SiC. This is most likely due 
to  the β-SiC → α-SiC transformation, since the resul
ting α-SiC has a morphology comparable to  that 
of the initial powder.

The specimen subjected to the PIP + LSI treatment 
exhibits a banded structure formed by the  distribu-
tion of  carbon and silicon phases of  different shapes 
and sizes. Carbon and pores are uniformly distributed 
throughout the  specimen cross-section, while silicon 
is distributed nonuniformly. Relatively large silicon 
inclusions are localized in regions with high carbon 
concentration. Evidence of  reaction between silicon 
and carbon with the formation of secondary SiC along 
the perimeters of these inclusions is observed (Fig. 10). 
The specimen exhibits both a regular, ordered struc-
ture, consisting of  repetitive rhombohedral SiC cells 
surrounded by carbon, and a disordered structure with 
locally misoriented phases.

Large carbon inclusions separated by thin sili-
con veins were concentrated in the  peripheral region 
of the specimen, near the surface, which is likely asso-
ciated with solidification structure formation under heat 
dissipation conditions. The specimen also contained 
numerous continuous, parallel microcracks extending 
through the structure.

According to the examination of the specimens after 
LSI, their structures were found to be similar, consis
ting of uniformly distributed SiC grains embedded in 
a  silicon matrix. The SiC crystals exhibit a regular 
but non-equiaxed morphology with well-defined grain 
boundaries. In some regions near the boundaries of SiC 
grains and within the silicon matrix, fine, diffuse SiC 
precipitates were observed.

Fig. 8. Comparative density chart of the “50 µm” specimens 
after silicon infiltration (LSI) and after the complete 

PIP + LSI treatment
 – LSI,  – PIP + LSI 

Рис. 8. Сравнительная диаграмма плотности образцов 
«50 мкм», прошедших только стадию силицирования (LSI),  

и образцов после полного цикла (PIP + LSI)
 – LSI,  – PIP + LSI

Fig. 9. Microstructure of cross-sections of “50 µm” specimens
a – original image after LSI; b – the same LSI specimen with phase-colored constituents;  

c – original image after PIP + LSI; d – the PIP + LSI specimen with phase-colored constituents 

Рис. 9. Микроструктура поперечных сечений образцов «50 мкм»
a – исходное изображение образца после LSI; b – изображение LSI-образца с окрашенными структурными составляющими;  

c – исходное изображение образца после PIP + LSI; 
d – изображение образца после PIP + LSI с окрашенными структурными составляющими

Powder Metallurgy аnd Functional Coatings. 2025;19(5):80–93 
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The structure of all LSI specimens is dense, contain-
ing only isolated pores located mainly within the SiC 
phase. Across all specimens, sharp-edged recesses 
of  regular shape were found. These features likely 
originated from the pull-out of SiC or other hard-phase 
crystallites during metallographic preparation.

Detailed SEM analysis of  the  SiC phase revealed 
the presence of graphitic inclusions within individual 
SiC grains (Fig. 11). These inclusions appear as chains 
of  point-like features localized along the  grain boun
daries of the carbide crystals.

The Table below presents the quantitative contents 
of SiC, free Si, and carbon phases in the specimens after 
PIP + LSI and LSI treatments. The contents of  pores 
and the carbon phase in the LSI-treated specimen were 
not considered in the calculation because of their neg-
ligibly small amount (<1 %).

Based on the data in the Table, it can be concluded 
that the  specimens without preliminary PIP treat-
ment contain approximately 50 % less SiC phase than 
those subjected to  the  full PIP + LSI cycle. This dif-
ference may be attributed both to  the  lower density 
of  the  initial preforms and to  the  absence of  second-
ary SiC formation. From the  difference in the  SiC 
content between the  LSI and PIP + LSI specimens, it 
can be inferred that the  secondary SiC phase (SiCII ) 
forms in the amount of 25–37 %, increasing the  total 
SiC content in the  material from 43–45 to  70–80 %. 
This increase likely enhances both the mechanical and 
thermophysical properties of the material. At the same 
time, the porosity of the LSI specimens was found to be 

quantitatively lower, which can be explained by better 
capillary penetration of  the  silicon melt into the bulk 
due to  larger pore sizes and the  absence of  pore-
channel blockage by carbon. According to  the micro-
structural images, the  additional porosity observed 
in the  PIP + LSI specimens may be associated with 
incomplete wetting of large residual carbon inclusions 
and the formation of voids at the interface with the free 
silicon phase, resulting in localized porous zones. 

Based on the  obtained quantitative phase compo-
sition, it can be assumed that the LSI specimen, with 
a SiC content of 43–45 %, would be expected to have 
a theoretical density of  2.70–2.73 g/cm3 instead 
of  the  actual 2.52–2.65 g/cm3, while the  PIP + LSI 
specimen, containing 70–80 % SiC, should theoreti-
cally reach 2.94–3.03 g/cm3 instead of  the  measured 

Fig. 10. Formation of secondary silicon carbide  
from the reaction of free silicon with free carbon  

in a PIP + LSI-treated specimen 

Рис. 10. Взаимодействие свободного кремния и углерода 
с образованием вторичного карбида кремния в образце,  

прошедшем обработку PIP + LSI

Fig. 11. Carbon-phase inclusions within the SiC phase  
in a PIP + LSI-treated specimen

a – 1500×; b, c – 5000×

Local chemical composition analysis 

Рис. 11. Включения углеродной фазы в SiC-фазе  
в образце после обработки PIP + LSI

a – 1500×; b, c – 5000×

Локальный анализ химического состава

Proportions of structural constituents  
in “50 µm” specimens after PIP + LSI and after LSI 

Соотношение структурных составляющих  
в образцах «50 мкм» после обработок PIP + LSI и LSI

Specimen
Phase fraction, % Density,

g/cm3
Pores Si C SiC

PIP + LSI 1–2 6–17 9–13 70–80 <2.88
LSI <1 55–57 <1 43–45 <2.65
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2.77–2.88 g/cm3. However, the  lower actual density 
values indicate the presence of additional low-density 
phases and residual porosity, both of  which affect 
the  overall result  – findings that are consistent with 
the quantitative microstructural analysis.

Further research aimed at optimizing the post-pro-
cessing parameters to achieve maximum densification 
of  SLS SiC preforms and evaluating the  mechanical 
properties will help establish a correlation between 
the  mechanical strength and the  quantitative phase 
composition of the final specimens after different post-
processing routes. Planned future studies also include 
mechanical testing to  determine the  fracture mecha-
nisms of  specimens fabricated along different build 
directions, in order to  assess the  possible anisotropy 
of mechanical properties.

ConclusionsConclusions
1. The initial density of  the  specimens fabricated 

by  SLS was 15–30 % higher than the  bulk density 
of silicon carbide. For the “50 µm” specimens, the den-
sity was comparable to  that of  vibratory-compacted 
powder, while the “30 µm” specimens exhibited densi-
ties 10–15 % higher than that of vibratory-compacted 
powder. The SiC powder particles had irregular (elon-
gated) shapes. To achieve higher final density, it is 
necessary to  increase the  initial preform density, for 
example, by using more spherical SiC powder.

2. The increase in the initial density of the SLS pre-
forms with decreasing layer thickness is likely asso-
ciated with improved vertical heat transfer in thinner 
layers (30 µm). This thermal profile promotes particle 
sliding/rearrangement, reduces interparticle pore size, 
and improves adhesion to the previously sintered layer. 
In contrast, for 50 µm layers the packing density may 
decrease because of a double-layer effect: two needle-
like SiC particles can stack vertically, leading to addi-
tional heat absorption (thermal shielding) and difficulty 
achieving full, uniform heating during laser sintering. 
Consequently, interlayer sliding and consolidation pro-
ceed less efficiently than in the  “30 µm” specimens, 
where each layer is approximately one particle thick. 
In  the “50 µm” specimens, the  initial density was 
1.3–1.4 g/cm3, whereas in the  “30 µm” specimens, it 
reached 1.5–1.6 g/cm3.

3. The SLS specimens can be densified by poly-
mer infiltration and pyrolysis (PIP) to  a density 
of  1.85–1.94 g/cm3, indicating a carbon mass uptake 
of up to 0.62 g/cm3 – sufficient for the subsequent forma-
tion of secondary SiC within the pores, thereby increas-
ing the overall density toward the theoretical value.

4. Comparison of  the  densities of  specimens sub-
jected to  PIP + LSI treatment shows a linear correla-

tion, indirectly confirming a high degree of  carbon 
conversion into secondary SiC and demonstrating 
the potential for further material quality improvement. 
The quantitative microstructural analysis directly sup-
ports this conclusion, showing that the secondary SiC 
(SiCII ) accounts for 25–37 % of the total SiC content.

5. It is necessary to  optimize both the  amount and 
reactivity of carbon introduced into the SLS preforms, 
as  well as the  method of  its incorporation, to  achieve 
maximum final density with minimal porosity. 
Introducing excess carbon (to generate more than ~35 % 
of secondary SiC) results in high residual carbon con-
tent and significant closed porosity due to pore-channel 
blockage during infiltration and pyrolysis. Improved 
results may be obtained by modifying the polymer pre-
cursor or by using alternative infiltration polymers.

6. The “30 µm” specimens achieved maximum 
carbon densification after only 2–3 infiltration cycles, 
while the “50 µm” specimens required 4–5 cycles. This 
difference can be attributed to variations in total poro
sity and pore-channel cross-section size, which affect 
the saturation efficiency during infiltration.

7. The final density after siliconization (LSI) was 
insufficient for both the  “50 µm” and “30 µm” speci-
mens. The maximum achieved density was 2.88 g/cm3. 
The specimens subjected to  only one PIP infiltration 
showed the lowest post-LSI density (2.62–2.80 g/cm3). 
To reach maximum densification, 4–5 infiltrations 
are required for the  “50 µm” specimens, and 2–3 for 
the “30 µm” specimens.

8. The results demonstrate that SLS-fabricated 
specimens subjected to  LSI without preliminary PIP 
treatment exhibit lower density (2.52–2.65 g/cm3) 
compared to  those that underwent the  full PIP + LSI 
process (2.62–2.88 g/cm3). In earlier experiments 
with infiltration, visible voids and delaminations 
were observed, whereas in the  present specimens no 
delaminations or large pores were detected, confirming 
improved structure integrity.
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