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Abstract. In this paper, we studied the formation of ultrafine and nanocrystalline core–shell structures based on refractory compounds 

of titanium with nickel during plasma-chemical synthesis of a mechanical mixture of TiC and TiNi in a low-temperature nitrogen 
plasma. Cooling took place in an intensely swirling nitrogen flow in a quenching chamber. The derived products were separated 
in a vortex-type cyclone and a bag-type fabric filter. After processing, the products were subjected to encapsulation aimed at reducing 
the pyrophoricity for long-term storage of the resulting finely dispersed powders under normal conditions. X-ray diffraction and 
high-resolution transmission electron microscopy were used to study the resulting powder products of plasma-chemical synthesis, 
and density measurements were conducted. Additionally, to define the average particle size more accurately, the specific surface 
was measured using the BET method. The instrumental research revealed the presence of ultra- and nanodispersed particles with 
a core–shell structure in the powder products. These particles included titanium carbide-nitride compounds as a refractory core and 
metallic nickel as a metallic shell. In addition, the presence of complex titanium-nickel nitride Ti0.7Ni0.3N was recorded. According 
to direct measurements, the average particle size of the nanocrystalline fraction is 18.9 ± 0.2 nm. The obtained research results 
enabled us to develop a chemical model of crystallization of TiCxNy–Ni core–shell structures, which is implemented in a hardening 
chamber at a crystallization rate of 105 °С/s. To fabricate the model, we used the reference data on the boiling and crystallization 
temperatures of the elements and compounds being a part of highly dispersed compositions and recorded by X-ray diffraction, 
as well as the ΔG(t) dependences for TiC and TiN. 

Keywords: titanium nickelide, titanium carbide, plasma-chemical synthesis, low-temperature plasma, X-ray phase analysis, high-
resolution transmission electron microscopy
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of the Ural Branch of the Russian Academy of Sciences (theme No. 24020600024-5).
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IntroductionIntroduction
At present, the nanocrystalline state of matter 

is extensively investigated [1–5] as it has a number 
of unique physicochemical and physicomechanical pro-
perties determined by the high dispersion of particles. 
For example, the most productive methods for the for-
mation of nanocrystalline materials include plasma-
chemical synthesis in a low-temperature gas plasma [6]. 
From the standpoint of fundamental research [7], 
“quasi-equilibrium” processes occurring during plasma-
chemical synthesis in a low-temperature gas plasma 
enable one to use the laws of equilibrium thermodyna-
mics to calculate the final state of the reacting system. 

The formation of core–shell structures of a given 
composition during synthesis of ultra- and nanodisperse 

materials based on refractory compounds of IV–VIA 
subgroups of the periodic table, with the participa-
tion of metals such as Ni and Co, makes it possible 
to synthesize composite powder products suitable for 
direct use. One of the technological examples is the use 
of nanomaterials, obtained during plasma-chemical 
synthesis in a low-temperature nitrogen plasma and 
based on refractory compounds of titanium, vanadium, 
zirconium and other elements of IV–VIA subgroups, as 
modifiers for casting steels and non-ferrous alloys, as 
described in [8–10]. During extra-furnace steel proces-
sing, nanocrystalline materials are placed into a ladle 
using different methods and are rather evenly dist-
ributed throughout the molten steel or non-ferrous 
alloy, acting as artificial nuclei during crystallization. 
The metal components of composite nanocrystalline 

  y-avdeeva@list.ru
Аннотация. Проведены исследования, направленные на формирование ультрадисперсных и нанокристаллических структур 

«ядро–оболочка» на основе тугоплавких соединений титана с никелем в ходе плазмохимического синтеза механической 
смеси TiC и TiNi в низкотемпературной азотной плазме. Охлаждение происходило в интенсивно закрученном потоке газо-
образного азота в закалочной камере. Продукты переработки сепарировались в условиях циклона вихревого типа и ткане-
вого фильтра рукавного типа. После переработки продукты подвергались капсулированию, направленному на понижение 
пирофорности для длительного хранения полученных высокодисперсных порошков в нормальных условиях. Перерабо-
танные порошковые продукты плазмохимического синтеза исследовались методами рентгенографии, просвечивающей 
электронной микроскопии высокого разрешения и измерения плотности. Дополнительно, для уточнения среднего размера 
частиц, проводились измерения удельной поверхности по методике BET. Результаты аппаратурных исследований показали 
наличие ультра- и нанодисперсных частиц со структурой «ядро–оболочка» в порошковых продуктах. Эти частицы вклю-
чали карбидно-нитридные соединения титана в качестве тугоплавкого ядра и металлический никель в виде металличес кой 
оболочки. Дополнительно зафиксировано присутствие сложного титан-никелевого нитрида Ti0,7Ni0,3N. Нанокристалли-
ческая фракция по результатам прямых измерений характеризуется средним размером частиц 18,9 ± 0,2 нм. На основе 
полученных результатов исследований была сформирована химическая модель кристаллизации структур «ядро–оболочка» 
TiCxNy–Ni, реализуемая в условиях закалочной камеры со скоростью кристаллизации 105 °С/c. Для составления модели 
использовались справочные данные о температурах кипения и кристаллизации элементов и соединений, входящих в состав 
высокодисперсных композиций и зафиксированных рентгенографически, а также зависимости ΔG(t) для TiC и TiN.  

Ключевые слова: никелид титана, карбид титана, плазмохимический синтез, низкотемпературная плазма, рентгенофазовый 
анализ, просвечивающая электронная микроскопия высокого разрешения
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particles, therefore, serve as a buffer layer between 
the melt and the refractory core, protecting the latter 
from early solid-phase dissolution. The microquantities 
of such modifiers improve the physical and mechani-
cal properties of cast materials while maintaining their 
specified chemical composition.

On the other hand, refractory compounds based 
on elements of IV–VIA subgroups of the periodic 
table, with high hardness values, are used as the basis 
for tool materials [11]. The binding phases are metals 
and their intermetallic compounds, which allow metal 
ceramic compositions to be formed, where the matrix in 
the form of grains of refractory compounds is impreg-
nated with a metal melt during high-temperature sinte-
ring in vacuum with the participation of a liquid phase. 
The patterns of such processes for various powder 
compositions based on titanium carbonitride TiC0.5N0.5 
were earlier described in [12–16].

The main objective of this paper is to study the pat-
terns for the formation of ultradisperse and nanocrys-
talline particles with a core–shell structure during 
plasma-chemical synthesis of a mechanical mixture 
of TiC and TiNi (1:1) in a low-temperature nitrogen 
plasma.

MethodsMethods
Microcrystalline powders of titanium carbide 

(50 μm) and titanium nickelide (40 μm) were used as 
the initial components of the charge for plasma-chemi-
cal synthesis. The industrial plasma-chemical plant 
described in [6] was used for plasma-chemical synthe-
sis. The plant productivity can reach 1 t/h, which con-
firms a quite reasonable cost of this technology.

The capacity of the plasma chemical plant (FSUE 
SRIOCCT, Saratov) was 25 kW, voltage – 200–220 V, 
current – 100–110 A, plasma flow speed – 55 m/s, ga seous 
nitrogen flow rate in the plasma reactor – 25–30 m3/h 
(of which plasma formation accounted for 6 m3/h and 
stabilization and hardening – 19–24 m3/h). The initial 
mechanical mixture consumption was 200 g/h. 

The pneumatic transport transferred the processed 
ultrafine and nanocrystalline powder into a vortex-
type cyclone and a bag-type fabric filter for separation. 
Nitrogen was used as a transport gas. After cooling, air 
was slowly introduced into the separation units to form 
a thin passivating oxide film. At the next passiva-
tion stage, the materials were encapsulated in a spe-
cialized unit of a plasma-chemical plant (capsulator), 
which ensures long-term storage of highly dispersed 
materials under normal conditions. The technique 
of plasma-chemical synthesis in a low-temperature 
nitrogen plasma based on the plasma recondensa-
tion scheme is described in more detail in [6].

The core–shell structures processed in the form 
of ultrafine and nanocrystalline powders were studied 
by X-ray diffraction (SHIMADZU XRD 7000 X-ray 
diffractometer, CuKα-cathode, Japan) and high-reso-
lution transmission electron microscopy (HR TEM) 
(JEOL JEM 2100 transmission electron microscope, 
Japan). The X-ray investigation results were pro-
cessed using the WinXPOW software (ICDD database) 
to determine the phase composition of the resul ting 
core–shell structures. The crystallographic para-
meters of the phase components were specified in 
the PowderCell 2.3 software package using the ICSD 
file located on the Springer Materials e-platform. 
The electron microscope images were processed 
to measure particle sizes in Measurer software and 
then in standard mathematical editors to construct 
distribution histograms and determine the average 
particle size. High-resolution images were processed 
in the DigitalMicrograph 7.0 software. The results 
of interplanar spacing measurements were compared 
with the ICDD database file to specify the phase com-
position and determine the local states of additionally 
detected phases.

The density of the final synthesis products was 
assessed using a helium pycnometer (AccuPyc II 1340 
V1.09, Micromeritics, USA). The specific surface 
area was measured on a specific surface area analyzer 
(Gemini VII 2390 V1.03 (V1.03 t), USA) using the BET 
method. The average particle size was determined for 
each of the processed fractions based on the values 
of density and specific surface area [17].

Results and discussionResults and discussion
The results of X-ray investigations of fractions 

of core-shell structures obtained during plasma-che-
mical synthesis in a low-temperature nitrogen plasma 
of a mechanical mixture of TiC and TiNi are presented 
in Fig. 1 and in the table. The refractory phase in both 
fractions of dispersed materials is represented by cubic 
compounds.

While specifying the unit cell parameters, we 
revealed that during crystallization in a quenching 
chamber at a rate of 105 °C/s, oxycarbide and carbo-
nitride phases of various compositions are formed in 
each fraction, as indicated in the table. The carbo nitride 
composition is formed with a predominant amount 
of nitrogen in the non-metallic sublattice.

According to X-ray diffraction results, the cubic 
Ni phase (Fm-3m space group) is observed only in 
the fabric filter fraction, where its amount is deter-
mined to be 5 wt. % (see the Table). At the same time, 
the X-ray diffraction pattern of the powder composi-

Powder Metallurgy аnd Functional Coatings. 2024;18(3):5–15 
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tion from the filter contains complex titanium-nickel 
nitride Ti0.7Ni0.3N in the amount of 5 wt. %. According 
to the X-ray diffraction patterns (see Fig. 1), titanium-
nickel nitride Ti0.7Ni0.3N, the visualization of which 
was presented in [18], is in a highly deformed state 
causing changes in intensities [19]. The resulting prefe-
rential orientation of the crystal lattice, in accordance 

with [20], can be ensured by the high rate of crystal-
lization of the obtained powders. The issues related 
to formation and identification of Ti0.7Ni0.3N using 
the example of the TiN–Ni core–shell structure, stu-
died within the framework of high-resolution trans-
mission electron microscopy, are discussed in [21]. 
The rutile modification of TiO2 is formed in the course 
of forced acidification by slow inflow of air into classi-
fiers 1 and 2, its share being 2 wt. %.

The measurements of pycnometric density and 
specific surface area by the BET method, presented in 
the table, revealed that the core–shell structures formed 
differ in density values. This effect can be attribu-
ted to the quantitative content of the processed 
com positions. 

Visualization of the core–shell structure using 
the example of a nanocrystalline fraction from classi-
fier 2 – a bag-type fabric filter – was confirmed by high-
resolution transmission electron microscopy (Fig. 2).

Figure 2, a, b shows the general picture, which 
demonstrates that the fraction from the filter is really 
nanodispersed, since the average particle size based 
on the results of 767 measurements is 18.9 ± 0.2 nm; 
the histogram of particle size distribution is shown in 
Fig. 2, c.

The presence of a core–shell structure is determined 
by the presence of high-contrast areas at the periphery 
of the grains, and the grains themselves have both 
a round and faceted shape, as shown in Fig. 3.

Figure 3 shows the results of fixation of metal-
lic nickel (plot 1) and titanium carbide TiC (plot 2). 
According to the results of measurements of inter-
planar spacing in plot 1, cubic metallic Ni (Fm-3m 

Phase composition, density (ρ), specific surface area (Ssp) and the calculated value of the average size  
of the resulting particles (davg ) from the mechanical mixture of TiC and TiNi (1:1) after plasma-chemical synthesis  

in a low-temperature nitrogen plasma 
Фазовый состав, плотность (ρ), удельная поверхность (Sуд ) и расчетное значение среднего размера  
полученных частиц (dср ) из механической смеси TiC–TiNi (1:1) после плазмохимического синтеза  

в низкотемпературной азотной плазме

Fraction Phase 
composition Space group Phase fraction, 

wt. %
Lattice 

parameter, nm ρ, g/cm3 Ssp , m2/g davg , µm

Classifier 1 
(cyclone)

TiC0.86O0.13 Fm-3m 86 a = 0.43162
5.99 5.27 0.19

TiC0.12N0.77 Fm-3m 14 a = 0.42496

Classifier 2 
(filter)

TiC Fm-3m 44 a = 0.43222

5.66 106.00 0.01

TiC0.18N0.55 Fm-3m 44 a = 0.42606
Ni Fm-3m 5 a = 0.35406

TiO2 P42/mnm 2
a = 0.44860
c = 0.29859

Ti0.7Ni0.3N P-6m2 5
a = 0.29735
c = 0.28934

Fig. 1. X-ray diffraction patterns of highly dispersed fractions 
obtained from a mechanical mixture of TiC and TiNi (1:1)  

during plasma-chemical synthesis in a low-temperature  
nitrogen plasma 

Рис. 1. Рентгенограммы высокодисперсных фракций,  
полученных из механической смеси TiC–TiNi (1:1)  

в процессе плазмохимического синтеза  
в низкотемпературной азотной плазме

Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(3):5–15 
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space group) is characterized by interplanar spa-
cings d200 = 0.1797 nm, d111 = 0.2054 nm, and 
d–111 = 0.2087 nm. In plot 2, the identified planes 
belong to TiC (Fm-3m space group), d111 = 0.2533 nm.

The hexagonal Ni is present in the form of a (002) 
plane with interplanar spacing d002 = 0.2189 nm in 
the section of the electron microscope image shown in 
Fig. 4.

The presence of titanium-nickel nitride Ti0.7Ni0.3N 
of the hexagonal modification (P-6m2 space group, 
d100 = 0.2543 nm) along with hexagonal Ni (space 
group P63/mmc, d100 = 0.2250 nm) and cubic TiC 
(Fm-3m space group, d111 = 0.2568 nm) is shown in 
Fig. 5.

Based on the TEM studies, Fig. 6 shows an example 
of the presence of faceted particles of cubic titanium 
carbide TiC – the composition of the presented faceted 
particle is interpreted by the (200) TiC plane (Fm-3m 
space group), d200 = 0.2150 nm.

Summarizing the findings of X-ray diffraction and 
high-resolution transmission electron microscopy, 
we can formulate a chemical model of the core–shell 
structures formed during plasma-chemical synthesis 
in a low-temperature nitrogen plasma followed by 
crystallization in an intensely swirling nitrogen flow 
(Fig. 7). The model is based on the physicochemical 
properties of all interpreted phase components, which 
include boiling, condensation and crystallization tem-

Fig. 2. HR TEM of a nanocrystalline powder with a core–shell structure obtained from a powder mechanical mixture  
of TiC and TiNi (1:1) during plasma-chemical synthesis in a low-temperature nitrogen plasma (а, b)  

and histogram of particle size distribution plotted based on direct measurements (c) 

Рис. 2. ПЭМ ВР нанокристаллического порошка со структурой «ядро–оболочка», полученного из порошковой  
механической смеси TiC–TiNi (1:1) в ходе плазмохимического синтеза в низкотемпературной азотной плазме (а, b),  

и гистограмма распределения размеров частиц, построенная на основе прямых измерений (c)

Powder Metallurgy аnd Functional Coatings. 2024;18(3):5–15 
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Fig. 3. HR TEM of nanocrystalline powder particles with a core–shell structure  
obtained from a powder mechanical mixture of TiC and TiNi (1:1) during plasma-chemical synthesis  

in a low-temperature nitrogen plasma, taking into account the presence of metallic Ni (plot 1) and titanium carbide TiC (plot 2) 

Рис. 3. ПЭМ ВР нанокристаллических частиц порошка со структурой «ядро–оболочка»,  
полученного из порошковой механической смеси TiC–TiNi (1:1) в ходе плазмохимического синтеза  

в низкотемпературной азотной плазме, с учетом присутствия металлического Ni (участок 1) и карбида титана TiC (участок 2)

Fig. 4. Localized state of hexagonal metallic Ni according to the results of HR TEM and fast Fourier transform 

Рис. 4. Локализованное состояние металлического Ni гексагональной модификации  
по результатам ПЭМ ВР и быстрого преобразования Фурье

Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(3):5–15 
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peratures [22; 23], as well as functional dependences 
ΔG(t) under equilibrium conditions [24]. Additionally, 
information on the wettability of refractory com-

pounds [22] by molten nickel metal was utilized to jus-
tify the metallic shell on the periphery of nanocrystal-
line refractory particles.

Fig. 6. Faceted nanocrystalline TiC particle coated with an amorphous layer of metallic nickel 

Рис. 6. Ограненная нанокристаллическая частица TiC, покрытая аморфным слоем металлического никеля

Fig. 5. Localized state of Ti0.7Ni0.3N (P-6m2 space group) according to the results of HR TEM 

Рис. 5. Локализованное состояние Ti0,7Ni0,3N (пр. гр. P-6m2) по результатам ПЭМ ВР

Powder Metallurgy аnd Functional Coatings. 2024;18(3):5–15 
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Within the framework of this model, the flow 
of low-temperature plasma with a mechanical mixture 
of TiC and TiNi is separated by temperature barriers 
as it enters the quenching chamber filled with nitro-
gen. The boiling or crystallization temperatures of all 
phase components determined by X-ray diffraction are 
selected as temperature barriers.

Keeping in mind that low-temperature plasma can 
exist only in the temperature range of 4000–6000 °C, 
the first temperature barrier responsible for the crys-
tallization of the refractory components of the emerg-
ing core–shell structures can be identified as 
the transition of titanium carbide from a gaseous 
state to a solid state described in [25–28], its tem-
perature is 4300 °C [23]. Considering the signifi-
cant excess of ga seous nitrogen in the entire volume 
of the quenching chamber, it can be stated that under 
these conditions it interacts with solid-phase TiC with 
the subsequent formation of carbonitride TiCxNz (see 
the Table). The functional dependences ΔG(t) for 
these processes [24] and the data on phase forma-
tion in the Ti–C–N system [29] confirm that mutual 
solid solutions with wide homogeneity regions can 
be formed. At the same time, during the crystalliza-
tion of refractory components in the quenching cham-
ber, TiNy titanium nitride nanoparticles, isomorphic 
to Ti–C–N compounds, can be formed on the surface.

Separately, it should be mentioned that pas-
sing the temperature range of 4300–3930 °C nickel 
remains in a gaseous state up to the temperature 
of 2730 °C [30], at which it passes from a gaseous 
to a liquid state and which is the second temperature 
barrier. Passing the boiling point, liquid nickel actively 

interacts with refractory grains. Under these condi-
tions, titanium-nickel nitride Ti0.7Ni0.3N is formed [21] 
according to the theory of heterogeneous nuclea-
tion by B. Chalmers [31], some provisions of which are 
given in [8] by the reaction equation

 TiNy (s) + Ni (l) + N2↑ → Ti0.7Ni0.3N. (1)

It should be noted that the complex nitride Ti0.7Ni0.3N 
and its analogue Ti0.7Co0.3N were earlier detected 
by X-ray diffraction and transmission electron micros-
copy and described in [21; 32–34]. 

Reaction (1) occurs in the temperature range 
from 1600 °C [18] to 1455 °C, which corresponds 
to the crystallization temperature of metallic nickel 
and constitutes the third temperature barrier in the pre-
sented model. As nickel crystallizes, no chemical inter-
actions occur in the formed core–shell structures, and 
all the resulting compositions can only cool down at 
this stage. Next, the mixture of processed fractions is 
transported to classifiers 1 and 2 for separation.

ConclusionConclusion
As a result of plasma-chemical synthesis in a low-

temperature nitrogen plasma, we obtained ultrafine and 
nanocrystalline fractions of particles with a core–shell 
structure from a mechanical mixture of titanium car-
bide TiC and titanium nickelide TiNi in the ratio of 1:1.

All the resulting powder compositions were 
studied by X-ray diffraction and helium pycno-
metry. The specific surface area was determi-
ned using the BET method. The nanocrystal-

Fig. 7. Chemical mechanism of formation of a core–shell structure during plasma-chemical synthesis  
of the powder mixture of TiC and TiNi (1:1) in a low-temperature nitrogen plasma 

Рис. 7. Химический механизм формирования структуры «ядро–оболочка» в ходе плазмохимического синтеза  
порошковой смеси TiC–TiNi (1:1) в низкотемпературной азотной плазме
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line fraction was thoroughly investigated using 
high-re  solution transmission electron microscopy.

Based on the research findings, the following con-
clusions can be drawn:

1. The ultra- and nanodispersed compositions 
formed during plasma-chemical synthesis have a core–
shell structure. According to X-ray phase analysis 
confirmed by the results of high-resolution trans-
mission electron microscopy, the refractory core is 
the TiC/TiCxNy /TiCxOz compound coated with a metal-
lic Ni shell; the complex titanium-nickel nitride 
Ti0.7Ni0.3N acts as an interphase layer.

2. Based on X-ray diffraction and transmission elec-
tron microscopy data, taking into account the physico-
chemical features of the detected phase components, 
we formulated the chemical mechanism for the forma-
tion of ultradisperse and nanocrystalline particles with 
a core–shell structure under crystallization conditions 
at a rate of 105 °C/s in a tangential nitrogen flow in 
a quenching chamber of the plasmatron. 

3. The chemical mechanism of the forma-
tion of nanocrystalline particles is the overcoming 
of temperature barriers by the plasma flow, with ele-
ments evaporated in it that are a part of the charge. 
The crystallization temperatures of phase components 
that are present, according to X-ray diffraction, in ultra-
disperse and nanocrystalline particles act as tempera-
ture barriers.
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Abstract. One of the main problems in the production of bimetals is associated with the difference in the physico-mechanical and struc-

tural properties of the materials being joined. Both solid-phase and liquid-phase methods are used to obtain bimetals. The main tech-
nological task is to create conditions for the formation of a transition zone between the working layer and adhesively bound substrate. 
We analyzed the known methods for producing compact and powder bimetals (insert molding, diffusion welding in the solid phase, 
infiltration, hot isostatic pressing, etc.). The bonding strength of bimetal layers is evaluated according to the results of mecha nical 
shear or pull tests; however, such an assessment does not enable to determine if the product can be operated in the mode of frequent 
thermal cycles. The above method, which involves joint hot repressing of previously separately cold-pressed and sintered blanks 
of the working layer and substrates, is promising in terms of improving the mechanical and tribotechnical properties, reducing the risk 
of structural degradation of particles of hardening additives, as well as enhancing the quality of the connection of steel–bronze 
bimetal layers. In this case, the working layer is heated through heat transfer from the side of the substrate warmed up to a higher 
temperature. We studied the impact of technological conditions for obtaining hot-forged powder steel–bronze bimetal on the struc-
ture, features of thermal fatigue failure and tribological properties and presented the research results. For structural analy sis, 
thermal fatigue and tribotechnical tests, the bimetal samples with vertical and horizontal arrangement of layers were obtained. 
The atomized iron powder PZhRV 3.200.28 was used as a base for fabricating the substrate from PK40 steel. Graphite powder GK-3 
(GOST 4404-78) was used as a carbonaceous additive. The working layer was fabricated from BrO10 bronze powder obtained 
by atomizing. To improve the tribotechnical characteristics of the working layer, bronze powder was mixed with superfine grinding 
micropowder F1000 of black silicon carbide 53S. The quality of bonding of bimetal layers was assessed based on the thermal shock 
test results. Tribotechnical tests were carried out in the dry friction mode according to the “shaft–block” scheme. We proposed 
the technique for producing hot-forged powder bimetal “PK40 steel–BrO10 bronze”, which includes the following independent 
procedures: cold pressing of the substrate and working layer blanks, their sintering in a reducing environment, pre-deformation 
heating of the substrate and working layer at temperatures that ensure their satisfactory formability, assembly of heated substrate 
and working layer blanks in the mold and subsequent joint hot repressing. The resulting bimetal is characterized by increased values 
of thermal fatigue and wear resistance in comparison with the control samples manufactured using the traditional technology of hot 
repressing of the cold-pressed bimetallic blank. 

Keywords: hot forging, porous blanks, powder bimetal, discontinuities, microcracks, thermal fatigue failure, structural powder steel, tin 
bronze, working layer, substrate, wear, friction coefficient, silicon carbide
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Аннотация. Одна из главных проблем при получении биметаллов (БМ) связана с различием физико-механических и струк-

турных характеристик соединяемых материалов. При получении БМ нашли применение как твердофазные, так и жидко-
фазные методы. Основная задача технологии заключается в необходимости создания условий формирования переходной 
зоны между рабочим слоем и подложкой, имеющей с ними адгезионные связи. Приведен анализ известных способов 
получения компактных и порошковых биметаллов (заливка, диффузионная сварка в твердой фазе, инфильтрация, горячее 
изостатическое прессование и др.). Оценка прочности связи слоев БМ зачастую проводится по результатам механических 
испытаний на срез или отрыв, однако такая оценка не обеспечивает возможность анализа осуществимости эксплуатации 
изделия в режиме частых теплосмен. Перспективным в плане повышения показателей механических и триботехнических 
свойств, снижения риска структурной деградации частиц упрочняющих добавок, а также улучшения характеристик каче-
ства соединения слоев биметаллов «сталь–бронза» является использование ранее предложенного способа, заключающегося 
в совместной горячей допрессовке предварительно раздельно холоднопрессованных и спеченных заготовок рабочего слоя 
и подложки. При этом разогрев рабочего слоя осуществляется за счет передачи тепла со стороны подложки, нагретой до более 
высокой температуры. Представлены результаты исследования влияния технологических условий получения горячештампо-
ванного порошкового биметалла «сталь–бронза» на структуру, особенности термоусталостного разрушения и трибологиче-
ские свойства. Для проведения структурного анализа, термоусталостных и триботехнических испытаний получали образцы 
БМ с вертикальным и горизонтальным расположениями слоев. При получении подложки из стали ПК40 в качестве основы 
применяли распыленный железный порошок ПЖРВ 3.200.28. Углеродсодержащей добавкой служил порошок графита ГК-3 
(ГОСТ 4404-78). Рабочий слой изготавливали из порошка бронзы БрО10, полученного методом распыления. Для повы-
шения триботехнических характеристик рабочего слоя порошок бронзы смешивали с измельченным шлифовальным микро-
порошком F1000 карбида кремния черного 53С. Оценку качества соединения слоев БМ проводили по результатам испы-
таний на термоудар. Триботехнические испытания проводили в режиме сухого трения по схеме «вал–колодка». Предложена 
технология получения горячештампованного порошкового биметалла «сталь ПК40 – бронза БрО10», включаю щая само-
стоятельное выполнение операций холодного прессования заготовок подложки и рабочего слоя, их спекания в восстанови-
тельной среде, преддеформационного нагрева подложки и рабочего слоя при температурах, обеспечивающих удовлетвори-
тельную деформируемость подложки и рабочего слоя, сборки нагретых заготовок подложки и рабочего слоя в пресс-форме 
и последующей совместной горячей допрессовки. Полученный биметалл характеризуется повышенными значениями 
термо- и износостойкости в сравнении с образцами-свидетелями, изготовленными по традиционной технологии горячей 
допрессовки холоднопрессованной биметаллической заготовки.  

Ключевые слова: горячая штамповка, пористые заготовки, порошковый биметалл, несплошности, микротрещины, 
термоусталостное разрушение, конструкционная порошковая сталь, оловянистая бронза, рабочий слой, основа, износ, 
коэффициент трения, карбид кремния
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IntroductionIntroduction
The use of bimetals in industrial production enables 

to significantly reduce the specific quality of metal 
per structure and enhance their operating parameters 
and reliability [1]. The main problem with bimetals 
is that the materials to be joined have different physi-
cal, mechanical and structural properties (coefficients 
of thermal conductivity and linear expansion, crystal 
lattice parameters, structure of electronic shells, forma-
bility, melting temperatures, etc.). Both solid-phase 
and liquid-phase methods are used to obtain bimetals. 
The main technological task is to create conditions for 
the formation of a transition zone between the working 
layer and adhesively bound substrate. 

The impact of the temperature of the bimetal pro-
duction process on the transition zone thickness and 
the bonding strength of layers is not straightforward. 
When bimetals are obtained by insert molding, diffu-
sion in the steel–copper boundary zone occurs at tempe-
ratures above 850 °C [2]. Plastic deformation of bimetal 
by 45–50 % helps to reduce the temperature of the dif-
fusion onset to 700 °C. The size of the transition zone 
and the bonding strength of bimetal layers during 
diffusion welding in the solid phase is noticeably 
affected by the phase transformation in the steel sub-
strate: Fe diffusion from AISI 1010 steel to copper at 
the transformation temperature of 845 °C is lower than 
at t = 770 °C due to the consumption of the internal 
energy for the phase transformation [3].

When solid phase diffusion welding is carried out 
to join tin bronzes and steels, no dendritic or zone liqua-
tions, or shrinkage interdendritic porosity, characteristic 
of bronzes of this class and associated with a wide tem-
perature and concentration range of their solidification, 
are formed in the working layer [1]. Lowering of wel-
ding temperature prevents growth of liquation precipi-
tates of tin in the joint zone, which reduces the proba-
bility of defect formation [4]. Thus produced joints 
are stable at short-time heating to 800–850 °C, which 
allows later to perform heat treatment of the steel sub-
strate that forms part of bimetal to increase its strength 
properties.

The solid phase diffusion welding (t = 680 °C; 
τ = 1 h) of lead bronze–steel bimetal ensures the for-
mation of a diffusion layer with low microhardness 
at the interface, which helps to avoid possible brittle 
rupture in this zone [5]. On the contrary, when bronze–
stainless steel bimetal is prepared by the method 
of vacu um casting (t = 1160 °C; τ = 1 h), the interface 
transition layer formed has higher microhardness and 
elastic modulus than the matrix alloys. The fracture 
of this bimetal prefers to occur along the interface 
transition layer, and the fracture mode is cleavage 

fracture [6]. The transition zone embrittlement is also 
caused by the diffusion of bronze atoms along the steel 
grain boundaries. The microstructure of grain bounda-
ries is formed as the network of eutectic structure 
“leaks” between the grains.

A similar effect is observed when the sinter–bra-
zing technique is implemented [7]. Prolonged contact 
of molten solder results in a network along the grain 
boundaries of the base material, which leads to crac king 
when the material cools down and shrinks. The pre-
sence of bronze in the structure of the grain bounda-
ries of the bimetal transition zone represents a poten-
tial danger in terms of initiation of destruction during 
testing and operation. In particular, during the fric-
tion process, the grain boundary (or interparticle) net-
work of the copper-containing phase can be deformed, 
which will reduce wear resistance by analogy with 
infiltrated powder steel [8]. The use of the material in 
the mode of frequent thermal cycles can lead to emer-
gence of cracks, the localization of which can be associ-
ated with the iron–copper interphase boundaries within 
the transition zone, not only with the layers interface.

It should be noted in this regard that the quality 
assessment of bonding of bimetal layers should be 
compre hensive. It will provide for an objective and 
extensive analysis of the impact that the structural 
effects emerging during the bimetal production in 
the transition zone have on the products performance 
reliability. When the bonding strength of bimetal la yers 
is evaluated according to the results of mechanical shear 
or pull tests, the grain boundary diffusion (or grain 
boundary wetting if the liquid phase is present) turns 
out to be a positive factor [9]. However, in light 
of the above, such a conclusion does not seem entirely 
legitimate, since under other test conditions, the net-
work of plastic material along the grain boundaries in 
the transition zone can initiate deformation (pressing 
through) processes and cause defect formation.

Powder bimetals produced by the infiltra-
tion method are characterized by the presence of pores, 
which serve as reservoirs of liquid lubricant and help 
reduce the friction coefficient in the tribocoupling. 
Nevertheless, bimetals on a high-density steel substrate 
have higher tribological properties as this substrate is 
stronger [10]. Therefore, effective methods for produc-
ing high-density powder bimetals should be developed.

Tin bronzes are among the most common and 
promising materials used to obtain the bimetal working 
layer. In 2006, the European Union updated the RoHS 
regulation in order to ban lead and lead containing sub-
stances in the equipment [11]. Therefore, though lead-
containing bronzes have an obvious advantage – they 
can reduce the bimetal friction coefficient by forming 
a film of structurally free lead in the tribocoupling – 
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when choosing the working layer material, it should 
be kept in mind that these bronzes will probably have 
to be replaced with lead-free ones.

The tribological properties of bronzes can be imp-
roved by introducing ultrafine additives of solid partic-
les, which provide inhibition of plastic deformation in 
the soft copper phase [12–14]. Positive results were 
obtained when SiC particles were introduced into pow-
der and compact bronzes [15; 16]. During friction, SiC 
particles are cut off and joined by adhesive bonds with 
the surface of the counterbody, which results in the for-
mation of a thin film. The hard and durable SiC film 
formed between the tribocoupling surfaces minimizes 
the risk of plastic deformation and provides enhanced 
wear resistance.

When producing a copper–SiC composite by hot iso-
static pressing (HIP), SiC particles disintegrate at tem-
peratures above 850 °C, silicon diffuses into the copper 
matrix, and the resulting carbon, which is practically 
insoluble in copper, causes the formation of disconti-
nuities and cracks in the zone of interfacial interaction. 
To prevent structural degradation, SiC particles are 
coated with molybdenum or titanium nitride [17; 18]. 
However, the coating is characterized by uneven thick-
ness and ruptures, which results in individual pores 
on the interfacial areas during subsequent HIP.

The spark plasma sintering technique yields positive 
results in terms of preventing the structural degrada-
tion of SiC particles. However, it requires specialized 
equipment and causes technological difficulties when 
the formability characteristics and melting tempera-
tures of the bimetal working layer and substrate mate-
rials are drastically different. The contact interfacial 
interaction is much less probable in case of hot forg-
ing (HF) of a composite blank in which SiC particles 
are coated with titanium nitride [18]. In the cited work, 
forging took 15 s. In Russian terminology adopted in 
powder metallurgy, such processes are called pres-
sing, while forging is the name for additional com-
paction of a porous blank on high-speed mechanical 
presses or hammers (deformation continues for 50–100 
and 2–8 ms, respectively) [19–21].

Hot forging of porous blanks (HFPB) of steel–
BrO5Ts5S5 bronze bimetal with non-isothermal heat-
ing ensures the fabrication of a material with anti-
friction properties, not inferior to cast analogues [22]. 
However, when a bimetallic blank is subject to non-
isothermal heating, bronze can melt impregnating 
steel substrate pores localized in close proximity 
to the la yers interface. The dimensions of the melt-
ing and impregnation zones are often uncontrollable, 
resulting in instability of the bimetal properties. Other 
destabili zing factors are liquation processes and 

the grain boundary network of the copper-containing 
phase forming in the transition zone.

The method, which involves joint hot repressing 
of previously separately cold-pressed and sintered 
blanks of the working layer and substrates, is promi-
sing in terms of improving the mechanical and tribo-
technical properties, as well as the quality of bon-
ding of steel–bronze bimetal layers [23]. In this case, 
the working layer is heated through heat transfer 
from the side of the substrate warmed up to a higher 
tempe rature. The optimal duration of equalizing 
the assemb ly “substrate blank – working layer blank” 
until its hot repressing is determined by the formula 
obtained by solving heat balance set of equations. This 
enables to assign an optimal temperature regime for 
hot repres sing characterized by the minimum required 
contact interaction of the bronze melt with the solid 
surface of the steel substrate. It has been established 
that when the bimetals of the “steel–bronze” type are 
produced by hot forging of separately heated substrate 
and working layer blanks, the optimal thermal condi-
tions for the formation of the layer fusion zone are 
achieved when the substrate and working layer are 
heated to temperatures of 1150 and 520 °C, respec-
tively. In this case, when a bimetal blank is assembled 
in a mold, thermal equilibrium is ensured at the interface 
at t = 970÷990 °C, which is accompanied by the for-
mation of a small amount of liquid phase [24].

The purpose of this paper, which continues the ear-
lier performed research, was to study the impact of tech-
nological conditions for producing hot-forged powder 
steel–bronze bimetal on the structure and features 
of thermal fatigue failure and tribological properties.

MethodsMethods
For structural analysis, thermal fatigue and tribo-

technical tests, the bimetal samples with vertical and 
horizontal layers were obtained (Fig. 1). The atomi-

Fig. 1. Scheme of a bimetallic sample  
with horizontal (a) and vertical (b) layers

I – working layer, BrO10 bronze; II – substrate, PK40 steel 

Рис. 1. Схема биметаллического образца  
с горизонтальным (а) и вертикальным (b)  

расположениями слоев
I – рабочий слой, бронза БрО10; II – подложка, сталь ПК40
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zed iron powder PZhRV 3.200.28 was used as a 
base for manufacturing substrate from PK40 steel 
(PJSC Severstal, Cherepovets). Graphite powder GK-3 
(GOST 4404-78) was used as a carbonaceous addi-
tive. The working layer was made from BrO10 bronze 
powder obtained by spraying at Most-Tsvetmet LLC 
(Bataysk) (see the Table). To improve the tribotechni-
cal characteristics of the working layer, bronze powder 
was mixed with superfine grinding micropowder F1000 
of black silicon carbide 53S made by JSC Volzhsky 
Abrasive Works (Volzhsky). The particles of the initial 
micropowder were 1–10 μm in size and 0.5–1.0 μm 
after grinding. 

The planetary ball mill SAND-1 (pilot plant, 
Yerevan) was used for grinding. The ratio of the mass 
of the grinding media to that of the crushed powder 
was 12:1. The grinding media were made of hard alloy. 
Grinding was performed in acetone, which was poured 
into the vessel with SiC powder. The content of SiC 
powder in the charge varied. To ensure a uniform 
distribution of SiC particles throughout the volu me 
of bronze powder, the charge of the working layer 
material was also prepared in the planetary ball mill 
SAND-1, which minimized the likelihood of compo-
nents segregation [25].

Flow diagrams for obtaining samples are presented 
in Fig. 2. Static cold pressing (SCP) of the substrate 
and working layer blanks was performed separately. 
The blanks porosity after SCP was 22–25 %. The cold-
pressed substrate blank was sintered in a dissociated 
ammonia environment (1150 °C, 1 h). The porous blank 
of a bronze working layer was sintered at t = 800 °C for 
1 h (flow diagram 2). Some working layer blanks were 
not sintered so that a comparative analysis could be 
conducted (flow diagram 3). Pre-deformation heating 

of the blanks was conducted for 10 min. The optimal 
temperatures of 1150 and 520 °С were chosen for sepa-
rate heating of the substrate and working layer blanks 
(flow diagrams 2, 3) [24]. 

Hot repressing of the porous working layer and 
substrate blanks was conducted jointly. The work-
ing layer blank was installed into the heated substrate 
blank. After equalizing the temperature in the volume 
of assembly of the bimetallic sample blank, HF was 
performed using a pendulum impact tester, the falling 
parts mass being 100 kg. The equalizing duration was 
determined using the equation given in [23].

Process flow diagram 1 presented a standard tech-
nology for producing hot-forged bimetals. In this case, 
the sintered bimetallic blank was heated at t = 950 °C 
and subjected to hot repressing.

The bimetal samples after HF were cooled in air. 
They were cut and the resulting parts were used for 
structural analysis, thermal fatigue and tribological 
tests. The quality of the connection of bimetal layers 
was assessed based on the thermal shock test results. 
In this case, the sample was heated in an inductor 
to a temperature of 870 °C and then cooled in water. 
After that, it was cleaned of scale and inspected for 
cracks and delaminations in the transition zone. 
The number of heating–cooling cycles until defects 
developed was recorded.

Thermal resistance enables to evaluate the resis-
tance of a material to thermal shocks and plastic defor-
mation [26]. Thermal fatigue failure develops under 
the impact of repeated plastic deformations when ther-
mal stress exceeds the yield point. Thermal resistance 
is an informative criterion for assessing the degree 
of adhesive interaction at the interphase boundaries 
of heterogeneous and bimetallic materials.

Characteristics of the powders used 
Характеристики используемых порошков

Material Content, 
wt. %

Physical and technological properties
Granulometric 
composition

Apparent density
ρh , g/cm3

Flow rate,
g/s

Compactibility at pressure 
600 MPa, g/cm3

PZhRV 3.200.28

Fe – base
С – 0.03
О – 0.30
Si – 0.04

Mn – 0.12
P – 0.02
S – 0.01

+200 – 0
+160 – 3.7
+45 – 78.8
–45 + 17.5

2.72 32 7.27

BrО10

Cu – 90.130
Sn – 9.750
P – 0.198
O – 0.640

+150 – 5.50
+106 – 54.22
+75 – 21.04
+45 – 14.70
–45 – 4.54

3.30 30 7.68
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Tribotechnical tests were carried out on the fric-
tion machine MI in the dry friction mode accord-
ing to the “shaft–block” scheme. The counterbodies 
were made of U8A steel, heat-treated to 50–55 HRCe . 
The counterbodies had the following dimensions: outer 
and inner diameters – 50 and 12 mm, respectively, 
height – 15 mm, and working surface roughness – 
Ra = 0.63 µm. Before testing, the run-in of the sample 
was performed at a pressure of 2.5 MPa for 10 min, 
which ensured complete contact of the friction surfaces. 
The counterbody rotation frequency was 210 min–1, 
the sliding speed was 0.55 m/s.

For metallographic studies, we used an 
AltamiMET-1M optical microscope (Altami LLC, 
Russia) and a Quanta 200 i 3D scanning microscope-
microanalyzer (FEI Company, USA). Unetched and 
etched sections were studied. Etching was performed 
in 3 % nital, since it provides sufficient contrast when 

the structure of the bimetal transition zone and the sub-
strate material, PK40 steel, is analyzed.

Microhardness was measured using a HVS-1000 digi-
tal microhardness tester (L.H. Testing Instruments Co., 
Ltd, China) according to GOST 9450-76 (0.2 N; 10 s).

Results and discussionResults and discussion
The maximum values of heat resistance were 

demonst rated by samples with a horizontal arrange-
ment of layers, fabricated by hot repressing of sin-
tered working layer and substrate blanks, assembled in 
a mold before deformation (flow diagram 2 in Fig. 2; 
Fig. 3, curve 1). The fracture sites are multiple and are 
mainly associated with the “steel–bronze” interphase 
boundaries in the transition zone on the substrate side 
(Fig. 4, a). This zone is characterized by pores and 
discontinuities filled with molten bronze upon contact 

Fig. 2. Flow diagrams for producing hot-forged powder bimetal “PK40 steel–BrO10 bronze”
DA – dissociated ammonia, W – reduced compaction work 

Рис. 2. Технологические схемы получения горячештампованного порошкового БМ «сталь ПК40 – бронза БрО10»
DA – диссоциированный аммиак, W – приведенная работа уплотнения
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of a substrate blank heated to 1150 °C with a relatively 
cold (520 °C) working layer blank. The impregna-
tion depth is 0.2–0.5 mm.

During thermal cycling, microcracks also form in 
the working layer material at the “matrix-SiC” inter-
face (Fig. 4, b). Cracking of agglomerates of SiC par-
ticles is observed in the samples containing more than 
0.8 wt.% silicon carbide.

The structure of the working layer includes 
the α phase and the eutectoid α + δ. The substrate 
structure consists of ferrite perlite. Pearlite is sorbitic, 
340–360 HV (Fig. 5). Wetting of the steel substrate 
grain boundaries with molten bronze is not observed. 
A ferrite strip (140–160 HV) is adjacent to the inter-
face on the substrate side, with the pearlite zone located 
below. The formation of a banded structure (ferrite 
strip – pearlite strip) in the transition zone on the sub-
strate side is attributed to the displacement of car-
bon forming part of austenite, from the interface during 
the copper diffusion into steel [2].

The N(CSiC ) dependence is non-monotonic: an 
increase in CSiC to 0.8 wt. % results in enhanced thermal 
stability as dispersed SiC particles strengthen interpar-
ticle boundaries of the working layer material. A fur-
ther growth of CSiC causes a drop in thermal stability 
as agglomerates of silicon carbide particles are formed.

The thermal stability of the control samples (flow 
diagram 1) is noticeably lower (Fig. 3, curve 2) com-
pared to the bimetal fabricated according to flow dia-

gram 2 (Fig. 3, curve 1). This is attributed to unfa-
vorable temperature conditions for sintering and hot 
deformation of the steel substrate and the bimetal tran-
sition zone: sintering at t = 800 °C and hot repressing 
at t = 950 °C do not ensure the formation of cohesive 
bonds between iron powder particles and lead to resi-
dual pores in the substrate and at the bimetal layers 
interface. In this case, the impact of SiC particles 
on thermal stability is also non-monotonic.

The lowest heat resistance was demonstrated by 
the samples fabricated according to process flow dia-
gram 3, the implementation of which did not include 

Fig. 3. Impact of the SiC content in the working layer  
material charge on the bimetal thermal resistance

1–3 – horizontal arrangement of layers, 4–6 – vertical arrangement 
of layers 2, 5 – process flow diagram 1; 1, 4 – flow diagram 2;  

3, 6 – flow diagram 3 
N – number of cycles 

Рис. 3. Влияние содержания SiС в шихте материала  
рабочего слоя на термостойкость БМ

1–3 – горизонтальное расположение слоев, 4–6 – вертикальное  
2, 5 – технологическая схема 1; 1, 4 – схема 2; 3, 6 – схема 3 

N – число циклов

Fig. 4. Formation of cracks during thermal-cycle  
fatigue failure of bimetal and elemental analysis  
of a selected area of the working layer material

Flow diagram 2, CSiC = 0.8 wt. %
a – transition zone; b – working layer, “matrix–SiC” interface 

Рис. 4. Формирование трещин при термоциклическом  
усталостном разрушении БМ и элементный анализ  

выделенной области материала рабочего слоя
Схема 2, CSiC = 0,8 мас. %
а – переходная зона;  

b – рабочий слой, граница раздела «матрица–SiC»
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sintering of cold-pressed working layer blanks (Fig. 3, 
curve 3). During the tests, cracks formed both at the la yers 
interface and in the working layer material (Fig. 6, a).

The samples of this group proved more prone 
to crack formation due to high probability of hydro-
gen embrittlement of copper alloys [27]. The oxygen 
content in the initial BrO10 powder is 0.64 wt. % (see 
the Table). When the sample is heated during sinte ring 
and before hot deformation in a dissociated ammo-
nia environment, copper-containing oxides, localized 
at interparticle and grain boundaries, are reduced, 
with the water vapor being formed, which leads 
to the appearance of bubbles, cracks and delaminations.

During 1 h sintering, the conditions were provided 
for removing steam from the body of the working layer 
blank. Delaminations and cracks formed at the sinter-
ing stage were eliminated during subsequent hot defor-
mation (Fig. 6, b). In contrast, during joint hot repress-
ing of the substrate and the unsintered working layer 

blank, these defects formed almost synchronously with 
the deformation, making their elimination unlikely. 
The impact of this factor was predominant, outweigh-
ing the strengthening effect of SiC additives.

The above-described features of the impact of CSiC 
on the thermal stability of the samples with horizon-
tal layers are also valid for the samples with vertical 
layers (Fig. 3, curves 4–6). The difference is that their 
absolute value of heat resistance is lower, which is 
attributed to greater magnitude of thermal stresses that 
develop in the sample material during testing.

Maximum wear resistance was demonstrated by 
bimetal samples obtained according to flow diagram 2, 
containing 0.8 wt. % SiC (Fig. 7, curve 1). In this case, 
the dependence f (P) is non-monotonic: as P increases 
in the range of 3–5 MPa, the friction coefficient f drops. 
Apparently, this is attributed to the formation of a solid 
SiC film on the tribocoupling surfaces (Fig. 7, a; 
curve 4) [16]. 

Fig. 5. Microstructure of hot-forged powder bimetal
Flow diagram 2, CSiC = 0.8 wt. %

a – transition zone; b – substrate, PK40 steel
Horizontal layer arrangement 

Рис. 5. Микроструктура горячештампованного  
порошкового БМ

Схема 2, CSiC = 0,8 мас. %
а – переходная зона; b – подложка, сталь ПК40

Расположение слоев горизонтальное

Fig. 6. Microstructure of powder bimetal (flow diagram 3)  
after thermal fatigue tests (a) and in the as-sintered state (b)

Horizontal layer arrangement, СSiC = 0.8 wt. %

Рис. 6. Микроструктура порошкового БМ (схема 3)  
после испытаний на термоусталость (а)  

и в состоянии после спекания (b)
Расположение слоев горизонтальное, СSiC = 0,8 мас. %
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The wear resistance of the samples fabricated 
according to flow diagrams 1 and 3 is noticeably 
lower. An increased load during testing of samples 
fabricated according to flow diagram 1 in the range 
of 4–5 MPa leads, as in the previous case, to a slight 
drop of the friction coefficient, but its absolute values 
remain quite high (Fig. 7, a; curve 5). The samples 
fabricated according to flow diagram 3 are characte-
rized by discontinuities and microcracks localized near 
the “SiC–bronze” boundaries, the formation mecha-
nism of which is described above (Fig. 8). SiC par-
ticles, weakly bonded with the matrix material, flake 
during friction, which pushes up the wear values and 
the friction coefficient (Fig. 7, a; curve 3, 6). After tes-
ting, deep scratches formed as a result of the abrasive 
impact of SiC particles are visualized on the samples 
working surface.

An enhanced abrasive effect caused by an increased 
content of SiC particles in the working layer material 
results in the growth of the f values of the samples fab-
ricated according to flow diagram 3 (Fig. 7, b; curve 6). 
At the same time, the absolute wear values are high, 
despite their decrease in the range CSiC = 0÷0.8 wt. % 
(Fig. 7, b; curve 3). The latter is apparently attributed 
to dispersion strengthening of interparticle bounda-
ries and inhibition of plastic deformation in the bronze 
layer during friction [12]. 

Compared to the studied group of samples, the wear 
resistance of the control samples (flow diagram 1) is 
higher, and the f values are lower (Fig. 7, b; curve 2 
and 5 respectively). The f (CSiC ) dependence is mono-

tonic: growing CSiC leads to an increase in f values. 
In contrast to the samples fabricated according to flow 
diagram 3, high values of wear and friction coeffi-
cient are attributed not to defects in the working layer, 
but to undercompaction of the substrate and transi-

Fig. 7. Dependences of the wear (1–3) and friction coefficient (4–6) of the bimetal working layer  
on the specific load (a) and SiC content (b) during tests under dry friction conditions

2, 5 – process flow diagram 1; 1, 4 – flow diagram 2; 3, 6 – flow diagram 3
a – СSiC = 0.8 wt. %; b – P = 5 MPa

Horizontal layer arrangement 

Рис. 7. Зависимости износа (1–3) и коэффициента трения (4–6) материала рабочего слоя БМ  
от удельной нагрузки (а) и содержания SiC (b) при испытаниях в условиях сухого трения

2, 5 – технологическая схема 1; 1, 4 – схема 2; 3, 6 – схема 3
а – СSiC = 0,8 мас. %; b – P = 5 МПа

Расположение слоев горизонтальное

Fig. 8. Microstructure of hot-forged powder bimetal  
and elemental analysis of the material selected area

Flow diagram 3; working layer; CSiC = 0.8 wt. %;  
horizontal layer arrangement 

Рис. 8. Микроструктура горячештампованного 
порошкового БМ и элементный анализ  

выделенной области материала
Схема 3; рабочий слой; CSiC = 0,8 мас. %;  

расположение слоев горизонтальное
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tion zone, caused by the relatively low temperature 
of pre-deformation heating (950 °C). The porosity 
of the substrate of these samples amounted to 5–7 %. 
The residual pores in the substrate result in the work-
ing layer being “pressed through” during loading in 
the course of tests. The effect of this factor was pre-
dominant, though introduction of SiC particles caused 
the effect of dispersion strengthening of the bronze 
layer (Fig. 7, b; curve 2).

The implementation of flow diagram 2 ensured 
optimal conditions for the structure formation. In 
this case, the samples had the lowest values of wear 
and friction coefficient (Fig. 7, b; curves 1 and 4). 
The dependence of f values on CSiC in the studied 
concentration range is rather weak. The samples con-
taining 0.8 wt. % SiC demonstrated the greatest wear 
resistance. The residual porosity of the substrate and 
working layer materials is 0.5–1.0 wt. %.

ConclusionsConclusions
1. We proposed the technique for producing hot-

forged powder bimetal “PK40 steel–BrO10 bronze”, 
which includes the following independent proce-
dures: cold pressing of the substrate and working layer 
blanks, their sintering in a reducing environment, pre-
deformation heating of the substrate and working layer 
at temperatures that ensure their satisfactory formabi-
lity, assembly of heated substrate and working layer 
blanks in the mold and subsequent joint hot repress-
ing. The resulting bimetal is characterized by increased 
values of thermal fatigue and wear resistance in com-
parison with the control samples manufactured using 
the traditional technology of hot repressing of the cold-
pressed bimetallic blank.

2. The introduction of SiC powder into the work-
ing layer material contributes to the bimetal thermal 
and wear resistance enhancement due to disper-
sion strengthening of the interparticle boundaries. 
The optimal content of SiC additive is 0.8 wt. %.

3. Preliminary sintering of the porous working 
layer blank enables to reduce the oxides that form part 
of the bronze powder and later to remove the reac-
tion products from the body of the blank, which hinders 
defect formation during hot deformation.
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Аннотация. На ряде сплавов WC–Co с различной шириной распределения зерен WC по размерам проведены измерения средних 

размеров зерен методом секущих (L) и планиметрическим методом (dдж ), а также эквивалентных диаметров (dэкв ) и средних 
хорд (dх ) на всех зернах и отдельно на зернах, лежащих на секущих. Установлено, что как значения средних размеров, так и 
распределения по размерам зерен, лежащих на секущих, и всех зерен не совпадают. Это обусловлено правилом проведения 
секущих в методе секущих и связанным с ним «затенением» мелких зерен крупными. Показано, что отношение средних 
размеров всех зерен к средним размерам зерен на линиях можно описать с использованием «теневой» функции S, зависящей 
от коэффициента вариации (cv ) распределения зерен WC по размерам, в виде d в/d л = 1 – S. Экспериментальные соотношения 
между средним эквивалентным диаметром dэкв и средним размером зерна по методу секущих L описываются выражением 

  VasilyevaMV@virial.ru
Abstract. Several WC–Co hardmetals with varying WC grain size distributions were analyzed to measure the mean grain size using 

the linear intercept (L) and planimetric (dJ ) methods. Additional measurements included the equivalent diameter (deq ) and mean 
chords (dch ) for all grains, and separately, for grains intersected by the line. The findings show that mean sizes and size distributions 
of grains intersected by the line differ from those of all grains. This discrepancy is attributed to the linear intercept method’s rule for 
drawing secants, leading to “shadowing” where finer grains are obscured by coarser ones. The relationship between the mean sizes 
of all grains and those intersected by the line can be quantified using the “shadow” function S, which depends on the coefficient 
of variation (cv ) of the WC grain size distribution, as d a/d l = 1 – S. Experimental data illustrate that the mean equivalent diameter deq 
correlates with the linear intercept method L through equation deq /L = 1.4(1 – S), and the relationship between the mean grain size dJ 
and L are described by the equation dJ /L = 1.4(1 – S) . The analysis of grain distributions by the equivalent diameters and mean 
chords showed that they equally describe the alloy grain size distribution. The length distribution of random chords obtained using 
the linear intercept method differs from the alloy grain size distribution due to the shadow effect, and also because the length distribution 
of random chords is always broader than the mean grain chord distribution. It is demonstrated that the length distribution of random 
chords is a convolution of the grain size distribution function and a function related to the grain shape. 

Keywords: grain size, grain size distribution, linear intercept method, planimetric method, shadow effect

For citation: Pesin V.A., Vasilyeva M.V., Osmakov A.S. Features of the linear intercept method used for measuring the grain size 
in WC–Co hardmetals. Powder Metallurgy аnd Functional Coatings. 2024;18(3):28–37.
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IntroductionIntroduction
The core parameters of the microstructure of me tals 

and alloys, which determine their mechanical and 
physical properties, are the grain size and material 
grain size distribution [1–6]. The grain size measur-
ing methods use different characteristics of the grain 
to determine its size, which impedes the comparability 
of findings presented by different authors.

Historically, the linear intercept method [7] was 
the first one for estimating grain sizes in metals and 
alloys, including hardmetals. To this day, it is the most 
widely used technique despite the development 
of the image analysis methods. According to the linear 
intercept method, a series of parallel lines (secants) are 
drawn on the image of the alloy microstructure and 
the lengths of intercepts (random chords) intersecting 
each grain that happens to be on one of these lines are 
measured. It should be noted that the same grain can-
not be intersected several times. The mean alloy grain 
size is taken to be the arithmetic mean of the lengths 
of these chords, hereinafter referred to as L. Some 
authors use the distribution of random chord lengths as 
the grain size distribution [4; 8–12]. 

The second most popular method for estimating 
grain sizes is the Jefferies planimetric method [13], 
in which the mean grain area is determined by divi-
ding the cross-section area of the sample (image) 
by the number of grains contained in it. Then this area 
is converted into the diameter of a circle of the same 
area, dubbed in the literature as the equivalent circle 
diameter and referred to in this paper as dJ . For two-
phase alloys, the cross-section area of the sample is 
recalculated in proportion to the volumetric content 
of the analyzed phase. The computer methods of image 
analysis enabled to measure various dimensional cha-
racteristics of individual grains, including their area. 
Therefore, the mean grain area is now determined 
by simply averaging the areas of individual grains. This 
method is used in various model calculations [14–16]. 
In a number of works, the circle equivalent diam e-

ter (deq ) calculated based on the area of an individual 
grain or a mean chord (dch ) [19] is taken as the size 
of an individual grain [6; 17; 18]. As the individual 
grain sizes are determined, their size distribution can 
be obtained, which provides more complete informa-
tion about the grain composition of the material.

A number of papers compared grain sizes obtained 
by various methods. For spherical grains, the rela-
tionship between deq and dch was defined [9]. In [15], 
the values of L and dJ were independently determined 
by measurement for a number of WC–Co hardmetals. 
The dJ /L ratio varied from 1.10 to 1.40, the mean value 
being 1.15. In the same paper, as well as in [14; 16], 
the value of this ratio was determined on model struc-
tures. The crystals of various shapes were used to make 
arbitrary cross sections, on which random chords were 
drawn. Then the areas of these sections and the lengths 
of all chords were averaged, and the mean values were 
used to determine dJ , L and dJ /L. The resulting dJ /L 
values stood at 1.74 [15] and 1.35–1.75 [16].

These results differ significantly from the experi-
mental data. The authors themselves [15] point out this 
discrepancy, but do not offer any explanation. A possi-
ble reason for this difference may be that the mean size 
of a random chord determined in the computer model for 
all grains may not coincide with the L value measured 
by the linear intercept method. According to the linear 
intercept method, the lines cannot intersect the grains 
twice (ISO 4499 2(2020)). To meet this requirement, in 
micrographs, coarse grains can “shadow” fine ones and 
the latter are not taken into account when the mean value 
is found. Therefore, the mean size of random chords 
determined for all grains may be smaller than the mean 
size of random chords on the lines, and the modeling 
will yield an overestimated value of the dJ /L ratio. 
This phenomenon of fine grains being “shadowed” will 
hereinafter be called a “shadow effect.” The shadow 
effect and its impact on the grain size measurements 
by the linear intercept method have not been addressed 
in the literature so far. As some researchers substi-
tute the alloy grain size distribution for the distribu-

dэкв /L = 1,4(1 – S), а соотношения между средним размером зерна dдж и L – выражением dдж /L = 1,4(1 – S) . Анализ 
распределений зерен по величине эквивалентных диаметров и средних хорд показал, что они в одинаковой степени описы-
вают распределение зерен сплава по размерам. Распределение случайных хорд по длине, получаемое в методе секущих, 
не соответствует распределению зерен сплава по размерам из-за теневого эффекта и из-за того, что распределение длин 
случайных хорд всегда шире распределения средних хорд зерен. Показано, что распределение длин случайных хорд явля-
ется сверткой функции распределения зерен по размерам и функцией, связанной с формой зерен.  

Ключевые слова: размер зерна, распределение зерен по размерам, метод секущих, планиметрический метод, теневой эффект

Для цитирования: Песин В.А., Васильева М.В., Осмаков А.С. Особенности метода секущих, используемого для определения 
размера зерна в сплавах WC–Co. Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(3):28–37. 
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tion of random chords intercepted by secants, we will 
dwell on the relationship between these distributions. 

The objective of this study is to measure the shadow 
effect; to determine whether the shadow effect depends 
on the nature of the WC grain size distributions; 
to assess the impact of the shadow effect on the mean 
WC grain size measured by the linear intercept method; 
to find correlation between the WC grain size distri-
butions and the size distribution of random chords in 
the linear intercept method.

Measurement objects  Measurement objects  
and methodsand methods

We compared the dimensional characteristics mea-
sured for all grains on the hardmetals cross sections 
and for the grains intersected by the line. The equiva-
lent diameter deq , which is related to dJ , and the mean 
grain chord dch related to L were chosen as the dimen-
sional characteristics of individual grains. 

For the research, we selected 7 samples produced by 
Virial LTD (St. Petersburg), representing WC–Co hard-
metals with 10 wt. % Co. The samples included alloys 
with narrow, wide and bimodal grain size distributions.

To identify the boundaries of the carbide phase 
grains, the samples were etched with Murakami solu-
tion. The microstructure of the samples was studied 
using a MIRA 3 scanning electron microscope (SEM) 
(Tescan, Czech Republic). We used the Fiji image pro-
cessing software (USA) [20] and VideoTest – Struc-
ture 5.2 (Russia) to analyze SEM micrographs.

The built-in functions of these software packages 
enabled to measure the following grain dimensional 
characteristics:

1. Mean size of the intercept (random chord) L:

where li is a random chord of the i 
th grain intersected 

by the line.

Hereinafter, we will distinguish between two types 
of sizes: with the index “a” – the size taking into account 
all the grains in the micrograph; with the index “l” – 
the size taking into account only the grains intersected 
by the line.

2. Equivalent diameter  (Jefferies method):

where   is the area of the i 
th grain.

3. Mean equivalent diameter :

where  – is the equivalent diameter of  
 

an individual grain. 

4. Mean chord :

where  (i stands for the grain number) is the mean 
grain chord determined as the mean value of all chords 
crossing the grain parallel to secants. 

The total number of grains in micrographs for each 
alloy amounted to about 2000–3000 and the number 
of grains intersected by the line exceeded 1000. For 
each mean grain size, the standard deviation and varia-
tion coefficient (cv ) were determined.

Experimental resultsExperimental results
Table 1 features the experimental results of mea-

surements of the corresponding mean grain sizes with 
variation coefficients (cv ) of all the hardmetals under 
study.

Table 1 shows that in all cases the mean sizes 
of the grains intersected by the line are larger than 
the mean sizes of all measured grains of a given 
hardmetal. This manifestation of the shadow effect is 
attributed to the reduced share of the fine fraction and, 
accordingly, the increased share of the coarse frac-
tion in the grain size distribution. Fig. 1, a shows 
a fragment of one of the images processed in Fiji for 
sample 2 – the shadow effect is clearly seen there. 
Fig. 1, b demonstrates changes in grain distributions 
by the equivalent diameter for sample 3 with a relatively 
narrow distribu tion due to the shadow effect. Similar 
results were obtained for the mean chord of individual 
grains. Thus, when the mean grain size is determined 
by the linear intercept method observing the standard 
requirement, the changed values of initial mean sizes 
and the entire grain size distribution are obtained.

To measure the shadow effect, we considered 
the ratio of the mean sizes of all grains to the mean 
sizes of the grains intersected by the lines  
and , as well as their dependence on the varia-
tion coefficients cv . The experimental results are pre-
sented in Fig. 2. Since the monodisperse composi-
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tion does not provide for the shadow effect, the trend 
line was drawn through the point (0; 1). As can be seen 
from Fig. 2, the experimental data are well described 
by the equation

    (1)

or 
          (2)

where the shadow function

          (3)

It is intuitively assumed that, with a sufficiently large 
number of grains intersected by the lines, the mean size 

of such random chords (L) will be equal to the value 
of the mean chord for all grains (  ). The modeling 
procedure in [14–16] was based on this assumption, 
and it is valid in the absence of the shadow effect. 
However, due to the shadow effect, the size L should 
coincide with the mean chord value for the grains inter-
sected by the line  . Indeed, the ratio for all hard-
metals was L/  = 1.00 ± 0.03. Accordingly, taking 
into account (2), we obtain

             (4)

When determining the dependence of  /L 
on the shadow function S, the ratio between the mean 
values of  and  should be defined. The value 

Table 1. Dimensional parameters measured for the WC–Co hardmetals under study 
Таблица 1. Измеренные размерные параметры для исследуемых твердых сплавов WC–Co

Sample 
No.

L/cv

µm/rel. units µm
1 1.02/0.42 1.21/0.40 0.83/0.65 0.74/0.43 0.85/0.42 1.11 1.31
2 1.14/0.64 1.58/0.63 1.08/0.87 0.83/0.65 1.11/0.67 1.35 1.87
3 2.42/0.49 2.90/0.47 2.14/0.71 1.74/0.52 2.05/0.50 2.70 3.20
4 2.45/0.52 3.02/0.50 2.19/0.74 1.77/0.54 2.16/0.52 2.76 3.38
5 2.41/0.46 2.81/0.43 1.98/0.66 1.72/0.48 1.96/0.45 2.66 3.06
6 1.01/0.50 1.25/0.49 0.83/0.71 0.71/0.49 0.86/0.49 1.13 1.39
7 1.23/0.89 2.31/0.82 1.66/1.09 0.90/0.90 1.62/0.84 1.65 2.95

Fig. 1. Demonstration of the shadow effect using the example of a fragment of an image processed in “Fiji”  
for sample 2 (see Table 1) (a) and the equivalent grain diameter distribution for sample 3  

with a relatively narrow distribution due to the shadow effect (b)
 – experimental data for all grains;  – experimental data for the grains intersected by the lines 

Рис. 1. Демонстрация теневого эффекта на примере фрагмента одного из обработанных в «Fiji» снимков 
для образца 2 (см. табл. 1) (а) и распределение зерен по величине эквивалентного диаметра для образца 3 

с относительно узким распределением за счет теневого эффекта (b)
 – экспериментальные данные для всех зерен;  – экспериментальные данные для зерен на секущих
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of the ratio  /  does not depend on the type of alloy 
grain size distribution and is determined by the grain 
shape only. Hereinafter, this ratio will be called 
the shape coefficient Ks . For round grains, the diame-
ter/mean chord ratio is 4/π ≈ 1.27. Taking into account 
averaging over orientations, for rectangular grains, 
the shape coefficient Ks ≈ 1.36, for trapezoidal ones – 
Ks ≈ 1.39, for triangular ones – Ks = 1.60÷1.70 depen-
ding on the triangle angles. For all the hardmetals under 
study, no matter what grains were taken for averaging 
(all grains or the ones intersected by the line), the ratio 

 /  = 1.41 ± 0.03 was obtained. Therefore, taking 
into account the variety of cross-sectional grain shapes 
of WC–Co hardmetals, the value Ks ≈ 1.4 seems quite 
realistic. Hereinafter, we will assume that

          (5)

Based on (4) and (5), we get the following function: 

      (6)

To expand the analyzed range of changes in 
the width of grain size distributions in the micrographs 
of sample 3, we selected the grains with individual sizes 

 in three narrow intervals: 1.5 ± 0.06, 2.5 ± 0.06 and 
3.1 ± 0.06 µm (analogue of the δ function) and mea-
sured the corresponding values of  and L. Table 2 
presents the results obtained for these narrow intervals.

Fig. 3 shows the experimental values of  /L and 
1.4  /  for the hardmetals under study depending 
on the width of the WC grain size distribution, as well 
as the calculated curve according to the equation (6). 
As can be seen from Fig. 3, the equation (6) presents 
a comprehensive description of the experimental data.

The relationship between the mean sizes 
dJ and deq can be derived from the equation  
 
 

 where σ is the standard deviation  
 

for deq. Since  we obtain  or

      (7)

In this case, (6) and (7) yield the following equation:

             (8)

Fig. 2. Plots of  and  as function of cv
Solid line – calculation based on the equation (1)  

 – experimental data for   
 – experimental data for 

Рис. 2. Зависимости  и  от cv
Сплошная линия – расчет на основании уравнения (1)  

 – экспериментальные данные для   
 – экспериментальные данные для 

Fig. 3. Plots of  and 1.4  as function of cv

Solid line – calculation based on the equation (6)
 – experimental data for 

 – experimental data for 1.4
 – experimental data for  (narrow ranges) 

Рис. 3. Зависимости  и 1,4  от cv
Сплошная линия – расчет на основании уравнения (6) 

 – экспериментальные данные для 
 – экспериментальные данные для 1,4  

 – экспериментальные данные для  (узкие диапазоны)

Table 2. Measured dimensional parameters (µm/rel. units) 
for narrow intervals  for sample 3 

Таблица 2. Измеренные размерные параметры  
(мкм/отн.ед.) для узких интервалов   

для образца 3

L/cv

1.5/0.04 1.05/0.21 1.03/0.44
2.5/0.02 1.78/0.19 1.77/0.45
3.1/0.02 2.21/0.15 2.16/0.43
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For hardmetals with a different predominant grain 
shape, equation (8) can be written in a more general 
form:

             (9)

Fig. 4 shows the experimental values  /L and 
1.4   /  for the hardmetals under study, 
as function of the width of the WC grain size distri-
bution, as well as the calculated curve according 
to the equation (8).

As can be seen from Fig. 4, the equation (8) pre-
sents a satisfactory description of the experiment.

In [14–16], the computer modeling did not take 
the shadow effect into account and it was assumed 
that L ≈  . In this case, the equation (8) becomes

             (10)

Fig. 4 also shows the observed dependence of the 
 /  ratio on cv . It can be seen that the experi-

mental values of  /  and  /  are close 
to the calculation results [15; 16].

In addition to the mean grain size, an important 
parameter of the microstructure is the WC grain size 
distribution. As can be seen from Table 1, the varia-
tion coefficients of the alloy grain distributions 
by the equivalent diameters and by mean chords are 
quite close (difference within 2–3 %). The grain 
dist ribution by the mean chord is slightly wider due 
to the grain shape. In addition, the grain distribu-
tion by the mean chords  was compared to that by 
the value of  /1.4 (normalization by the factor of 1.4 
enables to superimpose the distributions on each 
other). Superposition showed that they coincide within 
the margin of error. Thus, the alloy grain size distribu-
tion by the values of  and  can equally characte-
rize the alloy grain composition.

As noted above, the size distribution of random 
chords in the linear intercept method is often used 
as a characteristic of the alloy grain composition. 
However, it is necessary to take into account that, 
firstly, the distribution of random chords in the line ar 
intercept method applies only to grains intersected 
by the lines, the distribution of which differs from 
that of all alloy grains due to the shadow effect. 
Secondly, even if the grains are of the same size and 
shape (δ-function), the random chords lengths are 
distributed in a certain way, the width of this distribu-
tion is not zero and is determined by the grain shape. 
For example, if the material consists of round grains 
of the same diameter d, the mean grain chords are also 
equal and, respectively, have a δ distribution. In this 
case, the size distribution density of random chords  
 

will be as follows  y < d, where d 

is the circle diameter [21] with the distribution width 
of σ = 0.223d. For grains of other shapes, taking pos-
sible orientations into account, the distribution func-
tion is more complex [22; 23]. Hereinafter, we will 
call such distribution functions the grain shape func-
tions. Therefore, from a mathematical point of view, 
the random chord length distribution under the linear 
intercept method is a convolution of the size distribu-
tion function for the grains intersected by the lines and 
the grain shape function. In many areas of phy sics, 
a similar situation can be observed. When random 
chords distri bution is analyzed, it is most logical to use 
the distribution of mean chords of the grains intersected 
by the lines as a function of the grain size distribution, 
while the distribution of random chords for a narrow 
interval in the distribution of mean chords of the alloy 
under study can be taken as a shape function. As an 
illustration, for sample 3 grains intersected by the line, 
the distributions of mean chords, random chords, and 
the computed distribution of random chords obtained 

Fig. 4. Plots of ,  ,   as function of cv
1 – calculation based on the equation (8)
2 – calculation based on the equation (10)

 – experimental data for 

 – experimental data for 
 – experimental data for 
 – experimental data for 

Рис. 4. Зависимости ,  ,   от cv
1 – расчет на основании уравнения (8)
2 – расчет на основании уравнения (10)
 – экспериментальные данные для 

 – экспериментальные данные для 
 – экспериментальные данные для 
 – экспериментальные данные для 
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by convolution were constructed. The results are shown 
in Fig. 5. 

The comparison of the distribution functions 
of mean and random chords shows that with equal 
mean values, the distribution width of random chords 
is significantly higher (the variation coefficients 
of the distributions differ 1.4–1.5 times). At the same 
time, the distribution of random chords, within 
the margin of error, coincides with the computed distri-
bution obtained by convolution. This means that even 
for the alloys with relatively narrow grain distribu-
tions, when the shadow effect is small, the distribu-
tion of random chords will not coincide with the alloy 
grain size distribution. According to Tikhonov [24], 
restoring the real function of alloy grain size distribu-
tion from the distribution of random chords is a com-
plex task and should be viewed as an incorrect-posed 
problem.

Discussion of resultsDiscussion of results
The discrepancies between the experimental and 

computed values of the dJ /L ratio in WC–Co hardme-
tals revealed in [14–16] indicated a number of problems 
associated with the linear intercept method. Although 
this method is widely used, numerous methodologi-
cal works and a number of international standards are 
devoted to it, when it comes to WC–Co hard metals, 
there is no clear understanding what size is being 
measured. 

The linear intercept method, like the planimet-
ric technique, was originally developed to estimate 
the mean grain size of polycrystalline metals and 

alloys, which, as a rule, have rather narrow grain size 
distributions. Standard WC–Co hardmetals are charac-
terized by a wider WC grain size distribution. This is 
pro bably the reason why, with almost similar measure-
ment procedures, the standard for metals and alloys 
ASTM E112-13 (2021) and the standard for hardme-
tals ISO 4499 2 (2020) describe different correlations 
between the linear intercept and planimetric methods. 

The ASTM standard indicates the ratio   
 

which is considered accurate for round grains and 
approximate for equiaxed grains of other shapes, which 
gives the equation  / L ≈ 1.273, or 4/π. As previously 
noted, this value is equal to the ratio of the circle dia-
meter to its mean chord. 

The ISO standard, with reference to [15], indi-
cates the ratio  which gives the equation 

 / L ≈ 1.128, or  In [15], the experimental va lues 
of the ratio  / L for different alloys varied from 1.10 
to 1.40, the mean value being 1.15. Therefore, despite 
the wide scatter in results, the authors assumed the ratio 

 / L to be equal to 1.13 and indicated it in the standard. 
We believe that the spread in the  / L value obtained 
in [15], in addition to the measuring inaccuracy, is 
attributed to the fact that the alloys probably had diffe-
rent width of the WC grain size distribution, and simple 
averaging of the  / L measurement results for different 
alloys resulted in an error. 

The dependence of the mean WC grain size deter-
mined by the linear intercept method on the width 
of the WC grain size distribution revealed in this work 
and explained by the shadow function S enables to eli-
minate this error. In addition, the opportunity is afforded, 
within a single approach, to harmonize the results 
of the linear intercept and planimetric me thods in 
ASTM E112-13 (2021) and ISO 4499 2 (2020) stan-
dards. The ratio  / L depending on the grain shape 
and the width of the grain size distribution is given 
by the equation (9). For round and equiaxed grains, 
the shape coefficient Ks is approximately equal to 1.27, 
and for relatively narrow distributions (cv < 0.3) 
the result from (9) corresponds to ASTM. For hard-
metals, due to the variety of shapes of WC grains, 
the coefficient Ks is approximately equal to 1.4, and 
the width of the WC grain distribution can vary over 
a fairly wide range. Therefore, the value of the ratio 

 / L, according to (9), can vary from 1.0 to 1.4 depen-
ding on cv . This spread of  / L values is fully con-
sistent with the experimental results [15]. It confirms 
that simple averaging of  / L values for alloys with 
different cv values is a mistake and so is the introduc-
tion of this mean value (1.128) into ISO 4499 2(2020) 
standard. Expressing dependence of  / L on cv using 

Fig. 5. Grain size distribution by the mean chords ( ),  
random chords ( ) and the convolution result ( ) for sample 3 

Рис. 5. Распределение зерен по величине средних хорд ( ), 
случайных хорд ( ) и результат свертки ( ) для образца 3
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the equation (8), cv varying from 0 to 1.0, we obtain 
an integral mean value of 1.244.

Thus, when the linear intercept method is used 
to determine the mean WC grain size in hardmetals, 
the mean size value obtained is even more arbitrary than 
the researchers, including the authors, earlier assumed. 
Therefore, this value must be used with caution when 
establishing a relationship between WC grain size and 
the physical properties of alloys. It is also important 
to keep in mind that the distribution of random chords 
by length in the linear intercept method is not the same 
as the alloy grain size distribution.

ConclusionsConclusions
1. For a number of WC–Co hardmetals, having 

compared the dimensional characteristics of WC grains 
measured for all grains and for the ones intersected 
by the line, we proved that the condition for drawing 
these lines in the linear intercept method (ISO 4499 2) 
results in shadowing of finer grains by course ones and 
distortion of the WC grain size distribution (shadow 
effect).

2. It has been established that the shadow effect 
grows with the increasing variation coefficient (cv ) 
of the WC grain size distribution. The relationship 
between the mean sizes of all grains and the grains inter-
sected by the line can be described using the shadow 
function S 

d 
a
 / d 

l = 1 – S,

where .

3. For the hardmetals under study, the relationship 
between the mean equivalent diameter and the mean 
chord of WC grains was obtained by measurement:

deq ≈ 1.4dch .

4. It is demonstrated that the relationship between 
the mean equivalent diameter, the Jefferies dia meter and 
the mean grain size in the linear intercept method is not 
a constant value, it depends on the size of the shadow 
effect:

5. Without taking the alloy grain size distribu-
tion into account, the linear intercept method can only 
give a conditional estimate of the mean size and these 
limitations of the method should be kept in mind.

6. The length distribution of random chords in 
the linear intercept method is not a characteristic 
of the WC grain size distribution.
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Abstract. In this research, we combined mechanical activation (MA), self-propagating high-temperature synthesis (SHS), and spark plasma 

sintering (SPS) methods to obtain a dense high-entropy (Hf,Ta,Nb)(C,N) carbonitride and studied its properties. To implement the SHS 
process, a mixture of initial metals and carbon was subjected to pre-treatment in a planetary mill in the low-energy mode, in which 
the jar rotation speed reached 350 rpm. We studied the evolution of microstructure and phase composition during the MA process. 
It has been established that after 60 min of treatment, Hf/Ta/Nb/C layered composite particles consisting of Hf, Ta, Nb and C submi-
cron layers, with an average size of about 15 μm, were formed. However, according to the X-ray diffraction analysis, the components 
in the jar did not interact. SHS of Hf/Ta/Nb/C reactive mixtures was performed in a nitrogen atmosphere (P = 0.8 MPa); after synthesis, 
two isomorphic (Hf,Ta,Nb)(C,N) phases of the Fm-3m (225) space group with lattice parameters of a = 0.4476 nm (71 wt. %) and 
a = 0.4469 nm (22 wt. %) were revealed in the powder. After SHS, the average size of agglomerates was 10 μm and their morphology 
resembled that of composite particles after MA. The agglomerates formed during SHS consisted of pores and round-shaped particles 
ranging in size from 0.5 to 2 μm, which was caused by the melting of metal components in the combustion zone and rapid crystalliza-
tion of product grains from the melt, followed by subsequent recrystallization. Spark plasma sintering at a temperature of 2000 °C, 
a pressure of 50 MPa and a holding time of 20 min enabled to obtain a single-phase high-entropy (Hf0.33Ta0.33Nb0.33 )C0.5N0.3 material 
with a lattice parameter of 0.4482 nm characterized by a high relative density of 98 %, a hardness of 21.5 ± 0.4 GPa, a Young’s modulus 
of 458 ± 10 GPa, and a fracture toughness value of 3.7 ± 0.3 MPa∙m1/2. 

Keywords: high-entropy ceramics, high-entropy carbonitride, mechanical activation, self-propagating high-temperature synthesis, 
ceramics, spark plasma sintering
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Аннотация. В работе комбинацией методов механического активирования (МА), самораспространяющегося высокотемпе-

ратурного синтеза (СВС) и искрового плазменного спекания (ИПС) получен плотный высокоэнтропийный карбонитрид 
(Hf,Ta,Nb)(C,N) и исследованы его свойства. Для реализации процесса СВС смесь исходных металлов с углеродом подвер-
гали предварительной обработке в планетарной мельнице в низкоэнергетическом режиме, при котором скорость вращения 
барабанов составляла 350 об/мин. Была исследована эволюция микроструктуры и фазового состава в процессе МА. Уста-
новлено, что после обработки в течение 60 мин происходит формирование слоистых композиционных частиц Hf/Ta/Nb/C, 
имеющих средний размер порядка 15 мкм и состоящих из субмикронных слоев Hf, Ta, Nb и C. При этом, согласно данным 
рентгенофазового анализа, взаимодействия компонентов в барабане не происходило. СВС реакционных смесей Hf/Ta/
Nb/C проводили в атмосфере азота (P = 0,8 МПа), после синтеза в порошке были обнаружены две изоморфные фазы 
(Hf,Ta,Nb)(C,N) пространственной группы Fm-3m (225) с различными параметрами решетки: а = 0,4476 нм (71 мас. %) 
и a = 0,4469 нм (22 мас. %). Морфология частиц после СВС повторяла морфологию композиционных частиц после МА, 
средний размер агломератов составлял 10 мкм. Сформировавшиеся в процессе СВС агломераты состояли из частиц округ лой 
формы размером от 0,5 до 2 мкм и пор, что обусловлено плавлением металлических компонентов в зоне горения, быстрой 
кристаллизацией зерен продукта из расплава и их последующей рекристаллизацией. Процесс ИПС при температуре 2000 °С, 
давлении прессования 50 МПа и времени выдержки 20 мин позволил получить однофазный высоко энтропийный материал 
(Hf0,33Ta0,33Nb0,33)C0,5N0,3 с параметром решетки 0,4482 нм, который характеризовался высокой относительной плотностью 
98 %, твердостью 21,5 ± 0,4 ГПа, модулем Юнга 458 ± 10 ГПа и значением трещиностойкости 3,7 ± 0,3 МПа∙м1/2.  

Ключевые слова: высокоэнтропийная керамика, высокоэнтропийный карбонитрид, механическое активирование, само-
распространяющийся высокотемпературный синтез, керамика, искровое плазменное спекание
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IntroductionIntroduction
The development of pioneer industries poses a chal -

lenge for researchers to find new materials with high 
mechanical properties that can withstand high tem-
peratures. In recent years, scientists have focused 
on high-entropy ceramics (HECs) with a configura-
tional entropy of mixing Smix ≥ 1/.61R [1]. Unlike high-
entropy alloys [2], HECs contain cations or anions sub-
lattices [3], which gives this class of materials a wide 
structural diversity and controllable properties.

Among HECs, the compounds based on transi-
tion metals, IVB (Ti, Zr, Hf) and VB (V, Nb, Ta) groups 
of the periodic table, which have higher properties in 
comparison, for example, with binary carbides and 
nitrides, are most suitable for high-temperature appli-

cations. For example, the authors of [4] used spark 
plasma sintering (SPS) of a mixture of TaC, ZrC and 
NbC powders to synthesize single-phase (Ta,Zr,Nb)
C carbide with high flexural strength at elevated 
temperatures (1600–2000 °C). In [5], high-entropy 
(HfTaZrTi)C and (HfTaZrNb)C carbides revealed 
a significantly enhanced hardness (36.1 ± 1.6 GPa) 
compared to HfC (31.5 ± 1.3 GPa) and (Hf,Ta)C 
(32.9 ± 1.8  GPa).

High-entropy carbonitride ceramics is also 
of importance for fundamental research and practi-
cal applications. A number of studies have shown 
that carbide sublattice nitrogen doping contributes 
to improving pro perties, including mechanical ones, 
as strong Me–(C,N) covalent bonds and the C≡N triple 
bond [6–8] are formed. The study [9] demonstrated 
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that the introduction of an additional metal com-
ponent into the initial Ti–Zr–Hf–C–N system helps 
to increase the configuration entropy and, as a conse-
quence, to enhance mechanical properties. As a result, 
extremely high fracture toughness (8.4 MPa∙m1/2) 
was reached in a five-component carbonitride 
(Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)(C0.5N0.5). 

Previously, the authors of this paper obtained 
a double carbonitride in the Ta–Hf–C–N system, which 
demonstrated excellent mechanical properties and oxi-
dation resistance [10; 11]. The introduction of an addi-
tional metal component Nb in the equiatomic ratio is 
expected to improve the mechanical properties of tan-
talum-hafnium carbonitride (Ta0.5Hf0.5 )(C,N). 

Dense high-entropy carbonitrides are commonly 
prepared by sintering a mixture of transition metal 
carbides and nitrides [12–14]. However, this method 
requires elevated temperatures and long exposures 
to complete the diffusion processes. The self-propaga-
ting high-temperature synthesis (SHS) method enables 
to significantly reduce the time for obtaining powder 
of complex multicomponent compounds. The sub-
sequent spark plasma sintering pushes down energy 
costs for the fabrication of dense ceramics.

In this regard, the objective of this study was 
to obtain high-density (Hf,Ta,Nb)(C,N) carbonitride by 
combining the methods of mechanical activation (MA), 
self-propagating high-temperature synthesis and spark 
plasma sintering, and to investigate the mechanical 
properties of the resulting material. 

Materials and methodsMaterials and methods
The precursors were hafnium powders GFM-1 

(98.8 %, ≤ 180 µm), tantalum TaP-1 (99.9 %, from 40 
to 60 µm), niobium NbP-1a (99.9 %, from 40 to 63 µm) 
and carbon black P804T(99.5 %, ≤ 0.2 µm). Before 
SHS, the Hf + Ta + Nb + C powder mixture was sub-
jected to MA in a high-energy planetary ball mill 
“Activator-2S” (CJSC Activator, Russia) in an atmos-
phere of high purity argon (99.998 %): the ratio 
of the balls to powder mass was 20:1 (360 g : 18 g), 
gas pressure inside the cylinders stood at 0.6 MPa, 
and rotation speed was 350 rpm. To study the evolu-
tion of the phase composition and microstructure, 
the powder was removed from the jar after MA con-
ducted for 5, 30, 45 and 60 min.

SHS was performed in the constant pressure reactor 
in a nitrogen atmosphere (grade 1, 99.999 %). The reac-
tor chamber was pre-evacuated, then nitrogen was 
pumped until P reached 0.8 MPa. The self-sustai ning 
exothermic reaction was initiated by briefly app lying 
voltage to the tungsten coil connected to the power 
source. 

SHS powders were consolidated by spark plasma 
sintering using a Labox 650 unit (SinterLand, Japan) in 
an argon atmosphere at a temperature of 2000 °C, press 
pressure of 50 MPa, and a holding time of 20 min. 
The temperature was raised to the given value at a rate 
of 100 °C/min.

The samples microstructure, as well as their elemen-
tal composition, was studied using a JEOL JSM7600F 
scanning electron microscope (SEM) (JEOL Ltd., 
Japan) equipped with an X-MAX 80 mm2 X-ray micro-
analysis system (Oxford Instruments, UK), at an acce-
lerating voltage of 15 kV. The sizes of particles after 
MA and SHS were analyzed on a Bettersizer ST ana-
lyzer (Bettersize Instruments LTD, China) with wet 
dispersion.

The phase composition was studied using the X-ray 
diffraction analysis (XRD) on a Dron-4-07 diffracto-
meter (JSC Research Center Burevestnik, Russia) with 
CuKα radiation in the step scanning mode (scanning 
step 0.1°), the angles ranging from 20 to 80° with 2 s 
exposure. The ICDD PDF databases were used to ana-
lyze the resulting spectra. The Rietveld method was 
applied to calculate the lattice parameters and to con-
duct the quantitative phase analysis.

A TC-600 (Leco, USA) instrument estimated 
the amount of nitrogen and oxygen in the compounds 
by IR adsorption (for oxygen) and thermal conducti-
vity (for nitrogen) analysis during the reduction mel-
ting of the samples in a resistance furnace in a helium 
flow. A CS-600 (Leco) instrument was used to measure 
the carbon content. For this purpose, the samples were 
subjected to oxidative melting in an induction furnace 
and the amount of CO2 released was measured by IR 
absorption. The mass content of iron was determined 
by atomic emission spectral analysis on an iCAP 6000 
echelle spectrometer (Thermo Fisher, USA).

The configurational entropy of mixing Smix of a co -
valently bound compound was calculated using the for-
mula [15]:

where R is the universal gas constant, xi and xj are 
the mole fractions of cationic and anionic elements, 
respectively.

The relative density of samples after SPS was 
calculated as the ratio of hydrostatic to pycnomet-
ric density. The hydrostatic density of the samples 
was determined by hydrostatic weighing under 
GOST 20018-74 [16]. Pycnometric density was mea-
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sured using a Ultrapycnometer 1000 helium pycnome-
ter (Quantachrome Instruments, USA).

A Micro-Hardness Tester (CSM Instruments, 
Switzerland) was used to measure Young’s modu-
lus (E) at a 100 mN applied load.

We used a Durascan 70 hardness testing machine 
(Struers ApS, Denmark) to estimate hardness (HV) 
by the Vickers method, GOST 2999-75 [17]. A load 
of 30 N was applied for 10 s. At least 10 measurements 
were taken with each sample. We used the Anstis equa-
tion to assess the fracture toughness (K1с ) [18].

Results and discussionResults and discussion
Before conducting SHS, the powder mixture con-

sisting of Hf, Ta, Nb and C was subjected to mechanical 
activation to enhance its reactivity by reducing the par-
ticle size, accumulating defects and forming laye red 
composite particles throughout the entire volume 
of the powder. The large contact area between the com-
ponents of the mixture in composite particles facili-
tates and significantly accelerates the diffusion interac-
tion between them during the SHS process [19].

Fig. 1 shows X-ray diffraction patterns of the Hf + 
+ Ta + Nb + C reaction mixture after mechanical acti-
vations (MA) of different durations in a planetary ball 
mill. After the 5 min MA, the X-ray diffraction pat-
tern features peaks of individual elements: Nb and Ta 
of Im-3m (229) space group, as well as hexagonal Hf 
(P63 /mmc (194)). Peaks of carbon black (C) are not 
identified due to its X-ray amorphism. 

As the MA duration increases, the peaks widen 
and their intensity significantly decreases as the com-
ponents crystal lattices deform during mechanical 
processing. After the 60 min MA, the phase compo-
sition remains unchanged, the X-ray diffraction pat-
tern still shows diffraction peaks of the mixture metal 
components, while the reaction products, which lead 
to a drop in the accumulated energy and, consequently, 
reduced reactivity of the mixture, are not formed.

The evolution of the structure of the Hf + Ta + 
+ Nb + C reaction mixture during MA was studied 
using scanning electron microscopy (SEM) and X-ray 
microanalysis (XRMA) (Fig. 2). The non-activated 
powder mixture mostly consists of polygonal Hf, Ta 
and Nb particles ranging in size from 10 to 160 μm, 
as well as carbon black C agglomerates (Fig. 2, a). 
At the start of mechanical activation in the low-energy 
mode (from 0 to 30 min, Fig. 2, b, c), the mixture par-
ticles are crushed and flattened, new surfaces without 
oxide films or other impurities are formed, the contact 
area between Hf, Ta, Nb and C increases. The flattened 
particles interact with each other with their atomically 

pure surfaces; as a result, after τМА = 30 min, the first 
layered composite particles are formed (Fig. 2, c). With 
longer mechanical activation (Fig. 2, d, e), the con-
tent of particles of initial components in the reac-
tion mixture drops, the composite particles crush 
into smaller ones and the thickness of the Hf, Ta, Nb 
and C layers decreases. After τМА = 60 min (Fig. 2, e), 
the Hf/Ta/Nb/C layered composite particles are formed 
throughout the entire volume of the reaction mixture. 
The size of composite particles varies from 1 to 40 µm, 
the average size is 13 µm. Although mechanical activa-
tion was carried out in steel jars with steel grinding 
balls for 60 min, the content of iron and chromium does 
not exceed 0.5 and 0.05 wt. %, respectively, which is 
attributed to the use of low-energy mode (350 rpm) 
and the presence of a “lubricant” in the form of car-
bon black, which prevents grinding [20].

Thus, mechanical activation for 60 min in the low-
energy mode contributes to the formation of Hf/Ta/Nb/C 
layered composite particles throughout the entire 
volu me of the powder, however, reaction products 
inside the jars, which reduce the mixture reactivity, are 
not formed.

Fig. 3 shows an X-ray diffraction pattern of the pow-
der after treatment in the mill for 60 min and sub sequent 

Fig. 1. The X-ray diffraction patterns of the Hf + Ta + Nb + C 
reactive mixture after MA of different durations 

Рис. 1. Дифрактограммы реакционной смеси Hf + Ta + Nb + C 
после различного времени МА
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Fig. 2. The morphology, cross-section microstructures and element distribution maps  
of the Hf + Ta + Nb + C reactive mixture after MA of different durations

τМА , min: а – 0, b – 5, c – 30, d – 45, e – 60 

Рис. 2. Морфология, микроструктуры поперечных сечений и карты распределения элементов 
реакционной смеси Hf + Ta + Nb + C после различного времени МА

τМА , мин: а – 0, b – 5, c – 30, d – 45, e – 60
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SHS in a nitrogen atmosphere (P = 0.8 MPa). We can 
see that after synthesis, the phase composition funda-
mentally changes compared to the powder after MA; 
the X-ray diffraction pattern features widened and 
asymmetric peaks due to the formation of two isomor-
phic phases (Hf,Ta,Nb)(C,N) of the Fm-3m (225) space 
group with different lattice parameters – 0.4476 nm 
(71 wt. %) and 0.4469 nm (22 wt. %).

During filtration combustion of layered composite 
particles in nitrogen, the first step involves the for-
mation of the nonstoichiometric carbide [19], which 
propa gates at a very high speed, therefore, interac-
tion with nitrogen occurs in the aftercombustion zone 
only [21]. High cooling rates lead to uneven nitriding 
throughout the sample volume, resulting in the for-
mation of phases with different N contents [26]. 
The X-ray diffraction pattern also reveals low-inten-
sity peaks of orthorhombic and monoclinic HfO2 – 
based on the calculations by the Rietveld method, 
their content in the powder after SHS is 4 and 3 wt. %, 
respectively. 

After SHS, the morphology of the product agglome-
rates (Fig. 4, a) predictably repeats the morpho-
logy of the composite particles after MA (Fig. 2, e), 
the average size of the agglomerates being ~30 μm. 
The extensive contact surfaces between the reagents 
in layered composite particles contributed to a signifi-

cant acceleration of the diffusion interaction between 
them during the combustion process, as a result 
the morphology of the particles remained practically 
unchanged [22; 23]. 

Fig. 4. Morphology of the (Hf,Ta,Nb)(C,N) agglomerates after SHS (а), cross-section microstructure (b),  
maps of the elements distribution in the agglomerate (c–h) 

Рис. 4. Морфология агломератов (Hf,Ta,Nb)(C,N) после СВС (а), микроструктура поперечного сечения (b),  
карты распределения элементов в агломерате (c–h)

Fig. 3. X-ray diffraction patterns of the reaction mixture  
after 60 min MA (1), (Hf,Ta,Nb)(C,N) after SHS (2) and SPS (3) 

Рис. 3. Дифрактограммы реакционной смеси после МА 
в течение 60 мин (1), (Hf,Ta,Nb)(C,N) после СВС (2) и ИПС (3)
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When examining the cross section of the agglome-
rate (Fig. 4, b), we can see pores and rounded particles 
ranging in size from 0.5 to 2 μm. According to EDS 
(Fig. 4, c–g, Table 1), in the product (Hf,Ta,Nb)(C,N) 
(gray areas), the elements Hf, Ta, Nb and C are uni-
formly distributed, the nitrogen content in the particles 
fluc tuating from 2 to 13 at. %. In addition to the main 
phase, HfO2 inclusions (light gray areas in Fig. 4, b, c, h) 
are observed in the agglomerates.

As with the Hf–C–N [24], Ta–Hf–C–N [11] and 
Hf–Zr–C–N systems, the rounded particles are for-
med [25; 26] due to melting of the mixture metal 
components in the reaction zone, rapid crystalliza-
tion of product grains from the melt and their sub-
sequent recrystallization [27; 28]. The agglomerates 
structure after SHS is porous as gas releases during 
the combustion process. 

Spark plasma sintering was performed in 
the mode previously tested on the Ta–Hf–C–N sys-
tem [10; 11]. The X-ray diffraction pattern of sintered 
(Hf,Ta,Nb)(C,N) carbonitride is shown in Fig. 3. When 
exposed to high temperature, the carbonitride peaks 
became narrower and more symmetrical, suggesting 
homogenization of the chemical composition, ordering 
of the crystal structure and an increased size of crystal-
lites after sintering; the lattice parameter value after 
SPS was 0.4482 nm. Compared to the powder after 
SHS, the content of orthorhombic and monoclinic 
HfO2 increased to 7 and 5 wt. %.

A typical microstructure of (Hf,Ta,Nb)(C,N) carbo-
nitride after SPS, as well as an elements distribution map 
are shown in Fig. 5. The particle size of the main phase 
(Hf,Ta,Nb)(C,N) (gray areas) va ries from 2 to 15 μm. 
According to EDS (Fig. 5, b–f), the elements Hf, Ta, 
Nb, C and N are uniformly distributed. However, 
the structure of the bulk material features HfO2 inclu-
sions (light areas, Fig. 5, a, b, g) along the boundaries 
of the main phase, which confirms the X-ray diffrac-
tion data. The pycnometric density of the bulk carboni-
tride amounted to 11.06 ± 0.05 g/cm3, the hydrostatic 
density was 10.8 ± 0.2 g/cm3, which, in turn, corres-

ponds to 98 % of the relative density and is consistent 
with the microstructural analysis data.

Based on the results of chemical analysis, it can be 
concluded that the carbon content in the (Hf,Ta,Nb)(C,N) 

Table 1. X-ray microanalysis of the (Hf,Ta,Nb)(C,N) cross-section after SHS (at. %)
Таблица 1. Микрорентгеноспектральный анализ поперечного сечения (Hf,Ta,Nb)(C,N) после СВС (ат. %)

Spectrum number Hf Ta Nb C N O Σ
1 14.8 14.3 14.3 40.2 12.9 3.5 100.0
2 13.1 13.9 13.5 52.5 1.9 5.1 100.0
3 14.8 14.4 15.1 47.9 3.2 4.6 100.0
4 13.7 14.9 14.6 48.9 4.1 3.8 100.0
5 13.7 13.8 13.9 48.3 4.6 5.7 100.0
6 12.5 12.9 13.1 51.8 5.2 4.5 100.0
7 14.8 14.5 14.9 43.7 6.9 5.2 100.0

Fig. 5. (Hf,Ta,Nb)(C,N) microstructure (а)  
and elements distribution map after SPS (b–g) 

Рис. 5. Микроструктура (Hf,Ta,Nb)(C,N) (а)  
и карты распределения элементов после ИПС (b–g)
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sample corresponds to the amount of carbon in the ini-
tial reaction mixture and amounts to 3.8 ± 0.2 wt. %, 
while nitrogen and oxygen content are 2.3 ± 0.1 and 
0.8 ± 0.2 wt. %, respectively. The chemical for-
mula of bulk carbonitride can be written as follows: 
(Hf0.33Ta0.33Nb0.33 )C0.5N0.3 . For the resulting com-
pound, the configuration entropy of mixing (Smix ) was 
1.8, which meets the criteria for high-entropy materials 
Smix ≥ 1.61R [29; 30].

Microhardness, Young's modulus and fracture tough-
ness were studied on sintered samp les. The mechanical 
properties of high-entropy (Hf,Ta,Nb)(C,N) carbonitride 
and similar materials are presented in Table 2. High-
entropy (Hf,Ta,Nb)(C,N) carbonitride is characterized 
by higher hardness compared to (Ta0.5Hf0.5)C0.51N0.4 
tantalum-hafnium carbonitride obtained in a simi-
lar way [11]. Considering that (Hf,Ta,Nb)(C,N) and 
(Ta0.5Hf0.5)C0.51N0.4 have almost the same grain size 
(2–15 μm and 6–10 μm, respectively), it can be 
assumed that the introduction of Nb into the composi-
tion of (Ta0.5Hf0.5)C0.51N0.4 tantalum-hafnium carbo-
nitride contributed to increased hardness caused by 
enhanced configurational entropy of mixing. The simi-
lar effect was demonstrated in [9], where the hard-
ness and fracture toughness increase with enhancing 
configurational entropy of mixing. Compared to other 
multicomponent carbonitrides [9; 31; 32] and car-
bides [33–35], (Hf,Ta,Nb)(C,N) demonstrated higher 
hardness (21.5 ± 0.4 GPa), as well as a comparable 
value of fracture toughness (3.7 ± 0.3 MPa ∙m1/2). 

 
ConclusionsConclusions

1. We studied the impact of MA duration on the struc-
ture and phase composition of the Hf + Ta + Nb + C 
reaction mixture. It has been demonstrated that mecha-
nical treatment in the low-energy mode for 60 min cont-

ributes to the formation of layered composite particles 
with an average size of 13 μm throughout the entire 
powder volume. 

2. The powder after SHS included two isomor-
phic phases (Hf,Ta,Nb)(C,N) with lattice parameters 
of 0.4476 nm and 0.4469 nm Fm-3m (225) space group. 

3. A dense high-entropy (Hf0.33Ta0.33Nb0.33)C0.5N0.3 
carbonitride with a relative density of 98 %, hardness 
of 21.5 ± 0.4 GPa, Young’s modulus of 458 ± 10 GPa 
and fracture toughness of 3.7 ± 0.3 MPa∙m1/2 was fab-
ricated from the synthesized powder using the spark 
plasma sintering method.

References / Список литературыReferences / Список литературы
1. Xiang H., Xing Y., Dai F.Z., Wang H., Su L., Miao L., 

Zhang G., Wang Y., Qi X., Yao L., Wang H., Zhao B., 
Li J., Zhou Y. High-entropy ceramics: Present status, 
challenges, and a look forward.  Journal of Advanced 
Ceramics. 2021;10(3):385–441.

 https://doi.org/10.1007/s40145-021-0477-y 
2. Dewangan S.K., Mangish A., Kumar S., Sharma A., 

Ahn B., Kumar V. A review on high-temperature 
applicabi lity: A milestone for high entropy alloys. Engi-
neering Science and Technology, an International Journal. 
2022;35:101211.

 https://doi.org/10.1016/j.jestch.2022.101211
3. Akrami S., Edalati P., Fuji M., Edalati K. High-entropy 

ceramics: Review of principles, production and applica-
tions. Materials Science and Engineering: R: Reports. 
2021;146:100644.

 https://doi.org/10.1016/j.mser.2021.100644
4. Demirskyi D., Borodianska H., Suzuki T.S., Sakka Y., Yo-

shimi K., Vasylkiv O. High-temperature flexural strength 
performance of ternary high-entropy carbide consolidated 
via spark plasma sintering of TaC, ZrC and NbC. Scripta 
Materialia. 2019;164:12–16.

 https://doi.org/10.1016/j.scriptamat.2019.01.024

Table 2. The mechanical properties of high-entropy (Hf,Ta,Nb)(C,N) carbonitride and similar materials 
Таблица 2. Механические свойства высокоэнтропийного карбонитрида (Hf,Ta,Nb)(C,N)  

и аналогичных материалов

Sample ρ, % HV, GPa E, GPa K1с , MPa·m1/2

(Hf,Ta,Nb)(C,N) 98.0 ± 0.5 21.5 ± 0.4 458 ± 10 3.7 ± 0.3
(Ta0.5Hf0.5)C0.51N0.4 [11] 98.0 18.7 ± 0.1 516 –

(Ti,V,Nb,Ta)(C0.7N0.3) [31] 95.6 19.1 437.5 2.0
(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)(N0.5C0.5) [32] 95.9 19.5 ± 0.3 429 ± 10 2.8 ± 0.3

(Ti0.33Zr0.33Hf0.33)(C0.5N0.5) [9] – ~16.0  ~460 5.7
(Ti0.25Zr0.25Hf0.25Nb0.25)(C0.5N0.5) [9] – ~18.0 ~450 ± 140 6.9
(Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)(C0.5N0.5) [9] – ~21.0 ~460 8.4

(NbTaZr)C [33] 99.5 20.24 ± 0.87 505 3.07
(Zr0.25Nb0.25Ti0.25V0.25)C [34] 95.1 19.1 ± 0.5 460.4 ± 19.3 4.7 ± 0.5 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C [35] 93.0 15.0 479 –

Powder Metallurgy аnd Functional Coatings. 2024;18(3):38–48 
Suvorova V.S., Nepapushev A.A., etc. Self-propagating high-temperature synthesis and spark ...

https://doi.org/10.1007/s40145-021-0477-y
https://doi.org/10.1016/j.jestch.2022.101211
https://doi.org/10.1016/j.mser.2021.100644
https://doi.org/10.1016/j.scriptamat.2019.01.024
https://doi.org/10.1111/jace.17333
https://doi.org/10.1016/j.ceramint.2021.02.013
https://doi.org/10.1016/j.ceramint.2021.02.013
https://doi.org/10.1016/j.ceramint.2021.02.013


46

5. Castle E., Csanádi T., Grasso S., Dusza J., Reece M. Pro-
cessing and properties of high-entropy ultra-high tempera-
ture carbides. Scientific Reports. 2018;8:8609. 

 https://doi.org/10.1038/s41598-018-26827-1
6. Hong Q.J., Van De Walle A. Prediction of the material 

with highest known melting point from ab initio molecu-
lar dynamics calculations. Physical Review B. 2015;92(2): 
020104. https://doi.org/10.1103/PhysRevB.92.020104

7. Zhang X., Li X., Zuo J., Luo R., Wang J., Qian Y., Li M., 
Xu J. Characterization of thermophysical and mechanical 
properties of hafnium carbonitride fabricated by hot press-
ing sintering. Journal of Materials Research and Techno-
logy. 2023;23:4432–4443.

 https://doi.org/10.1016/j.jmrt.2023.02.099
8. Peng Z., Sun W., Xiong X., Xu Y., Zhou Z., Zhan Z., 

Zhang H., Zeng Y. Novel nitrogen-doped hafnium car-
bides for advanced ablation resistance up to 3273 K. Cor-
rosion Science. 2021;189:109623. 

 https://doi.org/10.1016/j.corsci.2021.109623
9. Zhang P., Liu X., Cai A., Du Q., Yuan X., Wang H., Wu Y., 

Jiang S., Lu Z. High-entropy carbide-nitrides with en-
hanced toughness and sinterability. Science China Mate-
rials. 2021;64(8):2037–2044.

 https://doi.org/10.1007/s40843-020-1610-9
10. Suvorova V.S., Nepapushev A.A., Moskovskikh D.O., 

Kuskov K.V. Fabrication and oxidation resistance 
of the non-stoichiometric tantalum-hafnium carboni-
tride. Powder Metallurgy and Functional Coatings. 
2022;(3):45–54. 

 https://doi.org/10.17073/1997-308X-2022-3-45-54 
 Суворова В.С., Непапушев А.А., Московских Д.О., 

Кусков К.В. Получение нестехиометрического тантал-
гафниевого карбонитрида и исследование его окисли-
тельной стойкости. Известия вузов. Порошковая метал-
лургия и функциональные покрытия. 2022;(3):45–54. 
https://doi.org/10.17073/1997-308X-2022-3-45-54

11. Buinevich V.S., Nepapushev A.A., Moskovskikh D.O., 
Kuskov K.V., Yudin S.N., Mukasyan A.S. Ultra-high-
temperature tantalum-hafnium carbonitride ceramics fab-
ricated by combustion synthesis and spark plasma sinter-
ing. Ceramics International. 2021;47(21):30043–30050. 

 https://doi.org/10.1016/j.ceramint.2021.07.180
12. Dippo O.F., Mesgarzadeh N., Harrington T.J., Schra-

der G.D., Vecchio K.S. Bulk high-entropy nitrides and 
carbonitrides. Scientific Reports. 2020;10(1):21288. 

 https://doi.org/10.1038/s41598-020-78175-8
13. Wang Y., Csanádi T., Zhang H., Dusza J., Reece M.J. 

Synthesis, microstructure, and mechanical properties 
of novel high entropy carbonitrides. Acta Materialia. 
2022;231:117887.

 https://doi.org/10.1016/j.actamat.2022.117887
14. Peng Z., Sun W., Xiong X., Zhang H., Guo F., Li J. Novel 

refractory high-entropy ceramics: Transition metal carbo-
nitrides with superior ablation resistance. Corrosion Sci-
ence. 2021;184:109359. 

 https://doi.org/10.1016/j.corsci.2021.109359
15. Peng C., Tang H., He Y., Lu X., Jia P., Liu G., Zhao Y., 

Wang M. A novel non-stoichiometric medium-entropy 
carbide stabilized by anion vacancies. Journal of Mate-

rials Science & Technology. 2020;51:161–166. 
 https://doi.org/10.1016/j.jmst.2020.02.049
16. GOST 20018-74 (ST SEV 1253-78, ISO 3369-75). Sin-

tered hard alloys: Density determination method (with 
changes No. 1, 2, 3). Moscow: Gosstandart SSSR, 1991. 
11 р. (In Russ.).

 ГОСТ 20018-74 (СТ СЭВ 1253-78, ИСО 3369-75). 
Сплавы твердые спеченные: Метод определения плот-
ности (с изменениями № 1, 2, 3). М.: Госстандарт 
СССР, 1991. 11 с.

17. GOST 2999-75. Metals and alloys: Vickers hardness 
measurement method (with changes No. 1, 2). Moscow: 
Mana gement of standardization and certification of raw 
materials and materials, 1986. (In Russ.).

 ГОСТ 2999-75. Металлы и сплавы: Метод измере-
ния твердости по Виккерсу (переизд. с изм. 1, 2). М.: 
Управление стандартизации и сертификации сырья и 
материалов, 1986.

18. Anstis G.R., Chantikul P., Lawn B.R., Marshall D.B. A 
critical evaluation of indentation techniques for measuring 
fracture toughness: I, direct crack measurements. Journal 
of the American Ceramic Society. 1981;64(9):533–538. 

 https://doi.org/10.1111/j.1151-2916.1981.tb10320.x
19. Suvorova V.S. Fabrication of ultra-high-temperature ce-

ramics based on hafnium carbonitride by self-propagating 
high-temperature synthesis: Diss. Cand. Sci. (Eng.). Mos-
cow: MISIS, 2022. (In Russ.).

 Суворова В.С. Получение тугоплавких керамик на ос-
нове карбонитрида гафния методом самораспростра-
няющегося высокотемпературного синтеза: Дис. … 
канд. техн. наук. М.: МИСИС, 2022.

20. Liu G., Li J., Chen K. Combustion synthesis: Handbook 
of combustion: Online: Wiley-VCH Verlag GmbH&Co, 
2015. 62 p.

 https://doi.org/10.1002/9783527628148.hoc094
21. Eslamloo-Grami M., Munir Z.A. The mechanism of com-

bustion synthesis of titanium carbonitride. Journal of Ma-
terials Research. 1994;9(2):431–435. 

 https://doi.org/10.1557/JMR.1994.0431
22. Mukasyan A.S., Rogachev A.S. Combustion synthesis: 

Mechanically induced nanostructured materials. Journal 
of Materials Science. 2017;52:11826–11833. 

 https://doi.org/10.1007/s10853-017-1075-9
23. Mukasyan A.S., Lin Y.C., Rogachev A.S., Mos-

kovskikh D.O. Direct combustion synthesis of silicon car-
bide nanopowder from the elements. Journal of the Ameri-
can Ceramic Society. 2013;96(1):111–117. 

 https://doi.org/10.1111/jace.12107 
24. Buinevich V.S., Nepapushev A.A., Moskovskikh D.O., 

Trusov G.V., Kuskov K.V., Vadchenko S.G., Ro-
gachev A.S., Mukasyan A.S. Fabrication of ultra-high-
temperature nonstoichiometric hafnium carbonitride via 
combustion synthesis and spark plasma sintering. Cera-
mics International. 2020; 46(10):16068–16073. 

 https://doi.org/10.1016/j.ceramint.2020.03.158 
25. Khadyrova I., Suvorova V., Nepapushev A., Suvorov D., 

Kuskov K., Moskovskikh D. Hafnium-zirconium carboni-
tride (Hf,Zr)(C,N) by one step mechanically induced self-
sustaining reaction: Powder synthesis and spark plasma 

Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(3):38–48 
Суворова В.С., Непапушев А.А. и др. Самораспространяющийся высокотемпературный синтез и искровое ...

https://doi.org/10.1038/s41598-018-26827-1
https://doi.org/10.1103/PhysRevB.92.020104
https://doi.org/10.1016/j.jmrt.2023.02.099
https://doi.org/10.1016/j.corsci.2021.109623
https://doi.org/10.1007/s40843-020-1610-9
https://doi.org/10.17073/1997-308X-2022-3-45-54
https://doi.org/10.17073/1997-308X-2022-3-45-54
https://doi.org/10.1016/j.ceramint.2021.07.180
https://doi.org/10.1038/s41598-020-78175-8
https://doi.org/10.1016/j.actamat.2022.117887
https://doi.org/10.1016/j.corsci.2021.109359
https://doi.org/10.1016/j.jmst.2020.02.049
https://doi.org/10.1111/j.1151-2916.1981.tb10320.x
https://doi.org/10.1002/9783527628148.hoc094
https://doi.org/10.1557/JMR.1994.0431
https://doi.org/10.1007/s10853-017-1075-9
https://doi.org/10.1111/jace.12107
https://doi.org/10.1016/j.ceramint.2020.03.158


47

sintering. Ceramics. 2023;6(2):1129–1138. 
 https://doi.org/10.3390/ceramics6020067
26. Suvorova V., Khadyrova I., Nepapushev A., Kuskov K., 

Suvorov D., Moskovskikh D. Fabrication and investi-
gation of novel hafnium-zirconium carbonitride ultra-
high temperature ceramics. Ceramics International. 
2023;49(14):23809–23816.

 https://doi.org/10.1016/j.ceramint.2023.04.222 
27. Merzhanov A.G., Rogachev A.S. Structural macrokine-

tics of SHS processes. Pure and Applied Chemistry. 1992; 
64(7):941–953. https://doi.org/10.1351/pac199264070941

28. Deevi S.C. Structure of the combustion wave in the com-
bustion synthesis of titanium carbides. Journal of Mate-
rials Science. 1991;26(10):2662–2670. 

 https://doi.org/10.1007/BF00545552
29. Pikalova E.Y., Kalinina E.G., Pikalova N.S., Filonova E.A. 

High-entropy materials in SOFC technology: Theoretical 
foundations for their creation, features of synthesis, and 
recent achievements. Materials. 2022;15(24):8783. 

 https://doi.org/10.3390/ma15248783
30. Golgovici F., Tudose A.E., Diniasi D., Nartit R., Ful-

ger M., Demetrescu I. Aspects of applied chemistry rela-
ted to future goals of safety and efficiency in materials de-
velopment for nuclear energy. Molecules. 2023;28(2):874. 

 https://doi.org/10.3390/molecules28020874

31. Han X.Q., Lin N., Li A.Q., Li J.Q., Wu Z.G., Wang Z.Y., 
He Y.H., Kang X.Y., Ma C. Microstructure and characte-
rization of (Ti,V,Nb,Ta)(C,N) high-entropy ceramic. Cera-
mics International. 2021;47(24):35105–35110. 

 https://doi.org/10.1016/j.ceramint.2021.09.053
32. Wen T., Ye B., Nguyen M.C., Ma M., Chu Y. Thermo-

physical and mechanical properties of novel high-entropy 
metal nitride-carbides. Journal of the American Ceramic 
Society. 2020;103(11):6475–6489.

 https://doi.org/10.1111/jace.17333
33. Li Z., Wang Z., Wu Z., Xu B., Zhao S., Zhang W., Lin 

N. Phase, microstructure and related mechanical proper-
ties of a series of (NbTaZr)C-based high entropy ceram-
ics. Cera mics International. 2021;47(10):14341–14347. 

 https://doi.org/10.1016/j.ceramint.2021.02.013
34. Ye B., Wen T., Nguyen M.C., Hao L., Wang C.Z., Chu Y. 

First-principles study, fabrication and characteriza-
tion of (Zr0.25Nb0.25Ti0.25V0.25)C high-entropy ceramics. 
Acta Materialia. 2019;170:15–23. 

 https://doi.org/10.1016/j.actamat.2019.03.021
35. Yan X., Constantin L., Lu Y., Silvain J.F., Nastasi M., 

Cui B. (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C high‐entropy ceramics 
with low thermal conductivity. Journal of the American 
Ceramic Society. 2018;101(10):4486–4491. 

 https://doi.org/10.1111/jace.15779

Вероника Сергеевна Суворова – к.т.н., науч. сотрудник НИЦ 
«Конструкционные керамические наноматериалы» Нацио-
нального исследовательского технологического университета 
«МИСИС» (НИТУ МИСИС)

 ORCID: 0000-0002-0335-9153
 E-mail: buynevich.vs@misis.ru 

Андрей Александрович Непапушев – к.т.н., ст. науч. сотрудник 
НИЦ «Конструкционные керамические наноматериалы» НИТУ 
МИСИС

 ORCID: 0000-0001-9017-9937
 E-mail: anepapushev@gmail.com 

Дмитрий Сергеевич Суворов – инженер кафедры функ-
циональных наносистем и высокотемпературных материалов 
НИТУ МИСИС

 ORCID: 0000-0002-0358-9987
 E-mail: suvorov.ds@misis.ru 

Кирилл Васильевич Кусков – вед. эксперт НИЦ «Конструк-
ционные керамические наноматериалы» НИТУ МИСИС

 ORCID: 0000-0002-9387-0237
 E-mail: kkuskov@misis.ru 

Дмитрий Олегович Московских – к.т.н., директор НИЦ «Кон-
струкционные керамические наноматериалы» НИТУ МИСИС

 ORCID: 0000-0001-5168-4885
 E-mail: mos@misis.ru 

Veronika S. Suvorova – Cand. Sci. (Eng.), Researcher at the Research 
Center of Engineering Ceramic Nanomaterials at the National Uni-
versity of Science and Technology “MISIS” (NUST MISIS)

 ORCID: 0000-0002-0335-9153
 E-mail: buynevich.vs@misis.ru 

Andrey A. Nepapushev – Cand. Sci. (Eng.), Researcher at the Re-
search Center of Engineering Ceramic Nanomaterials, NUST MISIS

 ORCID: 0000-0001-9017-9937
 E-mail: anepapushev@gmail.com 

Dmitry S. Suvorov – Engineer at the Department of Functional 
Nanosystems and High Temperature Materials, NUST MISIS

 ORCID: 0000-0002-0358-9987
 E-mail: suvorov.ds@misis.ru 

Kirill V. Kuskov – Leading Expert at the Research Center of Engi-
neering Ceramic Nanomaterials, NUST MISIS

 ORCID: 0000-0002-9387-0237
 E-mail: kkuskov@misis.ru 

Dmitry O. Moskovskikh – Cand. Sci. (Eng.), Director of the Research 
Center of Engineering Ceramic Nanomaterials, NUST MISIS

 ORCID: 0000-0001-5168-4885
 E-mail: mos@misis.ru 

Information about the Authors Сведения об авторах

В. С. Суворова – формулировка цели исследования, проведение 
экспериментов, написание статьи.
А. А. Непапушев – формулировка цели исследования, написа-
ние статьи.

V. S. Suvorova – determining the objective of the study, conducting 
experiments, writing the article.
A. A. Nepapushev – determining the objective of the study, writing 
the article. 

Contribution of the Authors Вклад авторов

Powder Metallurgy аnd Functional Coatings. 2024;18(3):38–48 
Suvorova V.S., Nepapushev A.A., etc. Self-propagating high-temperature synthesis and spark ...

https://doi.org/10.3390/ceramics6020067
https://doi.org/10.1016/j.ceramint.2023.04.222
https://doi.org/10.1351/pac199264070941
https://doi.org/10.1007/BF00545552
https://doi.org/10.3390/ma15248783
https://doi.org/10.3390/molecules28020874
https://doi.org/10.1016/j.ceramint.2021.09.053
https://doi.org/10.1111/jace.17333
https://doi.org/10.1016/j.ceramint.2021.02.013
https://doi.org/10.1016/j.actamat.2019.03.021
https://doi.org/10.1111/jace.15779
https://orcid.org/0000-0002-0335-9153
mailto:buynevich.vs@misis.ru
https://orcid.org/0000-0001-9017-9937
mailto:anepapushev@gmail.com
https://orcid.org/0000-0002-0358-9987
mailto:suvorov.ds@misis.ru
https://orcid.org/0000-0002-9387-0237
mailto:kkuskov@misis.ru
https://orcid.org/0000-0001-5168-4885
mailto:mos@misis.ru
https://orcid.org/0000-0002-0335-9153
mailto:buynevich.vs@misis.ru
https://orcid.org/0000-0001-9017-9937
mailto:anepapushev@gmail.com
https://orcid.org/0000-0002-0358-9987
mailto:suvorov.ds@misis.ru
https://orcid.org/0000-0002-9387-0237
mailto:kkuskov@misis.ru
https://orcid.org/0000-0001-5168-4885
mailto:mos@misis.ru


48

Received 28.09.2023
Revised 08.12.2023

Accepted 12.12.2023 

Статья поступила 28.09.2023 г.
Доработана 08.12.2023 г.

Принята к публикации 12.12.2023 г.

Д. С. Суворов – проведение рентгенофазового анализа, анализ 
размера частиц после механического активирования и само-
распространяющегося высокотемпературного синтеза, учас-
тие в обсуждении результатов.
К. В. Кусков – исследование структуры и элементного состава 
образцов методом сканирующей электронной микроскопии, 
участие в обсуждении результатов.
Д. О. Московских – исследование химического состава образ-
цов, участие в обсуждении результатов.

D. S. Suvorov – conducting X-ray diffraction analysis, analyzing 
the particle size after mechanical activation and self-propagating 
high-temperature synthesis, participating in the discussion of the 
results.
K. V. Kuskov – studying the structure and elemental composition 
by SEM, participating in the discussion of the results.

D. O. Moskovskikh – studying the chemical composition of the 
samp les, participating in the discussion of the results.

Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(3):38–48 
Суворова В.С., Непапушев А.А. и др. Самораспространяющийся высокотемпературный синтез и искровое ...



49

UDC 533.72; 533.59

https://doi.org/10.17073/1997-308X-2024-3-49-61

Research article 
Научная статья

© 2024.  M. V. Ageeva, V. A. Demin, T. V. Demina

  demin@psu.ru
Abstract. A new physical and mathematical model of silicon vapor transport under medium vacuum conditions has been developed, which 

makes it possible to explain the anomalously intense mass transfer of silicon during high-temperature silicification of a porous carbon 
material. A formula has been derived showing how the product must be supercooled in order for the condensation process to occur 
in its pores. The resulting modified diffusion equation makes it possible to determine quantitatively the flow of gaseous silicon into 
the sample, which is highly demanded in the implementation of the porous fiber carbidization technology and the subsequent complete 
saturation of the product pores with unreacted silicon. We introduce and quantify a new parameter, showing the contribution of convec-
tive transport to the overall mass transfer of silicon through an external gas medium, the role of which is played by argon. An exact 
analytical solution of the equation for silicon transfer in a one-dimensional formulation has been found for a layer of porous medium 
with a flat surface. The solution has the form of a logarithmic profile and allows us to calculate the flow of gaseous silicon at the entrance 
to the product. The proposed approach is demonstrated on the example of two-dimensional calculations performed by the finite diffe-
rence method, however, the proposed model is easily generalized to the case of three-dimensional calculations with complex geometry, 
which always has to be dealt with in a real technological process. Calculations in a two-dimensional formulation have performed for 
two model systems: when the melt mirror and the product are parallel or perpendicular to each other. The dynamics of silicon vapor 
propagation in the retort has been studied. It is shown that in the conditions under consideration, gaseous silicon, after the onset 
of vaporization, fills the entire space of the retort in a characteristic time of less than 1 s. 

Keywords: functional coatings, high-temperature silicification, numerical simulation

For citation: Ageeva M.V., Demin V.A., Demina T.V. Physical and mathematical model of the silicon vapor transport during high-
temperature silicification of a porous carbon media. Powder Metallurgy аnd Functional Coatings. 2024;18(3):49–61.

 https://doi.org/10.17073/1997-308X-2024-3-49-61

Physical and mathematical model 
of the silicon vapor transport 

during high-temperature silicification 
of a porous carbon media

M. V. Ageeva1, 2, V. A. Demin1, 3 , T. V. Demina1, 2

1 Perm State National Research University
15 Bukirev Str., Perm 614068, Russia

2 Institute of Continuous Media Mechanics, Ural Branch, Russian Academy of Sciences
1 Korolev Str., Perm 614013, Russia

3 Perm National Research Polytechnic University
29 Komsomolskiy Prosp., Perm 614990, Russia

Porous Materials and Biomaterials 
Пористые материалы и биоматериалы

Powder Metallurgy аnd Functional Coatings. 2024;18(3):49–61 
Ageeva M.V., Demin V.A., Demina T.V. Physical and mathematical model of the silicon vapor ...

https://doi.org/10.17073/1997-308X-2024-3-49-61
mailto:demin@psu.ru
https://powder.misis.ru/index.php/jour/search/?subject=functional coatings
https://powder.misis.ru/index.php/jour/search/?subject=high-temperature silicification
https://powder.misis.ru/index.php/jour/search/?subject=numerical simulation
mailto:demin%40psu.ru?subject=


50

IntroductionIntroduction
Currently, composite materials (CM) occupy 

a se rious niche in all industries and are used both for 
manufacturing individual products and as coatings 
with special properties. CM unique properties account 
for their active use. In particular, CMs obtained by high 
temperature silicification of a porous carbon frame 
have high antioxidant properties, low density and, 
with the proper technique used, a high degree of tight-
ness [1; 2]. Technologically, high temperature silicifi-
cation is conducted under medium vacuum conditions 
in the inert carrier gas (argon) [3].

The attempts were earlier made to develop a comp-
lete physical and mathematical model for the vapor-
phase silicification method, which included a quan-
titative description of the process of filling pores 
inside the sample and, in addition, solving the adjoint 

problem of silicon vapor transfer from the melt mir-
ror to the product [4–6]. However, the authors of these 
works faced an unbridgeable gap between the calcula-
tion results and experimental data at the stage of numer-
ical simulation of the diffusion transport of sili-
con vapor in the working space of the retort. The phy-
sical and mathematical model underlying the descrip-
tion of the process was based on the assumption that 
the main transfer mechanism is diffusion, and the con-
centration of silicon vapor on the melt mirror at a given 
operating temperature cannot exceed that of the satu-
rated vapor. According to the diffusion equation solu-
tion, even if silicon is fully consumed on the surface 
of the sample, the vapor mass flow proves insufficient 
to completely siliconize the product within a reason-
able time. The authors of [4–6] predicted that for sili-
con vapor to overcome the diffusion barrier in the form 
of an atmosphere of residual gas during silicification, 

  demin@psu.ru
Аннотация. Разработана новая физико-математическая модель транспорта паров кремния в условиях среднего вакуума, позво-

ляющая объяснить аномально интенсивный массоперенос кремния в ходе высокотемпературного силицирования пористого 
углеродного материала. Выведена формула, показывающая, как изделие должно быть переохлаждено, чтобы в его порах 
шел процесс конденсации. Получено модифицированное уравнение диффузии для количественного определения распреде-
ления концентрации газообразного кремния в реторте, что крайне востребовано при реализации технологии карбидизации 
углеродного волокна и последующего полного насыщения пор силицируемого изделия непрореагировавшим кремнием. 
Введен и количественно оценен новый параметр, показывающий вклад конвективного транспорта в общий массоперенос 
кремния через среду стороннего газа, роль которого играет аргон. Найдено точное аналитическое решение этого урав-
нения в одномерной постановке для слоя пористой среды с плоской поверхностью. Решение имеет вид логарифмического 
профиля и позволяет вычислить поток газообразного кремния на входе в изделие. Иллюстрация работоспособности пред-
лагаемого подхода, более приближенная к действительности, производится путем двумерных расчетов, выполненных 
методом конечных разностей. В то же время предлагаемая модель легко обобщается на случай трехмерных вычислений 
со сложной геометрией, с чем всегда приходится иметь дело в реальном технологическом процессе. Расчеты в двумерной 
постановке выполнены для двух модельных систем, когда зеркало расплава и изделие параллельны или перпендикулярны 
друг другу. Исследована динамика распространения паров кремния в реторте. Показано, что в рассматриваемых условиях 
газообразный кремний после начала парообразования заполняет все пространство реторты за характерное время менее 1 с.  

Ключевые слова: функциональные покрытия, высокотемпературное силицирование, численное моделирование.
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циональные покрытия. 2024;18(3):49–61. https://doi.org/10.17073/1997-308X-2024-3-49-61

Физико-математическая модель 
доставки паров кремния 

в ходе высокотемпературного силицирования
пористых углеродных материалов

М. В. Агеева1, 2, В. А. Демин1, 3 , Т. В. Демина1, 2

1 Пермский государственный национальный исследовательский университет
Россия, 614068, г. Пермь, ул. Букирева, 15

2 Институт механики сплошных сред Уральского отделения РАН
Россия, 614013, г. Пермь, ул. Королева, 1

3 Пермский национальный исследовательский политехнический университет
Россия, 614990, г. Пермь, Комсомольский пр-т, 29

Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(3):49–61 
Агеева М.В., Демин В.А., Демина Т.В. Физико-математическая модель доставки паров кремния ...

mailto:demin@psu.ru
https://powder.misis.ru/index.php/jour/search/?subject=функциональные покрытия
https://powder.misis.ru/index.php/jour/search/?subject=высокотемпературное силицирование
https://powder.misis.ru/index.php/jour/search/?subject=численное моделирование
mailto:demin%40psu.ru?subject=


51

the crucibles with the melt should be put as close 
to the product as possible, while in reality this factor 
is not decisive, and often some areas of a largesized 
product remain “dry”, despite the fact that the crucibles 
with molten silicon are located as close to the sample 
surface as possible.

Moreover, the experience shows that porous car-
bon matrices can be saturated with silicon, and various 
variants of this technique have long been commercially 
implemented in many manufacturing procedures. Thus, 
it is still very important to quantitatively determine 
the mass flow of silicon vapor through the blank sur-
face for monitoring the manufacturing procedure when 
functional coatings are formed or the process of deep 
impregnation of a porous material is controlled. 

All currently known modern techniques for pro-
ducing high temperature CMs are continuously 
improved [7–9] and, due to their increasing complexity, 
require more advanced approaches at different imple-
mentation stages, including the construction of new 
physical and mathematical models to describe the pro-
cesses occurring. Applied to real production conditions, 
the process of gaseous silicon transfer from the melt 
mirror to the product surface during high tempera-
ture silicification of a carbon porous material must be 
described by an elaborate system of partial differential 
equations, and its adequate simulation requires track-
ing of many complicating factors, including convec-
tive mass transfer [10]. At the same time, the technique 
is essentially three-dimensional and requires a highly 
detailed computational grid due to numerous crucibles 
with melt in the retort and their complex arrangement 
in the working space of the furnace [7]. At the moment, 
the fullfledged 3D numerical simulation of this pro-
cess is impossible. As a result, the available models 
for describing the gaseous silicon transfer in the hearth 
of an industrial furnace during high temperature 
silicification are limited to elemental approaches. As 
this process is conducted in the medium vacuum and 
at extremely high temperatures above the silicon melt-
ing point (T > 1683 K), diffusion was believed to play 
a decisive role in ensuring the transfer of gaseous sili-
con from the melt to the product, and it was the only 
value taken into account in physical analysis-mathe-
matical models [4–6].

The use of real values of the diffusion coefficient 
in the transfer equation does not ensure silicon supp ly 
in the amount required for full-fledged silicifica-
tion of the product that can be experimentally observed. 
We face a paradoxical situation, since the facts speak 
for themselves: the experiments show that under cer-
tain conditions, a product can still be saturated with 
the required amount of silicon, but the existing theory 
denies this possibility. This means that we do not fully 

understand all physical conditions required for the suc-
cessful implementation of the silicification process.

Thus, the objective of this work is to explain 
the experimentally observed abnormally strong transfer 
of gaseous silicon from the melt mirror to the product 
surface. The goal of the theoretical study is to construct 
a more advanced physical and mathematical model 
of the silicon vapor transfer in the working space 
of the retort. This model should be tested on the examp le 
of specific formulations to prove that it is more plau-
sible compared to its purely diffusion analogue.

Analysis of basic equationsAnalysis of basic equations
The equation of classical diffusion in a three-dimen-

sional formulation [11], which is conventionally used 
to calculate the distribution of silicon vapor in a retort, 
looks as follows

where D is the diffusion coefficient (assumed to be 
a constant) and C is the mass concentration. This is 
a wellknown second-order partial parabolic differential 
equation. In the stationary case (∂/∂t = 0), the problem 
is simplified and reduced to Laplace’s equation ΔC = 0.

To begin with, without getting into specifics 
of the manufacturing method, it makes sense, follow-
ing the study [10], to consider the process as a simple 
model, when the product surfaces and the melt are 
two parallel planes located at a distance L from each 
other (Fig. 1). Hereinafter we will neglect the effect 
of gravity. Suppose the concentration of saturated 
silicon vapor C(L) = Cs is specified on the melt mir-
ror, while on the left boundary, as gaseous silicon is 
completely absorbed by the porous medium, the condi-
tion C(0) = 0 is maintained.

In a one-dimensional formulation, Laplace’s equa-
tion with these boundary conditions leads to the only 
nontrivial solution in the form of a linear dependence

which is schematically shown in Fig. 1. The characte-
ristic distance L between the melt mirror and the pro-
duct is about 0.5÷1.5 m. 

According to the experimental data, the saturated 
vapor pressure for silicon at temperatures not much 
higher than the silicon melting point is very low and 
is equal in order of magnitude to ps = 10 Pa [12; 13]. 
The volumetric concentration for gaseous silicon in 
the saturated state is calculated based on the saturated 
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vapor pressure using the gas equation. At an opera ting 
temperature is 1800 K, it gives a value of the order 
of ns ~ 4·1020 m–3. Let us compare the theoretically 
predicted silicon flux density with the experimentally 
observed value. The silicon transfer is determined by 
diffusion only, however, in this case the silicon flux 
density is determined by Fick’s equation:

   (1)

where ρ is gas density and C is mass concentration. 
We will assess the diffusion coefficient of silicon atoms 
for medium vacuum conditions in an argon atmosphere 
using the wellknown formula of the molecular kinetic 
theory [14]:

      (2)

Where σ12 is a crosssection for scattering for two par-
ticles, μ12 is a reduced mass, and k is the Boltzmann 
constant. For two particles with approximately equal 
mass and size, we have σ12 = πd 

2, μ12 = m0 /2. The mass 
of one silicon atom is equal to m0 = 4.7·10–26 kg. From 
the tabulated data we take the diameter of a silicon atom 
dSi = 2.3·10–10 m. We thus obtain D = 0.7 m2/s. Such 
an unusually large value of the diffusion coefficient 
is attributed to two factors: the environment under 
the medium vacuum conditions is extremely rarified 
and the temperature is high.

Taking into account that the density of silicon on 
the melt mirror is ρSi = pSi μSi /(RT) = 1.87·10–5 kg/m3, 
the formula (1) predicts a very low silicon flux density: 
jSi = 2.62·10–5 kg/(m2·s). The industrial engineers spe-
cializing in silicification of carbon products claim that 
this is clearly not enough to completely block the pores 
within reasonable time, given the material porosity. 
However, in practice, if certain conditions experimen-
tally determined by industrial engineers are met, prod-
ucts of various shapes are still successfully saturated 

with silicon. Thus, we can confidently state that all 
failures during the manufacturing procedure are deter-
mined by completely different factors, namely the tem-
perature distribution throughout the product [15]. It 
is obvious that silicon vapor can transit from a gase-
ous state to a liquid or solid state only if the product 
temperature is lower than that of vapor [16–18]. After 
equalizing the temperature, in theory the process 
of silicification should stop due to condensation in 
the porous material. In this case, the surrounding gas 
and the product come into thermodynamic equilib-
rium. For a general understanding, let us calculate 
how much the product should be supercooled so that 
silicon is condensed on it. The boundary between two 
phases (vapor and liquid) is determined by the socalled 
Clapeyron–Clausius equation [19], which, as is known, 
is derived from the condition of continuity of the ther-
modynamic potential:

     (3)

Where q is specific heat of the phase transition; P is gas 
pressure; T is temperature; v1 , v2 is specific volumes 
of vapor and liquid, respectively, m3/kg. It should be 
noted that for vapor and liquid the expression v1  v2 is 
valid; so, the equation (3) can be simplified to

              (4)

In the approximation under consideration, the index 
corresponding to the vapor specific volume is not required 
and it is omitted in further calculations. The phase tran-
sition curve is shown schematically in Fig. 2. 

We will assume that the actual conditions for 
silicon vapors during silicification are not far from 
the saturation state and correspond to temperature T1 . 
The transition to a supersaturated state at the same 
pressure obviously requires lower product tempera-
ture. Suppose the assumed saturated vapor pressure at 
temperature T1 is equal to P1 . Since in reality the vapor 
is not saturated, its real pressure is φP1, where φ is 
relative vapor humidity. In practice, with decreasing 
temperature, the vapor pressure automatically drops 
to the value P2 .

The gas volume and mass remain the same, so we 
get an isochoric process described by the equation

In Fig. 2, the isochoric process is indicated 
by arrows, and the final state is characterized by 
the thres hold pressure and temperature corresponding 

Fig. 1. Geometry of the problem
1 – product, 2 – surface of the melt

Cs – concentration of saturation 

Рис. 1. Геометрия задачи
1 – изделие, 2 – поверхность расплава

Cs – концентрация насыщения
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to the condensation point. Hence, we get the pressure 
in the final state: P2 = φP1 T2 /T1 .

On the other hand, at each point on the phase dia-
gram, the gas state is described by the Mendeleev–
Clapeyron equation, from which the specific volume 
can be derived from the vapor pressure and temperature:

          (5)

where V is overall volume, μ molar mass, R is uni-
versal gas constant, and v is volume per unit mass. 
For the sake of clarity, we replace the derivative in 
the Clapeyron–Clausius equation (4) with finite differ-
ences, at the same time eliminating the specific volume 
using the equation (5):

         (6)

It should be noted that, from a mathematical point 
of view, the derivative in the equation (6) represents 
the socalled onesided difference in point 1. Next, we 
substitute the expression for pressure P2 during the iso-
process in the equation (6) and derive the required 
temperature difference. The initial pressure P1 reduces 
in the resultant expression, and, at first glance, it 
seems strange that nothing depends on it. However, 
unambiguous complete information about the initial 
state of silicon vapor is still contained in this equa-
tion, since in addition to temperature it includes vapor 
relative humidity. Simple arithmetic operations enable 
to express the final temperature difference:

    (7)

The formula (7) shows that the temperature diffe-
rence is negative, therefore, the product temperature 
should be lowered compared to the gas tempera-
ture. As an example, let us estimate the temperature 

difference for realistic parameter values: φ = 0.8, 
q = 13.8·106 J/kg, μ = 28·10–3 kg/mol, T1 = 1790 K. 
The selected temperature T1 exceeds the silicon melt-
ing point by 102 K. It stays within the operating tem-
perature range of the retort. The resulting equation is 
T2 – T1 = –15 K.

In other words, according to the calculations, 
the required temperature difference is small, but, 
the analysis of the thermophysical situation under indus-
trial conditions reveals that this temperature factor is not 
controlled at all and this requirement is unlikely to be 
met in the fullscale manufacturing process. The esti-
mates show that higher temperatures in the upper area 
of the working space inside the retort have an especially 
negative impact. This explains why, when largesized 
products are siliconized, their upper part is often less 
saturated with silicon than the lower part. The reason is 
that at the base of the product the temperature is much 
lower most of the time than in the upper area. All physi-
cal factors affecting uniform temperature distribution up 
and down the retort cont ribute to enhancing this strati-
fication. The convection, the vacuum pumps located 
near the bottom, low thermal insulation at the base 
of the working space, side heaters positioned quite high 
from the base – all these factors result in a specific ther-
mal stratification with a temperature gradient mostly 
directed upward vertically. Therefore, the temperature 
difference required by the formula (7) between sili-
con vapor and the product, can only occur near the lower 
boundary of the working space, if at all. 

However, let us return to the truly pressing issue 
of supplying silicon vapor to the product, since it is 
clear that it must be solved regardless of the prob-
lem related to heat distribution in the retort during 
silicification.

New physical and mathematical model New physical and mathematical model 
of silicon vapor transferof silicon vapor transfer

We will assume that under the conditions under con-
sideration, there is an additional convective transport 
mechanism, along with the diffusive one. A more gene-
ral equation for the transport of an impurity as a con-
tinuous medium, taking this factor into account [11], is 
written as follows 

    (8)

where  is macroscopic (mass) speed of a physically 
small element of gas. 

The main problem related to the use of the equa-
tion (8) is its closure. Within the framework of con-
tinuum mechanics, fluid dynamics are generally deter-

Fig. 2. P–T diagram of phase states 

Рис. 2. Фазовые состояния на диаграмме P–T
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mined by the Navier–Stokes equation [11]. In the case 
of three-dimensional calculations, these are three non-
linear partial differential equations for three velocity 
components vi (x, y, z, t), where i = 1, 3. These equations 
include two more unknown quantities – pressure and 
variable density, which also has to be determined dur-
ing the problem solution. As a result, two more equa-
tions are added to the system: conservation of mass 
in differential form and the equation of state. Thus, 
the resulting system of equations becomes extremely 
lengthy and difficult to solve. 

Currently, direct numerical simulation of the pro-
cesses under consideration in a full three-dimensional 
formulation is very difficult, even when high-perfor-
mance supercomputers are used. The challenge is 
to formulate the problem in a simplified way so that 
two conditions are simultaneously met – on the one 
hand, all the physical factors relevant for an ade-
quate description of these processes should be taken 
into account, and on the other hand, models should not 
be unnecessarily complex so that the problem could 
be calculated within a reasonable time and would not 
require excessive computing power. 

Following the approach implemented in [10], we 
will consider the Navier–Stokes equation in its full 
formulation and evaluate the contribution of each 
term, assuming that gaseous silicon moves through 
the argon parent fluid as through a porous medium. 
In the hydrodynamics of porous media [20], it is 
important to distinguish between pore velocity  and 
filtration velocity . The filtration rate is determined 
through the total fluid flow rate and is connected with 
the pore velocity by the relation  Where ϕ is 
porosity of the material. For determining pore velocity 
in the medium, we use the initial motion equation [20]:

Where ρf is density of the fluid moving through 
a porous medium, η is dynamic viscosity, κ is per-
meability and p pressure field. This equation assumes 
linear dependence of friction on the filtration rate. For 
simplicity, gravity is not taken into account. Coming 
over to the filtration rate, we get 

    (9)

Now we can evaluate the terms related to speed 
on the left and right sides of this equation. The least 
trivial parameter in this equation is permeability κ. 
In our case, this is the permeability of argon gas 
with respect to the flow of silicon atoms. Regarding 
the mobile atoms of the carrier medium (argon), we can 

only talk about the model nature of this gas as a porous 
material with some effective permeability. We will 
keep in mind the model according to which gaseous 
silicon, as a kind of fluid, is filtered through a carrier 
medium as excessive amounts of silicon vapor emerge 
on the melt mirror and are absorbed at the opposite 
boundary. Due to the extreme rarefaction of the carrier 
medium, permeability κ is expected to be abnormally 
high. At the same time, the porosity is close to unity, 
since argon atoms, as scattering centers, occupy an 
extremely small volume.

Suppose the medium is a system of small solid 
spherical centers washed by a hydrodynamic flow. 
The interatomic distance in argon is equal in order 
of magnitude to the freepath length of 

The argon atom diameter is d = 1.4·10–10 m. According 
to the manufacturing procedure, argon partial pressure 
is on the order of 100 Pa. The resulting equation for 
permeability is κ ~ l 

2 = 3.1·10–5 m2. 
However, this assessment gives a slightly underes-

timated permeability value, since it is valid in the case 
of dense packing of obstacles. For a more accurate 
estimate, we will use the wellknown Kozeny–Karman 
formula [20]. This formula is widely used in the theory 
of porous media and is derived from the most general 
geometric considerations. As a result, we get

Where ϕ is porosity of the carrier medium (argon) 
and d is characteristic size of the streamlined obstacle 
(in our case, these are argon atoms).

Another important parameter is the macroscopic 
velocity of the gas element (filtration rate). We will 
assume that during evaporation, silicon atoms separate 
from the melt surface with a rootmean-square velocity, 
which amounts to ~1250 m/s at T = 1800 K. Averaging 
over all possible directions, we obtain the value 
of the velocity projection onto the normal (filt-
ration speed) v ~ 310 m/s. Now let us assess the value 
of each term in the equation (9), taking into account 
that the porosity of such a medium is close to unity and 
that stationary motion is considered (∂/∂t = 0):
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These estimates show that the viscosity term is 
dominant in this equation. Namely: both the inertia 
term and the term that expresses nonstationarity of pro-
cesses are negligible compared to the viscosity term:

Therefore, we derive the formula for speed in 
the form of the wellknown Darcy’s law [20] from 
the equation (9):

           (10)

Due to evaporation on the melt mirror and absorp-
tion on the product, we get an average silicon vapor 
density gradient. The gas pressure is generally propor-
tional to density, which generates a silicon pressure 
gradient and it can act as an additional driving force 
along with diffusion. According to the gas equation, 
the silicon partial pressure is equal to pSi = nSikT, where 
nSi = NSi /V is the number of silicon atoms per unit 
volu me. Let us express nSi in terms of the mass concent-
ration C. By definition, by mass concentration we mean

then the silicon density is expressed in terms of relati  ve 
mass concentration as follows:

           (11)

Let us write the equation for the silicon partial 
pressure in terms of the silicon density and substitute 
the formula (11) in it:

      (12)

Next, let us substitute this result into the Darcy’s 
law (10), neglecting the spatial inhomogeneities 
of argon density and temperature in the retort. Let us 
also take into account the fact that the silicon concent-
ration never actually reaches unity. Argon or residual 
air is always present in the retort, and their concentra-
tion is approximately an order of magnitude higher than 
that of silicon vapor. Eventually, we expand the factor 
C/(1 – C) into a series in small C and limit our final 
formula to the first non-vanishing term. The Darcy’s 
law (10) takes the form 

           (13)

However, the equation (8) includes the average 
mass velocity 

We substitute (13) into this formula, exclude 
the velocity from the extended impurity transfer equa-
tion (8) and end up with the equation

           (14)

Now this is a more complex partial differential 
equation with a nonlinearity like the square of the con-
centration gradient, but for one variable C(x, y, z, t). It 
should be noted that similar diffusion equations with 
nonlinearities, quadratic function of the concentra-
tion gradient, are found in various fields of physics, 
but are derived differently. Thus, the studies [21; 22] 
showed that a nonlinear term of this type changes 
the material (lithium niobate) transport diffusion pro-
perties quite significantly and enables to explain some 
of the observed effects associated with the medium 
under consideration being saturated with hydrogen. 
In the general case, the equation (14) enables to solve 
non-stationary problems of concentration distribu-
tion in a three-dimensional formulation.

Analytical solutionAnalytical solution
First of all, it makes sense to analyze the equa-

tion (14) for the stationary solution. Given that ∂/∂t = 0, 
the equation (14) is reduced to the form

           (15)

where ψ is a new dimensionless parameter. Let us 
estimate the value of the introduced parameter, which 
loosely determines the relationship between diffusive 
and convective mechanisms. Let us take the value 
of dynamic viscosity from [10]. In the work men-
tioned above, this parameter was assessed in rela-
tion to the silicification process under consideration, 
based on the wellknown formulas of molecular kinetic 
theory [14]: 

Assessment of the parameter ψ for the permeability 
value κ = 5·10–4 m2 results in ψ = 0.048. This means 
that, under the conditions under consideration, convec-
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tive transport significantly contributes to silicon vapor 
transport.

In the one-dimensional formulation with regard 
to the geometry of the problem presented in Fig. 1, 
the equation (15) has an exact solution. Namely, let us 
formulate the boundary value problem for the unknown 
function C(x) in the form of an ordinary second-order 
differential equation and two boundary conditions:

By substituting a variable, the order of the equa-
tion is reduced, and then the elementary equation is 
integrated [23]. As a result, taking into account 
the abovementioned homogeneous boundary condi-
tions, we obtain the logarithmic dependence

      (16)

For completeness, we can calculate the derivative 
of this solution on the left boundary. With this deriva-
tive value, the silicon vapor flux density is an order 
of magnitude higher than in the case of purely diffu-
sive transfer: jSi = 3.0·10–4 kg/(m2·s). Let us present 
as an example a dependency graph C(x) for L = 1.6 m. 
Now the solution is a convex function. Fig. 3 (curve 4) 
shows that the largest derivative is right on the left 
boundary of the range of definition, i.e. on the product 
surface. The flux density is proportional to the magni-
tude of the derivative. Thus, to explain the high rate 
of high temperature saturation of carbon material 
in the medium vacuum observed in experiments, we 
should take into account the independent convective 
transport of silicon vapor in addition to diffusive trans-
port. Moreover, silicon vapor now fills almost the entire 
working space of the retort. It is only in a thin boun-
dary layer near the product itself that the concentra-
tion of silicon vapor tends to zero due to the assumed 
complete absorption. It is well consistent with the data 
of the fullscale experiment in the sense that silicon con-
densation can be intensive within the retort in places 
much removed from the crucibles. 

One-dimensional  One-dimensional  
non-stationary solutionnon-stationary solution

Let us now make calculations to solve a non-sta-
tionary problem. The one-dimensional solution will be 
our primary interest. 

The equation (14) is nonlinear, so the easiest way 
to obtain its non-stationary solution is numerical, 
using the finite difference method [24]. Sampling 

schemes of first-order accuracy were used to approxi-
mate derivatives in both time and space. First order 
accuracy for spatial derivatives with “backward dif-
ferences” was used to ensure the stability of the dif-
ference scheme. The program code was implemented 
in the FORTRAN-90 language. The number of nodes 
along the spatial coordinate was taken to be N = 85.

The dynamics of the concentration front presented 
for different sampling times in Fig. 3 shows that 
the solution quite quickly reaches a steady stationary 
profile in the form of the previously described convex 
function (the graphs were obtained for L = 1.6 m). 
The calculation results show that it takes ~2 s to reach 
the stationary profile. At first, silicon vapor is only 
observed at the melt mirror (curve 1 in Fig. 3). Then, 
very quickly, silicon fills the entire space inside 
the retort (Fig. 3, curve 2, 3). At the moment of defin-
ing (Fig. 3, curve 4), the largest derivative is on the left 
boundary of the range of definition, i.e. on the pro duct 
surface. The numerical solution of the generalized 
equation of silicon vapor diffusion during silicifica-
tion of a porous carbon material obtained in the course 
of this study shows that gaseous silicon quickly occu-
pies almost the entire volume of the furnace working 

Fig. 3. Evolution of concentration profile  
for different moments of time

t, s: 1 – 0.04; 2 – 0.4; 3 – 2.0
4 – tabulation of the formula (16) as the result  

of the solution of stationary non-linear equation 
5 – stationary solution of classical diffusion equation 

Рис. 3. Эволюция профиля концентрации  
в разные моменты времени

t, с: 1 – 0,04; 2 – 0,4; 3 – 2,0
4 – результат табуляции формулы (16) решения стационарного 

нелинейного уравнения переноса
5 – стационарное решение классического уравнения диффузии
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space. In other words, contrary to longheld belief based 
on the findings of previous theoretical works [4–6], 
there is no need to bring crucibles with molten sili-
con as close to the product surface as possible.

Calculations  Calculations  
in two-dimensional formulationin two-dimensional formulation

The next most difficult stage is to conduct numeri-
cal simulation in a two-dimensional formulation. These 
calculations were also performed using the finite dif-
ference method. The classic explicit scheme was 
implemented [24]. During the calculations, a spa-
tially uniform rectangular grid was used with a break-
down of 85:41 (85 nodes on the x coordinate between 
the melt mirror and the sample, 41 nodes on the y 
coordinate along the product surface). The larger num-
ber of nodes along the x axis is twice as large because 
the boundary layer has to be resolved near the product 
at the final stage of defining. The height of the sample is 
H = 0.4 m, the distance from the melt to the product is 
L = 0.6 m. The condition of impermeability was set for 
the upper and lower faces. As for the one-dimensional 
formulation, sampling schemes of first-order accuracy 
were used to approximate the time and space deriva-
tives. To ensure the stability of the difference scheme, 
the derivatives with respect to the “flux” had first order 
accuracy and were calculated as “backward diffe-
rences”. Now the silicon vapor transfer is described by 
the following non-stationary equation:

  (17)

This equation includes two dimensional modi fiers. 
Implicitly one of them is the convective transport 
para  meter:

          (18)

the second is the diffusion coefficient D; their dimen-
sions are the same, m2/s. The first parameter describes 
the convective transport mechanism, while the second 
one is purely diffusive. Now (17) is a two-dimen-
sional non-stationary partial differential equation with 
the same nonlinearity like the square of the concent-
ration gradient. Calculations were performed for 
L = 0.6 m (array length), H = 0.4 m (sample height), 
Dc = 57.1 m2/s (convective parameter), D = 0.7 m2/s 
(diffusion coefficient). Initially, there are no sili-
con vapors in the space inside the retort. The constant 
concentration value corresponding to saturation is set 
on the right boundary and the condition of complete 
absorption is defined on the left boundary.

Results and discussionResults and discussion
The dynamics of the concentration front presented 

for different sampling times in Fig. 4 and 5 shows that 
the solution quite quickly reaches a steady stationary 
profile in the form of a convex surface, as in the one-
dimensional case. At the initial stage lasting for mil-
liseconds, silicon vapors are present on the right near 
the melt mirror only (Fig. 4). Further, the retort space 
fills with vapor and the concentration profile steepens. 
It should be noted that the concentration front remains 
flat all the time as it moves towards the product surface.

The calculations show that it takes ~0.5 s to reach 
the stationary profile. The largest derivative at the final 
stage of defining (Fig. 5) is still on the left boundary 
of the range of definition, i.e. on the product surface. 
It should be kept in mind that the flux density is pro-
portional to the derivative value in this point. Thus, 
taking into account the independent convective trans-
port of silicon vapor in addition to diffusive transport, 
we confirm the rather high rate of high temperature 
saturation of carbon material observed in experiments 
in the medium vacuum, which contradicts the value 
of the silicon flux from the classical diffusion equation.

Thus, it should be emphasized once again that 
a large sized product can not be sufficiently saturated 

Fig. 4. Isolines of silicon vapour concentration  
at initial stage for t = 0.004 s 

Рис. 4. Изолинии концентрации паров кремния  
на начальном этапе при t = 0,004 c

Fig. 5. Isolines of silicon vapour concentration  
at steady stage for t = 1.0 s 

Рис. 5. Поле изолиний концентрации кремния  
на момент установления при t = 1,0 с
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with silicon during the experiment only due to improper 
thermophysical mode of the entire process determined 
by the design features of the furnace. 

These negative factors were earlier discussed 
in [15]. It was demonstrated that complete silicifica-
tion of a product within a reasonable time is quite 
possible. In other words, the primary chemical reac-
tion of carbon fiber carbonization and further con-
densation of silicon vapor in the pores of the mate-
rial require a technique with more strict temperature 
control on the product surface rather than rearrange-
ment of crucibles. If the sample surface is parallel 
to the melt mirror, as was assumed in the original 
formulation, the streamlines of silicon macroscopic 
motions are straight trajectories perpendicular to these 
surfaces. In this case, the wavefront of silicon vapor 
is stable, flat at any specific time and moves from 
the melt to the product so that the condition of homo-
geneity along the y coordinate can be used. However, 
in practice, in the gravity field, the surface of the melt 
mirror is always horizontal, since the silicon melt is 
in crucibles. At the same time, the product is placed 
vertically in the retort at some distance from the cru-
cibles (there can be several of those). As a result, it is 
important to understand whether the nature of the sili-
con vapor distribution in the retort will change with 
more complex mutual arrangements of the source 
of silicon vapor and the absorbing surface. 

Let us now analyze a more realistic configuration in 
the form of a rectangular retort shown in Fig. 6, with 
a silicon absorbing left vertical boundary 1 and a hori-
zontal melt mirror 2 located at a distance of 2L/3 from 
the sample. The melt surface itself has a size of L/3. 
The condition of impermeability is set for all other 
areas of the retort.

The calculation was performed on a 121:41 grid. 
The height of the sample was H = 0.4 m, the length 
of the range of definition was L = 1.2 m. At this pro-
portion, the size of the melt mirror is Δ = 0.4 m. 

The results of the numerical simulation of the system 
in this configuration are presented in Fig. 7, 8 for two 
points in time: at the defining stage (at t = 0.005 s) and 
in the final state, close to stationary (t = 0.1 s). It can 
be seen that a stationary distribution is established in 
the system almost as quickly as in the previous con-
figuration (within about 1 s). The calculations also 
show that silicon still occupies almost the entire work-
ing space inside the retort, with the exception of a rela-
tively thin boundary layer near the absorbing surface 
area. Fig. 7, 8 show that silicon vapors propagate 
with almost the same intensity in all directions from 
the melt mirror. Silicon atoms need almost the same 
time to reach the product surface as in the previous 
case, when the surfaces were parallel to each other. 

The calculation results show that the rarefied gas 
(argon), through which silicon vapors from the melt 
mirror penetrate to the sample, is not in itself the main 
restraining factor limiting the silicon mass transfer. In any 
case, different mutual arrangements of the silicon vapor 
source and the absorbing surface do not considerably 
change the time for reaching the stationary state. 

A much more serious modifier in the problem is 
the relationship of the areas of the evaporating and 
absorbing surfaces. Let us now reduce the linear 
size of the surface on which evaporation takes place 

Fig. 7. The field of silicon concentration  
at initial stage t = 0.005 s for second configuration 

Рис. 7. Поле концентрации кремния на начальном этапе  
для второй конфигурации при t = 0,005 c

Fig. 8. The field of silicon concentration  
at stationary stage t = 0.1 s for second configuration 

Рис. 8. Поле концентрации кремния на момент  
установления для второй конфигурации при t = 0,1 c

Fig. 6. Configuration for horizontal  
linear source of silicon vapour 

Рис. 6. Конфигурация с горизонтальным  
линейным источником паров кремния
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to Δ = 0.2 m, leaving unchanged the product height 
H = 0.4 m and the retort length L = 1.2 m. All other 
parameters will remain the same. Isolines and two-
dimensional surfaces of the concentration field for this 
situation are presented in Fig. 9, a, b.

Fig. 9, a shows the initial moment of time, when 
the vapors have not yet spread to the entire volume. 
However, Fig. 9, b demonstrates that with smaller 
sizes of the melt mirror (twice the difference compared 
to the previous case) at t = 0.1 s, the stationary state is 
not reached yet.

Calculations show that the concentration profile 
now requires approximately twice as much time to set 
the stationary mode as in the previous case. The con-
centration field for the melt mirror at t = 1.0 s is shown 
in Fig. 9, c. Further on, the concentration field practi-
cally ceases to change over time. This result is physi-
cally understandable, since filling the space inside 
the retort with silicon vapor requires a certain time, and 
it is directly related to the amount of silicon evapora-
ting per time unit from the source surface. As the melt 

mirror length decreases, this time expectedly increases 
in proportion to it.

ConclusionConclusion
The analytical and numerical solutions of the gene-

ralized equation of silicon vapor diffusion during silicifi-
cation of a porous carbon material obtained in the course 
of this study show that gaseous silicon quickly occu-
pies almost the entire volume of the furnace working 
space. In other words, contrary to longheld belief based 
on the findings of previous theoretical works, there is 
no need to bring crucibles with molten silicon as close 
to the product surface as possible. 

The results obtained from the two-dimensional for-
mulation confirm the similar data received in the one-
dimensional case. They show that the resistance of for-
eign gases to the silicon diffusion flow should certainly 
be present in the real production environment, but 
classical diffusion is not the only transfer mechanism. 
Generalization of the model taking into account addi-
tional convective transfer enables to solve the para-
dox of anomalously intense saturation of porous car-
bon material with silicon vapor in the experiment, in 
contradiction to earlier theoretical predictions. 
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Рис. 9. Поле концентрации кремния  
в случае горизонтального источника паров при Δ = 0,2 м

а – начальный этап, t = 0,005 с
b – промежуточный этап, t = 0,1 с
c – момент установления, t = 1,0 с
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Аннотация. Аддитивные технологии, в частности метод селективного лазерного плавления (СЛС, или SLM), позволяют изго-

тавливать изделия со сложной геометрией. С помощью СЛС можно эффективно расширить области применения никелида 
титана. Однако процесс СЛС является комплексным – множество факторов оказывают серьезное влияние на характери-
стики получаемого сплава. В процессе лазерной обработки материала в технологии СЛС происходит снижение содержания 
никеля в составе сплава за счет испарения, что может приводить к изменению температур мартенситных превращений. 

  d.farber2010@yandex.ru
Abstract. Additive technologies, in particular selective laser melting (SLM), enable to manufacture the products with complex 

geo metries. The SLM technique can help to effectively expand the titanium nickelide scope of application. However, SLM is 
a complex process – numerous factors significantly affect the characteristics of the resulting alloy. When the SLM technique is used, 
as the material is subject to laser processing, the content of nickel in the alloy drops due to evaporation, which can lead to changes 
in the tempe ratures of martensitic transformations. This impact on the resulting alloy characteristics can be regulated by changing 
the para meters of the SLM process. The objective of our research was to develop the processing methods for manufacturing samples 
from two commercial TiNi alloy powders using the SLM technique and to analyze the factors causing defects in the obtained samples. 
At the same time, processing methods with low values of volumetric energy density were used to reduce possible evaporation of nickel 
during printing. The initial powders were examined for the presence of impurities or other factors affecting the quality of the manu-
factured samples. The processing method A4 that we have developed for powder 1 enables to obtain a defect-free sample with 
the density of 6.45 g/cm3. It was found that none of the processing methods used enabled to obtain a defect-free sample from powder 2 
due to presence of a large amount of oxygen impurities, including in particular Ti4Ni2Oх secondary phase, which leads to embrittle-
ment and destruction of the samples. Therefore, high content of oxygen in the initial powders has a negative impact on the quality 
of the samples manufactured using the SLM technique. 

Keywords: selective laser melting, TiNi alloy, titanium nickelide, impurities, defects, defect-free samples

For citation: Farber E.M., Borisov E.V., Popovich A.A. Features of obtaining TiNi alloy samples from commercial powders with high 
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IntroductionIntroduction
Titanium nickelide (TiNi) is one of the most well-

known smart materials famous for superelasticity and 
its ability to exhibit shape memory effect. It is widely 
used in the aerospace and automotive industries, medi-
cine, microelectronics and other fields of science and 
technology [1–5]. Additive technologies, in particu-
lar the selective laser melting (SLM) method, enable 
to create highly complex geometries [6] and can dra-
matically increase applications of titanium nickelide. 
However, SLM is a complex process – numerous fac-
tors significantly affect the characteristics of the resul-
ting alloy. 

It is known that when the SLM technique is used for 
laser processing of the material, the nickel content in 
the alloy drops due to evaporation as the boiling points 
of nickel and titanium differ: nickel boils at 2913 °C, 
while titanium has a boiling point of 3287 °C [7–12]. 
Additionally, nickel has a higher partial pressure 
than titanium, and therefore nickel is more volatile 
at elevated temperatures [7]. It has been established 
that changes in the nickel content in the alloy can result 
in changing temperatures of martensitic transforma-
tions – the main parameters indicating that the func-
tional properties of the alloy can manifest themselves 
at certain temperatures [13–15]. 

This impact on the resulting alloy characteris-
tics can be regulated by changing the parameters 
of the SLM process – volumetric energy density (E) 
and its determining factors – scanning speed, distance 
between laser passes, laser power and layer thickness. 
It was found that as the E value increases, so does 
nickel evaporation during the SLM process [16–18]. 
Some resear chers point out that an average volumet-
ric energy density of more than 100 J/mm3 is required 
to obtain dense products from nitinol using the SLM 
technique [3; 18–20]. At the same time, in some stu-

dies, defect-free samples were obtained with lower 
E va lues [11; 21; 22]. Such a spread in the values 
of volu metric energy density may indicate that the qua-
lity of the initial powder (presence of impurities or 
secondary phases in it) affects the charac teristics 
of the resul ting products. 

Based on the above, the objective of our research 
was to develop the processing methods for manufac-
turing samples from two commercial TiNi alloy pow-
ders with enhanced oxygen content using the SLM 
technique and to analyze the factors causing defects 
in the obtained samples. At the same time, processing 
methods with low values of volumetric energy density 
were used to reduce the possible evaporation of nickel 
during printing [17]. The initial powders were examined 
for the presence of impurities or other factors affecting 
the quality of the manufactured samples. The results 
obtained will, in the future, enable to improve the qua-
lity of the resulting products and to simplify the selec-
tion of TiNi alloy powders, as well as the development 
of processing methods for manufacturing products 
from these powders.

Materials and methodsMaterials and methods
In this study, we used two commercially produced 

spherical powders (1 and 2, respectively) of TiNi alloy 
with similar chemical composition Ti49Ni51 (at. %). 
The chemical composition of these powders is pre-
sented in Table 1. 

The cylindrical samples with a diameter of 10 mm 
and a height of 60 mm were fabricated for the study. 
Table 2 shows 4 methods of their production using 
the SLM technique. The processing methods with low 
values of volumetric energy density – E < 100 J/mm3 – 
were selected to minimize nickel evaporation during 
the SLM process. The E values are changed by gra-
dually reducing the scanning speed in increments 

Регулирование данного влияния на результирующие характеристики сплава возможно за счет изменения параметров 
процесса СЛС. Цель работы состояла в разработке технологических режимов изготовления образцов из двух коммерческих 
порошков сплава TiNi методом СЛС и анализе факторов, влияющих на наличие дефектов в полученных образцах. При этом 
для снижения возможного испарения никеля в процессе печати применялись технологические режимы с невысокими значе-
ниями объемной плотности энергии. Исходные порошки исследованы на наличие примесей или иных факторов, влияющих 
на качество изготавливаемых образцов. В результате проведенного исследования для используемого порошка 1 разра-
ботан технологический режим А4, с помощью которого изготовлен бездефектный образец, плотность которого составила 
6,45 г/см3. Установлено, что ни один из применяемых режимов не позволил получить бездефектный образец из порошка 2 
ввиду наличия в нем большого количества примесей кислорода, в частности вторичной фазы Ti4Ni2Oх , приводящей к охруп-
чиванию и разрушению образцов. Следовательно, высокое содержание кислорода в исходных порошках отрицательно 
влияет на результаты изготовления образцов методом СЛС.  

Ключевые слова: селективное лазерное сплавление, сплав TiNi, никелид титана, примеси, дефекты, бездефектные образцы
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of 175 mm/s. The laser power, distance between 
passes, and layer thickness remained the same for all 
processing methods. For convenience, the samples 
manufactured using a certain processing method from 
powder 1 will hereinafter be marked as A1/1, A2/1, 
A3/1 and A4/1, and those from powder 2 – A1/2, A2/2, 
A3/2 and A4/2.

The SLM process was conducted on the SLM280HL 
printer (SLM Solutions GmbH, Germany), which 
uses an ytterbium fiber laser with a maximum power 
of 400 W, has a wavelength of 1070 nm, the minimum 
laser beam diameter of 80 μm and the maximum scan-
ning speed of 15 m/s. The process was implemented in 
an inert gas atmosphere (argon). The chemical compo-
sition of the initial powders and the resulting samples 
was visually analyzed and determined using Tescan 
Mira 3 LMU scanning electron microscope (SEM) 
(Tescan, Brno, Czech Republic) with an energy-dis-
persive X-ray spectroscopy module “EDX X-max 80” 
(Oxford Instruments, Abingdon, United Kingdom). 
The microstructure of the obtained samples was eva-
luated on a Leica DMI 5000 light optical microscope 
(Leica Microsystems, Germany). The granulometric 
composition of the powders was assessed using an 
Analysette 22 NanoTec particle size analyzer (Fritsch, 
Germany). The phase composition of the initial pow-
der and the resulting samples was determined on a 
Bruker D8 Advance X-ray diffractometer (Bruker, 
Bremen, Germany). 

Results and discussionResults and discussion
Fig. 1 shows the granulometric composition of the 

powders under study. Volume distribution frac-

tions for powder 1 – d10 = 28.7 µm, d50 = 48.1 µm, 
d90 = 76.5 µm, for powder 2 – d10 = 15.1 µm, d50 = 29 µm, 
and d90 = 52.6 µm.

Fig. 2 demonstrates SEM images of the powders 
under study.

Fig. 3 shows the samples made from powder 1 
using various processing methods; Fig. 4 demonst-
rates the samples from powder 2. In Fig. 3, we see 
that the samples manufactured at a lower volumetric 
energy density (A1/1, A2/1) have multiple defects 
in the form of cracks. As E was increased by reduc-
ing the scanning speed, first, the number of visually 
detectable cracks (sample A3/1) decreased, and as 
E reached 90 J/mm3 (sample A4/1), no cracks were 
detected by visual inspection. The density of the result-
ing sample A4/1 was 6.45 g/cm3. The nickel content 
in the defect-free sample A4/1 (50.85 at. %) dropped 
by 0.18 at. % against the original powder 1. The results 
of our study are generally consistent with those pre-
viously obtained in [17]. 

The samples from powder 2, which were manufac-
tured using processing methods with low volumetric 
energy density, are severely deformed and partially 
destroyed (see Fig. 4). The increase in E resulted 

Table 1. Chemical composition (at. %)  
of the powders under study 

Таблица 1. Химический состав (ат. %)  
исследуемых порошков

Powder Ti Ni O N C
1 48.63 51.03 0.14 0.01 0.19
2 48.56 50.96 0.29 0.01 0.18

Table 2. Processing methods for manufacturing samples 
Таблица 2. Технологические режимы изготовления образцов

Method Power, W Scanning rate, 
mm/s

Distance between 
laser passes, mm

Layer 
thickness, mm

Volumetric energy 
density, J/mm3

А1 200 1450 0.08 0.03 57

А2 200 1275 0.08 0.03 65

А3 200 1100 0.08 0.03 75

А4 200 925 0.08 0.03 90

Рис. 1. Гранулометрический состав исследуемых порошков

Fig. 1. Granulometric composition of the powders under study
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in a decreased level of deformation; however, even 
at E = 90 J/mm3 (sample A4/2), multiple cracks were 
observed along the entire length of the sample.

The large number of cracks in the samples is asso-
cia ted primarily with the features of the SLM process, 
namely with residual stresses caused by a high tem-
perature gradient during the samples manufacture due 
to rapid heating, melting and, subsequently, rapid cool-
ing and solidification of the material, as well as possible 
presence of defects in the form of micropores [23–25]. 
An increase in the scanning speed during the samples 

Fig. 2. SEM images of the powders used
a – powder 1, b – powder 2 

Рис. 2. СЭМ-изображения используемых порошков
а – порошок 1, b – порошок 2

Fig. 3. Samples made from powder 1
a – A1/1, b – A2/1, c – A3/1, d – A4/1 

Рис. 3. Образцы, изготовленные из порошка 1
а – А1/1, b – А2/1, c – А3/1, d – А4/1

Fig. 4. Samples made from powder 2
a – A1/2, b – A2/2, c – A3/2, d – A4/2 

Рис. 4. Образцы, изготовленные из порошка 2
а – А1/2, b – А2/2, c – А3/2, d – А4/2
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manufacture causes an expected drop in volumetric 
energy density. When the energy density is insufficient, 
micropores and discontinuities emerge in the sample 
structure due to the small size of the molten bath and 
presence of unmelted powder particles [3]. These 
defects are stress concentrators that contribute to active 
propagation of cracks in the samples. This phenome-
non was observed in the samples made from powder 1. 
When the processing method A1 was used with a scan-
ning speed of 1450 mm/s, a large number of cracks was 
registered over the entire area of the sample; and when 
the scanning speed was reduced to 925 mm/s, cracks 
were not visually detected. 

Fig. 5 shows the microstructure of samples from 
powder 2 with various defects. We can see multiple 
cracks at the edges of the sample (Fig. 5, a and b) 
and also the ones running through the entire sample 
(Fig. 5, c), up to 200 μm thick. In addition, spheri-
cal and non-spherical pores of various sizes (some 
larger than 100 μm) are visible. Some cracks penetrate 
through pores and propagate in them (Fig. 5, a and b). 

The samples made from powder 2 underwent rather 
severe deformations, which is indicative of additional 

factors contributing to crack formation, along with 
the scanning speed. One of the hypothetic causes may 
be the presence of a large amount of oxygen in the ini-
tial powder 2 (more than in powder 1), which may also 
be present in the form of Ti4Ni2Ox secondary phase. In 
powder 2 under study, the oxygen content was initially 
2 times higher than in powder 1. The Ti4Ni2Ox secon-
dary phase is a Ti2Ni phase with oxygen in the solid 
solution. The presence of this phase has a negative 
impact on the alloy and can lead to embrittlement 
and destruction of samples [26; 27]. It was noted [28] 
that initially cracks emerge in this very Ti4Ni2Ox sec-
ondary phase. Therefore, a large amount of this phase 
in the composition of the initial powder can lead 
to increased cracking when the samples are manu-
factured. Another assumption is that a large amount 
of oxygen contri butes to the formation of these secon-
dary phases during the sample preparation process. 

To determine the reasons more clearly, a cross-
section of powder 2 was prepared. Fig. 6 shows SEM 
images of particles of powder 2 at high magnification. 
It is clearly visible that the particles contain dark inclu-
sions, which may be Ti4Ni2Ox secondary phases.

Fig. 5. Defects in the samples made from powder 2 using the SLM technique
a – cracks and pores at the edge of the sample; b – cracks penetrating through pores;  

c – crack running through the entire thickness of the sample, d – spherical pores 

Рис. 5. Дефекты в образцах, изготовленных из порошка 2 методом СЛС
а – трещины и поры с краю образца; b – трещины, проходящие через поры;  

c – трещина, пересекающая всю толщу образца, d – сферические поры
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seve ralfold compared to the original powder. This 
wide ning is attributed to increased dislocation density 
and micro stresses. No secondary phases were detected 
in the composition of either the powder or the sample. 
This may suggest an extremely low content of the indi-
cated Ti4Ni2Ox phases in the composition of both pow-
der 2 and the samples made from it – below the detec-
tion limit of the research method used. Moreover, as 
the lines of the B2 phase have widened, the coordi-
nates of all the sought Ti4Ni2Oх lines (39.0, 41.4 and 
45.2) lie at the (110) B2 peak base. It can be assumed 
that the sample contains the indicated Ti4Ni2Oх secon-
dary phase, but its detection is hampered. 

In general, based on the results obtained, we can 
confidently state that the increased oxygen content 
in the initial powder negatively affects the quality 
of the resulting samples, especially when they are 
manufactured with low values of volumetric energy 
density. To confirm this conclusion, we investigated 
the chemical composition of samples A4/1 and A4/2 
for oxygen content. The results are presented in 
Table 3. It was found that the oxygen content in sample 
A4/2 reached 0.4 at. %, which is 0.14 at. % more than 
in sample A4/1. The oxygen level in the samples is 
higher than in the powder due to the capture of oxy-
gen during the samples manufacture using the SLM 
technique. It can be noted that as the same processing 
method A4 was used, the oxygen content being high 
both in the original powder and in the manufactured 
sample, the sample from powder 1 had no defects, 
while that from powder 2 had numerous cracks. It con-
firms the assumption that oxygen content affects for-
mation of defects in the samples manufactured using 
the SLM technique.

ConclusionsConclusions
1. Having tested the processing methods, we came 

to conclusion that the defect-free sample from pow-
der 1 can be obtained using the processing method 
A4. The density of the resulting sample A4/1 was 
6.45 g/cm3. Defect-free samples from powder 1 cannot 
be obtained using the processing methods with lower 
volumetric energy density.

2. We failed to obtain a defect-free sample from 
powder 2 using any of the processing methods. Probably 

Fig. 6. SEM image at high magnification  
of powder particles 2 in the BSE mode  

with inclusions – secondary phases 

Рис. 6. СЭМ-изображения с большим увеличением  
в режиме BSE частиц порошка 2 с наличием  

включений – вторичных фаз 

Fig. 7. X-ray diffraction patterns
a – powder 2  

b – sample made from powder 2 using the SLM technique 

Рис. 7. Рентгеновские дифрактограммы
а – порошок 2  

b – образец, изготовленный из порошка 2 методом СЛС

Fig. 7 shows the results of X-ray phase analysis 
of powder 2 and a sample made from it. 

The X-ray diffraction pattern of the sample (Fig. 7, b) 
shows that the lines of the B2 phase have widened 

Table 3. Oxygen content in the samples 
Таблица 3. Содержание кислорода в образцах

Sample Oxygen content, at. %
А4/1 0.26
А4/2 0.40
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methods with higher values of volumetric energy den-
sity are required to obtain defect-free samples from this 
powder.

3. The presence of a large amount of oxygen 
impurities in powder 2 is one of the factors that ham-
pered us to obtain defect-free samples when using 
the indicated processing methods. This is attributed 
to Ti4Ni2Ox se condary phase present in the powder 
composition, which leads to embrittlement and destruc-
tion of the samples. That is, the increased oxygen con-
tent in the initial powders negatively affects the quality 
of samples manufactured using the SLM technique.

4. The study of the microstructure of samples 
obtained from powder 2 revealed the presence 
of spherical and non-spherical pores and cracks of vari-
ous sizes. It was found that cracks propagate directly 
through the detected pores.
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Abstract. The paper describes experiments on selective laser sintering (SLS) of a high-temperature ceramic material – silicon carbide 

powder F320 – using the MeltMaster3D-160 SLS unit equipped with a fiber ytterbium laser with a peak power of 200 W. We inves-
tigated the sintering mechanism and the impact of technological parameters on the microstructure, phase composition, and density 
of the resulting 3D cubic samples. The technological properties of the initial powder were also investigated, including morphology, 
granulometric composition, bulk density, and flow rate. The powder morphology mainly consists of acicular particles with an aspect 
ratio of 1:5. Granulometric analysis revealed an average particle size of 48 μm. Measurements indicated that the bulk density reached 
1.11 ± 0.01 g/cm3, approximately 36.6 % of the theoretical density value. The average time of powder outflow from the Hall funnel was 
21.0 ± 0.1 s, with 2–3 hits on the funnel during the measurement process. Experimental cubic samples of 10×10 mm were manufactured 
using 75 technological modes. Silicon carbide powder particles sinter due to the thermal effect of laser radiation and the release of SiC 
microparticles on the surface of the powder particles, with silicon (average size less than 1 μm) prevailing in the composition, followed 
by mutual bonding of neighboring powder particles in the sintering region. X-ray phase analysis demonstrated that due to the laser 
radiation, the resulting 3D samples contain the following phases: SiC (6H), Si, and C. It was revealed that a scanning step larger than 
the actual spot diameter (spot diameter + thermal influence zone), 60–70 μm in size, causes the formation of unsintered areas between 
sintering tracks. The key parameters affecting the density index of the obtained samples are layer height, energy density, and scanning 
step. The best density index for the obtained samples is 86.7 % relative to the absolute density of the material (3.21 g/cm3). Further 
research will be devoted to the development of techniques for post-processing the resulting porous samples-blanks to obtain a density 
close to 100 %. 

Keywords: selective laser sintering, silicon carbide, high-temperature ceramics, technological properties of powder, laser energy density, 
porous ceramics

For citation: Bubnenkov B.B., Zharmukhambetov A.S., Ivanov I.A., Yudin A.V., Taktashov A.E., Starkov A.M., Sharapov I.S., 
Alekseeva E.M.  Investigation of influence of technological parameters on the properties of SiC samples fabricated by selective laser 
sintering. Part 1. Powder Metallurgy аnd Functional Coatings. 2024;18(3):71–84.

 https://doi.org/10.17073/1997-308X-2024-3-71-84

Investigation of influence of technological parameters 
on the properties of SiC samples fabricated 

by selective laser sintering. Part 1
B. B. Bubnenkov1 , A. S. Zharmukhambetov1, I. A. Ivanov1, A. V. Yudin1,

A. E. Taktashov1, A. M. Starkov2, I. S. Sharapov2, E. M. Alekseeva2

1 Joint Stock Company “Scientific and Production Association “Central Research Institute  
of Mechanical Engineering Technology (CRIMET)”

4 Sharikopodshipnikovskaya Str., Moscow 115088, Russia
2 Joint Stock Company “Scientific Research Institute (SRI) Scientific and Production Association “LUCH”

24 Zheleznodorozhnaya Str., Podolsk, Moscow Region 142103, Russia

Процессы получения и свойства порошков
Production Processes and Properties of Powders

Materials and Coatings Fabricated Using the Additive Manufacturing Technologies 
Материалы и покрытия, получаемые методами аддитивных технологий

Powder Metallurgy аnd Functional Coatings. 2024;18(3):71–84 
Bubnenkov B.B., Zharmukhambetov A.S., etc.  Investigation of the effect of technological ...

https://doi.org/10.17073/1997-308X-2024-3-71-84
mailto:bogis13%40yandex.ru?subject=
https://powder.misis.ru/index.php/jour/search/?subject=selective laser sintering
https://powder.misis.ru/index.php/jour/search/?subject=silicon carbide
https://powder.misis.ru/index.php/jour/search/?subject=high-temperature ceramics
https://powder.misis.ru/index.php/jour/search/?subject=technological properties of powder
https://powder.misis.ru/index.php/jour/search/?subject=laser energy density
https://powder.misis.ru/index.php/jour/search/?subject=porous ceramics
mailto:bogis13%40yandex.ru?subject=


72

IntroductionIntroduction
Silicon carbide materials are used in various indus-

tries, including manufacture of critical duty products. 
This is due to their high compressive strength, dimen-
sional stability, wear and heat resistance, thermal 
conductivity, heat stability, as well as chemical and 
radiation resistance. The listed properties determine 
their use as a material for gas turbine engine nozzles, 
bearings, working units of chemical pumps, atomizers, 
burners, cutting tools, pipelines, heat exchangers, hea-
ters, and other critical applications. 

The operating temperature range of pure sili-
con carbide material reaches t = 1400÷1500 °C in air, 

and when high-temperature coatings are applied, it 
increases to 2000 °C and higher (depending on the type 
of coating, the aggressiveness of the oxidizing envi-
ronment and the operating time) [1]. More technologi-
cally advanced composite silicon carbide materials, 
such as RS–SiC, can be operated in air at temperatures 
up to 1350 °C [2].

The bulk of silicon carbide products are manu-
factured by: simple sintering; activation sintering 
at t ≈ 1600÷1800 °C of workpieces initially pressed 
from powder with sintering additives (Al2O3 , Y2O3 , 
Si3N4 and etc.); reaction sintering; hot pressing (HP); 
hot isostatic pressing (HIP); spark plasma sinte-

  bogis13@yandex.ru
Аннотация. Проведены эксперименты по селективному лазерному спеканию (СЛС) высокотемпературного керамического 

материала – порошка карбида кремния марки F320 – на СЛС-установке «Melt-Master3D-160», оснащенной волоконным 
иттербиевым лазером с пиковой мощностью 200 Вт. Изучены механизм спекания и влияние технологических параметров на 
микроструктуру, фазовый состав и плотность получаемых объемных кубических образцов. Исследованы технологические 
свойства исходного порошка с определением морфологии, гранулометрического состава, насыпной плотности и текучести. 
Морфология порошка представлена, в основном, игловидными частицами с соотношением сторон 1:5. Гранулометрическим 
анализом установлено среднее значение размера частиц 48 мкм. Насыпная плотность измерена на уровне 1,11 ± 0,01 г/см3, 
что составляет ~36,6 % от значения теоретической плотности. Среднее время истечения порошка из воронки Холла соста-
вило 21,0 ± 0,1 с при 2–3 ударах по воронке в процессе измерения при остановке течения порошка. Экспериментальные 
кубические образцы 10×10 мм изготавливались по 75 технологическим режимам. Спекание частиц порошка карбида 
кремния происходит за счет теплового воздействия лазерного излучения и выделения на поверхности частиц порошка 
микрочастиц SiC с преобладанием в составе кремния со средним размером <1 мкм при дальнейшем взаимном скреплении 
соседних частиц порошка в области спекания. По данным рентгенофазового анализа, в результате лазерного излучения 
получаемые объемные образцы содержат следующие фазы: SiC (6H), Si, C. Выявлено, что шаг сканирования, превыша-
ющий реальный диаметр пятна (диаметр пятна + зона термического влияния), составляющий 60–70 мкм, вызывает обра-
зование неспеченных областей между треками спекания. Ключевыми параметрами, влияющими на показатель плотности 
получаемых образцов, являются высота слоя, плотность энергии и шаг сканирования. Наилучший показатель плотности для 
полученных образцов – 86,7 % относительно абсолютной плотности вещества 3,21 г/см3. Последующие исследования будут 
связаны с разработкой технологии постобработки получаемых пористых образцов-заготовок с целью получения плотности, 
близкой к 100 %.  

Ключевые слова: селективное лазерное спекание, карбид кремния, высокотемпературная керамика, технологические свойства 
порошка, плотность энергии лазера, пористая керамика
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ring (SPS) – one of the types of hot pressing [3–5]. 
When HP and its varieties are used for molding prod-
ucts, silicon carbide powder in combination with 
sintering additives are applied to intensify compac-
tion processes [3; 4; 6]. The process key features are 
high sintering temperature ~1700÷2000 °C and pres-
sure of ~50÷70 MPa [3–5], while the exposure can 
take several hours. The methods based on HP are char-
acterized by high performance, but they are limited 
to manufacturing products of simple geometric shapes 
and require the previous stage when an individual mold 
is fabricated for a specific part.

Additive technologies (AT) have an undeniable 
competitive edge over traditional ones, including fab-
ricating products with complex geometries (branched 
topology), thin-walled products and the ones with 
closed cavities, which enables to solve a wide range 
of new design issues in the framework of moderniza-
tion of the energy complex, military and space indus-
tries. There are direct and indirect At methods for 
manufacturing ceramic products. 

The direct methods are the ones that require one 
stage to obtain a finished product – the product is 
manufactured on an additive unit with minimal subse-
quent mechanical processing or without it. Typically, 
the objective is to obtain completely dense products 
or the ones with a density of minimum 98 %. The fol-
lowing methods can yield this result: selective laser 
sintering (SLS) technology – selective layer-by-layer 
laser sintering of ceramic powder; micro-SLS process, 
which uses a laser scanning spot that is 2–3 times 
smaller than in traditional SLS [7]; SLS of a mixture 
of ceramic powder with a more fusible component, for 
example silicon, which ensures that during the sinter-
ing process, the pores of each of the product layers 
are filled [8]. The advantage of this approach is that it 
requires less production time and fewer resources due 
to reduced process steps.

Indirect methods include one or more operations 
for post-processing of a workpiece manufactured 
by the additive method. Post-processing typically 
includes 3 additional stages: 

1) impregnation with a reagent; 
2) reagent pyrolysis to form an additional carbon or 

silicon carbide framework;
3) molten silicon infiltration to ensure compac-

tion and form the secondary silicon carbide as mol-
ten silicon interacts with free carbon released from 
the reagent [9]. 

Indirect methods include: selective layer-by-layer 
SLS of a mixture of ceramic and polymer powders fol-
lowed by pyrolysis and molten silicon infiltration; SLS 

of a mixture of ceramic powder and elements that form 
the main component during post-processing [10], fol-
lowed by impregnation with polymer to fill the remain-
ing pores, pyrolysis and silicon infiltration; light ste-
reolithography (SLA) – selective layer-by-layer curing 
of a mixture of photopolymer and base material pow-
der using a light source, followed by pyrolysis and sili-
con infiltration [11–14]; selective layer-by-layer bind-
ing of powder material (binder jetting – BJ) – apply-
ing glue on the powder layer, followed by pyrolysis 
and silicon infiltration [15–18]; extrusion (direct ink 
writing – DIW) of material (ceramic paste = pow-
der + binder) using a print head, layer by layer, fol-
lowed by pyrolysis and silicon infiltration [19–23].

With regard to the production of ceramic struc-
tural materials, direct and indirect SLS has a number 
of advantages compared to other 3D printing methods:

– fewer resources are required to prepare initial 
materials as powder components of the composition are 
used in their pure form and can be further processed 
and mixed under certain modes in specific proportions 
to obtain the required properties of the final product;

– minimum shrinkage coefficient relative to the 
CAD model that ensures high-accuracy manufacture 
of complex-profile products, including thin-walled 
ones;

– reduced free silicon content as a result of post-
processing using reaction sintering technology, which 
helps to enhance the product strength and dimensional 
stability;

– reduced content of a polymer binder with a high 
carbon residue (if used), which during subsequent post-
processing (pyrolysis) decreases stress across the cross-
section of the workpiece during polymer decomposi-
tion, in contrast to BJ and SLA, which require signifi-
cantly larger amount of binder for effective bonding 
of particles without high temperature, complicating 
the manufacture of thick-section and complex-profile 
products and causing problems with selecting the opti-
mal post-processing parameters.

The advantages of SLS will significantly expand 
the range of products to synthesize from refractory, 
heat-, corrosion- and radiation-resistant materials based 
on silicon carbide, in terms of increased complexity 
of their geometry and topological optimization, and 
will also considerably reduce the amount of mechani-
cal processing, which is critical for products with inter-
nal geometry and cavities where mechanical operations 
are difficult or impossible. 

This technology is intended for manufacturing parts 
and components of nuclear and thermal energy equip-
ment operating in aggressive environments at high 
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tempe ratures and pressures, for example, advanced 
reactors with molten salt as coolant (MSR) and acidic 
coolants (in alkaline coolants, residual silicon will 
transform into silicates and pollute it), as well as 
the equipment used in other fields.

We conducted a number of initial experiments 
to obtain samples from SiC using the direct SLS method 
and proved that 3D samples can be obtained using 
a Russian-made MeltMaster3D-160 unit (JSC SPA 
CRIMET, Moscow) from silicon carbide-based pow-
der material produced by JSC “SRI SIA “LUCH” 
(Moscow). We also studied the impact of the unit tech-
nological parameters on the properties of the resulting 
samples. 

The research was based on domestic and foreign 
experience in selective laser sintering of ceramic 
materials; the parameters for manufacturing samples 
were adjusted taking into account the characteristics 
of the unit and the materials used. The unit design was 
elaborated as the technological parameters for SiC-
based material were developed. 

For the first time, 3D silicon carbide samples were 
obtained using unconventional part construction modes. 
Based on the findings of the analysis, we provide rec-
ommendations on improving the manufacturing param-
eters to enhance the properties of the resulting samples.

Materials and methods  Materials and methods  
of the experimentof the experiment

Silicon carbide powder, graded F320 according 
to FEPA standard, served as the initial material for 
selective laser sintering.

The flow rate of powder was determined using 
a ca librated Hall funnel (according to GOST 20899-98). 
The prepared portion of the powder was poured into a 
funnel with a 5-mm outlet hole. In accordance with 
the standard, three measurements were made from 
three 50-g portions of powder.

Bulk density was assessed using a Scott volumeter. 
According to GOST 19440-94, three measurements 
were performed on three portions of powder from a 
sample with a volume of 100 cm3.

To determine the average particle size, as well as 
the particles distribution curve, a Laser Particle Sizer 
Analysette 22 MicroTec plus (Fritsch GmbH, Germany) 
was used in accordance with GOST R 8.777-2011. 
The measurements were conducted using a disper-
sion unit in a liquid medium, designed for measuring 
solid materials and suspensions in a liquid, mainly 
aqueous, medium. 2–3 measurements of the granulo-
metric composition of the powders under study were 
performed and the results were averaged. The shape and 

size of the particles were assessed using a Neophot 21 
microscope (Carl Zeiss Jena, Germany) according 
to GOST 25849-83.

During the incoming inspection at the delivery stage 
and during the repeated circulating powder sieving, an 
ASV-200 sieve analyzer (NPK Mekhanobr-Tekhnika, 
St. Petersburg) with a set of sieves with a nominal 
value of 100 and 56 µm was used to separate the target 
fraction. 

Before the SLS process, moisture was removed 
from the powder by drying it in an NK 7.7.7/3.5 oven 
(JSC Nakal – Industrial furnaces, Solnechnogorsk) 
at a temperature of 70–100 °С.

MeltMaster3D-160 unit made in Russia (JSC SPA 
CRIMET, Moscow) was used for SLS. The main 
charac teristics of the unit: laser type – fiber; laser 
power – from 5 to 200 W; laser spot size – from 50 
to 150 µm; scanning step – from 10 to 150 µm; scan-
ning speed – from 50 to 1500 mm/s; approach incre-
ment of the construction platform – from 10 to 200 µm; 
protective atmosphere – nitrogen/argon/helium; plat-
form heating – up to 120 °C; working area for sinte-
ring a part – 160×160×200 mm. Argon of purity 6.0 
(99.9999 %) was used as the working gas.

Preparation  for SLS. The powder was dried 
at a temperature of 100 °C before selective laser sinte-
ring of the samples.

To prepare and support the layer-by-layer prototyp-
ing of experimental samples on MeltMaster3D-160 
unit, we used 3Ddigit specialized software package 
(JSC SPA CRIMET, Moscow) designed for plac-
ing a 3D model relative to the construction platform, 
forming supporting structures, setting technological 
parameters, cutting a 3D model into layers and gen-
erating the control code. The software functionality is 
responsible for automating all stages of layer-by-layer 
synthesis based on the original 3D model.

Additive production of samples using the SLS 
method includes the following steps:

– setting technological parameters in the software;
– checking the 3D model for integrity and correc-

ting errors;
– placing the 3D model relative to the technological 

platform;
– creating technological support for the model;
– cutting a 3D model into layers;
– generating the control code;
– SLS process. 
During preparation for printing, the working cham-

ber was filled with an inert gas – argon, which enables 
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to process reactive materials. Reliable filtration and 
efficient circulation provided by the system of blowers 
ensure a high degree of gas purity. Thus, the selective 
laser sintering of laboratory sample blanks was per-
formed in an argon atmosphere with a stable residual 
oxygen concentration of less than 700 ppm, to avoid 
the formation of SiO2 under high-temperature laser 
action.

SLS process. Based on the analysis of domestic 
and foreign literary sources on SLS of ceramic mate-
rials, the initial set of parameters for the unit opera-
tion was selected, which was gradually changed based 
on the analysis of the microstructure and density 
of the resulting samples.

Experimental cubic samples of 10×10 mm were 
manufactured using 75 technological modes in order 
to study the impact of SLS process parameters on their 
density and microstructure. The following parameters 
were changed: laser power (P) in the range from 30 
to 190 W, scanning speed (V) – from 100 to 1000 mm/s, 
scanning step (d) – the distance between tracks (line 
marks) – in the range from 20 to 150 µm, layer thick-
ness (h) – from 20 to 60 µm. The combination of these 
parameters forms the energy density (E) of laser 
radiation:

The density of the manufactured samples was 
measured on Discovery DV215CD balance (OHAUS 
Corporation, USA) using the hydrostatic method 
according to GOST 25281-82 “Powder metallurgy. 
Method of determination of formings density”. First, 
the mass of the sample in air was determined. Then 
the sample was covered with a thin protective layer 
of vaselene to isolate the surface pores and to avoid 

the formation of near-surface air bubbles, and its mass 
in air was measured again. The next step was weigh-
ing in distilled water at a fixed temperature. Based 
on the measurement results, the density of the samples 
was calculated taking into account the density of vase-
lene, water and air.

Microstructural studies and EDS analysis were 
performed using a Zeiss EVO 50 XVP scanning elec-
tron microscope (Carl Zeiss AG, Germany) with an 
attachment for energy dispersive analysis to determine 
the patterns of sintering and the impact of technologi-
cal parameters on the microstructure of the resulting 
samples. 

The D8 Discover diffractometer (Bruker Optic 
GmbH, Germany) with CuKα-radiation was used 
to perform X-ray phase analysis in order to deter-
mine the final phase composition of the samples and 
to confirm the impact of manufacturing parameters 
on the phase composition. Bruker AXS DIFFRAC.EVA 
v. 4.1 software and ICDD PDF-2 international database 
were used for phase identification.

Results and discussionResults and discussion
The  morphology of silicon carbide powder par-

ticles was analyzed using several visual fields (Fig. 1).
When viewed under a light microscope, SiC par-

ticles look like transparent green crystals without pores 
or inclusions (Fig. 1, а). Most of the particles are non-
spherical and have a non-equiaxial/non-spherical or 
splintered shape; acicular particles with an aspect ratio 
up to 1:5 are also observed (Fig. 1, b). Some particles 
are joined into agglomerates, their size is larger than 
that of most particles. This morphology of particles 
cannot provide good flow rate or ensure the forma-
tion of a uniform powder layer. Also, such morphology 

Fig. 1. Morphology of SiC powder (F320)
a – optical microscope (×100); b – electron microscope (×420) 

Рис. 1. Морфология порошка SiC-порошка F320
а – оптический микроскоп (×100); b – электронный микроскоп (×420)
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will affect the density characteristics of the resulting 
samples.

The agglomerates and non-equiaxial particles nega-
tively affect the sintering characteristics of the mate-
rial. The tendency to agglomerate is a natural property 
of powder particles, and the more non-equiaxed their 
shape is, the higher the tendency to agglomerate. Large 
agglomerates interfere with the process of “healing” 
pores during the sintering process, since the driving 
forces – their direction and speed – of the particles 
inside the agglomerate will significantly differ from 
those of the particles next to it. This difference leads 
to significant internal stresses, emergence of large pores 
or even the formation of microcracks. The dimensions 
of such defects and the resulting structural heteroge-
neity directly determine the density, strength and other 
properties of the material.

For this reason, before being used for the SLS pro-
cess, the powder should be classified to recover the tar-
get fraction <60 μm by screening off large particle 
agglomerates.

Study of  the  granulometric composition. 
The powder particles distribution was obtained 
(Table 1).

Table 1 shows that the average particle size of sili-
con carbide powder F320 under study, in the as-
delivered condition is 48.2 μm. After 25 series of pro-
duction processes, it slightly increases (by 7.2 µm) 
to 55.4 µm. 

The sizes of fractions vary from 5 to 110 µm – 
this wide range is attributed to the powder particles 
being non-equiaxed and having a splintered or acicu-
lar shape. This spread is not a typical particle size 
distribution for the units operating based on the SLS 
method (20–63 μm), which can contribute to the for-
mation of defects such as pores and voids and adversely 
affect the sample manufacturing process. Therefore, 
the target fraction <60 µm was recovered from the total 
mass of the powder by screen sizing. Acicular particles 

cannot be removed from screen sizing using the sieve 
analysis. However, to be used in additive technologies, 
including SLS, these particles should be separated, 
and the remaining particles should be spheroidized, if 
possible.

Determination  of  the  flow rate. The ave rage 
time of the powder outflow from the Hall funnel could 
not be determined, since the outflow spontaneously 
stopped. Next, based on the standard, the funnel was hit 
once, but after some time the outflow of powder stopped. 
According to the standard, it means that the flow rate 
of the powder does not conform with the test method 
described in this standard.

Determination  of  bulk density. The bulk den-
sity of powders that do not flow spontaneously from 
a funnel with a hole 5 mm in diameter is measured 
using a volumeter according to GOST 19449-94.

The analysis of the bulk density of silicon car-
bide powder F320 showed that its average value 
(1.11 ± 0.01 g/cm3) accounts for ~36.6 % of the theo-
retical density of this material (the vibro-compacted 
density being 45 %). This bulk density value can be 
attributed to the fact that the powder contains a sig-
nificant amount of acicular particles with a large aspect 
ratio and splintered particles: the former contribute 
to the emergence of “bridges” with voids underneath, 
while the latter, due to their roughness, additionally 
prevent powder distribution and its free spreading dur-
ing layer formation.

The set of characteristics and properties of the pow-
der used is presented below:

Average particle size, µm . . . . . . . . 48 ± 0.5
Flow rate, s . . . . . . . . . . . . . . . . . . . None1

Bulk density, g/cm3 . . . . . . . . . . . . . 1.11 ± 0.01

Microstructural studies. Determining the size 
of the laser spot area and the effective scanning 
step. As a result of microstructural studies (Fig. 2), it 
was revealed that the scanning step is larger than the 
actual spot diameter (spot diameter + heat-affected 
zone), which is 60–70 μm (Fig. 3), causes the formation 
of unsintered regions between the tracks. The width 
of these areas is comparable to the difference between 
the step size and the laser spot diameter. The unsintered 
regions significantly affect the samples density, as evi-
denced by the results of density determination. 

Table 1. Granulometric composition  
of SiC powder F320 in the initial state  

and after 25 cycles of use 
Таблица 1. Гранулометрический состав  

порошка SiC марки F320 в исходном состоянии  
и после 25 циклов использования

Powder D10 , 
µm

D50 , 
µm

D90 , 
µm

Davg , 
µm

In the as-delivered condition 15.2 38.5 95.9 48.2
In the as-delivered condition 

after sieving 15.7 40.6 93.6 48.7

After 25 printing series 14.1 44.6 113.3 55.4

1 The average time of powder outflow from the Hall funnel was 
21.0 ± 0.1 s with 2–3 hits on the funnel during the measurement 
process when the powder flow stopped. However, hits on the funnel 
are unacceptable according to GOST; therefore, it is generally assumed 
that the powder under study does not flow.
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This effect may be associated with high thermal 
conductivity of the material, which prevents accumula-
tion of the thermal energy in the scanned area (laser 
beam path) and its transfer to neighboring areas outside 
the spot diameter, where there was no direct exposure 
to laser radiation, as it was the case with metal pow-
ders. Laser radiation sinters powder particles to form 
a sintered region only in the area directly exposed 

to the laser spot + 5÷10 µm, then the heat flow fol-
lows the path of least resistance or, in other words, 
moves in the direction with greater thermal conducti-
vity than that of freely poured powder. For this reason, 
thermal energy is most actively absorbed in the vertical 
direction by the previous, already sintered monolithic 
layer s, which are denser and more thermally conduc-
tive compared to the area of unsintered powder sur-
rounding the part and acting as a heat insulator with 
a relatively small degree of thermal absorption.

Sintering mechanism. Fig. 4 shows micropho-
tographs of the surface of SiC powder particles after 
sintering in the resulting samples. Upon a detailed 
examination of the surface of the original powder par-
ticles, one can note that microparticles are formed, 
1–7 μm in size, the shape being close to spherical, but 
with an uneven surface. They have a lighter shade than 
the particles of the original powder. These micropar-
ticles form clusters – areas with an increased number 
of cluster-shaped defects – on the surface of the origi-
nal powder particles (including at the points of contact 
between them). The predominant size of the resulting 
microparticles is less than 1 µm. Thus, we can con-
clude that after laser sintering, more defects emerge 
on the surface of the original powder particles.

It can be assumed that short-term high-temperature 
exposure of the SiC powder surface to laser radia-
tion result in local overheating and micromelting with 
partial SiC decomposition. This assumption is also 
made in [24]. Further, as the locally overheated area 
cools down, the oval and spherical microparticles, 
lighter in color than SiC powder, form. They have a size 
of 1–7 μm, sometimes less than 1 μm, and a chemical 
composition identical to that of silicon carbide, with 

Fig. 2. Impact of the scanning step (d)  
on the sintering of SiC powder (F320) at a constant speed

d, µm: а – 75; b – 100; c – 125; d – 150 

Рис. 2. Влияние шага сканирования (d)  
на спекаемость порошка SiC марки F320  
при постоянной скорости сканирования

d, мкм: а – 75; b – 100; c – 125; d – 150

Fig. 3. Width of a single sintering zone as SiC powder  
is exposed to laser radiation 

Рис. 3. Ширина единичной области спекания  
при воздействии лазерного излучения на порошок SiC
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silicon prevailing, as evidenced by the results of EDS 
analysis given in Table 2.

The SiC decomposition temperature is 2730 °C, 
and the Si and C melting temperatures are 1414 and 
3367 °C, respectively. At the same time, in accor-
dance with reference data [25], the vapor pressure 
of 100 kPa (~1 atm) is set at temperatures of 2613 
and 4985 °C for silicon and carbon, respectively. 

Therefore, when exposed to laser radiation, SiC pow-
der presumably decomposes, while silicon simulta-
neously melts and evaporates. At the next stage, in 
accordance with the phase diagram, in the Si–C system 
the phase equilibrium during crystallization will shift 
to the “SiC + graphite” region. 

There are two assumptions why oval and spheri-
cal precipitates with silicon dominating in the com-

Fig. 4. Scaled representation of the mechanism of laser sintering of SiC powder particles
a – general view of the sample surface with visible strips – “tracks” of the laser passage;  

b, c – images of large groups of sintered SiC powder particles with visible light areas on the powder particles surface;  
d–f – detailed images of the surface of SiC particles after laser sintering, with clearly visible light microparticles on the surface of the initial powder 

Рис. 4. Масштабное представление механизма лазерного спекания частиц порошка SiC
а – общий вид поверхности образца, различимы полосы – «треки» прохода лазера;  

b, c – изображения больших групп спеченных порошковых частиц SiC, различимы светлые участки на поверхности частиц порошка;  
d–f – детализированные изображения поверхности частиц SiC после лазерного спекания, отчетливо видны светлые микрочастицы  

на поверхности исходного порошка
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position form: the first one is that ultra-fast cooling 
of the melt with undissolved graphite results in the for-
mation of microparticles of non-stoichiometric SiC(1–x) 
depleted in carbon; the second is that silicon sweats 
out on the surface from the depths of the melt bath. 
Starting from the stage of SiC decomposition, Si con-
centrates in the near-surface zone and evaporates from 
the melt bath. When crystallization, initiated from 
the bath surface, starts, Si continues to sweat out, since 
the deep layers in contact with the bath are heated due 
to the high thermal conductivity of SiC.

Thus, during SLS of SiC powder, the sintering dri-
ving force is not the system (powder particles) striving 
to minimize surface energy and transit to a more equi-
librium state, that is, to acquire a more spherical shape, 
reduce defects and gradually move towards the state 
of reciprocal slipping and consolidation. On the cont-
rary, the interaction regions are formed at the contact 
boundary of powder particles from the more low-
melting phase. These regions account for reciprocal 
slipping of powder par ticles during compaction and, 
at the final sintering stage as they cool down, they 
are “bound” as more defective cluster-like structures 
emerge at the point of contact and on the “free” sur-
face of the particles, in contrast to the less defective 

morphology of the particles before exposure to laser 
radiation (see Fig. 1). It should also be noted that com-
paction during sintering is not facilitated by the curva-
ture of the surface of splintered SiC powder particles, 
which reduces the density of the initial layer and fur-
ther compaction during mutual slipping of particles 
under the influence of laser radiation.

X-ray phase analysis. XRF was performed 
to determine the phase composition of the initial SiC 
powder, as well as to identify patterns of the impact 
of laser radiation on the composition of phases in sam-
ples after SLS. The results of X-ray phase analysis are 
presented in Table 3.

The samples revealed silicon Si, silicon carbide 
with a hexagonal crystal lattice of SiC (6H), traces 
of modification of SiC with a hexagonal lattice of SiC 
(4H), as well as (in some samples) traces of modifi-
cation of silicon carbide with a rhombohedral lattice 
of SiC (15R), the position of flat layers in the structure 
of which it is repeated every third layer, not every sec-
ond one, as in the hexagonal modification.

Also, the SiO2 phase was detected in some sam-
ples, which may be due to insufficient oxygen purity 
of the working atmosphere or to the initial quality 

Table 2. Results of EDS analysis of the surface of SiC powder particles after laser sintering 
Таблица 2. Результаты ЭДС-анализа поверхности частиц порошка SiC после лазерного спекания

Spectrum
Content

wt. % at. %
C Si C Si

1 29.69 70.31 49.21 50.79
2 34.04 65.96 54.22 45.78
3 32.38 67.62 52.26 47.74
4 34.63 65.37 54.66 45.34
5 36.67 63.33 56.81 43.19

Max 36.67 70.31 56.81 50.79
Min 29.69 63.33 49.21 43.19

Spectrum
Content, wt. %
C Si

1 24.6 75.4
2 28.2 71.8
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Table 3. Phase composition of the initial SiC powder and SiC samples obtained by the SLS method 
Таблица 3. Фазовый состав исходного порошка SiC и образцов, полученных из него методом СЛС

Sample Phase Crystal structure Space group
Lattice parameter, pm Phase amount, wt. %

a b c SiC Si C

Initial SiC 
powder

SiC (6Н) HCP P63mc (186) 3.0815 – 15.1185

100 – –

SiC (168R) Rhombohedral R3m (160) 3.0822 – 37.7446

Test 8
sample
No. 3

SiC (6H) HCP P63mc (186) 3.0852 – 15.1359

86.93 12.79 0.28

SiC (4H) HCP P63mc (186) 3.0821 – 10.0804
Si FCC Fd-3m (227) 5.4344 – –
C HCP P63mc (186) 2.4180 – 13.5203

Test 23
sample
No. 3

SiC (6H) HCP P63mc (186) 3.0777 – 15.1074

87.94 11.15 0.92

Si FCC Fd-3m (227) 5.4263 – –
C HCP P63mc (186) 2.4413 – 13.4977

Test 24
sample
No. 3

SiC (6H) HCP P63mc (186) 3.0815 – 15.1193

78.26 18.97 2.77

SiC (15R) Rhombohedral R3m (160) 3.0802 – 37.8227
Si FCC Fd-3m (227) 5.4291 – –
C HCP P63mc (186) 2.4206 – 13.5228
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of the supplied powder. However, this phase was not 
identified during incoming inspection, from which we 
can conclude that it probably emerged during the SLS 
process at the early stages, when the first layers 
of the sample were formed.

Determination of the density of SLS samples. 
Our objective was to determine the impact of the unit 
technological parameters on the properties of the resul-
ting samples, including the relative density. For this 
purpose, during the experiments, we performed statisti-
cal analysis, which revealed that the parameters such as 
speed (V), scanning step (d) and the height (thickness) 
of the layer (h) exert a decisive influence on the density 
of the resulting samples. 

Based on the experimental data obtained, the graphs 
were plotted to show dependence of the samples’ rela-

tive density on the technological parameters – scan-
ning step, layer height and energy density (Fig. 5). 
It has been established that the density of the samp-
les depends nonlinearly on the scanning step – as 
the scanning step increases, so does the density, reach-
ing a peak at d = 50÷70 μm, and then it reduces. It is 
important that for this material, the scanning step 
significantly affects the density of the samples and 
cannot be considerably increased with a decrease in 
scanning speed due to the thermophysical properties 
of the material. On the contrary, there is a linear depen-
dence of the samples’ density on the layer height – as 
the height increases, the density reduces. Speaking 
about the impact of the layer height, we should note 
the stage-by-stage selection of the optimal value 
of this parameter. The choice of h = 30 μm contributed 
to higher density of the samples and lower delamina-
tion between the sintered layers. There is a certain peak 
value for the energy density, as well as for the scanning 
step, after which these values plummet, which is also 
typical for other materials [26; 27].

The best density index for the obtained samples is 
86.7 % relative to the absolute density of the material 
(3.21 g/cm3). This result exceeds the values of foreign 
studies of previous years, and is also consistent with 
the data of foreign publications [28–31]. It should be 
noted that we used pure SiC powder without a binder 
and the shape of the powder particles had a large aspect 
ratio (up to 1:5). Despite this, we succeeded in achiev-
ing fairly high density values of the resulting samples 
given the material and technique used. In the future, 
the samples density can be increased by refining 
the unit and manufacturing parameters, improving 
the composition and quality of the initial materials, as 
well as by developing the technique for post-process-
ing of the resulting samples.

ConclusionsConclusions
1. This study proved that samples-blanks can be 

formed from silicon carbide powder by the SLS method 
without using a binder. The resulting SLS blanks have 
a density of up to 86.7 %, which can be increased 
by subsequent reaction sintering at temperatures from 
1600 to 1800 °C.

2. A set of technological parameters affecting the 
properties of the resulting samples was determined: 
scanning speed, scanning step and layer height.

3. One of the factors limiting an increase in the 
samp les density is the combination of properties 
of the initial powder material – particle morphology 
and a wide size range, which results in insufficient 
density when the layer is formed. As a consequence, 
additional pores emerge after SLS.

Fig. 5. Main dependences of the density of silicon carbide 
samples on technological parameters (a, b) and energy density (с) 

Рис. 5. Основные зависимости плотности образцов  
из карбида кремния от технологических параметров (а, b)  

и плотности энергии (с)
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4. When exposed to laser radiation, the silicon car-
bide powder particles sinter due to the decomposi-
tion of SiC (6H; 15R) into C, Si and SiC of another mod-
ification (4H), as confirmed by X-ray diffraction data. 
However, it should be noted that, according to EDS 
data, non-stoichiometric SiC(1–x) , with silicon prevail-
ing in the composition, can form. Decomposition pro-
ducts are present on the surface of the original powder 
particles in the form of microparticles with an average 
size of less than 1 µm. The formation of more low-
melting phases Si and, probably, SiC(1–x) on the surface 
of the initial powder result in mutual slipping and com-
paction of powder particles in the sintering region, fol-
lowed by relative binding during crystallization.

5. Further research will involve improvement 
of the technological characteristics of the initial mate-
rials and development of the technique for post-pro-
cessing of the samples obtained during SLS.
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