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Electrode processes in the production of microdispersed 

titanium powder by volumetric electrolytic reduction of its ions 

with sodium dissolved in the BaCl2—CaCl2—NaCl melt in the absence 

of titanium halides in the initial melt

© 2022 г.  V.A. Lebedev, V.V. Polyakov

Ural Federal University n.a. the first President of Russia B.N. Eltsin, Ekaterinburg, Russia

Received 01.03.2022, revised 17.06.2022, accepted for publication 21.06.2022

Abstract: The paper is devoted to a detailed study of cathodic processes, their influence on the anode process, and electrolysis 
performance. The polarization of a steel cathode in a CaCl2—BaCl2—NaCl melt at t = 610 °C was measured. The polarization curve 
clearly shows the potentials and current densities of the formation of a saturated sodium solution in the electrolyte (Esat = —2.97 V, 
ic = 0.04 A/cm2, lgic = —1,4), and the occurrence of sodium metal on the cathode (ENa = —3.22 V, iNa = 0.12 A/cm2, lgiNa = —0.92). 
The value of Esat was used to calculate the concentration of sodium in the electrolyte at t = 610 °С (1.3·10—4 mol. fr.). The values 
of Esat, ENa, and their difference (E = 0,25 В) were confirmed by long-term electrolysis. These fundamental characteristics are the 
basis for process control and management. During long-term electrolysis, on the curve in the coordinates  E (V) — lgQ (A·min), 
3 regions close to rectilinear ones were revealed: the discharge of sodium ions from supersaturated solutions at E more negative 
than Esat (from ENa to Esat), from mixtures of supersaturated and saturated solutions (at a constant E equal to Esat), from diluted 
solutions (with E more positive than Esat). The activity coefficients of sodium in supersaturated solutions are close to 1, which ensures 
their increased reducing ability. Maximum degrees of supersaturation (>100) are created at formation and decomposition on the 
cathode of metallic sodium nuclei, which are sufficient to intensify and prolong electrolysis, to lower the lower temperature limit of 
its realization from 600 to 350 °С. The formation of metallic titanium in the near-anode layer is explained by the disproportionation of 
Ti2+ ions entering the near-anode electrolyte from the anode surface and from the near-cathode melt. 

Keywords: electrolytic bulk reduction of titanium, additive technologies, granulometry, potentials and current densities of formation 
of saturated solutions and metallic sodium on the cathode, nucleation and decay parameters of sodium nuclei, required degrees of 
supersaturation for their appearance on the cathode.
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Электродные процессы при получении микродисперсного порошка титана 

объемным электролитическим восстановлением его ионов натрием, 

растворенным в расплаве BaCl2—CaCl2—NaCl, 

в отсутствие галогенидов титана в исходном расплаве

В.А. Лебедев, В.В. Поляков

Уральский федеральный университет (УрФУ) им. первого Президента России Б.Н. Ельцина, 
г. Екатеринбург, Россия

Статья поступила в редакцию 01.03.2022 г., доработана 17.06.2022 г., подписана в печать 21.06.2022 г.

Аннотация: Работа посвящена детальному изучению катодных процессов, их влиянию на анодный процесс и показатели 
электролиза. Измерена поляризация стального катода в расплаве CaCl2—BaCl2—NaCl при температуре t = 610 °С. На по-
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Introduction

The constant growth in the production and use of 

titanium alloys is due to their unique properties — such 

as corrosion resistance, low specific gravity, mecha-

nical strength at high temperatures, and biocompati-

bility. Titanium-based alloys are widely used in aircraft 

and space construction, rocket and missile engineering, 

automotive engineering, shipbuilding, medicine [1—3], 

and the chemical industry.

The theoretical foundations of the process of volu-

metric electrolytic preparation of microstructural me-

tal powders for modern technology have been deve-

loped under the guidance of Prof. M.V. Smirnov [4], who 

demonstrated high reactivity [5] and mobility [6] of this 

process. 

The purpose of this work was to provide scienti-

fic justification for the possibility of implementing the 

process of volumetric intensive electrochemical method 

developed by the authors for obtaining microdispersed 

titanium powders for 3D technologies and powder me-

tallurgy [7, 8]. The uniqueness of the process lies in the 

fact that it is carried out in the absence of dissolved so-

dium and titanium chlorides in the initial and final elec-

trolytes (unlike the work [9]), with a stepwise increase in 

the electrolysis current and potentiometric control of the 

process [10]. 

ляризационной кривой отчетливо выделяются потенциалы (Eнас = —2,97 В) и плотности тока (iк = 0,04 А/см2, lgiк = —1,4) 
образования насыщенного раствора натрия в электролите и появления металлического натрия на катоде (ENa = —3,22 В, 
iNa = 0,12 А/см2, lgiNa = —0,92). По величине Eнас рассчитана концентрация натрия в электролите при t = 610 °С 
(1,3·10—4 мол. дол.). Величины Eнас, ENa и их разность (E = 0,25 В) подтверждены при длительном электролизе. Эти фун-
даментальные характеристики являются основой для контроля и управления процессом. При длительном электролизе 
на кривой в координатах E (В) — lgQ (А·мин) выявлены 3 близких к прямолинейным участка: разряд ионов натрия из пе-
ресыщенных растворов при E отрицательнее Eнас (от ENa до Eнас), из смеси пересыщенных и насыщенных растворов (при 
постоянном E, равным Eнас), из разбавленных растворов (при E положительнее Eнас). Коэффициенты активности натрия в 
пересыщенных растворах близки к 1, что обеспечивает их повышенную восстановительную способность. Максимальные 
степени пересыщения (>100) создаются при образовании и распаде на катоде зародышей металлического натрия, ко-
торые достаточны для того, чтобы интенсифицировать и продлить электролиз, понизить нижний предел температур его 
реализации с 600 до 350 °С. Образование металлического титана в прианодном слое объяснено диспропорционированием 
ионов Ti2+, поступающих в прианодный электролит от поверхности анода и из прикатодного расплава. 

Ключевые слова: электролитическое объемное восстановление титана, аддитивные технологии, гранулометрия, потенци-
алы и плотности тока образования на катоде насыщенных растворов и металлического натрия, параметры зарождения и 
распада зародышей натрия, необходимые степени пересыщения для их появления на катоде.
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To solve this problem, an original method for moni-

toring and controlling the process under development 

by measuring the RedOx-potential of the Ti3+/Ti2+ sys-

tem in the near-anode layer was proposed and applied 

in practice. As a result, the mechanisms of the process 

realization at the initial, main and final stages of elect-

rolysis are disclosed. 

It is shown that in the first 12 min of electrolysis, the 

concentration of inactive Ti3+ complex ions increases 

in the near-anode layer, and sodium dissolved in the 

electrolyte restores mainly Ti2+ ions in the electrolyte 

volume. Starting from the 20th minute of electrolysis, 

as titanium powder accumulates in the electrolyte bulk, 

the concentration of Ti2+ ions begins to increase rapi-

dly in the near-anode layer according to the reaction 

2Ti3+ + Ti = 3Ti2+. At the same time, the proportion 

of sodium consumed for the reduction of Ti3+ to Ti2+ 

decreases. This contributes to an increase in the cur-

rent output and stabilization of the cathode potential 

for 30 min at Ec = —2.96 V. After 50 min of electrol-

ysis, the reactivity of the salt melt begins to decrease 

due to the low solubility of sodium in it. The cathode 

potential decreases sharply towards positive values. 

The concentration of Ti3+ ions in the near-anode lay-

er increases steadily until it aligns at 85 min with the 
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concentration of Ti2+ ions. This dramatically increases 

the current consumption for ion recharge and leads to 

the need to stop electrolysis after a short-term (for 40 s) 

switching on the current of 12 A. After 10 s, judging by 

the change in the cathode potential, almost all of the 

sodium dissolved in the electrolyte is consumed for the 

reduction of titanium ions. After 6 min, the potentials 

of the electrodes returned to the initial value of the ano-

de potential, indicating a return of the system to its in-

itial state, where titanium salts and dissolved sodium 

were absent. More than 95 % of the powder is obtained 

in the volume of the electrolyte. The current yield was 

84.0 % and was close to the calculated average valence 

of titanium ions in the near-anode layer and mass loss 

of the anode (87.0 %).

This paper is devoted to a detailed analysis of the 

mechanism of the cathode process, its effect on the ano-

de process, and the results of electrolysis.

The methodology 

of the experiment

The experiments were carried out at t = 610 °С in 

a eutectic composition melt, mol. fr.: BaCl2 — 0.16; 

CaCl2 — 0.47; NaCl — 0.37, with tmelt = 452 ± 2 °C. 

Low-melting electrolytes similar in composition are 

used in industry to produce sodium with high current 

efficiency. The electrolyte was prepared from pre-

dehydrated salts according to the method [11]. Titanium 

salts and metallic sodium were not added to the original 

electrolyte.

The design of the electrolytic cell is shown in Fig. 1.

Prior to the experiment, 228 g of electrolyte was 

loaded into the crucible. The anode is made of a ti-

tanium rod (current conductor) weighing 23.36 g and 

a titanium plate weighing 14.18 g. The walls of a steel 

crucible were used as the cathode. The working sur-

face area of the anode was 14.4 cm2, the cathode was 

100 cm2. To completely dry the electrolyte, the cell 

was heated under vacuum to 400° С, then argon pu-

rified by passing it through a titanium chip heated to 

820 °C was supplied.

Polarization studies were carried out on the chas-

sis of the NI PXIe 8108 instrument (National Instru-

ments, USA) with NI PXI-4140, NI PXI-4072, and 

NI PXIe-6356 modules. The application for this de-

vice is written in the graphical programming language 

LabVIEW 10. The duration of the current pulse was 

10 s, then the current was switched off for 10 s with mea-

surement of the electrode potential value 0.5 ms after 

switching off, then the next current value was switched 

on for 10 s. The sequential increase in current was uni-

form on a logarithmic scale: 1.0, 1.59, 2.51, 3.98, 6.31, 

10.0 in each period.

A lead electrode KCl—NaCl + 10 wt.% PbCl2 was 

used as a reference electrode. 

E [V] = –1.79 + 0.42·10–3T,    Е883 К = –1,42 V.  (1)

The results were recalculated on a chlorine elect-

rode.

Results and discussion

The results of the cathode polarization study are 

shown in Fig. 2 in Ec—lgic coordinates.

Fig. 1. Design of an electrolytic cell

1 — titanium plate (VT1-0); 2 — electrolyte; 3 — chromel-alumel 

thermocouple in BeO sheath; 4 — crucible steel suspension 

(cathode); 5 — titanium rod (current conductor); 6 — branch 

pipe for evacuating air and supplying argon; 7 — vacuum rubber 

stopper; 8 — quartz cell; 9 — reference electrode in BeO sheath; 

10 — steel crucible

Рис. 1. Устройство электролитической ячейки

1 — титановая пластина (ВТ1-0); 2 — электролит; 

3 — хромель-алюмелевая термопара в чехле из BeO; 

4 — стальной подвес тигля (катод); 5 — титановый стержень 

(токоподвод); 6 — патрубок для откачки воздуха и подачи 

аргона; 7 — пробка из вакуумной резины; 8 — кварцевая 

ячейка; 9 — электрод сравнения в чехле из BeO; 

10 — стальной тигель
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At the current of Ic = 4 A (cathodic current density 

ic = 0.04 A/cm2, lg0.04 = –0.92) is obtained by sodium 

saturation of cathode electrolyte at Еsat = –2.97 V.

At Ic = 12 A (ic = 0.12 A/cm2, lg0.12 = –1.4) the 

cathode potential –3.22 V is close to the conditio-

nal standard sodium deposition potential –3.32 V, 

but doesn’t reach it by 0.10 V. The sodium deposition 

potential (Е*) was calculated according to the proce-

dure [12], using the values of standard potential of the 

Na+/Na system in NaCl [4]:

Е 0 = –3.903 + 0.60 ·10–3T, 

Е 0
883 K = –3.373 V,  

(2)

as well as mole fractions and ionic moments of cations, 

nm—1: Na+ — 10.2, Ca2+ — 19.23, and Ba2+ — 14.5 in 

the electrolyte used:

Е* = –3.829 + 0.58·10–3T,

Е*
883 K = –3.32 V,  

(3)

Е* – Е 0 = 0.074 – 0.02·10–3T, 

ΔE883 K = 0.0563 V.  
(4)

By dividing the values given in equation (4) by the 

value of the pre-logarithmic coefficient (2.3RT/F =

= 2.3·8.314·883/96485 = 0.175, where R is the universal 

gas constant, F is the Faraday constant; T is tempera-

ture, K), the equation was obtained for calculating the 

value of activity coefficient of sodium ions in a salt melt 

(γ) and its value at Т = 883 K:

lgγ = 0.423 – 0.114·10–3T, 

lgγ = 0.322,     γ883 K = 2.1.  
(5)

The sodium activity in the melt used (0.37·2.1 = 0.78) 

is close to 1, hence the activity of supercooled NaCl.

Information about the sequence and trends of elec-

trode processes is obtained by measuring the changes in 

electrode potentials over time after the electrolysis cur-

rent is switched off. 

For the cathodic process (Fig. 3) at I = 2, 4, and 6 A, 

relatively stable (within 20 s) values of the cathode po-

tentials are observed. At the same time, two processes 

occur on them: the decline in concentration polariza-

tion, which shifts the potential of the cathode toward 

positive values, and the influx of sodium dissolved in 

the salt from the electrolyte volume to the cathode 

surface, which shifts its potential in the opposite di-

rection. For the first and second periods of electro-

lysis with a current of 2 A, the first process prevails. 

After electrolysis with 4 and 6 A currents, the process 

rates equalize, and the cathode potential stabilizes at 

–2.97 V. With the same value, the cathode potential 

begins to shift towards positive values after the current 

is turned off 8 A. 

Studies carried out by different methods suggest that 

the cathode potential of –2.97 ± 0.01 V is a fundamental 

characteristic corresponding to a saturated sodium solu-

tion in the electrolyte used at t = 610 °С (Esat). The sodi-

um activity in a saturated solution (asat) was calculated 

based on the assumption that a change in the cathode 

potential from –3.22 to –2.97 V (i.e., by 0.25 V) is asso-

ciated with a change in the activity of dissolved sodium. 

By substituting the corresponding values for the elec-

trolyte used, we obtain lgasat = –0.25/0.175 = –1.486, 

asat = 0.0373. Dividing this value by the activity coeffi-

cient of sodium (288), we obtain the sodium concentra-

tion in a saturated solution (1.3·10–4 mol. fr.).

Starting from I = 8 А, a sharper shift of the cathode 

potentials towards positive values is observed (see Fig. 3), 

which increases at I = 10 A. After the first switching 

off of 10 A current (see Fig. 5, per. 6), the potential 

Fig. 2. Results of the cathode polarization study

Рис. 2. Результаты изучения поляризации катода
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of –2.68 V corresponded to the concentration of dis-

solved sodium of 5·10–3 mol. fr., which was enough to 

reduce the concentration of Ti2+ ions after 5 s down to 

2.5·10–7 mol. fr. (Ec = –2.58 V), and after 10 s — down 

to 6·10–6 mol. fr. (Ec = –2.52 V). After the second 

switching off of 10 A current, the sodium concentration 

decreases down to 1·10–5 mol. fr. (Еc = –2.44 V). After 

5 s the concentration of Ti2+ ions was reduced down to 

2·10–5 mol. fr. (Ec = –2.48 V), after 10 s — down to 

1·10–5 mol. fr. (Ec = –2.36 V). With a further decrease 

in the cathode potential, the system under considera-

tion passes into the area of coexistence of Ti2+ and Ti3+ 

ions. The ratio of Ti2+/Ti3+ ion concentrations equal 

to 100 corresponds to the steady-state potential of 

–1.97 V. The appearance of the curves of the cathode 

potential change with time, observed when the current 

of 10 A is switched off, is similar at lower electrolysis 

currents as well. It is always necessary to wait for the 

transition of the system to the region of coexistence of 

Ti2+ and Ti3+ ions to exclude the presence of an alkali 

metal and noticeable amounts of titanium ions in the 

final electrolyte.

The time variation of the anode potentials af-

ter switching off the electrolysis current is shown in 

Fig. 4.

When currents 2, 4, and 6 A are switched off, the 

anode potentials naturally shift toward negative values 

under the influence of the richer Ti2+ ions of the melt 

in the pre-cathode space. For I = 8 A, the RedOx po-

tential does not exceed —1.75 V, which corresponds to 

5-fold excess of the Ti2+ ion proportion. When switch-

ing off the current of 10 A, briefly, in 5—10 s, the maxi-

mum potential values are reached (–1.835 V, –1.831 V), 

corresponding to the ratio of ions Ti2+/Ti3+ = 20÷17. 

After τ = 5 s, they decrease to —1.8 V, the ratio of ions 

Ti2+/Ti3+ = 10. The presence of two fluxes of Ti2+ ions 

from the cathode side and the anode surface leads not 

to the expected increase, but to a rapid decrease in the 

concentration of Ti2+ ions due to the implementation of 

the disproportionation reaction: 

3Ti2+ = 2Ti3+ + Ti.  (6)

We associate the formation of finely dispersed grains 

of metallic titanium in the form of linear and bulk aggre-

gates in the near-anode electrolyte with the development 

of this reaction. This is due to the reaction taking place 

at a distance from the anode that is less than the thick-

ness of the diffusion layer [13, 14].

Prolonged electrolysis was carried out with a 

step-by-step increase in current. Fig. 5 shows the 

operating voltage, cathode and anode potentials, in-

verse EMF, current values and duration of electrol-

ysis in each of the 7 periods. All measurements were 

performed with an accuracy of 1 mV. This made it 

possible to trace the change in the ratio of Ti3+ and 

Ti2+ titanium ions in the near-anode layer and the 

change in the RedOx potential in the near-cathode 

layer of the electrolyte.

Fig. 3. Change in time of the cathode potential after the electrolysis current is switched off

Рис. 3. Изменение во времени потенциала катода после отключения тока электролиза
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Conditional standard potentials of systems Ti3+/Ti, 

Ti2+/Ti, Ti3+/Ti2+ for СaCl2, BaCl2, NaCl were tak-

en from the monograph [4]. By multiplying the corre-

sponding values by the mole fractions of the components 

and adding the results obtained, we obtained equations 

to calculate the conditional standard potentials of the 

corresponding systems in the electrolyte used. The coef-

ficients of the equations Е* = A + 10–3ВT are given 

in Table 1.

Based on the initial (before electrolysis) potentials 

of the cathode (–2.48 V) and anode (–1.87 V), the 

concentrations of the corresponding ions in the elec-

trode layers were calculated. For the cathode they are 

equal to, mol. fr.: Ti2+ — 5.2·10–7, Ti3+ — 4.8·10–12. 

Ti3+/Ti2+ concentration ratio makes up ~1·10–5. For 

the anode this ratio equals to 3.7·10–2, and average 

valency is 2.04.

The given values of conditional standard potentials 

made it possible to describe the processes occurring at 

the electrodes during electrolysis. 

The reactivity of sodium dissolved in the electrolyte 

naturally decreases with an increase in the electricity 

Table 1. Results of calculating the values 

of conditional standard potentials of the systems 

Ti2+/Ti, Ti3+/Ti, Ti3+/Ti2+ in the electrolyte used

Таблица 1. Результаты расчета величин условных 
стандартных потенциалов систем Ti2+/Ti, Ti3+/Ti, Ti3+/Ti2+ 
в используемом электролите

Salt
E*

Ti2+/Ti, V E*
Ti3+/Ti, V E*

Ti3+/Ti2+, V

–A B –A B –A B

CaCl2 2.48 0.68 2.24 0.55 1.78 0.29

BaCl2 2.60 0.73 2.36 0.59 1.87 0.31

NaCl 2.42 0.51 2.19 0.34 1.74 0.01

Electrolyte 2.49 0.63 2.24 0.48 1.78 0.18

E*
883 K, V –1.93 –1.82 –1.62

Fig. 5. Scheme of implementation of long-term electrolysis

Рис. 5. Схема реализации длительного электролиза

Fig. 4. Change of the anode potential in time after the electrolysis current is switched off

Рис. 4. Изменение потенциала анода во времени после отключения тока электролиза
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passed, and hence the amount of titanium powder accu-

mulating in the salt melt (Fig. 6).

It is no coincidence that the duration of our experi-

ments and the authors of the work [15] was approximate-

ly the same and was ~2 h, which is due to the need to 

limit the accumulation of titanium powder in the elec-

trolyte. The authors of [15] noted that when 8—10 % of 

titanium is accumulated in the electrolyte, an increase 

in current does not result in an increase in the amount 

of metal produced, and at 20 % Ti, a drop in the ope-

rating voltage down to 0 was detected when the anode 

was short-circuited to the bottom of the crucible. This 

may be due to the appearance of noticeable electronic 

conductivity in such melts.

On the dependence of the cathode potential on the 

logarithm of the electricity transmitted (see Fig. 6) there 

are three close to rectilinear regions.

The straight line equation in the region from –3.225 

to –2.951 V is

E [V] = –3.32 + 0.185lgQ ± 0.011.  (7)

The value of —3.32 coincides with the value of the 

conditional standard potential of sodium in the elec-

trolyte used (3). The value of the prelogarithmic coef-

ficient of 0.185 is close to its value for a single-electron 

process (2.3·8.314·883/96484 = 0.175), which indi-

cates the constancy and proximity to 1 of the sodium 

activity coefficient in supersaturated solutions. The 

existence of the above region on the polarization curve 

was mentioned by the authors of [5] without explaining 

what processes it is associated with. In our opinion, 

it can be the formation (when current is f lowing) and 

decay (when it is turned off for 10 s) of supersatura-

ted solutions, the appearance and growth of electronic 

conductivity with the accumulation of powdered tita-

nium in the salt melt. The deviation of the prelogarith-

mic coefficient from 0.175 may be considered as the 

occurrence and accumulation in the electrolyte of ions 

with a valency less than 1, for example, Nа2+. The first 

version seems to us the most probable on the consi-

dered part of the curve E—lgQ. 

In our opinion, the long-term region of potential 

constancy at Еc = –2.97 ± 0.01 V is associated with 

the coexistence of saturated and supersaturated so-

dium solutions in the electrolyte in the near-cathode 

layer. The decomposition of the latter makes it possible 

to stabilize the cathode potential. At potentials negative 

to –2.97 V, only supersaturated solutions exist. At a po-

tential of –2.951 V, a saturated solution appears, the pro-

portion of which increases as the amount of electricity 

passes further. At lgQ = 2.41 (Еc = –2.962 V) which is 

in good agreement with the previously given value of 

2.97 ± 0.01 V, all the supersaturated solution is con-

sumed. The reactivity of sodium decreases hundreds of 

times, which is manifested in a sharp shift in the ca-

thode potential towards positive values. 

It should be noted that the characteristic points: 

Esat = –2.97 V (formation of saturated solutions) and 

ENa = –3.22 V (occurrence of a metallic sodium phase), 

were clearly manifested in the study of cathodic polari-

zation with increasing electrolysis current and long-

term electrolysis when the reducing ability of the melt 

decreased with an increase in the amount of electricity 

passed, and hence the amount of titanium powder accu-

mulated in the electrolyte.

The most effective way to intensify and prolong 

electrolysis is the nucleation and decomposition of the 

metallic sodium phase at the cathode. It was observed 

at I = 6 and 8 A (see Fig. 5). An enlarged fragment of 

Fig. 5 is shown in Fig. 7. We associate the pulsating 

nature of the cathode potential change with the polari-

zation accompanying the nucleation and decay of the 

liquid metallic sodium phase on the surface of the steel 

cathode. 

When a current of 6 A is turned on (ic = 0.06 A/cm2 

for the entire cathode surface bordering the melt), a 

voltage spike of 0.25 V, typical for phase polarization, is 

observed. The time to reach the maximum is 34 s, the 

decomposition time is 16 s, and the lifetime of the nuc-

leus is 50 s. These parameters differ significantly from 

the respective values during the deposition of solid pha-

ses on a solid cathode, where the value of the maximum 

overvoltage varies from 20—30 to 70—100 mV, and the 

Fig. 6. The dependence of the cathode potential 

when the electrolysis current is switched off 

on the amount of electricity passed

Рис. 6. Зависимость потенциала катода 

при отключении тока электролиза 

от количества пропущенного электричества
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time to reach it varies from 10–2 до 10–4 s with a change 

in current density from 10–3 to 10–1 A·cm2 [16]. The 

peculiarity of these curves is the slow reaching of the 

maximum and the rapid decay. After the decay of the 

nucleus in question, the cathode potential remained 

stable over time, and the difference between it and the 

maximum value remained 0.25 V. 

When a current of 8 A (ic = 0.08 A/cm2) was turned 

on, the magnitude of the maximum overvoltage (0.25 V) 

was maintained, the nucleus lifetime was 36 s, the time 

to reach the maximum overvoltage was 27 s, and the 

decay time was 9 s. The rapid and accelerating de-

cay is due to the high mobility of the resulting decay 

products, which spread throughout the volume of the 

electrolyte. After the decay of this nucleus, the cathode 

potential began to shift toward negative values at a rate 

of 0.10—0.15 mV/s due to the entry of dissolved sodi-

um into the interelectrode space from the electrolyte 

volume. The increasing supersaturation of the cathode 

melt should have contributed to the formation of the 

following nuclei. Indeed, after 7 min, there was an at-

tempt to nucleate the next nucleus, but it failed due to 

insufficient reactivity of the melt and a low degree of 

supersaturation in the pre-cathode space. For the oc-

currence of the next nucleus, the supersaturation of the 

melt increased up to 35 mV (the degree of supersatura-

tion — 1.6), for the third one — 70 mV (the degree of 

supersaturation — 2.5), for the fourth one — 120 mV 

(the degree of supersaturation — 5.0). The maximum 

degree of saturation is observed during the formation 

and decay of sodium metal nuclei. In this case, the deg-

ree of supersaturation increases by more than 20 times 

(100.25/0.175  27).

As a result of going through the stages of disintegra-

tion of supersaturated solutions, nucleation, and decay 

of metallic sodium nuclei in the volume of electrolyte 

the concentration of dissolved sodium was accumulated, 

which was enough to conduct electrolysis with 10 A cur-

rent for 35 min and return the electrolyte composition to 

its original state. 

In paper [5], the values of the solubility of Na in 

NaCl are given: at t = 816 °С — 2.42 mol.%, at t =

= 864 °С — 4.06 mol.%. Based on these data, the tem-

perature dependence of the Na solubility (N, mol. fr.) 

and the value of N at Т = 1173 K and for a supercooled 

melt at Т = 883 K were calculated:

lgN = 3.817 – (5920/T),  
(8)

N1173 K = 0.059,      N883 K = 0.0013.

In the same paper, an equation was given for calcu-

Fig. 7. Enlarged fragment of Fig. 5

Рис. 7. Увеличенный фрагмент рисунка 5

Table 2. The results of calculating the sodium activity in the NaCl melt and the required degree of supersaturation 

to obtain metallic sodium on the cathode

Таблица 2. Результаты расчета активности натрия в расплаве NaCl и необходимой степени пересыщения 
для получения на катоде металлического натрия

T, K N, mol. fr. lgN lgγ γ lga a
Required degree 

of supersaturation

1173 0.059 –1.23 1.194 15.6 –0.04 0.92 1.09

1073 0.020 –1.700 1.879 75.7 –0.029 0.935 1.51

973 0.0055 –2.267 2.196 143 —0.123 0.79 1.27

873 0.0011 –2.962 2.498 315 –0.464 0.343 2.9

823 0.00042 –3.376 2.700 501 –0.68 0.211 4.8

773 0.00014 –3.841 2.927 845 –0.924 0.127 8.2

723 0.000043 –4.371 3.187 1540 –1.184 0.065 15

673 0.0000105 –4.979 3.486 3060 –1.49 0.032 31

623 0.0000021 –5.685 3.830 6761 –1.854 0.014 71
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lating the activity factor of sodium (γ) dissolved in the 

Na—NaCl melt:

lgγ = (–0.823 + 2899/T)/(1 + 6.06(NNa /(1 – NNa)).  (9) 

Maximum values of Na in NaCl activity factors (γ) 

are calculated at NNa = 0, γ = 44.5 (Т = 1173 K) and 

288 (Т = 883 K).

Table 2 summarizes the results of calculating the ac-

tivity of sodium (а) in the NaCl melt depending on the 

temperature and concentration of dissolved sodium (N). 

At temperatures above 973 K, the required degrees of 

supersaturation are negligible; below 873 K they increase 

markedly, but even at T = 623 K (71) they are inferior 

to the maximum degrees of supersaturation during the 

formation and decay of metallic sodium nuclei (100—

123 times). This makes it possible to lower the lower 

temperature limit of the process implementation from 

600 to 350 °C.

According to the granulometric analysis (Fig. 8) 

(Institute of Thermal Energy of Ural Branch of RAS, 

Ekaterinburg), 95 % of the obtained titanium powder 

is in the melt volume in the form of aggregates, easi-

ly crushed into individual crystals. More than 80 % of 

these crystals are in the range of 10—100 μm with an 

average size of 36 μm, which meets the requirements for 

the size of powders for additive technologies.

Сonclusion

A preliminary study of the cathode polarization 

revealed the potentials and current densities of so-

dium saturation of the salt melt (Esat = –2.97 V, i =

= 0.04 A/cm2) and the occurrence of sodium metal 

on the cathode (ENa = –3.22 V, ic = 0.12 A/cm2). The 

concentration of sodium in a saturated solution at t =

= 610 °C (1.3·10–4 mol. fr.) was calculated using the va-

lue of Esat. The values of Esat, ENa, and the difference 

between them (E = 0.25 V) have been confirmed in 

long-term electrolysis and are the basis for monitoring 

and controlling the process.

During prolonged electrolysis, three regions close to 

rectilinear were identified on the curve in coordinates 

E (B) — lgQ (A·min). In the equation of the straight line 

E = А + ВlgQ in the region from –3.22 to –2.963 V, 

the value of A (–3.32 V) coincides with the value of 

the conditional standard potential of sodium in the 

electrolyte used. The value of B (0.185 V) is close to its 

value for the one-electron process (0.175), which indi-

cates the constancy and closeness to 1 of the activity 

coefficient of sodium in supersaturated solutions. The 

discharge of sodium ions from supersaturated solu-

tions occurs when E is more negative than Esat to ENa. 

In the decomposition of supersaturated solutions, a 

5-fold degree of supersaturation of the electrolyte in 

sodium is achieved. During the formation and de-

composition of metallic sodium nuclei, it increases 

by more than 20 times and becomes sufficient to in-

tensify and prolong the electrolysis process, to lower 

the lower limit of its realization temperature from 

600 [17] to 350 °С. 

The long-term region of potential constancy at 

Еc = –2.97 ± 0.01 V is associated with the coexistence 

of saturated and supersaturated sodium solutions in the 

electrolyte in the near-cathode layer. The decompo-

sition of the latter stabilizes the cathode potential. At 

lgQ = 2.41, the entire supersaturated solution is con-

sumed, the reactivity of sodium and the cathode poten-

tial drop sharply, and the discharge of sodium ions from 

diluted solutions starts at potentials from Еsat to values 

0.25—0.35 V more positive.

It can be seen that the reducing ability of the melt de-

creases as the amount of electricity passed through, and 

hence as the amount of titanium powder accumulated in 

the electrolyte increases. 

The formation of titanium metal in the near-anode 

space is explained by the disproportionation of Ti2+ ions 

entering the anode electrolyte from the near-anode layer 

and the near-cathode melt.

The resulting product is similar to powder [17], and 

after classification and spheroidization by gas atomiza-

tion methods [18—24], it can be used for 3D printing as 

a starting material.

Fig. 8. Particle size distribution analysis 

of titanium powder

1 — after ultrasonic grinding; 2 — before ultrasonic grinding

Рис. 8. Гранулометрический анализ 

титанового порошка

1 — после ультразвукового измельчения 

2 — до ультразвукового измельчения
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Abstract: The results of the study of the structure and properties of titanium hydride powders obtained from titanium sponge by 
SHS hydrogenation and mechanical grinding are presented. Hydrogenation was carried out in a reactor at a constant hydrogen 
pressure of 3 MPa. After passing the combustion wave, the hot titanium sponge was cooled to room temperature in a hydrogen 
atmosphere. As a result, titanium hydride spongy granules with a hydrogen content of 4.2 wt.% were obtained. Titanium hydride 
was ground in a ball mill and divided into 4 fractions corresponding to the fractional composition of titanium powder PTK, PTS, PTM 
and PTOM. Particle size analysis showed that the samples of the PTK and PTOM powders have a narrower particle distribution 
in comparison with the PTS and PTM ones. Further, obtained powders chemical composition and surface morphology studies 
were carried out and bulk density, compaction, pycnometric density and specific surface area were determined. According to the 
chemical analysis results the content of carbon and oxygen impurities decreases during SHS-hydrogenation and the iron content 
slightly increases during mechanical grinding depending on the grinding time. The study of morphology showed that the hydride 
titanium particles have an irregular fragmentary shape, such morphology is characteristic of powders obtained by this technology. 
The surface structure has partially preserved structure of the initial titanium sponge and consists of elongated oriented grains. It 
is established that with a decrease in the particle size, the bulk density decreases, and the compaction increases. Pycnometric 
density and specific surface area values are approximately equal for all powder samples.
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Структура и свойства порошка гидрида титана, 

полученного из титановой губки методом СВС-гидрирования 

Н.П. Черезов, М.И. Алымов

Институт структурной макрокинетики и проблем материаловедения им. А.Г. Мержанова РАН (ИСМАН), 
г. Черноголовка, Россия

Статья поступила в редакцию 14.03.2022 г., доработана 07.06.2022 г., подписана в печать 10.06.2022 г.

Аннотация: Представлены результаты исследования структуры и свойств порошков гидрида титана, полученных из ти-
тановой губки СВС-гидрированием и механическим измельчением. Гидрирование осуществляли в реакторе при посто-
янном давлении водорода 3 МПа. После прохождения волны горения горячую титановую губку охлаждали до комнатной 
температуры в среде водорода. В результате были получены губчатые гранулы гидрида титана с содержанием водорода 
4,2 мас.%. Их измельчали в шаровой мельнице и разделяли на 4 фракции, соответствующие фракционному составу по-



Izvestiya Vuzov. Poroshkovaya Metallurgiya i Funktsional'nye Pokrytiya  2022  Vol. 16  № 4

16 Izvestiya Vuzov. Poroshkovaya Metallurgiya i Funktsional'nye Pokrytiya  2022  Vol. 16  № 4

рошка титана: ПТК, ПТС, ПТМ и ПТОМ. Анализ размера частиц показал, что образцы порошков ПТК и ПТОМ имеют более 
узкое распределение частиц в сравнении с ПТС и ПТМ. Далее для полученных порошков были проведены исследования 
химического состава, морфологии поверхности и определены насыпная плотность, уплотняемость, пикнометрическая 
плотность и удельная поверхность. Из результатов химического анализа было установлено, что в ходе СВС-гидрирова-
ния происходит снижение содержания примеси углерода и кислорода, а при механическом измельчении, в зависимости 
от его времени, незначительно увеличивается содержание железа. Исследование морфологии показало, что частицы 
гидрида титана имеют неправильную осколочную форму, — такая морфология характерна для порошков, полученных 
по данной технологии. Структура поверхности частично сохранила структуру исходной титановой губки и состоит из 
вытянутых ориентированных зерен. Установлено, что с уменьшением размера частиц насыпная плотность снижается, а 
уплотняемость возрастает. Значения пикнометрической плотности и удельной поверхности приблизительно равны для 
всех образцов порошка.

Ключевые слова: гидрид титана, порошковая металлургия, самораспространяющийся высокотемпературный синтез 
(СВС), гидрирование, морфология, технологические свойства.
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Introduction

Titanium is one of the metals, capable of actively 

absorbing hydrogen and forming hydrides. Titanium 

hydride (TiH2) is known as a titanium with hydrogen 

chemical compound where hydrogen atoms are random-

ly distributed in the cavities of the titanium tetrahedral 

lattice [1, 2]. Titanium hydride has a fairly wide practical 

application in aerospace, aviation, the chemical indus-

try and nuclear power engineering. It serves for porous 

titanium and titanium filters production. Blowing agent 

technique is used for aluminum foam production. Re-

cently, due to the high hydrogen capacity (4.04 wt.%), 

titanium hydrides have been used as a hydrogen storage 

material [3— 9]. 

Hydrogen is also known to cause embrittlement of 

metals and alloys. The brittleness of titanium hydride 

is due to the fact that hydrogen reduces the stress re-

quired for the movement of dislocations, increases their 

speed of movement and promotes the formation of mic-

rocracks, as well as their growth and the propagation 

of avalanches. Hydrogenation of titanium also increa-

ses the volume of the space cell — approximately in 

2.5 times [10].

This characteristic is taken into account in the pro-

duction of titanium powders using titanium sponge or 

scrap and by implementing hydrogenation-dehydro-

genation method. While hydrogenating, the initial tita-

nium is saturated with hydrogen during the isothermal 

heat treatment in hydrogen atmosphere. The resulting 

titanium hydride is quite brittle and can be micro ground 

within a short period of time implementing mechanical 

grinding. Afterwards titanium hydride can be dehydro-

genated for producing a finely-dispersed titanium pow-

der, which serves to create corrosion-resistant filters, 

medical implants, and fabricating products by using 

powder metallurgy methods [11—14]. The powder par-

ticles obtained by this method have an irregular splin-

ter shape and the content of impurities depends on the 

content of impurities in the source raw material. Ob-

tained titanium powder has the same granulometric size 

composition as the initial titanium hydride. Hydrogena-

tion-dehydrogenation method is of moderate cost and 

has small impact on the final powder price. Further-

more, finely-dispersed titanium hydride powder can be 

used for the synthesis of binary and multicomponent al-

loys and intermetallics [15, 16].

Another way to obtain titanium hydride is with the 

help of self-propagating high-temperature synthesis 

(SHS) method. It consists in using the heat of exother-

mic reaction after the local activation of a combustion 

one. High temperatures develop in the combustion 

front, that moves along the source titanium from lay-

er to layer due to thermal transmission. No additional 

energy inputs are required, the process develops due to 

the heat of the chemical reaction Ti + H2 → TiH2 + Q 

(39 kcal/mol.) [17]. 

Production of titanium powders by SHS sponge hyd-

rogenation with posterior dehydrogenation is cost-effec-

tive. Application of such powders as a primary compo-
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nent allows reducing significantly the cost price of tita-

nium products [18].

Technological properties (bulk density, compressi-

bility) of initial powders are of significant importance 

for products manufactured by means of the titanium 

powder metallurgy techniques [19, 20]. According to 

consumer requirements such powders should possess 

certain properties and characteristics. Therefore, the 

study of properties and particle structure of pow-

ders used in manufacturing products implementing 

solid-phase sintering method is a relevant objective 

for the development of the titanium powder metal-

lurgy techniques. The quality parameters of powders 

should be stable and not change during the shelf time 

[21—23]. 

The object of the given research is to study the struc-

ture and determine the technological and chemical 

properties of titanium hydride powders produced by 

SHS titanium sponge hydrogenation in the reactor and 

subsequent mechanical grinding. 

Research data and methods

Titanium hydride powders with the density com-

position corresponding to the granulometric size com-

position of powders PTK, PTS, PTM, PTOM types 

(Specifications TU 14-22-57-92), prepared by titanium 

sponge TG-100 hydrogenation (GOST Russian Natio-

nal Standard 17746-96). The particle size of the initial 

titanium sponge was from 5 to 20 mm. Hydrogen gas, 

type «А» grade (GOST (Russian National Standard) 

3022-80) was used as the hydrogen source. 

Hydrogenation of the sponge was carried out in a 

sealed reactor of 2 L (Fig. 1, a). Titanium sponge 0.5 kg 

in weight was loaded into a gas-permeable shell installed 

in the reactor. Further finely-dispersed titanium pow-

der was placed in a paper envelope on top of the tita-

nium sponge to ignite the sponge. The reaction started 

due to the nickel chrome spiral heating and by means of 

electricity flow passing through it. Before synthesis, the 

reactor was sealed and purged with hydrogen to remove 

Fig. 1. High-pressure reactor schematic illustration (a) and SHS hydrogenation process (b)

Рис. 1. Схематическое изображение реактора высокого давления (а) и процесса СВС-гидрирования (b)

a b
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air. Then it was filled with hydrogen until a hydrogen 

pressure of 30 atm was reached. While combusting, the 

pressure was maintained by the periodic supply of hyd-

rogen in the direction opposite to the propagation of 

the combustion front (Fig. 1, b). The synthesis time was 

about 75 s. Then the heated titanium sponge was cooled 

to room temperature for 1 h in a hydrogen atmosphere 

(Fig. 2).

Derived titanium hydride sponge was mechanically 

ground in a steel ball mill with steel grinding bodies ac-

cording to the modes given in Table 1.

Varying the grinding time resulted in obtaining ti-

tanium hydride powders with the particle distribution 

shown in Fig. 3. 

For further study the ground powders were sieved 

(according to GOST Russian National Standard 

18318-94) in order to obtain titanium hydride powders 

with the density composition corresponding to PTK, 

PTS, PTM, PTOM types. As a result, powders of 4 

fractions were obtained: PTK (<40 μm — 10 wt.%; 40—

280 μm — remaining wt.%), PTS (40—100 μm — 35 wt.%; 

<40 μm — remaining wt.%), PTM (40—100 μm —

25 wt.%; <40 μm — remaining wt.%), PTOM (40—

100 μm — 5 wt.%; <40 μm — remaining wt.%).

Following technological characteristics of powders 

were determined for these fractions: bulk density, com-

pressability, pycnometric density and specific surface 

area. In addition, the morphology was studied, particle-

size distribution by means of laser diffraction was car-

ried out, and the main impurity content was determined 

for the obtained powders.

Powders bulk density was defined according to 

GOST Russian National Standard 19440-94, while their 

compressibility (compaction) — to GOST Russian Na-

tional Standard 25280-90. Powder pycnometric density 

was determined according to GOST Russian National 

Standard 2211-2020: the method in use is based on de-

termining the analytical sample weight and its true vo-

lume followed by density calculation. The true volume 

of the sample was estimated using a pycnometer with 

saturating liquid (toluene). Specific surface area was 

measured using the method of low-temperature nitrogen 

adsorption on Sorbi-M device designed for determining 

the specific surface area of porous materials.

Table 1. Hydrogenated titanium sponge grinding modes

Таблица 1. Режимы измельчения гидрированной титановой губки

Grinding 

mode

Weight of the grinding 

sponge, kg

Drum rotation speed, 

rpm

Grinding time, 

min

Ratio of grind-ing bodies 

to titanium sponge

1 0.5 90 15 5 : 1

2 0.5 90 20 5 : 1

3 0.5 90 25 5 : 1

Fig. 2. Hydrogen pressure variation in the reactor during SHS hydrogenation

Рис. 2. Изменение давления водорода в реакторе в процессе СВС-гидрирования
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Obtained titanium hydride powder particle mor-

phology was studied with an electron-scan microscope 

LEO 1450. The particle size was studied with a laser 

particle analyzer MicroSizer 201. Impurity elements 

content of carbon, oxygen, nitrogen and hydrogen was 

determined using analyzers Leco CS-600, AK-7716P, 

TC-600 and RHEN-602 respectively. Powder iron con-

tent was estimated using Concentration photoelectric 

photometer-3-01. 

Results and discussion

As a result of the SHS hydrogenation of the titani-

um sponge titanium hydride with hydrogen content of 

4.2 wt.% was obtained. It is assumed that the high hyd-

rogen content is recorded due to the concentration 

diffusion caused by high hydrogen reactor pressure 

(30 atm) during synthesis. The large amount of dis-

solved hydrogen in the crystal lattice of titanium caus-

es embrittlement of the latter and makes it possible to 

grind a large sponge with a particle size from 20 mm 

to 40 μm.

After grinding powders were divided into 4 density 

compositions, that correspond to the particle size dis-

tribution of PTK, PTS, PTM and PTOM types. Fig. 4 

shows histograms of the investigated titanium hydride 

powders particle distribution. PTK and PTOM samples 

have narrower particle distribution in comparison with 

PTS and PTM.

Impurities play an important role in the quality of 

products made of the titanium powders. Final product 

presence of small amounts of metallic impurities, such 

as iron or aluminum, does not significantly affect its 

properties. The presence of non-metallic impurities such 

as oxygen, nitrogen and carbon should be strictly limi-

ted, as with the introduction of titanium they form sol-

id solutions and chemical compounds that significantly 

reduce its moldability. A chemical analysis of the start-

ing material and the synthesized powder was therefore 

carried out (Table 2). As a result, it was found that du-

ring SHS hydrogenation the carbon and oxygen content 

decreased, which indicates a self-cleaning of the titani-

um sponge. Supposedly, the impurities reduction occurs 

during the combustion process when the initial titanium 

sponge is sharply heated. It causes a significant increase 

in the diffusion coefficient and promotes the diffusion 

mass transfer of impurity atoms to the particle surface. 

Already on the surface, nitrogen and carbon impurities 

atoms can form molecules, which are subsequently de-

sorbed into the gas state [24]. During mechanical 

grinding the iron content increases insignificantly due 

to the short grinding time.

A shape of the titanium powder particles largely de-

termines its behavior at all stages of the technological 

process of obtaining products. It also significantly influ-

ences its technological properties. Fig. 5 (SEM-images) 

shows the general appearance of the obtained titanium 

hydride powders. The images clearly show that the hyd-

ride particles are of irregular splinter shape. This mor-

phology characterizes the powders obtained by means of 

this technology [14].

Titanium hydride surface micro structure (Fig. 6) 

partially preserves the lamellar structure of the tita-

nium sponge. As seen (Fig. 6, a, c), the surface struc-

ture is similar to that after annealing and consists 

of large elongated oriented grains. Traces of stress 

cracking caused by various titanium and titanium 

hydride specific volumes are noticeable on titani-

Fig. 3. Particles titanium hydride distribution at grinding 

modes 1 (a), 2 (b), 3 (c)

Рис. 3. Распределение частиц гидрида титана 

при режимах измельчения 1 (а), 2 (b), 3 (c)
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um hydride surface layers (Fig. 6, b). Fig. 6, d shows 

a surface of an intergranular brittle fracture. Its ap-

pearance is characterized by relatively smooth sur-

faces. 

Powders of the same chemical composition but with 

different physical characteristics can have different 

technological properties affecting the conditions of the 

further transformation of powders into products.

The technological properties of the synthesized tita-

nium hydride powder are shown in Table 3.

Bulk density is a powder volumetric characteristic 

which represents a ratio of the powder mass to its volu-

me in free-fall. Its value depends on the powder particles 

packing density considering certain freely filling vo-

lume. The greater the packing density, the coarser and 

more regular the powder particles and the greater their 

Table 2. Impurity content, wt.%, in the synthesized titanium hydride powder

Таблица 2. Содержание примесей, мас.%, в синтезированном порошке гидрида титана

Sample C N O Fe 

Initial titanium sponge TG-100 0.52 ± 0.03 0.11 ± 0.01 0.51 ± 0.01 0.02 ± 0.001

PTK 0.18 ± 0.01 0.17 ± 0.01 0.26 ± 0.01 0.03 ± 0.001

PTS 0.11 ± 0.01 0.17 ± 0.01 0.21 ± 0.01 0.03 ± 0.001

PTM 0.13 ± 0.01 0.28 ± 0.01 0.32 ± 0.01 0.04 ± 0.001

PTOM 0.17 ± 0.01 0.27 ± 0.02 0.25 ± 0.01 0.04 ± 0.001

Fig. 4. Histograms of the synthesized titanium hydride powder particle distribution by size 

PTK (a), PTS (b), PTM (c), PTOM (d)

Рис. 4. Гистограммы распределения частиц синтезированного порошка гидрида титана по размерам

Изучены образцы ПТК (а), ПТС (b), ПТМ (c), ПТОМ (d)
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pycnometric density. Obtained titanium hydride pow-

ders bulk density value reduces with decreasing particle 

size. The PTK sample has a wider fractional composi-

tion, which leads to a denser packing of particles: small 

particles fill the cavities formed by the packing of larger 

ones. The PTOM sample has a greater specific surface 

area due to the decreased particle size, which contributes 

to friction between particles, making it difficult for them 

to move relative to each other and leading to powders 

bulk density value reduction.

Powder compaction is the ability of a powder, under 

the influence of an external force, to acquire and retain a 

certain shape and size. Good compressibility makes the 

powder forming process easier and cheaper. The mea-

sured compaction values of the powders obtained are 

almost identical — this is because the titanium hydride 

particles are highly brittle and break apart during press-

ing to fill the voids. 

Due to peculiarities of the production process, the 

particles of the metal powders may be characterized 

by significant internal porosity and the presence of 

a large number of cavities in the lattice nodes. As a 

result, the actual density of the particles may differ 

significantly from the one calculated by using radio-

graphic lattice-parameter determination data. Ob-

tained titanium hydride particles density correlates 

with the theoretical one of 3.75 g/cm3, which indicates 

the practically total absence of cavities in the particle 

material.

The specific surface area of disperse bodies is the 

surface area of a powder unit mass or volume. The spe-

cific surface area depends not only on the particles size 

but also on the degree of the development of their sur-

face, which is determined by the obtaining of powders 

conditions. The specific surface area is a very important 

characteristic of powders: determines the content of 

adsorbed gases in powders, their corrosion resistance, 

sintering ability, and a number of other characteristics. 

The obtained values for the specific surface area of tita-

nium hydride powders are close to the values for spheri-

Fig. 5. Synthesized titanium hydride powder general appearance

а — PTK, b — PTS, c — PTM, d — PTOM

Рис. 5. Общий внешний вид синтезированного порошка гидрида титана

а — ПТК, b — ПТС, c — ПТМ, d — ПТОМ

a

c d

b
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cal powders (0.14 m2/g), therefore, the obtained hydride 

powder does not have a developed porous surface which 

coherent with the received data on the morphology of 

the particles. 

Conclusion

Experimental studies of the structure and properties 

of titanium hydride powders obtained from titanium 

sponge by the SHS method in a high-pressure reactor 

have been conducted.

It is found that due to high embrittlement of titanium 

hydride the hydrogenated titanium sponge is quickly and 

easily broken to a particle size of less than 40 μm. Iron 

impurity content increases insignificantly during the 

mechanical grinding process. The SHS hydrogenation 

leads to a product self-cleaning and also to carbon and 

oxygen impurities reduction.

Fig. 6. Synthesized titanium hydride powder micro structure 

а — PTK, b — PTS, c — PTM, d — PTOM

Рис. 6. Микроструктура синтезированного порошка гидрида титана

а — ПТК, b — ПТС, c — ПТМ, d — ПТОМ

Table 3. Titanium hydride synthesized powder technological properties

Таблица 3. Технологические свойства синтезированного порошка гидрида титана

Sample
Bulk density, 

g/cm3
Compaction, g/cm3, 

at 200 MPa 

Pycnometric density, 

g/cm3
Specific surface area, 

m2/g

PTK 1.38 ± 0.04 2.83 ± 0.04 3.79 ± 0.01 0.6 ± 0.01

PTS 1.31 ± 0.03 2.85 ± 0.03 3.81 ± 0.01 0.6 ± 0.01

PTM 1.30 ± 0.02 2.86 ± 0.03 3.80 ± 0.01 0.6 ± 0.01

PTOM 1.16 ± 0.02 2.88 ± 0.03 3.72 ± 0.01 0.7 ± 0.01

a

c d

b
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Titanium hydride particles have an irregular splinter 

shape. Generally speaking, the shape and defects of par-

ticles are typical of the powders obtained by this method. 

Particles surface structure consists of elongated oriented 

grains. Due to stresses resulting from various specific 

volumes of titanium and titanium hydride the titanium 

hydride surface layers show traces of cracking.

A study of the technological properties demonstrated 

that the obtained powders possessed necessary parame-

ters for application in powder metallurgy. 
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Abstract: The synthesis of MAX phase Ti2AlN from several mixtures of Ti, Al, TiN, and AlN powders by vacuum sintering of green 
samples in the form of dense compacts, bulk powder in silica tubes, and plain layer in a closed rectangular molybdenum boat was 
studied upon variation in charge composition and sintering temperature Ts. The sintering of 2 : 1 Ti—AlN mixture was carried out 
at 1100, 1200, 1300, 1400, and 1500 °С with exposure time of 60 min. The largest MAX phase content (94 wt.%) was reached at 
Ts = 1400 °С. The sintering of 1 : 1 TiAl : TiN composition at the same temperature gave 93 wt.% Ti2AlN. The best result (single-
phase Ti2AlN in a 100-% yield) was achieved upon the sintering of 1 : 1 : 1 Ti—Al—TiN composition at Ts = 1400 °С. The scalability 
of our process was checked by the fabrication of a large (0.5 kg) and uniform cake of single-phase Ti2AlN. In experiments we used 
green samples with shielded lateral surface (bulk powder in silica tubes, plain layer in a closed molybdenum boat) and without shield 
(dense compacts). It has been shown that shielding of Ti—Al—TiN samples restricts the escape of Al vapor from a sintered mixture, 
thus providing more favorable conditions for the synthesis of single-phase Ti2AlN. Our process can be readily recommended for 
practical implementation.

Keywords: MAX phase, sintering, phase transitions, X-ray diffraction.

Linde A.V. — Cand. Sci. (Chem.), senior researcher of the Laboratory of macrokinetics of SHS-processes in chambers
of Merzhanov Institute of Structural Macrokinetics and Materials Science of the Russian Academy of Sciences (ISMAN) 
(142432, Russia, Moscow Region, Noginsk district, Academician Osip’yan str., 8). E-mail: alex-linde@mail.ru.

Kondakov A.A. — researcher of the Laboratory of macrokinetics of SHS-processes in chambers of ISMAN. 
E-mail: kondakov_aleks@list.ru.

Studenikin I.A. — researcher of the Laboratory of macrokinetics of SHS-processes in chambers of ISMAN. 
E-mail: stivan@bk.ru.

Kondakova N.A. — junior researcher of the Laboratory of macrokinetics of SHS-processes in chambers of ISMAN. 
E-mail: natik1985@bk.ru.

Grachev V.V. — Cand. Sci. (Phys.-Math.), leading researcher, head of the Laboratory of macrokinetics of SHS-processes 
in chambers of ISMAN. E-mail: grachev@ism.ac.ru.

For citation: Linde A.V., Kondakov A.A., Studenikin I.A., Kondakova N.A., Grachev V.V. MAX phase Ti2AlN synthesis 
by reactive sintering in vacuum. Izvestiya Vuzov. Poroshkovaya Metallurgiya i Funktsional’nye Pokrytiya 
(Powder Metallurgy and Functional Coatings). 2022. Vol. 16. No. 4. P. 25—33 (In Russ.). 
DOI: dx.doi.org/10.17073/1997-308X-2022-4-25-33.

Синтез MAX-фазы Ti2AlN реакционным спеканием в вакууме
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Аннотация: Проведены исследования процесса синтеза MAX-фазы Ti2AlN спеканием в вакууме различных смесей по-
рошков в зависимости от фазового состава исходных реагентов и режимов их термической обработки в вакуумной элек-
тропечи. На примере смеси порошков титана и нитрида алюминия в мольном соотношении Ti : AlN = 2 : 1 (состав 1) просле-
жена последовательность изменения фазового состава смеси при увеличении температуры изотермической выдержки 
длительностью 60 мин при t = 1100÷1500 °С с шагом 100 °С и определено значение температуры 1400 °С, при которой в 
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продуктах спекания достигается максимальное значение содержания MAX-фазы Ti2AlN — 94 мас.%. При этой температу-
ре изотермической выдержки для исходной смеси TiAl : TiN = 1 : 1 (состав 2) содержание MAX-фазы составило 93 мас.%. 
Наилучший результат по синтезу MAX-фазы (100 мас.% Ti2AlN) был получен для смеси Ti : Al : TiN = 1 : 1 : 1 (состав 3). 
На примере смеси данного состава массой 500 г при определенном режиме термовакуумной обработки эксперименталь-
но показана принципиальная возможность масштабирования процесса получения однофазного продукта состава Ti2AlN 
спеканием в вакууме. Эксперименты проводились с двумя типами образцов: с закрытой и открытой боковой поверхностью. 
К образцам с закрытой боковой поверхностью относились образцы в кварцевых трубках, заполненных исходной смесью 
порошков с насыпной плотностью, и образец массой 500 г, помещенный в молибденовый тигель с крышкой. Образцы с 
открытой боковой поверхностью — это цилиндрические таблетки, спрессованные из исходной порошковой смеси. Было 
показано, что закрытие боковой поверхности образца из смеси Ti : Al : TiN (состав 3) блокирует выход паров алюминия из 
порового пространства образца при нагреве, благодаря чему образуется только Ti2AlN.

Ключевые слова: MAX-фаза, спекание, фазовые превращения, рентгенофазовый анализ.
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Introduction

The Ti2AlN compound belongs to the family of 

MAX phases described by the general formula Mn+1AXn, 

where M is a transition metal, A is an element of IIIA 

and IVA groups , X is carbon or nitrogen, n = 1÷3 [1]. Re-

cently, many researchers have investigated MAX-phase 

based materials, as these materials simultaneously have 

a unique combination of metals and ceramic properties 

and a layered structure. Ti2AlN-based materials also 

show an exceptional combination of properties: high 

elastic modulus, high thermal and electrical conductivi-

ty, low density, easy machinability and excellent thermal 

shock resistance [2—4]. This predetermines the use of 

Ti2AlN-based materials as reinforcing agent in alloys, 

transition layers in semiconductors, etc. [5—7].

The Ti2AlN compound was discovered in 1963 

by Jeitschko [8]. Since then, researchers have made 

many attempts to obtain this compound by various 

methods.

In 2000 Barsoum et al. [4, 5] obtained Ti2AlN by Ti 

and AlN mixture hot isostatic pressing (process param-

eters were the following: pressure 40 MPa, temperature 

1400 °C and soaking for 48 h). However, they failed to 

achieve the purity of the final product, the content of 

other phases was 10—15 vol.%.

The authors [9, 10] synthesized Ti2AlN from the Ti 

and AlN mixture of powders (in the molar ratio of 2 : 1) 

under isothermal annealing in argon atmosphere for 2 h 

at 1300 ° C and pressure of 0.3 MPa. At the same time 

the TiN impurity fraction was not more than 1 wt.%. 

It was also found during the researches that the prepara-

tory mechanical activation of the powder causes an in-

crease in the content of the TiN secondary phase and 

that the synthesis in vacuum does not lead to the forma-

tion of a single-phase product. 

The authors [11] obtained a Ti2AlN single-phase 

material by hot pressing a mixture consisting of Ti, TiN 

and Al powders in an argon atmosphere at 25 MPa and 

1400 °C. The resulting material characteristics were as 

close as possible to the theoretical evidence — this led 

to the conclusion that hot pressing is a promising way 

to obtain pure Ti2AlN due to the short duration of the 

process, the low applied load and the final product high 

purity. 

In the research [12] Ti2AlN was obtained by titanium 

powders (2 mol.) and aluminum nitride (1 mol.) spark 

plasma sintering with soaking for 5 min. Provided that 

at 1400 °C Ti2AlN MAX-phase with an admixture of 

titanium nitride was obtained in the final product, and 
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Ti2AlN was obtained practically pure after increasing 

the sintering temperature to 1450 °C — there were only 

traces of titanium nitride. The same method, but already 

at 1200 °C [13] let obtain the material consisting of one 

MAX-phase. 

The authors [14] describe the Ti2AlN production 

by 30 min microwave sintering a mixture of titanium, 

aluminum and titanium nitride powders (in an approxi-

mate molar ratio of 1 : 1.03 : 1) in an argon atmosphere at 

1200 °C. A further increase in the sintering temperature 

to 1350 °C resulted in the MAX-phase destruction and 

the appearance of TiN (4 wt.%). This method is pro-

mising due to the lowest temperature for obtaining the 

pure MAX phase and the short process time. 

In the research [15] the Ti2AlN phase was obtained 

by thermal explosion of Ti, Al and TiN mixture of pow-

ders at 700 °C and τ = 2 min. However, the content of the 

secondary TiN phase was 4 wt.%. The Ti2AlN powder 

in the research [16] was synthesized by microwave sin-

tering from a TiH2, Al and TiN mixture of powders with 

a molar ratio of 1 : 1.15 : 1 at 1250 °C. The sample with 

the highest MAX phase content consisted of 96.68 wt.% 

Ti2AlN and 3.32 wt.% Ti4AlN3. 

Electrospark sintering in vacuum at 1200 °C [17] 

produced compressed pellets 15 mm in diameter with a 

Ti2AlN content of about 98 wt.% from a initial Ti and 

AlN powders mixture. Ti2AlN with TiAl admixture was 

obtained by two-stage annealing in an argon atmos-

phere [18] with holding temperatures of 600 °C (τ = 1 h) 

and 1100 °C (τ = 3 h) from mechanically activated Ti, Al 

and AlN powders mixed in a molar ratio of 2 : 0.8 : 1 and 

pressed into tablets of 13 mm in diameter. In research 

[19] Ti2AlN (pellets 20 mm in diameter) was obtained 

by electrospark sintering from a Ti, Al and TiN powders 

mixture with a molar ratio of 1 : 1.02 : 1. 

The analysis of literature data shows that virtually 

all of the above mentioned methods require expen-

sive equipment, while allowing to obtain only a small 

amount of containing pure MAX-phase material and 

with impurity phases often present in the final pro-

ducts.

In this work the Ti2AlN MAX-phase synthesis 

process by vacuum sintering of different powders mix-

tures depending on the initial chemical agents phase 

composition and their thermal treatment modes in a 

vacuum electric furnace was studied. However, the ul-

timate goal was to determine the optimum conditions 

for obtaining a Ti2AlN single-phase product by such 

a relatively simple method, as well as the possibility 

of obtaining product significant batches weighing up 

to 0.5 kg. 

Research preliminary results were previously pub-

lished in concise form [20] — the phase composition 

of the products for quartz tubes samples filled with 

the initial powders mixture with bulk density was pre-

sented. 

The present article describes more detailed exper-

imental procedure giving the exact parameters of the 

samples and comparing the samples phase composition 

in quartz tubes and samples with open side surface in the 

cylindrical tablets form pressed from the initial powder 

mixture. The reason for the compared samples phase 

composition difference has been revealed and it has 

been established why under the same composition and 

the same heating conditions in one case (samples with 

closed side surface) the Ti2AlN МАХ-phase concen-

tration is 100 %, and in the other case (pressed samples 

with open side surface) the МАХ-phase content does not 

reach 100 %. A detailed analysis of the phase formation 

sequence during samples with open and buried lateral 

surface heating, which has not been investigated before, 

was out. 

Experimental procedures

Initial chemical agents mixtures were prepared 

from AlN [21] and TiN [22] powders obtained by the 

SHS method at ISMAN, as well as Al (ASD-1 grade), 

Ti (PTS-1), and TiAl (PT65U35) powders. 

The dispersibility of the initial components is pre-

sented in the table.

Three mixtures were prepared to obtain the Ti2AlN 

single-phase product Ti : AlN = 2 : 1 (composition 1); 

TiAl : TiN = 1 : 1 (composition 2) and Ti : Al : TiN =

= 1 : 1 (composition 3). Initial powders were mixed in a 

planetary mill with a charge-to-ball mass ratio of 2 : 1 

for 30 min. Tablets of 15 mm in diameter were pressed 

from compositions 1, 2 and 3 (mass of 15 g) with the 

Dispersity of initial powders

Дисперсность исходных порошков

Chemical 

agent
Grade Dispersity d50, μm

Ti PTS-1 60.5

Al ASD-1 16.3

AlN SHS ISMAN 2.05

TiN SHS ISMAN 29.7

TiAl PT65U35 23.3
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same pressing force of 354 MPa, when the final height of 

tablets was 32.5; 29.2 and 28.7 mm (with porosity of 36, 

34 and 32 %, respectively). 

In order to exclude the tablet pressing stage, ex-

periments with quartz tubes samples were carried 

out. To compare with the pressed tablets results, mix-

tures 2 and 3 with the same mass of 15 g were poured 

into quartz tubes with the same inner diameter of 

15 mm as of the pressed tablets, consequently the 

samples bulk porosity was 59—61 %. According to the 

quartz tubes samples experiments results and in or-

der to check the process scaling possibility, composi-

tion 3 samples of 500 g in weight and bulk porosity 

of 57 % were sintered in a rectangular molybdenum 

closed container 88 × 88 × 70 mm in size with a fill 

height of 35 mm. 

Sintering was carried out in a vacuum electric resis-

tance furnace SNVE-16/16 (OOO «NPPMosZETO», 

Moscow) at the following holding temperatures, °C: 

1100, 1200, 1300, 1400 и 1500. In all experiments the 

samples soak time was 60 min at a minimum pressure 

of 7.73·10–4 Pa. Since the sintering pressed tablets 

results at different holding temperatures determined 

the optimum temperature of 1400 °C, at which the 

Ti2AlN MAX-phase maximum content in the final 

product was observed (see below), successive experi-

ments with quartz tubes samples in a molybdenum 

container were carried out at this holding tempera-

ture. 

The sintering products phase composition was 

studied by X-ray diffraction analysis on diffractometer 

DRON-3M (NPP «Burevestnik», St. Petersburg). Phase 

identification on the diffractograms was carried out us-

ing the following standards: Ti (CAS number 5-672), 

Al (CAS number 4-787), TiN (CAS number 38-1420), 

AlN (CAS number 25-1133), TiAl (CAS number 5-678), 

Ti3Al (CAS number 14-451), Ti3AlN (PDF number 

01-071-4029), Ti2AlN (PDF number 00-055-0434). 

The quantitative phase content was determined by the 

corundum number method. The sintered samples frac-

ture microstructure and the local elemental composi-

tion were studied on an ultra-high field emission scan-

ning electron microscope «Zeiss Ultra Plus» based on 

«Ultra 55» (Carl Zeiss, Germany) with the X-ray micro-

analysis attachment «INCA Energy 350 XT» (Oxford 

Instruments, UK). 

Results of experiments

Fig. 1 shows mixture 1 (Ti : AlN) pressed samples 

diffractograms, which show that at temperatures from 

1100 to 1200 °С the product is multiphase and con-

Fig. 1. Mixture 1 pressed samples diffractograms after sintering at different temperatures

Рис. 1. Дифрактограммы пресованных образцов смеси 1 после спекания при различных температурах
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tains the following phases: Ti2AlN, TiN, AlN, Ti3AlN, 

Ti3AlN. 

With increasing temperature up to 1200 °C the 

amount of Ti2AlN MAX phase increases from 20 to 

52 wt.% (see Fig. 2). At 1300 °C the product contains 

the following phases, wt.%: Ti2AlN — 83, TiN — 12, 

AlN — 5. Further temperature rise to 1400 °С leads to 

the two-phase product formation consisting of Ti2AlN 

(94 wt.%) and TiN (6 wt.%). After reaching 1500 °C 

the product also remains biphase, but there is a slight 

decrease of the Ti2AlN MAX-phase to 91 wt.% and 

an increase of the titanium nitride proportion to 

9 wt.%. Reducing the Ti2AlN amount corresponds with 

the research data [23], which shows that in a dyna-

mic vacuum at 1550 °C the aluminum evaporation from 

the MAX-phase with the titanium non-stoichiometric 

nitride formation is observed: Ti2AlN(s) → 2TiN0.5 +

+ Al(g). High-temperature aluminum evaporation in 

MAX-phase obtaining by sintering was also noted in 

the research [24].

By this means, the composition 1 (2Ti + AlN) maxi-

mum Ti2AlN MAX-phase content of 94 wt.% was ob-

tained at 1400 °C, which corresponds with Ti2AlN ob-

taining results by spark plasma sintering [12], for that 

reason sintering of samples from mixtures 2 and 3 was 

performed at this very temperature. 

After pressed sample from composition 2 mixture 

(TiAl : TiN = 1 : 1) sintering at 1400 °C a multiphase pro-

duct (Fig. 3, a) with the following phase content (wt.%) 

was obtained: Ti2AlN — 93; TiN — 4; Ti3AlN — 2; 

Ti3Al — 1. 

After pressed sample from composition 3 mixture 

(Ti : Al : TiN = 1 : 1 : 1) sintering the product phase 

composition was as follows, wt.%: Ti2AlN — 89, 

TiN — 9, %; Ti3Al — 2 (Fig. 4, a).

To prevent the reactive volume aluminum vapor 

escape through the pressed samples surface during 

heating process and vacuum blowing experiments with 

quartz tubes samples were carried out. After composi-

Fig. 2. Phases contents at composition 1 (2Ti + AlN) 

pressed samples various sintering temperatures

Рис. 2. Содержание фаз 

при различных температурах спекания 

прессованных образцов состава 1 (2Ti + AlN)

Fig. 3. Product diffractogram after composition 2 (TiAl + TiN) pressed sample (a) and the quartz tube sample (b) 

reactive sintering at 1400 ° C in a vacuum

Рис. 3. Дифрактограмма продукта после реакционного спекания прессованного образца (а) 

и образца в кварцевой трубке (b) состава 2 (TiAl + TiN) при t = 1400 °С в вакууме
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tion 2 (TiAl : TiN = 1 : 1) sample sintering at 1400 °С a 

multiphase product (Fig. 3, b) with the following phase 

content (wt.%) was obtained: Ti2AlN — 94, TiN — 4, 

Ti3Al — 2. After the composition 3 (Ti : Al : TiN =

= 1 : 1 : 1) sample sintering the monophase product 

Ti2AlN — 100 % was obtained as evidenced by the 

diffractogram in Fig. 4, b. The photomicrograms pre-

sented in Fig. 5 show that the composition 3 sample 

consists of so-called nanolaminates with the layers 

thickness of a few tens of nm. 

Since the Ti2AlN monophase product was obtained 

from mixture 3, it was interesting to make a point of the 

scale factor influence on this composition. The com-

position 3 initial charge 500 g in weight was poured into 

a molybdenum container 88 × 88 × 70 mm in size in an 

even layer 35 mm in height. The container was covered 

with a lid and placed in a vacuum furnace. A view of 

the after-sintering mixture is shown in Fig. 6. The af-

ter-sintering composition was homogeneous over the 

entire cross section. The resulting product diffracto-

gram was completely identical to the diffractogram 

in Fig. 4, b — 100 % Ti2AlN MAX-phase without any 

other phases.

Fig. 7, a shows an after-sintering composi-

tion 3 fracture microphotograph, which shows the 

MAX-phases typical layered structure. Local elemen-

tal analysis data from approximately of the 5 mm2 

after-sintering product fracture area (marked by lines 

Fig. 5. Composition 3 sample photomicrograms at different scales

Рис. 5. Микрофотографии образца состава 3 с различным масштабом

Fig. 4. Product diffractogram after composition 3 (Ti + Al + TiN) pressed sample (a) and a quartz tube sample (b) 

reactive sintering at 1400 °С in vacuum

Рис. 4. Дифрактограмма продукта после реакционного спекания прессованного образца (а) 

и образца в кварцевой трубке (b) состава 3 (Ti + Al + TiN) при t = 1400 °С в вакууме
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in Fig. 7, b) showed the following element content 

(at.%): N — 23.56, Al — 25.68, Ti — 50.76, which cor-

responds well with the Ti2AlN MAX-phase elemental 

composition.

Results discussion

Basing on Ti—N and Al—N experimental data and 

phase diagrams the following sequence of composi-

tion 1 phase formation while heating in a dynamic va-

cuum can be suggested:

1. Extrapolating the aluminum nitride dissociation 

data [25] to the low pressure area, we obtain that at a 

pressure of 7.73·10—4  Pa the dissociation temperature 

will be 913 °C. Therefore, it comes logical to assume that 

at the process initial stage dissociation occurs on the 

aluminum nitride particles surface:

AlN → Al(g) + N2(g).

2. The AlN dissociation products stream diffuses in 

the sample pore space to the titanium particles surface. 

Since both aluminum and nitrogen have considerable 

titanium dissolution and are α-stabilizers, solid solu-

tion Ti(Alx,Ny) is formed. At 1100÷1200 °C it will be 

α-Ti(Alx,Ny) solution, and when the temperature rises 

to 1300—1500 °C — a β-Ti(Alx,Ny) solution.

3. From the α-Ti(Alx,Ny) solid solution, so far as it 

saturates with aluminum and nitrogen, and at < 1200 °C 

the TiNx, Ti3Al phases, the Ti3AlN triple nitride and the 

Ti2AlN MAX-phase crystallize.

Fig. 7. After-sintering composition 3 sample fracture local 

microanalysis and microphotographs at different scales

Spectrum, аt.%: N — 23.56; Al — 25.68; Ti — 50.76

Рис. 7. Микрофотографии излома образца 

полученного спека состава 3 

с различным масштабом

Спектр выделенной области, ат.%: N — 23,56; Al — 25,68; 

Ti — 50,76

Fig. 6. 500 g in weight after-sintering composition 3 

photograph

Рис. 6. Фотография полученного спека состава 3 

массой 500 г

a

b

4. From the β-Ti(Alx,Ny) solid solution at > 1300 °C 

the TiNx phases and the Ti2AlN MAX-phase crys-

tallize.

5. At 1400 °C the Ti2AlN formation process com-

pletes and the MAX-phase sample content reaches its 

maximum value.

6. At further temperature increase up to 1500 °C and 

under dynamic vacuum conditions a MAX-phase par-

tial decomposition occurs assisted by the titanium nit-

ride phase and aluminum vapor formation which leave 

the sample pore space into the furnace volume.

Ti2AlN MAX-phase content in the composi-

tions 1 and 2 pressed samples sintering products prac-

tically do not differ (94 and 93 wt.% respectively ), and 

in the composition 3 is noticeably lower (89 wt.%). It 
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fundamental possibility of sintering process scaling 

in a dynamic vacuum and the prospects of this me-

thod of production for industrial development have 

been demonstrated.
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Abstract: The application of the process of self-propagating high-temperature synthesis (SHS) to prepare highly dispersed powder 
nitride-carbide compositions from the most common refractory nitride (Si3N4, AlN, TiN) and carbide (SiC) compounds with a 
particle size of less than 1 μm is considered. The advantages of composite ceramics over single-phase ceramic materials and such 
trends of its development as the transition to nanostructured ceramics and the application of in situ processes of direct chemical 
synthesis of nanoparticles of components in the composite body are described. The attractiveness of the SHS process as one of the 
promising in situ processes characterized by simplicity and cost-effectiveness, the possibility of obtaining highly dispersed ceramic 
powders by burning mixtures of inexpensive reagents is shown. Considerable attention is paid to the consideration of the results 
of the application of azide SHS, based on the use of sodium azide and gasified halide salts as part of mixtures of initial powders 
of nitrided and carbidized elements during their combustion in nitrogen gas. The review of publications devoted to the application 
of SHS to obtain highly dispersed composite powders Si3N4—SiC, AlN—SiC and TiN—SiC, promising for use in sintering of the 
corresponding composite ceramic materials of submicron and nano-sized structure with improved properties, lower brittleness, 
good machinability, lower sintering temperatures compared with single-phase ceramic materials made of nitrides or carbides as 
well as for other applications, is presented. The results of the application of azide SHS are presented in detail both in the form 
of the results of thermodynamic calculations and the results of experimental research of combustion parameters, combustion 
product structure and composition. The advantages and disadvantages of using the combustion process for the synthesis of nitride 
compositions with silicon carbide, the causes of the disadvantages and the directions of further research to eliminate them are 
discussed.
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Аннотация: Рассмотрено применение процесса самораспространяющегося высокотемпературного синтеза (СВС) для 
получения высокодисперсных порошковых нитридно-карбидных композиций из наиболее распространенных тугоплавких 
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Introduction

Refractory nitride (Si3N4, AlN, TiN) and carbide 

(SiC) compounds are widely used to produce the cor-

responding non-oxide ceramic materials, both struc-

tural, due to their high melting point, hardness, wear 

resistance, heat resistance, chemical stability, and 

functional, due to their electrical and catalytic prop-

erties [1—5]. Such ceramic materials are convention-

ally produced of the corresponding ceramic powders 

by reactive sintering or hot pressing. Lately, they have 

been added by spark plasma sintering (SPS) and mic-

rowave sintering methods. However, single-phase ce-

ramic materials made of individual refractory com-

pounds may exhibit poor sinterability and machina-

bility, high brittleness, high coefficient of friction 

(COF), etc. Several approaches are used to address 

these problems. 

Firstly, multiphase (multi-component) composite 

ceramics are used. For example, conductive titanium 

nitride is added to non-conductive silicon nitride, 

нитридных (Si3N4, AlN, TiN) и карбидного (SiC) соединений с размером частиц менее 1 мкм. Изложены преимущества ком-
позиционной керамики перед однофазными керамическими материалами и такие тенденции ее развития, как переход 
к наноструктурной керамике и использование in situ процессов прямого химического синтеза наночастиц компонентов 
в объеме композита. Показана привлекательность процесса СВС как одного из перспективных in situ процессов, харак-
теризующегося простотой и экономичностью, возможностью получения высокодисперсных керамических порошков при 
сжигании смесей недорогих реагентов. Значительное внимание уделено рассмотрению результатов применения азидно-
го СВС, основанного на использовании азида натрия и газифицирующихся галоидных солей в составе смесей исходных 
порошков азотируемых и карбидизируемых элементов при их сжигании в газообразном азоте. Представлен обзор публи-
каций, посвященных применению СВС для получения высокодисперсных композиционных порошков Si3N4—SiC, AlN—SiC 
и TiN—SiC, перспективных для использования при спекании соответствующих композиционных керамических материалов 
субмикронной и наноразмерной структуры с повышенными свойствами, меньшей хрупкостью, хорошей обрабатываемо-
стью, меньшими температурами спекания по сравнению с однофазными керамическими материалами из нитридов или 
карбидов, а также для использования в других приложениях. Подробно представлены результаты применения азидного 
СВС как в виде показателей термодинамических расчетов, так и данных экспериментального исследования параметров 
горения, структуры и состава продуктов горения. Обсуждены достоинства и недостатки использования процесса горения 
для синтеза композиций нитридов с карбидом кремния, причины возникновения сдерживающих факторов и направления 
проведения дальнейших исследований по их устранению.

Ключевые слова: композиционная керамика, нитриды, карбид кремния, композиции порошков, самораспространяющийся 
высокотемпературный синтез (СВС), продукты горения, состав, структура.
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making it possible to use a significantly less expen-

sive electrical discharge machining process when 

making ceramic products compared to machining 

with expensive diamond tools [6]. Titanium nitride 

TiN not only exhibits high electrical conductivity but 

also high melting point, hardness, wear resistance 

and corrosion resistance, it is compatible with Si3N4, 

improves sintering and the properties of Si3N4 cera-

mics [7]. 

Secondly, the transition to nanostructured ceramics 

is used, since it has been extensively shown that pow-

der size reduction, the transition to nanopowders and 

the production of nanostructured ceramics can signif-

icantly improve the properties of ceramics [5, 8—10]. 

Taking Si3N4—TiN composite ceramics as an exam-

ple, the ceramics of Si3N4—30vol.%TiN composition 

obtained by spark plasma sintering of Si3N4 and TiN 

nanoparticles show the wear resistance being 3 times 

higher than the wear resistance of composite cera-
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mics of the same composition obtained by hot pressing 

of commercially produced micron-sized powders [11]. 

Such composite ceramics with solid TiN nanoparticles 

cause significantly less frictional damage to the coun-

terbody than ceramics containing micron-sized TiN 

particles, which is particularly important, for instance, 

for hybrid bearings having the balls made of ceramics 

and the rings made of metal [12]. 

Thirdly, in situ processes of obtaining composite 

ceramics by performing chemical synthesis of compo-

nent nanoparticles in the composite body are applied. 

By far the simplest and most common approach to the 

production of composite nanoceramics involves mix-

ing ready-made nanopowders, compacting and sinter-

ing them (ex situ processes). However, two problems 

are encountered at this point: the first one is the high 

cost of nanopowders (for example, the price of nitride 

and carbide nanopowders obtained by plasma-chemi-

cal synthesis, which are available on the market, is on 

average of 3 thous. euro per 1 kg [13]); the second one 

is that it is practically impossible to mix nanopowders 

homogeneously due to high tendency of nanoparticles 

to form quite solid agglomerates, which are extremely 

difficult to destroy when mixed [5, 9]. The presence 

of agglomerates impedes the homogeneous distribu-

tion of components and the compaction of the powder 

mixture, it requires higher temperatures for sintering, 

and results in the porosity of the sintered composite, 

it is the point of defects from which cracks can de-

velop. In this context, in the case of highly dispersed 

powders, in situ chemical methods of direct synthesis 

of ceramic powders inside the desired composite body 

from a mixture of much cheaper initial reagents are 

preferable to ex situ mechanical methods of mixing 

the desired compositions of premixed ceramic pow-

ders [4, 8].

One of the advanced in situ processes is the process 

of self-propagating high-temperature synthesis (SHS) 

of the most diverse refractory compounds, including nit-

rides and carbides, which proceeds due to heat release 

during combustion in a simple, small-sized equipment 

and takes a little time [14—17]. Other known methods 

for obtaining Si, Al, Ti nitrides and Si carbide (the fur-

nace method, plasma-chemical synthesis, carbothermal 

synthesis, gas-phase deposition, etc.) are characterized 

by high power consumption, complex equipment, and 

they do not always ensure the nanosize of Si3N4, AlN, 

TiN, SiC powders, and even more so of nanopowder 

compositions. SHS process is attractive not only for its 

simplicity and cost-effectiveness, but it also provides 

considerable opportunities for controlling the disper-

sion and the structure of synthesized ceramic powders, 

as well as bringing them to the nanosized level [18, 19]. 

Various techniques are used for this purpose: the reduc-

tion of combustion temperature; the use of gasified hal-

ide salt additives, condensed and gaseous by-products of 

SHS reactions separating synthesized particles and pre-

venting their growth; the application of chemical com-

pounds of elements (precursors) rather than the powders 

of pure elements, e.g. the ones of metals, as initial rea-

gents, etc.

In particular, during the synthesis of nitrides, such 

opportunities are realized in the azide SHS process, 

designated as SHS-Az, where not nitrogen gas but so-

dium azide powder (NaN3) is used as a nitriding rea-

gent, which decomposes in a combustion wave, releas-

ing active nitrogen [20, 21]. Pure elemental powders 

of silicon, titanium, aluminum, etc. are used as rea-

gents to be nitrided. A certain halide salt is added to 

these basic reagents as an auxiliary additive, during 

the decomposition of which a large amount of vapo-

rous and gaseous reaction products are formed during 

combustion. These products dilute the reaction body 

and thus preventing it from sintering, and as a result, 

the end product is synthesized in the form of a powder, 

which does not require additional reduction in size af-

ter the synthesis. Low combustion temperatures, the 

formation of condensed by-products and gases sepa-

rating the desired nitride particles are the distinctive 

features of azide SHS, leading to the synthesis of nit-

ride micropowders. Upon replacing the pure powders 

of the nitrided elements (Si, Ti, Al) with their halide 

salts, being the precursors that decompose in a com-

bustion wave with entering of a nitrided element into 

reaction in the form of single atoms rather than the 

micron-sized particles of the condensed substance, 

the size of nitrides synthesized by azide SHS can be 

significantly reduced and brought to the nanosized 

level. Besides, in the case of the synthesis of nitride 

compositions, the gaseous and vaporous condition of 

reaction products allows for their prompt and homog-

enous mixing, which is unobtainable by mechanical 

mixing of premix nanopowders. By this means, it is 

possible to solve the problem of the high cost of nit-

ride nanopowders, obtain significantly (almost by one 

order of magnitude) cheaper nanopowders (since the 

most expensive component in the azide SHS is so-

dium azide, with a cost of up to 300 euros/kg) with 

minimum power consumption and simple, small-sized 

equipment if compared to plasma-chemical synthesis. 

Moreover, the nitride synthesis performed directly in 

composite powder body (in situ) rather than the one 
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performed in advance with subsequent mechanical 

mixing (ex situ), allows to achieve a high homogeneity 

of the nitride mixture, i.e. to solve the second prob-

lem, namely obtaining a homogeneous mixture of nit-

ride nanopowders. The practical experience of using 

azide SHS for the production of TiN—BN, AlN—BN, 

Si3N4—TiN nitride composite powders with the use of 

precursors, the halide salts of both nitrided compo-

site elements, has been accumulated [22, 23]. However, 

obtaining these results was not that easy though. It has 

been found that the replacement of elemental powders 

of nitrided elements with their precursors (halide salts) 

impedes the production of the desired nitrides, most 

often it results in the formation of undesired hard-

to-remove by-products and incomplete reaction, for 

example, as in the case of compositions containing the 

by-product cryolite Na3AlF6 and free silicon impurity: 

AlN—ВN—Na3AlF6, AlN—TiN—Na3AlF6, Si3N4—

AlN—Na3AlF6—Si [23].

The positive results of studies on the application of 

SHS process for obtaining silicon carbide (SiC) nano-

powders are known as well [24—26]. In the case of SiC 

synthesis from the elements, the reaction can be written 

as follows: 

Si + C = SiC + 73 kJ/mol.   (1) 

This reaction has a relatively small thermal effect 

of product formation compared, for example, with the 

reaction of titanium carbide formation from elements 

widely used in SHS:

Ti + C = TiC + 230 kJ/mol   (2) 

and therefore has a relatively low adiabatic combustion 

temperature of 1860 K compared with 3290 K for the re-

action of TiC formation. In this context, it is practically 

impossible to perform reaction (1) in combustion mode, 

i.e. to implement a self-sustaining SHS process in this 

system. 

Several approaches have been developed to in-

crease the reactivity of Si—C system: preheating of 

the reaction medium, electric field imposition, me-

chanical activation of the initial mixture of reagents, 

chemical activation of the reaction (1), for instance, 

using f luoroplastic powders, conducting the reac-

tion (1) in a nitrogen gas or air medium. Almost all 

of these approaches can result in obtaining submicron 

SiC powders and some of them can result in obtaining 

nanosized SiC powders under the combustion mode. 

[24]. But it should be taken into account that when 

combusting Si + C mixture in nitrogen atmosphere, 

the combustion products can contain up to 3—7 wt.% 

of silicon nitride impurities (Si3N4) along with silicon 

carbide.

This article presents the results of a review of pub-

lications devoted to the application of self-propa-

gating high-temperature synthesis (SHS) to obtain 

highly dispersed (submicron and nanosized) powder 

nitride-carbide compositions from the most common 

refractory nitride (Si3N4, AlN, TiN) and carbide (SiC) 

compounds with a particle size of less than 1 μm. Con-

siderable attention is paid to azide SHS method deve-

loped by the authors of the review. Synthesized highly 

dispersed composite powders Si3N4—SiC, AlN—SiC 

and TiN—SiC are promising for use in sintering of the 

corresponding composite ceramic materials of sub-

micron and nanosized structure with improved pro-

perties, lower brittleness, good machinability, lower 

sintering temperatures compared to single-phase ce-

ramic materials made of nitrides or carbides, as well as 

for other applications.

Si3N4—SiC composition

As it has already been mentioned, silicon nitride 

Si3N4 and silicon carbide SiC are known as high-tem-

perature structural ceramics [1—3, 5]. Along with this, 

dielectric Si3N4 is applied as an insulator in microelec-

tronics, as well as a storage medium in flash memory de-

vices, and semiconductor SiC is used in high-power and 

high-temperature transistor devices and LEDs, as well 

as in electric heaters. Besides, silicon carbide is used as 

a catalyst in the oxidation of hydrocarbons, and silicon 

nitride is used as a catalyst carrier. 

However, these ceramic materials differ markedly in 

certain characteristics (their specific values are high-

ly dependent on the methods of ceramics production, 

therefore we will assume average values determined 

primarily at room temperature). For example, Si3N4 

ceramics is not as brittle as SiC, and it exhibits high 

fracture toughness (5.3 MPa·m1/2 on average) and good 

flexural strength (at a level of 750 MPa), but it is charac-

terized by low oxidation resistance at high temperatures 

(1.2 mg/cm3 weight increase at Т = 1573 K per 100 h) 

[1, 27]. SiC ceramics, to the contrary, have high wear, 

creep and oxidation resistance at high temperatures 

(0.02 mg/cm3 weight increase under the same con-

ditions), but it shows low values of f lexural strength 

(450 MPa) and fracture toughness (2.8 MPa·m1/2). 

Silicon carbide is the most important component 

of ultra-high-temperature ceramic materials (5—

65 vol.%) for the achievement of their maximum oxi-

dation resistance [28, 29]. 
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The results of many of studies show that the combi-

nation of nitride and silicon carbide in composite mate-

rial Si3N4—SiC allows to use the advantages of each of 

these single-phase ceramics and obtain composite ce-

ramics with significantly improved properties, primari-

ly for high-temperature applications [5, 27, 30—32]. The 

introduction of minimum of 5 vol.% of SiC into Si3N4 

matrix provides an opportunity of obtaining a composi-

te with high fracture toughness (6.5 MPa·m1/2) by spark 

plasma sintering [32]. Si3N4—20vol.%SiC composite 

produced by hot isostatic pressing has fracture tough-

ness of 9.5 MPa·m1/2 at Т = 1673 K (compared with 

5.3 MPa·m1/2 of Si3N4 single-phase ceramics), and it is 

considered as a promising material for gas turbine en-

gines [31]. This conclusion is confirmed by the results of 

later studies, according to which hot-pressed nanocom-

posites Si3N4—(20÷30 vol.%)SiC have flexural strength 

up to 1500 MPa (compared with 850 MPa of common 

Si3N4 ceramics) and retain high strength up to Т =

= 1673 K (compared with 1473 K of Si3N4 cera-

mics) [5]. The increase of SiC content up to 40 wt.% 

in hot-presssed composite Si3N4—SiC results in bind-

ing strength improvement up to the level of 10.5—

12.5 MPa·m1/2 [30]. Composite ceramics Si3N4—SiC 

are highly perspective for their development and ap-

plication due to the improvement of their composition, 

structure and properties, as well as the development of 

new methods of production and the reduction of manu-

facturing costs [9, 10].

It has been noted before, that in the production of 

ceramic composites from highly dispersed powders, in 

situ chemical methods of direct synthesis of ceramic 

powder compositions from a mixture of initial reagents 

are more preferable than ex situ mechanical methods of 

mixing premixed powder components [5, 16]. Submic-

ron and nanosized powder compositions Si3N4—SiC can 

be synthesized by various chemical methods, including 

the coating of Si3N4 particles with highly dispersed car-

bon through methane pyrolysis [33], the pyrolysis of an 

organic silicon-containing precursor [34], carbother-

mal reduction of silicon dioxide under nitrogen gas [35], 

gas-phase reactions [36], plasma-chemical synthesis 

[37]. The listed chemical methods are characterized by 

high power consumption due to the high temperature 

heating required and the long exposures used, they also 

require the use of expensive equipment. In this regard, 

a simple energy-saving SHS method which is based 

on combustion of inexpensive initial components is 

promising. 

The first studies on the use of combustion for the 

synthesis of powder compositions Si3N4—SiC were 

based on the combustion of mixtures of silicon and 

carbon black (soot) powders in nitrogen gas at a pres-

sure ranging from 1 to 10 MPa [38—41]. The reac-

tion (1) of synthesis of silicon carbide from elemental 

powders has a relatively low thermal effect and adia-

batic temperature, which does not ensure a self-pro-

pagating combustion mode. However, the reaction 

of synthesis of silicon nitride from silicon powder in 

nitrogen gas

3Si + 2N2 = Si3N4 + 756 kJ/mol  (3)

is highly exothermic with an adiabatic temperature of 

2430 K, and it can proceed in self-propagating combus-

tion mode. Therefore, the combustion of silicon and car-

bon powders mixture in nitrogen is initiated. Firstly, the 

silicon nitride is synthesized with a rise in temperature to 

high values exceeding 2273 K, at which the synthesized 

Si3N4 dissociates and then the resulting silicon reacts 

with carbon forming SiC, more stable at high tempera-

tures. Thus, when reaction (1) is performed in nitrogen 

gas, silicon carbide can be obtained in the combustion 

mode as follows [38]:

3Si + 3C + 2N2 → Si3N4 + 3C → 3SiC + 2N2.   (4)

In this system of reagents, the intermediate prod-

uct is synthesized first in the combustion mode Si3N4 

(the 1st reaction) with a rise in temperature to high val-

ues, upon which the subsequent transformation of sili-

con nitride into silicon carbide becomes thermodynami-

cally favorable due to interaction with carbon (the 2nd 

reaction). If in the initial system of reagents silicon pow-

der is taken in excess (4), i.e. in a larger amount than 

it is required for the complete conversion of Si3N4 into 

SiC, it is possible to perform the reaction in the com-

bustion mode at a nitrogen pressure of 3 MPa, with the 

formation of a composition of nitride and silicon carbide 

powders [40]:

(3x + y)Si + yC + 2xN2 = xSi3N4 + ySiC.   (5)

In this reaction, x and y coefficient values were used 

to obtain from 36.8 to 100 vol.% SiC in the composition, 

the combustion temperature values were from 1440 to 

1880 °С. The results of the experiments were explained 

by the presence of an intermediate stage between the 

1st and 2nd reactions, at which molten silicon appears 

(the melting temperature of 1414 °С) reacting simulta-

neously in nitridation и carbidization and ensuring the 

formation of SiC particles, being finer than the ones 

appearing upon further transformation of Si3N4 into 

SiC. A more detailed study of Si—nC—N2 system using 

silicon powders of Kr1 grade (particle size d < 15 μm) 
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and carbon black of P803 grade (d < 1 μm) showed that 

at nitrogen gas pressure of 1—7 MРa, combustion can 

be initiated with the carbon black content of n = 0.8 

maximum [41]. Upon that, the combustion tempera-

tures are 1500—2000 °С, and the combustion product 

constitutes the composition of powders Si3N4—SiC 

with SiC content of 5—60 wt.%, and Si3N4 constitut-

ing the rest, with a dominant content of β-modification, 

and a small amount of unreacted Si. The main part of 

the combustion product is comprised of particles with 

a size of 2—3 μm, although there are also larger ones 

with a size of up to 15 μm in the form of columnar crys-

tals or agglomerates of fine particles. The application 

of polytetrafluoroethylene (PTFE) powder activa-

tor (C2F4)n in the amount of 5—15 wt.% expands the 

limits of combustion of Si—C—N2 system and ensures 

obtaining the composites with any ratio of Si3N4 and 

SiC components from 0 to 100 %. Let us emphasize 

that these are the components of Si3N4 and SiC pow-

ders with micron particle sizes and a small amount of 

α-modification in silicon nitride Si3N4.

Upon the combustion of a mixture of ferrosilicon 

Fe—Si and carbon black powders in nitrogen atmosphere 

at a pressure of 4—6 MPa and subsequent acid enrich-

ment of the combustion product in dilute hydrochloric 

acid, composite submicron and nanosized Si3N4—SiC 

powders with the content of 20 % SiC can be obtained 

[42]. At first, iron contained in ferrosilicon plays the role 

of a diluent that reduces the combustion temperature 

and separates the synthesized particles, as well as a cata-

lyst for nitridation reaction, and then it is removed from 

the composite powder by being dissolved in acid. But the 

required acid treatment significantly complicates the 

process of obtaining Si3N4—SiC powder composition 

and does not ensure the complete removal of iron (Fe) 

from the composition. 

It has long been known that the higher is Si3N4 con-

tent of α-modification compared to β-modification 

in Si3N4-based ceramics, the higher are the strength 

properties. However, not all production methods al-

low achieving high content of α-Si3N4 [1]. It has been 

shown that during the combustion of silicon powder in 

nitrogen gas, it is possible to significantly increase the 

amount of synthesized phase α-Si3N4 by diluting the 

charge with final product α-Si3N4 and using additives 

of gasified halide salts NH4Cl and NH4F [43, 44]. In 

the combustion wave, the decomposition products of 

these salts react with silicon particles and ensure the 

transition of silicon to the gas phase that allows con-

ducting the low-temperature mode for the formation 

of a fine fiber α-modification of Si3N4, which is stable 

at temperatures below 1450 °С. In particular, to obtain 

α-Si3N4 content exceeding 95 wt.% it is necessary to 

carry out burning with minimum values of temperature 

and burning rate close to the limit of burning. For this 

purpose, it is necessary to use a charge with 28—40 % 

silicon content, with a high dilution with the desired 

product α-Si3N4 up to 65 % and with 6—8 % mixture 

of gasifying halide salts NH4Cl and NH4F at the ra-

tio 1 : 1. In this case, the combustion product contains 

from 0.1 to 1.5 % of free silicon. The dispersity of syn-

thesized α-Si3N4 depends on the dispersity of initial 

silicon powder: with micron Si powder of less than 

30 μm in size, more than 96 % of α-Si3N4 is synthesized 

with 80 % of particles of a fibrous structure with fiber 

lengths over 10 μm, and diameter of 1 μm; with sub-

micron Si powder of less than 1 μm in size, up to 96.6 % 

of fibrous α-Si3N4 is synthesized with fiber lengths 

over 10 μm, and diameter of 0.1—0.2 μm and a small 

amount of elongated particles being 1—2 μm thick and 

up to 5 μm long. The carbon additive influences the 

mechanism of structure formation and allows synthe-

sizing silicon nitride with an equiaxed shape of parti-

cles. Composite powders based on α-Si3N4, containing 

up to 10 % SiC, with an average particle diameter of 

300—400 nm and an equiaxed shape were obtained 

with the complex addition of carbon up to 3.5 % in the 

form of carbon black and gasifying salts [44]. 

The marked increase of α-Si3N4 amount and parti-

cle size reduction in the powders of Si3N4—SiC com-

position has been also ensured by azide SHS upon the 

combustion of the mixture of sodium azide (NaN3) with 

silicon (Si) and carbon black (C) elemental powders 

and activating halide salt additive (NH4)2SiF6 in nitro-

gen atmosphere [45]. The major reaction for obtaining 

Si3N4—SiC was as follows:

14Si + 6NaN3 + (NH4)2SiF6 + yC =

= ((15 — y)/3))Si3N4 + ySiC +

+ 6NaF + (2y/3)N2 + 4H2,  (6)

where carbon black content made up 5 or 15 mol. The 

reagent combustion temperature of the system (6) 

reached 1850 °C for y = 5 and 1650 °C for y = 15. In 

case of y = 5 the cooled combustion product consist-

ed of β-Si3N4, α-Si3N4, NaF and Si, and in case of 

у = 15 the combustion products included α-Si3N4, 

SiC, NaF and Si. The X-ray diffraction (XRD) phase 

analysis showed that at y = 5 the content of β-Si3N4 

superseded the content of α-Si3N4, silicon carbide was 

not detected, and at у = 15, to the contrary, silicon 
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carbide SiC was present, while there was no β-Si3N4, 

i.e. silicon nitride consisted only of α-modification. 

A noticeable amount of unreacted silicon remains in 

the washed combustion product. (Unfortunately, the 

content of phases in the combustion product of the 

reagent system (6) was not quantified.) Silicon car-

bide was synthesized in the form of equiaxed particles 

with an average size of 100 nm, and silicon nitride was 

synthesized in the form of whiskers with a diameter of 

100—200 nm. 

The application of another halide salt, ammonium 

fluoride NH4F, has been recently studied in order to 

obtain nitride-carbide powder composition Si3N4—SiC 

by azide SHS method over a wide range of phase ratios 

from 1 : 4 to 4 : 1 using the following chemical equa-

tions [46]:

4Si + C + NaN3 + NH4F =

= Si3N4 + SiC + NaF + 2Н2,  (7)

5Si + 2C + NaN3 + NH4F =

= Si3N4 + 2SiC + NaF + 2Н2,  (8)

7Si + 4C + NaN3 + NH4F =

= Si3N4 + 4SiC + NaF + 2Н2,  (9) 

7Si + C + 2NaN3 + 2NH4F =

= 2Si3N4 + SiC + 2NaF + 4Н2,  (10)

13Si + C + 4NaN3 + 4NH4F =

= 4Si3N4 + SiC + 4NaF + 8Н2.  (11)

In these equations, the composition of reaction pro-

ducts is expressed in moles; when passing to mass per-

cent, the following ratios are obtained for the theoreti-

cal composition of the desired Si3N4—SiC composition, 

provided that water-soluble by-product salt NaF is re-

moved from the reaction products:

(7): Si3N4 + SiC = 77.8%Si3N4 + 22.2%SiC,

(8): Si3N4 + 2SiC = 63.6%Si3N4 + 36.4%SiC,

(9): Si3N4 + 4SiC = 46.7%Si3N4 + 53.3%SiC,

(10): 2Si3N4 + SiC = 87.5%Si3N4 + 12.5%SiC,

(11): 4Si3N4 + SiC = 93.3%Si3N4 + 6.7%SiC.

The results of quantitative XRD phase analysis of the 

composition of synthesis products (after water washing 

and removal of NaF), which were obtained experimen-

tally by combustion of the initial mixtures of powders 

(charges) in bulk form in a reactor at nitrogen gas pres-

sure of 4 MPa, according to reactions (7)—(11), are pre-

sented in Table 1.

As Table 1 shows, the washed combustion prod-

ucts of all examined charge compositions consist of 4 

phases: silicon nitride of two modifications (α-Si3N4 

and β-Si3N4), silicon carbide (β-SiC) as well as sili-

con impurities (Sifree). It is obvious that experimental 

composition of Si3N4—SiC differs markedly from the 

calculated theoretical composition, first of all, by a sig-

nificantly lower content of silicon carbide, particularly 

in the cases of mole ratios of nitride and carbide phases 

of 2 : 1 and 4 : 1 (by factor of 4). Besides, more silicon 

nitride and less silicon carbide are formed compared 

to reaction equations (7)—(11), but free carbon is not 

found in combustion products. Such a difference ob-

served between the experimental and theoretical results 

can be explained by the peculiarities of silicon carbide 

formation according to the sequence of reactions (4) 

upon the combustion of silicon and carbon powders in 

a nitrogen atmosphere. A part of very fine light par-

ticles of carbon black (soot) can be removed (blown 

out) from a burning highly porous bulk charge sample 

by gases released during the synthesis of intermediate 

product Si3N4 (the 1st reaction), with the said particles 

not involved in further transformation of silicon nitride 

into silicon carbide through the interaction of Si3N4 

with carbon (with the 2nd reaction). As a result, more 

silicon nitride and less silicon carbide are left in com-

bustion products compared to reaction equations (7)—

(11). The lower is the carbon content in the charge with 

respect to silicon content in these equations, the higher 

is the combustion temperature and the more consider-

able is the gas release, the greater is the relative loss of 

carbon due to the removal of gases, and the more dif-

fers the experimental composition of Si3N4—SiC from 

the theoretical one.

The results obtained in the work [46] confirmed the 

effectiveness of using halide salt NH4F activating ad-

ditive for obtaining the highly dispersed composition 

of Si3N4—SiC powders by azide SHS with different 

phase ratios in a wide range of silicon carbide con-

tent (from 1.6 to 41.8 %) without diluting the mixture 

with final product α-Si3N4. Synthesized compositions 

are characterized by a high content of α-Si3N4 (2.17—

3.61 times more than of β-Si3N4). Upon high carbon 

content in the charge, leading to the synthesis of 23.9 
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and 41.8 % silicon carbide in the composition, α-Si3N4 

is mainly formed in the form of equiaxed particles rath-

er than the fibrous ones. The impurities of free silicon 

do not exceed 1.0 % for the compositions with SiC pro-

portion of up to 10 %, but they reach 2.4—5.7 % for SiC 

content of 23.9 and 41.8 %, which is obviously associa-

ted with a large amount of silicon in the initial charge 

and incomplete reaction of SiC formation. Upon SiC 

content from 1.6 to 23.9 %, Si3N4—SiC compositions 

are submicron, and they consist of fibers with a diam-

eter of 100—500 nm and a length of up to 5 μm, as well 

as equiaxed particles with a size of 100—500 nm in the 

form of individual particles and their agglomerates 

(Fig. 1, а). Upon SiC content of 41.8 %, Si3N4—SiC 

composition is a mixture of submicron particles being 

150—500 nm in size, with much larger particles up to 

2 μm in size (Fig. 1, b). 

The obtained composite powders Si3N4—SiC dis-

tinguish from those synthesized earlier using the com-

bustion process both by their higher dispersibility and 

higher α-Si3N4 content, and therefore they are pro-

mising for use in the production of composite ceramic 

materials with improved properties at lower sintering 

temperatures. 

AlN—SiC composition

Aluminium nitride (AlN) is distinguished in tech-

nical ceramics for its unique combination of physical, 

electrical and chemical properties at a relatively low 

cost: light weight, high thermal conductivity, good 

electrical insulation properties, moderate coefficient of 

thermal expansion, stability at high temperatures in an 

inert atmosphere, non-toxicity [1]. At present, alumi-

num nitride is mainly used in electronics, where heat 

dissipation from electronic devices is important with a 

high electrical resistance and a coefficient of thermal 

expansion (CTE) close to that of silicon [47]. In this 

respect, when it comes to the production of electronic 

components, aluminum nitride is being used in almost 

all areas where the highly toxic beryllium oxide was pre-

viously applied. Aluminum nitride is most intensively 

Table 1. Combustion product compositions of charges of reactions (7)—(11), wt.%

Таблица 1. Составы продуктов горения шихт реакций (7)—(11), мас.%

The composition of charges 

of reactions (7)—(11) 
α-Si3N4 β-Si3N4 α-Si3N4 + β-Si3N4 β-SiC Sifree

4Si + C + NaN3 + NH4F  (7) 70.2 19.4 89.6 9.7 0.7

5Si + 2C + NaN3 + NH4F  (8) 50.9 19.5 70.4 23.9 5.7

7Si + 4C + NaN3 + NH4F  (9) 38.2 17.6 55.8 41.8 2.4

7Si + C + 2NaN3 + 2NH4F  (10) 68.4 27.4 95.8 3.6 0.6

13Si + C + 4NaN3 + 4NH4F  (11) 69.3 28.1 97.4 1.6 1.0

Fig. 1. Microstructure of combustion products of charges 7Si + C + 2NaN3 + 2NH4F (a) and 7Si + 4C + NaN3 + NH4F (b)

Рис. 1. Микроструктура продуктов горения шихт 7Si + C + 2NaN3 + 2NH4F (а) и 7Si + 4C + NaN3 + NH4F (b)

a b
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used for the production of integrated circuit packages 

and substrates, high-power transistors, power absor-

bers, and LEDs. However, both in this regard and in 

the case of its application as a structural material at 

high temperatures, the application of aluminum nit-

ride is limited by its brittleness, low fracture toughness, 

and heat resistance [48]. Therefore, much attention is 

being paid to the development of composite ceramics of 

aluminum nitride with silicon carbide (SiC), which in 

addition to good thermal conductivity and corrosion re-

sistance possesses significantly better mechanical pro-

perties (hardness, fracture toughness, creep resistance) 

[49]. Silicon carbide is also attractive since it has a crys-

tal structure similar to the one of aluminum nitride and 

it can form a single-phase homogeneous solid solution 

with it, thus resulting in improved flexural strength and 

fracture toughness, i.e. reduced brittleness [50, 51]. But 

AlN—SiC composites have significantly better tough-

ness and heat resistance even without the formation of 

a solid solution, in a two-phase condition of sintered, 

spatially separated powder components AlN and SiC 

[52, 53]. AlN—SiC composites with high thermal con-

ductivity can be obtained by adjusting the grain size 

of AlN and SiC [54]. AlN—SiC composite ceramics 

appeared to be promising for application not only in 

metallurgy and mechanical engineering as a struc-

tural material functioning under mechanical load 

at high temperatures, but also in electronics as a new 

high-temperature ceramic, which has a high capaci-

ty of microwave radiation absorption and can be used 

in high-power amplifiers and microwave components, 

sensors, thermoelectric elements, solar power receivers, 

RF resonators and filters, etc. [51, 55].

The following conventional energy-intensive meth-

ods for producing AlN—SiC ceramics are known: the 

carbothermal reduction of silica and alumina in nitro-

gen atmosphere; the pressureless sintering of SiC and 

AlN ceramic powders or the hot pressing of the ones, 

which require a high temperature of 2000 °C and a long 

holding time of up to several hours [51, 53, 56—58]. 

More advanced methods include spark plasma sintering 

(SPS), as well as self-propagating high-temperature syn-

thesis (SHS), which is also called combustion synthesis 

[48, 55]. In the case of SPS method, the energy con-

sumption is considerably lower since SPS process is con-

ducted at a temperature of about 1600 °C and lasts about 

10 minutes but requires expensive equipment. SHS 

method is much more cost-effective since the synthe-

sis of AlN—SiC composite proceeds due to its own heat 

release during combustion in very simple equipment, 

and it is performed from cheap initial reagents, most of-

ten the powders of Al, Si, C (carbon black) and N2 gas. 

Therefore, much attention is paid to the development 

of SHS method, various options for the combustion of 

mixtures of various powders are being studied to obtain 

AlN—SiC composition.

The application of the energy-efficient SHS method 

to obtain AlN—SiC was first studied in work [59]. Si-

licon nitride powder Si3N4 was used as a solid source 

of nitrogen, and the reaction equation was as follows:

Si3N4 + 4Al + 3C = 4AlN + 3SiC.  (12)

Reaction (12) is highly exothermic with an adiabatic 

temperature of 2502 K, which was supposed to ensure 

its self-propagation in the combustion mode, still the 

combustion could not be conducted without the impo-

sition of an electric field with an intensity (E) of at least 

8 V/cm. As Е increased, the combustion temperature 

and rate grew, and in the interval of 8 < E < 25 V/cm 

the combustion products were the composition of two 

phases AlN and SiС with a gradual increase in their mu-

tual solubility, and at E = 25 V/cm the combustion pro-

duct was a stable single-phase solid solution AlN—SiC. 

The combustion process took several seconds, but the 

combustion product contained silicon and carbon im-

purities.

The application of microwave heating of reagent 

mixture specified in equation (12) allowed this mix-

ture to be ignited and the SHS process to be implemen-

ted without the imposition of an electric field [60]. De-

pending on the weight of the mixture (from 0.5 to 16 g) 

and maximum combustion temperature (from 1027 to 

1889 °С), the composition of the combustion products 

was different. At minimum combustion temperatures, 

it contained impurities of initial components Si3N4, 

Al, and C along with AlN and SiС phases, and at maxi-

mum temperatures, it included only Al and C impurities. 

As the combustion temperature increased, the grain size 

of combustion products grew. AlN—SiC solid solution 

could not be obtained since the combustion tempera-

tures were below the critical value of 1960 °С, separating 

the areas of two-phase composite and single-phase solid 

solution.

In other studies, nitrogen gas N2 was used as a source 

of nitrogen. In work [48], the formation of ceramics by 

the following reaction was studied:

(1 – х)Al + xSi + xC + (1 – x)/(2N2) =

= (1 – x)AlN + SiC, (13)

where х varied from 0 to 0.85, and nitrogen pressure 

was 3, 8 or 12 MPa. The combustion led to the forma-
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tion of AlN—SiC solid solution without unreacted Al 

and Si impurities only at considerably high nitrogen 

pressures: 12 MPa for х = 0.3 and 8 MPa for х = 0.5 and 

0.6. Even higher nitrogen pressures (50 and 70 MPa) 

were used for SHS of AlN—SiC solid solution of other 

components [61]:

(2.3Al + SiC) + N2 → AlN0.7SiC0.3.  (14)

At the pressure of 50 MPa, the combustion tempera-

ture was 1400 °С, and the combustion product contained 

a large amount of unreacted Al (up to 12 %) and Si along 

with AlN0.7SiC0.3 solid solution. An increase in pressure 

to 70 MPa resulted in the combustion temperature be-

ing increased up to 2050 °C and the Al impurity content 

being reduced to 0.5 %. 

The possibility of implementing the SHS mode to 

obtain AlN—SiC solid solution at a low pressure of nit-

rogen gas (0.3—0.5 MPa) according to reaction (13) 

was studied in work [62]. The combustion tempera-

ture at a pressure of 0.3 MPa was ranging from 1972—

2287 K, depending on the molar ratio of Al/Si com-

ponents in the initial mixture from 0.5 to 2.5, which 

corresponded to x values from 0.665 to 0.286 in equa-

tion (13), and was low dependent on pressure. The 

maximum temperatures ranging from 2142 to 2287 K 

were obtained at Al/Si component ratios from 1 to 2 

and allowed to synthesize AlN—SiC solid solution 

with residual Si. An almost pure and more homogene-

ous AlN—SiC solid solution was obtained by adding 

an additional amount of carbon black (20 %) to the 

initial powders. At the lower combustion tempera-

tures, the SHS product was a composite of AlN and 

SiC phases being more contaminated with impurities 

of unreacted initial powders. In all cases, the syn-

thesized AlN—SiC ceramics were powders with mic-

ron-sized particles.

In works [63, 64], the other SHS option, namely 

azide SHS using halide salt (NH4)2SiF6 and the follow-

ing common chemical reaction equation, was applied to 

obtain AlN—SiC powder composite: 

20Al + ySi + 6NaN3 + (NH4)2SiF6 + (y + 1)C =

= 20AlN + (y + 1)SiC + 6NaF + 4H2,  (15)

where coefficient value y took the values from 1 to 10. 

The results of thermodynamic calculations of the adia-

batic temperature perform by using the THERMO soft-

ware (Tad) and composition of reaction products (15) for 

different values of y are presented in Table 2.

As Table 2 shows, the adiabatic temperatures of re-

actions (15) are high enough for the combustion mode 

implementation, and the condensed reaction products 

are the desired phases of AlN and SiC with admixed 

water-soluble by-product salt NaF, which is easily re-

moved by washing with water. According to the data 

of Table 2, after water washing, the synthesized AlN—

SiC composition should contain from 2.8 to 24.0 wt.% 

of SiC.

The experimental studies of azide SHS process were 

conducted in laboratory reactor SHS-Az with a volume 

of 4.5 L at different contents of silicon and carbon pow-

ders in the initial charge, nitrogen pressure of 4 MPa, 

the relative bulk density of the charge of 0.4, and the di-

ameter of the sample of 30 mm. Table 3 lists the results of 

quantitative XRD phase analysis of the composition of 

the synthesis products after water washing and removal 

of NaF.

Table 3 shows that the desired composition AlN—

SiC can be synthesized during the combustion of mix-

tures of equation (15), however, the content of silicon 

carbide in the composition of the reaction products 

is much lower (from 1.3 to 5.9 wt.%) compared with 

Таблица 2. Адиабатические температуры и состав продуктов реакций уравнения (15)

Table 2. Adiabatic temperatures and composition of reaction products of equation (15)

y Tad, К

Amount, mol.

Alg Fg Hg Nag H2g N2g NaFg NaFl AlNg SiCs

1 2913 0.21 0.03 0.14 0.03 3.93 3.78 5.97 — 19.79 2.00

4 2858 0.13 0.03 0.12 0.03 3.94 3.78 5.97 — 19.87 5.00

6 2824 0.10 0.02 0.10 0.02 3.95 3.78 5.92 0.06 19.90 7.00

8 2812 0.09 0.02 0.10 0.02 3.95 3.78 5.56 0.42 19.91 9.00

10 2799 0.07 0.02 0.10 0.02 3.95 3.78 5.22 0.76 19.93 11.00
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the results of thermodynamic calculations, and wa-

ter-insoluble by-product phase Na3AlF6 (cryolite) as 

well as free silicon impurity (0.7—0.9 wt.%) appear in 

the products. Upon that, the proportion of by-product 

cryolite Na3AlF6 is quite considerable and increases 

from 7.7 to 15.5 wt.% with an increase in carbon con-

tent from 2 to 11 mol in the initial mixture. The ap-

pearance of cryolite Na3AlF6 in SHS-Az products re-

sults in a decrease of AlN phase content in comparison 

with the results of thermodynamic calculations. Upon 

the proportion of silicon being  6 mol, the combus-

tion products also contain a small amount of silicon 

nitride (less than 1.5 wt.%). Such a difference between 

the experimental and theoretical data can be explained 

by the fact that the results of the experimental study 

(Table 3) show the composition of the cooled products 

of SHS-Az reactions and thus differ markedly from the 

results of thermodynamic calculation (see Table 2) of 

the composition of the products at the maximum pos-

sible adiabatic temperature of SHS-Az reactions, in 

which there is no cryolite, and silicon carbide content 

is much higher (from 2.8 to 24.0 wt.%). When cooled, 

the composition of the products changes that leads to 

the formation of cryolite, which cannot exist at tem-

peratures above 1000 °C as it melts and decomposes 

at this temperature [65]. It is worth emphasizing that 

despite high combustion temperatures (> 2200 °C), the 

product of SHS reaction is not a single-phase AlN—

SiC solid solution, but a composition of two phases: 

AlN and SiC. This can be explained by considerable 

content of cryolite by-product, which separates AlN 

and SiC phases and prevents the formation of solid 

solution of the ones.

It is also worth noting that no free carbon is found 

in the experimental products although the content of 

SiC is much lower in the experimental combustion pro-

ducts compared with the one in the theoretical pro-

ducts, according to stoichiometric equation (15) and 

the results of thermodynamic calculations. As in the 

previous case of azide SHS of Si3N4—SiC composition, 

such a difference between experimental and theoreti-

cal results can also be explained by the peculiarities of 

silicon carbide formation according to the sequence of 

reactions (4) upon the combustion of silicon powder 

in nitrogen atmosphere. A considerable part of ultra-

fine light carbon black particles can be removed from 

the burning highly porous bulk charge sample by gases 

released during the synthesis of intermediate product 

Si3N4 (the 1st reaction) and thus not involved in sub-

sequent transformation of silicon nitride into silicon 

carbide due to the interaction of Si3N4 with carbon 

(the 2nd reaction). As a result, a part of intermediate 

product Si3N4 may remain in the final experimental 

combustion products, and less amount of silicon car-

bide is formed compared to the results of theoretical 

calculations, but free carbon may not be detected in 

the combustion products.

The results of the morphology and particle size 

study of the powder product synthesized are shown in 

Fig. 2.

As we can see in Fig. 2, a and b, predominantly equia-

xed particles of aluminum nitride powder with a size 

from 150 nm to 1 μm are formed during the combus-

tion of mixtures with a silicon content of 1—4 mol. The 

combustion products of mixtures with silicon content 

ranging from 6 mol (Fig. 2, c—e) are equiaxed particles 

of aluminum nitride and silicon carbide of a smaller size 

being from 100 to 600 nm.

Thus, using the azide SHS method allows syn-

thesizing the desired ceramic nitride-carbide powder 

composition AlN—SiC in the form of equiaxed par-

ticles ranging in size from 100 nm to 1 μm with SiC 

Table 3. The ratio of phases in washed combustion products of charges of equation (15)

Таблица 3. Соотношение фаз в промытых продуктах горения шихт уравнения (15)

Composition of charge

Composition of combustion products, 

wt.%

AlN SiC Na3AlF6 Si α-Si3N4 β-Si3N4

Si + 20Al + 6NaN3 + (NH4)2SiF6 + 2C 90.3 1.3 7.7 0.7 — —

4Si + 20Al + 6NaN3 + (NH4)2SiF6 + 5C 86.0 2.6 10.5 0.9 — —

6Si + 20Al + 6NaN3 + (NH4)2SiF6 + 7C 81.5 4.2 12.3 0.7 1.3 —

8Si + 20Al + 6NaN3 + (NH4)2SiF6 + 9C 78.8 4.5 13.8 0.7 1.2 1.0

10Si + 20Al + 6NaN3 + (NH4)2SiF6 + 11C 76.0 5.9 15.5 0.8 1.1 0.5
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content of up to 5.9 wt.%, but the washed synthesis 

products, being condensed, include water insoluble 

cryolite impurity Na3AlF6, upon that ranging in the 

amount from 7.7 to 15.5 wt.%, along the desired phas-

es of AlN and SiC. An azide SHS product of such con-

tent can be applied for liquid-phase hybrid reinforce-

ment of aluminum matrix composites with submicron 

AlN and SiC powders, upon which cryolite plays a 

positive role of f lux and is not included in the final 

composition of the composite, without contaminating 

it [66]. 

TiN—SiC composition

It bears repeating that silicon carbide (SiC) based ce-

ramics is widely used as a wear-resistant and high-tem-

perature structural material due to its high hardness and 

rigidity, phase stability and heat resistance, low density 

and thermal expansion coefficient. Since SiC is a semi-

conductor, it has also found application in diodes and 

LEDs. But due to its semiconductor properties, SiC 

exhibits high electrical resistance (2.0 ·105 Ohm·cm), 

which makes it impossible to use efficient electrical dis-

Fig. 2. Morphology of particles of combustion 

products of charges of equation (15)

а — Si + 20Al + 6NaN3 + (NH4)2SiF6 + 2C 

b — 4Si + 20Al + 6NaN3 + (NH4)2SiF6 + 5C 

c — 6Si + 20Al + 6NaN3 + (NH4)2SiF6 + 7C 

d — 8Si + 20Al + 6NaN3 + (NH4)2SiF6 + 9C 

e — 10Si + 20Al + 6NaN3 + (NH4)2SiF6 + 11C

Рис. 2. Морфология частиц продуктов 

горения шихт уравнения (15)

а — Si + 20Al + 6NaN3 + (NH4)2SiF6 + 2C 

b — 4Si + 20Al + 6NaN3 + (NH4)2SiF6 + 5C 

c — 6Si + 20Al + 6NaN3 + (NH4)2SiF6 + 7C 

d — 8Si + 20Al + 6NaN3 + (NH4)2SiF6 + 9C 

e — 10Si + 20Al + 6NaN3 + (NH4)2SiF6 + 11C

a

c d

b

e
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charge machining for the production of complex silicon 

carbide parts [67]. SiC based polycrystalline ceramics 

could find a wider application if they could be more 

easily machined to make them more electrically con-

ductive. And the strengthening of SiC based ceramics 

would allow them to compete as a structural material 

with silicon nitride (Si3N4) based ceramics. [67].

In this context, the addition of electrically conduc-

tive titanium nitride particles (TiN) with low electrical 

resistivity (22·10–6 Ohm·cm) is of considerable interest 

for the improvement of the properties of SiC based ce-

ramics. Upon that, titanium nitride has high values of 

melting temperature (3223 K) and hardness (20 GPa), 

good corrosion resistance [68]. It is used to create wear-

resistant coatings for metal-cutting tools and protective 

and decorative coatings to imitate golden color, and it is 

also applied as a heat-resistant material, in particular, 

it is used to make crucibles for melting of metals in an 

oxygen-free atmosphere. Submicron and nanosized ti-

tanium nitride powders are used in ceramics based on 

silicon nitride and sialons to increase the hardness and 

strength of these materials [69]. 

A rich variety of methods for obtaining titanium 

nitride is known. The main industrial methods for ob-

taining titanium nitride powders with a particle size 

of up to 50 microns are the carbothermal reduction of 

titanium oxide in nitrogen atmosphere and direct nit-

ridation of titanium powder. [70]. Submicron powders 

and nanopowders are obtained by plasma-chemical 

synthesis or by precipitation from the gas phase du-

ring the reduction of titanium tetrachloride vapor with 

ammonia at a temperature of 900—1000 °C [71, 72]. 

These methods are characterized by high energy con-

sumption and the application of complex equipment. 

For the first time, titanium nitride was obtained by a 

simple energy-saving method of SHS by burning ti-

tanium powders in nitrogen atmosphere [14]. Due to 

high temperature of synthesis (2200—2500 °C), tita-

nium nitride was formed in the form of porous cakes 

of sintered crystallites up to 100 μm in size. Nano-

structured titanium nitride powders with particles 

of nanofibrous structure (the fiber diameter of 50—

100 nm) and nanocrystalline structure (the average 

crystallite size of 100—200 nm) were obtained by azide 

SHS method [73]. To synthesize the ones, not titanium 

powder, but halide salt of ammonium hexafluoroti-

tanate (NH4)2TiF6 was used as the nitrided agent. In 

this case, the formation of titanium nitride proceed-

ed in gas phase, from atomic titanium formed during 

the decomposition of halide salt at temperatures of 

710—1080 °C. According to literature data analysis, in 

order to synthesize titanium nitride nanopowders, it 

is necessary to create low-temperature conditions for 

synthesis (500—900 °С) and to conduct the reduction 

and nitridation of titanium source at the atomic level, 

i.e. in the gas phase [74].

A method for obtaining silicon carbide ceramics 

with the admixtures of titanium nitride nanoparticles 

by sintering under pressureless conditions is known 

[75]. The initial materials were α-SiC powder (parti-

cle size of 0.5—1.0 μm) in the form of matrix, Al2O3 

and Y2O3 as sintering additives and TiN nanopar-

ticles (0—15 wt.%, average particle size of 20 nm) 

as a strengthening phase. The initial powders were 

pressed until rectangular samples were formed, after-

wards they were compacted by cold isostatic pressing 

at a pressure of 250 MPa. Further, the samples were 

subjected to liquid-phase sintering in a vacuum fur-

nace at a temperature of 1950 °C for 15 min, and then 

at 1850 °C for 1 h. The study of the microstructure 

showed that TiN nanoparticles inhibited the com-

paction of silicon carbide ceramics and suppressed 

the growth of grains of silicon carbide ceramics. 

TiN reacted with SiC and Al2O3 to form new phas-

es of TiC, AlN and some others. The formation of a 

new phase of titanium carbide (TiC), having higher 

hardness than the one of TiN, resulted in the fact that 

the hardness of sintered ceramics with 10 wt.% and 

15 wt.% of TiN nanoparticles was higher than the 

hardness of the ones with 5 wt.% of TiN nanoparti-

cles. However, the best combination of properties was 

obtained in silicon carbide ceramics with 5 wt.% of 

TiN nanoparticles, with a relative density of 92.8 %, 

f lexural strength of 686 MPa, hardness of 92 HRA 

and fracture toughness of 7.04 MPa·m1/2. Adding 

up to 5 wt.% of SiC whiskers being 0.5—2.5 μm in 

diameter and 10—50 μm in length to such a cera-

mic composition resulted in flexural strength increase 

up to 1122 MPa together with some decrease in other 

mechanical characteristics [76]. Thus, the addition of 

TiN nanoparticles is an efficient technique for im-

proving the mechanical characteristics of silicon car-

bide ceramics. The disadvantage of this method for 

manufacturing TiN—SiC ceramics is that it is mul-

ti-stage and quite complex, and expensive TiN nano-

powder and silicon carbide fibers are used to obtain 

the composite.

SiC based composites with different content of coars-

er TiN powder (0—50 vol.%) were made of the mixture 

of α-SiC (0.7 μm) and TiN (0.8—1.2 μm) powders by hot 

pressing at t = 1900 °C with holding time of 60 min in 

flowing argon atmosphere under pressure 30 MPa, using 
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Al2O3 and Y2O sintering additives (0.7 and 0.9 μm; 6.0 

and 4.0 wt.%, correspondingly) [67]. Electrical meas-

urements showed that increase in TiN additions reduc-

es the resistivity from 2.0 ·105 Ohm·cm (0 % of TiN) to 

the plateau of 2.0 ·10–4 Ohm·cm (40—50 vol.% of TiN). 

Flexural strength gradually increased with increase in 

TiN content. The maximum strength of 921 MPa was 

observed at the content of 40 vol.% of TiN compared to 

616 MPa for initial SiC. 

A method has been recently proposed for obtaining 

SiC—TiN composite material based on hot pressing of 

a powder mixture containing 53—83 wt.% of silicon 

carbide powder (< 25 μm), 5—40 wt.% of titanium pow-

der (< 25 μm) and 7 wt.% of sintering additive powder 

in the form of Y2O3—Al2O3 at the ratio of 3 : 5 [77]. In 

the process of hot pressing, the combination of sinter-

ing and nitridation of the powder mixture was ensured 

at t = 1600 °С in nitrogen atmosphere within 30 mi-

nutes at a pressure of 30 MPa, then the temperature was 

increased to 1850 °C and held for 30 minutes to obtain 

a composite material with main phases SiC and TiN. 

As a result, the ceramic composite gained considerably 

high flexural strength, hardness, and density: 340—

400 MPa, 22.8—34.4 GPa, and 91—97 %, correspon-

dingly. The advantages of this method include less 

stages and duration, the use of inexpensive titanium 

powder with a particle size of 25 μm instead of expensive 

titanium nitride nanopowder.

The SHS process was applied to obtain more comp-

lex composition Si3N4—TiN—SiC from TiSi2 and SiC 

mixtures by combustion reaction at high nitrogen pres-

sure of 10—130 MPa [78]. The analysis of mechanism 

of nitridation of TiSi2 showed that upon the nitridation 

of TiSi2, TiN and Si are formed first, and upon further 

nitridation of Si, Si3N4 phase is formed. At a higher 

nitrogen pressure, the nitridation reaction is completed, 

and thus relatively dense composites Si3N4—TiN—SiC 

are obtained.

The authors of this review studied the applica-

tion of azide SHS method by using three halide salts 

(NH4)2TiF6 (1), (NH4)2SiF6 (2) and Na2SiF6 (3) to 

obtain highly dispersed powder composition TiN—

SiC with five the following molar phase ratios given: 

1 : 1, 1 : 2, 1 : 4, 2 : 1 and 4 : 1 [79]. Silicon powder of 

Kr0 grade (average particle size of 5 μm); fine tita-

nium powder of PTM-3 grade (15 μm); halide salts 

(50 μm); sodium azide powder of «Pure» classification 

(100 μm); carbon black of P701 grade (70 nm, avera-

ge size of agglomerates of 1 μm) were used in exper-

iments as starting reagents. The combustion of mix-

tures of powders was conducted in laboratory reactor 

SHS-Az with an operating volume of 4.5 l at nitro-

gen gas pressure of 4 MPa. THERMO software was 

applied to calculate the equilibrium compositions of 

products, adiabatic temperatures (tad) and the enthal-

pies of reactions of interaction of initial reagents (ΔH0) 

for the synthesis of TiN—SiC composition with the 

above molar phase ratios and the use of the specified 

halide salts (Table 4—6).

As Table 4 shows, if salt 1 is used, the thermo-

dynamic composition of the reaction products ful-

ly complies with all specified 5 mole ratios of phases 

TiN : SiC. If salts 2 and 3 (Table 5 and 6) are used, the 

thermodynamic composition of the reaction products 

complies with only two molar phase ratios: 2 : 1 and 

4 : 1, i.e. TiN—SiC compositions with a high content 

of TiN phase, which are synthesized from mixtures 

with a high content of titanium powder. In the case 

of charges with a high content of silicon and carbon, 

which should have resulted in the formation of TiN—

SiC with a mole ratio of phases 1 : 1, 1 : 2, and 1 : 4, i.e. 

with a high content of SiC phase, this phase is either 

not formed at all or is formed partially, with silicon 

nitride phase Si3N4 being formed instead. Such results 

can be explained by the sequence of reactions (4) of 

formation of silicon nitride and silicon carbide upon 

the combustion of a mixture of silicon and carbon pow-

ders in nitrogen gas. As Tables 4—6 show, the adiabatic 

temperature of reactions is high for the charges with 

high titanium content, it is close to the temperature of 

dissociation of Si3N4 (about 2000 °С), therefore, sili-

con nitride is completely transformed into silicon car-

bide, and there is no free carbon in the final product of 

the synthesis. While in the case of mixtures with high 

silicon and carbon contents, the adiabatic temperature 

is markedly lower (particularly, in the case of salts 2 

и 3), therefore, silicon nitride is not transformed into 

silicon carbide or is partially transformed, and silicon 

nitride (in whole or in part) and free carbon remain in 

the final product.

If we convert from mole ratios of phases to weight 

percentages with respect to the composition of TiN—

SiC, we obtain the following expected compositional 

contents according to stoichiometric reaction equations 

after removal of the water-soluble impurity NaF from 

the reaction products, wt.%: 

TiN : SiC = 60.7 : 39.3;  TiN : 2SiC = 43.6 : 56.4; 

TiN : 4SiC = 27.9 : 72.1;  2TiN : SiC = 75.6 : 24.4;   (16)

4TiN : SiC = 86.1 : 13.9.
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The experimentally found compositions of the 

washed combustion products of all initial mixtures of 

powders (charges) with three halide salts being used are 

presented in Table 7.

If we compare the experimental compositions of 

combustion products provided in Table 7 with the 

theoretical compositions given in Table 4—6 and 

ratios (16), it can be observed that the experimental 

results differ significantly from the theoretical ones 

by the stable presence of silicon nitride (of α- and 

β-modifications) in the combustion products of all 

initial mixtures and the complete absence or a much 

smaller amount of silicon carbide phase in these prod-

ucts, along with the absence of free carbon in them. 

A noticeable amount of silicon carbide is formed on-

ly during the combustion of charge with a high car-

Table 4. Results of thermodynamic calculations using (NH4)2TiF6

Таблица 4. Результаты термодинамических расчетов при использовании (NH4)2TiF6

Initial mixture of powders
Composition of products, mol.

tad, °C ΔH0, kJ
SiC TiN NaF H2 N2

2Si + Ti + 6NaN3 + (NH4)2TiF6 + 2C 2.00 2.00 6.00 4.00 16.00 1691 –2308

4Si + Ti + 6NaN3 + (NH4)2TiF6 + 4C 4.00 2.00 6.00 4.00 16.00 1704 –2440

8Si + Ti + 6NaN3 + (NH4)2TiF6 + 8C 8.00 2.00 6.00 4.00 16.00 1712 –2704

2Si + 3Ti + 6NaN3 + (NH4)2TiF6 + 2C 2.00 4.00 6.00 4.00 15.00 1974 –2984

2Si + 7Ti + 6NaN3 + (NH4)2TiF6 + 2C 2.00 8.00 6.00 4.00 13.00 2277 –4336

Table 5. Results of thermodynamic calculations using (NH4)2SiF6

Таблица 5. Результаты термодинамических расчетов при использовании (NH4)2SiF6

Initial mixture of powders
Composition of products, mol.

tad, °C ΔH0, kJ
SiC Si3N4 TiN NaF H2 N2 C

Si + 2Ti + 6NaN3 + (NH4)2SiF6 + 2C — 0.67 2.00 6.00 4.00 14.67 2.00 1557 –2057

3Si + 2Ti + 6NaN3 + (NH4)2SiF6 + 4C 1.00 1.00 2.00 6.00 4.00 14.00 3.00 1666 –2373

7Si + 2Ti + 6NaN3 + (NH4)2SiF6 + 8C 5.00 1.00 2.00 6.00 4.00 14.00 3.00 1667 –2638

Si + 4Ti + 6NaN3 + (NH4)2SiF6 + 2C 2.00 — 4.00 6.00 4.00 15.00 — 1676 –2365

Si + 8Ti + 6NaN3 + (NH4)2SiF6 + 2C 2.00 — 8.00 6.00 4.00 13.00 — 2127 –3718

Table 6. Results of thermodynamic calculations using Na2SiF6

Таблица 6. Результаты термодинамических расчетов при использовании Na2SiF6

Initial mixture of powders
Composition of products, mol.

tad, °C ΔH0, kJ
SiC Si3N4 TiN NaF N2 C

Si + 2Ti + 4NaN3 + Na2SiF6 + 2C — 0.67 2.00 6.00 10.67 2.00 1665 –1790

3Si + 2Ti + 4NaN3 + Na2SiF6 + 4C 1.75 0.75 2.00 6.00 10.50 2.25 1694 –1968

7Si + 2Ti + 4NaN3 + Na2SiF6 + 8C 5.60 0.80 2.00 6.00 10.40 2.40 1695 –2260

Si + 4Ti + 4NaN3 + Na2SiF6 + 2C 2.00 — 4.00 6.00 11.00 — 1799 –2098

Si + 8Ti + 4NaN3 + Na2SiF6 + 2C 2.00 — 8.00 6.00 9.00 — 2302 –3451
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bon content (4 and 8 mol), however, it is much less 

than the possible theoretical amount of SiC. In cases 

of combustion of charge with a low carbon content 

(2 mol), silicon carbide is either not formed at all, or it 

is formed in a small amount compared to the theoreti-

cally possible one. Upon that, in both cases (with large 

and small amounts of carbon in the charge), free car-

bon is practically undetectable in the composition of 

the final combustion product, although it is to remain 

entirely if SiC is not formed, or to be present partially 

if Si3N4 is partially transformed into SiC by reactions 

(4). As it has already been mentioned in two previ-

ous cases of using azide SHS to obtain compositions 

Si3N4—SiC and AlN—SiC, the absence of free carbon 

in the combustion products can be explained by the 

peculiarities of silicon carbide formation according to 

the sequence of reactions (4) during the combustion of 

silicon powder in nitrogen atmosphere. Ultrafine light 

particles of carbon black can be partially or even com-

pletely removed from a burning highly porous charge 

sample of bulk density by gases released during the for-

mation of Si3N4 at the first stage of combustion, and 

not involved in the transformation of Si3N4 into SiC. 

As a result, silicon nitride remains in the combustion 

products entirely or partially, and silicon carbide is 

not formed at all, or it is formed in a much smaller 

amount than it is to be according to the stoichiometric 

reaction equations for the initial mixtures of powders. 

The lower the amount of carbon in the charge in re-

lation to the titanium content in these equations, the 

higher is the combustion temperature, the more is the 

gas release (and consequently also more significant is 

the relative loss of carbon due to its removal by the 

gases), as well as the lower is the formation of SiC (or 

it is not formed at all).

The microstructure of typical combustion products 

of charges with halide salt 2 is shown in Fig. 3.

As Fig. 3 shows, the synthesized ceramic composi-

tions are a highly dispersed mixture of nanosized and 

submicron particles of equiaxed and fibrous forms.

Thus, despite the positive results of the theoreti-

cal thermodynamic analysis, the considered experi-

mental application of the azide SHS method did not 

allow to synthesize the desired composition of TiN—

Table 7. Phase ratio in washed combustion products of charges

Таблица 7. Соотношение фаз в промытых продуктах горения шихт

Composition of charge
Composition of combustion products, wt.%

TiN SiC α-Si3N4 β-Si3N4 Si C

2Si + Ti + 6NaN3 + (NH4)2TiF6 + 2C 45.8 — 49.8 4.4 — —

4Si + Ti + 6NaN3 + (NH4)2TiF6 + 4C 41.2 6.4 43.9 7.6 0.9 —

8Si + Ti + 6NaN3 + (NH4)2TiF6 + 8C 28.8 19.9 42.5 7.4 1.4 —

2Si + 3Ti + 6NaN3 + (NH4)2TiF6 + 2C 80.0 — 14.0 6.0 — —

2Si + 7Ti + 6NaN3 + (NH4)2TiF6 + 2C 87.7 — 5.6 6.7 — —

Si + 2Ti + 6NaN3 + (NH4)2SiF6 + 2C 54.7 16.0 17.4 11.9 — —

3Si + 2Ti + 6NaN3 + (NH4)2SiF6 + 4C 40.0 31.0 19.0 9.0 1.0 —

7Si + 2Ti + 6NaN3 + (NH4)2SiF6 + 8C 24.2 49.4 21.1 5.0 0.3 —

Si + 4Ti + 6NaN3 + (NH4)2SiF6 + 2C 71.0 — 18.0 9.0 1.2 0.8

Si + 8Ti + 6NaN3 + (NH4)2SiF6 + 2C 61.0 4.0 27.0 7.0 1.0 —

Si + 2Ti + 4NaN3 + Na2SiF6 + 2C 54.0 20.0 15.0 11.0 — —

3Si + 2Ti + 4NaN3 + Na2SiF6 + 4C 42.0 34.0 16.0 8.0 — —

7Si + 2Ti + 4NaN3 + Na2SiF6 + 8C 23.0 49.0 21.0 6.0 1.0 —

Si + 4Ti + 4NaN3 + Na2SiF6 + 2C 64.0 10.0 17.0 9.0 — —

Si + 8Ti + 4NaN3 + Na2SiF6 + 2C 76.0 — 19.0 5.0 — —
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SiC powders in pure form, without the by-product 

silicon nitride phase of two modifications (α-Si3N4 

and β-Si3N4) in the composition. Moreover, at a high 

relative content of Ti in the charge, compared to the 

content of Si, only Si3N4 can be synthesized, and sili-

con carbide may not be synthesized at all. Upon that, 

the possibility of using combustion for the synthesis 

of compositions of highly dispersed nanosized and 

submicron ceramic powders TiN—Si3N4 and TiN—

Si3N4—SiC with a relatively low content of free silicon 

impurity (up to 1.4 %) was experimentally shown for 

the first time, and that is a remarkable achievement, 

since earlier application of SHS method allowed to ob-

tain these compositions only of much coarser powders 

with a particle size of 5—10 μm by combustion of ti-

tanium silicides and silicon carbide in nitrogen gas at 

high pressure [78, 80]. 

It is also worth noting that earlier an attempt was 

made to use the SHS-Az method to obtain a nanopo-

wder composition TiN—Si3N4 by burning the charges 

of the following systems: Na2SiF6—NaN3—Na2TiF6, 

(NH4)2SiF6—NaN3—(NH4)2TiF6, Nа2SiF6—NaN3—

(NH4)2TiF6 and (NН4)2SiF6—NaN3—Na2TiF6 with 

different ratio of components [23]. The combustion 

Fig. 3. Morphology of product particles 

synthesized by combustion of charges

а — Si + 2Ti + 6NaN3 + (NH4)2SiF6 + 2C 

b — 3Si + 2Ti + 6NaN3 + (NH4)2SiF6 + 4C 

c — 7Si + 2Ti + 6NaN3 + (NH4)2SiF6 + 8C 

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

e — Si + 8Ti + 6NaN3 + (NH4)2SiF6 + 2C

Рис. 3. Морфология частиц продуктов, 

синтезированных при горении шихт

а — Si + 2Ti + 6NaN3 + (NH4)2SiF6 + 2C 

b — 3Si + 2Ti + 6NaN3 + (NH4)2SiF6 + 4C 

c — 7Si + 2Ti + 6NaN3 + (NH4)2SiF6 + 8C 

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

e — Si + 8Ti + 6NaN3 + (NH4)2SiF6 + 2C

a

c d

b

e
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product was a mixture of highly dispersed powders, 

but a pure nitride composition consisting only of sili-

con nitride and titanium nitride could not be obtained 

since the final product contained a large amount (from 

10 to 40 wt.%) of non-nitrided Ti and Si by-products, 

as well as TiSi2 and Na2TiF6 by-products of the reac-

tion. 

Conclusion

The presented results of the review show that the 

application of the SHS process can significantly con-

tribute to the development of methods for obtaining 

nitride-carbide powder compositions from the most 

common refractory nitride (Si3N4, AlN, TiN) and 

carbide (SiC) compounds. The SHS process is at-

tractive by its simplicity and cost-effectiveness, it is 

one of the promising in situ chemical methods for 

direct synthesis of ceramic powders in the desired 

composite body from the mixture of initial inexpen-

sive reagents. Azide SHS using sodium azide NaN3 

and gasified f luoride halide salts NH4F, Na2SiF6, 

(NH4)2SiF6 and (NH4)2TiF6 has such distinctive fea-

tures as relatively low combustion temperatures, the 

formation of a large amount of intermediate vapor and 

gas products of reaction, as well as final condensed 

and gas by-products that separate particles of the de-

sired powders, making it possible to synthesize highly 

dispersed (< 1 μm) powder compositions Si3N4—SiC, 

AlN—SiC and TiN—SiC, where Si3N4 has a large ra-

tio of α-modification.

However, in most cases, the amount of SiC phase 

synthesized in experiments appears to be considerably 

lower than the expected theoretical amount, and even 

no SiC at all may be present in the desired nitride-car-

bide composition. Upon that, almost all synthesized 

compositions contain Si3N4 phase as an undesirable 

by-product phase in AlN—SiC and TiN—SiC compo-

sitions and in excessive amount in Si3N4—SiC com-

positions. Besides, the synthesized compositions may 

contain the impurities of unreacted free silicon. These 

disadvantages can be explained by the peculiarities 

of the formation of silicon carbide through the inter-

mediate formation of silicon nitride during the com-

bustion of a mixture of silicon and carbon powders in 

nitrogen atmosphere. (Combustion in nitrogen atmos-

phere is mandatory for in situ production of nitrides 

in composite body by SHS methods.) A considerable 

part of ultrafine light carbon black particles can be 

partially or entirely removed from the burning highly 

porous bulk charge sample by gases released during the 

synthesis of intermediate product Si3N4, and thus not 

involved in subsequent decomposition of Si3N4 and 

transformation into silicon carbide due to interaction 

with carbon. As a result, silicon nitride remains in the 

combustion products partially or entirely, and silicon 

carbide is formed in a smaller amount than it is to be 

according to the initial stoichiometric reaction equa-

tions and the results of thermodynamic calculations, 

or it is not formed at all. Upon that, an impurity of free 

silicon appears as well.

Several directions of further research of SHS process 

application to obtain highly dispersed compositions of 

nitrides with silicon carbide can be used for eliminat-

ing the specified disadvantages. Firstly, to charge an ex-

cessive amount of carbon black (soot) compared to the 

one required by the composition stoichiometry. As it has 

already been mentioned, almost pure (without Si3N4 

and Si impurities) and more homogeneous AlN—SiC 

solid solution was obtained by adding an additional 

amount of carbon black (20 %) to the mixture of initial 

powders of Al—Si—C [62]. 

Secondly, to use polytetrafluoroethylene C2F4 (pow-

der fluoroplast-4) as an activating and carbon-contain-

ing additive in the charge, which promotes the forma-

tion of SiC that was successfully done in work [41] by 

combustion synthesis of Si3N4—SiC compositions with 

a high content of SiC phase, but with micron-sized par-

ticles and a small proportion of α-modification in silicon 

nitride (Si3N4). It was shown in works [26, 81] that upon 

the combustion of mixtures of silicon powder with car-

bon or polyethylene (in argon atmosphere) at a high con-

tent of C2F4, silicon carbide is synthesized in the form of 

nanofibers and nanoparticles. 

Thirdly, to burn charges in pressed rather than bulk 

form, in order to reduce the loss of carbon black from 

the charge due to its being blown out by gases released 

during the combustion. The pressed condition of the 

charge can hinder the filtration of nitrogen gas into it 

and the formation of nitrides, but when using sodium 

azide powder as a nitriding agent in the composition of 

the charge, a high degree of nitridation can be obtained 

even upon difficult filtration of nitrogen gas [20]. 

Fourthly, it is possible that when burning a pressed 

charge with sodium azide and polytetrafluoroethylene 

in an argon atmosphere rather than nitrogen, AlN—SiC 

and TiN—SiC compositions with a high content of SiC 

and without silicon nitride impurities will be synthe-

sized. 

Fifthly, to charge finely dispersed silicon car-

bide powder instead of carbon black in the amount 

required to obtain the desired nitride-carbide com-
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position. In this case, the synthesis of SiC is not re-

quired as it is already present in the required amount, 

and all that is left to do is to synthesize nitride of the 

desired composition by combustion. For example, it 

was shown in work [42] that the introduction of SiC 

significantly expands the limits of stable combus-

tion of ferrosilicon in nitrogen (50 % SiC instead of 

10 % C) and increases the degree of nitridation of the 

synthesis products. 

And sixthly the last, when synthesizing AlN—SiC 

composition, not to use sodium azide, but to use on-

ly ammonium halide salts and polytetrafluoroethylene 

in order to exclude the formation of by-product salt — 

cryolite Na3AlF6 during the combustion in nitrogen.
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Abstract: Combustion of powders of transition metals of titanium PTS (average particle size 57 μm), zirconium PCRK-1 (12 μm), 
tantalum Ta PM-3 (8 μm), hafnium GFM-1 (4 μm), niobium NBP-1a (21 μm) with carbon black grade P-803 dispersion 1—2 μm was 
studied. The combustion process of the compressed samples (mass 2.5—6.9 g, height 1.2—1.7 cm, relative density 0.55—0.61) 
was performed in an inert argon medium at a pressure of 760 mmHg in the constant pressure chamber. Combinations were studied, 
Me1 + Me2 + Me3 + Me4 + 4C, Me1 + Me2 + Me3 + Me4 + Me5 + 5C. XRD patterns of the mixtures were recorded on a DRON-3М 
diffractometer (CuKα-radiation). Combustion product sections were studied using a LEO 1450 VP scanning electron microscope 
(Carl Zeiss, Germany). The fractional composition and particle size distribution of the mixture were determined according to standard 
procedure using a Microsizer-201C laser particle size analyzer. Combustion velocity, elongation of samples, phase composition 
of products were determined. The maximum combustion temperature of the mixture (Ti + Hf + Zr + Nb + Ta) + 5C was measured 
experimentally for the first time. The morphology and microstructure of the reaction products were also observed. Combustion 
products of mixtures (Ti + Zr + Nb + Ta) + 4C and (Ti + Zr + Nb + Hf) + 4C contain high entropy carbides, which are solid solutions 
with the same structural type B1 (space group Fm-3m) and having different cell parameters. Product samples of mixtures (Ti + Zr +
+ Hf + Ta) + 4C and (Ti + Hf + Zr + Nb + Ta) + 5C contain high entropy and medium entropy carbides, also representing solid solutions 
with the same structural type B1 (space group Fm-3m). The results of this work can be used in the production of high-entropy and 
medium-entropy multicomponent carbides.
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Особенности СВС многокомпонентных карбидов

Н.А. Кочетов, И.Д. Ковалев

Институт структурной макрокинетики и проблем материаловедения им. А.Г. Мержанова РАН (ИСМАН), 
г. Черноголовка, Россия

Статья поступила в редакцию 14.04.22 г., доработана 14.07.22 г., подписана в печать 18.07.22 г.

Аннотация: Изучено горение порошков переходных металлов: титана марки ПТС (средний размер частиц 57 мкм), цир-
кония ПЦРК-1 (12 мкм), тантала Та ПМ-3 (8 мкм), гафния ГФМ-1 (4 мкм), ниобия НБП-1а (21 мкм) — с сажей марки П-803 
дисперсностью 1—2 мкм. Процесс горения спрессованных образцов (масса 2,5—6,9 г, высота 1,2—1,7 см, относительная 
плотность 0,55—0,61) осуществляли в инертной среде аргона при давлении 760 мм рт. ст. в камере постоянного давления. 
Исследовали комбинации Me1 + Me2 + Me3 + Me4 + 4С и Me1 + Me2 + Me3 + Me4 + Me5 + 5С. Рентгенограммы смесей реги-
стрировали на дифрактометре «Дрон-3М» (CuKα-излучение). Шлифы продуктов горения изучали на сканирующем элект-
ронном микроскопе LEO 1450 VP (Carl Zeis, Германия). Фракционный состав и распределение частиц смеси по размеру 
устанавливали по стандартной методике на лазерном анализаторе размера частиц «Микросайзер-201C» (РФ). Определя-
ли скорость горения, удлинение образцов, фазовый состав продуктов. Впервые экспериментально измерена максималь-



Self-propagating high-temperature synthesis

59Powder Metallurgy and Functional Coatings  2022  Vol. 16  № 4

Introduction

The combustion of transition metals with carbon was 

the subject of scientific research as recently as several 

decades ago [1—5]. 

Self-propagating high-temperature synthesis 

(SHS) in Zr + C, Ta + C and Hf + C systems was first 

implemented by A.G. Merzhanov and I.P. Borovin-

skaya [1].

In work [2], it has been demonstrated that the 

combustion process in Nb + C system is initiated in 

a much more complicated way compared to Zr + C 

system, and the combustion limit for Nb in Nb + Zr + 

+ C system was 0.7 at. fr. Upon a higher content of 

niobium, the samples did not f lare up at any concen-

tration of carbon. It is noted by the authors [3] that the 

combustion parameters of Zr + C system depend hea-

vily on the grade of powders being used. In work [4], 

the substantial impact of impurity gas release on the 

combustion of Ta + C system was established, which 

is expressed in the dependence of the combustion rate 

on the pressure of inert gas, as well as in the elonga-

tion and delamination of the sample during combus-

tion. Besides, the combustion at a sample diameter of 

d > 1 cm was implemented successfully [4]. There 

was no combustion in Ta + C system at d  1 cm. The 

considerable elongation of the compressed samples of 

Ti + C mixture during combustion was also noted ear-

lier [5]. In work [6], it is mentioned that combustion 

in Ta + C system is possible at temperatures below the 

melting temperature, upon which it is necessary to 

use metal powders with a submicron particle size. The 

authors [7, 8] determined the influence of the particle 

size of the titanium powder used on the combustion 

rate of samples made from a Ti + C mixture.

ная температура горения смеси (Ti + Hf + Zr + Nb + Ta) + 5C. Также наблюдали за морфологией и микроструктурой продуктов 
реакции. Продукты горения смесей (Ti + Zr + Nb + Ta) + 4C и (Ti + Zr + Nb + Hf) + 4C содержат высокоэнтропийные карбиды, 
представляющие собой твердые растворы с одинаковым структурным типом B1 (пространственная группа Fm-3m) и об-
ладающие различными параметрами ячейки. Образцы продуктов смесей (Ti + Zr + Hf + Ta) + 4C и (Ti + Hf + Zr + Nb + Ta) + 5C 
содержат в составе высокоэнтропийные и среднеэнтропийные карбиды, также представляющие собой твердые растворы 
с одинаковым структурным типом B1 (пространственная группа Fm-3m). Результаты данной работы могут найти примене-
ние при получении высокоэнтропийных и среднеэнтропийных многокомпонентных карбидов.

Ключевые слова: СВС, горение, высокоэнтропийные многокомпонентные карбиды, среднеэнтропийные карбиды, высоко-
энтропийная керамика, переходные металлы, тугоплавкие металлы.

Кочетов Н.А. — канд. физ.-мат. наук, ст. науч. сотр. лаборатории динамики микрогетерогенных процессов ИСМАН 
(142432, Московская обл, Ногинский р-н, г. Черноголовка, ул. Академика Осипьяна, 8). E-mail: kolyan_kochetov@mail.ru.

Ковалев И.Д. — канд. физ.-мат. наук, науч. сотр. лаборатории рентгеноструктурных исследований ИСМАН. 
E-mail: i2212@yandex.ru.

Для цитирования: Кочетов Н.А., Ковалев И.Д. Особенности СВС многокомпонентных карбидов. Известия вузов. 
Порошковая металлургия и функциональные покрытия. 2022. Т. 16. No. 4. С. 58—66. 
DOI: dx.doi.org/10.17073/1997-308X-2022-4-58-66.

The synthesis and study of the properties of high-

entropy alloys (HEAs), which represent a new class of 

metallic materials, have been a popular and promising 

line of scientific research in recent times. HEAs include 

compounds containing several (usually 5) metals and 

forming a single-phase solid solution [9]. The works de-

voted to the production and study of medium entropy 

alloys, containing 3 metals, appear [10]. The mechan-

ical properties of medium entropy alloys can exceed the 

properties of HEAs [11, 12].

The works devoted to the production of high-entropy 

ceramics [13, 14] and, in particular, high-entropy car-

bides (HECs) [15—21] have been published relatively re-

cently. HECs were obtained by mechanical alloying in 

ball mills and spark plasma sintering. 

The combustion of powders of transition metals with 

carbon black in Me1 + Me2 + Me3 + Me4 + 4С (4 me-

tals with carbon, 5 combinations) and Me1 + Me2 +

+ Me3 + Me4 + Me5 + 5С (5 metals with carbon, 1 com-

bination) combinations, where Mei is Ti, Hf, Nb, Zr, 

Ta, was studied. The objective of obtaining a high-en-

tropy metal carbide by using SHS was set.

Research methods

The powders of titanium PTS (average particle size 

57 μm), zirconium PCRK-1 (12 μm), tantalum Ta PM-3 

(8 μm), hafnium GFM-1 (4 μm), niobium NBP-1a 

(21 μm) and carbon black grade P-803 dispersion 1—

2 μm were used as initial materials. The X-ray phase 

analysis (XRD) of initial metals revealed that all pow-

ders are single-phase, except for Hf, which exhibits 

HfH1.63 phase impurity.
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The initial powders were thoroughly mixed in a por-

celain mortar in the required weight proportions for the 

purpose of obtaining Me + C mixtures. Me1 + Me2 +

+ Me3 + Me4 + 4С (4 metals with carbon, 5 combi-

nations) and Me1 + Me2 + Me3 + Me4 + Me5 + 5С 

(5 metals with carbon, 1 combination) mixtures, where 

Mei is Ti, Hf, Nb, Zr, Ta, were mixed in a ball mill 

for 2 h.

The combustion process of the compressed samples 

(mass 2.5—6.9 g, height 1.2—1.7 cm, relative density 

0.55—0.61) was carried out in an inert argon medium at 

a pressure of 760 mmHg in a constant pressure cham-

ber [22]. The process was recorded on the camera 

through a viewing glass. The combustion of samples 

was initiated from the upper end with an ignite tab-

let consisting of Ti + 2B by means of heated tungsten 

coil, which ensured stable ignition conditions. Upon 

stop motion viewing of video records, the combustion 

rate of the samples was determined. The maximum 

combustion temperature was measured with a tung-

sten-rhenium thermocouple.

The measurements of combustion rate, maximum 

combustion temperature and relative elongation of the 

samples had an error within 10 %.

Thermodynamic calculations were performed 

using THERMO software — http://www.ism.ac.ru/

thermo/.

Combustion product sections were studied using a 

LEO 1450 VP scanning electron microscope (Carl Zeiss, 

Germany). To obtain the sections, combustion product 

powders were impregnated with epoxy resin diluted with 

acetone to reduce viscosity. Metallographic sections 

were made after the resin hardened.

The X-ray phase analysis (XRD) of initial pow-

ders and combustion products was performed with 

DRONE-3M diffractometer (the RF) upon copper radi-

ation being in the range of angles 2θ from 20 to 80°. The 

obtained data were analyzed using PDF-2 database [14].

The fractional composition and particle size distri-

bution of the mixture were determined according to a 

standard procedure using a Microsizer-201C laser par-

ticle size analyzer (the RF). The measurement error did 

not exceed 1.2 %.

Results and discussions

The values of combustion rates, elongation of sam-

ples during the SHS, as well as the phase composition of 

the products of synthesis of metal powders with carbon 

black in various combinations are provided in the table. 

Combustion rate, elongation of samples, phase composition of products, and adiabatic temperature of SHS 

of metal powders with carbon black

Скорость горения, удлинение образцов, фазовый состав продуктов и адиабатическая температура 
СВС порошков металлов с сажей

System

Combustion 

rate, 

cm/s

Composition 

of the products

Elongation 

of the sample during 

combustion, %

Adiabatic 

combustion 

temperature, К

Ti + C 1.3 TiС 94 3289

Ta + C 2721

Hf + C 3899

Zr + C 1.0 ZrС 224 3777

Nb + C 2835

(Ti + Hf + Zr + Nb + Ta) + 5C 0.24 [Ti,Hf,Zr,Nb,Ta]C, 

[Ti,Hf, Zr,Ta]C, [Ti,Hf,Ta]C

181 3290

(Ti + Zr + Nb + Ta) + 4C 0.35 [Ti,Zr,Nb,Ta]C 96 3180

(Ti + Zr + Nb + Hf) + 4C 0.35 [Ti,Hf,Zr,Nb]C 331 3309

(Ta + Hf + Zr + Nb) + 4C 3360

(Ti + Hf + Nb + Ta) + 4C 3286

(Ti + Zr + Hf + Ta) + 4C 0.55 [Ti,Hf,Zr,Ta]C, [Ti,Hf,Ta]C 213 3290
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Among Me + C systems, the SHS without preheat-

ing was initiated in samples compressed from Ti + C 

and Zr + C mixtures. Samples of other mixtures 

(Nb + C, Hf + C, Ta + C) did not burn at room tem-

perature under the present experimental conditions 

(the component particle size and the sample size). The 

values of the combustion rates of samples of Ti + C 

and Zr + C mixtures appeared to be close to: 1.3 and 

1.0 cm/s (see the table). Due to the release of impurity 

gas, the samples often elongate during the combus-

tion [23, 24]. The samples of Zr + C mixture elongat-

ed significantly compared with the samples of Ti + C 

mixture (for comparison, 224 and 94 %, respectively), 

which is similar to the results obtained earlier upon 

the combustion of mixtures of Zr and Ti powders with 

boron [14]. According to XPhA results, the combus-

tion products of Me + C systems exhibited the ref lec-

tions of the only carbide phase MeC (ZrC and TiC, 

respectively).

Among the mixtures containing 4 metals with car-

bon (where Me is Ti, Hf, Nb, Zr, Ta), the combustion 

process without preheating was successfully conduc-

ted (and the sample burned completely) in the systems 

containing Ti and Zr, i.e. (Ti + Zr + Nb + Ta) + 4C, 

(Ti + Zr + Nb + Hf) + 4C, (Ti + Zr + Hf + Ta) + 4C. 

The combustion of samples compressed from (Ti + Hf +

+ Nb + Ta) + 4C mixture could not be initiated without 

preheating. The samples of (Ta + Hf + Zr + Nb) + 4C 

mixture did not burn out completely. The design adiaba-

tic combustion temperature of the compositions varied 

in the range of 3180 to 3360 K. Upon that, the samples 

of (Ti + Zr + Hf + Ta) + 4C mixture appeared to be 

the fastest burning ones as their combustion rate was 

0.55 cm/s. The samples of (Ti + Zr + Nb + Ta) + 4C 

and (Ti + Zr + Nb + Hf) + 4C mixtures had the same 

combustion rate of 0.35 cm/s. 

According to XRD results, the products of synthe-

sis of (Ti + Zr + Nb + Ta) + 4C and (Ti + Zr + Nb +

+ Hf) + 4C slow burning systems contain 3 carbide 

phases based on solid solutions with the same structural 

type B1 (spatial group Fm-3m), having different cell pa-

rameters (Fig. 1). 

Phase 1 is the closest to HfC, phase 2 is the closest 

to ZrC, phase 3 is the closest to NbC or TaC in cell 

parameter (see below). The combustion products of 

the faster burning system (Ti + Zr + Hf + Ta) + 4C 

already contain 4 carbide phases, are distinguished 

by their cell parameters (see Fig. 1), where phase 4 

is the closest to phase TaTiC2 by its cell parameter. 

Below are the unit cell parameters of the synthesized 

Fig. 1. XRD patterns of products of synthesis of Me1 + Me2 + Me3 + Me4 + 4С mixtures 

(where Ме is Ti, Ta, Zr, Hf, Nb)

1—4 — FCC phases; a, Å = 4.6360 (1), 4.6737 (2), 4.4748 (3), 4.4526 (4)

Рис. 1. Рентгенограммы продуктов синтеза 

смесей Me1 + Me2 + Me3 + Me4 + 4С (Ме — Ti, Ta, Zr, Hf, Nb)

1—4 — ГЦК-фазы; a, Å = 4,6360 (1), 4,6737 (2), 4,4748 (3), 4,4526 (4)
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solid solutions and the cell parameters of monocarbi-

des (а), Å:

NbC ...........................................4.4698

HfC ............................................4.6377

ZrC ............................................4.6930

TaC ............................................4.4547

TiC .............................................4.3274

Phase 1 .......................................4.6360

Phase 2 ....................................... 4.6737

Phase 3 .......................................4.4748

Phase 4 .......................................4.4526

To identify metals in carbide phases, sections were 

made of product samples and local elemental analysis 

was performed (Fig. 2). According to XPhA and ele-

mental analysis results, the combustion products of 

(Ti + Zr + Nb + Ta) + 4C and (Ti + Zr + Nb + Hf) + 4C 

slow-burning systems contain the phases of high-en-

tropy carbides ([Ti,Zr,Nb,Ta]C and [Ti,Hf,Zr,Nb]C, 

respectively), differing in the ratio of components 

(Fig. 2, а, b). The products of a faster burning system 

(Ti + Zr + Hf + Ta) + 4C include medium entropy 

carbides [Ti,Hf,Ta]C, containing 3 metals (Fig. 2, c), 

along with high-entropy carbides [Ti,Hf,Zr,Ta]C. 

It appears that considerably high combustion rate of 

the sample made of (Ti + Zr + Hf + Ta) + 4C mixture 

(0.55 cm/s) and its small size result in a lack of time for 

the homogenization of the product.

Similar to the samples of Me + C mixtures, the samp-

les made of Me1 + Me2 + Me3 + Me4 + 4C mixtures 

grew during combustion and dispersed into separate 

fragments due to impurity gas release. Upon that, the 

minimum elongation was observed during the com-

bustion of samples made of a mixture without haf-

Fig. 2. Microstructure of combustion products of samples of Ti + Zr + Nb + Ta + 4C (а), Ti + Hf + Zr + Nb + 4C (b) 

and Ti + Zr  + Hf + Ta + 4C (c) mixtures

Рис. 2. Микроструктура продуктов горения образцов из смесей Ti + Zr + Nb + Ta + 4C (а), 

Ti + Hf + Zr + Nb + 4C (b) и Ti + Zr + Hf + Ta + 4C (c)

a

c

b
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nium — (Ti + Zr + Nb + Ta) + 4C, i.e. 96 % (see the 

table). The samples made of mixtures containing haf-

nium ((Ti + Zr + Nb + Hf) + 4C and (Ti + Zr + Hf +

+ Ta) + 4C) elongated much more, namely 331 and 

213 %, respectively. This suggests that hafnium, con-

taining hydride HfH1.63, results in an increase in impu-

rity gas release during the combustion of samples.

The photograph of the microstructure of the com-

bustion products of Ti + Hf + Zr + Nb + 4C mixture, 

as well as the element distribution map are presented 

in Fig. 3. One can see that all the elements contained 

in the product are quite uniformly distributed over the 

cross-sectional area of the section.

Combustion 

of Me1 + Me2 + Me3 + Me4 + Me5 + 5С 

mixture

The sample made of (Ti + Hf + Zr + Nb + Ta) +

+ 5C mixture burned out completely without preheat-

ing. Upon that, its combustion rate appeared to be lower 

than the one of burned samples made of Me + C and 

Me1 + Me2 + Me3 + Me4 + 4C mixtures and amount-

ed to only 0.24 cm/s. The design adiabatic combustion 

temperature of (Ti + Hf + Zr + Nb + Ta) + 5C mixture 

amounted to Тad = 3290 К, which coincides with Тad 

for the fastest burning mixture of 4 metals with carbon 

(Ti + Zr + Hf + Ta) + 4C (see the table).

According to XPhA results, the composition of com-

bustion products of (Ti + Hf + Zr + Nb + Ta) + 5C 

mixture, exhibit three carbide phases based on solid 

solutions with the same structural type B1 (spatial group 

Fm3m), having different cell parameters (Fig. 4), in the 

same way as for mixtures of 4 metals with carbon. The 

first phase is the closest to HfC, the second phase is the 

closest to ZrC, and the third phase is the closest to NbC 

or TaC in cell parameter (the same has been specified 

above).

The elemental analysis of sections of combus-

tion products allowed to identify these carbide phases 

(Fig. 5). They turned out to be high-entropy car-

bide [Ti,Hf,Zr,Ta]C, containing 4 metals, and me-

dium entropy carbide [Ti,Hf,Ta]C, containing 3 me-

tals, there are also the traces of high-entropy carbide 

[Ti,Hf, Zr,Nb,Ta]C, including all 5 metals.

Similar to the samples of previous systems (con-

taining 1 or 4 metals), a sample made of (Ti + Hf + Zr +

+ Nb + Ta) + 5C mixture significantly elongated and 

dispersed into separate fragments during combustion. 

The relative elongation of the sample accounted for 181 %, 

Fig. 3. Microstructure of combustion products of Ti + Hf + Zr + Nb + 4C mixture (а) and element distribution map (b—f)

b — С, c — Ti, d — Zr, e — Nb, f — Hf

Рис. 3. Микроструктура продуктов горения смеси Ti + Hf + Zr + Nb + 4C (а) 

и карта распределения элементов (b—f )

b — С, c — Ti, d — Zr, e — Nb, f — Hf

a c

d f

b

e
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which falls within the interval between maximum and 

minimum elongation values for the studied systems con-

taining 1 or 4 metals.

Considerable elongation of the sample during com-

bustion made it difficult to determine maximum com-

bustion temperature by means of a thermocouple. To 

measure the maximum combustion temperature, ex-

periments were carried out on the combustion of com-

pressed samples. The sample was pre-compressed, and 

that limited its elongation. As a result, it decreased by an 

order of magnitude (15 %) that allowed to measure the 

maximum combustion temperature, the value of which 

was 1950 °С. The measured maximum combustion tem-

perature appeared to be significantly lower than the de-

sign adiabatic one, probably due to the fact that the heat 

loss is not taken into account during the calculation. At 

such a combustion temperature, only two of five initial 

metals (Ti and Zr) melt in the combustion wave. The rest 

of the metals (Hf, Nb, Ta) have a melting temperature 

higher than the experimentally measured maximum 

combustion temperature of (Ti + Hf + Zr + Nb + Ta) +

+ 5C mixture, below are the melting temperatures of the 

components of the mixture, °С:

Zr ..................................................1855

Ti ...................................................1668

Hf ................................................. 2227

Nb ................................................ 2468

Ta ..................................................3017

Furthermore, the compression of the sample and 

a decrease by an order of magnitude of its growth re-

sulted in a combustion rate increase by a several-fold 

factor, namely from 2.4 to 8.8 mm/s, which correlates 

well with a pioneer work on the study of the compres-

sion of samples by combustion rate [25]. As it is shown 

in works [23, 24], the elongation of the sample during 

combustion occurs behind the combustion front due to 

impurity gas release. In the case of compression of the 

sample, hindering its elongation, the pressure of these 

gases, being released behind the front during combus-

tion, increases. According to the findings of the con-

Fig. 4. XRD of products of synthesis 

of Me1 + Me2 + Me3 + Me4 + Me5 + 5С mixture 

(where Ме is Ti, Ta, Zr, Hf, Nb)

1—3 — FCC phases; a, Å = 4.6360 (1), 4.6737 (2), 4.4748 (3)

Рис. 4. Рентгенограмма продуктов синтеза 

смеси Me1 + Me2 + Me3 + Me4 + Me5 + 5С 

(Ме — Ti, Ta, Zr, Hf, Nb)

1—3 — ГЦК-фазы; a, Å = 4,6360 (1), 4,6737 (2), 4,4748 (3)

Fig. 5. Microstructure of combustion products of the sample made of Ti + Zr + Nb + Ta + Hf + 5C mixture

Рис. 5. Микроструктура продуктов горения образца из смеси Ti + Zr + Nb + Ta + Hf + 5C
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vective-conductive combustion model, this results in 

an increase in the propagation velocity of the combus-

tion front [26].

It is further planned to obtain compact samples of 

high-entropy carbides from the combustion products of 

mixtures of 4 metals with carbon and 5 metals with car-

bon by SPS method.

Conclusion

The combustion and composition of the products of 

Me + C, Me1 + Me2 + Me3 + Me4 + 4C (4 metals with 

carbon in 5 combinations) and Me1 + Me2 + Me3 +

+ Me4 + Me5 + 5C (5 metals with carbon, 1 combination) 

mixtures, where Mei is Ti, Hf, Nb, Zr, Ta, were studied. 

Multicomponent carbides, belonging to the class of 

high-entropy compounds, were synthesized in the com-

bustion mode.

Among the mixtures of 4 metals with carbon, com-

bustion was achieved in the samples containing Ti 

and Zr. 

The measured maximum combustion temperature of 

(Ti + Hf + Zr + Nb + Ta) + 5C mixture was 1950 °С.

The conclusions of the work can be used in obtaining 

new materials such as high-entropy and medium entro-

py carbides.
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Abstract: In this work, using the methods of X-ray phase analysis, transmission electron microscopy, X-ray photoelectron 
spectroscopy and Raman spectroscopy, the features of the impact of annealing in air within the temperature range of t  = 200÷
÷550 °C on the morphology, elemental and phase composition, chemical state and structure of primary particles of nanopowders 
obtained by grinding natural diamond and the method of detonation synthesis are studied. It is shown that heat treatment in air at 
given values of temperature and heating time does not affect the elemental composition and atomic structure of primary particles 
of nanopowders obtained both by the methods of detonation synthesis (DND) and natural diamond grinding (PND). Using XPS, 
Raman spectroscopy, and transmission electron microscopy, it has been found that annealing in air within the temperature range of 
400—550 °C results in the effective removal of amorphous and graphite-like carbon atoms in the sp2- and sp3-states from diamond 
nanopowders by oxidation with atmospheric oxygen. In the original DND nanopowder, containing about 33.2 % of non-diamond 
carbon atoms of the total number of carbon atoms, after annealing for 5 h at a temperature of 550 °C, the relative number of non-
diamond carbon atoms in the sp2-state decreased to ~21.4 %. In this case, the increase in the relative number of carbon atoms 
in the sp3-state (in the lattice of the diamond core) and in the composition of oxygen-containing functional groups ranged from 
~39.8 % to ~46.5 % and from ~27 % to ~32.1 %, respectively. In the PND nanopowder, which prior to annealing contains about 10.6 % 
of non-diamond carbon atoms in the sp2-state of the total number of carbon atoms, after annealing under the same conditions as 
the DND nanopowder, their relative number decreased to 7.1 %. The relative number of carbon atoms in the sp3-state increased 
from 72.9 % to 82.1 %, and the proportion of carbon atoms in the composition of oxygen-containing functional groups also slightly 
increased from 10.2 % to 10.8 %. It is demonstrated that the annealing of PND and DND nanopowders in air leads to a change in 
their color, they become lighter as a result of oxidation of non-diamond carbon by atmospheric oxygen. The maximum effect is 
observed at a temperature of 550 °C and an annealing time of 5 h. In this case, the weight loss of PND and DND nanopowders after 
annealing was 5.37 % and 21.09 %, respectively. The significant weight loss of DND nanopowder compared to PND is primarily 
caused by the high content of non-diamond carbon in the initial state and the high surface energy of primary particles due to their 
small size. 

Keywords: natural diamond nanopowder, detonation nanodiamond, thermal oxidation of nanopowders, morphology, elemental 
composition, atomic structure of diamond nanoparticles, chemical state of nanopowders, oxygen-containing functional groups.
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Термоокисление на воздухе нанопорошков алмазов, 

полученных механическим измельчением и методом детонационного синтеза
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Аннотация: Методами рентгеноструктурного фазового анализа (РФА), просвечивающей электронной микроскопии 
(ПЭМ), рентгеновской фотоэлектронной спектроскопии (РФЭС) и спектроскопии комбинационного рассеяния исследо-
ваны особенности влияния отжига на воздухе в интервале температур t = 200÷550 °С на морфологию, элементный и фа-
зовый составы, химическое состояние и структуру первичных частиц нанопорошков, полученных измельчением природ-
ного алмаза (ПНА) и методом детонационного синтеза (ДНА). Показано, что термообработка на воздухе при заданных 
значениях температуры и времени нагрева не оказывает влияние на элементный состав и атомную структуру первичных 
частиц нанопорошков, полученных как методом ДНА, так и методом ПНА. По результатам РФЭС, ПЭМ и спектроскопии 
комбинационного рассеяния установлено, что отжиг на воздухе при t = 400÷550 °С приводит к эффективному удалению 
из нанопорошков алмаза атомов аморфного и графитоподобного углерода в sp2- и sp3-состояниях путем окисления 
кислородом воздуха. В исходном нанопорошке ДНА, содержащем около 33,2 % атомов неалмазного углерода от общего 
количества атомов углерода, после отжига в течение 5 ч при t = 550 °С относительное количество атомов неалмазного 
углерода в sp2-состоянии уменьшилась до ~21,4 %. При этом относительное количество атомов углерода в sp3-состоя-
нии (в решетке алмазного ядра) и в составе кислородсодержащих функциональных групп увеличилось соответственно 
с ~39,8 до ~46,5 % и с ~27 до ~32,1 %. В нанопорошке ПНА, содержащем до отжига около 10,6 % атомов неалмазного 
углерода в sp2-состоянии от общего количества атомов углерода, после отжига при тех же условиях, что и для нано-
порошка ДНА, их относительное количество снизилось до 7,1 %. При этом относительное количество атомов углерода 
в sp3-состоянии повысилось с 72,9 до 82,1 %, также незначительно (с 10,2 до 10,8 %) возросла доля атомов углерода в 
составе кислородсодержащих функциональных групп. Показано, что отжиг на воздухе нанопорошков ПНА и ДНА при-
водит к изменению их цвета: в результате окисления неалмазного углерода кислородом воздуха они становятся более 
светлыми. Максимальный эффект наблюдается при температуре 550 °С и времени отжига 5 ч. При этом потери массы 
нанопорошков ПНА и ДНА после отжига составили, соответственно, 5,37 и 21,09 % — значительная потеря в массе нано-
порошка ДНА обусловлена, в основном, высоким содержанием в исходном состоянии неалмазного углерода и высокой 
поверхностной энергией первичных частиц вследствие их малого размера. 

Ключевые слова: нанопорошок природного алмаза, детонационный наноалмаз, термическое окисление нанопорошков, 
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Introduction

Diamond nanoparticles are a unique class of na-

no-sized materials with a variable structure and unsta-

ble physical and chemical properties [1—4]. Regardless 

of the method of obtaining, each primary particle of 

diamond nanopowders consists of a diamond core ha-

ving a cubic crystal lattice and being surrounded by a 

shell with a complex structure formed predominant-

ly of non-diamond carbon and non-carbon impuri-
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ties [4—6]. Due to the ultra-small size and, consequent-

ly, the high proportion of surface atoms with partially 

non-compensated electronic bonds, the primary parti-

cles of diamond nanopowders exhibit enormous surface 

activity, therefore in addition to segments of non-dia-

mond carbon structures, the shell contains various 

functional groups, including С—Н, oxygen-contain-

ing groups [7—9] imparting various physicochemical 

properties to it.

At present, diamond nanopowders are used as va-

rious functional components in polishing compounds 

[10], lubricating oils [1, 11], composite materials [12], 

elements of microelectronics [13, 14], as well as selective 

adsorbents and catalysts [15, 16]. A large number of other 

potential applications of nanodiamonds, including their 

application as drug carriers [17, 18], immobilizers of bio-

logically active substances, a sorbent for the purification 

of blood, lymph, etc. [19, 20], are still at the examination 

stage. Most of these promising applications are hindered 

by the impossibility of obtaining diamond nanoparticles 

with controlled and reproducible surface chemistry de-

pending on (being determined by) the extreme condi-

tions of their production and the purification methods 

being used. The relative content of non-diamond car-

bon, the composition of functional groups and impuri-

ty atoms of primary particles of diamond nanopowders 

produced even by one manufacturer may differ from one 

batch to another [1—3].

In this context, the study of the processes of modi-

fication of diamond nanoparticles constitutes an urgent 

task, the solution of which will reveal the regularities of 

changes in their morphology, composition and structure 

under directed external influence, which contributes to 

obtaining diamond nanoparticles with controlled and 

reproducible properties, thus being important for their 

high-tech applications including biology, medicine etc. 

In works [4, 7, 21—23], the efficient and environmental-

ly friendly method of purification of non-diamond car-

bon and impurities as well as modification of detonation 

synthesis diamond nanopowders by means of thermal 

oxidation with atmospheric oxygen without significant 

losses of diamond component are proposed and stud-

ied. Despite a significant number of works devoted to 

the study of thermal annealing in air, many issues and 

aspects of the formation of the composition and con-

tent of functional structures impacting the chemistry of 

diamond nanopowders are still unresolved and require 

clarification and additions.

The purpose of this paper is to study the features of 

the impact of modification by oxidation with atmos-

pheric oxygen within the temperature range of 200—

550 °C on the morphology, elemental and phase compo-

sition, chemical state and structure of primary particles 

of nanopowders obtained by natural diamond grinding 

and by the method of detonation synthesis.

The subjects, methodology 

and methods of research

The samples of diamond nanopowders, obtained by 

two methods — the mechanical grinding of natural dia-

mond and detonation synthesis from trinitrotoluene, 

were taken for the research. The procedure for obtain-

ing nanopowders from natural diamond (PND) and 

their chemical purification are described extensively 

in work [6]. Highly purified nanopowder was used as 

samples of detonation synthesis nanodiamond (DND) 

of UDA-S-GO grade produced by Federal Research 

and Production Center «Altai» (Biysk).

A total of 12 samples of nanopowders, namely 6 sam-

ples of PND and DND were prepared. All samples of 

PND and DND were prepared from the same batch of 

the corresponding types of nanopowders. The staged 

heating of samples in air at atmospheric pressure was 

carried out as follows. All 12 samples of nanopowders 

were poured into separate ceramic corundum cups 

placed in a furnace chamber and heated in air at the 

following set temperature values (°C): 200, 300, 400, 

500, and 550. After being held for 1 hour at each given 

temperature value, one sample of PND and DND was 

removed from the furnace for subsequent research, and 

the remaining samples were retained in the furnace 

chamber, the temperature of which was increased by the 

next given value at a rate of ~50 °C/min. Thus, the to-

tal time of staged heating of samples of PND and DND 

nanopowders in air at a temperature of 200 °C was 1 h, 

at a temperature of 300 °C — 2 h, at a temperature 

of 400 °C — 3 h, at a temperature of 500 °C — 4 h, and 

temperature of 550 °C — 5 h. 

Morphological and structural characteristics of 

primary particles of nanopowders were studied by 

the methods of scanning electron microscopy (SEM) 

by means of JSM-6480LV instrument (JEOL, Japan) 

and high-resolution transmission electron microscopy 

(TEM) by means of «Titan 80-300» instrument (FEI, 

USA) with the following resolution: STEM; HREM 

~0,08 nm. Digital processing of TEM images (Fourier 

transform, Fourier filtering, the determination of in-

terplanar distances by FFT spectra) was performed us-

ing GMS-2.3.2 software package (GATAN, USA). The 

study of the phase composition and structural parame-

ters of the samples of primary particles of nanopowders 
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was performed by means of «D8 Discover» powder dif-

fractometer available from «Bruker» Company (USA) 

in CuKα radiation (λ = 1.54 Å). X-ray diffraction mea-

surements were performed in the range of 2θ angles 

from 17° to 96°. The measurement data were processed 

and analyzed using Microcal Origin and Crystallo-

graphica Search Match applications.

The elemental and phase compositions, the chemi-

cal state of primary particles of nanopowders were stu-

died by the methods of X-ray photoelectron spectroscopy 

(XPS) and Raman spectroscopy. XPS measurements 

were performed by means of SPECS photoelectron 

spectrometer (Germany) using PHOIBOS-150-MCD-9 

hemispherical analyzer and FOCUS-500 X-ray mono-

chromator (AlKα aradiation, hv = 1486.74 eV, 200 W). 

Binding energy scale (Еbind) was precalibrated by the po-

sition of the peaks of the core levels Au4f7/2 (84.00 eV) 

and Cu2p3/2 (932.67 eV). The samples of nanopowders 

were applied onto a double-sided copper conductive 

tape 3M (USA). The panoramic spectra were recorded 

at a transmission energy of the analyzer of 50 eV, and 

certain spectral areas were recorded at the energies of 

10 or 20 eV. The determination of the relative content 

of elements on the samples of nanopowders and their 

atomic ratios was performed in accordance with the in-

tegral intensities of photoelectron lines (C1s, O1s and 

N1s) adjusted for the corresponding atomic sensitivity 

coefficients [24]. 

The Raman spectra (Raman) of nanopowder sam-

ples were studied using Solar TII Raman spectrometer 

being an integral part of Integra Spectra measuring 

complex (NT-MDT, JSC, Zelenograd). This spectrome-

ter is equipped with a microscope with an objective of 

100× with a number aperture of NA = 0.7, a TV came-

ra and a cooled CCD detector (–70 °C). Laser radia-

tion with the wavelengths of 473, 532, and 632 nm was 

used for Raman spectra excitation. When registering 

Raman spectra, a diffraction grating with a density of 

600 lines/mm was used in the spectrometer. The Raman 

spectra of the samples were measured in the signal accu-

mulation mode at room temperature. 

The specific surface area of the samples was deter-

mined by BET method (Brunauer—Emmett—Teller) 

according to measurements of the low-temperature ad-

sorption of nitrogen molecules (77 K) using SORBI-MS 

instrument (Meta, JSC, Novosibirsk) equipped with 

GSO 7912-2001 standard sample (Ssp = 98.42 m2/g) de-

veloped at G.K. Boreskov Institute of Catalysis, SB RAS 

(Novosibirsk). The density of diamond nanopowders 

was estimated by the pycnometric method.

Results and discussions

Table 1 provides the basic physical characteristics 

of the original PND and DND nanopowders. The py-

cnometric densities of both nanopowders are signifi-

cantly lower than the theoretical density of diamond 

(3.5154 g/cm3) and the density of massive natural dia-

mond crystals, which, as it is known, varies in the 

range of 3.30—3.60 g/cm3 depending on their impu-

rity content [25].

In the daylight, dry PND nanopowder in its initial 

state exhibits a light gray color (Fig. 1, a), while after 

annealing in air at a temperature of 550 °C for 5 h, the 

color of the sample changed and became almost white 

with a slightly grayish tint (Fig. 1, c). After annealing in 

air under the same conditions, the dark brown color of 

the original dry nanopowder of DND sample (Fig. 1, b) 

changed to light gray (Fig. 1, d). 

X-ray phase analysis. 3 clear lines, corresponding to 

X-ray diffraction on (111), (220) and (311) planes of the 

crystal lattice of the diamond core of the primary par-

ticles of PND and DND nanopowders, were identified 

on the diffraction spectra in the studied range of angles 

2θ ~17÷96 deg. (Fig. 2). The ratios of intensity of three 

diffraction peaks I111 : I220 : I311 for all the samples 

of PND and DND, including the samples subjected 

to staged heating in air, are about 100 : 51 : 18 and 

100 : 21 : 12, respectively.

There is a line observed in the spectrum of the 

original DND sample in the range of 2θ ~ 18÷28 deg. 

(spectrum 1 in Fig. 2, а), which is caused by the dif-

Table 1. Main physical characteristics of diamond nanopowders

Таблица 1. Основные физические характеристики алмазных нанопорошков

Powder
Size, nm 

(X-ray phase analysis)

Pycnometric densities, 

g/cm3
Specific surface area, 

m2/g

Non-combustible 

residue, %

PND 19.88 ± 3.0 3.05  32.98 ± 2.0 0.95

DND     4.98 ± 0.74 2.95 339.5 ± 20 1.1
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fuse scattering of X-rays from formations without 

long-range order. The presence of such a line in the 

spectrum is commonly associated with amorphous 

structural groups consisting mainly of non-diamond 

carbon and located around the diamond core and in 

the space between the adjacent primary particles of 

the nanopowder. [21, 26]. While in the spectrum of the 

DND sample (spectrum 2 in Fig. 2, а), subjected to 

heating in air, such a line is virtually absent, or, upon 

annealing in air, the content of amorphous formations 

of non-diamond carbon decreased to such an amount 

that is not detectable by X-ray phase analysis. Fig. 2 

also reveals that the diffraction peaks of the samples of 

both nanopowders are broadened, upon that the ones 

of DND are much more broadened compared to the 

ones of PND due to the smaller size of its crystallites. 

It is known that the broadening of the diffraction lines 

of any powder made of crystalline grains can be con-

tributed by secondary microstresses in their crystals 

[27]. In a number of works [3, 5, 28], it was experimen-

tally demonstrated that in the case of nanodispersed 

diamond particles, the contribution of secondary mic-

rostresses is insignificant [28]. This is explained by the 

fact that any microstresses in crystallites caused by 

thermal or mechanical impact are efficiently relaxed 

due to the combination of high-modulus of diamond 

with the nanoscale of its particles [6]. In this context, 

the line broadening in the diffraction spectrum is pri-

marily contributed by the small size of nanodiamond 

crystallites; therefore, when calculating the size of the 

coherent scattering region (DCSR), which essentially 

corresponds to the size of the diamond core of primary 

Fig. 1. The photographs of samples of PND and DND nanopowders in the initial state (а, b) 

and after annealing in air for 5 h at a temperature of 550°C (c, d)

Рис. 1. Фотографии образцов нанопорошков ПНА и ДНА в исходном состоянии (а, b) 

и после отжига на воздухе в течение 5 ч при температуре 550 °С (c, d)

Fig. 2. X-ray diffraction spectra of DND nanopowders (а) and PND nanopowders (b) 

before annealing (1) and after annealing in air at a temperature of 550 °C (2)

Рис. 2. Рентгеновские дифракционные спектры нанопорошков ДНА (а) и ПНА (b) 

до отжига (1) и после отжига на воздухе при температуре 550 °С (2)

a c db
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particles of nanopowders (without taking into account 

their shells), we used a simplified formula DCSR =

= λ/(βcosθ). 

The data provided in Table 2 suggest that the phy-

sical broadening (β) of the diffraction lines of DND 

samples (the original ones and the ones heat-treated 

in air), depending on the value of the heating tempera-

ture, is on average approximately 3.9 times higher than 

the line broadening of PND samples. The comparative 

analysis of the angles of maxima of diffraction lines, 

interplanar spacings, and physical broadening for the 

original samples and the PND and DND samples 

subjected to annealing in air reveals that heat treat-

ment at the temperatures and heating duration speci-

fied in the experiment does not impact the structur-

al state of primary particles of nanopowders of both 

DND and PND.

The elemental composition and chemical state of 
the samples. Panoramic X-ray photoelectron spectra of 

DND and PND samples before heating and after an-

nealing in air at a temperature of 550 °C provide general 

information on the chemical composition of nanopow-

der samples and the presence of impurities or contami-

nants in them. (Fig. 3). 

It is worth noting that XPS method, as applied to 

the nanopowder samples under study, provides in-

formation not only from the surface of their primary 

particles, but also from the entire volume of the ones 

Table 2. The values of heating temperature (t), angles of maximum of diffraction lines (2θ), 

interplanar distances (dhkl), physical broadening (β) and the size of coherent scattering regions (DCSR) 

samples of PND and DND nanopowders before and after the staged heat treatment in air

Таблица 2. Значения температуры нагрева (t), углов максимума дифракционных линий (2θ), 
межплоскостных расстояний (dhkl), физического уширения (β) и размера областей когерентного рассеяния (DОКР) 
образцов нанопорошков ПНА и ДНА до и после ступенчатой термообработки на воздухе

t, °С
Miller 

indices

PND DND

2θ, deg. dhkl, Å β, deg. DCSR, nm 2θ, deg. dhkl, Å β, deg. DCSR, nm

Orig.

(111) 43.77 2.067 0.66 14.08 43.75 2.068 2.23 4.16

(220) 75.25 1.262 0.43 25.48 75.22 1.263 2.00 5.44

(311) 91.20 1.079 0.61 20.08 91.29 1.078 2.30 5.36

200

(111) 43.79 2.066 0.60 15.49 43.82 2.065 2.26 4.11

(220) 75.26 1.262 0.43 25.41 75.25 1.262 1.99 5.47

(311) 91.22 1.078 0.65 18.96 90.94 1.081 2.30 5.34

300

(111) 43.78 2.067 0.55 16.92 43.68 2.071 2.14 4.34

(220) 75.23 1.262 0.48 22.74 75.34 1.261 2.14 5.10

(311) 91.21 1.078 0.61 20.33 91.00 1.080 2.20 5.59

400

(111) 43.80 2.066 0.65 14.20 43.68 2.071 2.18 4.25

(220) 75.24 1.262 0.43 25.34 75.20 1.263 2.05 5.31

(311) 91.20 1.078 0.60 20.68 91.50 1.076 2.10 5.88

500

(111) 43.79 2.066 0.64 14.42 43.57 2.076 2.12 4.38

(220) 75.25 1.262 0.43 25.34 74.91 1.267 2.10 5.17

(311) 91.17 1.079 0.60 20.68 91.13 1.079 2.04 6.05

550

(111) 43.83 2.065 0.65 14.23 43.66 2.072 2.11 4.40

(220) 75.23 1.262 0.42 25.91 74.97 1.266 1.98 5.49

(311) 91.18 1.079 0.60 20.50 91.22 1.078 2.09 5.90
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or a significant part of it, since the mean free path of 

electrons (λ ~ 3 nm) is comparable to or slightly less 

than the average size of the studied primary particles 

of DND and PND nanopowders. Taking into account 

the fact that about 95 % of the informative signal in 

XPS comes from a depth of 3λ, the depth of analysis 

for carbon constitutes ~ 9÷10 nm. In Fig. 3, а, it can be 

seen that the spectra of the original samples of both na-

nopowders contain the lines being specific for carbon 

(C1s and C KVV) and oxygen (O1s and O KLL). Be-

sides, the spectrum of the DND sample includes a 

nitrogen line (N1s), while the spectrum of the PND 

sample includes additional low-intensity peaks of tita-

nium and sodium (practically at the level of noises). No 

other elements were found in all samples of nanopo-

wders within the sensitivity of XPS method. The pho-

toelectron spectra of DND and PND samples subject-

ed to heat treatment in air at a temperature of 550 °C 

(Fig. 3, b) contain the same lines as the correspond-

ing original samples. Table 3 provides the results of 

measurements of the relative content of basic elements 

(C, O and N), as well as the ratio of their atomic con-

centrations in the samples of DND and PND nano-

powders.

The relative content of elements in the samples of 

nanopowders and their atomic ratios were determined 

by the integral intensities of photoelectron lines ad-

justed for the corresponding atomic sensitivity coef-

ficients [24].

According to Table 3, the ratio of the number of 

oxygen atoms and carbon atoms is practically the same 

for the particles of PND and DND nanopowders. 

Fig. 3. The panoramic X-ray photoelectron spectra of DND and PND samples 

before heating (а) and after annealing in air at a temperature of 550 °C (b)

Рис. 3. Обзорные рентгеновские фотоэлектронные спектры образцов ДНА и ПНА 

до нагрева (а) и после отжига на воздухе при температуре 550 °С (b)

a

b
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For a detailed analysis, the main lines of C1s carbon, 

O1s oxygen, and N1s nitrogen were decomposed into 

separate spectral components using XPSPeak 4.1 soft-

ware [29]. 

Fig. 4 shows that the carbon C1s lines of both nano-

powder samples consist of separate spectral components, 

indicating that the carbon within the samples appears 

in 4 different chemical states. An analysis of binding 

energies of individual components in C1s spectra of both 

samples allows to conclude that the most intensive peaks 

with binding energies of 285.3 ± 0.2 eV correspond to 

sp3-hybridized carbon forming a diamond crystal lattice 

[7, 30—33]. 

The binding energies of peaks of 284.1 ± 0.1 eV are 

specific for carbon atoms in the sp2-state (graphite-

like carbon atoms) [30—33]. The peaks with the bind-

ing energies of 286.6 eV correspond to carbon atoms 

in the composition of hydroxyl and ether groups (C—

OH, C—O—C) [30—33]. The least intensive lines 

with the binding energies of 287.9 ± 0.3 eV charac-

terize the states of carbon atoms in the composition 

of carboxyl groups (O=C—O, COOH). Table 4 pro-

vides relative contributions of each state of carbon 

atoms to the total C1s spectrum and sp2/sp3 ratio for 

all measured samples. According to Table 4, in the 

original sample of PND nanopowder, about 79.2 % of 

the total number of carbon atoms are in the sp3-state. 

~10.6 % of the total number of carbon atoms corre-

spond to graphite-like carbon atoms in the sp2-hyb-

ridized state, while other carbon atoms are in the 

composition of hydroxyl (or ether) (~8.0 %) and car-

boxyl (~2.2 %) groups.

The original sample of DND nanopowder, 33.2 % of 

the total number of carbon atoms are graphite-like car-

bon atoms in the sp2-hybridized state. The carbon atoms 

in the sp3-hybridized state account for ~39.8 %, while 

other carbon atoms are in the composition of hydro-

xyl (or ether) (~24.8 %) and carboxyl (~2.2 %) groups. 

Table 4 also shows that as the temperature (starting from 

400 °C) and the time of annealing in air increases, the 

content of non-diamond carbon atoms in the sp2-hyb-

ridized state both in PND samples and in DND samples 

gradually decreases as a result of air oxidation, while the 

proportion of carbon atoms in the sp3-hybridized state 

increases.

Fig. 5 shows O1s oxygen spectra of the samples 

of nanopowders measured before heating and after it 

(t = 550 °С). It can be seen that O1s spectra of DND 

and PND samples contain various oxygen-containing 

functional groups, which are commonly localized on 

the surface of carbon materials, including diamond na-

nopowders. According to the literature data, the peaks 

of oxygen atoms in the carbonyl groups of ketones, al-

dehydes and quinones are in the range of binding ener-

gies of ~531.3÷531.5 eV [34—36]. The binding energy of 

532.6 eV is characteristic of peaks of oxygen in the com-

position of phenolic [34] and hydroxyl groups [35], as 

well as carbonyl oxygen in esters and carboxylic anhy-

drides [35]. The peaks of oxygen with the binding ener-

gy of 533.8 eV correspond to the non-carbonyl atom of 

oxygen in esters or anhydrides and carboxyl group [34, 

36, 37]. The peaks of oxygen with the binding energy of 

530 eV can be attributed to oxygen in the composition 

of inorganic compounds [35]. The relative contributions 

of different states of oxygen atoms to the total O1s spec-

trum in all measured PND and DND samples are pro-

vided in Table 5.

Table 5 shows that the PND samples annealed in 

air exhibit a noticeable tendency to an increase in the 

proportion of oxygen atoms in the composition of es-

ter, carbonyl, and carboxyl functional groups com-

pared to the initial state, while the DND samples 

annealed in air exhibit a somewhat decrease in the 

proportion of oxygen atoms of the hydroxyl and car-

bonyl groups in the composition of ester, anhydride 

and carboxyl groups compared to the original sample. 

Table 3. The relative content of elements in PND and DND samples and their atomic ratios

Таблица 3. Относительное содержание элементов в образцах ПНА и ДНА и их атомные соотношения

t, °С
PND DND

C O N O/C N/C C O N O/C N/C

Orig.

400

500

550

90.6

90.8

91.2

90.8

9.4

9.2

8.8

9.2

—

—

—

—

0.10

0.10

0.10

0.10

—

—

—

—

89.4

89.0

89.4

90.6

9.1

9.5

9.0

7.8

1.5

1.5

1.6

1.6

0.10

0.11

0.10

0.19

0.02

0.02

0.02

0.02
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A certain increase in the fraction of oxygen atoms of 

the non-carbonyl group is also noticeable only in the 

composition of carboxyl, anhydride, and ester groups 

in DND samples after annealing. The analysis of the 

binding energies of spectral components present-

ed in the spectrum of main line N1s in Fig. 6 allows 

Fig. 4. The spectra of C1s carbon of DND and PND samples 

before heating (a) and after annealing in air at a temperature of 550 °C (b)

Рис. 4. Спектры углерода C1s образцов ДНА и ПНА 

до нагрева (а) и после отжига на воздухе при температуре 550 °С (b)

Table 4. The contribution of carbon states (%) to the total spectrum of C1s in PND and DND samples 

before their annealing and after heating in air at different temperatures

Таблица 4. Вклад состояний углерода, %, в суммарный спектр C1s в образцах ПНА и ДНА 
до их отжига и после нагрева на воздухе при разных значениях температуры

t, °C

PND DND

sp2 sp3 C—O, 

C—O—C
COOH sp2/sp3 sp2 sp3 C—O, 

C—O—C
COOH sp2/sp3

Orig.

400

500

550

10.6

10.1

8.2

7.1

79.2

78.9

81.5

82.1

8.0

8.5

8.4

9.1

2.2

2.5

1.9

1.7

0.13

0.13

0.10

0.09

33.2

31.7

29.8

21.4

39.8

38.9

42.8

46.5

24.8

25.1

23.2

27.8

2.2

4.3

4.2

4.3

0.83

0.81

0.70

0.46

a

b
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to suggest that nitrogen is present on the surface in 

the composition of the following functional groups: 

398.6 eV —C—N=C and 399.6 eV — C—N—C. Peak 

with the binding energy value of 402.8 ± 0.1 eV may 

belong to oxidized nitrogen (NOx). 

The contribution of nitrogen states in N1s spectra 

of the studied samples is provided in Table 6. The ana-

lysis of the binding energies of spectral components 

presented in N1s spectrum allows to suggest that nit-

rogen is present on the surface in the composition of 

Fig. 5. The spectra of O1s oxygen of the samples of DND and PND nanopowders 

before heating (а) and after annealing in air at a temperature of 550 °C (b)

Рис. 5. Спектры кислорода О1s образцов нанопорошков ДНА и ПНА 

до нагрева (а) и после отжига на воздухе при температуре 550 °С (b)

Table 5. The contribution of the states of oxygen atoms (%) to the total spectrum of О1s

Таблица 5. Вклад состояний атомов кислорода, %, в суммарный спектр О1s

t, °C

PND DND

O=C—O—C, 

—C—OН
—C=O —О—С=О NaOH + TiO2

O=C—O—C, 

—C—OН
—C=O —О—С=О NaOH + TiO2

Orig.

400

500

550

36.7

46.8

49.3

49.9

18.6

21.6

21.9

21.7

14.2

16.7

16.6

21.1

30.5

14.9

12.2

7.3

64.6

58.6

57.6

55.2

27.7

31.0

29.4

27.0

7.7

10.4

12.9

17.8

—

—

—

—

a

b
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the following functional groups: 398.6 eV —C—N=C 

and 399.6 eV — C—N—C. Peak with the binding 

energy value of 402.8 ± 0.1 eV may belong to oxidized 

nitrogen (NOx). 

Transmission electron microscopy. Fig. 7 shows the 

images of the structure of primary particles of DND and 

PND nanopowder samples in their initial state and after 

annealing in air at a temperature of 550 °C. 

The interplanar distances of the crystals of the dia-

mond core of the primary particles of nanopowders are 

distinctly visible in all the high-resolution images in 

Fig. 7. Both in DND nanopowder and in PND nano-

powder, the shells consisting mainly of graphite-like 

carbon in sp2-hybridized state and amorphous carbon 

in sp3-state are clearly visible together with the cores of 

primary particles [4, 7]. The space between the adja-

cent primary particles is also filled with formations 

of non-diamond carbon and segments of amorphous 

carbon in sp3-hybridized state (see Fig. 7). The com-

parative analysis of high-resolution images of prima-

ry DND and PND particles obtained before anneal-

ing and after heating in air in the temperature range 

of 400—550 °C is indicative of a noticeable decrease in 

non-diamond carbon both on the shells surrounding 

the cores of primary particles and in the space between 

the adjacent primary particles. 

Thus, the results obtained by direct TEM observa-

tion are in qualitative line with the analysis data estab-

lished on the basis of XPS measurements of C1s carbon, 

which show that the relative content of graphite-like 

carbon atoms in the sp2-hybridized state decreases as 

a result of their being oxidized with atmospheric oxy-

gen upon annealing of nanopowder samples at a tem-

perature above 400 °C (see Table 4). A decrease in the 

relative content of non-diamond carbon in the samples 

during annealing in air as a result of oxidation is also 

observed in the Raman spectra of PND and DND na-

nopowders.

Raman spectroscopy. Fig. 8 shows the normalized 

Raman spectra (RS) of PND and DND nanopow-

ders in their states before and after annealing (in air at 

t = 550 °С). It can be observed that the Raman spectra 

of the samples of PND and DND nanopowders in their 

initial state and after annealing differ significantly (see 

Fig. 8). Thus, in the Raman spectrum of PND sample, 

D line being the line of low-ordered carbon in sp2-state, 

from which a sharp diamond peak, caused by the vib-

rations of carbon atoms in the sp3-state, emerges at a 

frequency about 1331 cm–1, and G line being the line 

Fig. 6. The main lines of N1s nitrogen of the samples of DND nanopowder 

before heating (а) and after annealing in air at a temperature of 550 °C (b)

Рис. 6. Остовные линии азота N1s образцов нанопорошка ДНА 

до нагрева (а) и после отжига на воздухе при температуре 550 °С (b)

Table 6. The contribution of the states of nitrogen 

atoms (%) to the total spectrum of N1s in DND samples

Таблица 6. Вклад состояний атомов азота, %, 
в суммарный спектр N1s в образах ДНА

t, °C C—N=C C—N—C NOx

Orig.

400

500

550

27.3

25.2

22.3

21.3

55.6

57.5

60.4

61.3

17.1

17.3

17.3

17.4

a b
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of graphite, occupying the frequency range of 1400—

1700 cm–1 with a center at 1577 cm–1, decreased notice-

ably after annealing. In the Raman spectrum of DND 

sample before annealing, the diamond peak hardly 

stands out against the background of the intense broad 

D line of low-ordered carbon in sp2-state, while after 

annealing the diamond peak is clearly observed at a fre-

quency centered at about 1328 cm–1. These changes in 

the Raman spectra are indicative of the fact that the pro-

portions of non-diamond carbon atoms in the sp2-state 

in the samples of PND and DND nanopowders decrease 

as a result of their oxidation with atmospheric oxygen 

during annealing in air.

Thus, XPS and Raman spectroscopy methods, as 

well as the direct images obtained using high-resolution 

TEM, provide consistent results showing that during 

the annealing of PND and DND samples in air (start-

ing from a temperature of 400°C), the selective removal 

of structural formations consisting primarily of non-

diamond carbon in sp2-state and amorphous carbon in 

sp3-hybridized state. 

Returning to Fig. 1, which shows the photographic 

images of nanopowders, let us note that the color of 

both the original samples of DND and PND nanop-

owder, and the samples annealed in air at t = 550°C 

correlates well with the relative content of structural 

formations of non-diamond carbon in sp2- and sp3-

states in them. The high content of non-diamond car-

Fig. 7. The high-resolution images of primary particles of the samples of DND and PND nanopowders 

before annealing (а) and after heating in air at a temperature of 550 °C (b)

The numbers indicate the crystalline cores of diamond of primary particles of nanopowders, the arrows indicate the segments 

of graphite-like formations of carbon in the sp2-state and amorphous carbon in the sp3-state

Рис. 7. Изображения высокого разрешения первичных частиц образцов нанопорошков ДНА и ПНА 

до отжига (а) и после нагрева на воздухе при температуре 550 °С (b)

Цифрами помечены кристаллические ядра алмаза первичных частиц нанопорошков; стрелками обозначены фрагменты 

графитоподобных образований из углерода в sp2-состоянии и аморфного углерода в sp3-состоянии

a

b
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bon in the original samples of diamond nanopowders 

contributes to their dark colour tint. The removal of 

structural formations of non-diamond carbon located 

both on the shell of the diamond core and in the space 

between adjacent primary particles during annealing 

in air causes a lighter color of PND and DND nano-

powders. 

The weight loss of samples of PND and DND nano-
powders after their annealing in air. Table 7 shows that 

at an annealing temperature of 200 °C the weight loss 

of PND sample was 0.14 % of its initial value, and the 

weight loss of DND sample sample accounted for 

4.01 %. 

The relatively high weight loss of DND sample 

upon heating in air compared to the one of PND 

sample is apparently caused by the higher value of its 

specific surface area, which is capable of adsorbing 

more water molecules and volatile impurities in the 

initial state.

As a result of annealing at t = 300 °C, the weight los-

ses of PND and DND samples compared to their initial 

values accounted for 0.3 % and 5.08 %, respectively. In 

Fig. 8. The Raman spectra of the samples of PND (а) and DND (b) nanopowders 

before annealing (1) and after annealing in air at a temperature of 550 °C (2)

The spectra are adjusted by background subtraction and normalized to unity

Рис. 8. Спектры КР образцов нанопорошков ПНА (а) и ДНА (b) 

до отжига (1) и после отжига на воздухе при температуре 550 °С (2)

Спектры скорректированы путем вычитания фона и нормированы на единицу

Table 7. The weight losses of PND and DND samples depending on the temperature and duration 

of their annealing in air and the basic processes occurring in nanopowder samples

Таблица 7. Потери массы образцов ПНА и ДНА в зависимости от температуры и длительности их отжига на воздухе 
и основные процессы, протекающие в образцах нанопорошков

t, °С Time, h
Weight loss, % The main processes occurring in the samples 

of diamond nanopowders during annealing in airPND DND

200 1 0.14 4.01 Desorption and removal of water molecules 

and volatile impurities [38–40]300 2 0.30 5.08

400 3 1.13 7.36
The oxidation of the smallest formations of non-diamond sp2-carbon 

and amorphous carbon in the sp3-state [4, 7, 21–23]

500 5 3.08 14.21 The oxidation of graphite-like sp2-carbon, 

amorphous carbon in the sp3-state, 

and small primary particles of nanopowders [4, 7, 33]550 6 5.37 21.09
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addition to the removal of adsorbed water molecules and 

volatile compounds, the weight losses at this annealing 

temperature might also be caused by desulfuring and de-

nitrogenation, the presence of sulfur- and nitrogen-con-

taining compounds in the original samples is associated 

with the chemical purification of the original nanopow-

ders using the mixtures of strong acids, containing 

H2SO4 and HNO3 [38, 39]. 

At t = 400 °C, the weight losses of PND and DND 

samples increase noticeably and account for 1.13 

and 7.36 %, respectively. A noticeable increase in 

the weight losses is caused by the beginning of the 

processes of oxidation and removal of small structu-

ral formations consisting of non-diamond carbon in 

sp2-state and amorphous carbon in sp3-hybridized 

state [4, 7]. 

In the case of t = 500 °C and 550 °C, the weight 

losses of the original PND and DND samples in-

crease significantly. After annealing at temperatures 

of 500°C and 550 °C, the original PND samples lost 

3.08 % and 5.37 %, and the DND samples lost 14.21 % 

and 21.09 %, respectively. The increase in the weight 

losses of the samples at these temperatures is caused 

by active oxidation and removal of non-diamond car-

bon from them, which is ref lected by the data of XPS 

and Raman spectra measurements, in particular, the 

change in the ratio of various forms of carbon sp2/sp3 

(see Table 4).

Conclusion

A complex of modern methods was used in the 

course of the research aimed to study the impact of 

modification by annealing in air on the morphology, 

elemental and phase compositions, chemical state, and 

structure of primary particles of nanopowders obtained 

by the methods of grinding natural diamond and deto-

nation synthesis. The annealing of nanopowder samples 

was performed at 5 given values of temperature: 200 °C, 

300 °C, 400 °C, 500 °C and 550 °C. 

It is shown that heat treatment in air at given val-

ues of temperature and heating time does not affect the 

elemental composition and atomic structure of pri-

mary particles of both DND and PND nanopowders. 

Using XPS and Raman spectroscopy methods, it has 

been established that annealing in air in the temper-

ature range of 400—550 °C results in the removal of 

amorphous and graphite-like carbon atoms in sp2- and 

sp3-states from diamond nanopowders by oxidation 

with atmospheric oxygen. After annealing for 5 h at 

t = 550 °C, the relative number of non-diamond carbon 

atoms in the sp2-state in the original DND nanopow-

der, containing about 33.2 % of non-diamond carbon 

atoms of the total number of carbon atoms, decreased 

to ~21.4 %. In this case, the relative number of carbon 

atoms in the sp3-state (in the diamond core lattice) and 

in the composition of oxygen-containing functional 

groups increased from ~39.8 % to ~46.5 % and from 

~27 % to ~32.1 %, respectively. After annealing under 

the same conditions, their relative number in PND na-

nopowder, containing about 10.6 % of non-diamond 

carbon atoms in the sp2-state of the total number of 

carbon atoms before annealing, decreased to 7.1 %. 

The relative number of carbon atoms in the sp3-state 

increased from 72.9 to 82.1 %. The proportion of car-

bon atoms in the composition of oxygen-containing 

functional groups increased insignificantly (from 10.2 

to 10.8 %) as well. 

It is demonstrated that after annealing in air PND 

nanopowders exhibit a noticeable increase in the pro-

portion of oxygen atoms in the composition of ester, 

carbonyl, and carboxyl functional groups compared to 

its content in the original sample, Whereas, in DND 

samples annealed in air, the proportion of oxygen atoms 

of the hydroxyl and carbonyl groups in the composition 

of ester, anhydride, and carboxyl groups somewhat de-

creases compared to the original sample. Besides, in 

DND samples after annealing, a slight increase in the 

proportion of oxygen atoms of the non-carbonyl group 

was recorded only in the composition of carboxyl, anhy-

dride, and ester groups.
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Abstract: Using the SLM method in a nitrogen blanket with heating to a temperature of 200 °C, samples were obtained at a 
position of 0° against the build plate. The effect of the hot isostatic pressing (HIP) and heat treatment (HT: hardening + aging) 
on the structure and mechanical properties of maraging steel CL50 WS was studied (the Russian analogue is ChS4 grade). To 
analyze the effect of post-processing on the strength characteristics (σb, σ0,2, δ, ψ), tensile tests were conducted. Their results 
indicated high values of strength and ductility. It has been established that as a result of HT in the steel structure, in addition 
to α-Fe, γ-Fe, dispersed precipitates of the NiTi3 strengthening phase are formed, the identification of which was carried out 
by high-resolution transmission electron microscopy. Through the NiTi3 intermetallic phase, the steel has acquired increased 
tensile strength and yield strength required for the production of critical components and parts for highly loaded turbomachine 
disks. The change in the porosity of the samples before and after the HIP was analyzed. The microstructure of the samples and 
the changes that occur under the influence of various post-processing options are studied. The fine-grained homogeneous 
structure obtained by combining the SLM, HIP and HT provided optimal strength and ductility. Analysis of fractures after 
mechanical testing showed that the samples after post-processing are destroyed according to the viscous-pitting mechanism 
with the formation of a neck.
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Особенности влияния горячего изостатического прессования 

и термообработки на структуру и свойства мартенситно-стареющей стали, 

полученной методом селективного лазерного сплавления

А.О. Каясова, Е.А. Левашов

Национальный исследовательский технологический университет (НИТУ) «МИСиС», г. Москва, Россия

Статья поступила в редакцию 19.07.22 г., доработана 27.07.22 г., подписана в печать 28.07.22 г.

Аннотация: Методом селективного лазерного сплавления (СЛС) в среде азота при подогреве до температуры 200 °С 
получены образцы в положении 0° относительно плиты построения. Изучено влияние горячего изостатического прес-
сования (ГИП) и термообработки (ТО: закалка + старение) на структуру и механические свойства мартенситно-старе-
ющей стали CL50 WS (российский аналог — ЧС4). Для анализа влияния постобработки на прочностные характеристики 
(σв, σ0,2, δ, ψ) проведены испытания на разрыв. Их результаты показали высокие значения прочности и пластичности. 
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Introduction

High-strength maraging steel (MS) belongs to the 

group of high-alloy steel grades that are based on car-

bon-free martensite. Compared to classic carbon-free 

steels, maximum hardening is achieved by heat treat-

ment (HT) in the aging mode due to the dispersion 

hardening of highly ductile martensite.

The worldwide experience in the application and 

operation of MS steels has proven that they provide a 

high degree of reliability, manufacturability and other 

advantages in comparison with carbon steels. The low 

hardness of low-carbon martensite contributes to good 

machinability and deformability in the initial and 

hardened states, while aging provides a high level of 

strength, ductility and permanent deformation. The 

hardening heat treatment of complex shaped thin-walled 

parts is accompanied by a small change in linear dimen-

sions, i.e. no warpage is caused.

MS steels exhibit the feature of throughout hard-

enability at the austenitization temperature, i.e. mar-

tensitic structure formation is assured regardless of the 

cooling rate and cross-sectional dimension of a fini-

shed product or a part. Such steels are well deformed 

without heating during sheet stamping and rotary 

drawing and forging.

MS steel of ChS4 grade with strength σV = 1950÷
÷2150 MPa has increased ductility, especially under 

conditions of local deformation, and, as a consequence, 

lower sensitivity to stress concentrators, which ensures 

Установлено, что в результате ТО в структуре стали, помимо α-Fe, γ-Fe, образуются дисперсные выделения упрочня-
ющей фазы NiTi3, идентификацию которой проводили методом просвечивающей электронной микроскопии высокого 
разрешения. Благодаря интерметаллидной фазе NiTi3, сталь приобрела повышенные предел прочности и предел те-
кучести, требуемые для производства ответственных узлов и деталей высоконагруженных дисков турбомашин. Проа-
нализировано изменение пористости образцов до и после ГИП. Исследованы микроструктуры образцов и изменения, 
происходящие под влиянием различных вариантов постобработки. Мелкозернистая однородная структура, получен-
ная при сочетании СЛС, ГИП и ТО, обеспечила оптимальные показатели прочности и пластичности. Анализ изломов по-
сле механических испытаний показал, что образцы после постобработки разрушаются по вязко-ямочному механизму 
с образованием шейки.

Ключевые слова: селективное лазерное сплавление, мартенситно-стареющие стали, горячее изостатическое прессова-
ние, термическая обработка, микроструктура, фазовый состав, механические свойства.
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higher reliability during operation under extreme loads 

compared to high-strength carbon steels treated for the 

equivalent strength.

The structure of carbon-free martensite in all grades 

of MS steel, including ChS4, belongs to the type of mas-

sive martensite, which differs from carbon martensite in 

the absence of tetragonality in the α-BCC lattice, high 

dislocation density, and the presence of a significant 

number of twins. This type of structure is not exposed to 

tempering and softening processes, but is only capable of 

intensive strengthening due to precipitation of dispersed 

phases.

In powder metallurgy, MS steel products are ob-

tained from atomized alloy powders by thermoforming 

methods. This allows to reduce segregational hetero-

geneity as well as to ensure high strength properties. 

The parts produced by sintering exhibit high ductili-

ty, toughness and can be used under high-temperature 

contact conditions.

For the manufacture of geometrically-complex spe-

cial-purpose products of MS steels, it is highly promi-

sing to use the technology of selective laser melting 

(SLM), which significantly reduces the production time 

and the material consumption. Interest in using MS 

steels in SLM technology is caused not only by a high 

complex of physical and mechanical properties, but also 

by almost complete absence of warping in the printing 

process due to the unique nature of the steel. The forma-
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tion of the product during SLM is performed due to the 

successive melting and crystallization of layers of metal 

powder. Therefore, the formation of interfaces, which 

are a structural defect for this technology and may con-

tain discontinuities, occurs.

The SLM process is characterized by such defects 

as an incomplete fusion of particles, a residual poro-

sity, microcracks, high residual stresses, and a forma-

tion of supersaturated solid solutions. The presence 

of defects results in a decrease in the mechanical and 

operational properties of products. In this regard, 

the use of post-processing techniques, in particular 

hot isostatic pressing (HIP), is reasonable and eco-

nomically feasible since it reduces residual porosi-

ty, heals structural defects, ensuring a fine-grained 

steel structure with the effect of dispersion hardening 

[1—8].

The purpose of this paper is to study the effect of 

HIP and heat treatment by aging on the structural phase 

transformations and properties of SLM samples made of 

maraging steel.

Research methodology

The metal powder of maraging steel of CL50 WS 

grade (Germany) was used for the research. Its Russian 

analogue is steel of ChS 4 grade. The chemical composi-

tion of CL50 WS alloy is presented below, wt.%:

Fe ....................Base

Mo ..............4.5—5.2

Ni ............17.0—19.0

Ti ................0.8—1.2

Co ............ 8.5—10.0

C ................... 0.03

Si ..................... 0.1

Mn ................ 0.15

P .................... 0.01

S .................... 0.01

Cr .................. 0.25

The concentrations of gas impurities in the powder 

for oxygen, nitrogen and hydrogen are 0.146, 0.021 and 

0.0075 wt.%, respectively. The particle size of the pow-

der is in the range of 5—45 μm, while the distribution 

quantiles d10, d50 and d90 are 17.7, 29.4 and 48.0 μm, re-

Fig. 1. The morphology (а, b) 

and microstructure (c) of CL50 WS powder

Рис. 1. Морфология (а, b) 

и микроструктура (c) порошка CL50 WS

a

c

b
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spectively. The bulk density is 4.544 g/cm3. The powder 

contains irregularly shaped particles up to 50 μm in size. 

There are satellites on the surface of individual particles 

(Fig. 1, a, b). The microstructure of the powder is rep-

resented by small dendritic crystals, no closed gas pores 

are detected (Fig. 1, c). 

The samples were obtained on the «Concept 

Laser M2» machine (Germany) under a nitrogen blan-

ket with the blanks being horizontally positioned 

against the build plate and subjected to the following 

process parameters: the thickness of the fused layer is 

30 μm, the laser power is 180 W, the scanning speed is 

800 mm/s, the temperature of the build plate during 

the printing process is 200 °C. The control of blank 

samples was performed using ХТН450 LC X-ray to-

mography system (Nikon Metrology, Japan) with a 

sensitivity of 0.1 mm.

The SLM samples were gasostated on ABRA HIRP 

10/26-200-2000 unit (Sweden). The HIP mode consist-

ed of heating to the hardening temperature and hold-

ing for 2 h at a constant pressure. Following the HIP, 

additional heat treatment was conducted in a chamber 

furnace with a blanketing atmosphere in two modes: 

HT1 — hardening followed by aging, HT2 — aging.

Porosity was determined by the layer-by-layer analy-

sis in the cross section with the calculation of the average 

index for three layers with a step of 3 mm. Sections on 

samples for determining porosity and structural studies 

were made parallel (section YZ) and perpendicular (sec-

tion XY) to the direction of synthesis.

To evaluate the mechanical properties of steel, cylin-

drical test-pieces were cut out of blanks for tensile tests 

(under GOST 1497-84, type IV, No. 8). The tests were 

conducted on «Shimadzu 100kN» unit (Japan), offset 

yield strength (σ0.2), tensile strength (σV), percentage 

of elongation (δ) and percentage of reduction (ψ) were 

determined.

The fractographic analysis of fractures was performed 

on «Vega 3» scanning electron microscope (Tescan, the 

Czech Republic), and the study of the microstructure 

was performed on «Hitachi S-3400N» scanning electron 

microscope (Japan). The fine structure was studied by 

transmission electron microscopy (TEM) method on 

JEM-2100 instrument (Jeol, Japan), including in situ 

at high resolution. Foils for TEM were prepared by ion 

etching in «PIPS II System» (Gatan, United States).

Research results

The appearance of SLM blanks of MS steel is shown 

in Fig. 2.

The absence of discontinuities and cracks in 

the blanks was established using X-ray tomography 

(Fig. 3).

Hot isostatic treatment allowed to reduce the re-

sidual porosity from 0.43 to 0.20. The analysis of me-

chanical tests of samples in the state of SLM + HIP +

+ HT1 demonstrated an increase in the yield strength 

by 58 % and tensile strength by 50 % relative to the 

state of SLM + HIP, and in the case of the state of 

SLM + HIP + HT2, the increase in these indicators 

was 58 % and 48 %, respectively. Thus, it has been es-

tablished that heat treatment modes ensure optimal 

Fig. 2. The location of blanks on the build plate

Рис. 2. Расположение заготовок на плите построения

Fig. 3. The X-ray tomography of SLM samples

Рис. 3. Рентгеновская томография СЛС-образцов
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obtained for MS steel of CL50 WS grade correspond to 

the international standard.

Fig. 5 shows the microstructure of SLM sample after 

HIP with high structural homogeneity. There is no sub-

grain structure typical for SLM samples that indicates 

the completion of the grain recrystallization process 

during HIP. 

Aging after gasostatic processing also results in the 

formation of a uniform martensitic structure, but with 

a smaller grain size (Fig. 6). As a result of «martensi-

tic» aging, the alloying elements form a plastic matrix 

phase being a substituted martensite reinforced with 

uniformly distributed high-strength dispersed preci-

pitates of the excessive NiTi3 intermetallic phase with 

an average crystallite size of 10 μm. The identification 

of this phase was confirmed by TEM method in an 

in situ study of structural transformations during heat-

ing of the lamella. The precipitation of NiTi3 phase 

from a supersaturated solid solution begins at a tem-

perature of 570 °C, which corresponds to the aging 

temperature (Fig. 7). 

indices of strength and ductility [9]. Fig. 4 shows the 

deformation curves for uniaxial tension of samples in 

the states of SLM + HIP + HT1, SLM + HIP + HT2, 

and SLM + HIP.

The samples subjected to post-processing under 

SLM + HIP + HT1 and SLM + HIP + HT2 modes are 

characterized by a uniform plastic deformation area and 

high strength and ductility.

A noticeable increase in strength and ductility was 

also observed for the samples in SLM + HIP state 

(ψ = 58.9 %). The obtained indices of percentage of re-

duction exceed the value for this steel in the state of hot-

rolled and forged bar (TU 14-1-811-73, ψ = 40 %). 

In works [10—12], it is shown that the mechanical 

properties of MS steel of 18Ni300 grade (the analogue 

of steel of 01KhN18L9M5TYu grade) in SLM state 

are in the following intervals: σ0.2 = 500÷900 MPa, 

σV = 800÷1100 MPa, δ = 10÷30 %, ψ = 11÷25 %, in 

SLM + HT state (t = 425÷900 °С) they are as follows: 

σ0.2 = 370÷1000 MPa, σV = 700÷1200 MPa, δ = 15÷
÷35 %, ψ = 20÷50 %. Thus, the mechanical properties 

Fig. 4. The deformation curves in uniaxial tension of samples made of MS steel of CL50 WS grade depending 

on the type of post-processing

1 — SLM; 2 — SLM + HIP + HT1; 3 — SLM + HIP + HT2

Рис. 4. Деформационные кривые при одноосном растяжении образцов из МС-стали CL50 WS 

в зависимости от вида постобработки

1 — СЛС; 2 — СЛС + ГИП + ТО1; 3 — СЛС + ГИП + ТО2
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Post-processing under HIP + HT1 mode also re-

sulted in the formation of a hardening phase, however, 

additional hardening after HIP contributed to the coar-

sening of the martensitic structure (Fig. 8).

The studies of the fine structure of SLM samples by 

TEM method revealed the grains of NiTi3 phase in the 

interdendritic space. As a result of calculating the pa-

rameters of crystal lattices of particles by Fourier trans-

forms, the parameters of BCC-lattice a = 0.210÷0.247 

Å were determined at tabular values a = 0.289÷0.607 Å. 

The formation of twins is specific for this type of steel 

(Fig. 9). A slight deviation of crystal lattice parameters of 

the identified phases from the tabular values is associa-

Fig. 5. The microstructure of MS steel 

in SLM + HIP state

Рис. 5. Микроструктура МС-стали 

в состоянии СЛС + ГИП

Fig. 6. The microstructure of MS steel 

in the state of SLM + HIP + HT2

Рис. 6. Микроструктура МС-стали 

в состоянии СЛС+ ГИП + ТО2

Fig. 7. TEM image of the precipitated phase

Рис. 7. ПЭМ-изображение выделившейся фазы

Fig. 8. The microstructure of SLM sample 

after HIP + HT1 

Рис. 8. Микроструктура СЛС-образца 

после обработки ГИП + ТО1

ted with the dissolution of alloying and impurity ele-

ments in them.

The fractographic analysis revealed that the samples 

are destroyed with necking, i.e. the plastic component 

of deformation prevailed, and the destruction proceed-

ed from the surface. Initially, a viscous shear occurred, 

resulting in separation. The macroplastic fracture was 

formed by the shear mechanism. The micromechanism 

of destruction is a viscous-pitting one. This type of fai-

lure is typical for maraging steels, regardless of the me-

thod of obtaining the material [13—22]. Fig. 10 exhibits 

the micromechanism (a) and the appearance of fractu-

res (b—d).
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Conclusions

1. In the process of hot isostatic pressing accord-

ing to the selected modes, the subgrain structure 

of SLM samples of maraging steel is recrystallized 

with the formation of a homogeneous structure. As 

a result of aging, the alloying elements form a plastic 

matrix phase being a substituted martensite, disper-

sion-hardened by the precipitates of excessive phase 

NiTi3.

2. HIP in combination with heat treatment (har-

dening + aging) provides a 2-fold reduction in residual 

porosity and a 1.5-fold increase in tensile strength and 

offset yield strength.

3. The SLM samples made of MS steel are destroyed 

Fig. 9. The Fourier transforms separated 

from the surface of phase

Рис. 9. Фурье-трансформации 

выделившейся с поверхности фазы

Fig. 10. The appearance of fractures

а — micromechanism; b — HIP; c — HIP, hardening and aging; d — HIP and aging

Рис. 10. Внешний вид изломов

а — микромеханизм; b — ГИП; c — ГИП, закалка и старение; d — ГИП и старение

a

c d

b
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with necking according to the viscous-pitting mecha-

nism, which is typical for maraging steels, regardless of 

the method of their production.
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