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  bobozhanov.anis@mail.ru
Аннотация. Высокоэнтропийные сплавы и соединения, первые исследования которых были опубликованы в 2004 г., представ-

ляют новый класс материалов, перспективных для использования во многих технологиях и производствах. В настоящее 
время они включают в себя металлические сплавы на основе разупорядоченных твердых растворов, керамические материалы 
на основе многокомпонентных оксидов, боридов, карбидов, силицидов, нитридов и их комбинаций, а также керамико-метал-
лические композиты. Среди методов получения высокоэнтропийных материалов, таких как кристаллизация многокомпо-

  bobozhanov.anis@mail.ru
Abstract. High-entropy alloys (HEAs) and compounds, first studied in 2004, represent a new class of materials with promising applications 

across various technologies and industries. Currently, they include metallic alloys based on disordered solid solutions, ceramic materials 
based on multicomponent oxides, borides, carbides, silicides, nitrides, and their combinations, as well as ceramic-metal composites. 
Among the methods for producing high-entropy materials, such as the crystallization of multicomponent melts, mechanical alloying 
in ball mills, and others, self-propagating high-temperature synthesis (SHS) holds a special place. This review presents the current 
state of research and development on high-temperature materials produced using the SHS method. It has been shown that the synthesis 
of metallic high-entropy alloys via SHS is only possible when thermally coupled reactions are employed. This is realized in metal-
lothermic processes and in the synthesis of ceramic-metal composites from elements. The SHS of refractory high-entropy carbides, 
nitrides, borides, and other compounds can also be performed following the classical element-based synthesis approach. At the same 
time, the combination of SHS with pre-mechanical alloying of metallic components proves to be effective. For the consolidation of 
SHS-produced powder products, spark plasma sintering is most commonly used. Additionally, the method of solution combustion 
synthesis for producing high-entropy ceramics based on oxides is discussed. It has been demonstrated that SHS technology, combined 
with mechanical activation, mechanical alloying, electric spark plasma sintering, and hot pressing, allows for solving many practical 
problems in the production of a variety of ceramic, ceramic-metal, and metallic materials based on high-entropy phases. 

Keywords: self-propagating high-temperature synthesis (SHS), high-entropy alloys (HEAs), high-entropy compounds, powder metallurgy, 
carbides, nitrides, oxides, borides
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IntroductionIntroduction
A new class of materials, known as “high-entropy,” 

encompasses metallic alloys based on disordered solid 
solutions, ceramic materials based on multicompo-
nent oxides, borides, carbides, silicides, nitrides, and 
their combinations, as well as ceramic-metal compo-
sites. The history of their development spans only two 
decades – a very short period for metallurgy. The first 
publications on high-entropy alloys (HEAs) appeared 
in 2004 [1; 2]. These alloys represented single-phase 
solid solutions of five or more metals, taken in equal or 
comparable concentrations. This distinguishes HEAs 
from traditional alloys, in which the base is typically 
one metal (at most two), with other components added 
in small concentrations. Mixing five or more different 
types of atoms in the crystal structure of disordered 
solid solutions results in a sufficiently high configura-
tional mixing entropy to stabilize the solid solution. 

As is well known from thermodynamics, the stable 
state of a system corresponds to the minimum value 
of the Gibbs free energy:

          G = H – TS, (1)

where H is enthalpy, S is entropy (considering only 
the mixing entropy), and T is the absolute temperature 
in Kelvin. Thus, the stability of a phase at temperature 
T is ensured if any change in the structure of the phase 
leads to an increase in Gibbs free energy:

    ΔG = ΔH – TΔS > 0. (2)

For example, the decomposition of a disordered 
solid solution into ordered intermetallic phases (com-

pounds) can be thermodynamically favorable due 
to a reduction in enthalpy (ΔH < 0), but at the same 
time, the mixing entropy will decrease as more ordered 
phases are formed (ΔS < 0), causing the second term 
in  equation (2) to be positive (–TΔS > 0). The phase 
will remain stable only if the increase in free energy 
due to the formation of ordered phases is greater than 
the decrease due to the reduction in enthalpy. The sta-
bility condition from (2) can be rewritten as 

            (3)

Here, the magnitudes of ΔS and ΔH are compared, 
as both quantities are negative in this case. Therefore, 
a sufficiently high mixing entropy is required to sta-
bilize the phase. According to Boltzmann’s formula, 
the mixing entropy of N types of atoms (alloy compo-
nents) in equal proportions can be approximated as 

          ΔS = R lnN, (4)

where R is the universal gas constant. The more com-
ponents there are in an equiatomic alloy, the higher 
the mixing entropy. 

For five or more components 

          ΔS ≥ 1.61R = 13.4 J/(mol·K). (5)

This is the condition of high entropy that gave these 
new alloys their name [2; 3]. It should be noted that 
the stabilizing role of entropy in the formation of multi-
component solid solutions is still not entirely clear. 
Therefore, in addition to the most common name “high-
entropy alloys”, other terms are used in the scientific 
literature for this class of materials, such as complex 

нентных расплавов, механическое сплавление в шаровых мельницах и др., особое место занимает самораспространяющийся 
высокотемпературный синтез (СВС). В обзоре представлено современное состояние исследований и разработок высоко-
температурных материалов, получаемых с использованием метода СВС. Показано, что синтез металлических высокоэн-
тропийных сплавов методом СВС возможен только при использовании термически сопряженных реакций. Это реализуется 
в процессах металлотермического типа, а также в синтезе керамико-металлических композитов из элементов. Осуществление 
СВС тугоплавких высокоэнтропийных карбидов, нитридов, боридов и других соединений возможно и по классической схеме 
синтеза из элементов. При этом эффективным оказывается сочетание СВС с предварительным механическим сплавлением 
металлических компонентов. Для консолидации порошковых продуктов СВС чаще всего используется электроискровое 
плазменное спекание. Рассмотрен также метод синтеза горением растворов для получения высокоэнтропийной керамики 
на основе оксидов. Показано, что технология СВС в сочетании с механическим активированием, механосплавлением, элек-
троискровым плазменным спеканием и горячим прессованием позволяет решать многие практические задачи получения 
разнообразных керамических, керамико-металлических и металлических материалов на основе высокоэнтропийных фаз.  
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concentrated alloys, multi-principal element alloys 
(MPEAs), and other s. The rapid development of HEAs 
is reflected in thousands of publications, the results 
of which are analyzed in several reviews [4–11] and 
monographs [12–14].

Ten to fifteen years after the first publications on 
HEAs, research on high-entropy ceramics (HECs) 
began to emerge. Initially, these were multicomponent 
oxides [15], followed by carbides and nitrides [16–18], 
borides [19; 20], and other compounds. A common fea-
ture of these materials is the presence of five or more 
types of atoms in the lattice sites of the crystal struc-
ture, with smaller non-metal atoms occupying the inter-
stitial spaces between the metallic atoms. Thus, HECs 
can be considered as solid solutions of several binary 
compounds. For example, carbides such as TiC, ZrC, 
HfC, NbC, and TaC can dissolve in each other to form 
the high-entropy carbide TaNbHfTiZrC5 .

The intense research and development in the field 
of HEAs and HECs can be explained by their excep-
tional properties, including high mechanical strength 
and toughness at both low (down to cryogenic) 
and high temperatures, wear resistance, heat resis-
tance, and corrosion resistance, as well as unusual 
electrical and magnetic characteristics. Powder metal-
lurgy me thods, particularly mechanical alloying and 
self-propagating high-temperature synthesis (SHS), 
are highly promising for the production of HEAs 
and HECs. To date, there is no specialized review on 
the application of SHS for the synthesis of HEAs and 
HECs. Therefore, the goal of our work was to assess 
the current state of research on SHS of various high-
entropy materials – HEAs, HECs, and their composites. 

1. SHS of high-entropy  1. SHS of high-entropy  
metallic alloysmetallic alloys

1.1. Thermally coupled reactions1.1. Thermally coupled reactions
For the SHS process to proceed, sufficient heat must 

be released during the reaction to sustain the propaga-
tion of the combustion wave. This requires a highly 
negative enthalpy change ΔH. For example, in the reac-
tion Ni + Al = NiAl, the enthalpy is –118 kJ/mol, while 
in the reaction Ti + C = TiC, it is –209 kJ/mol. Clearly, 
this contradicts the stability condition (3) for the for-
mation of a disordered solid solution. In [21], the fol-
lowing semi-empirical criterion for HEA formation 
was proposed:

         (6)

where Tm is the melting temperature of the alloy. 

This leads to a constraint on the heat of the SHS 
reaction:

            G = | ΔH | ≤ 0.91Tm ΔS ≈ 20÷30 kJ/mol. (7)

This value is an order of magnitude lower than 
typical SHS reaction enthalpies. Therefore, direct SHS 
from elemental metallic HEAs through a reaction such 
as А + B + C + D + E = ABCDE becomes impossible 
for two reasons. First, the heat released during the mix-
ing of metals, such as in the Cantor alloy CoCrFeNiMn, 
is insufficient to sustain a self-propaga ting reaction. 
Second, even if five metals are found that release 
enough heat upon mixing, a solid solution will not 
form due to the constraint presented in equation (7), 
and instead, several intermetallic phases will form. 

This problem can be solved using the method of ther-
mally coupled reactions proposed by A.G. Merzha-
nov [22], where two reactions participate in the SHS 
process – one weakly exothermic and the other 
strongly exothermic. The heat released from the first 
reaction provides additional heating for the second. 
Merzhanov referred to these as “thermally coupled” 
reactions. This scheme is well-suited for the synthe-
sis of HEAs because the weakly exothermic process 
of forming a metallic solid solution becomes possible 
due to the additional heat from another SHS reaction, 
such as the formation of aluminum oxide, titanium car-
bide, or similar compounds. Currently, two approaches 
to thermally coupled synthesis of metallic HEAs can be 
distinguished, which can be termed the “metallother-
mic” and “cermet” approaches. Both of these methods 
are discussed further below.

1.2. Metallothermic synthesis of HEAs1.2. Metallothermic synthesis of HEAs
The first results on the aluminothermic synthesis 

of HEAs with the composition CoCrFeNiMnAlx (where 
x = 0.2÷2.0) were obtained in 2016 [23]. For example, 
the chemical equation of the coupled reactions for 
the synthesis of equiatomic HEAs can be written as

0.33Co3O4 + 0.5Cr2O3 + 0.5Fe2O3 + NiO +

+ MnO2 + 4.22Al = CoCrFeNiMnAl + 2.11Al2O3 .  (8)

In this case, the highly exothermic reaction 
is the oxidation of aluminum, which reduces all 
the oxides to form molten Al2O3 . The heat released 
during this process is sufficient to melt all the reduced 
metals, which then mix to form a six-component metal-
lic melt. The total heat release for this process is 480 kJ 
per mole of product, and the combustion tempera-
ture exceeds 2500 °C, which is higher than the melt-
ing points of all the components and products. Since 
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the metallic and oxide melts do not mix and have differ-
ent specific gravities, they separate under the influence 
of gravity. Centrifugal machines are used to accelerate 
this separation by artificially increasing gravitational 
force by several hundred times. As a result, the metallic 
melt accumulates at the bottom of the crucible, while 
the lighter aluminum oxide melt remains at the top. 
After cooling, two separate crystalline products are 
formed – a HEA ingot and solid aluminum oxide. 

Using this method, HEAs such as СuAlZrTiLix and 
СuAlZrTi(LiCr)x , which have submicron microstruc-
tures and low specific gravities, have also been syn-
thesized [24]. HEAs synthesized by the metallother-
mic method, like the Cantor alloy CoCrFeNiMn, can 
be applied in laser welding [25; 26] and friction stir 
welding [27]. The addition of carbon to the initial ther-
mite powder mixture allowed the production of Cantor 
alloys strengthened by dispersions of Me23C6-type 
carbides [28].

HEAs such as CoxCrFeNiAl [29], CoCrFeNiAlxMoy [30] 
and CoCrFeNiAlxCuy [31] were also synthesized 
using the metallothermic process, but without the use 
of a centrifugal separator. The combustion occurred 

in a powder mixture of oxides and aluminum, with 
the bulk density placed in a copper crucible. The sepa-
ration of the metallic melt and slag occurred under 
natural gravitational forces. This demonstrated the eco-
nomic efficiency of this method for HEA production.

One promising application of metallothermically 
synthesized HEAs is the production of spherical-
shaped powders for additive manufacturing technolo-
gies. SHS-produced ingots are crushed and ground 
in planetary mills, and the resulting narrow pow-
der fractions are then spheroidized in an electric arc 
plasma torch. Using this method, heat-resistant alloys 
of NiAl–Cr–Co + 15 %Mo with an average particle 
size of 14.8 µm were produced [32]. The morphology 
of the resulting powder is shown in Fig. 1. Individual 
inclusions of aluminum oxide are observed on the sur-
face of the particles (Fig. 1, b).

A four-component (medium-entropy) alloy AlTiVCr 
was recently obtained via metallothermy without cen-
trifugal forces in steel crucibles [33]. The separation 
of the metallic melt and slag apparently occurred due 
to capillary forces, and the solidified alloy and oxide 
inclusions were then mechanically separated. 

Finally, it is worth mentioning the work on the me -
tallothermic synthesis of the AlCoCrFeNi HEA in 
graphite crucibles within a centrifugal machine [34]. 
Although the authors of this work claimed the method 
to be “new,” it essentially replicates the technology 
described in [23] a year earlier. Moreover, centrifugal 
SHS-metallothermy has been known for more than 
30 years [35], and metallothermy in general for over 
120 years [36].

In conclusion, it can be noted that the metallo-
thermic synthesis of HEAs is currently the most deve-
loped among the methods for producing metallic HEAs 
using SHS processes.

1.3. SHS of high-entropy cermets1.3. SHS of high-entropy cermets
The production of ceramic-metal composites using 

the SHS method is also based on the aforementioned 
principle of thermally coupled SHS reactions. In 
this case, the highly exothermic reaction is typically 
synthesis from elements. Reactions between transi-
tion metals and carbon or boron are often used, for 
example:

           Ti + C = TiC + 230 kJ/mol, (9)

          Ti + 2B = TiB2 + 290 kJ/mol. (10) 

As mentioned earlier, the allowable heat for the for-
mation of metallic HEAs is much lower than the heat 
of these chemical reactions, so the HEA components 

Fig. 1. Powder of heat-resistant NiAl–Cr–Co + 15 % Mo alloy  
obtained by metallothermic SHS followed  

by plasma spheroidization [32] 

Рис. 1. Порошок жаропрочного сплава  
NiAl–Cr–Co + 15 % Mo, полученный методом  

металлотермического СВС с последующей  
плазменной сфероидизацией [32]

Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(6):5–16 
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added to the exothermic mixture act as inert diluents. 
The SHS reaction scheme can be represented as:

(1 – x)(Ti + C) + x(Co + Cr + Fe +

           + Ni + Mn) = (1 – x)TiC + xCoCrFeNiMn. (11)

The heat released during the reaction between 
titanium and carbon (9) is sufficient to raise the tem-
perature above the melting points of all the metals. 
The melts of Co, Cr, Fe, Ni, and Mn combine and, 
after cooling, crystallize as an HEA. Instead of adding 
individual metals, pre-prepared HEA powder obtained 
by other methods (such as mechanical alloying) can be 
added to the reaction mixture:

(1 – x)(Ti + C) + xCoCrFeNiMn =

        = (1 – x)TiC + xCoCrFeNiMn. (12)

The addition of HEA, either as a mixture of metal-
lic powders or as a pre-synthesized alloy, to the highly 
exothermic composition leads to a reduction in 
the combustion temperature. Fig. 2 shows the results 
of thermodynamic calculations of the adiabatic com-
bustion temperature and experimental measurements 
of the combustion rate for compositions similar to (12), 
depending on the HEA content [37]. They indicate that 

combustion of such mixtures is possible with HEA 
content up to 40–50 wt. %, provided the combus-
tion temperature remains above the melting points 
of the metals.

As a result of the SHS reaction, a solid framework 
of titanium carbide grains is formed, impregnated with 
a multicomponent metallic melt. Unlike in the metallo-
thermic process, the ceramic and metallic phases do not 
separate, and upon cooling, a ceramic-metal composite 
(cermet) forms, consisting of TiC grains and a high-
entropy metallic binder. An example of the microstruc-
ture and element distribution in such a cermet is shown 
in Fig. 3. Some features of the structure formation 
of these materials were studied in [38].

To consolidate ceramic-metal composites with 
a multicomponent binder based on the Cantor alloy, 
a method of hot SHS pressing was applied, where 
the workpiece is subjected to quasi-isostatic compres-
sion in a sand-filled mold immediately after the com-
bustion wave passes through it [39]. This method, 
known as the technology for synthetic hard tool materi-
als (STIM technology), had previously been developed 
for cermets with simp ler binder compositions, such as 
TiC–Ni, TiC–Ni–Mo, TiC–Ni–Cr [35; 36; 40; 41].

The range of ceramic-metallic materials with HEA 
binders also includes:

Fig. 2. Adiabatic combustion temperatures (thermodynamic calculation)  
and combustion rates (experiment) of Ti + C + HEA mixtures, depending on the composition and mass content of HEA: 

CoCrFeNiMn (1, 4); CoCrFeNiTi (2, 5); CoCrFeNiAl (3, 6) [37]
Dashed lines indicate the melting temperatures of the metals 

Рис. 2. Адиабатические температуры горения (термодинамический расчет)  
и скорости горения (эксперимент) смесей Ti + C + ВЭС в зависимости от состава и массового содержания ВЭС: 

CoCrFeNiMn (1, 4); CoCrFeNiTi (2, 5); CoCrFeNiAl (3, 6) [37]
Штриховыми линиями показаны температуры плавления металлов
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• WC–CoCrFeNiMn [42],
• Ti(C,N)–CoCrFeNiAl [43; 44],
• TiB2–CoCrFeNiTiAl [45; 46],
• TiB2–CoCrFeNiAl [47],
• TiB2–TiC–CoCrFeNiTiAl [48] and others. 
The authors of [49] proposed considering such 

materials as a new class of cermets. However, in studies 
[42–48], pre-synthesized ceramic powders of carbides, 
borides, and carbonitrides were used, so SHS reac-
tions did not occur. The material was formed during 
processes such as spark plasma sintering or hot press-
ing, where heating occurs not due to chemical reactions 

but from passing an electric current through the mold 
or the powder itself. There are few studies where such 
materials are produced without external heating, rely-
ing solely on the heat generated from the SHS reac-
tion. However, thermodynamic calculations and initial 
experimental results indicate that these processes are 
entirely feasible, suggesting an expansion of research 
into high-entropy SHS cermets in the near future.

Recently, new types of high-entropy cermets have 
emerged. In these materials, the high-entropy phase is 
a multicomponent ceramic, while the binder consists 
of conventional metals or alloys. These materials will 
be discussed in the next section.

Fig. 3. Microstructure and elemental distribution in some SHS cermets with high-entropy binders [37] 

Рис. 3. Микроструктура и распределение элементов в некоторых СВС-керметах с высокоэнтропийными связками [37]
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2. SHS of high-entropy  2. SHS of high-entropy  
ceramic phasesceramic phases

The crystalline structure of high-entropy ceramic 
phases consists of two sublattices: a cationic and 
an anionic one. In the cationic sublattice, there are 
metal cations of several types (no fewer than five), 
which are randomly distributed across the lattice sites. 
This random arrangement provides these compounds 
with high mixing entropy, which should stabilize 
the high-entropy ceramics (HECs) and prevent their 
decomposition into simpler phases. The anionic sublat-
tice consists of atoms of a single type – oxygen, boron, 
carbon, or nitrogen. Depending on the type of anion, 
these materials are classified as high-entropy oxides, 
borides, carbides, or nitrides. It is theoretically possible 
to combine several anions in the anionic sublattice, such 
as in carbonitrides or oxycarbonitrides, but the realiza-
tion of such HECs remains a task for the future. High-
entropy ceramics can be considered as solid solutions 
of corresponding simple compound.

The dissolution of binary compounds into each other 
under external heating was used to produce the first 
HECs. Using this method, high-entropy diborides were 
synthesized [50]: 

• (Hf0.2Zr0.2Ta0.2Mo0.2Ti0.2)B2 , 
• (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2 )B2 , 
• (Hf0.2Zr0.2Nb0.2Mo0.2Ti0.2)B2 , 
• (Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)B2 , 
• (Mo0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2 , 
• (Hf0.2Zr0.2Ta0.2Cr0.2Ti0.2)B2. 
In this process, a mixture of simple diborides (e.g., 

TiB2 , ZrB2 , etc.) was processed for 6 h in a Spex 
8000D shaker ball mill (SPEX SamplePrep LLC, USA) 
and then subjected to spark plasma sintering (SPS) 
for 5 min at a temperature of 2000 °C and a pressure 
of 30 MPa. The result was the formation of multicom-
ponent hexa gonal phases, some of which have ultra-high 
melting points. A similar method was used to obtain 
high-entropy carbides (V0.2Nb0.2Ta0.2Mo0.2W0.2 )C from 
a mixture of simple carbides, with milling time reduced 
to 2 h and SPS carried out at 2200 °C and 30 MPa for 
10 min [51]. However, this approach is not applicable 
to SHS. As mentioned earlier, SHS of multicomponent 
ceramics from mixtures of pre-formed simple com-
pounds is not possible due to insufficient heat from 
the reaction (with some oxide combinations being an 
exception). Therefore, to produce HECs via combus-
tion or thermal explosion, mixtures of metallic and 
non-metallic reagents must be used, which react with 
significant heat release.

The exothermic SHS reaction can proceed in mix-
tures of metals with carbon or boron, during mechani-
cal treatment in high-energy planetary ball mills and 
during SPS. Using this approach, carbides such as 
(HfTaTiNbZr)C, (HfTaTiNbMo)C and (TiZrHfTaNb)
С were synthesized [52–54]. If the chemical reaction 
leading to the formation of new phases occurs due 
to heating during SPS, this process is called “reaction 
SPS” [55]. It can, in principle, be considered a type 
of SHS process, although there is insufficient data on 
the temperature conditions inside the molds to deter-
mine whether self-heating or the formation of self-
propagating combustion waves occurs during mechani-
cal alloying and SPS.

High-entropy carbides such as TaZrHfNbTiС5 [56–59], 
TaTiNbVWC5 , and TaNbVMoWC5 [58] were directly 
synthesized using SHS, revealing two key features.

1. Direct synthesis from a mixture of elemental metal 
and carbon powders often leads to the formation of a 
multiphase mixture of carbides. This is likely because 
each metal reacts with carbon separately in the combus-
tion zone. For example, titanium melts at a relatively low 
temperature (1670 °C) and forms TiC particles before 
tantalum (3017 °C) melts and reacts with the remaining 
carbon. Once the simple carbide particles are formed, 
it becomes difficult to dissolve them into each other. 
Therefore, a three-stage process was proposed: 

– a mixture of metallic powders is processed in 
planetary mills to form a powder of a high-entropy 
solid solution of metals; 

– carbon (soot) is added to the solution, and addi-
tional processing in planetary mills is carried out; 

– the resulting reaction mixture is used for SHS 
of carbides. 

2. Some highly refractory HEC components (e.g., 
Mo, W, V) release little heat during their reaction with 
carbon, so it is advisable to conduct SHS in the thermal 
explosion mode, using additional heating of the sam-
ples to the point of self-ignition.

Through preliminary mechanical activation of metal 
mixtures in a planetary mill under an argon atmo-
sphere, followed by SHS in a nitrogen atmosphere, 
the high-entropy nitride (Hf0.25Ti0.25Cr0.25(FeV)0.25 )N 
was synthesized in [60], and by combining metallo-
thermic synthesis and SHS from elements, the HEC 
Al2O3/(NbTaMoW)C was obtained [61].

Finally, a new trend of adding a metallic binder 
to HECs should be noted [62; 63]. Although such mate-
rials, belonging to the class of sintered hard alloys, have 
so far been produced by traditional powder metallurgy 
methods, the use of SHS (e.g., via STIM technology) 
appears to be a promising approach in this area.
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3. Synthesis of high-entropy phases  3. Synthesis of high-entropy phases  
by solution combustionby solution combustion

Solution Combustion Synthesis (SCS) is a varia-
tion of SHS that allows the production of nanopow-
ders of oxides and other compounds, including mul-
ticomponent materials [64]. The process proceeds as 
follows: metal nitrates are dissolved in water along 
with an organic compound (such as glycine, urea, or 
citric acid). The solution is then heated to a relatively 
low temperature of 120–140 ºC, causing the water 
to evaporate, after which the resulting gel ignites. 
The combustion product is a loose powder composed 

of particles ranging in size from 10 to 100 nm. Since 
all the components are mixed at the molecular level 
in the solution, they are also uniformly distributed in 
the nanoparticles of the product. This enables the com-
bination of many elements in solid solutions and sin-
gle-phase compounds. Using this method, high-entropy 
oxides such as (Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O have been 
produced. Another example is a “record-breaking” fer-
rite in terms of the number of components [66], which 
exhibits valuable magnetic properties. The schematic 
of the SCS process and X-ray maps showing the homo-
geneous distribution of many elements in the nanopar-
ticles of the product are presented in Fig. 4.

Fig. 4. Scheme of the solution combustion synthesis process and distribution of elements in the product nanoparticle [66] 

Рис. 4. Схема процесса синтеза горением растворов и распределение элементов в наночастице продукта [66]

Fig. 5. Scheme of possible pathways for obtaining high-entropy materials using SHS 

Рис. 5. Схема возможных маршрутов получения высокоэнтропийных материалов с использованием СВС

Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(6):5–16 
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ConclusionConclusion
The SHS technology, in combination with mechani-

cal activation, mechanical alloying, spark plasma sin-
tering, and hot pressing, provides solutions to many 
practical challenges in the production of various 
ceramic, ceramic-metal, and metallic materials based 
on high-entropy phases. Possible technological path-
ways for producing such materials are illustrated in 
the diagram in Fig. 5. It seems highly likely that this 
scientific and technological field will experience rapid 
development in the coming years.
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Abstract. Natural opoka from the Taskalin deposit in the Republic of Kazakhstan was used as a support for Co–Mn catalysts 

in the deep oxidation of CO and hydrocarbons. After preliminary preparation of the opoka samples by water washing (opoka I), 
calcination at 500 °C (opoka II), HCl treatment (opoka III), or combined HCl treatment and calcination at 500 °C (opoka IV), 
an active phase (AP) consisting of 5 wt. % Co + 5 wt. % Mn (based on metals) was applied via low-temperature combustion 
of a metal nitrates and urea mixture. The support and catalyst samples were analyzed using XRD and SEM/EDS, and their 
specific surface area was measured by the BET method. The primary phases identified in the support and catalyst compositions 
were various modifications of SiO2 , as well as Na-, Ca-, and Mg-aluminosilicates. Due to their low content, AP components 
in the form of cobalt oxyhydroxide and potassium manganite were detected only on two of the catalyst samples. According 
to SEM/EDS data, the original nanoscale honeycomb structures on the opoka surface were almost completely destroyed during 
opoka processing and after AP application. Elemental composition showed notable variability across different granules of both 
the support and the catalyst, likely due to the natural structural heterogeneity of opoka. It was established that as the complexity 
of opoka treatment increased, its specific surface area tripled, from 21.0 to 64.1 m2/g. In contrast, the specific surface area of cata-
lysts based on these opoka samples varied irregularly. Testing of the resulting catalysts in the deep oxidation of CO and propane 
over a temperature range of 150–540 °C revealed substantial activity, with the best performance observed in the catalyst based 
on water-washed opoka without further treatment. This sample achieved 100 % CO conversion at T = 500 °C and 97 % propane 
conversion at 540 °C. Thus, natural opoka with minimal processing can serve as an effective support for deep oxidation catalysts 
for CO and hydrocarbons. 

Keywords: opoka, support, low-temperature combustion, Co–Mn catalysts, carbon monoxide, propane, deep oxidation
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IntroductionIntroduction
Supported catalysts represent the most widely used 

class of heterogeneous catalysts. Active phases (AP) 
are very often deposited on supports made of simple 
and complex oxides of elements from the main sub-
groups of the middle of the Periodic Table, such as 
γ-Al2O3 , SiO2 (typically in hydrated form as silica 
gel), amorphous and crystalline aluminosilicates, and 
their complexes with oxides of transition and rare-earth 
metals. Generally, synthetic materials with a fixed set 
of physicochemical properties are used. However, 
there remains significant interest in using natural high-
porosity materials as supports due to their low cost 

and environmental friendliness. The primary challenge 
usually involves standardizing these natural materials 
since even within a single deposit, their composition 
and properties can vary considerably. 

The literature documents the use of natural mine-
rals such as bentonite clays (specifically montmoril-
lonite), which are hydroxylated nanoscale-layered 
aluminosilicates, as acid-base catalysts [1], catalyst 
supports [2; 3], and photocatalysts [4; 5]. Of particular 
interest is their dehydrated modification – multi layered 
aluminosilicate nanotubes known as the natural mine-
ral halloysite [6; 7]. Another popular catalyst sup-
port in various processes discussed in the literature is 

  pomogsvetlana@mail.ru
Аннотация. Природная опока Таскалинского месторождения Республики Казахстан использована как носитель Co–Mn-ката-

лизаторов глубокого окисления СО и углеводородов. После предварительной подготовки ее образцов путем промывки 
водой (опока I), прокалки при температуре 500 °С (опока II), обработки HCl (опока III) или обработки HCl и прокалки 
при 500 °С (опока IV) на них в процессе низкотемпературного горения смеси нитратов металлов и мочевины была нане-
сена активная фаза (АФ) состава 5 мас. % Co + 5 мас. % Mn в пересчете на металлы. Образцы носителя и катализатора 
исследовались методами РФА и SEM/EDS, измерена удельная поверхность по БЭТ. Показано, что основными фазами 
в составе носителей и катализаторов являются различные модификации SiO2 , а также Na-, Ca- и Mg-алюмосиликаты. 
Компоненты АФ вследствие их низкого содержания в виде оксогидроксида кобальта и манганита калия были обнару-
жены только на двух образцах катализаторов. Согласно данным SEM/EDS в ходе обработки опоки и после нанесения АФ 
исходные наноразмерные сотовые структуры на поверхности практически полностью разрушаются. Имеет место неравно-
мерность элементного состава на поверхности разных гранул как носителя, так и катализатора, связанная, по-видимо му, 
с неоднородностью природной структуры опоки. Установлено, что по мере усложнения обработки опоки ее удельная 
поверхность монотонно возрастает в 3 раза – с 21,0 до 64,1 м2/г. С другой стороны, удельная поверхность катализаторов 
на основе этих образцов опоки изменяется нерегулярно. Испытания полученных катализаторов в процессе глубокого 
окисления СО и пропана в интервале температур от 150 до 540 °С выявили их достаточно высокую активность, причем 
наилучшие характеристики показал катализатор на основе промытой водой опоки без последующей обработки. На этом 
образце 100 %-ная конверсия СО была получена уже при T = 500 °С, а конверсия пропана при 540 °С достигла 97 %. Таким 
образом, природная опока с минимальной обработкой может служить эффективным носителем катализаторов глубокого 
окисления СО и угле водородов.

Ключевые слова: опока, носитель, низкотемпературное горение, Co–Mn-катализаторы, оксид углерода, пропан, глубокое 
окисление
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the highly porous silica rock, diatomite [8; 9]. Closely 
related to diatomite in composition and properties is 
opoka – a microporous, high-silica sedimentary rock 
containing up to 92–98 wt. %1 SiO2 . It is widely used 
in construction as a thermal and sound insulation mate-
rial, and due to its high adsorption, filtration, and ion-
exchange properties, opoka is also employed as an 
adsorbent and filter filler [10–14]. However, there is no 
information in the literature regarding its use as a sup-
port for AP in catalysis. 

Deep catalytic oxidation processes are essential 
for purifying anthropogenic gas emissions and have 
long been crucial from an environmental standpoint. 
Additionally, these processes are applied in flame-
less heat generators, catalytic burners, fuel cells, 
and gas composition monitoring systems within fire- 
and explosion-hazardous industries, among other s. 
According to the literature, catalyst development 
for these applications is advancing rapidly. It is well 
established that the most effective catalysts for such 
reactions are those with AP containing noble metals, 
effective in both CO oxidation [15; 16] and the deep 
oxidation of hydrocarbons [17–19]. 

However, aside from their high cost, a major 
drawback of noble metal catalysts is their low resis-
tance to catalytic poisons (see, for example, [20]). 
Consequently, a significant focus in the global literature 
is on developing and researching new catalytic systems 
based on non-noble transition and rare-earth elements, 
particularly in nanoscale forms. Among the most active 
elements in these systems, Co and Mn are often high-
lighted, both as supported catalysts on various sub-
strates – such as sialon [21], the previously mentioned 
diatomite [8], γ-Al2O3 [22], silica gel modified with 
aluminum oxide [23], foamed silicalite-1 [24], and 
nanostructured CeO2 [25] – and in monolithic complex 
oxide forms [26–29].

One of the promising methods for producing sup-
ported catalysts is the low-temperature combus-
tion method, also known as self-propagating sur-
face thermo synthesis [22; 23; 30; 31]. This method 
involves impregnating the support with a solution mix-
ture of oxidizers (usually nitrates of active metals) and 
a reducer or fuel (a water-soluble organic compound), 
followed by drying and heating the sample to initiate 
the combustion reaction. This technique offers several 
advantages over traditional impregnation methods, 
including low energy consumption, short reaction time, 
the formation of highly dispersed (including nanoscale) 
oxide and/or metallic active phases on the pore surfaces 
of the support, and the absence of harmful gas emis-
sions (typically only CO2 , nitrogen, and water vapor 

are released). The low combustion temperature (in our 
practice, ≤ 360 °C) minimizes the interaction between 
the AP and the support, preventing particle sintering 
of the resulting AP. 

Previously, using this method, we produced Co-, 
Mn-, and Ni-containing catalysts on various sup-
ports [7; 22; 23], which demonstrated high activity 
in the deep oxidation of propane and CO.

The aim of this study is to synthesize and examine 
the physicochemical and catalytic properties of new 
5 % Co – 5 % Mn catalyst samples, with the active 
phase deposited on pre-treated opoka from the Taskalin 
deposit in Kazakhstan [32] (referred to hereafter as 
5Co5Mn/opoka I–IV). These catalysts were evaluated 
in the deep oxidation of propane and CO. 

Before applying the AP, the natural opoka samp-
les underwent several preliminary treatment proce-
dures. A common step for all samples was washing 
to remove impurities of water-soluble salts and easily 
washab le clay contaminants. The purpose of calcina-
tion at 500 °С was to burn off organic impurities in 
the air and to dehydrate the remaining clay impurities. 
Treatment with HCl solution was performed to remove 
oxide impurities, complex oxides, and carbonates 
containing transition metals, primarily iron, as well 
as alkaline earth metal carbonates. These procedures 
were applied to different samples to assess the impact 
of each treatment step.

Research methodologyResearch methodology
Before use, all opoka samples were ground to a par-

ticle size of 0.1–0.3 mm, washed several times with 
distilled water, and dried in an oven at 90 °C. The first 
part (opoka I) was set aside without further treat-
ment, the second (opoka II) was additionally calcined 
at 500 °C, the third (opoka III) was washed with 
a 10 % HCl solution and then rinsed with distilled 
water, while the fourth (opoka IV) was also washed 
with a 10 % HCl solution, rinsed with distilled water, 
and then calcined at 500 °С. 

The prepared supports, each weighing 5 g, were 
impregnated with a solution mixture of metal nitrates 
(Co(NO3)·6H2O + Mn(NO3)2·6H2O) and urea, with 
concentration ratios calculated to yield the pure metals. 
The sample was dried at 90 °C and placed in a flat-bot-
tomed quartz tube reactor, sealed with a dust collection 
system and purged with argon. The heater at the bottom 
of the reactor was turned on, and its power remained 
constant throughout the process. Temperature was 
monitored by a thermocouple placed in the sample 
layer at the center of the reactor. After the reaction 
and cooling, the sample in the argon-filled reactor was 1 All percentages are by weight (wt. %) unless otherwise indicated.
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stabilized with a 5 % H2O2 solution to prevent sponta-
neous ignition of any highly dispersed metallic phases 
in the active phase. The sample was then washed with 
distilled water and dried at 90 °C. Particles smaller 
than 0.1 mm were removed from the resulting catalyst. 
The setup and synthesis procedure were previously 
described in detail [22; 23].

X-ray diffraction analysis (XRD) of the samples was 
conducted using a DRON-3M diffractometer (Russia) 
with FeKα radiation. 

The morphology and elemental composition 
of the catalyst surfaces were examined with a high-reso-
lution field-emission scanning electron microscope, 
the Zeiss Ultra Plus, based on the Ultra 55 platform 
(Carl Zeiss, Germany), equipped with an INCA Energy 
350 XT microanalysis system from Oxford Instruments. 
The specific surface area was measured through nitro-
gen physical adsorption by the BET method on an appa-
ratus designed according to GOST 23401-90.

The obtained samples were tested on a catalytic 
setup with a flow-through quartz reactor containing 
a fixed bed of catalyst (1 cm3 of 0.1–0.3 mm fraction). 
Analysis of the initial gas mixture and reaction products 
from deep oxidation was conducted using a 5-compo-
nent gas analyzer, Avtotest 02.03P, with zero-class 
accuracy (Meta, Russia). The initial gas mixture had 
the following composition by vol. %: propane – 0.15, 
CO – 0.6, O2 – 1.6, nitrogen – up to 100 %. The gas 
flow rate was 120,000 h–1. Experiments were carried 

out within a temperature range from 150 to 540 °C 
in 50 °C intervals. CO and propane conversions during 
deep oxidation were calculated using the formula

where CR,0 and CR,T are the concentrations of the reac-
tant (CO or propane) in the initial gas mixture and 
at the reactor outlet at temperature T, respectively, 
vol. %.

Results and discussionResults and discussion
Fig. 1 shows thermograms of the catalyst synthe-

sis process on opoka samples prepared as described 
above. The self-ignition temperatures (TS ) at the start 
of the combustion wave and the maximum tem-
peratures (Tmax ) within the combustion wave were 
recorded. As shown, the TS values for samples on 
opokas I and II are nearly identical, though the Tmax 
on opoka II is noticeably higher. The highest self-
ignition (192 °C) and combustion (322 °C) tempera-
tures were recorded during synthesis on sample III. 
Secondary peaks at lower temperatures, likely cor-
responding to the afterburning wave, were observed 
on opokas I–III. This phenomenon was also noted in 
our previous synthesis of a similar AP-based catalyst 
on γ-Al2O3 [22]. Synthesis on opoka IV proceeded in 
a low-intensity mode, with minimal TS and Tmax .

Fig. 1. Thermograms of the synthesis process for catalysts 5Co5Mn/opoka I (а), II (b), III (c), and IV (d) 

Рис. 1. Термограммы процесса синтеза катализаторов 5Co5Mn/опока I (а), II (b), III (c), IV (d)
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XRD patterns of the prepared supports and their 
corresponding catalysts are shown in Figs. 2 and 3. 
Notably, opoka samples I and II contain complex oxide 
impurity phases of iron and magnesium, which dis-
appear after HCl treatment (see Fig. 2). The primary 
phases present are various modifications of SiO2 , along 
with Na-, Ca-, and Mg-aluminosilicates, with a signifi-
cant portion of amorphous phases also observed.

As shown in Fig. 3, Co- and Mn-containing APs 
appeared only on two catalyst samples – those based 
on opokas I and III, and separately: in sample I, likely 
as trivalent Co oxyhydroxide, and in opoka III as potas-
sium manganite. This likely results from the low AP 
component content, which is near the detection limit 
of the XRD analysis. Aluminosilicate phases were 
preserved only in samples based on opokas I and II, 
while in samples with supports III and IV, the amount 
of silica phase modifications increased.

The morphology and surface elemental composi-
tion of supports II and IV, as well as the catalyst based 
on opoka II, were studied using SEM/EDS. The results 
are shown in Figs. 4–6.

It can be noted that a characteristic feature 
of the support granule surfaces, both before (Fig. 4) 
and after (Fig. 5) acid washing, is the presence 
of nanoscale honeycomb structures with wall thick-
nesses of ≤ 50 nm, which are clearly visible in Fig. 4. 
After HCl treatment and calcination, the honeycomb 
walls appear to melt and thicken noticeably (Fig. 5), 
though only the application of AP almost completely 
destroys these formations (Fig. 6). Only isolated ele-
ments of the honeycomb structures remain. Notably, as 
the sample treatment procedures become more complex 
(opoka I → opoka II → opoka III → opoka IV, followed 
by AP application), the morphology of the support and 
catalyst granule surfaces takes on an increasingly frag-
mented, amorphous appearance.

Elemental microanalysis data show significant 
varia bility in the element content across individual gra-
nules of both the supports and the catalyst. This applies 
not only to impurity elements but also to the primary 
structural elements (Si, Al). This variability may be 
related to the structural heterogeneity of natural mine-
rals, as noted above. Some samples show detectable 

Fig. 2. XRD patterns of support samples opoka I (а), II (b), III (c), and IV (d) 

Рис. 2. Рентгенограммы образцов носителя опок I (а), II (b), III (c), IV (d)
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Fig. 3. XRD patterns of catalysts 5Co5Mn/opoka I (а), II (b), III (c), and IV (d) 

Рис. 3. Результаты РФА образцов катализаторов 5Co5Mn/опока I (а), II (b), III (c), IV (d)

Fig. 4. Surface morphology of opoka II sample (SEM) and elemental composition at marked points 

Рис. 4. Морфология поверхности образца опоки II (СЭМ) и элементный состав в отмеченных областях
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Fig. 5. Surface morphology of opoka IV sample (SEM) and elemental composition at marked points 

Рис. 5. Морфология поверхности образца опоки IV (СЭМ) и элементный состав в отмеченных точках

Fig. 6. Surface morphology of the 5Co5Mn/opoka II catalyst sample (SEM) and elemental composition at marked points 

Рис. 6. Морфология поверхности образца катализатора 5Co5Mn/опока II (СЭМ) и элементный состав в отмеченных точках
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amounts of titanium, which does not appear in XRD, 
likely due to its low concentration, even if present in 
compound form. Conversely, magnesium, which con-
stitutes a fraction of a percent on the surface, is con-
sistently detected in the form of magnesium silicate 
on diffractograms, particularly for the opoka IV sample 
(see Fig. 2, d). The application of AP to the opoka II 
sample resulted in a noticeable reduction in oxygen 
content on its surface (compare the data in the Tables 
in Figs. 4 and 6), even considering that the surface 
was stabilized with a hydrogen peroxide solution after 
synthesis. It can be assumed that a portion of weakly 
bonded oxygen on the support surface reacted du ring 
the combustion process when the AP was applied. 
Significant variations in Co and Mn concentrations on 
the catalyst granule surfaces are also observed, both in 
absolute terms and in their relative ratios. This variabi-
li ty likely stems from the structural heterogeneity noted 
earlier, especially in the number of open pores, where 
the AP precursor solution penetrates through capillary 
action prior to synthesis.

The specific surface area (Ssp ) of certain support 
and catalyst samples, determined by the BET method, 
is shown below, in m2/g: 

Opoka I  . . . . . . . . . . . . . . 21.0
Opoka II . . . . . . . . . . . . . . 42.0
Opoka IV . . . . . . . . . . . . . . 64.1
5Co5Mn/opoka I . . . . . . . . 40.6
5Co5Mn/opoka II . . . . . . . 29.5
5Co5Mn/opoka IV . . . . . . . 62.8

A distinctive feature of the support treatment pro-
cess is evident: as the treatment becomes more com-
plex, the specific surface area of the samples increases, 
likely due to the exposure of an increasing number 
of fine pores. However, the application of the AP has 
varying effects on this value. As can be seen, the cata-
lyst based on opoka I has twice the specific surface 
area Ssp of the initial support. Conversely, for the cata-
lyst based on opoka II, this trend is reversed, while 
for the 5Co5Mn/opoka IV sample, there was almost 
no change. This may indicate differences in the dis-
persion of the AP formed during synthesis, depending 
on the surface morphology and, to some extent, the ele-
mental composition of the different support samples.

A series of catalysts based on treated opoka was 
tested in the deep oxidation of propane and CO. 
The results are shown in Fig. 7. According to these 
data, the opoka-based catalysts demonstrated fairly 
high activity in both CO oxidation and propane deep 
oxidation. In the first case, 100 % CO conversion 
was achieved at 500 °C on the 5Co5Mn/opoka I cata-
lyst (Fig. 7, a), with its activity being higher across 

the entire temperature range. In the second case, this 
same catalyst achieved a propane conversion of 97 % 
at 540 °C (Fig. 7, b). The sample based on opoka IV 
showed the lowest activity in these processes, despite 
having the highest specific surface area among the sam-
ples. It should be noted that for the 5Co5Mn/opoka II 
and 5Co5Mn/opoka IV samples, propane conversion in 
the high-temperature region (≥ 500 °C) exceeded CO 
conversion.

ConclusionConclusion
For the first time, catalysts with a CoMn active 

phase (5 % + 5 % based on metals) on differently 
treated opoka were obtained using the low-tempera-
ture combustion method with mixtures of Co and Mn 
nitrates and urea. XRD analysis showed that, follow-
ing acid treatment and subsequent calcination, iron-
magnesium complex oxide impurities are removed 
from the opoka samples, with the main phases being 
various modifications of silica, along with Na-, Ca-, 
and Mg-aluminosilicates, and a significant proportion 
of amorphous phases. 

Fig. 7. Temperature dependences of CO (a) and propane (b) 
conversions on catalyst samples

1 – 5Co5Mn/opoka I, 2 – 5Co5Mn/opoka II, 3 – 5Co5Mn/opoka IV 

Рис. 7. Зависимости конверсий СО (a) и пропана (b)  
от температуры на исследуемых образцах катализаторов
1 – 5Co5Mn/опока I, 2 – 5Co5Mn/опока II, 3 – 5Co5Mn/опока IV
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SEM/EDS analysis of the morphology and surface 
elemental composition of the supports and catalyst 
revealed degradation of the initial nanoscale honey-
comb structures as opoka processing became more 
complex, with further degradation upon AP application. 
A significant variability in elemental content among 
individual granules of both supports and catalysts was 
observed, likely due to the structural heterogeneity 
of this natural mineral. 

The specific surface area of the support samples 
increased with more complex processing steps, but 
the surface area of the catalysts varied non-monotonically. 
Testing of several catalysts showed the activity order in 
the deep oxidation of both CO and propane as follows: 
5Co5Mn/opoka I > 5Co5Mn/opoka II > 5Co5Mn/opo-
ka IV, with CO conversion reaching 100 % at 500 °C 
and propane conversion reaching 97 % at 540 °C 
on the 5Co5Mn/opoka I sample. The sample based 
on opoka IV demonstrated the lowest activity in these 
processes, despite having the highest specific surface 
area among the catalysts studied (62.8 m2/g). 

Thus, natural opoka with minimal processing can 
serve as an effective support for deep oxidation cata-
lysts for hydrocarbons and CO.
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Abstract. Composite ceramics from aluminum nitride with silicon carbide (AlN–SiC) is promising for applications in both metallurgy 

and mechanical engineering as a refractory and structural material with enhanced properties, as well as in electronics and photonics 
as an advanced material for creating various high-performance devices. To fabricate products with optimal properties, compositions 
(mixtures) of highly dispersed AlN and SiC powders with particle sizes of less than 1 μm must be used. This study is dedicated 
to improving a simple, energy-efficient method of azide self-propagating high-temperature synthesis (SHS) for such powder compo-
sitions, using mixtures of sodium azide (NaN3 ) powder and elemental powders of aluminum, silicon, and carbon with the addition 
of polytetrafluoroethylene (PTFE) powder as an activating and carbidizing additive. During the combustion of these mixtures in a bulk 
or pressed form in a reactor under 3 MPa of nitrogen gas pressure, the temperature, pressure, and yield of solid combustion products 
were evaluated. Scanning electron microscopy and X-ray phase analysis were employed to determine the microstructure and phase 
composition of the combustion products. The addition of PTFE helped to eliminate, in most cases, the drawbacks of the traditional 
azide SHS approach using halide salts such as (NH4)2SiF6 , AlF3 , and NH4F. While maintaining the high dispersity of the synthesized 
AlN–SiC powder compositions, their phase composition, particularly in pressed charges, became significantly closer to the targeted 
theoretical composition, with a substantial increase in SiC phase content and the elimination of undesirable by-products such as silicon 
nitride and the water-insoluble cryolite salt Na3AlF6 . 

Keywords: aluminum nitride, silicon carbide, powder compositions, self-propagating high-temperature synthesis, sodium azide, 
polytetrafluoroethylene, combustion products, composition, structure
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Аннотация. Композиционная керамика из нитрида алюминия с карбидом кремния (AlN–SiC) является перспективной для 

применения как в металлургии и машиностроении в качестве огнеупорного и конструкционного материала с повышенными 
свойствами, так и в электронике и фотонике в качестве нового материала для создания соответствующих разнообразных 
высокоэффективных устройств. Для изготовления из нее изделий с наилучшими свойствами необходимо использовать 
композиции (смеси) высокодисперсных порошков AlN и SiC с размером частиц менее 1 мкм. Настоящая работа посвящена 
усовершенствованию простого энергосберегающего метода азидного самораспространяющегося высокотемпературного 
синтеза (СВС) композиций таких порошков из смесей порошка азида натрия (NaN3) и элементных порошков алюминия, 
кремния и углерода за счет применения активирующей и карбидизирующей добавки порошкового политетрафторэти-
лена (ПТФЭ). При сжигании этих смесей в насыпном или прессованном виде в реакторе с давлением газообразного азота 
3 МПа оценивались температура и давление, а также выход твердых продуктов горения. С применением сканирующей 
электронной микроскопии и рентгенофазового анализа определялись микроструктура и фазовый состав продуктов горения. 
Применение добавки ПТФЭ позволило устранить в большинстве случаев недостатки традиционного подхода азидного 
СВС с использованием галоидных солей (NH4)2SiF6 , AlF3 и NH4F. При сохранении высокой дисперсности синтезированных 
композиций порошков AlN–SiC их фазовый состав, особенно в случае прессованных шихт, стал значительно ближе к зада-
ваемому теоретическому составу, также существенно выросло содержание фазы SiC, исчезли нежелательные побочные 
фазы нитрида кремния и водонерастворимой соли криолита Na3AlF6 .  

Ключевые слова: нитрид алюминия, карбид кремния, композиции порошков, самораспространяющийся высокотемпературный 
синтез, азид натрия, политетрафторэтилен, продукты горения, состав, структура
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IntroductionIntroduction
Aluminum nitride (AlN) is one of the foremost 

materials in technical ceramics [1]. It exhibits an excep-
tional combination of physical, electrical, and chemi-
cal properties: low density, high melting (or decom-
position) temperature, thermal conductivity, electrical 
resistance, hardness, strength, wear resistance, and heat 
resistance, as well as resistance to thermal shock, acids, 
and molten metals, and stability at elevated tempera-
tures in various gaseous environments. Owing to these 
characteristics, aluminum nitride has long found appli-
cations across diverse industrial sectors, particularly 
for high-temperature applications. It is widely used 
as a refractory material for lining tanks, electrolyzers, 
and containers in metallurgy and chemical engineering, 
as well as for producing protective sheaths for metal-
lic thermocouples and manufacturing crucibles. AlN 
ceramics are among the most widely used electrical 

insulating materials. Furthermore, aluminum nitride is 
employed as a structural material for parts operating 
in aggressive environments and in cutting tools [2]. 
Intensive research to enhance its physical and mecha-
nical properties continues [3].

However, due to the unique physical properties 
of AlN, its application in electronics and photonics 
has recently expanded rapidly [4; 5]. In electronics, 
this expansion is driven by its excellent heat dissipa-
tion capabilities in electronic devices, attributed to its 
uniquely high thermal conductivity combined with 
high electrical resistance and a coefficient of thermal 
expansion (CTE) close to that of silicon. This has led 
to a transition to aluminum nitride in nearly all areas 
of electronic component production, where the highly 
toxic beryllium oxide was traditionally used [4]. 
In photonics, AlN’s wide bandgap, broad transparency 
window (covering the range from ultraviolet to mid-
infrared), and significant second-order nonlinear optical 
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effect have further broadened its utility. Additionally, 
AlN exhibits piezoelectric and pyroelectric effects, 
enabling its use in opto-mechanical devices and pyro-
electric photodetectors, respectively [5]. However, in 
both these fields and in high-temperature structural 
applications, the use of aluminum nitride is constrained 
by its brittleness, specifically its relatively low fracture 
toughness and thermal shock resistance [6]. 

In this regard, significant attention is being drawn 
to the development of composite ceramics of aluminum 
nitride with silicon carbide (SiC), which, in addition 
to its high thermal conductivity and heat resistance, 
possesses substantially improved mechanical proper-
ties (hardness, fracture toughness, thermal stability, 
and creep resistance) [7; 8]. Silicon carbide is also 
attractive due to its crystal structure, which is similar 
to that of aluminum nitride, allowing it to form a single-
phase homogeneous solid solution with AlN, enhan-
cing flexu ral strength and fracture toughness, thereby 
reducing brittleness [9; 10]. Additionally, in a two-
phase state with sintered, spatially separated powder 
components of AlN and SiC, AlN–SiC composi tes 
exhibit significantly better toughness and thermal sta-
bility [8; 11]. By controlling the grain size of AlN and 
SiC, it is possible to obtain AlN–SiC material with high 
thermal conductivity [12]. Notably, reducing grain size 
is another important approach to improving nearly all 
properties of AlN ceramics and AlN–SiC ceramic com-
posites as a whole [13; 14]. 

AlN–SiC composite ceramics have shown promise 
not only for applications in metallurgy and mechani-
cal engineering as a refractory and structural material 
with enhanced properties but also, as noted above, in 
electronics and photonics for the creation of a variety 
of high-performance devices [4; 5; 15].

Traditional energy-intensive methods for producing 
AlN–SiC ceramics include pressureless sintering of SiC 
and AlN ceramic powders, hot pressing, and injection 
molding, all of which require temperatures of around 
2000 °C and prolonged holding times of seve ral 
hours [16–19]. More modern and less energy-intensive 
methods include spark plasma sintering, microwave 
heating, and additive 3D-printing technologies; howe-
ver, these require costly equipment [20–22]. 

In both methods, the starting material must be a com-
position (mixture) of AlN and SiC powders. To achieve 
the best properties of the resulting AlN–SiC ceramics, 
these powders should be as fine as possible: highly 
dispersed (submicron) with particle sizes d < 1 μm or 
even nanoscale with d < 100 μm (0.1 μm) [13; 23]. 
There are two approaches to producing AlN and SiC 
powder mixtures: ex­situ and in­situ. The first approach 
is the simplest and most common for producing com-

posite ceramics and involves mixing ready-made AlN 
and SiC powders, compacting, and sintering them. 
However, for highly dispersed powders, especially 
nanopowders, two issues arise: high cost and the near 
impossibility of achieving uniform mechanical mixing 
due to the strong tendency of nanoparticles to form 
durable agglomerates that are challenging to break up 
during mixing. The in­situ processes for producing 
composite ceramics involve the chemical synthesis 
of AlN and SiC powder particles within the compo-
site from a mixture of significantly cheaper starting 
reagents, allowing for better dispersion of the syn-
thesized particles. These technologies are thus more 
favorable for obtaining mixtures of highly dispersed 
and nanoscale AlN and SiC powders [13; 23].

Traditional in­situ methods for producing mixtures 
of AlN and SiC powder components, or their solid 
solutions (furnace method, plasma-chemical synthesis, 
carbothermal synthesis, gas-phase deposition, etc.), 
are known for their high energy consumption, comp-
lex equipment requirements, and inconsistent ability 
to yield nanoscale powders and nanopowder composi-
tions [10; 13; 14; 16; 24–26].

Self-propagating high-temperature synthesis (SHS), 
or “combustion synthesis”, presents distinct advan-
tages over conventional technologies [16; 27–29]. 
The in­situ SHS approach is notably more cost-effec-
tive, as the AlN–SiC composite synthesis is driven by 
self-sustained combustion heat, requiring only simple 
equipment and low-cost precursor reagents, such as Al, 
Si, C (carbon black), Si3N4 powders, and gaseous N2 . 
This method has therefore garnered significant research 
interest, with various powder mixtures being examined 
for their combustion efficiency in producing AlN–SiC 
composites [27; 30–33]. A review of these studies [34] 
reveals that, in all cases, the synthesized AlN–SiC 
ceramics exhibit micron-sized particle structures.

To achieve a composition of highly dispersed 
(d < 1 μm) AlN–SiC powders, the authors investigated 
a variant of synthesis known as azide SHS technology, 
where sodium azide (NaN3) powder serves as the nitri-
ding agent. Additionally, various activating halide salts 
are introduced alongside elemental reagents, promot-
ing relatively low combustion temperatures, the for-
mation of significant intermediate vapor-gas reaction 
products, and the generation of condensed and gaseous 
by-products that effectively separate target powder par-
ticles, thus preventing their agglomeration into larger 
particles [34–37]. The main findings of these investiga-
tions are summarized as follows.

Azide SHS technology was employed to synthesize 
AlN–SiC powder compositions at five molar ratios 
of the target phases aluminum nitride and silicon car-
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bide AlN:SiC = 4:1, 2:1, 1:1, 1:2, and 1:4, according 
to stoichiometric equations involving the use of halide 
salts (NH4 )2SiF6 , AlF3 and NH4F [37].

xSi–yAl–NaN3–(NH4)2SiF6–(x + 1)C system

Si + 8Al + 6NaN3 + (NH4)2SiF6 + 2C =

   = 8AlN + 2SiC + 6NaF + 4H2 + 6N2 , (1)

Si + 4Al + 6NaN3 + (NH4)2SiF6 + 2C =

   = 4AlN + 2SiC + 6NaF + 4H2 + 8N2 , (2)

Si + 2Al + 6NaN3 + (NH4)2SiF6 + 2C =

   = 2AlN + 2SiC + 6NaF + 4H2 + 9N2 , (3)

3Si + 2Al + 6NaN3 + (NH4)2SiF6 + 4C =

    = 2AlN + 4SiC + 6NaF + 4H2 +9N2 , (4)

7Si + 2Al + 6NaN3 + (NH4)2SiF6 + 8C =

    = 2AlN + 8SiC + 6NaF + 4H2 +9N2 . (5)

xSi–yAl–NaN3–AlF3–xC system

2Si + 7Al + 3NaN3 + AlF3 + 2C =

       = 8AlN + 2SiC + 3NaF + 0.5N2 , (6)

2Si + 3Al + 3NaN3 + AlF3 + 2C =

       = 4AlN + 2SiC + 3NaF + 2.5N2 , (7)

2Si + Al + 3NaN3 + AlF3 + 2C =

       = 2AlN + 2SiC + 3NaF + 3.5N2 , (8)

4Si + Al + 3NaN3 + AlF3 + 4C =

       = 2AlN + 4SiC+ 3NaF + 3.5N2 , (9)

8Si + Al + 3NaN3 + AlF3 + 8C =

       = 2AlN + 8SiC + 3NaF + 3.5N2 . (10)

xSi–yAl–NaN3–NH4F–xC system

Si + 4Al + NaN3 + NH4F + C =

          = 4AlN + SiC + NaF + 2H2 , (11)

Si + 2Al + NaN3 + NH4F + C =

      = 2AlN + SiC + NaF + 2H2 + N2 , (12)

Si + Al + NaN3 + NH4F + C =

     = AlN + SiC + NaF + 2H2 + 1.5N2 , (13)

2Si + Al + NaN3 + NH4F + 2C =

    = AlN + 2SiC + NaF + 2H2 + 1.5N2 , (14)

4Si + Al + NaN3 + NH4F + 4C =

    = AlN + 4SiC + NaF + 2H2 + 1.5N2 . (15)

The initial reagent mixtures (charges) from equations 
(1)–(15) were burned in bulk form with a relative den-
sity of 0.4 in a tracing paper cup with a dia meter of 30 
mm and a height of 45 mm inside a 4.5 L azide SHS 
reactor at a nitrogen gas pressure of 4 MPa. The cooled 
combustion product was removed from the reactor, 
crushed to a loose powdered state in a porcelain mor-
tar, and washed with water to remove the by-product 
sodium fluoride (NaF). In most cases, the combustion 
product consisted of a highly dispersed powder of com-
plex composition, appearing as equiaxed submic ron 
particles with sizes ranging from 100 nm to 1 μm 
and fibers with diameters of 50–500 nm and lengths 
up to 5 μm, with a tendency toward an increased propor-
tion of finer particles as the SiC content in the AlN–SiC 
composition increased. This is illustrated in Fig. 1 for 
the system with the halide salt NH4F, and in study [34] 
for the system with (NH4)2SiF6 . The results comparing 
the phase composition of the washed solid combustion 
products from charges (1)–(15) (determined experi-
mentally) with the theoretical composition of the tar-
get phases expected according to the stoichiometric 
equations (1)–(15) are presented in Table 1. As shown, 
the experimental phase composition of the azide SHS 
products significantly deviates from the expected theo-
retical composition of the AlN–SiC powder composi-
tions. First, the content of the target phases AlN and 
SiC is lower than theoretically expected, particularly 
the SiC phase, whose quantity is on average half 
of the theoretical amount. Second, an undesirable 
side phase of silicon nitride in α- and β-modifications 
is pre sent in considerable amounts (up to 22.1 and 
15.2 wt. %, respectively). Third, there is a noticeable 
amount (from 4.1 to 9.8 wt. %) of an unwanted water-
insoluble impurity, the cryolite salt Na3AlF6 .

In this context, the aim of this study was to bring 
the experimental composition of the target highly dis-
persed AlN and SiC powder mixture closer to the theo-
retical composition according to the stoichiometric 
equations of azide SHS Technology by adjusting 
the composition of the initial reagents and the condi-
tions of the azide SHS process. Primarily, it is essential 
to significantly increase the content of the SiC carbide 
phase in the azide SHS product. Several approaches 
are known [38] to promote the formation of SiC during 
the combustion of a silicon and carbon black powder 
mixture via the weakly exothermic reaction 
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         Si + C → SiC: (16)

– preheating the charge;
– applying an electric field;
– mechanical activation of the charge;
– conducting combustion in a gaseous nitrogen or 

air atmosphere;
– chemical activation with catalytic powder addi  ti - 

ves. 
Most of these approaches can lead to submicron or 

even nanoscale SiC powders in the combustion mode. 
In this study, the simplest approach was chosen – using 

the most effective catalytic additive, powdered poly-
tetrafluoroethylene (PTFE) [39; 40]. 

In the first study on this topic, the chemical transfor-
mation mechanism and combustion modes in the sili-
con–carbon–PTFE system were investigated, depending 
on the ratios of the starting components, the pressure 
of the inert atmosphere, ignition source temperature, and 
sample diameter [39]. Subsequently, combustion in this 
system was studied in a nitrogen atmosphere at varying 
pressures to produce SHS composite ceramic powders 
of Si3N4–SiC and silicon carbide [41]. It was found that 
without PTFE, the synthesized Si3N4–SiC composites 
contained between 5 and 60 wt. % SiC, whereas the use 

Fig. 1. SEM images of combustion products of charges with NH4F according to equations (11)–(15) 

Рис. 1. Микроструктура продуктов горения шихт с NH4F в соответствии с уравнениями (11)–(15) 
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of an activating additive at 5–15 wt. % increased the SiC 
content to 100 %. Study [42] demonstrated that partially 
replacing carbon with PTFE led to complete carbidizing 
in the reaction Si + 0.9C + 0.05C2F4 = SiC + 0.1F2 in 
a nitrogen atmosphere at 3 MPa, producing SiC partic-
les with an average size of around 200 nm. Study [43] 
showed that PTFE can be used not only as an activa ting 
additive but also as a carbidizing reagent when fully 
replacing technical carbon during combustion of a bulk 
Si + PTFE mixture in gaseous argon at 0.5 MPa, resul-
ting in the synthesis of silicon carbide in the form 
of fibers with diameters of 100–500 nm and equiaxed 
particles of 0.5–3.0 μm, which aggregate into clusters. 
However, the yield of SiC synthesis was very low: only 
about 10 % of the total charge mass reacted to form 
fibrous SiC, with the remainder consisting of unreacted 
carbon and silicon [43]. 

The reactions for silicon carbide formation invol-
ving polytetrafluoroethylene (–C2F4–)n can be repre-
sented as follows [43; 44]:

2(–C2F4–)n → CF4(g) + 2CF2(g) + C(s),      (17)

4Si(l) + 2CF4(g) + 2CF2(g) →

→ SiF4(g) + 2SiF3(g) + SiF2(g) + 4C(s),       (18)

2SiF2(g) + 2SiF3(g) → 2.5SiF4(g) + 1.5Si(l),    (19)

               Si(l) + C(s) → SiC(s). (20)

The first stage (17) involves the exothermic decom-
position of PTFE in the preheating zone into gaseous 
fluorides and solid carbon particles. The intermediate 
stages (18) and (19) represent interactions between 
the gaseous fluorides with each other and with mol-
ten silicon particles, while the final stage (20) depicts 
the reaction between silicon and carbon particles 
(both the original carbon in the form of carbon black 
and the carbon generated from PTFE decomposition) 
to form the target silicon carbide. The completion 
of all stages results in the formation of highly dis-
persed SiC, whereas only the first stage yields gaseous 
fluorides and carbon black particles [43]. Combustion 
involving PTFE occurs at a high rate with intense gas 
release, which may cause dispersion of the charge 
components, preventing the silicon and carbon par-
ticles from reacting with each other, a reaction that is 
unlikely to proceed in the gas phase [43]. Therefore, 
a PTFE-containing charge should be in a pressed, 
rather than bulk, form, as a briquette with a diame-
ter of at least 30 mm, and combusted under excess 
gas pressure in the SHS reactor to prevent PTFE 

Table 1. Theoretical and experimental phase composition of washed solid products of azide SHS 
Таблица 1. Теоретический и экспериментальный фазовые составы промытых твердых продуктов азидного СВС

Reaction 
equation

AlN:SiC
(mol)

Content, wt. %
Theoretical Experimental

AlN SiC AlN SiC α-Si3N4 β-Si3N4 Na3AlF6

xSi–yAl–NaN3–(NH4)2SiF6–(x + 1)C
(1) 4:1 80.4 19.6 69.3 8.5 8.0 7.0 7.2
(2) 2:1 67.2 32.8 54.6 10.3 13.2 12.1 9.8
(3) 1:1 50.6 49.4 38.0 19.2 22.1 13.2 7.5
(4) 1:2 33.8 66.2 29.9 28.0 21.4 14.0 6.7
(5) 1:4 20.4 79.6 18.5 42.1 19.6 15.2 4.6

xSi–yAl–NaN3–AlF3–xC
(6) 4:1 80.4 19.6 73.6 8.2 5.7 8.4 4.1
(7) 2:1 67.2 32.8 58.0 17.9 11.2 7.4 5.5
(8) 1:1 50.6 49.4 47.0 24.6 13.0 9.1 6.3
(9) 1:2 33.8 66.2 23.9 34.8 19.7 15.0 6.6
(10) 1:4 20.4 79.6 13.5 47.2 21.4 12.6 5.3

xSi–yAl–NaN3–NH4F–xC
(11) 4:1 80.4 19.6 72.5 7.9 8.2 7.1 4.3
(12) 2:1 67.2 32.8 64.0 12.9 9.6 8.5 5.0
(13) 1:1 50.6 49.4 39.0 25.0 18.1 11.9 6.0
(14) 1:2 33.8 66.2 25.4 33.5 21.2 13.6 6.3
(15) 1:4 20.4 79.6 14.4 46.2 21.9 12.3 5.2
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decomposition pro ducts from escaping the reaction 
zone [39; 42–44].

In the present study, these findings were used 
to increase the SiC phase content in the target compo-
sition of highly dispersed AlN–SiC powders produced 
via azide SHS technology with PTFE, aiming to bring 
the experimental composition of the target highly dis-
persed AlN and SiC powders closer to the theoretical 
composition in accordance with the stoichiometric 
equations of azide SHS. 

Research methodologyResearch methodology
In the study of AlN–SiC composition synthesis pro-

cesses using azide SHS technology with PTFE, the fol-
lowing initial charge components were used (here and 
throughout: wt. %): 

– silicon powder, grade Kr00 (main substance con-
tent ≥ 99.9 %, average particle size d = 40 μm);

– aluminum powder, grade PA-4 (≥ 98.0 %, d = 
= 100 μm);

– sodium azide powder, analytical grade (≥ 98.71 %, 
d = 100 μm);

– polytetrafluoroethylene (PTFE), grade PN-40 
(≥ 99.0 %, d = 40 μm);

– technical carbon black, grade P701 (≥ 88.0 %, 
d = 70 nm, in the form of agglomerates up to 1 μm).

PTFE was used as an activating and carbidizing 
additive, partially replacing technical carbon black. 
Based on the findings from studies [39; 41; 42], 
a carbidizing mixture of technical carbon and PTFE 
of vario us compositions was used to carbidize silicon, 
equivalent to 1 mole of carbidizing carbon:

      0.9C + 0.05C2F4 , (A)

       0.8C + 0.1C2F4 , (B)

      0.7C + 0.15C2F4 . (C)

These mixtures correspond to PTFE concentrations 
of 5 to 15 %, necessary for obtaining pure SiC through 
reaction (16) and achieving an increased SiC content 
in composites with silicon nitride [41]. Sodium azide 
(NaN3) was added to the charge in an amount sufficient 
to neutralize the fluorine released during the complete 
decomposition of PTFE, binding it into the water-
soluble compound NaF, which can be easily removed 
from the azide SHS product by washing with water. 
As a result, the stoichiometric equations of the azide 
SHS for AlN–SiC powder compositions with 5 molar 
ratios of target phases AlN:SiC = 4:1, 2:1, 1:1, 1:2 and 

1:4 using carbidizing mixture (A) with PTFE under 
combustion in gaseous nitrogen are as follows:

4Al + Si + 0.9C + 0.05C2F4 +

+ 0.2NaN3 + 1.7N2 = 4AlN + SiC + 0.2NaF,    (21)

2Al + Si + 0.9C + 0.05C2F4 +

+ 0.2NaN3 + 0.7N2 = 2AlN + SiC + 0.2NaF,   (22)

Al + Si + 0.9C + 0.05C2F4 +

+ 0.2NaN3 + 0.2N2 = AlN + SiC + 0.2NaF,     (23)

Al + 2Si + 1.8C + 0.1C2F4 + 0.4NaN3 =

      = AlN + 2SiC + 0.4NaF + 0.2N2 , (24)

Al + 4Si + 3.6C + 0.2C2F4 + 0.8NaN3 =

      = AlN + 4SiC + 0.8NaF + 0.7N2 . (25)

To achieve an AlN–SiC composition with the maxi-
mum silicon carbide phase content (AlN:SiC = 1:4) 
carbidizing mixtures (B) and (C) with an increased 
PTFE content were also used:

Al + 4Si + 3.2C + 0.4C2F4 + 1.6NaN3 =

      = AlN + 4SiC + 1.6NaF + 1.9N2 , (26)

Al + 4Si + 2.8C + 0.6C2F4 + 2.4NaN3 =

      = AlN + 4SiC + 2.4NaF + 3.1N2 . (27)

The initial reagent mixtures (charges) from equations 
(21)–(27), with an average mass of 22 g, were burned 
in a 4.5 L azide SHS reactor under a nitrogen gas pres-
sure of 3 MPa, both in bulk form in a tracing paper cup 
with a diameter of 30 mm and height of 45 mm, and as 
briquet tes pressed at a pressure of 7 MPa with a diameter 
of 30 mm and an average height of 22 mm. Combustion 
was initiated with an electric tungsten coil. The maximum 
gas pressure generated in the reactor during combustion 
was recorded using a manometer, and the maximum 
combustion temperature was measured with a tungsten-
rhenium thermocouple of 200 μm in diame ter, inserted 
into the charge. The cooled combustion product was 
removed from the reactor, ground to a loose powder state 
in a porcelain mortar and washed with water to remove 
the by-product sodium fluoride (NaF). 

The phase composition of the synthesized products 
was determined using an ARL X’TRA powder X-ray 
diffractometer (Thermo Fisher Scientific, Switzerland) 
equipped with a copper anode X-ray tube. Diffraction 
pattern analysis and quantitative phase composition 
assessment were performed using the Rietveld method 
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in the HighScore Plus software with the COD-2024 
crystallographic database. The morphology and par-
ticle size of the synthesized compositions were exa-
mined using a JSM-6390A scanning electron micro-
scope (Jeol, Japan).

Results and discussionResults and discussion
The results of experimental determination 

of the parameters for azide SHS of AlN–SiC powder 
compositions according to equations (21)–(25) are 
presented in Table 2. As the data indicate, combus-
tion of bulk mixtures occurs more intensively than that 
of pressed mixtures, with higher maximum tempera-
tures and pressure spikes, accompanied by greater dis-
persion of the SHS reactants and products. The higher 
the aluminum content in the charge, the greater 
the combustion parameters (temperature and pressure); 
however, at maximum aluminum content, the mass loss 
of the product due to dispersion is offset by mass gain 
from increased absorption of gaseous nitrogen during 
aluminum nitride formation. Mass loss is highest in 
the synthesis of AlN–SiC compositions with roughly 
equal molar ratios, especially in the case of bulk mix-
tures. However, this loss decreases as the SiC content 
in the combustion product increases, accompanied 
by a reduction in combustion parameters

The X-ray diffraction (XRD) patterns of phase ana-
ly sis of water-washed solid combustion products from 
bulk and pressed mixtures are shown in Figs. 2 and 3, 
respectively.

The data in Fig. 2 show that the XRD patterns 
of water-washed combustion products from bulk char-

ges used for synthesizing AlN–SiC composites with 
higher and equal molar content of the AlN phase, i.e., 
AlN:SiC = 4:1, 2:1 and 1:1, contain strong reflections 
only for the target phases AlN and SiC, along with weak 
reflections from free silicon impurities. For the com-
bustion products with increased SiC phase content, i.e., 
AlN:SiC = 1:2 and 1:4, in addition to the AlN, SiC, 
and Si reflections, distinct peaks of the undesirable 
by-product phase Si3N4 appear, particularly noticeable 
in the sample with the maximum SiC content. The XRD 
patterns of combustion products from pressed charges 
shows only the target phases AlN and SiC for four 
ratios AlN:SiC = 4:1, 2:1, 1:1 and 1:2 (with a Si impu-
rity for AlN:SiC = 2:1) and the appearance of an addi-
tional undesirable by-product phase, Si3N4 , in one case, 
AlN:SiC = 1:4, with maximum SiC content (Fig. 3). 

Table 3 presents the results of quantitative analy-
sis of the XRD patterns, showing the quantitative 
phase content in the washed combustion products 
from charges (21)–(25) with carbidizing mixture (A) 
and minimal PTFE content, as well as for equa-
tions (26) and (27) to obtain an AlN–SiC composi-
tion with the maximum silicon carbide phase content 
(AlN:SiC = 1:4) using mixtures (B) and (C) with 
increased PTFE content. These experimental data are 
compared with the theoretical results for the target 
phases AlN and SiC content in the reaction products 
according to stoichiometric equations (21)–(27).

Table 3 shows that, compared to the azide SHS 
products without PTFE presented in Table 1, the use 
of equations (21)–(25) with the first carbidizing mix-
ture (A), containing minimal PTFE (0.9 + 0.05C2F4 ), 
led to several notable changes:

Table 2. Combustion parameters of initial powder mixtures for reactions (21)–(25)
Таблица 2. Параметры горения исходных порошковых смесей реакций (21)–(25)

Reaction 
equation Initial powder mixture

Maximum 
combustion 

temperature, K

Maximum 
pressure, MPa

Yield of solid 
products, g

Mass 
loss, %

Bulk initial powder mixtures
(21) 4Al + Si + 0.9C + 0.05C2F4 + 0.2NaN3 3270 4.38 26.18 0.38
(22) 2Al + Si + 0.9C + 0.05C2F4 + 0.2NaN3 3270 4.20 25.07 0.23
(23) Al + Si + 0.9C + 0.05C2F4 + 0.2NaN3 2870 4.14 17.76 26.27
(24) Al + 2Si + 1.8C + 0.1C2F4 + 0.4NaN3 2790 4.19 14.26 38.90
(25) Al + 4Si + 3.6C + 0.2C2F4 + 0.8NaN3 2620 4.09 15.99 26.68

Pressed mixtures
(21) 4Al + Si + 0.9C + 0.05C2F4 + 0.2NaN3 3180 3.89 26.25 0.11
(22) 2Al + Si + 0.9C + 0.05C2F4 + 0.2NaN3 3120 3.61 25.10 0.11
(23) Al + Si + 0.9C + 0.05C2F4 + 0.2NaN3 2720 3.51 11.41 26.27
(24) Al + 2Si + 1.8C + 0.1C2F4 + 0.4NaN3 2690 3.81 20.61 11.69
(25) Al + 4Si + 3.6C + 0.2C2F4 + 0.8NaN3 2550 3.71 20.80 4.60
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Fig. 2. XRD patterns of combustion products from bulk charges (21)–(25) 

Рис. 2. Рентгеновские дифрактограммы продуктов горения насыпных шихт (21)–(25)
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Fig. 3. XRD patterns of combustion products from pressed charges (21)–(25) 

Рис. 3. Рентгеновские дифрактограммы продуктов горения прессованных шихт (21)–(25)
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– the undesirable, water-insoluble impurity of cryo-
lite salt Na3AlF6 completely absent from the combus-
tion products of both bulk and pressed charges, which 
represents a significant improvement; 

– the presence of the undesirable Si3N4 by-product 
phase is eliminated or substantially reduced to 15 % 
(observed in bulk charges with AlN:SiC ratios of 1:2 
and 1:4, and in pressed charges with an AlN:SiC ratio 
of 1:4);

– impurities of free silicon and carbon are reduced 
or even absent, particularly in pressed charges, where 
only 2 % free silicon was detected at an AlN:SiC ratio 
of 2:1;

– the experimental content of the target phases AlN 
and SiC for most ratios closely aligns with the theo-
retical content, especially in pressed charges, with 
the exception of bulk charges at AlN:SiC ratios of 1:2 
and 1:4 and pressed charges at an AlN:SiC ratio of 1:4.

At the same time, increasing the amount of PTFE in 
carbidizing mixtures (B) and (C), along with a higher 
proportion of sodium azide NaN3 for fluorine neutra-
lization in equations (26) and (27), leads to the appea-
rance of the undesirable cryolite salt impurity Na3AlF6 
(from 4 to 8 %) in the combustion products of both 

bulk and pressed charges. It also significantly increases 
the content of the undesirable Si3N4 by-product phase 
and, consequently, substantially reduces the proportion 
of the target phases AlN and SiC compared to their 
theoretical content.

The microstructures of the washed powder combus-
tion products from bulk and pressed charges according 
to the stoichiometric reaction equations (21)–(25) are 
shown in Figs. 4 and 5. These figures reveal a trend 
of decreasing particle size in the combustion products 
as the SiC content increases in the AlN–SiC powder 
compositions, corresponding to the trend of decreasing 
maximum combustion temperature as the SiC content in 
the product rises (see Table 2). The powders are lar gest 
at an AlN:SiC ratio of 4:1, with particles up to 5 μm 
for bulk charges and up to 2 μm for pressed charges. 
In other compositions with lower AlN content, the syn-
thesized powders are highly dispersed, consisting 
of submicron equiaxed particles ranging from 100 nm 
to 1 μm and nanofibers with diameters of 50–500 nm 
and lengths up to 5 μm. As the SiC content in the pro-
duct increases, the proportion of the smallest equiaxed 
particles, measuring 100–300 nm, also increases. 
The AlN:SiC ratio of 1:4 composition, with the highes t 

Table 3. Theoretical and experimental phase composition of water-washed solid products  
of azide SHS according to equations (21)–(27) for bulk and pressed charges 

Таблица 3. Теоретический и экспериментальный фазовые составы промытых твердых продуктов  
азидного СВС согласно уравнениям (21)–(27) для насыпных и прессованных шихт

Equation 
reaction

AlN:SiC
(mol)

Content, wt. %
Theoretical Experimental

AlN SiC AlN SiC Si3N4 Si C Na3AlF6

Bulk charges
(21) 4:1 80.4 19.6 81.0 15.0 – 4.0 – –
(22) 2:1 67.2 32.8 62.0 36.0 – 2.0 – –
(23) 1:1 50.6 49.4 47.5 51.5 – 1.0 – –
(24) 1:2 33.8 66.2 20.0 65.0 15.0 – – –
(25) 1:4 20.4 79.6 33.7 49.5 15.9 – 0.9 –
(26) 1:4 20.4 79.6 6.1 46.4 36.5 3.0 4.0 4.0
(27) 1:4 20.4 79.6 11.1 42.4 34.4 4.0 – 8.1

Pressed charges
(21) 4:1 80.4 19.6 80.0 20.0 – – – –
(22) 2:1 67.2 32.8 66.0 32.0 – 2.0 – –
(23) 1:1 50.6 49.4 51.0 49.0 – – – –
(24) 1:2 33.8 66.2 38.0 62.0 – – – –
(25) 1:4 20.4 79.6 18.0 67.0 15.0 – – –
(26) 1:4 20.4 79.6 19.0 46.4 27.6 3.0 4.0 7.0
(27) 1:4 20.4 79.6 17.0 42.4 31.6 4.0 – 5.0
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silicon carbide content, forms agglomerates of these 
small particles.

Nanofibers are practically absent in compositions 
with a high AlN content in the combustion products 
of both bulk and pressed charges, as well as in compo-
sitions with a high SiC content in the combustion pro-
ducts of pressed charges. The highest presence of nano-
fibers is observed in compositions with an equal phase 
content of AlN and SiC in the combustion products 
of both types of charges, as well as in compositions 
with a high SiC content in the combustion products 
of bulk charges.

ConclusionConclusion

The results of this study indicate that incorpora  ting 
polytetrafluoroethylene (PTFE) in azide SHS techno-
logy has a highly positive impact on the production 
of AlN–SiC ceramic powders. While the traditional 
approach of azide SHS using sodium azide (NaN3 ) 
as a nitriding agent and activating halide salt addi-
tives (NH4)2SiF6 , AlF3 , and NH4F enabled the produc-
tion of highly dispersed AlN–SiC powder composi-
tions with particle sizes below 1 μm from a mixture 
of elemental aluminum, silicon, and carbon pow-

Fig. 4. SEM images of combustion products from bulk charges (21)–(25) 

Рис. 4. Микроструктура продуктов горения насыпных шихт (21)–(25)
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ders – a clear advantage of this technology – the phase 
composition of these compositions had significant 
drawbacks. Ideally, the phase composition should 
match the vario us targeted theoretical ratios of alumi-
num nitride and silicon carbide phases in accordance 
with the initial stoichiometric equations. However, 
the experimentally obtained target phases AlN and SiC 
were substantially below the theoretical values, partic-
ularly for the SiC phase, whose quantity was, on ave-
rage, half of the theo retical amount. Additionally, 
significant amounts of undesirable by-product phases, 
including silicon nitride and the water-insoluble cryo-
lite salt Na3AlF6 , were present. 

Introducing PTFE as an activating and carbidizing 
additive, partially replacing carbon in the carbidizing 
mixture 0.9C + 0.05C2F4 during azide SHS, resolved 
most of the traditional approach’s limitations across 
various AlN and SiC target ratios. 

This adjustment maintained the high dispersity 
of the synthesized AlN–SiC powders while brin-
ging their phase composition – especially in pressed 
charges – much closer to the theoretical target. 
The SiC phase content also increased significantly, 
and the unwanted by-products of silicon nitride and 
the water-insoluble cryolite salt Na3AlF6 were elimi-

Fig. 5. SEM images of combustion products from pressed charges (21)–(25) 

Рис. 5. Микроструктура продуктов горения прессованных шихт (21)–(25)
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nated. However, for AlN–SiC compositions with 
the highest relative SiC content, it was not possible 
to completely avoid the formation of the silicon nitride 
by-product phase.
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Abstract. The main properties of the highly dispersed Si3N4–TiC composition are presented, demonstrating the potential for using nitride-

carbide composite materials across various industries. An in­situ process was employed to synthesize composite ceramics by chemi-
cally producing nitride and carbide nanoparticles directly within the composite volume. The study details the development of the tech-
nology for synthesizing the highly dispersed Si3N4–TiC composition using the azide SHS method during the combustion of mixtures 
of Ti, C, and sodium azide (NaN3) powders with polytetrafluoroethylene (PTFE, (C2F4)n ) serving as an activating and carbiding addi-
tive. Thermodynamic calculations of these reactions showed that the adiabatic temperatures were sufficiently high to sustain a self-
propagating combustion mode. Experimental investigations into the microstructure and phase composition of the combustion products 
are also presented. The synthesized compositions consist of highly dispersed equiaxed particles, which include a mixture of nanosized 
(less than 100 nm) and submicron (100–500 nm) particles of titanium carbide and nitride, as well as silicon nitride fibers with diame-
ters of 50–200 nm and lengths of up to 5 μm. The use of PTFE as a partial replacement for carbon in the mixture during azide SHS 
eliminated, in most cases, the limitations of traditional approaches for achieving various ratios of target phases of Si3N4 and TiC. 
This enabled the synthesis of highly dispersed Si3N4–TiC powder compositions with a phase composition closely aligned with theo-
retical calculations. Thus, the application of the azide SHS method proved effective for obtaining highly dispersed ceramic powder 
compositions, including Si3N4–TiC and Si3N4–TiN–TiC. 

Keywords: silicon nitride, titanium carbide, composite ceramics, self-propagating high-temperature synthesis, sodium azide, poly-
tetrafluoroethylene, halide salts, combustion, composition
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Аннотация. Исследованы основные свойства композиции Si3N4–TiC, которые показывают перспективы использования 

нитридно-карбидных композиционных материалов в различных отраслях промышленности. Применен in­situ процесс полу-
чения композиционной керамики путем проведения химического синтеза нитридных и карбидных наночастиц в объеме 
композита, так как известно, что полученные заранее очень мелкие частицы различных фаз не могут быть равномерно 
распределены в объеме композита путем механического смешивания порошков (ex­situ процесс). Представлены результаты 
развития технологии получения композиции Si3N4–TiC методом азидного СВС при сжигании смесей порошков Ti, C, NaN3 
с активирующей и карбидизирующей добавкой политетрафторэтилена (C2F4)n (ПТФЭ). Результаты термодинамических 
расчетов этих реакций показали, что адиабатические температуры достаточно высоки для реализации самоподдерживаю-
щегося режима горения. Представлены экспериментальные исследования микроструктуры и фазового состава продуктов 
горения. Синтезированные композиции состоят из высокодисперсных частиц равноосной формы, представляющих собой 
смесь наноразмерных (менее 100 нм) и субмикронных (от 100 до 500 нм) частиц карбида и нитрида титана, а также 
волокон нитрида кремния диаметром от 50–200 нм и длиной до 5 мкм. Применение ПТФЭ с частичной заменой угле-
рода в составе смесей в азидном СВС позволило устранить в большинстве случаев недостатки традиционного подхода для 
различных соотношений целевых фаз Si3N4 и TiC и синтезировать высокодисперсные порошковые композиции Si3N4–TiC 
с фазовым составом, значительно более близким к рассчитанному теоретическому составу. Таким образом, рассмотренное 
применение метода азидного СВС позволило получить высокодисперсные композиции керамических порошков Si3N4–TiC 
и Si3N4–TiN–TiC.  

Ключевые слова: нитрид кремния, карбид титана, композиционная керамика, самораспространяющийся высокотемпературный 
синтез, азид натрия, политетрафторэтилен, галоидные соли, горение, состав
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IntroductionIntroduction
Silicon nitride ceramics exhibit excellent mechani-

cal and thermal properties, making them an ideal mate-
rial for high-temperature applications such as aero-
space structural components and turbine engines [1]. 
Their microstructure after sintering resembles that 
of composites reinforced with β-Si3N4 whiskers, which 
act as reinforcing elements [2–4]. Adequate fracture 
toughness, high hardness, and good wear resistance 
are critical characteristics for advanced ceramics, 
which find applications in cutting tools and automo-
tive components such as cam rollers and ball bea-
rings in diesel engines [5–7]. Recently, silicon nitride 
ceramics have attracted significant interest due to their 
high mechanical properties, wear resistance, and cor-
rosion resistance [8–12]. Thermal shock resistance is 
a key pro perty for their high-temperature applications. 
However, most studies on silicon nitride nanocompo-

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

Considerable efforts have been made to improve 
the mechanical properties of Si3N4 by controlling 
the microstructure or creating various types of com-
posites. During the densification process, β-Si3N4 fibers 
significantly increase fracture toughness as cracks 
interact with these large grains [14].

Tensile strength is widely recognized as one 
of the most important factors for enhancing the ther-
mal stability of ceramics [15; 16]. Incorporating se -
cond-phase particles into a ceramic matrix can enhance 
the mechanical properties of ceramics. Studies have 
also shown that the addition of a secondary phase can 
improve crack initiation and propagation resistance in 
various ways [17–20]. For example, adding TiC par-
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ticles to a silicon nitride matrix enhances mechanical 
performance, thermal shock behavior, and fatigue resis-
tance, with an optimal TiC content of 10 wt. % [13]. 
Other researchers [21–23] have also reported the influ-
ence of TiC particles on the Si3N4 matrix.

Moreover, silicon nitride is extremely hard and 
non-conductive, making machining with conventional 
diamond tools challenging and costly, significantly 
increasing the final cost of ceramic components. 
Consequently, new electrically conductive composites 
based on silicon nitride have been developed for more 
cost-effective electrical discharge machining by incor-
porating certain amounts of electrically conductive 
particles such as TiC, TiN, or TiCN into the ceramic 
matrix [24; 25]. For instance, a Si3N4 + TiN composite 
with critical TiN content can be machined using inex-
pensive electrical discharge machining [26].

A Si3N4–TiC nanocomposite with high mechani-
cal properties was obtained by hot pressing with 
the addition of 10 wt. % nanosized Si3N4 particles and 
15 wt. % TiC to a submicron Si3N4 matrix, using Al2O3 
and Y2O3 as sintering aids. Layered composites dem-
onstrated high strength, fracture toughness, and wear 
resistance due to the presence of compressive sur-
face stresses in the layers. A ceramic nanocomposite 
Si3N4–TiC was fabricated using a Si3N4 micro-matrix 
with nanosized Si3N4 and TiC particles. Cutting tools 
made from this ceramic exhibited better wear resistance 
than those made from sialon. Wear occurred mainly 
through abrasion and adhesion, whereas sialon cutting 
tools predominantly experienced abrasion, adhesion, 
thermal cracking, and delamination [27; 28]. 

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

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

To produce highly dispersed (d < 1 μm) Si3N4–TiC 
powder compositions, the authors of this article inves-
tigated the use of azide synthesis, a variation of SHS 
where sodium azide (NaN3) powder serves as the nitrid-

ing agent, and various activating halide salts are used 
alongside elemental reactants. This approach results in 
relatively low combustion temperatures, the formation 
of numerous intermediate vapor-gas reaction products, 
and final by-products consisting of condensed and 
gaseous phases. These by-products separate the target 
powder particles and prevent their agglomeration into 
larger particles.

The study summarizes the results of azide SHS syn-
thesis of Si3N4–TiC ceramic compositions with various 
nitride-to-carbide phase ratios of Si3N4 :TiC = 4:1, 2:1, 
1:1, 1:2, and 1:4, according to the following stoichio-
metric equations, using halide salts such as Na2SiF6 
and (NH4 )2SiF6 [33; 34].

Si–Ti–NaN3–Na2SiF6–C system

11Si + Ti + 4NaN3 + Na2SiF6 + C =

              = 4Si3N4 + TiC + 6NaF, (1)

5Si + Ti + 4NaN3 + Na2SiF6 + C =

        = 2Si3N4 + TiC + 6NaF + 2N2 , (2)

2Si + Ti + 4NaN3 + Na2SiF6 + C =

         = Si3N4 + TiC + 6NaF + 4N2 , (3)

2Si + 2Ti + 4NaN3 + Na2SiF6 + 2C =

        = Si3N4 + 2TiC + 6NaF + 4N2 , (4)

2Si + 4Ti + 4NaN3 + Na2SiF6 + 4C =

        = Si3N4 + 4TiC + 6NaF + 4N2 . (5)

Si–Ti–NaN3–(NH4 )2SiF6–C system

11Si + Ti + 6NaN3 + (NH4)2SiF6 + C =

   = 4Si3N4 + TiC + 6NaF + 4H2 + 2N2 , (6)

5Si + Ti + 6NaN3 + (NH4)2SiF6 + C =

   = 2Si3N4 + TiC + 6NaF + 4H2 + 6N2 , (7)

2Si + Ti + 6NaN3 + (NH4)2SiF6 + C =

    = Si3N4 + TiC + 6NaF + 4H2 + 8N2 , (8)

2Si + 2Ti + 6NaN3 + (NH4)2SiF6 + 2C =

  = Si3N4 + 2TiC + 6NaF + 4H2 + 8N2 , (9)

2Si + 4Ti + 6NaN3 + (NH4)2SiF6 + 4C =

  = Si3N4 + 4TiC + 6NaF + 4H2 + 8N2 . (10)

In these stoichiometric reactions, the composition 
of the reaction products is expressed in moles. When 
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converted to weight percent (wt. %), the following 
ratios are obtained for the expected theoretical com-
position of the target Si3N4–TiC compositions after 
the removal of the water-soluble byproduct salt, NaF, 
from the condensed reaction products:

(1), (6)    4Si3N4 + TiC = 90.4 % Si3N4 + 9.6 % TiC,

(2), (7)   2Si3N4 + TiC = 82.4 % Si3N4 + 17.6 % TiC,

(3), (8)    Si3N4 + TiC = 70.1 % Si3N4 + 29.9 % TiC,

(4), (9)   Si3N4 + 2TiC = 53.9 % Si3N4 + 46.1 % TiC,

(5), (10)  Si3N4 + 4TiC = 36.9 % Si3N4 + 63.1 % TiC.
 
The results of the phase composition analysis 

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

From the data in Table 1, it is evident that the expe-
rimental phase composition of the products from azide 
SHS differs significantly from the expected theoreti-
cal composition of Si3N4–TiC powder compositions. 
The content of the target carbide phase TiC is signifi-
cantly lower than its theoretical value (ranging from 2.7 
to 19.9 %), the amount of Si3N4 is excessive, and an 
undesirable secondary phase, titanium nitride, is pre-
sent (ranging from 1.9 to 19.2 %). These results can be 
attributed to the fact that very fine and lightweight par-
ticles of technical carbon may be partially or comp letely 
removed from the burning, highly porous bulk charge 

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

To address these shortcomings, several directions 
for further research on applying the SHS process 
to produce highly dispersed Si3N4–TiC compositions 
can be pursued. The simplest approach is to use poly-
tetrafluoroethylene (PTFE (C2F4 )n ) as an activating 
and carbon-containing additive in the charge, promo-
ting the formation of TiC, as successfully demonstrated 
in previous studies [35; 36]. 

In this context, the aim of the present study was 
to maximize the convergence of the theoretical and 
experimental compositions of the Si3N4–TiC powder 
composition by modifying the initial reactant compo-
sition with full or partial replacement of carbon with 
PTFE and optimizing the conditions of the azide SHS 
process.

Research methodologyResearch methodology
To synthesize the target Si3N4–TiC composition 

with phase molar ratios ranging from 2:1 to 1:4, chemi-
cal reaction equations involving full (11)–(14) and 
partial (15), (16) substitution of carbon with polytetra-
fluoroethylene (PTFE) were used:

Table 1. Experimental phase composition of washed solid products from azide SHS 
Таблица 1. Экспериментальный фазовый состав промытых твердых продуктов азидного СВС

Equation Si3N4 :TiC
(mol)

Content, wt. %
α-Si3N4 β-Si3N4 TiN TiC C Si
Si–Ti–NaN3–Na2SiF6– C system

(1) 4:1 51.2 34.8 7.9 6.1 – –
(2) 2:1 43.2 29.8 18.9 8.1 – –
(3) 1:1 55.7 29.2 1.9 11.3 – 1.9
(4) 1:2 51.6 29.3 2.3 15.3 1.5 –
(5) 1:4 48.6 27.6 4.0 19.9 0.8 –
(6) 4:1 65.5 25.0 5.0 2.7 – 1.8
(7) 2:1 60.8 24.0 5.1 9.3 – 0.7
(8) 1:1 48.6 27.6 19.2 4.7 – –
(9) 1:2 43.2 29.8 18.9 8.1 – –
(10) 1:4 43.0 21.1 16.1 8.9 – –
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Fig. 1. Microstructure of combustion products from charges according to equations (1)–(10) 

Рис. 1. Микроструктура продуктов горения шихт в соответствии с уравнениями (1)–(10)
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12Si + 2Ti + 4NaN3 + C2F4 + 3.25N2 =

     = 4Si3N4 + 2TiC + 4NaF + 1.25N2 , (11)

6Si + 2Ti + 4NaN3 + C2F4 =

       = 2Si3N4 + 2TiC + 4NaF + 2N2 , (12)

3Si + 2Ti + 4NaN3 + C2F4 =

        = Si3N4 + 2TiC + 4NaF + 4N2 , (13)

3Si + 4Ti + 8NaN3 + 2C2F4 =

        = Si3N4 + 4TiC + 8NaF + 10N2 , (14)

3Si + 2Ti + 0.32NaN3 + 1.84C + 0.08C2F4 +

     + 1.52N2 = Si3N4 + 2TiC + 0.32Na, (15)

3Si + 4Ti + 0.64NaN3 + 3.68C + 0.16C2F4 +

    + 1.04N2 = Si3N4 + 4TiC + 0.64NaF. (16)

To achieve the Si3N4–TiC composition with the maxi -
mum titanium carbide phase content (Si3N4:TiC = 1:4), 
carbiding mixtures with increased PTFE content were 
also used:

3Si + 4Ti + 0.8NaN3 + 3.6C + 0.2C2F4 +

     + 0.8N2 = Si3N4 + 4TiC + 0.8NaF, (17)

3Si + 4Ti + 1.6NaN3 + 3.2C + 0.4C2F4 =

     = Si3N4 + 4TiC + 1.6NaF + 0.4N2 , (18)

3Si + 4Ti + 2.4NaN3 + 2.8C + 0.6C2F4 =

    = Si3N4 + 4TiC + 2.4NaF + 1.6N2 . (19)

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

The following raw materials were used in the 
experiments: 

– silicon powder, grade Kr0 (main substance con-
tent ≥98.8 wt. %, average particle size d = 5 μm;

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

– sodium azide powder, analytical grade 
(≥98.71 wt. %, d = 100 μm); 

– carbon black, grade P701 (≥99.7 wt. %, d = 70 nm, 
agglomerates up to 1 μm);

– polytetrafluoroethylene, grade PN-40 (≥99.0 %, 
d = 40 μm). 

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

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

Results and discussionResults and discussion
The results of thermodynamic calculations for reac-

tions (11)–(19) performed using the Thermo software 
are presented in Tables 2–4.

From the presented data, it is evident that all reac-
tions exhibit high adiabatic temperatures sufficient for 
the realization of the SHS process in a combustion 
mode. The reaction products contain all the phases 
corresponding to the right-hand sides of equations 
(11)–(19), including the target phases of silicon nitride 
(Si3N4 ) and titanium carbide (TiC), the water-soluble 
byproduct salt NaF, and minor impurities of free sili-
con (Si) and titanium (Ti).

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

As shown in Fig. 2, the combustion products 
of charges from reactions (11)–(19) consist of highly 
dispersed equiaxed particles, comprising a mix-
ture of nanosized (less than 100 nm) and submicron 
(100–500 nm) particles of titanium carbide and tita-
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Table 2. Thermodynamic analysis results for reactions (11)–(14)
Таблица 2. Результаты термодинамического анализа реакций (11)–(14)

Reaction 
equation Тad , К

Combustion products composition, mol ΔН, 
kJF(g) Na(g) Si(g) N2(g) NaF(g) NaF(l) TiC(s) Si3N4(s)

(11) 3033 0.0314 0.0314 2.0400 2.6100 3.9686 – 2.0000 3.3200 –5271
(12) 2984 0.0253 0.0253 1.0602 2.7068 3.9747 – 2.0000 1.6466 –3695
(13) 2893 0.0196 0.0196 0.3998 4.2666 3.9804 – 2.0000 0.8667 –2908
(14) 2810 0.0284 0.0284 0.3246 10.2164 7.3922 0.5794 4.0000 0.8918 –5027

Table 3. Thermodynamic analysis results for reactions (15), (16) 
Таблица 3. Результаты термодинамического анализа реакций (15), (16)

Reaction 
equation Тad , К

Combustion products composition, mol ΔН, 
kJF(g) Na(g) N2(g) Si(g) Ti(g) NaF(g) TiC(s) Si3N4(s)

(15) 3702 0.0117 0.0117 0.0074 0.0056 0.0002 0.3083 1.9998 0.9981 –1342
(16) 3380 0.0108 0.0108 0.0025 0.0019 0.0023 0.6292 3.9999 0.9994 –1896

Table 4. Results of thermodynamic analysis of reactions (17)–(19) 
Таблица 4. Результаты термодинамического анализа реакций (17)–(19)

Reaction 
equation Тad , К

Combustion products composition, mol ΔН, 
kJF(g) Na(g) N2(g) Si(g) NaF(g) TiC(l) TiC(s) Si3N4(s)

(17) 3426 0.0199 0.0199 – 0.6002 0.7801 3.9999 – 0.7999 –1964
(18) 2271 0.0114 0.0114 0.8959 0.7438 1.5886 – 4.0000 0.7521 –2304
(19) 2937 0.0157 0.0157 2.0485 0.6728 2.3843 – 4.0000 0.7757 –2645

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

The results of X-ray phase analysis for the washed 
combustion products of systems with the maximum 
titanium carbide phase content (Si3N4 :TiC = 1:4) are 
presented in Fig. 3. 

The results of quantitative processing of the XRD 
spectra presented in Fig. 3 are summarized in Table 5. 
These results show the phase content in the washed 
combustion products of charges with the maximum 
titanium carbide phase fraction (Si3N4 :TiC = 1:4) 
under various conditions: full replacement of carbon 
black with PTFE (reaction 14), carbiding mixtures with 
minimal PTFE content (reaction 16), and carbiding 
mixtures based on reactions (17)–(19) to synthesize 
the Si3N4–TiC composition. The experimental data are 
compared with theoretical phase compositions of tar-
get products Si3N4 and TiC based on the stoichiometric 
equations (11)–(19).

From the data in Table 5, it is evident that using PTFE 
as a carbon source for synthesizing nitride-carbide com-
positions via azide SHS is a promising research direc-
tion. A comparison of the experimental phase composi-

tions of combustion products from charges (11)–(14) 
with theoretical values indicates that full replacement 
of carbon black with PTFE is not advisable, although 
the titanium carbide phase content increases compared 
to azide SHS without PTFE. For example, the titanium 
carbide content in the combustion products of charge 
(5): 2Si + 4Ti + 4NaN3 + Na2SiF6 + 4C with the maxi-
mum TiC content (Si3N4 :TiC = 1:4), is 19.9 wt. %. 
With full replacement of carbon black by PTFE in 
charge: 3Si + 4Ti + 8NaN3 + 2C2F4 ) the titanium car-
bide content increases to 31.0 wt. %. However, partial 
replacement of carbon black and its combined use with 
PTFE as a carbon source allows the titanium carbide 
content to reach 52.3 wt. % in the combustion pro-
ducts of charge (16): 3Si + 4Ti + 0.64NaN3 + 3.68C + 
+ 0.16C2F4 + 1.04N2 . 

The best results were obtained using carbi-
ding mixtures with increased PTFE content accor-
ding to equations (17)–(19), where the TiC con-
tent in the experimental products ranged from 
58.6 to 61.7 wt. %. Furthermore, the use of PTFE 
reduced the content of the secondary phase, titanium 
nitride, to 2.0–4.0 wt. % in the products of carbiding 
mixtures (17)–(19).
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Fig. 2. Microstructure of combustion products from charges according to equations (11)–(19) 

Рис. 2. Микроструктура продуктов горения шихт в соответствии с уравнениями (11)–(19)
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Fig. 3. X-ray diffraction patterns of combustion products from charges (14), (16)–(19) 

Рис. 3. Рентгеновские дифрактограммы продуктов горения шихт (14), (16)–(19)
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ConclusionConclusion
The presented results demonstrate that the SHS 

technology can make a significant contribution 
to the development of methods for producing highly 
dispersed Si3N4–TiC nitride-carbide compositions. 
The SHS process is attractive for its simplicity and 
cost-effectiveness and is one of the promising in­situ 
chemical methods for the direct synthesis of ceramic 
powders within the desired composition from a mixture 
of inexpensive starting reagents. 

Traditional azide SHS using NaN3 and gasifying 
halide fluorides, such as Na2SiF6 and (NH4)2SiF6 , is 
characterized by comparatively low combustion tem-
peratures, the formation of large amounts of interme-
diate vapor and gaseous reaction products, as well as 
final byproduct condensed and gaseous products that 
separate the target powder particles. This enabled 
the synthesis of a highly dispersed (<1 μm) Si3N4–TiC 
powder composition, with Si3N4 predominantly in 
the α-modification phase during the combustion of all 
studied mixtures. 

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

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

ratios of target phases Si3N4 and TiC. This allowed for 
the synthesis of highly dispersed Si3N4–TiC powder 
compositions with a phase composition significantly 
closer to the calculated theoretical composition. 
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Abstract. The study investigates the structure, porosity, and permeability of highly porous materials based on nickel nanopowders, 

which were synthesized using ammonium carbonate as a porogen. The process of sample fabrication involves three technological 
steps: preparation of the initial mixtures of metal nanopowder with a porogen, compaction of the green samples, and subsequent 
sintering. The average particle size of the nickel powder was less than 100 nm. Ammonium carbonate powders with particle sizes 
of 40–63, 100–160, 200–250, and 315–400 µm, obtained by sieving, were selected for the experiments. The porogen’s volume 
fraction in the initial mixtures with nickel nanopowder was 60, 80, 85, and 88 %, with a compaction pressure of 300 MPa. 
The stages of sintering the nickel nanopowder were preceded by the removal of ammonium carbonate from the green sample 
by heating it in an argon flow to 100 °C at a rate not exceeding 1 °C/min. The optimal sintering temperature and time for the nickel 
nanopowder were determined to be 550 °C for 120 min. The research aimed to establish the influence of the porogen’s particle 
size, its size distribution, and volume fraction on the material’s porosity and permeability. The results showed that increasing 
the particle size and volume fraction of the porogen leads to higher porosity and permeability of the material. The maximum 
permeability value achieved was 8.4·10–12 m2 from a sample with 88.5 % porosity, produced using a porogen with a particle size 
of 315–400 µm. When using porogen powders with two different particle size ranges: 40–50 µm and 315–400 µm (or 100–125 µm 
and 315–400 µm), the permeability was limited to values obtained from samples using only one of these fractions. In this case, 
the permeability changed nonlinearly depending on the ratio of each fraction component. 
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IntroductionIntroduction
Porous materials are used in many industries. 

The porous structure, typically regarded as a defect in 
structural materials, provides unique properties that 
can be utilized for specific purposes [1]. Highly porous 
materials can be effectively used as electrodes [2], fil-
ters that separate impurity particles larger than the pore 
size [3–5], and are often employed as thermal insula-
tors [6; 7]. Another application of porous materials 
is in biocompatible implants [8]. The relatively high 
internal surface area makes highly porous materials 
excellent catalysts [9; 10]. 

Depending on the specific application and the re -
quired porous structure, various fabrication methods 
can be employed to produce such materials, inclu ding 
partial sintering, the use of temporary porogens, direct 
foaming, and others. In the first case, the powder mate-
rial is sintered in such a way that pores remain between 

the particles [11; 12]. This is due either to too low tem-
perature and duration of sinte ring or to the low den-
sity of the initial green sample. In the second method, 
the added porogens decompose into volatile compo-
nents or are washed out of the material during its pro-
duction. The porous structure is controlled by appro-
priately selecting the porogenic substances. For 
porous materials produced using dispersed porogens, 
the shape and size of the pores depend on the shape 
and size of the porogen particles, while porosity is 
controlled by the quantitative content of the poro-
gen [13]. This methodology allows for higher poro-
sity values compared to the partial sintering technique. 
The approaches applied to the fabrication of highly 
porous materials from powders of vario us natures 
with the addition of temporary porogens are seen 
by the authors as promising, as they enable wide-rang-
ing control over porosity and pore size in the resulting 
material.

  vshscience@mail.ru
Аннотация. В работе исследованы структура, пористость и проницаемость высокопористых материалов на основе нанопо-

рошков никеля, полученных с использованием карбоната аммония в качестве порообразователя. Процесс изготовления 
образцов включает три технологические операции: приготовление исходных смесей нанопорошка металла с порообразова-
телем, прессование заготовок и их спекание. Средний размер частиц порошка никеля составлял менее 100 нм. Для иссле-
дований выбраны порошки карбоната аммония с частицами размером 40–63, 100–160, 200–250 и 315–400 мкм, полученные 
методом ситового просева.  Объемная доля порообразователя в исходных смесях с нанопорошком никеля составляла 60, 80, 
85 и 88 %, давление прессования – 300 МПа. Стадии спекания нанопорошка никеля предшествовала стадия удаления карбо-
ната аммония из прессовки путем ее нагревания в потоке аргона до температуры 100 °C со скоростью, не превышаю щей 
1 °С/мин. Для нанопорошка никеля установлены рациональные значения температуры и времени спекания – 550 °C, 
120 мин. Исследование направлено на установление влияния размера частиц порообразователя, их распределения по 
размеру и его объемной доли на пористость и проницаемость материала. Полученные результаты показали, что увеличение 
размера частиц порообразователя и его объемной доли приводит к повышению пористости и проницаемости материала. 
Максимальное значение достигнутой проницаемости составило 8,4·10–12 м2 у образца с пористостью 88,5 %, полученного 
с применением порообразователя с размером частиц 315–400 мкм. При использовании порошков порообразователя с части-
цами сразу двух размерных диапазонов: 40–50 и 315–400 мкм (либо 100–125 и 315–400 мкм), проницаемость ограничива-
ется значениями, полученными на образцах с применением порошка только одной из указанных фракций. При этом прони-
цаемость меняется нелинейно в зависимости от соотношения каждой составляющей фракции.  

Ключевые слова: проницаемость, пористый материал, нанопорошок, никель, карбонат аммония
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It is important to note that simply having a highly 
porous structure is insufficient for certain applica-
tions. For filters and catalysts, it is necessary to cre-
ate a porous material with a high proportion of open 
interconnected pores. This ensures good permeability, 
an important property for ensuring the reliable operation 
of the products in which they are used. Permeability is 
defined as the coefficient that relates the pressure gra-
dient to the flow rate of the medium passing through 
the sample. It depends on the porous structure and can 
vary sharply with changes in the pore size distribution 
or the spatial arrangement and shape of the pore chan-
nels [10; 14–17]. It should be noted that a high porosity 
value does not always indicate good permeability. 

In many studies where the authors create a porous 
material and investigate its structure, insufficient 
attention is paid to this parameter. However, some 
researchers provide permeability data without a tho-
rough ana lysis of their relationship with the morpho-
logy of the porous space. Most studies focusing on per-
meability examine the flow of media through porous 
structures governed by Darcy’s law or Forchheimer’s 
law [18–25]. These laws are phenomenological and 
do not contain any condition describing the influence 
of the material’s microstructure. Therefore, resear-
chers face the pressing task of finding ways to accu-
rately assess permeability based on models developed 
considering the material’s microstructure parame-
ters and allowing for predictions of permeability 
le vels [26; 27]. Existing models do not fully account 
for all the features of the porous structures of modern 
materials, and creating new models requires a signifi-
cant amount of experimental data on the relationship 
between permeability and various structural charac-
teristics. Consequently, to better understand the pro-
cesses, experimental studies are necessary to iden-
tify the connection between the structural features 
of the porous material and its permeability.

The aim of this work was to establish the influence 
of the porogen particle size and its volume fraction on 
the porosity and permeability of the nickel nanopowder 
material produced through pressing and sintering.

Research methodologyResearch methodology
Nickel nanopowder with an average particle size 

of less than 100 nm, produced by wire explosion tech-
nology, was used as the starting material for the pro-
duction of porous samples. This powder contained 
a small amount of larger spherical particles, up to 3 µm 
in size, which is a characteristic and drawback of this 
method for obtaining nanopowders. Ammonium car-
bonate (NH4)2CO3 powders were used as the porogen. 
To study the influence of the volume fraction and dis-

persion of the porogen on the structure and permeabi-
lity, ammonium carbonate powders with particle sizes 
of d = 40÷63, 100÷160, 200÷250, and 315÷400 µm 
were selected. 

To determine the effect of the particle size distribu-
tion of the porogen on the structure and permeability, 
additional mixtures of the porogen were prepared, using 
particles from two size ranges: 40–50 and 315–400 µm, 
as well as 100–125 and 315–400 µm. For simplicity, 
these porogen powders will hereafter be referred to as 
“bidisperse”. In each mixture, the amounts of both 
fractions of the powders were varied in steps of 25 % – 
from 100 % content of the powder with d = 40÷50 µm 
(or 100÷125 µm) to 100 % content of the powder 
with d = 315÷400 µm.

The production of porous nickel materials consisted 
of three technological operations: preparing the ini-
tial mixtures of nickel nanopowder with the porogen, 
compacting the green samples, and sintering them. 
The volu me fraction of the porogen in the initial mix-
tures was 60, 80, 85, and 88 %, with a compaction 
pressure of 300 MPa. The samples were produced 
by uniaxial compaction on a hydraulic press (Knuth, 
Germany) in a split mold with a diameter of 13.6 mm. 
The height of the compacts before sintering was 10 mm. 
To remove ammonium carbonate, the compacts were 
heated in an argon flow to a temperature of 100 °C 
at a rate not exceeding 1 °C/min. The optimal sinte-
ring temperature for the nickel nanopowder was deter-
mined to be 550 °C, with a sintering time of 120 min. 
The heating rate to the sintering temperature did not 
exceed 2 °C/min, which was necessary for the slow 
removal of the decomposition products of the porogen. 
Higher heating rates resulted in structural defects in 
the samples, such as microcracks. The thermal treat-
ment of the samples was conducted in a tube furnace 
(MTI GSL1500X, USA).

Porosity was measured using the hydrostatic weigh-
ing method, with a relative error not exceeding 0.6 %. 
The permeability of the obtained porous nickel samples 
was determined using a method based on Darcy’s law. 
For this, while a liquid flowed through the samp le, 
the pressure drop across its ends and the flow rate 
of the liquid – determined by the known volume 
of liqu id passing through the sample over a fixed 
period – were recorded. The study was conducted 
by passing distilled water under pressure at room tem-
perature. The pressure drop across the tested samples 
varied from 0 to 0.02 MPa, with the value recorded 
using a digital manometer (DM5002M, Manotomy 
JSC, Russia) with an allowable measurement error 
of 2·10–5 MPa. The relative error in the permeability 
measurement did not exceed 10 %.
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Results and discussionResults and discussion
Fig. 1 presents the microstructure of the fracture 

surfaces of samples with porosities of 79.3 and 88.5 %, 
sintered in a hydrogen atmosphere at a temperature 
of 550 °C. The volume fraction of the porogen in 
the mixture from which these samples were pressed 
was 80 and 88 %, respectively. Scanning electron 
microscopy revealed that, due to the thermal decom-
position of the porogen, a pore structure was formed, 
which can be considered a replica of the removed poro-
gen, with some modification in their shape and size as 
a result of compaction and sintering. Due to the high 
activity of the nanopowders, sintering was conducted 
at a relatively low temperature, resulting in samples 
with sufficient strength necessary for further investiga-
tion of their permeability.

In samples with an initial porogen content of 88 %, 
a significant number of thin walls, with a thickness 
of no more than 1–3 µm, were observed, featuring 
“windows” formed at the points of contact between 
porogen particles as well as from the escape of decom-
position products. The small amount of nickel powder 

present in the framework of the highly porous mate-
rial apparently defined a “lace-like” structure in these 
walls, characterized by numerous smaller holes or 
voids compared to the windows. Moreover, the smaller 
the porogen used, the more pronounced this structure 
became.

The influence of the volume fraction of the porogen 
and its dispersion on the porosity (P) and permeabi-
lity (K) of the sintered material was investigated. Fig. 2 
presents the dependencies of the porosity of the sin-
tered material on the particle size (d) of the porogen for 
samples in which the volume fraction of the porogen 
was 65, 80, 85, and 88 %. It is evident that the value 
of P increases with increasing values of d. When using 
a porogen with d > 100 µm, the porosity of the sintered 
material equals or exceeds the expected value, which is 
equal to the volume fraction of the porogen in the ini-
tial mixture. For d = 40÷63 µm, the value of P was 
lower than expected, except for samples with a poro-
gen volume fraction of 65 %. The closed porosity of all 
materials did not exceed 1 %. The porogen (NH4)2CO3 
decomposes during sintering at temperatures below 
100 °C. This leads to the release of pore space and 

Fig. 1. SEM images of the fracture of nickel nanopowder samples obtained using a porogen  
of 80 vol. % (a, b) and 88 vol. % (c, d), and particle sizes of 40–63 μm (a, c) and 315–400 μm (b, d) 

Рис. 1. РЭМ-изображения излома образцов из нанопорошка никеля, полученных с применением порообразователя  
объемной долей 80 % (а, b) и 88 % (c, d) и размером частиц 40–63 мкм (а, c) и 315–400 мкм (b, d)
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the formation of channels that connect the pores 
to the free surface of the sample. The interconnection 
of pores in such materials determines the high propor-
tion of open porosity and their permeability.

The dependence of permeability on the volume 
fraction of the porogen and its dispersion was inves-

tigated (Fig. 3). It was found that as the volume frac-
tion of the porogen increases, the permeability also 
rises. Additionally, this increase is achieved through 
the enlargement of the porogen particle size while 
maintaining a constant volume fraction in the ini-
tial powder mixture. For example, with a porogen 
content of 65 vol. %, the permeability (K, 10–12) 
increases from 0.1 to 0.4 m2, at 80 vol. %, it rises 
from 1 to 2.9 m2, at 85 vol. %, from 1.8 to 4.6 m2, and 
at 88 vol. %, from 3.9 to 8.4 m2.

Fig. 4 illustrates the dependence of permeability 
on the porosity of the material for samples obtained 
using porogen powder with particles of a specified size 
range.

Using the compaction and sintering regimes 
described above, samples were obtained from mixtures 
of nickel nanopowder and bidisperse porogen, with 
the latter fixed at 85 vol. %. Data from Fig. 5 show that 
the samples contain pores corresponding to the sizes 
of the particles of the porogen used – large pores from 
particles with diameters of 315–400 µm and small 
pores from particles with diameters of 40–50 µm 
or 100–125 µm (Fig. 5, a, b). No inhomogeneity 
in the pore distribution within the volume of the samp-
les was detected. 

It is noteworthy that in samples containing 
the porogen with smaller particle sizes (40–50 µm), 
there was a greater number of windows on the sur-
faces of the larger pores. These windows are compa-
rable in size to the smaller porogen particles and were 
likely formed due to their contact with the larger ones. 
It can be hypothesized that a greater number of win-
dows will provide better permeability in this series 
of samples, along with the high permeability achieved 

Fig. 2. Diagrams showing the dependence  
of the porosity of the sintered material on the particle size  

of the porogen for samples with volume fractions  
of 65 (a), 80 (b), 85 (c), and 88 % (d)

The hatching indicates the volume fraction of the porogen  
in the initial mixture 

Рис. 2. Диаграммы зависимости пористости спеченного 
материала от размера частиц порообразователя 

для образцов, в которых объемная доля последнего 
составляла 65 (а), 80 (b), 85 (c) и 88 % (d)

Штриховкой указана объемная доля порообразователя  
в исходной смеси

Fig. 3. Diagram showing the dependence of the permeability  
of the nickel nanopowder material on the volume fraction  

of the porogen and its dispersion 

Рис. 3. Диаграмма зависимости проницаемости материала  
из нанопорошка никеля от объемной доли порообразователя 

и его дисперсности
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by using porogen with particle sizes of 315–400 µm. 
However, according to the results of the study (Fig. 6), 
the samples obtained from mixtures with smaller poro-

gen particles (40–50 µm) exhibited lower permeabi-
lity compared to those using powders with diameters 
of 100–125 µm. The content of larger porogen particles 
(315–400 µm) ranging from 0 to 50 % did not lead 
to a significant change in the value of K: for samples 
made with porogen of 40–50 µm, the permeability 
was (1.3±0.1)·10–12 m2, while with 100–125 µm it was 
(2.2±0.2)·10–12 m2. Further increasing the proportion 
of 315–400 µm particles in the porogen resulted in 
an increase in K to 4.6·10–12 m2.

ConclusionsConclusions
As a result of the conducted studies on the struc-

ture and permeability of the obtained porous materials, 
the following conclusions were established.

1. The permeability of highly porous materials made 
from nickel nanopowders increases with both the volu-
 me fraction of the porogen, ranging from 60 to 88 %, 
and the particle size of the porogen. The maximum per-
meability achieved was 8.4·10–12 m2 in a sample with 
a porosity of 88.5 %.

Fig. 4. Graph showing the dependence of the material’s 
permeability on the total porosity for samples  
obtained using porogens of varying dispersion 

Рис. 4. График зависимости проницаемости материала  
от общей пористости для образцов, полученных  

с применением порообразователей разной дисперсности

Fig. 5. SEM images of the fracture of porous nickel nanopowder samples obtained using a bidisperse porogen  
with particle sizes of 40–50 and 315–400 μm (a), and 100–125 and 315–400 μm (b)

The volume ratio of porogen particles of both sizes in the samples was 50:50 

Рис. 5. РЭМ-изображения излома пористых образцов из нанопорошка никеля, полученных с применением  
бидисперсного порообразователя с размером частиц 40–50 и 315–400 мкм (а) и 100–125 и 315–400 мкм (b)

Объемное соотношение частиц порообразователя обоих размеров в образцах составляло 50:50
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2. Using a bidisperse porogen facilitates smoother 
regulation of the permeability in nickel nanopow-
der materials. As the proportion of larger particles 
(315–400 µm) in the porogen powder increases, 
the samples exhibit enhanced permeability. The lo west 
permeability was recorded when only fine porogen 
was used (e.g., with particle sizes of 40–50 µm or 
100–125 µm). When up to 50 vol. % of larger particles 
is added, the permeability varies by approximately 
10 %. A notable increase in permeability, reaching 
4.6·10–12 m2, is observed at a 100 % volume fraction 
of porogen particles sized 315–400 µm in the initial 
mixture.

References / Список литературыReferences / Список литературы
1. Lefebvre L., Banhart J., Dunand D.C. Porous metals and 

metallic foams: Current status and recent developments. 
Advanced Engineering Materials. 2008;10(9):775–787.

 https://doi.org/10.1002/adem.200800241
2. Chen H., Hu L., Chen M., Yan Y., Wu L. Nickel-cobalt 

laye red double hydroxide nanosheets for high – perfor-
mance supercapacitor electrode materials. Advanced 
Functional Materials. 2014;24(7):934–942.

 https://doi.org/10.1002/adfm.201301747
3. Maggay I.V., Chang Y., Venault A., Dizon G.V., Wu C.J. 

Functionalized porous filtration media for gravity-driven 
filtration: Reviewing a new emerging approach for oil and 
water emulsions separation. Separation and Purification 
Technology. 2021;259:117983.

 https://doi.org/10.1016/j.seppur.2020.117983
4. Mazurkow J.M., Yüzbasi N.S., Domagala K.W., Pfeif-

fer S., Kata D., Graule T. Nano-sized copper (oxide) on 
alumina granules for water filtration: effect of copper oxi-
dation state on virus removal performance. Environmental 

Science & Technology. 2019;54(2):1214–1222.
 https://doi.org/10.1021/acs.est.9b05211
5. Hellmann A., Pitz M., Schmidt K., Haller F., Ripperger S. 

Characterization of an open-pored nickel foam with res-
pect to aerosol filtration efficiency by means of measure-
ment and simulation. Aerosol Science and Technology. 
2015;49(1):16–23.

 https://doi.org/10.1080/02786826.2014.990555
6. Qiu L., Zou H., Tang D., Wen D., Feng Y., Zhang X. Inho-

mogeneity in pore size appreciably lowering thermal con-
ductivity for porous thermal insulators. Applied Thermal 
Engineering. 2018;130:1004–1011.

 https://doi.org/10.1016/J.APPLTHERMALENG.2017.11.066 
7. Jia C., Li L., Liu Y., Fang B., Ding H., Song J., Liu Y., 

Xiang K., Lin S., Li Z., Si W., Li B., Sheng X., Wang D., 
Wei X., Wu H. Highly compressible and anisotropic la-
mellar ceramic sponges with superior thermal insulation 
and acoustic absorption performances. Nature Communi­
cations. 2020;11(1):1–13.

 https://doi.org/10.1038/s41467-020-17533-6
8. Szlązak K., Jaroszewicz J., Ostrowska B., Jaroszewicz T., 

Nabiałek M., Szota M., Swieszkowski W. Characteriza-
tion of three-dimensional printed composite scaffolds pre-
pared with different fabrication methods. Archives of Met­
allurgy and Materials. 2016;61(2A):645–650.

 https://doi.org/10.1515/amm-2016-0110
9. Yang C., Zhang C., Chen Z. J., Li Y., Yan W.Y., Yu H.B., 

Liu L. Three-dimensional hierarchical porous structures 
of metallic glass/copper composite catalysts by 3D print-
ing for efficient wastewater treatments. ACS Applied 
Mate rials & Interfaces. 2021;13(6):7227–7237.

 https://doi.org/10.1021/acsami.0c20832
10. Ibrahim S.H., Skibinski J., Oliver G.J., Wejrzanow-

ski T. Microstructure effect on the permeability of the 
tape-cast open-porous materials. Materials and Design. 
2019;167:1–7.

 https://doi.org/10.1016/j.matdes.2019.107639
11. Ohji T., Fukushima M. Macro-porous ceramics: pro-

cessing and properties macro-porous ceramics: process-
ing and properties. International Materials Reviews. 
2013;57(2):115–131.

 https://doi.org/10.1179/1743280411Y.0000000006
12. Lyckfeldt O., Ferreira J.M.F. Processing of porous cera-

mics by ‘starch consolidation’. Journal of the European 
Ceramic Society. 1998;18(2):131–140.

 https://doi.org/10.1016/S0955-2219(97)00101-5
13. Li Y., Yang X., Liu D., Chen J., Zhang D., Wu Z. Permeabi-

lity of the porous Al2O3 ceramic with bimodal pore size dis-
tribution. Ceramics International. 2019;45(5):5952–5957.

 https://doi.org/10.1016/j.ceramint.2018.12.064
14. Lv C., Li W., Du J., Liang J., Yang H., Zhu Y., Ma B. 

Experimental investigation of permeability and Darcy-
Forchheimer flow transition in metal foam with high 
pore density. Experimental Thermal and Fluid Science. 
2024;154:111149.

 https://doi.org/10.1016/j.expthermflusci.2024.111149
15. Afsharpoor A., Javadpour F. Liquid slip flow in a network 

of shale noncircular nanopores. Fuel. 2016;180:580–590.
 https://doi.org/10.1016/j.fuel.2016.04.078
16. Xu X., Liu X., Wu J., Zhang C., Tian K., Yu J. Effect 

of preparation conditions on gas permeability parameters 

Fig. 6. Dependence of the permeability of samples obtained  
using a bidisperse porogen on the volume fraction  

of particles sized 315–400 μm in the initial mixture containing 
particles sized 40–50 μm (1) and 100–125 μm (2) 

Рис. 6. Зависимость проницаемости образцов, полученных  
с применением бидисперсного порообразователя,  

от объемной доли его частиц размером 315–400 мкм  
в исходной смеси дисперсностью 40–50 мкм (1)  

и 100–125 мкм (2)

Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(6):56–64 
Шустов В.С., Зеленский В.А. и др. Влияние дисперсности порообразователя на структуру и проницаемость ...

https://doi.org/10.1002/adem.200800241
https://doi.org/10.1002/adfm.201301747
https://doi.org/10.1016/j.seppur.2020.117983
https://doi.org/10.1021/acs.est.9b05211
https://doi.org/10.1080/02786826.2014.990555
https://doi.org/10.1016/J.APPLTHERMALENG.2017.11.066
https://doi.org/10.1038/s41467-020-17533-6
https://doi.org/10.1515/amm-2016-0110
https://doi.org/10.1021/acsami.0c20832
https://doi.org/10.1016/j.matdes.2019.107639
https://doi.org/10.1179/1743280411Y.0000000006
https://doi.org/10.1016/S0955-2219(97)00101-5
https://doi.org/10.1016/j.ceramint.2018.12.064
https://doi.org/10.1016/j.expthermflusci.2024.111149
https://doi.org/10.1016/j.fuel.2016.04.078


63

Вадим Сергеевич Шустов – к.т.н., науч. сотрудник лаборато­
рии физикохимии поверхности и ультрадисперсных порошко­
вых материалов, Институт металлургии и материаловедения 
им. А.А. Байкова Российской академии наук (ИМЕТ РАН)

 ORCID: 0000­0001­6395­3747
 E-mail: vshscience@mail.ru 

Виктор Александрович Зеленский – к.ф.­м.н., вед. науч. сот­
рудник лаборатории физикохимии поверхности и ультрадис­
персных порошковых материалов, ИМЕТ РАН

 ORCID: 0000­0002­4441­9132
 E-mail: zelensky55@bk.ru 

Михаил Иванович Алымов – д.т.н., чл.­корр. РАН, зав. лабо­
раторией физикохимии поверхности и ультрадисперсных по­
рошковых материалов, ИМЕТ РАН

 ORCID: 0000­0001­6147­5753
 E-mail: alymov@ism.ac.ru 

Алексей Борисович Анкудинов – ст. науч. сотрудник лаборато­
рии физикохимии поверхности и ультрадисперсных порошко­
вых материалов, ИМЕТ РАН

 ORCID: 0009­0002­1150­8515
 E-mail: a­58@bk.ru 

Алексей Сергеевич Устюхин – к.т.н., мл. науч. сотрудник лабо­
ратории физикохимии поверхности и ультрадисперсных по­
рошковых материалов, ИМЕТ РАН

 ORCID: 0000­0003­1578­4883
 E-mail: fcbneo@yandex.ru

Vadim S. Shustov – Cand. Sci. (Eng.), Senior Research Scientist at 
the Laboratory of Physical Chemistry of Surfaces and Ultrafine Pow­
der Materials, Baykov Institute of Metallurgy and Materials Science 
of the Russian Academy of Sciences (IMET RAS)

 ORCID: 0000­0001­6395­3747
 E-mail: vshscience@mail.ru 

Viktor A. Zelensky – Cand. Sci. (Phys.­Math.), Leading Researcher 
at the Laboratory of Physical Chemistry of Surfaces and Ultrafine 
Powder Materials, IMET RAS

 ORCID: 0000­0002­4441­9132
 E-mail: zelensky55@bk.ru 

Mikhail I. Alymov – Dr. Sci. (Eng.), Corresponding Member of RAS, 
Head of the Laboratory of Physical Chemistry of Surfaces and Ultra­
fine Powder Materials, IMET RAS

 ORCID: 0000­0001­6147­5753
 E-mail: alymov@ism.ac.ru 

Alexey B. Ankudinov – Senior Research Scientist at the Laboratory 
of Physical Chemistry of Surfaces and Ultrafine Powder Materials, 
IMET RAS

 ORCID: 0009­0002­1150­8515
 E-mail: a­58@bk.ru 

Alexey S. Ustyukhin – Cand. Sci. (Eng.), Junior Research Scientist 
at the Laboratory of Physical Chemistry of Surfaces and Ultrafine 
Powder Materials, IMET RAS

 ORCID: 0000­0003­1578­4883
 E-mail: fcbneo@yandex.ru

Information about the Authors Сведения об авторах

of porous SiC ceramics. Journal of the European Ceramic 
Society. 2021;41(6):3252–3263.

 https://doi.org/10.1016/j.jeurceramsoc.2021.01.015 
17. Dai Q., Wang G., Zhao X., Han Z., Lu K., Lai J., Wang S., 

Li D., Li Y., Wu K. Fractal model for permeability esti-
mation in low-permeable porous media with variable pore 
sizes and unevenly adsorbed water lay. Marine and Petro­
leum Geology. 2021;130:105135.

 https://doi.org/10.1016/j.marpetgeo.2021.105135
18. Dukhan N., Bağcı Ö., Özdemir M. Metal foam hy-

drodynamics: Flow regimes from pre-Darcy to turbu-
lent. International Journal of Heat and Mass Transfer. 
2014;77:114–123.

 https://doi.org/10.1016/j.ijheatmasstransfer.2014.05.017
19. Belyaev E.S., Khlybov A.A., Matsulevich Z.V., Titov E.Y., 

Getmanovsky Y.A., Belyaeva S. S., Bystrov E.O., Rya-
bov D.A., Kovylin R.S., Tchesnokov S.A., Bazanov A.V., 
Mezhevoi I.N., Baykov V.E., Yunin V.V. Micromechanics 
of porosity of various degrees in porous permeable Ti–V30 
getter made of powder. Vacuum. 2023;211:111934.

 https://doi.org/10.1016/j.vacuum.2023.111934
20. Tang H.P., Wang J., Qian M. 28-Porous titanium struc-

tures and applications. In: Titanium Powder Metallurgy. 
Ed. Ma Qian, Francis H. (Sam) Froes, Butterworth-Heine-
mann, 2015. P. 533–554.

 https://doi.org/10.1016/B978-0-12-800054-0.00028-9
21. Xie D., Dittmeyer R. Correlations of laser scanning pa-

rameters and porous structure properties of permeable ma-
terials made by laser-beam powder-bed fusion. Additive 
Manufacturing. 2021;47:102261.

 https://doi.org/10.1016/j.addma.2021.102261

22. Lupo M., Neveu A., Gemine T., Francqui F., Lumay G. 
Measuring permeability and flowability of powders at 
various packing fractions. Particuology. 2024.

 https://doi.org/10.1016/j.partic.2024.03.008
23. Xu Y., Zhang S., Ding W., Du H., Li M., Li Z., Chen M. 

Additively-manufactured gradient porous bio-scaffolds: 
Permeability, cytocompatibility and mechanical proper-
ties. Composite Structures. 2024;336:118021.

 https://doi.org/10.1016/j.compstruct.2024.118021
24. Li C., Zhou Z. Preparation and characterization of per-

meability and mechanical properties of three-dimensio-
nal porous stainless steel. RSC Advances. 2022;12(43): 
28079–28087. https://doi.org/10.1039/D2RA03893E 

25. Sauermoser-Yri M., Veldurthi N., Wölfle C.H., Svart-
vatn P.J., Hoem S.O.F., Lid M.J., Bock R., Palko J.W., 
Torgersen J. On the porosity-dependent permeability and 
conductivity of triply periodic minimal surface based po-
rous media. Journal of Materials Research and Techno­
logy. 2023;27:585–599.

 https://doi.org/10.1016/j.jmrt.2023.09.242
26. Otaru A.J., Auta M. Machine learning backpropagation 

network analysis of permeability, Forchheimer coefficient, 
and effective thermal conductivity of macroporous foam–
fluid systems. International Journal of Thermal Sciences. 
2024;201:109039.

 https://doi.org/10.1016/j.ijthermalsci.2024.109039
27. Song S., Rong L., Dong K., Liu X., Le-Clech P., Shen Y. 

Pore-scale numerical study of intrinsic permeabi lity for 
flui d flow through asymmetric ceramic microfiltration 
membranes. Journal of Membrane Science. 2022;642: 
119920. https://doi.org/10.1016/j.memsci.2021.119920

Powder Metallurgy аnd Functional Coatings. 2024;18(6):56–64 
Shustov V.S., Zelensky V.A., ets. The influence of porogen dispersion on the structure ...

https://orcid.org/0000-0001-6395-3747
mailto:vshscience@mail.ru
https://orcid.org/0000-0002-4441-9132
mailto:zelensky55@bk.ru
https://orcid.org/0000-0001-6147-5753
mailto:alymov@ism.ac.ru
https://orcid.org/0009-0002-1150-8515
mailto:a-58@bk.ru
https://orcid.org/0000-0003-1578-4883
mailto:fcbneo@yandex.ru
https://orcid.org/0000-0001-6395-3747
mailto:vshscience@mail.ru
https://orcid.org/0000-0002-4441-9132
mailto:zelensky55@bk.ru
https://orcid.org/0000-0001-6147-5753
mailto:alymov@ism.ac.ru
https://orcid.org/0009-0002-1150-8515
mailto:a-58@bk.ru
https://orcid.org/0000-0003-1578-4883
mailto:fcbneo@yandex.ru
https://doi.org/10.1016/j.jeurceramsoc.2021.01.015
https://doi.org/10.1016/j.marpetgeo.2021.105135
https://doi.org/10.1016/j.ijheatmasstransfer.2014.05.017
https://doi.org/10.1016/j.vacuum.2023.111934
https://doi.org/10.1016/B978-0-12-800054-0.00028-9
https://doi.org/10.1016/j.addma.2021.102261
https://doi.org/10.1016/j.partic.2024.03.008
https://doi.org/10.1016/j.compstruct.2024.118021
https://doi.org/10.1039/D2RA03893E
https://doi.org/10.1016/j.jmrt.2023.09.242
https://doi.org/10.1016/j.ijthermalsci.2024.109039
https://doi.org/10.1016/j.memsci.2021.119920


64

В. С. Шустов – определение цели работы, проведение экспе­
риментов по определению проницаемости, участие в обсужде­
нии результатов, написание текста статьи.
В. А. Зеленский – подготовка смесей и исходных образцов, 
участие в обсуждении результатов и редактировании статьи.
М. И. Алымов – определение цели работы, участие в обсужде­
нии результатов.
А. Б. Анкудинов – определение пористости образцов, участие в 
обсуждении результатов.
А. С. Устюхин – провeдение электронной микроскопии струк­
туры образцов.

V. S. Shustov – defined the purpose of the work, conducted experi­
ments to determine permeability, participated in the discussion of 
the results, and wrote the article.
V. A. Zelensky – prepared mixtures and initial samples, participated 
in the discussion of the results, and editing the article.
M. I. Alymov – defined the purpose of the work and participated in 
the discussion of the results.
A. B. Ankudinov – determined the porosity of the samples and par­
ticipated in the discussion of the results.
A. S. Ustyukhin – conducted electron microscopy of the samples’ 
structure.

Received 05.08.2024
Revised 11.09.2024

Accepted 13.09.2024 

Статья поступила 05.08.2024 г.
Доработана 11.09.2024 г.

Принята к публикации 13.09.2024 г.

Contribution of the Authors Вклад авторов

Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(6):56–64 
Шустов В.С., Зеленский В.А. и др. Влияние дисперсности порообразователя на структуру и проницаемость ...



65

UDC 67.017

https://doi.org/10.17073/1997-308X-2024-6-65-76

Research article 
Научная статья

© 2024. M. A. Sudarchikova, E. O. Nasakina, G. A. Davydova, L. R. Valiullin, 
 Ya. A. Morozova, S. Yu. Kottsov, P. A. Prokofiev, S. V. Konushkin, 
 K. V. Sergienko, M. A.Sevostyanov, A. G. Kolmakov

  mariahsudar@yandex.ru
Abstract. The study focused on titanium-based alloys for medical applications, including commercially available grades VT1-0 and VT6, 

and a newly developed alloy with the composition (wt. %): Ti–23Nb–5Zr. The surfaces of all samples underwent sandblasting using 
six different sand fractions, mechanical grinding, polishing by tumbling, tumbling polishing, and, in the case of the Ti–Nb–Zr alloy, 
electro lytic plasma polishing. The effects of surface treatment methods and the chemical composition of medical-grade titanium alloys 
on surface roughness, microhardness, wettability, and interaction with mesenchymal stem cells (MSCs) was investigated. Surface 
microhardness was measured using the micro-Vickers method with a diamond indenter under varying loads, while surface roughness 
was determined using a contact profilometer. It was found that electrolytic plasma polishing enhanced both the microhardness and 
roughness of the alloy compared to tumbling polishing. Wettability was characterized by the contact angle of deionized water, measured 
using a specialized setup, with the droplet shape described by a 5-point ellipse model. All treated surfaces exhibited wettability; 
the contact angle increased as surface roughness decreased. However, sandblasting with mixtures containing a wide particle size distri-
bution increased the contact angle due to the more complex surface relief. To evaluate the biological properties of implants made from 
VT6, VT1-0, and Ti–23Nb–5Zr alloys after the described surface treatments, their effects on cell viability and the adhesive characte-
ristics of the materials were studied using a direct contact method with two types of mesenchymal stem cells. The newly developed 
alloy, which potentially offers superior biomechanical compatibility compared to commercial materials, demonstrated no compromise 
in surface characteristics or adverse effects on cell viability. 

Keywords: titanium alloys, medical-grade alloys, surface microhardness, surface roughness, surface wettability, mesenchymal stem cells 
(MSCs)
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IntroductionIntroduction
Biomaterials, designed for contact with the li ving 

organism’s environment, are commonly used for man-
ufacturing implants. These materials ensure compa-
tibility with medical devices through a combination 
of properties such as superelasticity, low Young’s 
mo dulus, high corrosion resistance, and either bioiner-
tness or adhesiveness [1–3]. Typically, these include 

metallic alloys (titanium, cobalt, stainless steels), 
polymers, and ceramics. However, they exhibit certain 
drawbacks, such as low strength and/or high elastic 
modulus, which ultimately lead to the degradation 
of both the implants and surrounding tissues [4–8]. 
Besides organizational factors (e.g., small-scale pro-
duction), the manufacturing of titanium-based pro-
ducts is constrained by technological challenges. One 
such issue is the mechanical strength and fatigue pro-
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Аннотация. В работе исследовались сплавы на основе титана медицинского назначения: коммерческие марки ВТ1-0, ВТ6 

и разрабатываемый сплав, мас. %: Ti–23Nb–5Zr. Поверхности всех образцов подвергались струйной обработке с примене-
нием 6 видов различных фракций песка, механической шлифовке и полировке методом галтовки, а также, дополнительно, 
электролитно-плазменной полировке (для сплава системы Ti–Nb–Zr). Исследовалось влияние метода поверхностной обра-
ботки титановых сплавов медицинского назначения и их химического состава на шероховатость, микротвердость, смачивае-
мость поверхности и ее взаимодействие с мезенхимальными стволовыми клетками. Микротвердость поверхности опреде-
лялась по схеме «микро-Виккерс» с применением алмазного индентора при различной нагрузке. Измерения шероховатости 
поверхности проводились с помощью контактного профилометра. Отмечено, что электролитно-плазменная полировка повы-
шает микротвердость и шероховатость поверхности сплава по сравнению с галтовкой. Краевой угол смачивания образцов 
деионизированной водой измерялся при помощи специальной установки. При этом форма капли описывалась моделью 
эллипса по 5 точкам. Установлено, что все созданные поверхности смачиваемы, угол смачивания возрастает с понижением 
шероховатости поверхности, однако струйная обработка смесями с широким разбросом частиц по размеру приводит к его 
повышению за счет усложнения рельефа поверхности. Для изучения биологических свойств имплантатов из сплавов ВТ6, 
ВТ1-0 и Ti–23Nb–5Zr после указанных видов поверхностной обработки, а также их влияния на выживаемость клеток и адге-
зивные характеристики материалов использовался метод прямого контакта с двумя типами мезенхимальных стволовых 
клеток. Разрабатываемый сплав, потенциально обладающий лучшей биомеханической совместимостью, чем коммерческие, 
не вызвал ухудшения поверхностных характеристик и отрицательно не повлиял на жизнедеятельность клеток.  

Ключевые слова: титановые сплавы, сплавы медицинского назначения, микротвердость поверхности, шероховатость 
поверхности, смачиваемость поверхности, мезенхимальные стволовые клетки (МСК)

Благодарности: Исследование выполнено за счет гранта Российского научного фонда № 21-79-10256, https://rscf.ru/
project/21-79-10256/.

Для цитирования: Сударчикова М.А., Насакина Е.О., Давыдова Г.А., Валиуллин Л.Р., Морозова Я.А., Котцов С.Ю., Прокофь-
ев П.А., Конушкин С.В., Сергиенко К.В., Севостьянов М.А., Колмаков А.Г. Влияние состава и шероховатости поверхности 
титановых сплавов на жизнедеятельность мезенхимальных стволовых клеток. Известия вузов. Порошковая металлургия и 
функциональные покрытия. 2024;18(6):65–76. https://doi.org/10.17073/1997-308X-2024-6-65-76

Влияние состава и шероховатости поверхности 
титановых сплавов на жизнедеятельность 

мезенхимальных стволовых клеток
М. А. Сударчикова1 , Е. О. Насакина1, Г. А. Давыдова2, Л. Р. Валиуллин3, 

Я. А. Морозова1, С. Ю. Котцов4, П. А. Прокофьев1, С. В. Конушкин1, 
К. В. Сергиенко1, М. А. Севостьянов1, А. Г. Колмаков1

1 Институт металлургии и материаловедения им. А. А. Байкова Российской академии наук
Россия, 119334, г. Москва, Ленинский пр-т, 49 

2 Институт теоретической и экспериментальной биофизики Российской академии наук
Россия, 142290, Московская обл., г. Пущино, ул. Институтская, 3

3 Федеральный центр токсикологической, радиационной и биологической безопасности
Россия, 420075, Республика Татарстан, г. Казань, г-к Научный, 2

4 Институт общей и неорганической химии имени Н.С. Курнакова Российской академии наук
Россия, 119071, г. Москва, Ленинский пр-т, 31

Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(6):65–76 
Сударчикова М.А., Насакина Е.О. и др. Влияние состава и шероховатости поверхности титановых сплавов ...

mailto:mariahsudar@yandex.ru
https://powder.misis.ru/index.php/jour/search/?subject=титановые сплавы
https://powder.misis.ru/index.php/jour/search/?subject=сплавы медицинского назначения
https://powder.misis.ru/index.php/jour/search/?subject=микротвердость поверхности
https://powder.misis.ru/index.php/jour/search/?subject=шероховатость поверхности
https://powder.misis.ru/index.php/jour/search/?subject=шероховатость поверхности
https://powder.misis.ru/index.php/jour/search/?subject=смачиваемость поверхности
https://powder.misis.ru/index.php/jour/search/?subject=мезенхимальные стволовые клетки (МСК)
https://rscf.ru/project/21-79-10256/
https://rscf.ru/project/21-79-10256/
https://doi.org/10.17073/1997-308X-2024-6-65-76
mailto:mariahsudar%40yandex.ru?subject=


67

perties of titanium alloy blanks, which, however, can 
be addressed by developing methods for surface struc-
ture modification and optimizing alloy composition.

Shape memory alloys, particularly those in the Ti–Ni 
system, exhibit low Young’s modulus and superelastic 
behavior, akin to that of living tissues [9–11]. However, 
the toxic properties of nickel and the potential for cor-
rosion-related damage (material degradation in operat-
ing environments) limit their application [12–14]. 

At the same time, modern research indicates 
that shape memory and superelastic effects can also 
be observed in alloys composed exclusively of non-
toxic metals [15–23]. For instance, tantalum [24] and 
niobium [17; 25–27], which exhibit high corrosion 
resistance and biocompatibility, can be employed as 
β-stabilizers in titanium alloys, thereby contributing 
to a reduction in the elastic modulus. In particular, 
research [23] has demonstrated that the Ti–Nb–Ta 
alloy has a lower elastic modulus and higher corro-
sion resistance compared to the Ti–6Al–4V alloy. 
Zirconium is typically used as a neutral strengthening 
element [28–31]; however, as reported by the authors 
of [20], it may also exhibit β-stabilizing effects in 
β-titanium alloys. Furthermore, titanium and nio-
bium have similar atomic radii (0.145–0.146 nm), 
whereas zirconium has a slightly larger atomic radius 
(0.160 nm). Thus, alloying titanium with zirconium 
is expected to increase the interatomic distance in 
the alloy, reduce the bonding force between atoms, and 
consequently lower the Young’s modulus. Conversely, 
alloying titanium with niobium is expected to at least 
maintain the lattice parameter of the β-phase. 

Therefore, Ti–Nb–Zr alloys can be considered 
excel  lent candidates for biomedical applications 
involving implantation. 

Mesenchymal stem cells (MSCs) are an optimal test 
system for analyzing the biological activity of materi-
als intended for implant fabrication, as they possess 
a high potential for differentiation into cellular ele-
ments of various mesenchymal-derived tissues [32]. 

The interaction of any material with cells is largely 
influenced by the quality of its surface. Therefore, 
the aim of this study was to investigate the interaction 
of the Ti–Nb–Zr alloy, following various surface treat-
ments, with mesenchymal stem cells in comparison 
with materials already used in medical applications. 

Materials and methodsMaterials and methods
Samples for the study were fabricated from the fol-

lowing titanium-based biomedical materials: 
– commercially available material VT1-0 (pure tita-

nium), as per GOST 19807-91; 

– commercially available alloy VT6 (titanium alloy 
with aluminum and vanadium), as per GOST 19807-91;

– a newly developed titanium-based alloy with 
the composition (at. %): Ti–23Nb–5Zr.

The starting materials used included iodide tita-
nium, niobium grade Nb-1, and iodide zirconium. 
Alloy ingots were melted in an argon-arc melting 
furnace with a non-consumable tungsten electrode. 
To produce sheets, the ingots underwent homogenizing 
annealing in a vacuum, followed by warm rolling with 
inter  mediate annealing and subsequent quenching. 

The Young’s modulus of the Ti–23Nb–5Zr alloy 
sheet samples was determined using a universal testing 
machine, INSTRON 3382 (USA), at room temperature.

The interaction of any material with cells depends 
significantly on the quality of its surface; hence, several 
surface treatment options were selected for evaluation. 
Samples of the VT1-0, VT6, and Ti–23Nb–5Zr alloys, 
with a diameter of 20 mm and thickness of 4 mm, were 
cut from sheets using a DK 7745 ME11 electrical dis-
charge machine by Meatec (China). Before sandblas-
ting, the samples were pre-ground using abrasive papers 
with grit sizes ranging from 240 to 600 and treated 
by tumbling in a KT-100 electromagnetic tumbling 
machine (CARLO de GIORGI, Italy) with a metallic 
needle abrasive. Additionally, some samples were sub-
jected to electrolytic plasma polishing (EPP) in a 5 % 
aqueous solution of a 20 % NH4F + 80 % KF mixture 
at a voltage of 300 V and a temperature of 85–88 °C 
for 10 min. The sandblasting of sample surfaces was 
conducted in a 90 L chamber under 12 atm of high-
purity argon pressure using copper slag (particle 
sizes ≤0.63 mm) and sand fractions of 0.63–1.0 mm, 
1.0–1.5 mm, and 0.63–1.5 mm, as well as their 1:1 
mixture (0.63–1.5 mm). For the treated surfaces, char-
acteristics such as roughness and wettability were 
determined.

Surface roughness was evaluated according to 
GOST 25142-82 using a Proton profilometer model 
130 (Russia). Prior to measurement, all samples were 
cleaned in an ultrasonic bath with a specialized soap 
solution, bidistilled water, and alcohol, then carefully 
dried.

Surface microhardness (HV) was determined using 
the micro-Vickers method as per GOST 9450-76 with 
a 401/402-MVD device (Wolpert Group, Germany) 
equipped with an optical microscope. A diamond 
indenter with a tip size of 10 µm and test loads of 25, 
100, 300, and 500 g were used.

The wettability of the samples was characterized 
by the contact angle of deionized water, measured 
using a Lonroy SDC-350 setup (Dongguan Lonroy 
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Equipment Co., LTD, China) at a tilt angle of 0°. 
A droplet with a volume of 6 µL was deposited on 
the sample, and an image of the droplet was taken 60 s 
later. When measuring the contact angle, the droplet 
shape was analyzed after a delay following its contact 
with the substrate. This delay helps eliminate dynamic 
effects that could distort the shape of the elastic droplet 
immediately upon impact with the sample. Typically, 
the waiting time before droplet shape analysis is 
30–60 s after the start of the measurement [33–35]. 
When calculating the contact angle, the droplet shape 
was described using a 5-point ellipse model.

To evaluate the biological properties of implants 
made from VT6, VT1-0, and Ti–23Nb–5Zr alloys fol-
lowing the described surface treatments, as well as 
the effect of the samples on cell viability and the adhe-
sive characteristics of the materials, a direct contact 
method was employed using two types of mesenchy-
mal stem cells (MSCs): dental pulp stem cells (DPSCs) 
from human dental pulp (clone Th44), and immorta-
lized fibroblast-like cells (embryonic connective tissue 
cells involved in regeneration and synthesis of proteins 
critical for dermal rejuvenation [36], skin MSCs [37]).

For cell viability assessment, the samples were steri-
lized with 70 % ethanol and placed in wells of a 24-well 
plate. DPSC cells at the 5th passage were seeded into 
the plate wells at a density of 30,000 cells/cm2 in 
DMEM/F12 medium containing 10 % FBS and sup-
plemented with 100 U/mL penicillin/streptomycin. 
The cells were cultured for 24 h at 37 °C in a humidi-
fied atmosphere with 5 % CO2 . Following the culture 
period, the morphology of the cells in direct contact 
with the samples was assessed on the surface of the cul-
ture plastic.

As a negative control, DMEM/F12 medium without 
cells was added to the wells. At the end of the cultiva-
tion period, the morphology of the cells on the surfaces 
of the tested materials was evaluated, and cell viability 
was assessed using fluorescent staining with SYTO 9, 
propidium iodide (PI), and Hoechst 33342 reagents. The 
fluorescent dye SYTO 9, at an excitation wavelength 
(λexc ) of 450÷490 nm and an emission wavelength (λem ) 
of 515÷565 nm, stains the DNA and RNA of both live 
and dead cells green. The intercalating reagent propidium 
iodide (PI), with λexc = 546 nm and λem = 575÷640 nm, 
stains the nuclei of dead cells red. The fluorescent dye 
Hoechst 33342, with λexc = 343 nm and λem = 483 nm, 
stains the DNA of both live and dead cells blue.

The effect of the tested materials on fibroblast cells 
was evaluated by culturing the cells directly in the pres-
ence of the samples. After 24 h, the cell layer was eval-
uated using an inverted microscope based on the fol-
lowing parameters: surface coverage area, cell shape, 

the number of cellular aggregates, and the number 
of floating cells. Cell counting was performed using 
a Goryaev chamber, and the number of viable and dead 
cells was determined using trypan blue staining (0.1 % 
solution) [38]. The influence of the Ti-based samples 
on the culture morphology of the cells was determined 
based on the following metrics: 

– viability coefficient: the ratio of live cells to the 
total number of cells, %;

– proliferation index: the ratio of the number 
of grown cells to the number of seeded cells [39];

– cell death percentage: the ratio of the number 
of dead cells remaining after exposure to the com-
pound to the total number of cells after exposure, %. 

Statistical analysis of the obtained data was con-
ducted using the methods of variation statistics with 
Student’s t-test to assess significance.

The isolation of dental pulp stem cells (DPSCs) was 
performed as follows: after opening the crown, the pulp 
was extracted, washed with Hank’s solution, minced, 
and incubated in a 0.1 % type I collagenase solution 
for 30 min at 37 °C. The resulting cell suspension was 
cent rifuged at 1000 rpm for 5 min. The pellet was resus-
pended in growth medium (DMEM/F12) supplemented 
with 10 % fetal calf serum (FCS), 100 U/mL penicil-
lin, 100 U/mL streptomycin, and 2 mM glutamine, and 
then transferred into culture flasks. After 3 days, non-
adherent cells were removed, and the fraction of adher-
ent cells was cultured until 80–90 % confluence was 
reached. The cells were then suspended using a mixture 
of 0.25 % trypsin solution and Versene solution (1:1) 
and reseeded at a 1:3 ratio. Passaging of cells in­vitro 
was performed using standard methods in culture flasks 
within a CO2 incubator (37 °C, 5 % CO2 , 80 % humi-
dity) with the growth medium changed every 3 days. 

Results and discussionResults and discussion
The Young’s modulus of the Ti–23Nb–5Zr alloy 

surface in its initial state was Е = 56±5 GPa, which is 
significantly lower than that of the commercially avai-
lable alloys VT1-0 and VT6 (E > 90 GPa) [40; 41] and 
is closer to the values of bone [42].

Six types of samples were prepared for each alloy, 
differing in the method of sandblasting and the pre-
sence of electrolytic plasma polishing (EPP). The 
results of roughness (Ra ) and microhardness (HV) 
measurements for the samples are presented in Tables 1 
and 2, while microphotographs of the polished samples 
(tumb ling and EPP) are shown in Fig. 1. High surface 
heterogeneity after sandblasting prevented reliable 
results due to indenter slippage. The Ra values for 
the samples after tumbling were lower than those after 
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EPP. This can be explained by the fact that, in the first 
case, a kind of “smoothing” of the surface relief occurs, 
while in the latter, preferential etching of certain struc-
tural components and segregation zones may take 
place. No correlation was observed between the rough-
ness and microhardness of the samples.

At the same time, electrolytic plasma polishing 
contributes to an increase in the hardness of the sur-
face layer (see Tables 1 and 2). This is presumably due 
to structural changes in the surface layer of the metal-
lic materials, which influence their mechanical proper-

ties [43]. Notably, as the load decreases, microhardness 
increases, since the contribution of the surface itself 
becomes more significant compared to the bulk mate-
rial (Table 2). No correlation was observed between 
surface roughness and microhardness of the samples. 

The effect of treatment on surface roughness is con-
sistent with the results of contact angle measurements 
(see Table 1, Fig. 2). A typical trend observed for solid 
materials wetted by liquid is that the contact angle 
increases (wettability decreases) as surface roughness 
decreases [44]. Minimum wettability was observed 

Table 1. Results of roughness and Vickers microhardness at 500 g load, and wettability  
depending on material surface treatment 

Таблица 1. Результаты исследования шероховатости, микротвердости по Виккерсу  
при нагрузке 500 г и смачиваемости в зависимости от обработки материалов

Material Sample 
No. Surface treatment Ra , µm Microhardness,

HV
Contact 

angle, deg

VT1-0

1 Copper slag 1.90 ± 0.10 – 46 ± 2
2 Sand (1.0–1.5 mm) 5.40 ± 0.20 – 31 ± 2
3 Sand (<1.0 mm) 3.10 ± 0.20 – 43 ± 2
4 Original sand 5.10 ± 0.20 – 49 ± 2
5 Copper slag + original sand 4.30 ± 0.20 – 53 ± 2
6 Tumbling 0.46 ± 0.04 245 ± 28 72 ± 2

VT6

1 Copper slag 2.50 ± 0.20 – 41 ± 2
2 Sand (1.0–1.5 mm) 5.70 ± 0.20 – 35 ± 2
3 Sand (<1.0 mm) 3.30 ± 0.20 – 43 ± 2
4 Original sand 5.10 ± 0.20 – 48 ± 2
5 Copper slag + original sand 4.20 ± 0.20 – 54 ± 2
6 Tumbling 0.27 ± 0.02 219 ± 19 73 ± 2

Ti–23Nb–5Zr

1 Copper slag 2.60 ± 0.20 – 43 ± 2
2 Sand (1.0–1.5 mm) 5.50 ± 0.20 – 32 ± 2
3 Sand (<1.0 mm) 3.70 ± 0.30 – 44 ± 2
4 Original sand 5.10 ± 0.20 – 49 ± 2
5 Copper slag + original sand 4.10 ± 0.30 – 55 ± 2
6 Tumbling 0.17 ± 0.01 269 ± 15 74 ± 2
7 Electrolytic plasma polishing 0.75 ± 0.06 297 ± 17 57 ± 2

Table 2. Results of studies of microhardness of polished samples depending on the load 
Таблица 2. Результаты исследования микротвердости полированных образцов в зависимости от нагрузки

Sample 
No. Material Treatment

Microhardness, HV, at load

25 g 100 g 300 g
6 Ti–23Nb–5Zr Tumbling 306 ± 61 271 ± 45 276 ± 21
7 Ti–23Nb–5Zr EPP 363 ± 42 313 ± 35 301 ± 13
6 VT1-0 Tumbling 313 ± 64 269 ± 32 238 ± 31
6 VT6 Tumbling 358 ± 158 282 ± 74 232 ± 26
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after tumbling. However, a deviation from the direct 
relationship occurred for all materials treated with 
a mixture of copper slag and original (non-fraction-
ated) sand. This is likely due to the wide range of par-
ticle sizes impacting the surface, resulting in many 
small cavities among the larger ones, which locally 

increased the contact angle. For a similar reason, albeit 
to a lesser extent, the contact angle for samples treated 
with original sand also deviates from the trend, as 
the range of particle sizes is narrower. All three alloys 
demonstrated similar surface characteristics after each 
type of treatment.

The images in Fig. 3 show the appearance of DPSC 
cells at the contact area with the tested materials after 
24 h of cultivation. It is evident that none of the mate-
rials inhibit cell growth, demonstrating their biocom-
patibility1. No differences were observed depending on 
the alloy composition or treatment type.

Characteristic microphotographs from the first day 
of cultivation for samples treated with copper slag 
and sand (1.0–1.5 mm) are shown in Fig. 4 and 5, 
respectively. The surfaces displayed a large number 
of “spread-out” cells, evenly distributed with only 
a few non-viable ones. This demonstrates that all 
samp le types were adhesive to cells.

Table 3 presents the culture-morphological proper-
ties of fibroblast cells in contact with the alloys after 
sandblasting treatments. All materials showed low 
cytotoxicity, highlighting their suitability for medi-
cal applications. No correlation was found between 
the cytotoxic properties of the alloys and their compo-
sition or surface treatment methods.

Fig. 1. Microphotographs of samples with smooth surfaces
а – Ti–23Nb–5Zr after tumbling, b – Ti–23Nb–5Zr after EPP, c – VT1-0, d – VT6 

Рис. 1. Микрофотографии образцов с гладкой поверхностью
а – Ti–23Nb–5Zr после галтовки, b – Ti–23Nb–5Zr после ЭПП, c – ВТ1-0, d – ВТ6

Fig. 2. Dependence of wettability  
on surface treatment (see Table 1)

1 – cooper slag, 2 – sand (1.0–1.5 mm), 3 – sand (<1.0 mm),  
4 – original sand (0.63–1.5 mm), 5 – cooper slag + original sand,  

6 – tumbling, 7 – EPP 

Рис. 2. Зависимость смачиваемости от обработки 
поверхности (см. табл. 1)

1 – купершлак, 2 – песок (1,0–1,5 мм),  
3 – песок (<1,0 мм), 4 – песок исходный (0,63–1,5 мм),  

5 – купершлак + песок исходный, 6 – галтовка, 7 – ЭПП
1 The study of extracts from these materials is deemed impracti-

cal.
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Fig. 3. Appearance of DPSC cells at the contact area with tested materials 24 h after seeding
а–c: Ti–23Nb–5Zr after EPP (a), treatment with original sand (non-fractionated) (b), and sand with a grain size of 1.0–1.5 mm (c);  

d and f: VT1-0 after tumbling (d) and treatment with sand (<1.0 mm) (f); 
e – VT6 after treatment with sand (1.0–1.5 mm) 

Рис. 3. Внешний вид клеток DPSC в месте контакта с исследуемыми материалами через 24 ч после посева
а–c: Ti–23Nb–5Zr после ЭПП (а), обработки песком – исходным (не разделенным на фракции) (b) и зернистостью 1,0–1,5 мм (c); 

d и f: ВТ1-0 после галтовки (d) и обработки песком зернистостью до 1,0 мм (f); 
e – ВТ6 после обработки песком (1,0–1,5 мм)

Table 3. Cytotoxic properties of alloys depending on surface treatment 
Таблица 3. Цитотоксические свойства сплавов в зависимости от обработки поверхности

Material Sample 
No. Surface treatment Proliferative 

activity, % Viability, % Cytotoxicity index 
IC50

VT1-0

1 Copper slag 80 83 0,90 ± 0,04
2 Sand (1.0–1.5 mm) 82 84 0,90 ± 0,02
3 Sand (<1.0 mm) 82 82 0,90 ± 0,04
4 Original sand 49 74 0,80 ± 0,03
5 Copper slag + original sand 82 85 0,90 ± 0,03
6 Tumbling 83 86 0,90 ± 0,02

VT6

1 Copper slag 60 80 0,90 ± 0,04
2 Sand (1.0–1.5 mm) 65 74 0,80 ± 0,03
3 Sand (<1.0 mm) 51 62 0,70 ± 0,01
4 Original sand 81 85 0,90 ± 0,02
5 Copper slag + original sand 79 80 0,90 ± 0,03
6 Tumbling 68 72 0,60 ± 0,02

Ti–23Nb–5Zr

1 Copper slag 79 80 0,90 ± 0,02
2 Sand (1.0–1.5 mm) 49 56 0,50 ± 0,01
3 Sand (<1.0 mm) 81 76 0,90 ± 0,04
4 Original sand 75 80 0,80 ± 0,03
5 Copper slag + original sand 53 67 0,60 ± 0,01
6 Tumbling 80 76 0,80 ± 0,03
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Conclusion Conclusion 
The study examined the effects of six sandblasting 

techniques and electrolytic plasma polishing (EPP) 
on the surface properties and interaction with mesen-
chymal stem cells of two commercially available tita-
nium-based alloys – VT1-0 (pure titanium) and VT6 
(a titanium-aluminum-vanadium alloy) – as well as 
a newly developed Ti–Nb–Zr alloy.

EPP was found to enhance microhardness but reduce 
surface roughness compared to tumbling. 

All treated surfaces exhibited wettability, with 
the contact angle increasing as surface roughness 
decreased. However, sandblasting with mixtures con-
taining a wide range of particle sizes increased the con-
tact angle, likely due to the creation of a more complex 
surface texture. Tumbling produced the highest contact 
angle among all alloys, resulting in the most “deve-
loped” surface relief.

All three materials exhibited low cytotoxicity, high 
proliferative activity, and excellent cell viability. A sig-

nificant number of viable cells were evenly distributed 
on the sample surfaces. No definitive relationship was 
observed between cytotoxicity parameters and either 
the material composition or the surface treatment 
method.

The newly developed alloy Ti–23Nb–5Zr, which 
shows promise for improved biomechanical compa-
tibility compared to the commercial alloys, demonst-
rated stable surface properties and had no adverse 
effects on cell viability.
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Аннотация. Технологии аддитивного производства, также известные как 3D-печать, находятся в фазе активного развития 

и набирают широкую популярность, заменяя и дополняя при этом традиционные способы производства. Особое внимание 
уделяется получению изделий из металлических, керамических, полимерных и композиционных материалов. Среди 7 обще-
принятых методов аддитивного производства отдельно выделяют экструзию материала (material extrusion – MEX), которая 
включает в себя технологию послойного наплавления материала (FDM). Повышенное внимание к ней объясняется доступ-
ностью оборудования и возможностью использования широкого спектра исходных материалов (от ставших классическими 
полимеров PLA, PETG и др. до композиционных материалов, в том числе метало- и керамонаполненных нитей). Цель 
настоящей работы заключалась в систематизации и обобщении существующих знаний о процессе изготовления полимер-
керамических изделий с использованием керамонаполеннных филаментов. Представлен анализ основных этапов произ-

Additive manufacturing of polymer-ceramic materials 
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Аддитивное производство полимер-керамических 
материалов методом послойного наплавления 

материала (FDM-технология): Обзор
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Abstract. Additive manufacturing technologies, also known as 3D printing, are currently undergoing rapid development and gaining 

wide popularity, complementing and, in some cases, replacing traditional manufacturing methods. Particular attention is being paid 
to the fabrication of products from metallic, ceramic, polymeric, and composite materials. Among the seven commonly recognized 
methods of additive manufacturing, material extrusion stands out, which includes the Fused Deposition Modeling (FDM) technology. 
The heightened interest in FDM is due to the accessibility of equipment and the wide range of starting materials available, ranging from 
classic polymers such as PLA and PETG to composite materials, including metal- and ceramic-filled filaments. The objective of this 
study was to systematize and summarize the existing knowledge on the fabrication process of polymer-ceramic products using ceramic-
filled filaments. The paper provides an analysis of the main stages of production, including material selection, filament fabrication, and 
the 3D printing process. Areas of research and potential applications are also examined. 

Keywords: additive manufacturing, 3D-printing, FDM technology, polymer-ceramic materials, filled filament
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IntroductionIntroduction
In recent decades, there has been significant growth 

in the development of new materials and manufactu-
ring methods, driving the advancement of additive 
manufacturing (AM) technologies, also known as 
3D printing. These are considered innovative fab-
rication processes capable of partially replacing or 
optimizing traditional manufacturing methods [1–4]. 
An advantage of AM is its ability to reduce material 
waste during production by building products with 
diverse geometries layer by layer. This approach 
allows for creating complex shapes in a single tech-
nological process. AM techno logies enable scientists 
and engineers to drive unique innovations through 
the use of advanced materials and cutting-edge solu-
tions [5–9]. One of these innovations is the imple-
mentation of AM processes for producing polymer-
ceramic materials [10]. Interest in these materials 
is driven by the combined benefits of polymers and 
ceramics: the manufacturing flexibility of polymers 
and the unique properties of ceramics, such as high 
strength, hardness, and electrical characteristics.

This review provides a detailed examination 
of the process for fabricating polymer-ceramic compo-
sites (PCC) using FDM (Fused Deposition Modeling) 
technology (see Fig. 1). An overview of the 3D prin ting 
method for polymer-ceramic materials is presented, 

along with an analysis of the process for obtaining 
ceramic-filled filament. The specifics of FDM print-
ing with these materials are described, current trends 
in research and manufacturing of PCCs by 3D printing 
are highlighted, and conclusions are drawn on the cur-
rent state of FDM printing with polymer-ceramic 
materials.

3D printing  3D printing  
with polymer-ceramic materialswith polymer-ceramic materials

The production of polymer-ceramic products is 
advancing, driven by developments in new materials, 
designs, and components for functional applications. 
A well-established traditional manufacturing method 
for these materials is injection molding [11–13]. Among 
the AM methods used for producing PCC, FDM and 
stereolithography (SLA) [14–17] are widely applied, 
along with other technologies [18; 19]. 

The FDM method has been in use since the late 
20th century when the U.S. company Stratasys paten-
ted it as “Fused Deposition Modeling” [20; 21]. This 
method works by sequentially depositing layers of fila-
ment, heated to a viscoelastic state, through a nozzle 
to build up the product layer by layer [22]. Today, 
many commercially available machines are based on 
this technology, commonly as desktop systems that 

Fig. 1. Key stages in ceramic-filled filament production, from raw material selection to final product 

Рис. 1. Основные стадии производства керамонаполненного филамента: от выбора сырья до конечного изделия

водства, выбора исходных материалов, получения филамента и процесса 3D-печати. Рассмотрены области исследований и 
потенциальные сферы применения.  

Ключевые слова: аддитивное производство, 3D-печать, FDM-технология, полимер-керамические материалы, наполненный 
филамент
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construct products within the build platform’s plane. 
FDM printers are classified by their material feeding 
systems, which vary by feeder placement: 

– direct extruder, where the feeder is attached 
directly to the print head; 

– bowden extruder, where the feeder is mounted 
on the printer’s frame, and the material is channeled 
to the print head via a tube [23–25]. 

Direct extruders are preferred for flexible, britt le, 
and composite materials as they reduce the risk of nozz le 
clogging and polymer deformation in the feeding chan-
nel during printing.

In FDM technology, polymer filaments of varying 
diameters, tailored to equipment specifications, are 
used as feedstock. Currently, many manufacturers offer 
both standard 3D printing polymers and advanced mate-
rials with improved compositions that provide better 
mechanical strength, wear resistance, shape memory, 
and higher operating temperatures. Research continues 
to enhance existing thermoplastic filaments for FDM 
printing and develop new formulations with improved 
properties based on various material types [26–28]. 

Key aspects of producing  Key aspects of producing  
ceramic-filled filamentceramic-filled filament

Filament production is a crucial step in the fabrica-
tion of PCC, as it significantly influences the properties 
of the final products and affects the entire production 
cycle – from 3D printing to the finished item.

In the initial stage, the matrix material and func-
tional filler are selected according to the desired 
characteristics of the final product. The polymer 
matrix is typically made from common thermoplas-
tic materials used in FDM printing, such as polylac-
tic acid (PLA) [29; 30], acrylonitrile butadiene sty-
rene (ABS) [31; 32], and, less frequently, polyethylene 
terephthalate glycol (PETG) [33; 34] and polyamide-12 
(PA12) [35; 36]. Ceramic fillers often include techni-
cal ceramics, such as aluminum oxide (Al2O3 ), sili-
con dioxide (SiO2 ), zirconium oxide (ZrO2 ), titanium 
oxide (TiO2 ), and silicon carbide (SiC) [12; 37]. These 
materials are widely used due to their unique physical, 
mechanical, electrical, and thermal properties. In addi-
tion, piezoceramic powders – such as barium titanate 
(BaTiO3 ) and barium strontium titanate (BaSrTiO3 ) – 
are used to enhance electrical properties. During mate-
rial selection, the particle size of the ceramic powder 
is also determined, as it affects both the properties 
of the PCC and the quality of 3D printing. Table 1 pre-
sents different combinations of ceramic-filled filament 
materials, including commercially available options 
and those developed in research studies. 

Following the selection of the raw material com-
position, the next steps are PCC preparation and fila-
ment production. The primary stages of this process 
include creating the composite mixture and manu-
facturing the ceramic-filled filament for 3D printing. 
Preparation and intermediate steps often involve mois-
ture removal from the initial materials. Additionally, 
various additives such as acetone, stearic acid, and 
others are used to enhance the adhesion of ceramic 
particles to the polymer and to improve dispersion 
(see Table 1).

This filament production process is detailed in nume-
rous studies by various research teams. For example, 
in [40], researchers from the Institute of Nanoscience 
and Nanotechnology, N.C.S.R. Demokritos (Greece) 
produced composite filament from PLA granules 
(Gorinchem, Netherlands) as the matrix, combined 
with SiC powder (particle size 8.3 µm) (Struers, 
Denmark). The polymer granules were pre-dried and 
then mixed with the ceramic powder. Acetone was 
added to enhance adhesion between the granules and 
ceramic particles. The prepared mixture was then dried 
(100 °C for 24 h). The resulting raw material was pro-
cessed through a single-screw extruder (Felfil Evo, 
Italy) at 185–195 °C, yielding five types of composite 
filaments with a diameter of 1.75 mm and varying SiC 
content (from 1 to 3 wt. %).

A similar combination of materials was cho-
sen by a team of researchers from the Department 
of Mechanical Engineering at Stevens Institute 
of Technology, New Jersey, USA [39]. However, 
instead of polymer granules, PLA (74 µm) and SiC 
(15 µm) powders were used as the starting materials. 
Before further processing, the materials were pre-dried 
at 70 °C for 4 h. Mixing was conducted in a rotary tum-
bler using chromium steel balls. Filament production 
was carried out on a single-screw extruder. To further 
study the dispersion of SiC in PLA, filament sam-
ples containing 50 wt. % SiC were analyzed. Based 
on image analysis (Fig. 2), it was concluded that SiC 
particles were adequately dispersed within the PLA 
matrix. This is supported by scanning electron micros-
copy (SEM) images showing a substantial reduction 
in ceramic powder particle size from the initial 15 µm 
to approximately 5 µm during mixing.

A similar filament fabrication method was used 
in [45], where researchers from the Czech Technical 
University in Prague (Department of Electrotechnology, 
Faculty of Electrical Engineering) employed PETG 
granules and TiO2 powder (50–300 µm) as starting 
materials. Filaments with varying TiO2 content were 
produced for the study. In two cases, PETG was filled 
with titanium dioxide (10 and 20 wt. %) to increase 

Powder Metallurgy аnd Functional Coatings. 2024;18(6):77–88 
Zaytsev A.I., Sotov A.V., etc. Additive manufacturing of polymer-ceramic materials ...



80

Table 1. Results of analyzing the process of producing ceramic-filled filament 
Таблица 1. Результаты анализа процесса получения керамонаполненного филамента

Polymer Ceramic Brief description of filament extrusion technology Source

PLA

ZrO2 Material by Zetamix, France [38]

SiC

Starting materials: PLA powder (74 µm) and SiC powder (15 µm). The powders 
were dried at 70 °C for 4 h, then mixed in a rotary tumbler at 64 rpm with steel 
balls for better dispersion. A single-screw extruder was used to produce filament. 
Melt temperature was 180 °C, and screw speed was 35 rpm. Various filaments 
were produced with SiC contents of 10, 20, 30, and 40 wt. %. Comparison was 
made with pure PLA and PLA with added graphite (C) or a SiC + C mix

[39]

Starting materials: PLA granules and SiC powder (8.3 µm). PLA granules were 
dried at 100 °C for 24 h, then mixed at 75 °C with added acetone. The resulting 
mixture was dried at 100 °C for 24 h. Filament was produced using a single-
screw extruder. Extrusion temperature was 185–195 °C, and extrusion speed 
was 50 cm/min. Five composite types were obtained with SiC contents of 1.0, 
1.5, 2.0, 2.5, and 3.0 wt. %

[40]

Si3N4
Ceramic-filled filament made of PLA/Si3N4 in a mass ratio of 95/5 using a twin-
screw extruder [12]

ABS

BaSrTiO3

Starting materials: ABS granules and BaSrTiO3 ceramic powder. ABS granules 
were dissolved in acetone at a 1:1.5 mass ratio. The mixture was blended with 
the ceramic powder, poured into molds, and dried at room temperature for 
48 h. The resulting composites were granulated and dried at 80 °C for 48 h. 
Filament production was carried out using an extruder at 220 °C and 60 rpm. 
The maximum ceramic powder content reached 50.27 wt. %

[41]

BaTiO3

Starting materials: ABS granules and BaTiO3 ceramic powder (3 µm). ABS 
granules were mixed with BaTiO3 particles in volume ratios of 10, 20, 30, 35, 
40, 45, and 50 %, with 1.1 wt. % stearic acid added as a surfactant. The raw 
material was dried for 24 h at 130 °C. Filament was produced using a Noztek 
Pro single-screw extruder (UK) at temperatures between 185 and 210 °C

[42]

Starting materials: ABS granules and BaTiO3 microparticles (<3 µm). ABS 
granules were dissolved in acetone, then barium titanate was added. The resulting 
suspension was placed in molds to allow acetone evaporation. Solidified 
composite sheets were ground and dried at 70 °C. Filament production was 
carried out using a Noztek Pro single-screw extruder at 190÷210 °C

[43]

Starting materials: ABS granules and BaTiO3 microparticles. Octyl gallate and 
dibutyl phthalate were used as surfactants and plasticizers. Filament production 
was based on the previous work of Castles F. et al. [43].

[44]

PETG TiO2

Ceramic-filled filament prepared in collaboration with Prusa Polymers, 
Czech Republic. Starting materials: PETG granules and TiO2 particles 
(50–300 µm). PETG granules were mixed with ceramic particles and melted for 
homogenization. Composite filaments with TiO2 contents of 10 and 20 wt. % 
were produced using a screw extruder

[45]

PA12
ZrO2

Al2O3

Starting materials: PA12 granules, Al2O3 , and ZrO2 powders. A two-step 
surface modification of the ceramic powders was conducted: etching and 
chemical treatment. Preliminary drying: PA12 at 50 °C for 10 h, ceramic 
powders at 150 °C. Compounding was done with a twin-screw extruder, 
and filament production used a single-screw extruder (Dr. Collin GmbH, 
Germany)

[46]

PMMA ZrO2

Starting materials: PMMA and ZrO2 nanoparticles (20–80 nm). Preliminary 
drying was conducted at 100 °C for 2 h. Filament production was performed 
using a Haake Rheomix 252p single-screw extruder (Thermo Fisher Scientific, 
USA)

[47]
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dielectric permittivity, while a third filament was com-
posed of pure PETG (Fig. 3). 

The specifics of the process can depend on 
the me thods used to prepare the composite mix-
ture based on the starting components. For instance, 
study [41] describes a method of producing a poly-
mer-ceramic composite that differs from previous 

approaches. Researchers in the United Kingdom mixed 
ABS granu les with acetone, dissolving the polymer 
to create a viscous mixture. To this solution, they added 
piezoceramic BaSrTiO3 powder (particle size <0.5 µm) 
and mixed for 10 min. The resulting composite mix-
tures were poured into specialized molds, where comp-
lete solidification occurred over 48 h. The composites 
were then subjected to mechanical granulation, addi-
tional drying, and extrusion to produce filament.

Thus, the analysis presented in this section reflects 
the essence of producing ceramic-filled filament 
using various technological methods and materials. 
This approach is adaptable for working with different 
combinations of polymer and ceramic compositions, 
making it one of the most versatile and widely used 
methods.

3D printing process features3D printing process features
The process of 3D printing with ceramic-filled fila-

ments involves several technological considerations, 
linked both to equipment specifics and the challenges 
of working with filled, particularly high-filled, poly-
mers. The particles in the filament increase its brittle-
ness, which can lead to nozzle clogging and filament 
breakage during printing [48; 49]. Addressing these 
and other issues in PCC 3D printing is feasible 
by maintaining optimal conditions, including print 
temperature, speed, layer height, and feed rate, among 
others [50–53] (Table 2).

Study [54] explores key FDM printing parameters, 
including printing speed, track width, layer height, 
and infill structure (Fig. 4), and examines their effects 
on the dielectric properties and quality of printed 
items. The findings indicate that printing speed sig-
nificantly influences interlayer adhesion and bonding 
to the build platform. As shown in Fig. 4, a, printing 
speed has a notable impact on surface quality and 
pore formation, both of which directly affect the final 
properties of the printed products. A speed range 
of 10–20 mm/s provided the best print quality, with no 
visible defects.

Samples were prepared using the specified para-
meters to measure dielectric characteristics. Results 
indicated a significant decrease in dielectric permitti-
vity (εr = 7.38) compared to a sample produced 
by injection molding (εr = 10). To identify the cause 
of this discrepancy, surface analysis was conducted 
using an optical microscope, which revealed air 
gaps between the print tracks. The solution involved 
redu cing the extrusion width from 0.5 to 0.45 mm 
(Fig. 4, c), which helped increase relative dielectric 
permittivity and reduce the dielectric loss tangent. 
Additionally, the influence of layer height on dielectric 

Fig. 2. SEM image of the cross-section  
of PLA-based ceramic filament containing 50 wt. % SiC [39] 

Рис. 2. СЭМ-изображение поперечного сечения 
керамического филамента на основе PLA  

с содержанием SiC 50 мас. % [39]

Fig. 3. Microscope images of filaments produced [45]
1 – pure PETG; 2 – PETG + 10 wt. % TiO2 ;  

3 – PETG + 20 wt. % TiO2 

Рис. 3. Изображения филаментов, полученные  
с помощью микроскопа [45]

1 – чистый PETG; 2 – PETG + 10 мас. % TiO2 ;  
3 – PETG + 20 мас. % TiO2
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characteristics was studied (Fig. 4, d), showing that 
dielectric properties improve as layer height increases. 
It was also found that adjusting the material infill 
allows effective control over the dielectric properties 
of 3D-printed structures (Fig. 4, e).

Many studies use commercially available desk-
top FDM printers. For example, in [45], samples 
of PETG polymer filled with TiO2 particles (10 
and 20 wt. %) were produced using the I3 MK3S 
3D printer by PRUSA Research (Czech Republic), 
which is equipped with a direct extruder. A 0.4 mm 

nozzle was used to print samples with a 0.15 mm layer 
thickness and 100 % infill rate, ensuring high density 
and minimizing porosity. In study [38], equipment 
from the same company was selected for fabricating 
samples from various materials, including PLA with 
50 % ZrO2 particles and polyolefin with different 
le vels of TiO. In this case, a 0.6 mm nozzle was used, 
with a layer height of 0.2 mm.

An analysis of published studies shows that larger-
diameter nozzles are frequently used due to the specific 
challenges of printing with filled polymers, which can 

Table 2. Key parameters of FDM printing with ceramic filaments 
Таблица 2. Основные параметры FDM-печати керамонаполненными филаментами

Material Ceramic 
content, wt. %

Print 
temperature, °C

Print speed, 
mm/s

Nozzle 
diameter, mm

Layer 
height, mm Source

PLA/ZrO2 86 190 40 0.60 0.20 [38]
ABS/BaSrTiO3 50 250 40 0.55 0.10 [41]

PETG/TiO2 10 and 20 250 – 0.40 0.15 [45]
PLA/Si3N4 5, 10 and 15 200 40 0.40 0.15 [12]
PLA/SiC 1–3 200–210 50 1.00 – [40]

ABS/Ceramic (Premix Oy) – 260 10–20 0.50 0.30 [54]

Fig. 4. Research results on the influence of printing parameters on sample quality and dielectric properties [54]
a – influence of printing speed on sample quality; b and c – influence of extrusion width on track spacing and dielectric properties;  

d and e – layer height and material infill on dielectric properties 

Рис. 4. Результаты исследования влияния параметров печати на качество образцов и диэлектрические свойства [54]
а – влияние скорости печати на качество образцов; b и c – влияние ширины экструзии на расстояние между треками  
и диэлектрические свойства; d и e – влияние высоты слоя и коэффициента заполнения на диэлектрические свойства
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gradually clog the nozzle. Brass nozzles, commonly 
used in FDM printing, are prone to rapid wear when 
exposed to ceramic particles, prompting researchers 
to opt for wear-resistant nozzles. Additionally, nozzle 
diameter affects the uniformity of material extru-
sion; increasing the diameter can help reduce the risk 
of defects (such as pores and cracks) caused by mate-
rial inconsistencies. 

ApplicationsApplications
Research on products made from polymer-ceramic 

filaments can be grouped into three main areas: 
– improving dielectric properties; 
– investigating the impact of ceramic fillers on 

mechanical properties; 
– producing ceramic components from high-filled 

polymer-ceramic filaments.
A significant portion of research on PCC develop-

ment using FDM printers focuses on dielectric proper-
ties, driven by the ease of fabrication, the broad range 
of applications, and the growth of 3D-printed electro-
nics. Polymers produced by 3D printing are commonly 
used as insulators [55]. However, adding conductive 
carbon fibers or metal particles enables the production 
of functional parts that conduct electricity [56; 57], 
while incorporating ceramic powder into the poly-
mer matrix improves dielectric properties. Studies 
have investigated the effects of TiO2 , ZrO2 , BaSrTiO3 
and other ceramic fillers on the dielectric properties 
of polymer-ceramic samples for application in capaci-
tors, dielectric antennas, and other components that 
require dielectric materials.

As mentioned in [45], researchers in the Czech 
Republic investigated PCC made with PETG polymer 
and TiO2 ceramic powder. The study involved testing 
cylindrical samples of different diameters (19.1 and 

9.5 mm) and thicknesses (2.8 and 3.0 mm) to assess 
the dielectric properties of PCC. The sample with 
20 wt. % TiO2 yielded the best results, showing a 50 % 
increase in dielectric permittivity compared to pure 
PETG, reaching a maximum value of 4.4. The study 
found that temperature and frequency had no signifi-
cant effect on dielectric permittivity or dielectric losses.

In addition to examining the dielectric properties 
of printed samples, research also explores the potential 
applications of 3D-printed polymer-ceramic dielectrics 
in electronic and radio equipment. A team of resear-
chers from the United Kingdom studied PCC properties 
in [41], using a material based on ABS and BaSrTiO3 
powder in a 50/50 weight ratio, which achieved a 
maximum relative dielectric permittivity εr of 6,05. 
The study also developed a prototype patch antenna 
(Fig. 5) incorporating a semi-spherical polymer-
ceramic dielectric lens. This lens increased the antenna 
gain by 3.86 dB, with minimal impact on efficiency. 

In addition to studies on the dielectric properties 
of PLA-based polymer-ceramic composites, research 
is also focused on the impact of ceramic additives 
on the mechanical strength of the material. In [12], 
the results of mechanical testing on PLA samples rein-
forced with Si3N4 powder are presented. The resear-
chers compared samples produced by injection molding 
with those printed on an FDM printer. For the injec-
tion-molded samples, three series were prepared with 
different polymer/ceramic weight ratios (85/15, 90/10, 
95/05). Based on mechanical testing results, a 95/05 
ratio was chosen for further studies. These samples 
showed better adhesion and fewer defects, resulting 
in higher strength values. Using this selected ratio, 
the mechanical properties of samples produced by both 
methods were compared. The results indicated that 
printed samples exhibited reductions in tensile strength, 
flexural strength, and impact toughness by 12,0, 15.5, 
and 13.5 %, respectively. 

Fig. 5. Prototype of the patch antenna
a – process diagram for producing еру polymer-ceramic dielectric lens; b – appearance of the finished antenna [41] 

Рис. 5. Прототип патч-антенны
а – схема получения полимер-керамической диэлектрической линзы; b – внешний вид готовой антенны [41]
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One of the less explored but promising areas in PCC 
research is the investigation of how ceramic particles 
affect shape memory effect (SME). It is known that 
many polymers used in FDM printing can exhibit SME, 
generally triggered by thermal stimulation [58–61]. 
Study [39] examined the influence of SiC additives 
in a PLA matrix on shape recovery characteristics. 
Results showed that recovery time could be influenced 
by the thermal conductivity of the material. Tests were 
conducted on extruded filaments (Fig. 6) and printed 
samples, revealing that SiC-filled composites reco-
vered shape faster than pure PLA material.

Thus, producing polymer-ceramic composites using 
FDM technology is an emerging field with several 
challenges and limitations. Key strategies to address 
issues such as defect formation (pores, cracks) involve 
a comprehensive approach that includes achieving 
an optimal filament composition and selecting appro-
priate printing parameters. 

However, not all issues regarding material homoge-
neity and defect formation during printing have been 
resolved. Aspects like the effects of heat treatment and 
mechanical stresses that occur during printing on pro-
duct quality and final properties remain insufficiently 
studied and require further research. These challenges 

provide a scientific basis for continued study of PCCs 
and their potential applications in future products.

ConclusionConclusion
A detailed analysis of the production of polymer-

ceramic composites using FDM printing has been pre-
sented, covering key technological stages – from raw 
material selection to final product creation. A review 
of scientific publications highlights the most com-
monly used ceramic additives, such as SiC, ZrO2 , 
BaTiO3 and others. The use of these fillers improves 
dielectric permittivity, mechanical strength, and affects 
the activation time of the shape memory effect. This 
makes ceramic filaments suitable for creating dielec-
tric components in electronic and radio-frequency sys-
tems, sensors, structural elements, and shape-memory 
products. 

The review provides a foundation for further 
research in the development and study of 3D-printed 
PCCs. Future work will focus on producing 3D-printed 
volumetric PCC items with enhanced dielectric 
permittivity.
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