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  kaa151@mail.ru
Аннотация. Методом механохимического синтеза получены наноразмерные порошки кобальтовой феррошпинели 

со средним размером частиц в интервале 3–15 нм. Элементный состав нанопорошков, исследованный методом 
рентгеновского флуоресцентного анализа, нестехиометрический и соответствует формуле Co0,7±0,05Fe2,3±0,05O4 . При времени 
механохимического синтеза 25 мин и выше содержание шпинельной фазы достигает 90 об. %, в образцах также присутствуют 
фазы гематита, бета-модификации гидроксида железа и рентгеноаморфной фазы. В результате естественного старения при 
комнатной температуре фазовый состав нанопорошков существенно меняется: увеличивается содержание шпинельной 
фазы, а гематита и аморфной фазы уменьшается в несколько раз. Также заметно возрастают намагниченность насыщения 

  kaa151@mail.ru
Abstract. This article presents the production of nanosized powders of cobalt ferrospinel through mechanochemical synthesis, resulting 

in an average particle size ranging from 3 to 15 nm. The elemental composition of the nanopowders, analyzed using X-ray fluorescent 
analysis, is found to be nonstoichiometric and can be represented by the formula: Co0.7±0.05Fe2.3±0.05O4 . When the duration of mechano-
chemical synthesis exceeds 25 min, the spinel phase constitutes approximately 90 vol. % in the samples. Additionally, the samples 
contain hematite phases, the beta modification of iron hydroxide, and an X-ray amorphous phase. Natural aging at room temperature 
leads to significant changes in the phase composition of the nanopowders. Specifically, there is an increase in the content of spinel phase, 
while the content of hematite and the amorphous phase decrease significantly. Furthermore, the saturation magnetization and effective 
field of anisotropy of the cobalt ferrospinel nanopowders exhibit noticeable increments. Consequently, thermal aging of the powders 
accelerates the changes in phase composition, structural parameters, and magnetic properties, as well as enhances the transformation 
extent during the formation of cobalt ferrospinel. 

Keywords: mechanochemical synthesis, cobalt ferrospinel, nanopowders, natural aging, thermally stimulated aging, magnetic anisotropy
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IntroductionIntroduction
Mechanochemical synthesis involves the mechani-

cal processing of solid mixtures, leading to various 
processes such as substance disintegration, accelera-
ted mass transfer, homogenization of mixture compo-
nents, and activation of chemical interactions among 
solid reagents. The utilization of mechanical grinding 
in plane tary high-energy mills has proven to be an effec-
tive method for producing powders, including magnetic 
powders, with microcrystalline unit sizes reaching as 
low as 10 nm or even lower. This approach facilitates 
the acceleration of interactions between nanocrystal-
line particles, which becomes particularly significant 
in the synthesis of multicomponent systems. In such 
cases, both mechanical and chemical forces come 
into play within the contact area between particles [1–9].

Finely dispersed magnetic powders with the particle 
sizes up to 10 nm garnered significant attention from 
researchers [10]. The small sizes of these powders and 
their unique properties make them suitable for targeted 
delivery of genetic material and medications to injured 
organs, enhancing magnetic resonance imaging contrast 
and other applications [11].

However, nanosized magnetic powders suffer from 
agglomeration, which tends to increase as the particle 
size decreases. Ultrasonic treatment in a liquid phase 
has proven effective in mitigating this drawback. It is 
worth noting that extended operation or storage leads 
to changes in physicochemical properties, commonly 
referred to as aging.

The phenomenon of aging in ferromagnetic materials 
exhibits universal characteristics. A study [12] investi-
gated universality in various nonequilibrium lattice mo -
dels with second-order phase transitions. Experimental 
data obtained from systems quenched from a high-tem-
perature state at the critical temperature were utilized.

The exponent of the autocorrelation function and 
the asymptotic value of the dissipation coefficient were 
identified as universal variables. Monte Carlo simula-
tion were conducted to analyze these universal variables 
in different lattice models.

Aging effects were further examined in [13; 14] for 
a specific case involving behavior of multilayer mag-
netic structures. The study revealed that aging effects 
occur not only during nonequilibrium critical behavior 
at T = Tc , (where Tc represents the critical temperature 
of ferromagnetic ordering) but also in wide temperature 
range with T ≤ Tc . In such magnetic structures, such as 
films with nanosized layers, an increase in the relaxa-
tion time results in deceleration of correlation and 
relaxation properties. These effects must be considered 
in the development and utilization of various magnetic 
structures.

Subsequent research by these authors [15] focused 
on calculating the temperature dependencies of equilib-
rium magnetic resistance values for a multilayer struc-
ture Co/Cu(100)/Co with varying thicknesses of cobalt 
magnetic layers. The theoretical results exhibited good 
agreement with experimental data, indicating an increase 
in the magnetic resistance coefficient in accordance with 
magnetic laws as temperature decreases and cobalt layer 
thickness increases.

The relaxation behavior of magnetization in the mag-
netic superstructure Co/Cu was investigated in [16]. 
The authors’ analysis demonstrated that the relaxa-
tion behavior follows the pattern of full aging. The relaxa-
tion index, as a function of temperature, reveals distinct 
abnormalities during the equilibrium phase transi-
tion from an antiferromagnetic superstructure to para-
magnetic layers.

Significant interest lies in studies examining the influ-
ence of aging on ferromagnetism in hydrogen-induced 
magnetic semiconductors with high Curie point [17]. 
It is known that these compounds exhibit a substantial 
increase in magnetization at 300 K after hydrogenation, 
particularly in cobalt- and iron-doped ZnO. The induced 
magnetization in paramagnetic ZnCo(5 %)O and 
ZnFe(5 %)O granules largely diminishes during storage 
due to material degradation.

In most cases, aging in materials is caused by 
decomposition of oversaturated solid solutions [18]. 
Depending on how the crystalline lattice constant 
changes, decomposition mechanisms can be categorized 

и эффективное поле анизотропии нанопорошков кобальтовой феррошпинели. Таким образом, термостимулированное 
старение порошков существенно ускоряет процессы изменения фазового состава, структурных параметров и магнитных 
свойств и увеличивает степень превращения при образовании феррошпинели кобальта.  

Ключевые слова: механохимический синтез, кобальтовая феррошпинель, нанопорошки, естественное старение, термическое 
старение, магнитная анизотропия

Благодарности: Работа выполнена при поддержке Программы повышения конкурентоспособности ТГУ («Приоритет-2030) 
и Министерства науки и высшего образования Российской Федерации (проект № 121031800148-5).

Для цитирования: Невмывака А.А., Журавлев В.А., Итин В.И. Естественное и термостимулированное старение наноразмер-
ных порошков феррошпинели кобальта. Известия вузов. Порошковая металлургия и функциональные покрытия. 2023;17(3): 
6–13. https://doi.org/10.17073/1997-308X-2023-3-6-13

Powder Metallurgy аnd Functional Coatings. 2023;17(3):6–13 
Nevmyvaka A.A., Zhuravlev V.A., Itin V.I. Natural and thermally stimulated aging of nanosized ...

https://powder.misis.ru/index.php/jour/search/?subject=механохимический синтез
https://powder.misis.ru/index.php/jour/search/?subject=кобальтовая феррошпинель
https://powder.misis.ru/index.php/jour/search/?subject=нанопорошки
https://powder.misis.ru/index.php/jour/search/?subject=естественное старение
https://powder.misis.ru/index.php/jour/search/?subject=термическое старение
https://powder.misis.ru/index.php/jour/search/?subject=термическое старение
https://powder.misis.ru/index.php/jour/search/?subject=магнитная анизотропия
https://doi.org/10.17073/1997-308X-2023-3-6-13


8

as continuous or discontinuous. Single-phase decompo-
sition occurs when only one set of X-ray reflections from 
lattice of the initial solid solution is observed, while dis-
continuous decomposition involves a dropwise change 
in the lattice constant and the appearance of multiple 
sets of X-ray reflections.

In massive ferromagnetic materials undergoing sing-
le-phase aging, a single Curie point is observed, and its 
position gradually shifts with aging. In the case of two-
phase aging, two Curie points exist, but one of them 
diminishes over time [18].

This study explores the influence of natural aging 
(at ambient temperature) and thermally stimulated aging 
(resulting from annealing at different temperatures) 
on the chemical and phase compositions, structural 
parameters, and key magnetic properties of nanosized 
powders of cobalt ferrospinel.

ExperimentalExperimental
In order to synthesize cobalt ferrospinel nanopar-

ticles, the following reaction was employed:

2FeCl3·6H2O + CoCl2 + Ca(OH)2 + 3Na2CO3 = 

= CoFe2O4 + СaCl2 + 6NaCl + 3CO2↑ + 7H2O.

The initial reagents used were of high purity, inclu-
ding pure, chemically pure, and pure for analysis grades. 
Furthermore, an inert component, sodium chloride, was 
added to the system in weight ratio of mr.m. : mNaCl = 1:2. 
This addition aimed to reduce the heating degree of reac-
ting mixture (r.m) and thereby prevent particles aggre-
gation in the final product. Subsequently, the system 
comprising the initial reagents and the inert component 
was placed in steel quenched barrels of a planetary mill 
with water cooling (acceleration: 60g). The ball to pow-
der weigh ratio was maintained atc 20:1. The dura-
tion of mechanical processing or mechanochemical acti-
vation was varied between 5 and 60 min.

After the completion of mechanic activation, 
the resulting final product was extracted from the plane-
tary mill barrels, washed with distilled water using 
a centri fuge (ROTANTA 430R, «Hettich», Germany) 
until all salts were completely removed, and dried 
at room temperature.

Natural aging of the cobalt ferrospinel nanosized 
powder was achieved through maturation in an exicator 
for 25 and 10,000 h, while thermally stimulated aging 
was conducted in an electric furnace over a temperature 
range of 100–600 °C for 60 min. 

The chemical and phase compositions, morphology, 
dispersity, structure parameters, and magnetic properties 
of the cobalt ferrospinel nanopowders were analyzed 
following the procedures outlines in references [19–21].

Result and discussionResult and discussion
Electron microscopy images of cobalt ferrospinel 

nanoparticles and a histogram depicting the distribu-
tion of particle sizes can be found in references [20; 22]. 
The analysis revealed that the nanoparticles, ranging 
in size from 3 to 15 nm, exhibit a spherical shape and 
tend to aggregate weakly. 

These results were corroborated and validated 
at the Engelgardt Institute of Molecular Biology, 
Russian Academy of Sciences (Moscow) during 
an investigation into the impact of cobalt ferrite mag-
netic particles on the spatial arrangement of DNA 
molecules [20]. By utilizing specially prepared suspen-
sions and electron microscopy, the authors determined 
the average nanoparticle size to be within the range 
of 4.0 to 6.5 nm, consistent with the previously obtained 
results at the Tomsk Scientific Center, Siberian Branch, 
Russian Academy of Sciences. Furthermore, it was 
observed that the cobalt ferrospinel nanoparticles tend 
to form aggregates. Structural analysis using small-
angle X-ray scattering indicated that the distribu-
tion of nanoparticle sizes encompasses particles with radii 
in the ranges of both 1 to 4 nm and 5 to 15 nm, which 
aligns with the observations made in reference [20].

The elemental composition of the synthesized nano-
sized powders of cobalt ferrospinel conforms to the for-
mula Co0.7±0.05Fe2.3±0.05O4 . In addition to the main com-
ponents, the powder contains impurities of manganese up 
to 0.15 wt. % and chromium up to 0.3–0.4 wt. %, which 
originated from the wear of steel balls. Consequently, 
X-ray fluorescent analysis demonstrated that the chemi-
cal composition of cobalt ferrospinel deviates signifi-
cantly from its stoichiometric composition. 

Figure 1 depicts the phase composition of cobalt fer-
rospinel as a function of the duration of mechanochemi-
cal processing.

For short duration of processing, the samples 
exhibit significant heterogeneity. Alongside the spinel 
phase, the presence of hematite and the beta modi-
fication of iron hydroxide phase is observed, along 
with approximately 10 % of X-ray amorphous phase. 
However, as the processing duration reached 25 min and 
beyond, the volume fraction of the spinel phase increases 
and stabilizes at around 90 %. 

In order to assess the effects of natural aging, the struc-
tural and magnetic properties of cobalt ferrospinel were 
compared immediately after synthesis (within one day) 
with those after being held at ambient temperature for 
approximately 14 months (over 10,000 h). Table 1 pro-
vides a summary of the phase composition and structural 
properties of cobalt ferrite during natural aging.

During the maturation process of the nanopowders for 
over 10,000 h, a significant transformation in the phase 
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composition is observed. The aged product no longer 
contains any traces of the hematite phase or the beta 
modification of iron hydroxide phase (β-FeO(OH)). 
Additionally, the content of the amorphous phase 
decreases substantially, from 3.0 to 1.0 vol. %, while 
the main product, the spinel phase, increases to 99 vol. % 
(refer to Table 1). The lattice constant of the nanopow-
ders experiences a slight decrease, and the elastic 
microstresses, which are initially very high after mecha-
nochemical synthesis of the nanosized powders, exhibit 
a reduction. The average particle size only changes 
by a maximum of 5–9 %.

Table 2 summarizes the magnetic properties 
of the synthesized nanopowders. The specific satura-
tion magnetization (σ, Gs·cm3/g) is estimated using 
two methods. In the third column, the magnetization is 
determined by linear extrapolation of the high field seg-
ment of σ(H) to zero magnetizing field (H → 0), while 
in the fourth column, it is determined by extrapolating 
σ(Н 

–1) to its value at Н → ∞. 

The effective fields of magnetic anisotropy (НА ) 
are determined by studying the second derivative 
of the magnetization curve, σ(Н), following the proce-
dure outlined in reference [21]. The effective constants 
of magnetic anisotropy (Keff ) for the materials under 
consideration are calculated using the equation:

where MS = σρ represents the saturation magnetiza-
tion of unit volume in A/m and ρ denotes the specific 
weight of the synthesized powders in N/m3.

The specific magnetization of the nanopowders 
and the field intensity of effective magnetic anisotropy 
experience significant changes during 10,000 h natural 
aging period at ambient temperature. The magnetiza-
tion of the aged samples increases by approximately 
14 % for cobalt ferrospinel (refer to Table 2). This 
increase in magnetization exceeds what can be attributed 
solely to changes in phase composition resulting from 
the transformation of nonmagnetic amorphous phase 
and antiferromagnetic hematite into the spinel phase. 

It is plausible to assume that this effect is associated 
either with a decrease in the thickness of the nonmag-
netic (“dead”) surface layer of the ferrospinel nanopar-
ticles or with a substantial reduction in the defect 
structure of the nanoparticle’s crystalline structure 
upon aging. Notably, during natural aging, the value 
of the effective field of anisotropy for cobalt ferrospinel 
increases significantly. This increase can be attributed 
to the magnetic anisotropy primarily formed by the cont-
ribution of Co2+ ions, which exhibit a strong spin-orbital 
interaction (see Table 2).

Thermal processing can greatly stimulate diffu-
sion processes responsible for changes in phase com-
position, structural parameters, and magnetic properties 
in nanosized ferrimagnetic powders. Therefore, in this 
study, powders of cobalt ferrite obtained with va rying 
durations of mechanochemical processing were sub-
jected to homogenizing annealing at temperatures 
of 100, 300 and 600 °С. 

Table 1. The influence of aging at ambient temperature  
on phase composition and structural properties of cobalt ferrospinel

Таблица 1. Влияние продолжительности старения при комнатной температуре  
на фазовый состав и структурные параметры кобальтовой феррошпинели

Aging 
duration, h

Phase composition, vol.% Lattice 
constant

а, nm

Average particle 
size*, nm ∆d/d,

10–3Spinel Hematite β-FeО(OH) Amorphous 
phase TEM XSA

25 90.0 1.0 6.0 3.0 0.8376 8.5 9.2 8.8
> 10,000 99.0 – – 1.0 0.8370 – 9.6 7.2

* According to transmission electron microscopy (TEM) and X-ray structural analysis (XSA).

Fig. 1. The phase composition of cobalt ferrospinel as a function 
of the duration of mechanochemical synthesis

 1 – cobalt ferrospinel, 2 – α-Fe2O3 ,  
3 – β-FeО(OH), 4 – amorphous phase

Рис. 1. Зависимость фазового состава от продолжительности 
механохимического синтеза для кобальтовой феррошпинели

1 – кобальтовая феррошпинель, 2 – α-Fe2O3 ,  
3 – β-FeО(OH), 4 – аморфная фаза
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Figure 2 depicts the relationship between the content 
of the spinel phase, average sizes of crystallites, internal 
elastic microstresses, and specific saturation magnetiza-
tion for cobalt ferrospinel. It presents these para meters 
as a function of both the duration of synthesis and 
the annealing temperature.

Annealing at a temperature of 100 °C has a minimal 
impact on the structural properties of cobalt ferrospi-
nel. It primarily results in a slight increase in the con-
tent of the spinel phase. However, at higher annealing 
temperatures, there is a notable increase in the average 
particle size and a significant (around 3–5 times) reduc-
tion in the internal elastic microstresses. These changes 
in structural parameters subsequently have a substan-
tial effect on the magnetic properties of ferrimagnetic 
nanopowders.

Table 2 provides a summary of the main magnetic 
properties, including the specific saturation magnetiza-
tion and the effective field of magnetic crystallographic 
anisotropy, for nanosized powders of cobalt ferrite. 
These properties are analyzed in relation to the dura-
tion of mechanochemical synthesis and various modes 
of thermal processing.

The increase in magnetization is most pronounced 
in samples synthesized in less than 25 min. This 
increase can be attributed to the growth in average par-
ticle size, leading to a reduction in the relative volume 
of the “dead” surface layer and a decrease in the extent 
of the defect structure within crystallites. The depen-
dences of the effective field of magnetic anisotropy are 
more complex, as they involve a competition between 
volumetric and surface anisotropy, as well as contribu-
tion of magnetoelastic interactions.

Changes in the effective field of magnetic anisotropy 
of cobalt ferrospinel nanoparticles upon aging warrant 
individual discission. As reported in [23], the effective 

Fig. 2. The content of the spinel phase (a), average particle 
size (b), internal elastic microstresses (c) and saturation 

magnetization (d) as a function of mechanochemical  
synthesis time and subsequent heat treatment temperature

1 – t = 20 °С, 2 – 100 °С, 3 – 300 °С, 4 – 600 °С 

Рис. 2. Зависимости содержания шпинельной фазы (а), 
среднего размера частиц (b), внутренних упругих  

микронапряжений (c) и намагниченности насыщения (d)  
от продолжительности механохимического синтеза  

и температуры последующей термической обработки
1 – t = 20 °С, 2 – 100 °С, 3 – 300 °С, 4 – 600 °С

Table 2. The influence of aging and annealing temperature 
on basic magnetic properties of cobalt ferrospinel

Таблица 2. Влияние продолжительности старения  
и температуры отжига после синтеза  

на основные магнитные характеристики  
кобальтовой феррошпинели

Annealing 
tempe-

rature, °С

Aging 
dura-
tion, h

Specific 
magnetization
σ, Gs·cm3/g НА , Oe Keff ·105, 

erg·сm3

Н → 0 Н → ∞
20 25 22.3 36.1 1740 2.07
20 10,000 31.0 41.4 2300 1.75
100 25 55.4 – 1750 –
300 25 60.6 – 2500 –
600 25 58.8 – 4250 –
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constant of magnetic anisotropy of the nanoparticles 
can be expressed as the sum of the following components:

where the first and the second terms account for the cont-
ributions of volumetric and surface magnetocrystalline 
anisotropies, respectively, while the latter term repre-
sents the contribution of magnetoelastic interactions. 
Here KV and KS denote the constants of anisotropy for 
the internal volume and surface layer, respectively; 
λS is the coefficient of ferrimagnetic magnetostric-
tion; σ = (∆d/d)E represents the value of internal elas-
tic microstresses, where E is the Young modulus; VS is 
the volume of the excited surface layer; VV is the non-
excited internal volume.

Considering the negligible changes in the sizes 
of ferromagnetic particles during natural aging, the field 
changes, and hence the effective constant of aniso-
tropy, are primarily governed by the decrease in internal 
elastic microstresses with aging. This implies a change 
in the contribution of the magnetoelastic component 
to the total energy of crystal anisotropy. Consequently, 
the magnetostriction coefficient for nanosized powders 
of ferrimagnetic compounds can be estimated using 
the following equation

where δHА denotes the change in the field of magnetic 
anisotropy during aging.

The magnetostriction constant obtained for cobalt 
ferrite nanoparticles is 68·10–6, which is approximately 
half the value observed for massive crystals. It should 
be noted that estimating such values for materials after 
annealing is problematic due to difficulties in separating 
the contributions of surface anisotropy and magneto-
elastic interactions.

Therefore, nanosized powders of oxide ferrimag-
netic materials produced through mechanochemical 
synthesis exist in a metastable state and tend to tran-
sition into a stable state during aging at ambient tem-
perature. The evolution of phase composition, structural 
parameters, and magnetic properties provides evidence 
of relaxation processes upon aging.

One such processes is crystallization of the amor-
phous phase, although its influence on changes in phase 
composition and magnetic properties is minimal due 
to its negligible content compared to the spinel phase. 
Regarding hematite, its absence after aging is likely due 
to its dissolution in the spinel phase. 

X-ray fluorescent analysis of the elemental phase 
of the synthesized samples revealed that, in all cases 
after mechanochemical synthesis, the concentrations 
of components do not correspond to their stoichiometric 
ratio (Table 3). Furthermore, the cubic lattice is main-
tained, with a lattice constant lower than that of mate-
rials in bulk form, and the elastic stresses are very high.

It can be hypothesized that over prolonged aging, 
hematite undergoes dissolution in the spinel phase 
through solid-phase diffusion under high stress condi-
tions. Consequently, the chemical composition of the fer-
rimagnetic material approaches stoichiometry. Substan-
tial evidence supporting this notion includes a notable 
increase in specific saturation magnetization and 
alterations in the effective field of magnetic anisotropy. 
The primary processes governing the changes in mag-
netic properties of nanosized powders during thermally 
stimulated aging are the reduction in the significance 
of the surface layer and the extent of magnetic defect 
structure.

ConclusionsConclusions
1. It has been experimentally shown that cobalt 

ferrite nanoparticles synthesized through mechano-
chemical methods using iron chloride (III) crystallo-
hydrate exhibit weak agglomeration, a spherical shape, 
and sizes in ranging from 3 to 15 nm. The elemental 
composition of the synthesized nanopowders is non-
stoichiometric and can be described by the formula: 
Co0.7±0.05Fe2.3±0.05O4 . 

2. X-ray fluorescent analysis (XFA) reveals signifi-
cant changes in the phase composition of cobalt ferrite 
nanopowders during aging (>10,000 h after synthesis 
at ambient temperature):

– the content of the desired product (spinel phase) 
increases to 99.0 vol. %;

– no impurity phases of hematite and iron hydroxide 
are detected;

– the final product after aging only exhibits traces 
of an amorphous phase.

Table 3. The chemical composition of cobalt  
ferrospinel nanopowders as a function of the duration  

of mechanochemical activation
Таблица 3. Влияние времени активации  

нанопорошков кобальтовой феррошпинели  
на ее химический состав

Duration 
of mechanic 

activation, min

Content, at. % Chemical 
formulaFe Co

10 43.34 23.04 Co1.04Fe1.96O4

20 48.95 17.94 Co0.80Fe2.2O4

30 14.73 48.94 Co0.69Fe2.31O4
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3. Both natural and thermally stimulated aging result 
to an increase in the average particle size and a signifi-
cant decrease in internal elastic microstresses (indica-
ting a reduction in the defect structure of cobalt ferrite 
nanopowders).

4. Aging is accompanied by a significant increase 
in saturation magnetization due to an increase in the con-
tent of the ferrimagnetic phase and a decrease in the frac-
tion of the surface “dead” layer and the defect structure 
of the ferrimagnetic material.
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Аннотация. В работе исследованы закономерности воспламенения и теплового взрыва механически активированных смесей 

(Ti, Zr, Hf, Nb, Ta) + 5C. Их готовили в 2 этапа – вначале проводили механическую активацию смесей порошков металлов 
для получения композитных частиц Ti, Zr, Hf, Nb, Ta, затем добавляли углерод и проводили дополнительную активацию. 
При активации в течение 120 мин при скорости вращения барабанов 347 об/мин формировались твердые растворы на 
основе входящих в состав металлов и оставались крупные частицы тантала. Из полученных смесей прессовали таблетки, 
которые нагревали в атмосфере аргона до воспламенения. Процесс воспламенения включает в себя несколько стадий. 
На первой стадии происходит инертный нагрев. При t = 420÷450 ºC начинается прогрессивный разогрев образца 
до температур 750–770 °C, при которых происходит фазовый переход, сопровождающийся эндотермическим эффектом. 
После фазового перехода температура резко повышается, и происходит тепловой взрыв, в результате чего формируются 
сложные карбиды и остается непрореагировавший тантал. Активированная смесь и высокоэнтропийный твердый раствор 
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Abstract. This research focuses on investigating the ignition and thermal explosion behavior of (Ti, Zr, Hf, Nb, Ta) + 5C mixtures 

that have been mechanically activated. First, we mechanically activated the metal powder mixtures to produce composite particles 
consisting of Ti, Zr, Hf, Nb, and Ta, followed by the addition of carbon, and re-activation. An activation time of 120 min at 347 rpm 
resulted in the formation of solid solutions from the metals in the mixture, while large tantalum particles were preserved. The resulting 
mixtures were then pressed into pellets, which were heated in argon until ignition occurred. The ignition process involves multiple 
phases, with the first being inert heating, followed by progressive heating at t = 420÷450 °C, and a  subsequent endothermic phase 
transformation at 750–770 °C. The temperature then rises rapidly, resulting in a thermal explosion that forms complex carbides, leaving 
some unreacted tantalum behind. The (Ti, Zr, Hf, Nb, Ta)C5 activated mixtures and high entropy solid solution are unstable and  release 
titanium and zirconium carbides when heated above 1300 °C, causing changes to the composition of the (Ti, Zr, Hf, Nb, Ta)C5 final 
product. When diluted by adding 25 and 50 % of the final product, the effective activation energy Ea for the (Ti, Zr, Hf, Nb, Ta) + 5C 
reaction in the 1100–1580 °C temperature range was found to be 34 kJ/mol. 

Keywords: high-entropy alloys, high-entropy carbides, ceramics, mechanical activation, thermal explosion

For citation: Vadchenko S.G., Sedegov A.S., Kovalev I.D. Thermal explosions in (Ti, Zr, Hf, Nb, Ta) carbon mixtures. Powder Metallurgy 
аnd Functional Coatings. 2023;17(3):14–21. https://doi.org/10.17073/1997-308X-2023-3-14-21

Thermal explosions in (Ti, Zr, Hf, Nb, Ta) 
carbon mixtures

S. G. Vadchenko1 , A. S. Sedegov2, I. D. Kovalev1

Тепловой взрыв в смесях (Ti, Zr, Hf, Nb, Ta) 
с углеродом

С. Г. Вадченко1 , А. С. Седегов2, И. Д. Ковалев1

Research article 
Научная статья

© 2023.  S. G. Vadchenko, A. S. Sedegov, I. D. Kovalev

1 Институт структурной макрокинетики и проблем материаловедения им. А.Г. Мержанова РАН
Россия, 142432, Московская обл., г. Черноголовка, ул. Акад. Осипьяна, 8

2 Национальный исследовательский технологический университет «МИСИС»
Россия, 119049, г. Москва, Ленинский пр-т, 4, стр. 1

1 Merzhanov Institute of Structural Macrokinetics and Materials Science of the Russian Academy of Sciences 
8 Akademik Osipyan Str., Chernogolovka, Moscow region 142432, Russia 

2 National University of Science and Technology “MISIS” 
4 bld. 1 Leninskiy Prosp., Moscow 119049, Russia

Self-Propagating High-Temperature Synthesis 
Самораспространяющийся высокотемпературный синтез

Известия вузов. Порошковая металлургия и функциональные покрытия. 2023;17(3):14–21 
Вадченко С.Г., Седегов А.С., Ковалев И.Д. Тепловой взрыв в смесях (Ti, Zr, Hf, Nb, Ta) с углеродом

https://doi.org/10.17073/1997-308X-2023-3-14-21
mailto:vadchenko@ism.ac.ru
mailto:vadchenko@ism.ac.ru
https://powder.misis.ru/index.php/jour/search/?subject=high-entropy alloys
https://powder.misis.ru/index.php/jour/search/?subject=high-entropy carbides
https://powder.misis.ru/index.php/jour/search/?subject=ceramics
https://powder.misis.ru/index.php/jour/search/?subject=mechanical activation
https://powder.misis.ru/index.php/jour/search/?subject=thermal explosion
https://doi.org/10.17073/1997-308X-2023-3-14-21
mailto:vadchenko%40ism.ac.ru?subject=
mailto:vadchenko%40ism.ac.ru?subject=
"https://www.list-org.com/search?type=name&val=%D0%A4%D0%95%D0%94%D0%95%D0%A0%D0%90%D0%9B%D0%AC%D0%9D%D0%9E%D0%95 %D0%93%D0%9E%D0%A1%D0%A3%D0%94%D0%90%D0%A0%D0%A1%D0%A2%D0%92%D0%95%D0%9D%D0%9D%D0%9E%D0%95 %D0%90%D0%92%D0%A2%D0%9E%D0%9D%D0%9E%D0%9C%D0%9D%D0%9E%D0%95 %D0%9E%D0%91%D0%A0%D0%90%D0%97%D0%9E%D0%92%D0%90%D0%A2%D0%95%D0%9B%D0%AC%D0%9D%D0%9E%D0%95 %D0%A3%D0%A7%D0%A0%D0%95%D0%96%D0%94%D0%95%D0%9D%D0%98%D0%95 %D0%92%D0%AB%D0%A1%D0%A8%D0%95%D0%93%D0%9E %D0%9E%D0%91%D0%A0%D0%90%D0%97%D0%9E%D0%92%D0%90%D0%9D%D0%98%D0%AF  %D0%9D%D0%90%D0%A6%D0%98%D0%9E%D0%9D%D0%90%D0%9B%D0%AC%D0%9D%D0%AB%D0%99 %D0%98%D0%A1%D0%A1%D0%9B%D0%95%D0%94%D0%9E%D0%92%D0%90%D0%A2%D0%95%D0%9B%D0%AC%D0%A1%D0%9A%D0%98%D


15

IntroductionIntroduction
Since 2004, high-entropy alloys (HEA) and high-

entropy ceramics based on oxides, borides, carbides, 
nitrides, and hydrides have been subject of intensive 
research [1]. Among these materials, high-entropic 
carbides (HEC) have received particular attention due 
to their unique features [1–3]. Specifically, Ti, Zr, 
Hf, Nb and Ta-based HECs form stable monophase 
compound [4–7] with exceptional mechanical proper-
ties [8–11], low thermal conductivity [12], good oxida-
tion resistance [13–15] and biocompatibility [16; 17].

To date, more than 20 manufacturing processes 
for high-entropy alloys have been developed [1]. 
Among the most common processes are mechanical 
activation (MA), spark plasma sintering (SPS), reduc-
tion from oxides, and hot pressing. Additionally, self-
propagating high-temperature synthesis (SHS) can be 
utilized to produced HEAs by exploiting the exother-
mic reactions between group IV–V transition metals and 
carbon, boron, nitrogen or silicon [18; 19]. The SHS 
product is typically processed using spark plasma sin-
tering to obtain a single-phase HEC. Although SHS is 
a rapid and advantageous process, the thermal explo-
sion and combustion of HEC multicomponent mixtures 
have not been extensively studied. 

The aim of this study is to examine the kinetics 
and product formation during a thermal explosion in 
(Ti, Zr, Hf, Nb, Ta) + C5 mixtures. 

Materials and methodsMaterials and methods
We utilized commercially available domestic pow  - 

 ders: 
– hafnium (Hf), GFM-1 grade (TU 48-4-176-85 

Specs), 99.1 % purity, 180 μm average particle size; 
– tantalum (Ta), TaP-1 grade (TU 1870-258-

00196109-01 Specs), 99.9 % purity, d = 40÷63 µm; 
– titanium (Ti), PTM-1 grade (TU 14-22-57-92 

Specs), 99.2 % purity, d = 5÷15 µm;
– niobium (Nb), NbP-1a grade (GOST 26252-84), 

99.7 % purity, d < 63 µm;

– zirconium (Zr), PCrK-1 grade, (TU 48-4-234-84 
Specs), 99.6% purity, d = 40÷63 µm;

– graphite powder, (GOST 23463-79), 99.9999 % 
purity, ASC 8–4, d ≤ 140 µm. 

Activation and ignition occurred in argon of 
99.998 % purity. The powder mixture was prepared 
in two stages. In the first stage, an equimolar mix-
ture of Ta + Ti + Nb + Zr + Hf was activated in 
an Activator 2S planetary mill (Activator, Novosibirsk, 
Russia). The mixture was placed in pre-vacuumed steel 
drums and subsequently filled with argon at 6 atm. 
The ball-to-powder weight ratio was 1:18, with a ball 
weight of 360 g (5–7 mm diameter) and powder weight 
of 20 g. The drum rpm was 347 and the milling time 
was 120 min, resulting in the production of a metallic 
composite. 

To prevent oxidation and self-ignition, the com-
posite powder was unloaded in an argon-filled glove 
box. Graphite powder was added to the mixture 
inside the glove box to create (Ti, Zr, Hf, Nb, Ta)C5 .  
The resulting mixture was similarly activated for 
60 min and then passivated. The drum was open 
for 1–2 s to allow air in, then closed and held for 
10–12 h. To obtain a homogeneous mixture with 
the (Ti, Zr, Hf, Nb, Ta)C5 high-entropy alloy made 
by SHS, a portion of the composite/graphite powder 
was stirred in a porcelain mortar for 30 min. The final 
pro duct concentrations in these mixtures were 25 
and 50 %. Samples, measuring 3 mm in diameter 
and up to 1.0–1.5 mm in height, were pressed from 
the mixtures. 

The procedure for the ignition temperature test 
is depicted in Figure 1 [20]. The cylindrical samples 
were positiond on a flat thermocouple that was 30 µm 
thick, and then placed into either a boron nitride or 
gra phite crucible. The crucible was subsequently 
placed on an electric graphite strip heater and heated 
to the ignition or melting temperature. The accu-
racy of temperature measurement was validated 
using the Zn, Al and Cu melting points as a refer-
ence. The margin of error at t ≤ 1100 °C was no more 
than ±10 °C. The thermocouple readings were recorded 
at 1 kHz. 

(Ti, Zr, Hf, Nb, Ta) C5 нестабильны, и при нагреве выше 1300 °C из них выделяются карбиды. При этом изменяется состав 
твердого раствора (Ti, Zr, Hf, Nb, Ta)C5 . С использованием последнего для разбавления активированной смеси на 25 % 
и 50 % для реакции (Ti, Zr, Hf, Nb, Ta) + 5C в интервале температур 1100–1580 °C была определена эффективная энергия 
активации Eа = 34 кДж/моль.  

Ключевые слова: высокоэнтропийные сплавы, высокоэнтропийные карбиды, керамика, механическое активирование, тепловой 
взрыв
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For XRD of the initial samples and products after 
ignition, we employed a DROn 3M diffractometer with 
CuKα-radiation (Burevestnik, St. Petersburg, Russia). 
Furthermore, we used an LEO 1450 VP microscope 
(Carl Zeiss, Germany) for canning electron micros-
copy (SEM).

Results and discussionResults and discussion
Figure 2 depicts the thin section microstructure 

of the initial Ti, Zr, Hf, Nb, and Ta composite particles. 
It was not possible to produce homogeneous composite 
particles from the metal powder mixture, as the par-
ticles contained both layered inclusions (1) and indi-
vidual large tantalum particles (2). 

Due to insufficient probe positioning accuracy, 
it was not possible to analyze smaller particles and 
layer s. However, the SEM analysis indicated that they 
included all of the original elements. XRD analysis 

(Figure 3) indicated that the metal peaks had shifted 
to the left, indicating the formation of solid solutions. 
The tantalum and niobium peaks were nearly identi-
cal. The small peak located at approximately 40° was 
close to the 100 % titanium peak. Ti was found to form 
solid solutions with tantalum, niobium, hafnium and 
zirconium. 

The formation of solid solutions was confirmed 
by the plateau observed in the thermal curves at variou s 
heating rates (V) during the initial stage (t < 450 °C), 
as shown in Figure 4. A thermal curve of the hea-
ting of the titanium sample was also included for 
comparison. 

Fig. 1. Sample ignition temperature measurements
1 – sample, 2 – crucible, 3 – thermocouple, 4 – graphite strip heater 

Рис. 1. Схема измерения температуры  
воспламенения образцов

1 – образец, 2 – тигель, 3 – термопара, 4 – графитовый ленточный 
нагреватель

Fig. 2. Microstructure of a (Ti, Zr, Hf, Nb, Ta) mixture particle 
after activation and passivation

1 – layered inclusions, 2 – tantalum particles 

Рис. 2. Микроструктура частицы смеси (Ti, Zr, Hf, Nb, Ta) 
после активации и пассивации

1 – слоистые включения, 2 – частицы тантала

Fig. 3. XRD image of the (Ti, Zr, Hf, Nb, Ta) + 5C mixture after activation and passivation 

Рис. 3. Рентгенограмма смеси (Ti, Zr, Hf, Nb, Ta) + 5C после процессов активации и пассивации

Известия вузов. Порошковая металлургия и функциональные покрытия. 2023;17(3):14–21 
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The ignition temperature (tig ) at high heating rates 
is 1030 °C. The temperature decreases with the heating 
rate down to 760 °C. The thermal curves suggest that this 
decrease is due to a phase transformation with a signifi-
cant endothermic effect, resulting in an isothermal seg-
ment in thermal curves. The α–β-transformation tem-
peratures for titanium, zirconium, and hafnium in 
the Group IV metals in the mixture are tα–β = 882, 865 
and 1743 °C, respectively. These temperatures are con-
siderabely higher than those indicated on the thermal 
curves. It should be noted that the formation of solid 
solutions during mechanical activation can lead 
to a decrease in the α–β-transformation temperature 
in titanium. Okamoto H. and Lyakishev N.P. [21; 22] 
reported that tα–β for titanium-zirconium equiatomic 
solid solutions can drop to 560–600 °C. Polymorphic 
transformations in Ti–Nb metastable solid solutions 
can occur at t = 425÷600 °C [23]. 

Polymorphic transformation generally enhances 
diffusion coefficients. This, in turn, accelerates 
the reaction between the solid solutions and carbon and 
tα–β become the critical temperature of thermal explo-
sion (tc ). The sample heating rates at the initial stage 
(V1 ) and after ignition (V2 ) were recorded as follows:

tc , °C ............ 760 760 770 790 830 1000
V1 , °С/s ........ 45 47 53 68 95 240
V2 , °С/s ........ 4250 5400 9400 11,300 8700 6500

It can be seen that the heating rate of the V2 sample 
above the critical temperature is two orders of magni-

tude greater than the V1 average heating rate at the ini-
tial heating stage (up to 450 °C), indicating a thermal 
explosion.

Figure 5 displays the XRD image of the thermal explo-
sion products of the activated (Ti, Zr, Hf, Nb, Ta) + 5C 
mixture. The ignition is triggered by the forma-
tion of carbides or solid solutions of carbon in the me tals, 
but it does not lead to the formation of the final product. 
Due to the short holding time at high temperatures and 
rapid cooling, some of the metals do not have sufficient 
time to react. Comparing the XRD images in Figure 3 
and 5, it can be observed that the peak intensity ratio 
changes after the thermal explosion due to the forma-
tion of hafnium and niobium carbides.

To investigate the reaction kinetics in this system, we 
diluted the initial mixture with the (Ta, Ti, Nb, Zr, Hf)C5  
final product obtained by SHS. Figure 6 illust rates 
the thermal curves for the samples containing 25 and 
50 % of the final product. 

Figure 7 shows the XRD images of the products 
obtained by adding 25 and 50 % of the final product 
to the (Ti, Zr, Hf, Nb, Ta) + 5C activated mixture, and 
the XRD image of the final product.

The XRD images of the products obtained by heating  
the diluted mixture are nearly identical. The main phase 
formed by dilution retains its cubic lattice, but the lat-
tice parameters differ. The XRD images reveal peaks 
of titanium and zirconium carbide. The XRD images 
of the activated mixture (see Figure 3) exhibit weakly 
pronounced titanium and zirconium peaks. When heated 

Fig. 4. Thermal curves for various heating rates of the (Ti, Zr. Hf, Nb, Ta) + 5C mixture and titanium samples
V, °C/s: 240 (1), 95 (2), 72 (3), 68 (4), 53 (5), 47 (6) and 45 (7) 

Рис. 4. Термограммы при различных скоростях нагрева образцов из смеси (Ti, Zr. Hf, Nb, Ta) + 5C и образца из титана 
V, °C/с: 240 (1), 95 (2), 72 (3), 68 (4), 53 (5), 47 (6) и 45 (7)
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Fig. 6. Thermal curves for various heating rates of the (Ti, Zr, Hf, Nb, Ta) + 5C mixtures  
containing 25 (a) and 50 % (b) of the (Ti, Zr, Hf, Nb, Ta)C5 final product

а – V = 550 °С/s (1), 480 (2), 310 (3), 280 (4) and 140 (5)
b – V = 730 °С/s (6), 340 (7), 310 (8), 295 (9) and 190 (10) 

Рис. 6. Термограммы при различных скоростях нагрева образцов из смесей (Ti, Zr, Hf, Nb, Ta) + 5C,  
содержащих 25 (a) и 50 % (b) конечного продукта (Ti, Zr, Hf, Nb, Ta)C5

а – V = 550 °С/с (1), 480 (2), 310 (3), 280 (4) и 140 (5)
b – V = 730 °С/с (6), 340 (7), 310 (8), 295 (9) и 190 (10)

Fig. 5. XRD image of the thermal explosion products of the activated (Ti, Zr, Hf, Nb, Ta) + 5C mixture 

Рис. 5. Рентгенограмма продуктов теплового взрыва активированной смеси (Ti, Zr, Hf, Nb, Ta) + 5C

Известия вузов. Порошковая металлургия и функциональные покрытия. 2023;17(3):14–21 
Вадченко С.Г., Седегов А.С., Ковалев И.Д. Тепловой взрыв в смесях (Ti, Zr, Hf, Nb, Ta) с углеродом



19

above 1300 °C, the peaks of Ti and Zr carbide become 
visible. We can conclude that the solid solutions formed 
after activation and the dilution of high-entropy phase 
are unstable at high temperatures (t > 1300 °C), result-
ing in the release of  titanium and zirconium carbides. 
The composition of the (Ti, Zr, Hf, Nb, Ta)C5 high-
entropy phase also changes. 

Since the compositions of the ignition products 
of the diluted mixture are nearly identical, we used 
the max temperature vs. heating rate curves for the two 
dilutions to estimate the activation energy using 
the Kissinger equation. The reaction rate in the diluted 
mixtures decreased significantly, and the sample over-
heating was low. Furthermore, the temperature gra-
dient across the relatively thin samples (about 1 mm 
thick) was insignificant. Considering these factors, we 
estimated the activation energy for the reaction for-
ming the (Ti, Zr, Hf, Nb, Ta)C5 high-entropic phase as 
follows :

where β is the heating rate, degrees/s; Ea is the activa-
tion energy, kJ/mol; R = 8.314 J/(mol·K) is the gas con-
stant; A is the pre-exponential factor of the Arrhenius 
equation (particle collision frequency, s–1); Tmax is 
the max temperature, K. 

Figure 8 shows the  vs. T   curve.

The activation energy Eа for the reaction of the 
(Ti, Zr, Hf, Nb, Ta) + 5C activated mixtures diluted 
with the final product in the temperature range of 1100–
1580 °C, was found to be 34 kJ/mol. This value is sig-
nificantly lower, by 75–80 %, than the value estimated 
from previous experimental data on gasless combus-
tion of metal-carbon systems [24]. One possible expla-
nation for this discrepancy is that the mechanical acti-
vation process resulted in an increase in the reacti vity 
of the metals, which may be attributed to the grinding 

Fig. 7. XRD images of the products obtained by heating the activated (Ti, Zr, Hf, Nb, Ta) + 5C mixture  
diluted by 25 % (1) and 50 % (2) of the (Ti, Zr, Hf, Nb, Ta)C5 final product (3) 

Рис. 7. Рентгенограммы продуктов нагрева активированной смеси (Ti, Zr, Hf, Nb, Ta) + 5C,  
разбавленной на 25 % (1) и 50 % (2), и конечного продукта (Ti, Zr, Hf, Nb, Ta)C5 (3)

Fig. 8. The reaction activation energy estimated  
with Kissinger’s equation

The activated mixtures (Ti, Zr, Hf, Nb, Ta) + 5C  
are diluted by adding 25 % ( ) and 50 % ( ) of the final product 

Рис. 8. Результаты оценки энергии активации реакции  
по уравнению Киссинджера

Разбавление конечным продуктом активированных  
смесей (Ti, Zr, Hf, Nb, Ta) + 5C на 25 % ( ) и 50 % ( )
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process, the closer contacts between reactants and 
the introduction of more crystal lattice defects. 

ConclusionsConclusions
1. The mechanical activation of (Ti, Zr, Hf,  

Nb, Ta) + 5C mixtures for 120 min at 347 rpm pro-
duces composite particles and solid solutions of Ti, 
Zr, Hf, Nb and Ta, while individual tantalum particles 
remain in the mixture.

2. The ignition of the (Ti, Zr, Hf, Nb, Ta) + 5C 
activated mixture occurs in several stages, including 
inert heating, progressive heating to 420–450 °C and 
phase transformation at 750–770 °C. A thermal explo-
sion occurs when the temperature raises abruptly. 

3. Despite the high temperatures, the reaction pro-
duces complex carbides, and unreacted tantalum remains 
due to the short duration of the thermal explosion.

4. The activated mixtures and high entropy solid 
solution are unstable. When heated above 1300 °C, 
they release titanium and zirconium carbides. 
This process also causes a change in the composi-
tion of the (Ti, Zr, Hf, Nb, Ta)C5 final product. 

5. The effective activation energy estimated for 
the reaction in the (Ti, Zr, Hf, Nb, Ta) + 5C mixture 
(Eа = 34 kJ/mol) is 75–80 % lower than the values 
reported for the metal + carbon combustion reac-
tions. This could be attributed to the mechanical 
activation of the mixture.
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Abstract. The study explored various facets of the structure of dispersed-reinforced aluminum alloy-based metal composite material (MCM) 

under different modes of thermomechanical treatment. Replacing traditional structural materials with MCM provides manufacturers 
with an opportunity to achieve higher levels of engineering superiority. The ability to choose composition, modify primary component 
ratios, and employ a range of MCM manufacturing techniques allows for precise tuning of the material's strength, rigidity, temperature 
range, and other physical and mechanical properties. Two prevalent technologies for crafting dispersed-reinforced aluminum alloy-
based MCM exist: liquid-phase and powder technologies. Liquid-phase methodology entails merging the reinforcing component into 
the binder alloy's melt, followed by crystallization. This process guarantees the dispersion and fixation of reinforcing particles within 
the binder volume. In contrast, powder technology involves simultaneous processing of primary component powders in high-energy 
mills, with subsequent amalgamation of the resultant composite granules via pressure molding. The chief aim of thermomechanical 
treatment lies in yielding blanks that closely mimic the final product's geometry and reshaping the deformable material's structure to 
heighten its strength properties. Powder technology was employed to fabricate monolithic composite material samples. Their structures 
were analyzed, accompanied by tests to ascertain density and strength parameters of the MCM at room temperature. Consequently, 
dispersed-reinforced aluminum alloy-based MCM possessing a uniform structure, density exceeding 99.0 % of the theoretical value, 
and elevated mechanical attributes: σu = 300÷305 MPa and E = 87÷95 GPa, were successfully produced. 

Keywords: metal composite material (MCM), aluminum alloy, thermomechanical treatment, pressing, structure, strength properties
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Аннотация. Исследованы аспекты формирования структуры дисперсно-армированного металлического композиционного 

материала (МКМ) на основе алюминиевого сплава в зависимости от различных режимов деформационно-термической 
обработки. Замена традиционных конструкционных материалов на МКМ позволит производителям перейти на качественно 
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IntroductionIntroduction
Currently, the creation of promising products in 

aviation and rocket-space engineering demands mate-
rials with low density and enhanced strength properties 
for primary structures. Such materials, owing to their 
distinct properties, can also find utility in ultralight, 
high-load structures across various industries [1; 2].

Moreover, a critical concern for contemporary 
material developers revolves around devising energy-
efficient production technologies that lead to reduced 
product costs, heightened material utilization coef-
ficients in end products, and enhanced product 
competitiveness [3–5].

A prospective avenue for addressing the aforemen-
tioned challenges lies in the utilization of metal compos-
ite materials (MCM) based on dispersed-reinforced alu-
minum alloys, coupled with the refinement of techniques 
for manufacturing components from these materials 
to ensure the requisite levels of physical, mechanical, and 
operational parameters in the resultant products [5–10].

Typically, metal composite materials comprise 
a plastic metal alloy fortified with solid ceramic rein-
forcement materials in the form of particles characte-
rized by varied sizes and shapes [11–13].

The production of MCM through powder technology 
entails the concurrent processing of primary component 
powders within high-energy mills, followed by the con-
solidation of the resultant composite granules through 
pressure molding. The fundamental goal of thermo-
mechanical treatment is to yield blanks that closely 
approximate the final product’s geo metry, while also 
inducing structural modifications in the deformable 
material to enhance its strength properties. The thermo-

mechanical treatment procedure hinges upon the inher-
ent capacity of plastic materials to undergo irreversible 
shape changes when subjected to external forces, all 
without succumbing to destruction [14]. 

The structure of dispersed-reinforced MCM comp-
rises a binder metal wherein finely dispersed particles 
of the reinforcing phase are uniformly distributed. 
The binder metal within the MCM imparts plasticity, 
while the ceramic phase enhances strength, rigidity, 
thermal resistance and wear resistance. The mecha-
nism underpinning MCM reinforcement is precondi-
tioned by the formation by the strengthening phase 
particles of barriers for dislocation movement, similar 
to the mechanism in alloys with dispersion hardening. 
Opting for aluminum alloys as a binder metal in MCM 
is favored due to their superiority over alternative 
alloys, encompassing excellent workability, perfor-
mance, and cost-effectiveness [15; 16].

The objective of this study was to investigate 
the impact of thermomechanical treatment on the struc-
ture of MCM based on an aluminum alloy from the  
Al–Mg–Si system, reinforced with 20 vol. % SiC and 
produced via powder technology.

Research methodologyResearch methodology
The primary material used for manufacturing dis-

persed-reinforced aluminum alloy-based MCM con-
sisted of composite granules obtained through mecha-
nical alloying in a laboratory planetary ball mill model 
PM 100 (SM Retsch, England). 

AD31 aluminum alloy was employed as the binder, 
while the reinforcing phase consisted of 63C (F800) 
silicon carbide particles.

более высокий технический уровень. Подбор состава, изменение соотношения исходных компонентов и применение 
различных методов изготовления МКМ позволяют направленно регулировать прочность, жесткость, диапазон рабочих 
температур и другие физико-механические характеристики материала. Существуют две наиболее распространенные 
технологии получения дисперсно-армированных МКМ на основе алюминиевых сплавов – жидкофазная и порошковая. Первая 
предполагает размешивание армирующего компонента в расплаве матричного сплава с последующей кристаллизацией, которая 
обеспечивает распределение и фиксацию армирующих частиц в объеме матрицы, а вторая представляет собой совместную 
обработку порошков исходных компонентов в высокоэнергетических мельницах с последующим объединением полученных 
композиционных гранул методами обработки давлением. Основной целью деформационно-термической обработки является 
получение заготовок с формой, максимально приближенной к геометрии конечных изделий, а также изменение структуры 
деформируемого материала, приводящее к повышению уровня прочностных свойств. В работе с использованием порошковой 
технологии были изготовлены образцы монолитного композиционного материала, исследована их структура и проведены 
испытания с целью определения плотности и прочностных характеристик МКМ при комнатной температуре. В результате 
получены дисперсно-армированные МКМ на основе алюминиевого сплава с однородной структурой, плотностью более 
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The composite granules were compressed within 
a blind die to produce blanks in the shape of cylindrical 
briquettes. Subsequently, these briquettes were heated 
to the hot deformation temperature and then pressed 
using a k03.032 hydraulic press (Russia).

The necessary pressing force for MCM through 
a cone die via direct pressing was determined using 
the following formula:

where σ0.2 is the yield strength of MCM at the pressing 
temperature, MPa; α is the angle of inclination of the die 
generatix, deg; F and f are the projection areas 
of the briquette and the pressed bar on the plane per-
pendicular to the direction of the male’s die movement, 
respectively, mm2; L is the height of the briquette, mm; 
l is the height of the die bearing, mm.

The structure of the pressed MCM samples was 
examined using an optical electron microscope 
Olympus BX51 (Olympus, Japan).

The density of the MCM samples was determined 
through hydrostatic weighing.

The porosity of the material was calculated using 
the following formula:

fact

calc

where ρfact and ρcalc are the measured and calculated 
valu es of MCM density, respectively, g/cm3.

The strength characteristics of the MCM were 
assessed through uniaxial tension conducted in accor-
dance with GOST 1497-84 using a Zwick Roell testing 
machine (Zwick Roell Group, Germany).

Results of the study  Results of the study  
and their discussionand their discussion

The morphology of the initial material, which 
consists of mechanically alloyed composite granules, 
is presented in Figure 1. The majority of these gran-
ules exhibit a spherical shape with a textured surface. 
The particle size distribution of the granules predomi-
nantly falls within the range of 600 to 1000 µm.

Cylindrical briquettes were manufactured from 
the composite granules using a blind die pressing tech-
nique on a hydraulic press, with the intention of subse-
quently undergoing hot direct pressing via a cone die. 

The compaction of granules through blind die 
pressing unfolds in multiple stages. During the initial 

phase, the pressing tool induces mutual shifts among 
the granules, consequently reducing the available 
interstitial space. This, in turn, leads to the decelera-
tion of their mobility due to mounting friction emerg-
ing at the points of contact between the granules. 
The ensuing stage is marked by the escalation of con-
tact stresses and the commencement of deforma-
tion processes. Once the stress level matches the yield 
strength of the composite material, plastic deforma-
tion pervades the entirety of the briquette’s volume. 
Consequently, an intensive alteration in the shape and 
condition of the granule contact surfaces transpires. 
This culminates in the formation of a compacted 
structure within the composite material, characterized 
by a porosity ranging from 5 to 10 %. 

In [17–19], investigations were conducted 
into the impact of specific pressing pressures on the den-
sity of briquettes crafted from powdered materials. It 
was demonstrated that upon reaching a density thresh-
old of 90–95 % of the theoretical density, the compac-
tion process slows down, leading to no further density 
augmentation despite increased pressing force. 

The graph illustrating the correlation between den-
sity and pressing force, as observed in the experiments 
carried out in the context of this study, is depicted in 
Figure 2. In this diagram, zone 1 corresponds to the ini-
tial phase of the blind die pressing process, while zone 2 
pertains to the subsequent stage. 

The deceleration of material compaction can be 
elucidated through the specific nature of deforma-
tion processing within the confined space of the blind 
die. This is attributed to both the restricted ability for 
pressed MCM volume redistribution within the con-
fined dimensions of the blind die and the limited extent 
of deformation experienced by the material under 
the comprehensive compressive force. 

Fig. 1. Structure of mechanically alloyed aluminum alloy-based 
MCM granules 

Рис. 1. Структура механически легированных гранул МКМ 
на основе алюминиевого сплава
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The distribution of accumulated deformation fields, 
acquired from modeling the pressing procedure within 
a blind die, is illustrated in Figure 3. Notably, the cent-
ral region of the briquette displays the most pronounced 
structural refinement. Conversely, the upper and lower 
portions of the briquette, which were in contact with 
the male die and the bottom of the blind die, exhibit 
a comparatively lower level of accumulated deforma-
tion, ranging from 0.1 to 0.3. The emergence of fric-
tional forces at the contact surface between the male die 
and the blind die’s base curtails the motion of the com-
pressed material within the confined space of the blind 
die. Consequently, this uneven distribution of deforma-
tion elaboration within the resulting briquette volume is 
engendered [20–22]. 

In the images depicting the structure of the MCM 
after being pressed in a blind die, the outlines of the ini-

tial granules are discernible (Figure 4). Simultaneously, 
the resultant structure captures alterations that trans-
pired within the material during the deformation pro-
cess. Notably, the periphery of the briquette exhibits 
higher levels of porosity when contrasted with the cen-
tral region.

The presence of porosity within the pressed mate-
rial exerts a detrimental influence the strength prop-
erties of the MCM, thereby limiting its suitability 
as a structural material for part fabrication. In order 
to achieve heightened performance, the enhance-
ment and refinement of the material’s structure can be 
achieved through subsequent thermomechanical treat-
ment involving increased degrees of deformation. 

Within this study, we undertook the process of hot 
direct pressing through a cone die and scrutinized 
the impact of the elongation ratio on the structure and 
properties of the resultant composite material.

Hot direct pressing denotes deformation of a bri-
quette, wherein heated pressed material flows conti-
nuously into the deformation center. This process yields 
alterations not only in the material’s shape but also in 

Fig. 2. Dependence of MCM density on the pressing force 

Рис. 2. Зависимость плотности МКМ от усилия прессования

Fig. 3. Results of modeling the MCM sample pressing process 
in a blind die 

Рис. 3. Результаты моделирования процесса прессования 
образца МКМ в глухой матрице

Fig. 4. Structure of the MCM sample  
pressed in a closed blind die

a and b – peripheral and central parts of the briquette, respectively 

Рис. 4. Структура прессованного  
в закрытой обойме образца МКМ

а и b – периферийная и центральная части брикета соответственно
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its inherent properties. The external forces exerted 
upon the MCM during direct pressing encompass 
the male die pressure, normal pressures on the con-
tainer’s side surfaces, the die, and the drawing cylin-
der, alongside friction forces arising on the contact 
surfaces between the MCM and the tools. This constel-
lation of forces culminates in material restructuring, 
correlating with augmented density and heightened 
strength properties of MCM.

The process parameters that exert considerable 
influence on the resulting material’s structure dur-
ing pressing have been identified. These parameters 
comprise the deformation rate (characterizing the rate 
of movement of the press’s male die), the material’s 
outflow speed from the die, and the elongation ratio. 
The deformation rate, denoting the linear velocity 
of the press’s working piece movement in the primary 
deformation direction, remains consistent and was set 
at 10 mm/s in this study. The material’s outflow speed 
from the die and the elongation ratio share an interde-
pendent relationship: the latter determines the extent 
of deformation within the pressed material, and its 
elevation leads to a proportional rise in the outflow 
speed. 

It is acknowledged that the presence of a reinforc-
ing element in the form of finely dispersed ceramic par-
ticles classifies disperse-reinforced MCM as intricate 
deformable materials, endowed with notable resistance 
to deformation. Consequently, to ensure the uniform 
flow of MCM during deformation and to diminish 
the requisite pressing force, a conical die shape was 
selected.

Throughout this study, direct hot pressing processes 
with elongation ratios (µ) ranging from 10 to 30 were 
investigated.

The findings revealed that the highest density (more 
than 99.0 % of the theoretical one) was attained for 
MCM samples with µ ≥ 20. Notably, surface indenta-
tions (score lines) emerged on their surfaces in proxi-
mity to the discarded area. This particular form of defect 
is attributed to the gradual thinning of the lubricant 
layer applied onto the tool during hot direct pressing, 
coupled with the escalation of contact friction forces 
within this region. Consequently, the peripheral layers 
of the pressed bar start to lag behind the central layers. 
This phenomenon can be mitigated through the utili-
zation of multi-component lubricants or by applying 
an exceedingly hard coating to the tool’s functional 
surface. Employing the Qform 3D software package 
for modeling the hot direct pressing process corrobo-
rates the outcomes obtained from the experimental 
work. Cumulative deformation within the peripheral 
layers of the bar surpasses that within the central 
region by a factor of 1.25 (Figure 5).

The structure of the MCM in the pressing direc-
tion exhibits a banded pattern, linked to the material’s 
stress distribution during deformation. Specifically, 
this is influenced by the presence of tensile stresses 
aligned along the deformation axis. The boundaries 
of the granules, which were initially set within the bri-
quette’s structure, undergo extension along the axis 
of compression, thereby shaping the structure depicted 
in Figure 6. Furthermore, for elongation ratio of µ ≥ 10, 
the structure of the pressed MCM appears non-uniform 
(see Figure 6, a), attributed to inadequate compressive 
stresses originating within the deformation center. In 
contrast, at µ ≥ 20 and ≥30 (Figure 6, b, c), the struc-
ture demonstrates higher uniformity.

Samples were manufactured from the resultant bars 
for the purpose of conducting tensile tests. The visual 
representation of these samples is presented in Figure 7. 

The mechanical properties of the pressed dis-
persed-reinforced MCM samples were examined at a 
temperature of 20 °C. The tabulated data showcases 
the acquired outcomes for strength (σu ), yield strength 
(σ0.2 ) and elastic modulus (E). 

MCM samples produced with an elongation ratio 
of ≥20, which exhibit a uniform structure, demonst-
rated superior strength characteristics compared 
to the samples with µ ≥ 10, marked by non-uniform 
structure. Meanwhile, elevating µ ≥ 30 did not result 
in a significant performance improvement, similar 
to the density findings detailed earlier. 

Fig. 5. Results of modeling the process of MCM  
direct pressing in a cone die 

Рис. 5. Результаты моделирования процесса прямого 
прессования МКМ в конической матрице
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ConclusionsConclusions
1. Thermomechanical treatment of dispersed-rein-

forced aluminum alloy-based MCM through blind die 
pressing enables the production of material with poros-
ity ranging from 5 to 10 %.

2. Once the density reaches a threshold of 90–95 % 
of the theoretical value, is compaction of dispersed-
reinforced MCM decelerates, and further augmenta-
tion of the pressing force does not lead to increased 
density. 

3. Subsequent thermomechanical treatment, charac-
terized by intensified material deformation, enhances 
the structure and attributes of the aluminum alloy-
based MCM obtained.

4. Hot direct pressing with the elongation ratio 
greater than 20 yields dispersed-reinforced aluminum 
alloy-based MCM featuring a uniform structure, den-
sity surpassing 99.0 % of the theoretical value and 
heightened mechanical properties: σu = 300÷305 MPa 
and E = 87÷95 HPa.
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Abstract. The study investigated the influence of La2O3 addition on the oxidation properties of composite ceramics with a composition of 

80 vol. % ZrB2 and 20 vol. % SiC. The source materials utilized in this study included zirconium diboride (DPTP Vega LLC., Russia), 
grade 63C silicon carbide (Volzhsky Abrasive Works JSC, Russia), and lanthanum hydroxide concentrate (Solikamsk Magnesium 
Plant JSC, Russia), with the following elemental content (wt. %): La – 54.2, Nd – 4.3, Pr – 2.8, and trace amounts of other elements 
(<0.1). The La2O3 content in the charge varied between 0, 2 and 5 vol. %. The powders were mixed in a planetary mill with ethyl 
alcohol as the medium for 2 h, using a grinding media to powder ratio of 3:1. Consolidation of the powders was achieved through spark 
plasma sintering at 1700 °С, applying a pressing pressure of 30 MPa. The heating rate was 50 °С/min, and the isothermal holding time 
was 5 min. Oxidation was carried out in air at 1200 °С and the total oxidation time was 20 h. Oxidation experiments were conducted 
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IntroductionIntroduction
To date, the primary concern lies in the development 

of materials capable of enduring extended periods in oxi-
dizing environments at high temperatures [1–3]. In this 
regard, a noteworthy focus is on ultra-high-temperature 
ceramics (UHTC), which consist of a ceramic matrix and 
a protective structure that shields the surface from oxida-
tion [1; 4; 5]. In order to produce such materials a deli-
berate selection of additive phases is conducted to facili-
tate the formation of surface structures that can withstand 
prolonged exposure to oxidizing environments at high 
temperatures. One prevalent example of UHTCs is com-
posite materials based on zirconium or hafnium borides, 
which exhibit high thermal conductivity and thermal 
shock resistance [6].

Sintering zirconium and hafnium boride powders 
requires temperatures exceeding 1950 °C due to their 
strong covalent bonds and low self-diffusion coef-
ficient [7; 8]. The sintering process is typically acti-
vated by incorporating sintering additives such as 
SiC, Si3N4 , La2O3 , LaB6 [9; 10], tantalum, titanium, 
zirconium, molybdenum silicides, etc. The optimum 
composition is considered to be the volumetric ratio 
of 80 % ZrB2 to 20 % SiC [11; 12]. At high tempera-
tures, the oxidation of these ceramics leads to the forma-
tion of a protective multi-layer coating on the surface, 
consisting of ZrO2–SiO2 and borosilicate glass. This 
coating effectively seals cracks and pores on the UHTC 
surface, creating a gas-tight film that prevents oxygen 
diffusion into the material [13; 14].

Spark plasma sintering (SPS) is a relatively recent 
technique that enables the reduction of sintering tem-
perature and time for certain materials when performed 
under vacuum or an argon atmosphere [15]. Despite 
some existing studies in this area, the phase composition, 
structure, and oxidation properties of boride-based com-

posite materials produced through this process have not 
been adequately investigated [15–17].

The objective of this study was to examine the impact 
of La2O3 addition on the oxidation properties of compo-
site ceramics with the following volumetric composition: 
80ZrB2–20SiC.

Materials and Methods of ResearchMaterials and Methods of Research
The source materials utilized in this study included:
– zirconium diboride (DPTP Vega LLC., Russia); 
– lanthanum hydroxide concentrate (Solikamsk Mag-

nesium Plant JSC, Russia), with the following elemental 
content (wt. %): La – 54,2, Nd – 4,3, Pr – 2,8 and trace 
amounts of other elements (<0.1); 

– grade 63C silicon carbide (Volzhsky Abrasive 
Works JSC, Russia). 

The particle size distribution of the powders was deter-
mined using laser light diffraction with the Analysette 
22 NanoTec plant (Fritsch GmbH, Germany). The ZrB2 
powder exhibited a predominant particle size range 
of 0.5 to 12 μm, with 97 % of particles measuring less 
than 11.1 μm, and an average particle size of 4.52 μm. 
The SiC powder demonstrated a bimodal particle size 
distribution, with an average particle size of 3.47 μm. 
The La(OH)3 powder exhibited a wide particle size dist-
ribution, with an average particle size of 9.76 μm.

In order to convert lanthanum hydroxide into oxide, 
the material was subjected to annealing at 600 °C for 
a duration of 1 h in an air atmosphere. The initial pow-
ders were mixed using a SAND planetary mill in ethyl 
alcohol. The grinding process lasted for 2 h at a speed 
of 160 rpm, a grinding media to powder ratio of 3:1. 
The mixtures contained lanthanum oxide in two different 
volumetric percentages: 0, 2 and 5. 

The specimens were consolidated using spark plasma 
sintering (SPS) on the Dr. Synter SPS-1050b equipment 

абразивный завод», Россия) и концентрат гидроксида лантана (ОАО «Соликамский магниевый завод», Россия), содержание 
элементов в котором составляло, мас. %: La – 54,2, Nd – 4,3, Pr – 2,8, остальные – менее 0,1. Содержание La2O3  в шихте 
варьировалось: 0, 2 и 5 об. %. Смешивание порошков проводили с использованием планетарной мельницы в течение 2 ч 
в этиловом спирте, соотношение мелющих тел и порошка составляло 3:1. Консолидацию порошков осуществляли методом 
искрового плазменного спекания при температуре 1700 °С и давлении прессования 30 МПа со скоростью нагрева 50 °С/мин 
и изотермической выдержкой 5 мин. Окисление проводили на воздухе при температуре 1200 °С, общее время окисления 
составило 20 ч. Наиболее интенсивное увеличение массы отмечено в течение первых 2–4 ч испытаний. По истечении 20 ч 
наименьшее увеличение массы наблюдалось у образцов с добавкой 5 об. % La2O3 . Установлено, что вне зависимости от 
наличия La2O3 карбид кремния первым подвергается окислению. В образцах без добавки La2O3 окисленный слой состоит 
преимущественно из моно- и диоксида кремния, тогда как в образцах с La2O3 большую часть окисленного слоя составляют 
ZrSiO4 и ZrO2 . Таким образом, установлено, что введение La2O3 интенсифицирует процесс формирования циркона, что 
способствует замедлению процессов окисления.  

Ключевые слова: окисление, искровое плазменное спекание, диборид циркония, карбид кремния, оксид лантана, окисленный 
слой, энергодисперсионный анализ, элементный состав

Для цитирования: Кульметьева В.Б., Чувашов В.Э., Лебедева К.Н., Порозова С.Е., Каченюк М.Н. Особенности высокотемпе-
ратурного окисления керамического материала ZrB2–SiC–La2O3 , полученного искровым плазменным спеканием. Известия 
вузов. Порошковая металлургия и функциональные покрытия. 2023;17(3):30–37.
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(SPS Syntex, Japan) at a temperature of 1700 °C. Heating 
was achieved by applying a pulsed direct current at a rate 
of 50 °C per min. The temperature was monitored using 
an optical pyrometer placed on the outer side of the gra-
phite matrix. The material was loaded into the system 
just before the heating process began, while maintain-
ing a constant load at a pressure of 30 MPa. The applied 
load was removed after the completion of the heating 
phase. To prevent any undesirable reactions between 
the sintered powder, matrix, and punches, graphite paper 
was employed. Additionally, graphite felt was wrapped 
around the mold to minimize heat losses. The specimens 
were subjected to an isothermal holding time of 5 min. 

The apparent density and open porosity of sintered 
specimens were analyzed following the guidelines out-
lined in GOST 2409-2014. 

For the oxidation study, the specimens were exposed 
to air in an electric furnace equipped with silicon carbide 
heaters. The crucibles containing the specimens were 
placed in the furnace, preheated to 1200 °C. After a spe-
cific duration, the specimens were removed, weighed 
to record their weight, and then returned to the furnace. 
The total duration of high-temperature oxidation was 20 h.

The phase composition of the specimens was exa-
mined using Raman spectroscopy on a multifunc-
tion spectrometer SENTERRA (Bruker, Germany), with 
a laser wavelength of 532 nm. The acquired data were 
processed using the OPUS 6.5 software.

Microscopic analysis of the specimens was con-
ducted using an analytical auto emission scanning elect-
ron microscope VEGA3 (TESCAN, Czech Republic). 
In order to determine the elemental composition, 
an Inca X-Act detector (Oxford Instruments Analytical, 
Great Britain) was employed for energy-dispersive ana-
lysis of the elemental composition of the materials.

Results and DiscussionResults and Discussion
The investigations were conducted on the mate-

rials containing 0, 2 and 5 vol. % of La2O3 . No signifi-
cant changes in the apparent density and open porosity 
of the specimens were observed after the SPS process. 
The open porosity values ranged from 3.5 to 5.5 % across 
all variations. 

The specimens were subjected to oxidation in an air 
environment for a duration of 20 h. The time intervals 
for recording the specific weight gain of the specimens 
increased as the weight gain decreased. The results are 
presented in Figure 1. The most substantial weight gain 
occurred within the initial 2–4 h of testing. 

Among the specimens, those with 5 vol. %. of La2O3 
exhibited the lowest weight gain after the 20-hour expo-
sure. It is worth noting that up to 9 h of exposure, the dif-
ferences in specific weight gain were minimal. Only 
with further increases in oxidation time did the impact 

of La2O3 on the material’s oxidation resistance become 
more pronounced.

It has been established that the resistance of ZrB2 
composite materials to high-temperature oxidation is 
primarily influenced by the composition of the pro-
tective layer formed on the material’s surface [18]. 
The fractures in the specimens were examined using 
scanning electron microscopy (SEM) along with energy 
dispersive analysis. SEM images and maps displaying 
the distribution of silicon, zirconium, and boron within 
the specimens were obtained (Figure 2: spectrum 1 rep-
resents the surface layer of the specimen; spectrum 2 
corresponds to an internal structure displaying significant 
visual dissimilarity; spectrum 3 pertains to a deeper layer 
of the material).

In the specimen without the addition of La2O3 , 
a continuous protective layer composed of silicon-con-
taining phases is formed on its surface (spectrum 1 in 
Fig. 2). When La2O3 is introduced, the silicon content 
on the specimen surface is also higher (spectrum 1) 
compared to the subsequent layers (spectra 2 and 3). 
However, the thickness of these layers is significantly 
reduced. Figure 3 presents a histogram depicting the cal-
culated thickness of the oxidized layers, determined 
through analysis of the material’s microstructure (as 
shown in Figure 2).

Table 1 displays the outcomes of the energy dis-
persive analysis, providing the elemental composi-
tion of the specimens following a 20-hour oxida-
tion process. The first layer exhibits identical composi-
tion across all three cases. Notably, boron is not detected 
in the spect ra, which is consistent with the challenges in 
accurately capturing elements from the second period 
of the periodic table using spectral methods [19].

Fig. 1. Specific weight gain of ZrB2–20 vol. % SiC ceramic 
specimens with different content of La2O3 after oxidation  

for 20 h at 1200 °C 
La2O3 , vol. %: 1 – 0, 2 – 2 and 3 – 5 

Рис. 1. Удельный привес образцов  
керамики ZrB2–20 об. % SiC с различным содержанием La2O3 

после окисления в течение 20 ч при t = 1200 °C 
La2O3 , об. %: 1 – 0, 2 – 2 и 3 – 5
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Table 1. Outcomes of the energy dispersive analysis of the elemental composition  
of the specimens after oxidation for 20 h

Таблица 1. Результаты энергодисперсионного анализа элементного состава образцов  
после окисления в течение 20 ч

Imaging place 
(see Figure 2)

Elemental composition (wt. %) with the addition of La2O3, vol. %
0 2 5

Spectrum 1
Upper layer

O – 40.43
Si – 54.45
Zr – 2.90

O – 33.36
Si – 12.12
Zr – 54.52

O – 41.41
Si – 12.06
Zr – 46.53

Spectrum 2
Oxidized intermediate layer

O – 38.25
Si – 11.33
Zr – 47.81

O – 46.39
Si – 5.80

Zr – 36.77
B – 9.79
La – 0.55

O – 45.47
Si – 6.10

Zr – 46.96

Spectrum 3
Oxidized layer

O – 8.34
Si – 8.43

Zr – 48.42
B – 34.50

O – 24.96
Si – 3.45

Zr – 57.90
B – 13.13

O – 33.16
Si – 5.28

Zr – 53.60
B – 7.58

Fig. 2. SEM-images of fractures (а–c) and silicon distribution maps (d–f) after oxidation  
for 20 h of ZrB2–20 vol. % SiC specimens

Addition of La2O3 , vol. %: 0 (а, d), 2 (b, e) and 5 (c, f)
White and light gray colors on distribution maps – silicon-containing phases 

Рис. 2. СЭМ-изображения изломов (а–c) и карты распределения кремния (d–f) после окисления  
в течение 20 ч образцов состава ZrB2–20 об. % SiC

Добавка La2O3 , об. %: 0 (а, d), 2 (b, e) и 5 (c, f)
Белый и светло-серый цвета на картах распределения – кремнийсодержащие фазы
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Raman spectroscopy confirmed the presence 
of zircon (ZrSiO4 ) and monoclinic zirconium dioxi de 
(ZrO2 ) as the main phases of the oxidized material 
(Figure 4) [24]. The imaging was conducted from the sur-
face of the specimens, thereby removing the first layer. 
One of the obtained spectra is presented, with the others 
being identical. The only distinction lies in the intensity 
ratio of the peaks corresponding to the main phases. 
The absence of silicon oxide lines in the specimen with-
out lanthanum addition can be explained by the fact 
that well-oxidized phases in the second layer hinder 
the detection of amorphous or concealed-crystalline sili-
con oxide phases.

Fig. 3. Dependence of the thickness of oxidized layers  
on the surface of specimens of the ZrB2–20 vol. % SiC 

composition without additives and with addition  
of 2 and 5 vol. % La2O3 after oxidation for 20 h

 – spectrum 1,  – spectrum 2 (see Fig. 2)
The third layer is not shown because it was only partially  

in the imaging area 

Рис. 3. Зависимость толщины окисленных слоев  
на поверхности образцов состава ZrB2–20 об. % SiC  

без добавки и с введением 2 и 5 об. % La2O3  
после окисления в течение 20 ч
 – спектр 1,  – спектр 2 (см. рис. 2)

Третий слой не приведен, так как в зону съемки  
он попал лишь частично

Table 2 presents the results of calculating the atomic 
composition of the layers, with values rounded to the first 
decimal place after considering the atomic weights 
of the elements (and then multiplied by 10). 

The assumed chemical composition is derived 
from the known composition of the initial specimens 
and the determined element ratios within the layer s. 
The primary stoichiometric phases that are likely 
to be present are listed in Table 2. It should be noted 
that the formation of silicon monoxide as a crystalline 
compound has been previously documented in multiple 
instances [20–22]. 

The possibility of non-stoichiometric compound for-
mation, such as borosilicate and borate glasses, should 
also be taken into consideration [23].

Fig. 4. Fragment of the Raman spectrum of the upper oxidized 
layer on the surface of a specimen with addition of 5 vol. % 

La2O3 after oxidation for 20 h
Designations of crystalline phases:  

 – zircon;  – monoclinic zirconium dioxide 

Рис. 4. Фрагмент КР-спектра верхнего окисленного слоя  
на поверхности образца состава с добавкой 5 об. % La2O3 

после окисления в течение 20 ч
Обозначения кристаллических фаз:  

 – циркон;  – моноклинный диоксид циркония 

Table 2. Ratio of elements in the layers after oxidation
Таблица 2. Соотношение элементов в слоях после окисления

Imaging place 
(see Figure 2)

Ratio of elements and the most probable chemical composition  
with the La2O3 content, vol. %

0 2 5

Spectrum 1
 Upper layer

Zr0,3Si19O25
SiO2 and SiO

Zr6Si4O21
ZrSiO4 and ZrO2

Insignificant oxygen excess

Zr5Si4O26
ZrSiO4 and ZrO2
Oxygen excess

Spectrum 2
Oxidized intermediate 

layer

Zr5Si4O24
ZrSiO4 and ZrO2
Oxygen excess

Zr4Si2O29B9
ZrB2 , ZrSiO4

Oxygen excess

Zr5Si2O28
ZrSiO4 and ZrO2
Oxygen excess

Spectrum 3
Oxidized layer

Zr5Si3O5B32
ZrB2 , SiO2 or SiO

Significant boron excess

Zr6SiO16B12
ZrB2 , SiO2

Oxygen excess

Zr6Si2O21B7
ZrB2 , ZrSiO4

Oxygen excess
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There is a noticeable disparity in the distribu-
tion of zirconium on the surface of specimens with 
and without La2O3 (Figure 5, a–c). In the case without 
La2O3 , ZrO2 , despite its relatively low overall content 
(as seen in Table 1), is distributed relatively (Figure 5, a). 
Presumably, it is integrated within the primary silicon-
containing phases. However, the addition of lanthanum 
oxide results in the growth of zirconium-bearing phase 
grains and the emergence of agglomerates and large 
pores between these phases. In this scenario, the forma-
tion of silicon oxides is unlikely.

Figure 5, d illustrates a fragment of the boron distri-
bution map in the upper layer of the specimen containing 
5 vol. % La2O3 , corresponding to the fragment of the zir-
conium distribution map in Figure 5, c. Since boron could 
not be detected during the determination of the mass 
content of elements (as indicated in Table 1), it can be 
inferred that boron is present in the form of silicate 
glasses (refer to Figure 2, f ) that fill the gaps between 
zircon and zirconium dioxide grains [25].

Consequently, on the surface of specimens witho ut 
La2O3 additives, phases comprising silicon oxides 
with traces of boron and zirconium oxides are formed. 
In the presence of La2O3 additives, the main phases 
observed are zirconium dioxide and zircon, along with 
an excess of oxygen. However, neither case effectively 
acts as a significant barrier against the deep penetra-
tion of oxygen into the material. The presence of lantha-
num oxide appears to enhance the formation of zircon, 
a phase that exhibits greater resistance to thermal shock 
than monoclinic zirconium dioxide and contributes 
to the deceleration of the oxidation process.

ConclusionConclusion
The aim of the study was to investigate the impact 

of La2O3 addition on the oxidation properties of compo-
site ceramics with a composition of 80 vol. % ZrB2 and 
20 vol. % SiC, consolidated through spark plasma sinte-
ring. The materials were examined in three variations: 
without La2O3 , with 2 vol. % La2O3 and 5 vol. % La2O3 . 
In all cases, SiC acted as a sacrificial material, being 
the first to undergo oxidation. Specimens without La2O3 
addition exhibited a surface layer consisting mainly 
of SiO2 and SiO. On the other hand, specimens with 
La2O3 addition showcased surface layers composed pri-
marily of ZrSiO4 and ZrO2 . 

Consequently, the introduction of La2O3 intensified 
the formation of zircon and decelerated the oxidation pro-
cesses. However, it did not serve as a complete barrier 
to the deep penetration of oxygen into the material. 
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Аннотация. Проведенные с помощью программного комплекса «TERRA» термодинамические расчеты системы B–Cl–N–H 

показали, что введение водорода в систему B–Cl резко снижает термодинамическую устойчивость BCl3 с возможностью 
образования бора в конденсированной фазе, а добавка аммика, который содержит водород, приводит к образованию 
нитрида бора в широком интервале температур. Анализ кинетических зависимостей показывает наличие трех областей 

  as.razina@gmail.com
Abstract. The thermodynamic calculations conducted using the TERRA software package for the B–Cl–N–H system revealed that 

the inclusion of hydrogen into the B–Cl system significantly diminishes the thermodynamic stability of BCl3 with the possibility 
of boron formation in the condensed phase. On the other hand, the introduction of ammonia, which includes hydrogen, results 
in the synthesis of boron nitride across a broad temperature spectrum.  The analysis of kinetic relationships uncovered three distinct 
regions in the boron nitride deposition process: K – kinetic region (up to 1400 K), D – diffusion region (above 1800 K) and T – transition 
region. The activation energy for the kinetic region was calculated as Ea = 134 kJ/mol. Within the temperature range of 1023–1123 K, 
linear dependences were observed. The computation of the penetration depth for the boron nitride deposition process assumed a gas 
mixture of boron trichloride, ammonia, and argon (BCl3 + NH3 + 30Ar). The results indicated that boron trichloride governs the extent 
of penetration. The depths of penetration for the chemical vapor infiltration boron nitride (CVI-BN) process, conducted at 0.1 kPa within 
the temperature range of 1100–1400 K, were determined for pore diameters of 1, 10, 30, 100, 200 and 300 µm. When porosimetry data 
for a specific preform is available, the acquired penetration depth relationships for the CVI-BN process under specific parameters and 
process temperatures facilitate the estimation of essential parameters for interphase formation using pyrolytic boron nitride. 

Keywords: pyrolytic boron nitride (PBN), interphase coating, thermodynamic calculation, chemical vapor infiltration boron nitride 
(CVI-BN)

For citation: Timofeev A.N. , Razina A.S., Timofeev P.A., Bodyan A.G. Calculating the penetration depth of reaction in chemical gas-
phase deposition of boron nitride within porous bodies. Powder Metallurgy аnd Functional Coatings. 2023;17(3):38–46.
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IntroductionIntroduction
Interest in pyrolytic boron nitride (PBN), which 

boasts a range of exceptional properties (high dielec-
tric properties, chemical resistance in aggressive gases, 
li quids, and metal melts, heat resistance, low microwave 
energy absorption coefficient), remains unabated to this 
day [1–5]. Due amalgamation of these favorable attributes 
and their endurance at elevated temperatures and in deep 
vacuum conditions, this material has found extensive uti-
lity in electronics, electrical engineering, nuclear power 
engineering, the semiconductor industry, high-temper-
ature technology, and the fabrication of containers and 
protective screens for synthesizing ultra-pure compounds. 

At the turn of the century, with the advancement 
of si licon carbide fibers and materials derived from them, 
PBN began to serve as an interphase between fibers 
and matrices, imparting robust mechanical properties 
to SiCf /SiCm composite material [6–10]. The evolu-
tion of ceramic fibers encompassing diverse composi-
tions (Si3N4 , AlN, BN, etc.) and the composites founded 
upon them will further solidify the demand for PBN, 
functioning both as an interphase and matrix.

Simultaneously, it’s imperative to acknow-
ledge that the parameters for establishing the inter-
phase on fibers or the matrix of composite materials 
via the chemical vapor infiltration (CVI) technique 
within a porous structure are fundamentally influenced 
by the preform’s porous structure (pore size, tortuosity, 
etc.). In contemporary contexts, diverse reinforcement 
schemes and techniques for fabricating fiber preforms 
are employed in structures [11–13], each delineating 
a unique porous structure. This accentuates the necessity 
to tailor CVI process parameters according to the speci-
fics of each structure.

This paper presents an analysis of the admissible 
parameter regions for the boron nitride deposition pro-
cess via the CVI method, taking into account varied pore 
sizes and thicknesses of porous bodies.

Thermodynamic analysis  Thermodynamic analysis  
of the B–Cl–N–H systemof the B–Cl–N–H system

In order to determine the acceptable parameters ranges 
for the chemical deposition of boron nitride from the gas 
phase (temperature (T), pressure (P), and the ratio of initial 
reagents in the gas mixture), the TERRA software packa ge 
(Russia, Moscow, Bauman Moscow State Technical 
University), was employed for thermodynamic analysis 
of the B–Cl–N–H system.

In the initial stage, equilibrium compositions 
of the B–Cl, N–H, B–Cl–N, and B–Cl–H systems were 
scrutinized to approximate the initial temperatures 
of boron trichloride and ammonia disproportionation. 
The impact of hydrogen and nitrogen on this process 
under varying pressures within the system was also eva-
luated. The analysis, illustrated in Figure 1, a, indicates 
that at P = 10 kPa, BCl3 remains stable up to T = 1800 K. 
Beyond this threshold, the process of dispropor-
tionation into boron dichloride and monochloride is ini-
tiated. In the N–H system, where ammonia is a key com-
ponent, its decomposition into nitrogen and hydrogen is 
nearly complete at T = 600 K and P = 10 kPa (Figure 1, b). 

The introduction of nitrogen into the B–Cl system 
does not lead to the formation of boron nitride and does 
not significantly impact the thermodynamic stability 
of boron trichloride (Figure 1, c). However, the inclu-
sion of hydrogen in the B–Cl system markedly dimini-
shes the thermodynamic stability of BCl3 (Figure 1, d). 
This situation introduces the potential for boron to form 
in the condensed phase, with its proportion increa-
sing alongside higher hydrogen content in the mixture. 
The analysis also indicates that decreasing pressure 
within the system decreases the thermodynamic stability 
of boron trichloride and ammonia.

The introduction of ammonia, which contains hydro-
gen, into the B–Cl system reduces the thermodynamic 
stability of boron chlorides and leads to the forma-
tion of boron nitride across a wide temperature range. 

процесса осаждения нитрида бора: К – кинетическая область (от 1400 К и ниже), Д – диффузионная область (от 1800 К 
и выше) и П – переходная область. Для кинетической области определена энергия активации процесса Eа = 134 кДж/моль. 
В диапазоне температур 1023–1123 К получены линейные зависимости. Для расчетов глубины проникновения процесса 
осаждения нитрида бора в пористое тело было принято, что газовая смесь состоит из трихлорида бора, аммиака и аргона 
(BCl3 + NH3 + 30Ar). Результаты расчетов показали, что реагентом, лимитирующим глубину проникновения, является 
трихлорид бора. Были определены глубины проникновения процесса химического осаждения нитрида бора из газовой 
фазы (CVI-BN – chemical vapor infiltration boron nitride) при давлении 0,1 кПа в температурном интервале 1100–1400 К 
при диаметрах пор 1, 10, 30, 100, 200 и 300 мкм. При наличии результатов порометрии конкретной преформы полученные 
зависимости глубины проникновения процесса CVI-BN в пористое тело от температуры при определенных условиях 
позволяют оценить необходимые параметры процессов формирования интерфазы из пиролитического нитрида бора.

Ключевые слова: пиролитический нитрид бора (ПНБ), интерфазное покрытие, термодинамический расчет, химическое 
осаждение нитрида бора из газовой фазы
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циональные покрытия. 2023;17(3):38–46. https://doi.org/10.17073/1997-308X-2023-3-38-46

Powder Metallurgy аnd Functional Coatings. 2023;17(3):38–46 
Timofeev A.N. , Razina A.S., etc. Calculating the penetration depth of reaction in chemical ...



40

Figure 2 illustrates the analysis results, show-
casing the relationship between the yield of condensed 
boron nitride in the B–Cl–N–H system and temperature 
at a pressure of 10 kPa, while varying the initial reagent 
ratios. The findings reveal (Figure 2, a) that when 
BCl3:NH3:H2 = 1:1:0, the thermodynamic stability of 
bo  ron trichloride is sustained nearly until 2200 K, but 
this doesn’t yield the maximum output of boron nitride. 
The introduction of hydrogen into the BCl3 + NH3 gas 
mixture promotes an escalation in the extent of boron tri-
chloride decomposition, subsequently enhan  cing the the-
oretical yield of boron nitride (Figure 2, b, c). However, 
elevating hydrogen concentration beyond the ratio of 1:5 
(BCl3:NH3:H2 = 1:1:5) does not yield further increases 
in boron nitride yield, as near-complete decomposi-
tion of boron trichloride is already achieved. 

It’s noteworthy that augmenting the hydrogen content 
within the system could be accomplished by increasing 
the amount of ammonia in the mixture. For instance, 
with the BCl3:NH3 = 1:3 (Figure 2, d), the theoretical 
yield of condensed-phase boron nitride becomes nearly 
equivalent to the situation where hydrogen is introduced 
into the system with a BCl3:NH3:H2 = 1:1:5 (as shown in 
Figure 2, b). 

Consequently, the thermodynamic analysis of the equi-
librium composition within the B–Cl–N–H system, gen-
erated from the gas phase through the utilization of ini-
tial reagents BCl3 , NH3 and H2 , facilitated the assessment 
of the admissible parameter range for the chemical depo-
sition process of boron nitride. The acquired outcomes 
provided the foundation for const ructing the experimen-
tal matrix for PBN) production.

Experimental procedureExperimental procedure
The following reagents were employed to investigate 

the kinetic patterns of the PBN deposition process: 
BCl3 – grade A boron trichloride (TU1-00-

07526811-23-92);
– NH3 – ammonia (GOST 6221-90);
– Ar – high-purity argon (GOST 10157-79). 
In order to explore the kinetic trends of PBN coa-

ting formation on impermeable substrates, we utilized 
samples crafted from C-3 grade graphite, manufactured 
by JSC “Karbotek” (Moscow, Russia), featuring pyro-
lytic carbon coating. For porous substrates, we employed 
preform (skeleton) samples generated through the hyd-
rajet method from Keralan silicon carbide ceramic 

Fig. 1. Equilibrium composition of systems at 10 kPa pressure
a – B–Cl system formed by the BCl3 gas mixture; b – B–N formed by NH3 ; 

c – B–Cl–N formed by BCl3 + N2 ; d – B–Cl–H formed by BCl3 + H2 

Рис. 1. Равновесный состав систем при давлении 10 кПа
а – система B–Cl, образованная газовой смесью BCl3 ; b – B–N, образованная NH3 ; 

c – B–Cl–N, образованная BCl3 + N2 ; d – B–Cl–H, образованная BCl3 + H2

Известия вузов. Порошковая металлургия и функциональные покрытия. 2023;17(3):38–46 
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filament (TU 20.60.13-952-56897835-2022), produced 
by JSC “Kompozit” [14].

The porosity of the preform was evaluated using refe-
rence porosimetry via the reference contact porometer 
Porotech 3.2 at the Leonov University of Technology 
(Korolyov, Moscow Region, Russia). 

Deposition of pyrolytic boron nitride was con-
ducted using the BN 2.0 plant (Leonov University 
of Technology). The presence of the interphase BN coa-
ting and its thickness on framework fibers were assessed 
via scanning electron microscopy (SEM) utilizing  
a JSM-6610 LV device (JEOL, Japan).

The phase composition of PNB was ascertained using 
an X-ray diffractometer EMRYREAn (PANalytical, 
the Netherlands).

Results and discussionResults and discussion
The chosen parameters for the chemical vapor depo-

sition (CVD) process were based on thermodynamic 
analysis: 

Р = 0.1 kPa for the temperature range of 1023–1123 K 
at a ratio of reagents of BCl3:NH3 = 1:1; 

Р = 0.2 kPa for T = 2023÷2123 K at BCl3:NH3 = 1:3. 
In both cases, argon was employed as the carrier gas 

for boron trichloride. 

Since the commencement temperatures for the decom-
position of ammonia and boron trichloride are notably dis-
parate (as seen in Figure 1, a, b), it is prudent to separately 
introduce them into the reaction zone to prevent premature 
interaction. This was accomplished in the BN 2.0 plant 
through a coaxial tube.

Figure 3 depicts the dependency of the boron nitride 
coating deposition rate constant on temperature, as 
obtained from [3] (where hydrogen was employed 
as the carrier gas), alongside the results derived 
by the authors of this paper. Thermodynamic analy-
sis revealed that within the low-temperature range 
(1000–1200 K), the theoretical yield of condensed-phase 
boron nitride in the is relatively consistent for a BCl3:NH3 
mixture ratio of 1:1, both with and without hydrogen. 
Meanwhile, within the high-temperature range, the intro-
duction of hydrogen into the mixture or an increase in 
ammonia content amplifies the theoretical yield of con-
densed-phase boron nitride. Similar conclusions were 
reached in experimental studies conducted by [15–19]. 

The analysis of kinetic dependences acquired 
from [3] uncovers the existence of three process regions 
in boron nitride deposition:

K – kinetic region (1400 K and below);
D – diffusion region (1800 K and above);
T – transient region. 

Fig. 2. Equilibrium composition in the B–Cl–N–H system at 10 kPa pressure,  
formed by gas mixtures BCl3 + NH3 (a), BCl3 + NH3 + 5H2 (b), BCl3 + NH3 + 10H2 (c) and BCl3 + 3NH3 (d) 

Рис. 2. Равновесный состав в системе B–Cl–N–H при давлении 10 кПа,  
образованной газовыми смесями BCl3 + NH3 (а), BCl3 + NH3 + 5H2 (b), BCl3 + NH3 + 10H2 (c) и BCl3 + 3NH3 (d)

Powder Metallurgy аnd Functional Coatings. 2023;17(3):38–46 
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In the kinetic region, the activation energy of the pro-
cess was determined to be Ea = 134 kJ/mol. In the tem-
perature range of 1023–1123 K, linear dependences 
were also observed. Their similarity to the dependencies 
obtained in [3] suggests a comparable activation energy, 
despite the variations in process pressure. This could 
be attributed to the fact that within the considered pres-
sure range of 0.1÷0.2 kPa, the deposition rate’s correla-
tion with pressure and, consequently, reagent concentra-
tion in the kinetic region is not pronounced. As a result, 
the process rate is dictated by the reaction rate, whose 
mechanism remains consistent between the conditions 
outlined by the authors in [3] and our study. 

In the future, as we refine the results, adjustments 
might be made to the analysis of the activation energy. 
In that case, for the kinetic region, the boron nitride depo-
sition rate constant (k, kg/(m2·s)) at a pressure of 0.1 kPa, 
using a reaction mixture of BCl3 + NH3 in a 1:1 ratio, 
can be expressed as follows:

             (1)

where R is the universal gas constant, J/(mol∙K); Т is 
the temperature of the PBN deposition process, K.

It is worth noting that the density of PBN obtained 
within the temperature range of T = 1023÷1123 K is 
approximately 1.4∙103 kg/m3, while for the temperature 
range of 2023–2123 K, it is on the order of 2.0∙103 kg/m3. 

Drawing from the findings of [3], we can hypothesize 
that the dependence expressed by equation (1) remains 
valid up to at least 1400 K, with possible deviations 
linked to changes in PBN density. 

Determining the kinetic region stands as a pivo-
tal stride, enabling the progression to the modeling 
of the PBN deposition process on the surface of a porous 
preform’s pores. The central objective in investiga-
ting the kinetics of PBN deposition within a porous 
preform is to ascertain the depth of the coating forma-
tion reaction’s penetration on the pore surface. This, 
in turn, facilitates estimating the maximal thickness 
of the preform – a volu me within which PBN will pre-
cipitate onto the pore surface. To achieve this estimation, 
the computational-theoretical model outlined in [20] 
can be effectively utilized. It can be expressed as fol-
lows, taking the form of a first-order reaction equation:

    (2)

where Lmax is the depth of the reaction’s penetra-
tion into the porous preform, m; λ is the free path length 
of a gas molecule, m; d is the pore diameter, m; M is 
the mass of a gas molecule, kg; k is the rate constant 
of the heterogeneous reaction on the surface, kg/(m2∙s); 
X is the tortuosity coefficient, kg/m3.

For a gas phase composed of a mixture of molecules 
from various substances 1, 2, 3 ..., the path length is equal 
to [19] 

   (3)

where N is the mole fraction; K is the Boltzmann cons-
tant, J/K; σ is the molecule diameter, m; P is the pres-
sure within the system, Pa; ρ is the density of the gas 
phase, g/cm3.

For the analysis, it was considered that the gas 
mixture comprises BCl3 + NH3 + 30Ar composition, 
wherein boron trichloride and ammonia are determined 
via thermo dynamic analysis, and argon is employed as 
a diluent gas. In order to mitigate random errors arising 
from using molecule diameter (σ) values from disparate 
sources, a standardized calculation procedure was imple-
mented employing the formula

               (4)

Fig. 3. Dependence of the deposition rate constant  
of a pyrolytic boron nitride coating on temperature 

Рис. 3. Зависимость константы скорости осаждения 
покрытия из пиролитического нитрида бора от температуры

Известия вузов. Порошковая металлургия и функциональные покрытия. 2023;17(3):38–46 
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where ρ is the density of the condensed phase, kg/m3 
(ρBCl3

 = 1.345·103 kg/m3 [21]).
As a result, the following values were obtained: 

σBCl3
 = 5.89·10–10 m; σNH3

 = 3.88·10–10 m;  σAr = 4.15·10–10 m  
 

and λBCl3
 = 9.05·10–6 T/P m; λNH3

 = 21.5·10–6 T/P m.
The tortuosity coefficient for woven and 

needle-punched frameworks with a density of  
(0.4–0.5)∙103 kg/m3 was approximated to be 1.3 [22].

The analysis revealed that the limiting reagent dicta-
ting the extent of penetration of the PBN deposition reac-
tion into the porous body Lmax is boron trichloride. 
Figure 4 depicts the calculated relationships of the depth 
of PBN deposition penetration onto pores of varying 
diameters within the temperature range of 1100–1400 K, 
at a pressure of 0.1 kPa.

The pore diameter in preforms of ceramic matrix 
composite materials is contingent on the reinforcement 
schemes and potential subsequent process stages aimed 
at obtaining porous blanks. Thus, within the pore space 
of 3D and 4D structural reinforcing frameworks, dis-
tinct types of porosity emerge: inter-strand (inter-rod) 
and inter-filament. In the former scenario, the dimen-
sion of inter-strand (inter-rod) pores is determined 
by the diameter of the strand (rod). For instance, in 
a 4D framework crafted from rods of 0.7 mm diameter, 
the inter-rod pore diameter measures 135.45 μm [22]. 

In preforms showcasing a 2.5D structure anchored 
on UT-900P carbon fabric interwoven with Ural-NSh24 
carbon thread, three categories of pores have been 
discerned [22]: 

1) pores in the range of up to 0.8 μm in diameter 
originated from fiber imperfections and resin coke and 
pyrocarbon porosity; 

2) the set of pores sized between 0.8÷3.6 μm prima-
rily arises from inter-filament pores; 

3) the assortment of pores encompasses both inter-
strand pores (d = 3.6 to 36.0 μm) and interlayer pores 
(d > 36.0 μm). 

In a similar preform, albeit fashioned from Ural-TM/4 
carbon fabric coupled with Ural-NSh24 carbon thread, 
the prevalent pores possess radii of 0.1÷1.0 μm (coke 
pores and inter-filament pores), and 1–10 μm (inter-
filament (inter-strand) pores). Pores with a radius less 
than 0.1 μm or exceeding 10 μm are less abundant in 
the material. Discrepancies in the porous structure’s 
characteristics are ascribed to the distinct properties 
of Ural-TM/4 and UT-900P fabrics. Furthermore, the fila-
ment diameter, strand diameter, and framework density 
exert an impact on the pore size.

In [14], three primary observable pore sizes that cont-
ribute to the overall porous structure were identified 
for the nonwoven framework crafted from Siquolox 
silicon carbide fibers (JSC “GNIIChTEOS”, RF): 15, 
40 and 250 μm. Similar findings were also obtained for 

frameworks relying on Keralan carbide-silicon fibers 
(JSC “Komposit”, RF) [14].

Utilizing the outcomes of these computations, 
the PBN deposition mode at T = 1100÷1400 K and 
P = 0.1 kPa into the nonwoven framework founded 
on Keralan carbide-silicon fibers was subjected to tes ting. 
Figure 5 illustrates the microstructure of the acquired 
sample, showcasing the silicon carbide framework with 
a PBN interphase coating.

Fig. 4. Penetration depth of the CVI-BN reaction  
at P = 0.1 kPa into a porous body at T = 1100–1400 K (a),  

1100, 1300 and 1400 K (b) and 1100–1400 K (c)
The numbers next to the curves are the pore diameter 

Рис. 4. Глубина проникновения реакции CVI-BN 
при Р = 0,1 кПа в пористое тело при Т = 1100÷1400 К (а), 

1100, 1300 и 1400 К (b) и 1100–1400 К (c)
Цифры у кривых – диаметр пор
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The findings from determining the phase composi-
tion of the fiber sample reveal the existence of a hexago-
nal modification (P6mc) on the surface of PBN carbide-
silicon fibers. This hexagonal modification possesses 
a low shear strength within its fundamental plane, which 
is crucial for facilitating the functionality of the inter-
phase coating [8]. 

ConclusionConclusion
Hence, the outcomes of porosimetry conducted 

on specific preforms and the established relationships 
depicting the penetration depth of the CVI-BN process 
under specific conditions within the porous structure pro-
vide us with the means to estimate the essential param-
eters for crafting interphases using PBN and creating 
composites with a matrix composed of PBN.
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Abstract. The study focused on analyzing the trajectories of powder particles within a plasma flow, a process utilized for applying functional 
coatings and producing powders. An overview of contemporary scientific research dedicated to modeling these processes is presented. 
The primary objective of this study was to ascertain how the particle size of the powder, used as a raw material, influences the path of 
particles within a vertically directed plasma flow. We examined three sizes of titanium powder: 1 μm, 50 μm and 100 μm. These sizes 
were chosen based on production practices for the considered processes and the particle size distribution of the powder material used in 
full-scale experiments, employing specialized CAMSIZER-XT equipment. Our study reveals the significant impact of powder particle 
size on various parameters, including the opening angle, length, and width of the illuminated section of the plasma torch, as well as the 
distance traveled by particles entrained by the plasma flow from the plasma head. To investigate these effects, we conducted computer 
simulations, followed by validation through full-scale experiments for each case. Specifically, we employed the MAK-10 laboratory 
plasma facility at the Institute of Metallurgy, Ural Branch, Russian Academy of Sciences, which is designed for powder production and 
functional coatings. In order to ensure the reliability of our measurements, we performed statistical data processing of the full-scale 
experiment results using scatter plots and determination of their average values. The comparative analysis of results from both natural 
and computer experiments demonstrated a satisfactory level of convergence. This comparative analysis of three particle sizes of powder 
enabled us to formulate practical recommendations for enhancing equipment and process technology in the context of the considered 
procedures. Furthermore, our article introduces a computer model capable of predicting the dimensions of the reactor (the chamber for 
receiving powder materials), the optimal shape of components within the plasma facility, and the positioning of the substrate on which 
functional coatings are applied. This model can be applied to address similar problems within the scope of this study, facilitating the 
control of coating application processes and powder production. 
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Аннотация. Исследованы траектории движения частиц порошка в плазменном потоке, который используется для процессов 

нанесения функциональных покрытий и получения порошков. Выполнен обзор современных научных исследований, по-
священных моделированию рассматриваемых процессов. Цель работы заключалась в определении влияния размера частиц 
порошка, используемого в качестве сырья, на траекторию движения частиц в плазменном потоке, направленном вертикально 
вверх. Исследовали три фракции титанового порошка: 1, 50 и 100 мкм, выбранные исходя из производственной практики 
ведения рассмотренных процессов и результатов гранулометрического состава порошкового материала, использованного 
в натурном эксперименте, при помощи специализированного оборудования CAMSIZER-XT. В работе продемонстрированно, 
каким образом размер частиц порошка влияет на угол раскрытия, длину и ширину светящейся фракции плазменного факела, 
а также удаленность увлеченных плазменным потоком частиц от плазменной головки. Исследование выполнено с помощью 
компьютерного эксперимента с последующей верификацией путем проведения натурного эксперимента для каждого из рас-
сматриваемых случаев. При этом использовалась лабораторная плазменная установка МАК-10 (ИМЕТ УрО РАН), применяе-
мая для получения порошков и нанесения функциональных покрытий. С целью надежного получения итогов измерений была 
проведена статистическая обработка результатов натурного эксперимента методом точечных диаграмм размахов и опреде-
ления их средних значений. Результаты сравнительного анализа итогов натурного и компьютерного экспериментов показали 
удовлетворительную сходимость. Сравнительный анализ применения трех фракций порошка позволил разработать прак-
тические рекомендации по совершенствованию оборудования и технологии ведения рассматриваемых процессов. В статье 
описана компьютерная модель, позволяющая прогнозировать размеры реактора (камеры приема порошкового материала), 
рациональную форму составных частей плазменной установки и положение подложки, на которую наносится функциональ-
ное покрытие. Представленную модель можно использовать для решения задач, подобных поставленной в рамках данного 
исследования, с целью управления процессами нанесения покрытий и получения порошка.  

Ключевые слова: сила тяжести, траектория движения частиц, плазменный метод, получение порошков, нанесение покрытий
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IntroductionIntroduction
Plasma sputtering presents an efficient method for 

acquiring functional coatings [1; 2]. By precisely man-
aging plasma parameters and deposition conditions, it 
becomes feasible to achieve top-quality coatings [3]. 
Extensive research exists concerning the examina-
tion of how deposition process parameters impact 
the characteristics of the resultant functional coat-
ings [4–6]. Additionally, plasma spraying serves as 
a technique for generating powders that find applica-
tion in additive technologies [7–10]. 

The finite element method serves as a convenient and 
precise tool for predicting and elucidating the influence 
of various factors on both powder production and coat-
ing application processes. Computer simulations are in 
high demand, especially for the investigation of func-
tional coatings composed of high-entropy alloys like 
GdTbDyHoSc and GdTbDyHoY [11]. studies related 
to coating deposition [12–14], software packages such 
as ANSYS, SolidWorks, and JmarPro were employed. 
For simulating the powder production processes using 
the plasma method, researchers utilized ANSYS [15], 
FLOW-3D [16] and COMSOL [17].

The trajectories of particles within a plasma flow 
significantly affects the characteristics of coatings and 
the properties of the resulting powders. Conversely, it is 
also influenced by the particle size of the raw powder 
material. Additionally, among the contributing fac-

tors, the shape of the internal channel, which is defined 
by the components of the plasma head and the operational 
features of the facility, plays a pivotal role. While there 
are publications that discuss the impact of factors like 
nozzle shape [18], operating modes [19], powder mate-
rial introduction methods [20], interelectrode inserts [21] 
and gas swirler shapes [22], insufficient attention has 
been given to exploring the effect of powder particle size 
on particle motion trajectories within the plasma flow.

The primary objective of this study was to investigate 
how three particle sizes (1, 50 and 100 µm) of titanium 
powder, used as raw material, influence the trajectories 
of particles within a vertically directed plasma flow. 

ExperimentalExperimental
A computer model of the plasma facility was developed 

to predict plasma flow parameters, employing the finite 
element method. The SolidWorks Flow Simulation soft-
ware package (version 2016) served as a valuable tool 
for computational fluid dynamics (CFD). Subsequently, 
the results of the computer experiment underwent veri-
fication. In the numerical solution process, the Euler 
and Navier-Stokes equations were employed. In order 
to accurately represent surface, subsurface, and interme-
diate processes occurring within the flow, a finite element 
grid size of 0.24 mm was chosen. This grid size ensured 
that a minimum of 8 elements were positioned within 
the narrowest section of the three-dimensional compu-
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ter model of the plasmatron, specifically, the plasma-
forming gas inlet channel of the swirler with a diameter 
of 2 mm [23]. 

In order to carry out a computer experiment, a three-
dimensional model was created based on the MAK-10  
laboratory facility, which is located at the premises of IMET, 
Ural Branch, Russian Academy of Sciences. The design 
and parameters of this facility are depicted in Figure 1. 

The initial data for the computer experiment are as 
follows: 

• plasma forming gas flow rate: 20 l/min;
• gas type: argon;
• gas pressure in the supplying system: 2 atm;
• diameter of the central hole of swirlers: 24 mm;
• plasma-forming gas is supplied in a tangential pat-

tern through 6 channels, each with a diameter of 2 mm;
• the chosen raw material is titanium powder VT1-0, 

selected from the library of standard materials within 
the software package (State Standard GOST 19807-91) 
with the following composition (wt. %, not exceed-
ing): N – 0.04, C – 0.07, H – 0.01, Fe – 0.25, Ni – 0.04, 
Si – 0.1, O – 0.2). 

The environmental conditions are set as follows: 
• gas type: air;
• absolute gas pressure at the outlet of the anode unit 

is 98,100 Pa, equivalent to the altitude of Yekaterinburg; 
• temperature corresponds to room temperature, 

at 293 K. 
The study focused on particle motion trajectories 

within the plasma flow for particle sizes of 1, 50 and 
100 μm. The mass flow rate for each fraction was set 
at 1 g/s. 

An indirect-acting plasmatron was employed with 
the following specifications:

• voltage: 26 V;
• current: 250 A;

• spraying direction: vertically, directed upwards;
• reactor length: 2.8 m;
• diameters of respective segments: 250 and 500 mm.

Results and discussionResults and discussion
In Figure 2 the trajectories of 100 particles for each 

of the three fractions are depicted. It’s important to note 
that the particle sizes in the figure do not correspond 
to scale and have been chosen arbitrarily for illustra-
tion purposes. We assumed that the temperature at which 
titanium powder begins to glow and produce bright sparks 
is above 1573 K. This determination was based on refer-
ence data regarding the colors of heated titanium (bright 
red – 900 °C, yellow – 1200 °C, white – 1300 °C) [24]. 
Through computer simulation, several key findings were 
obtained, including the dimensions of the torch contain-
ing the luminous powder fraction with temperatures 
exceeding 1573 K, as well as the maximum distance 
covered by powder particles within the flow. 

The obtained data is presented below:

Powder particle size, μm . . . . . . . . . . . . . . . . . . 1 50 100
Length of luminous fraction, mm . . . . . . . . . . . 570 500 320
Width of luminous fraction, mm . . . . . . . . . . . . 45 55 60
Distance of particles to plasmatron edge, m . . . 2.8 1.8 1.6

As observed, there is a negative correlation between 
particle size and the length of the luminous fraction, as 
well as the distance particles are carried by the flow away 
from the plasma torch’s end. Conversely, the width and 
opening angle of the plasma flow torch increase with 
larger particle sizes. This phenomenon can be attributed 
to the influence of gravity acting upon powder particles 
entrained by the plasma flow. Notably, smaller powder 

Fig. 1. The design of the plasma head of the installation in a disassembled state (a) and in cross section along the axis (b)
1 – anode, 2 – anode case, 3 – swirler, 4 – cathode, 5 – cathode sleeve, 6 – cathode case, 7 – sealing rings, 8 – sleeve 

Рис. 1. Конструкция плазменной головки установки в разобранном состоянии (а) и в поперечном сечении вдоль оси (b)
1 – анод, 2 – корпус анода, 3 – завихритель, 4 – катод, 5 – втулка катода, 6 – корпус катода, 7 – уплотнительные кольца, 8 – втулка
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particles tend to follow longer flight paths within the flow, 
resulting in greater distances from the plasma head. 

In order to validate the outcomes of the computer 
experiment, two full-scale experiments were conduc-
ted. The first experiment aimed to compare the width 
and length of the torch containing luminous par-
ticles of PTM-1 titanium powder, which was sprayed 
using a laboratory facility (TU 14-22-57-92). In terms 
of chemi cal composition, PTM-1 corresponds closely 
to the titanium powder VT1-0 employed in the computer 
experiment (wt. %, not exceeding: N – 0.08, C – 0.05, 
H – 0.35, Fe + Ni – 0.4, Si – 0.1, Ca – 0.05, Cl – 0.004). 
The second full-scale experiment was designed to deter-
mine the temperature of the plasma flow during the plasma 
torch’s idle mode (without powder particle spraying). 
This measurement aimed to assess the corres pon dence 
of this value to the one determined through the computer 
experiment. 

Each of the full-scale experiments was conducted 
in five separate runs to ensure robust and reliable mea-
surement results. In order to enhance the accuracy and 
credibility of the measurements, we applied statistical 

processing using scatter plots and the calculation of their 
average values [25–27]. 

In the first full-scale experiment, a granulometric 
analysis of PTM-1 titanium powder was conducted using 
CAMSIZER-XT (Germany). The data obtained revealed 
that 90 % of the powder had a size of less than 91 μm, 
while 50 % had a size of less than 50 μm. Furthermore, 
98.1 % of the powder material exhibited a sphericity coef-
ficient exceeding 0.9 (the ratio of the smallest particle 
size or diameter to the largest), and 90.9 % of the studied 
powder displayed sphericity coefficients exceeding 0.9. 
The particle size range of PTM-1 titanium powder fell 
within the range of 1–97 µm. Figure 3 presents a visual 
representation of the data from both full-scale and com-
puter experiments.

In the first full-scale experiment, the initial conditions 
were as follows:

• plasma-forming gas flow rate: 20 l/min;
• gas type: argon; purity 99.993 % (complying with 

State Standard 10157-2016);
• gas pressure in the supplying system: 2 atm;

Fig. 2. Trajectories of particles with sizes of  
100 (a), 50 (b), and 1 (c) μm 

Рис. 2. Картины траекторий частиц размерами  
100 (а), 50 (b) и 1 (c) мкм

Fig. 3. Data from full-scale (a) and computer (b) experiments on 
the length and width of the luminous fraction 

Рис. 3. Данные натурного (а) и компьютерного (b) 
экспериментов длины и ширины светящейся фракции
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• diameter of the central hole of the swirlers: 24 mm;
• plasma-forming gas was introduced in a tangential 

pattern through 6 channels, each with a 2 mm diameter. 
The environmental conditions were set as follows:
• gas type: air;
• absolute gas pressure at the outlet of the anode unit: 

98,100 Pa, equivalent to the altitude of Yekaterinburg;
• temperature was maintained at room temperature – 

293 K. 
The study focused on analyzing the motion trajecto-

ries of particles within the plasma flow, encompassing 
particle sizes ranging from 1 to 97 μm. The mass flow rate 
for each fraction was set at 1 g/s. An indirect-acting plas-
matron was employed, with the following specifications:

• voltage: 26 V;
• current: 250 A;
• spraying direction: vertical, directed upwards;
• reactor length: 2.8 m;
• diameters of respective segments: 250 and 500 mm. 
During the experiment, measurements were taken 

for the length and width of the luminous fraction of tita-
nium powder, which amounted to 600 mm and 65 mm, 
respectively. As a result, the deviation from the results 
of the computer experiment did not exceed 7.7 %. 

In the second full-scale experiment, conducted du ring 
the idle mode of the plasmatron (without the use of pow-
der), the temperature of the plasma flow on its axis was 
studied. To achieve this, a method invol ving the place-
ment of rods with known melting temperatures within 
the plasma flow was employed. Specifically, 3 rods with 
a 3 mm diameter, composed of copper M1 (comp liant 
with State Standard GOST 859-2014), steel 10 (in accor-
dance with State Standard GOST 1050-2013) and lantha-
nized tungsten (as per Specifications TU 48-19-27-88)  
were selected. These materials were chosen for their 
varying melting points. The rods were fixed in a man-
ner where one end was securely clamped, and the other 
end was left free to be exposed to the plasma flow. 
The head of the plasmatron was mounted on a manipula-
tor, which enabled its uniform movement along the axis 
toward the rod at a speed of 10 mm per minute. The dis-
tance between the free end of the rod and the end plane 
of the anode of the plasmatron’s head unit was meticu-
lously recorded throughout the experiment. The initial 
distance between the free end of the rod and the plasma 

torch’s head was assumed to be 0.5 m. When the melt-
ing process commenced on the rod’s surface, the distance 
from the rod to the plasma torch was recorded. 

In order to determine the temperature of the rod’s sur-
face at the point of melting onset, an optical pyrometer 
(EOP-66, Type No. 240, compliant with GOST 5.278) 
was employed. This pyrometer is specifically designed 
for accurately estimating the brightness temperatures 
of heated objects through their thermal radiation, cov-
ering a range from 900 to 10,000 °C. The measurement 
error does not exceed 5 °С. 

In the second full-scale experiment, the initial condi-
tions were as follows:

• plasma-forming gas flow rate: 20 l/min;
• gas type: argon; purity 99.993 % (complying with 

State Standard 10157-2016);
• gas pressure in the supplying system: 2 atm;
• diameter of the central hole of the swirlers: 24 mm;
• plasma-forming gas was introduced in a tangential 

pattern through 6 channels, each with a 2 mm diameter. 
The environmental conditions for this experiment 

were as follows: 
• gas type: air;
• absolute gas pressure at the outlet of the anode unit: 

98,100 Pa, equivalent to the altitude of Yekaterinburg;
• temperature was maintained at room temperature – 

293 K.

Fig. 4. Temperature distribution along the plasma flow axis (l) 
according to full-scale experiment 

I – lanthanated tungsten, II – steel 10, III – copper M1 

Рис. 4. Распределение температуры вдоль оси плазменного 
потока (l), по данным натурного эксперимента

I – лантанированный вольфрам, II – сталь 10, III – медь М1

Сomparison of the results of full-scale and computer experiments 
Результаты сравнения натурного и компьютерного экспериментов

Material Computer 
experiment, mm

Field 
experiment, mm Deviation, %

Copper M1 141 135 4.4

Steel 10 82 85 3.5

Lanthanized tungsten 19 20 5.0
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For this experiment, an indirect-acting plasma-
tron with the following specifications: was utilized:

• voltage: 26 V;
• current: 250 A;
• spraying direction: vertical, directed upwards;
• reactor length: 2.8 m;
• diameters of respective segments: 250 and 500 mm.
The data derived from the second full-scale experi-

ment indicated that the onset of melting for each 
of the rods occurred at temperatures closely aligned with 
the reference data for each rod material, with a slight 
deviation of no more than 22 K. A comprehensive account 
of this experiment can be found in [28] and the results are 
visually presented in Figure 4 and detailed in the accom-
panying Table.

Thus, the comparative analysis of the computer 
and field experiments demonstrated a satisfactory level 
of agreement, with the discrepancy not exceeding 5 %. 

ConclusionsConclusions
A comparative analysis of the motion trajectories 

of titanium powder particles of varying sizes in a ver-
tically directed plasma flow has been successfully con-
ducted. The study revealed that the size of powder par-
ticles significantly influences various parameters, inclu-
ding the dimensions of the luminous fraction, the opening 
angle of the plasma torch, and the distance of particles 
carried by the plasma flow from the plasma head. These 
findings are of great significance for processes involving 
coating and powder production. 

Furthermore, the development of a computer model 
describing a laboratory plasma facility for applying func-
tional coatings and producing powder materials represents 
a valuable contribution. This model can be employed 
to predict outcomes in powder production processes. 
Additionally, it enables the determination of optimal 
reactor (powder receiving chamber) dimensions and 
shapes, with the dual goal of reducing internal volume 
and mitigating issues such as molten particles adhering 
to chamber surfaces. This optimization is essential for 
minimizing the material consumption of process equip-
ment, reducing facility dimensions, and cutting opera-
tional costs, especially when inert gases are used to fill 
the receiving chamber. A well-designed chamber shape 
not only lowers the unit cost of produced powder but also 
prevents contamination of internal reactor surfaces. 

In the context of vertically upward plasma flow, 
the influence of gravity leads to a natural separa-
tion of sprayed powder into different fractions. Finer 
particles exhibit a larger scatter radius, while coarser 
ones are concentrated closer to the plasma jet’s axis. 
This phenomenon can be harnessed for the selective col-
lection of powdered material. As part of the chamber’s 
design improvement, the proposal to introduce additional 

internal walls for particle deposition based on size is 
an innovative approach. 

Overall, the use of gravity’s effect in vertically 
directed spray patterns serves as an additional tool for 
segregating the produced powder material. 

These study results hold particular utility in the appli-
cation of functional coatings, aiding in the optimal 
positioning of the substrate on which they are applied. 
The computer model offers the capability to predict 
plasma flow torch characteristics, such as the opening 
angle and width, in relation to the distance from the plas-
matron. This information is invaluable for estimating 
the coating area, determining the number of required 
passes of the plasma torch for surface coverage and con-
sidering particle temperatures. Moreover, it assists in 
defining the optimal substrate-to-plasma head distance 
and inclination. 

The choice of directing the atomization process 
vertically upwards, taking advantage of the natural ten-
dency of heat to rise due to the pressure difference in 
heated gases, offers several advantages over directing 
the plasma flow vertically downwards. In this configura-
tion, the heat flow from the plasma is directed toward 
the substrate positioned above the plasma source. This 
setup minimizes the risk of overheating and potential 
damage to the plasma equipment’s components, reduc-
ing the likelihood of plasma source failure. Additionally, 
when the plasma flow is directed upwards, the substrate 
receives more effective heating. 

These recommendations have practical significance 
for both consumers and developers of technological 
equipment used in coating processes and powder pro-
duction. By employing a computer model, it becomes 
feasib le to anticipate process outcomes and make adjust-
ments by manipulating influencing factors.

Furthermore, the results of the computer experi-
ment were validated through a full-scale experiment and 
the comparative analysis of their findings demonstrated 
a satisfactory level of agreement.
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Аннотация. Исследовано влияние свойств поверхности и приповерхностного слоя твердого сплава на физико-механические 

и трибологические характеристики arc-PVD-покрытий Mo–Ti–Ni–Si–Al–N, нанесенных на твердосплавные пластины ВК10 
и Т14К8. В обоих случаях покрытия характеризовались примерно одинаковым составом, многослойной архитектурой 
и нанозеренной структурой с размером кристаллитов 6–10 нм. При этом твердость, модуль упругости и относительная 
работа пластической деформации покрытий существенно отличались и составляли 27,6 ГПа, 647 ГПа, 38,2 % и 34,2 ГПа, 
481 ГПа, 46,2 % соответственно на подложках ВК10 и Т14К8. Одновременно минимальный износ и повышенная 

  v.s.sergevnin@gmail.com
Abstract. This article examines the impact of surface and near-surface layer properties of a hard alloy on the physico-mechanical 

and tribological properties of Mo–Ti–Ni–Si–Al–N CAPVD-coatings deposited on HG40 and HS123 cutting tools. In both cases, 
the coatings had similar composition, multilayer architecture, and nanograin structure, with crystallite sizes ranging from 6 to 10 nm. 
However, there were significant differences in the hardness, elasticity modulus, and relative work of plastic deformation between 
the coatings. Specifically, on HG40 substrates, the hardness, elasticity modulus, and relative work of plastic deformation were equal 
to 27.6 GPa, 647 GPa and 38.2 %, respectively, while on HS123 substrates, they were 34.2 GPa, 481 GPa and 46.2 %, respectively. 
Furthermore, coatings formed on HS123 hard alloy demonstrated superior wear resistance and stronger adhesion. This can be attributed 
to the presence of higher compressive macrostresses within the coating. The maximum value of this property, approximately 5.2 GPa, 
was achieved when deposed to HS123 hard alloy, whereas the coating applied to HG40 reached a maximum value of approximately 
3.2 GPa. Additionally, a more extensive diffusion zone between the substrate and coating components, along with associated structural 
phase heterogeneity, was observed at the coating-substrate interface when applied to HS123 substrate. 

Keywords: coatings, arc-PVD, macrostresses, hardness, substrate–coating boundary
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IntroductionIntroduction
The studies conducted in the field of functional nano-

structured surface coatings development have shown 
that multicomponent coating structures with different 
architectures based on nitrides exhibit superior opera-
tional performance compared to two and three compo-
nent systems. These coatings possess enhanced elastic 
properties, resulting in greater resistance to plastic 
deformation. The inclusion of additional components 
in mononitride coatings leads to a reduction in ave-
rage crystallite sizes and an increase in microdeforma-
tion, offering a potential approach to achieve coating 
materials that combine high hardness and resistance 
to destruction. Furthermore, these systems exhibit ele-
vated heat resistance and thermal stability [1–5]. 

The fabrication process of Mo–Ti–Ni–Si–Al–N 
ion plasma arc vacuum coatings on heat resistant alloy 
substrates, as well as their properties, are discussed in 
reference [6]. The coating exhibits a multilayer struc-
ture consisting of nanograins with a crystallite size 
ranging from approximately 6 to 10 nm. The hardness 
of the coating is approximately 48 GPa, and it demonst-
rates high ratios of hardness to the Young modulus: 
H/E = 0.12 and H 

3/E 2 = 0.61 GPa. These values indi-
cate that the material has increased resistance to both 
elastic and plastic deformations [7; 8]. The coating 
shows a cohesive pattern of destruction when sub-
jected to scribing, with partial substrate opening 
observed at an indenter load of approximately 70 N. 
Additionally, it is important to mention the tribological 
properties of the coating. 

The combination of the aforementioned properties 
suggests that these coatings hold great potential for use 
as surface hardening for cutting tool [9–11]. However, 
the influence of the tool substrate’s nature on the func-
tional properties of these coatings remains unsolved. 
Several studies in this field have shown that the perfor-
mance of substrate-coating composites is significantly 
affected by factors such as substrate composition, hard-

ness, surface roughness, and the coefficients of thermal 
expansion of both the coating and the substrate.

This research aims to investigate the influence of two 
different types of hard alloys substrates on the proper-
ties of the hardening coating and the resulting substrate-
coating composite. By examining the obtained results, 
we can determine the role of the substrate in shaping 
the functional properties of the coating and identify its 
most promising application.

ExperimentalExperimental
Coatings were applied to the surface of hard alloy 

substrates, specifically HG40 and HS123 hard alloy 
grades, which are commonly used for semifinal and 
rough milling [15; 16]. The coatings were fabricated 
using the arc-PVD method, which involves ion plasma 
vacuum arc spraying. The equipment used for this 
process included three evaporated cathodes (made 
of molybdenum, Al–Si alloy with 20 at. % and Ti–Ni 
alloy with 50 at. %). Toroidal electromagnetic separa-
tors were employed to prevent the deposition of sprayed 
material into the coating structure. To ensure uniform 
deposition, a kinematic rotating mechanism of the plan-
etary type was used, rotating the substrates at a rate 
of 1 rpm with respect to the evaporated cathodes. 

The coatings were deposited in a nitrogen atmo-
sphere at РN2

 ~ 3∙10–1 Pa. The electric arc current 
supplied to the evaporate cathodes was 120 A, while 
a negative bias voltage (Uс ) –120 V was applied 
to the substrates. Prior to the coating deposition, 
the processed items’ surfaces were subjected to pre-
liminary gas abrasive processing using a mixture 
of air and corundum abrasive particles with a particle 
size distribution of 20–30 μm. This process resulted 
in a surface roughness of Ra ~ 0.1 μm. The thickness 
of the obtained coatings was 4 ± 0.1 μm.

The morphology of the coating was analyzed using 
JSM-7600F and JSM-6700F scanning electron micro-
scopes (JEOL, Japan). The transversal cross-sec-

адгезионная прочность также были свойственны покрытиям, сформированным на твердом сплаве Т14К8. Обнаруженный 
эффект объясняется с позиции повышенных значений сжимающих макронапряжений, возникающих в покрытии. Значения 
данной характеристики для исследованного покрытия имели максимальное значение ~5,2 ГПа при нанесении на твердый 
сплав Т14К8 против ~3,2 ГПа для покрытия, нанесенного на ВК10. При этом наиболее протяженная диффузионная зона 
между компонентами подложки и покрытия и связанная с ней структурно-фазовая неоднородность формируются на границе 
покрытие–подложка при нанесении на подложку Т14К8.  

Ключевые слова: покрытия, arc-PVD, макронапряжения, твердость, граница подложка–покрытие
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tion structure of the Mo–Ti–Ni–Si–Al–N coatings 
was examined using a JEM-1400 transmission elec-
tron microscope, utilizing bright and dark field imaging, 
microdiffraction, and phase composition estimation. 

X-ray photoelectron spectroscopy (XPS) was used 
to determine the bond energies of the elements pre sent 
in the coating material, along with the simultaneous 
determination of their concentrations and the plotting 
of concentration profiles. This analysis was carried out 
using a Versa ProbeII device (ULVAC-PHI, Japan). 
Layer-by-layer analysis was conducted by spray-
ing the coating surface with an argon ion beam with 
an energy of 2 keV and a 2×2 mm2 grid, corresponding 
to an etching rate of 13 nm/min for SiO2 . The diameter 
of the analyzed region was 100 μm, and photoemis-
sion was excited using monochromatic AlKα radia-
tion with a power of 25 W. High-resolution photoelec-
tron spectra were obtained with an analyzer transmis-
sion energy of 11.75 eV and a data acquisition density 
of 0.1 eV/step. 

The diffusion zone at the interface between the coa-
ting and substrate was analyzed using elect ron Auger 
spectroscopy with a PHI-680 instrument (Physical 
Electronics, USA). Layer-by-layer ion et ching of the 
material was performed using argon ions with ener-
gies of 1 and 2 keV at rates of approximately 5 and 
20 nm/min, respectively, within a 1×1 mm grid and 
an incident angle of 60°. 

The hardness (H) and elasticity modulus (E) 
of the Mo–Ti–Ni–Si–Al–N coatings applied to HG40 
(WC–10Co) and HS123 (WC–14TiC–8Co) substrates 
were determined using continuous indentation in 
the load range of 5 to 100 mN, following the Oliver–
Pharr method [17]. The relative work of plastic defor-
mation was estimated based on the obtained loading-
unloading curves, which was then used to estimate 
fracture toughness. The measurements were conducted 
with the indenter penetration depth not exceeding 10 % 
of the coating thickness to ensure that the material did 
not influence the determined parameters, in accordance 
with requirements of ISO/CD 14577.

The coefficient of friction and wear resistance 
parameters of the coatings were investigated using 
an automatic Tribometer friction machine (CSM 
Instruments, Switzerland). Tribological tests were 
conducted in a pin-on-disk configuration at ambient 
temperature in an air environment, using an Al2O3 
counterbody. The normal contact load on the counter-
body was 5 N, the friction velocity was set at approxi-
mately 10 cm/s, and the friction path length was 100 m. 
The wear intensity of the samples was determined 
through optical profilometry using a WYKO NT 1100 
device («Veeco», USA).

The adhesion/cohesion strength in the coa ting–sub-
strate system was estimated by performing scratching 
tests using a Revetest scratch tester (CSM Instruments, 
Switzerland). A series of scratches was applied 
to the coating surface using a diamond indenter 
with gradually increasing load up to 90 N. During 
this procedure, contact parameters such as acoustic 
emission (AE) from the contact area, force of fric-
tion between the indenter and sample surface (Ff ) and 
the coefficient of friction (μ) were recorded. The criti-
cal loads, Lc1 and Lc3 , were determined, correspon-
ding to the occurrence of the first scratch and the point 
at which the indenter made contact with the material, 
respectively. Additionally, the pattern of material 
destruction along the scratch was observed using opti-
cal microscopy.

The macrostresses in the coating, resulting from 
the difference in thermal expansion between the coa-
ting and substrate, as well as the different specific 
volume of phases, can be calculated using the Stoney 
equation. This equation is based on the curvature radius 
of the coating-substrate composite, which becomes 
curved due to these macrostresses. When the thickness 
of the coating is significantly smaller than the thick-
ness of the substrate, the Stoney equation can be used 
to calculate the macrostresses caused by this difference 
in thermal expansion [18–21]:

            (1)

where Es represents the Young modulus of the sub-
strate, GPa; vs is the Poisson ratio of the substrate; 
R and R0 are the curvature radii of the substrate before 
the application of the coating and after the deposi-
tion of the substrate-coating composite, respectively, m. 
The thicknesses of the substrate and coating are denoted 
by ts and tf  , respectively, and they were determined 
by analyzing micro images of transversal fractures 
using a JSM-6700F scanning electron microscope.

To calculate the curvature radii of the blades before 
and after the deposition of the coating (R and R0 ), profilo-
grams of the sample surface were obtained using an opti-
cal profilometer. The following equation was used:

               (2)

where L represents the end-to-end length of the sample 
upon bending, m; b is the bending parameter.

Results and discussionResults and discussion
The surface morphology of the coatings obtained 

was characterized by a cellular structure, as depicted in 
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Figure 1. This structure was formed due to the replica-
tion of the relief of the substrate surface by the coa-
ting after undergoing preliminary gas abrasive treat-
ment. The parameters of surface roughness (Rа ) 
for all the coatings obtained were measured to be 
0.10 ± 0.005 μm, indicating sufficiently uniform 
morphology.

The application of Arc-PVD Mo–Ti–Ni–Si–Al–N 
coatings on the utilized substrates resulted in coatings 
with a multilayer architecture, exhibiting a nanograin 
structure and crystallite sizes ranging from 6 to 10 nm 
(Figure 2).

The electron diffraction patterns of the coatings 
(Figure 3) reveal distinctive lines of electron diffrac-
tion. These lines can be attributed to both the TiN and 
Mo2N phase due to the observed decrease in intraplane 
distances. This indicates the presence and consistent 
nature of the texture in the coatings formed on the two 
substrates, where the predominant crystallographic 
orien tation of structural constituents aligns in the (100) 
direction, which corresponds to the direction of coa-
ting growth.

The elemental composition of the coatings was 
investigated using X-ray photoelectron spectroscopy 
(XPS), which provided data on the binding energy 
of the elements, enabling the determination of their 
phase composition. Table 1 presents the concentra-
tions of elements in the coating at different depths after 
et ching for 10 and 20 min. The experimental findings 
revealed the presence of regions within the coating struc-
ture enriched with various components. The periodical 
distribution of elements in the coatings was attributed 
to the rotation of substrates at a predetermined velo-
city relative to evaporated cathodes of specific com-
position. The laminar architecture of the coatings, as 
observed in Figure 2 using transmission electron spect-

roscopy (TEM), was further confirmed by concentra-
tion profiles obtained during the layer-by-layer etching 
of the surface with argon ions (Figure 4).

Fig. 1. SEM image of morphology  
of Mo–Ti–Ni–Si–Al–N coating 

Рис. 1. СЭМ-микрофотография морфологии  
покрытия Mo–Ti–Ni–Si–Al–N

Fig. 2. TEM images of structure of Mo–Ti–Ni–Si–Al–N coatings 
on carbide alloy substrates HG40 (a, c) and HS123 (b) 

Рис. 2. ПЭМ-изображения структуры покрытий  
Mo–Ti–Ni–Si–Al–N на твердосплавных основах  

ВК10 (а, c) и Т14К8 (b)
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It is important to consider that XPS signal accu-
mulation occurs from a region with a depth of seve-
ral nanometers. As a result, the concentration pro-
files of coating elements obtained during the etching 
of the coating surface with argon ions may exhibit 
smoothed boundaries between individual layers [22]. 
This introduces some inconsistency in our understand-
ing of the structure of the coatings, as observed through 
TEM data, which show well-defined layer boundaries, 
and XPS data, which exhibit smoothly varying concent-
ration profiles of elements within the layers. 

The coatings applied on two different substrates 
consisted of Mo2N, AlN, Si3N4 , TiN and Ni. This is 
supported by the analysis of energy spectra of photo-
electrons from Мо 3d, Al 2p, Si 2p, Ti 2p and Ni 2р, 
which exhibit bond energies of 228.2 (3d5/2), 74.0, 
102.2, 455.0 (Ti 2p3/2) and 853.1 (2p3/2) eV respec-
tively [23–26].

Table 2 provides an overview of the hardness (H), 
elasticity modulus (E) and relative work of plastic defor-
mation (Wp ) for the coatings on different substrates.

The coatings that were obtained and had similar ele-
mental and phase compositions when applied to diffe-
rent hard alloy substrates exhibited notable differences 
in terms of hardness. These differences were observed 

while adhering to the “ten percent” rule during hard-
ness measurements [27]. However, despite the similar 
average coefficients of friction of approximately 0.6 
observed during tribological tests (Figure 5), the wear 
of the coatings manifested in various manners.

Fig. 3. Electron diffraction patterns of Mo–Ti–Ni–Si–Al–N coating on HG40 (a) and HS123 (b) 

Рис. 3. Электронограммы покрытия Mo–Ti–Ni–Si–Al–N на подложках ВК10 (а) и Т14К8 (b)

Table 1. Composition of Mo–Ti–Ni–Si–Al–N coatings on carbide alloy substrates HG40 and HS123  
after surface etching with argon ions during XPS (at the depth of ~130 and 260 nm)

Таблица 1. Состав покрытий Mo–Ti–Ni–Si–Al–N, сформированных на твердосплавных подложках  
ВК10 и Т14К8 после травления поверхности ионами аргона в процессе РФЭС (на глубине ~130 и 260 нм)

Etching 
duration, min

Concentration of elements, at. %
O N Ti Mo Ni Al Si

10 3.5 ± 0.1 45.0 ± 0.1 14.4 ± 0.1 30.0 ± 0.1 5.6 ± 0.1 1.5 ± 0.1 –
20 – 41.3 ± 0.1 8.3 ± 0.1 26.4 ± 0.1 4.7 ± 0.1 14.6 ± 0.1 4.7 ± 0.1

Fig. 4. Distribution of chemical elements  
in Mo–Ti–Ni–Si–Al–N coatings on carbide substrates during 

argon ion etching (nitrogen excluded) 

Рис. 4. Распределение химических элементов  
в покрытии Mo–Ti–Ni–Si–Al–N на твердосплавных 

подложках в процессе травления ионами аргона  
(без учета азота)
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Based on the wear track profiles shown in Figure 6, 
it can be observed that the Mo–Ti–Ni–Si–Al–N 
coating on HS123 substrates experienced minimal 
wear, with the track depth comparable to the rough-
ness of initial coating surface. On the other hand, 
the coatings on HG40 substrates exhibited wear 
of approximately 2.622·10–5 mm3/(N·m). These results 
can likely be attributed to the differing hardness of the  
Mo–Ti–Ni–Si–Al–N coating on the different subst  - 
rates.

It is important to note that the nature of the substrate 
also plays a significant role in the adhesion between 
the coating and the substrate.

Fig. 5. Friction coefficient as a function of friction path for Mo–Ti–Ni–Si–Al–N coating  
on HG40 (a) and HS123 (b) at a load of 5 N on Al2O3 counterbody 

Рис. 5. Зависимость коэффициента трения от пути трения для покрытия Mo–Ti–Ni–Si–Al–N  
на подложках ВК10 (а), Т14К8 (b) при нагрузке 5 Н на контртело из Al2O3

Fig. 6. Profilograms of wear tracks of Mo–Ti–Ni–Si–Al–N 
coating on HG40 (a) and HS123 (b) substrates 

Рис. 6. Профилограммы дорожек износа покрытия  
Mo–Ti–Ni–Si–Al–N на подложках ВК10 (а) и Т14К8 (b)

Table 2. Physicomechanical properties of the considered 
samples of Mo–Ti–Ni–Si–Al–N coatings  

HG40 and HS123 substrates
Таблица 2. Физико-механические характеристики  

исследуемых образцов покрытий Mo–Ti–Ni–Si–Al–N  
и подложек ВК10 и Т14К8

Substrate E, GPa H, GPa Wp , %

Samples with coating
HG40 647 ± 25 27.6 ± 1.1 38.2 ± 1.5
HS123 481 ± 19 34.2 ± 1.3 46.2 ± 1.8

Samples without coating
HG40 574 ± 22 12.9 ± 0.5 –
HS123 520 ± 20 17.4 ± 0.7 –

Figure 7 depicts the variations in three recording 
parameters (AE, Ff and µ) in relation to the of scratch 
length and increasing load on the indenter during 
the measurement of the scratching process on the coat-
ings applied to HG40 and HS123 substrates. The coat-
ings in both series undergo destruction in multiple 
stages as a result of the diamond indenter. As the load 
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increases, the indenter progressively penetrates 
into the coating, eliminating surface irregularities and 
intermittently contacting the surface. During this stage, 
the signal amplitude of acoustic emission exhibits 
an increase, while the intensity remains relatively con-
stant, albeit at a negligible level. 

A significant drop in amplitude (AE) occurs at loads 
of approximately 11.7 and 15.6 N (Lc1 ) on the indenter 
for both HG40 and HS123 coatings, as shown in 
Figure 7. This drop indicates the initiation of the first 
cracks in the coating. Visual examination of the scratch 
bottom (Figure 8) confirms the presence of cracks 
and detachment of coating fragments. Partial wear 
of the coatings on HG40 and HS123 substrates occurs 
at loads (Lc3 ) on the indenter of approximately 53.7 and 
62.5 N, respectively. Simultaneously, the slope angle 
of the force Ff curve (1) and the coefficient of fric-
tion μ (2) change as a function of the applied load (refer 
to Fig. 7). These changes are attributed to the penetra-
tion of the indenter into the substrate, which has a lower 
hardness compared to the coating material.

The hardness, wear, and adhesion of coatings with 
the same composition, thickness, and structural proper-

ties were found to be influenced by the nature of the sub-
strate onto which they were deposited. To investigate 
this phenomenon, macrostressed states in the formed 
coating-substrate composites were analyzed. 

In this analysis, sufficiently thin substrates were 
fabricated from the considered hard alloys, with 
average thicknesses of approximately 425.12 μm 
and 449.67 μm, respectively. Mo–Ti–Ni–Si–Al–N 
coa tings of the aforementioned compositions, with 
thicknesses ranging from 4.11 to 4.21 μm, were then 
applied onto these substrates. The curvature radii were 
measured before and after the deposition of the coa-
tings. By employing Equation (1) and utilizing pub-
lished data on the Poisson ratios of the hard alloy 
substrates, as well as experimentally obtained elas-
ticity moduli of the substrates (as shown in Table 3), 
the macrostresses (σ) in the coatings were calculated. 
The results of these calculations are summarized in 
Table 3. As evident from the presented results, the coat-
ings formed on HS123 substrates exhibited the high-
est values of σ, indicating the presence of high lev-
els of compressive macrostresses. These compressive 
macrostresses can account for the elevated hardness 
of the coatings on these substrates, which, in turn, influ-

Fig. 7. Friction force (Ff ) (1), coefficient of friction (µ) (2), acoustic emission (AE) (3) during scratch test  
of Mo–Ti–Ni–Si–Al–N coatings on HG40 (a) and HS123 (b) substrates 

Рис. 7. Зависимости силы трения (Ff  ) (1), коэффициента трения (µ) (2), акустической эмиссии (АЕ) (3)  
при скретч-тесте покрытий Mo–Ti–Ni–Si–Al–N на подложках ВК10 (а) и Т14К8 (b)

Powder Metallurgy аnd Functional Coatings. 2023;17(3):55–66 
Sergevnin V.S., Blinkov I.V., etc. Effect of HG40 and HS123 hard alloy tool substrates ...



62

Table 3. Macrostresses calculated by the Stoney method achieved  
in Mo–Ti–Ni–Si–Al–N-coating–substrate composite

Таблица 3. Результаты расчета методом Стони макронапряжений, реализующихся  
в композите «Mo–Ti–Ni–Si–Al–N-покрытие–подложка»

Substrate σcalc , GPa R, m R0 , m ts , 10–6 m tf  , 10–6 m νs Es , GPa
HG40 –2.9 3.55 1.69 449.67 4.21 0.22 574
HS123 –5.2 4.75 1.08 420.52 4.15 0.21 520
Notations: σcalc – calculated macrostresses; R – substrate curvature radius before application 

of coating; R0 – curvature radius of coating–substrate composite; ts – substrate thickness; tf – coating 
thickness; νs – Poisson ratio of substrate; Es – substrate elasticity modulus.

ences their wear resistance [28; 29]. The significant 
role of compressive macrostresses in relation to coat-
ing hardness is further supported by the experimental 
findings of other researchers [30–35].

The higher adhesion strength observed for  
Mo–Ti–Ni–Si–Al–N coatings on HS123 substrates, 
compared to HG40 substrates, can be attributed 
to the relatively higher macrostresses achieved 
in the former case. These macrostresses can have 
a significant impact on the nucleation and propaga-
tion of cracks during scribing in the relatively brittle 
coating material (Lc1 ) as well as on the subsequent 
fragmentation of its continuous layer and the opening 
of the substrate (Lc2 ) [36; 37].

The observed differences in macrostresses between 
the considered coatings on HG40 and HS123 hard 
alloy substrates, despite their relatively equal coef-
ficients of linear thermal expansion (5.8·10–6 and 
6.0·10–6 K–1 respectively), оwhich determine the ther-
mal component of macrostresses, may be associated 

with the structural phase (concentration) heteroge neity 
of the coating material, including the transitional zone 
between the coating and substrate. Auger spectro-
metry was employed to analyze the regions adjacent 
to the coating-substrate interface for the two substrates.

Figure 9 illustrates the concertation profiles 
of the distribution of elements, which are components 
of both the substrate and the coating, in boundary 
regions. From the presented results, it can be inferred 
that the size of the diffusion region is maximized 
at the Mo–Ti–Ni–Si–Al–N coating–HS123 alloy com-
posite, with a size of approximately 1.55 μm, compared 
to its size of approximately 0.82 μm for the HG40 
substrate. 

The larger size of the diffusion zone in the Mo–
Ti–Ni–Si–Al–N coating on HS123 substrate is 
the reason behind the higher macrostresses detected, 
primarily due to its concentration constituents. This 
is further supported by the longer length of the tran-
sient zone at the interface between the growing coat-

Fig. 8. Images of a scratch fragment formed during the scratch test of Mo–Ti–Ni–Si–Al–N nanostructured coatings  
on HG40 (a) and HS123 (b) substrates upon increasing load on indenter 

Рис. 8. Изображения участка царапины, формирующейся в процессе скретч-теста наноструктурных покрытий  
Mo–Ti–Ni–Si–Al–N на подложках ВК10 (а) и Т14К8 (b) при увеличивающейся нагрузке на индентор

Известия вузов. Порошковая металлургия и функциональные покрытия. 2023;17(3):55–66 
Сергевнин В.С., Блинков И.В. и др. Влияние твердосплавной инструментальной основы ВК10 и Т14К8 ...



63

ing and the HS123 substrate. This longer length can be 
attributed to a local increase in the temperature of this 
region during the formation of the coating, which is 
caused by the lower heat conductivity of the HS123 
substrate compared to the HG40 substrate [38; 39]. 
The lower heat conductivity of the HS123 substrate, in 
comparison that of the HG40 material, approximately 
67 W/(m·K), results in insufficient heat removal from 
the zone of heat release during coating formation. 
This heat release is caused by the absorption of latent 
heat released during ion braking, condensation of vapor 
atoms, and heat transfer by radiation from the vapor-
izer. As a result, the heat is not effectively dissipated, 
leading to a localized increase in temperature in 
the transient zone. 

ConclusionsConclusions
The Mo–Ti–Ni–Si–Al–N hardening coating, char-

acterized by a multilayer architecture with a nanograin 
structure and crystallite sizes of 6–10 nm, was depo-
sited onto HG40 and HS123 hard alloy substrates 
using ion plasma vacuum arc deposition. The resul ting 
nano-indentation measurements indicated a hardness 
of 27.6 GPa and an elasticity modulus of 647 GPa 
for HG40, accompanied by a relative work of plastic 
deformation of 38.2 %. Likewise, for HS123, the coa-
ting demonstrated a hardness of 34.2 GPa, an elasti-
city modulus of 481 GPa, and a relative work of plastic 
deformation of 46.2 %. 

The coatings obtained, with roughly equivalent ele-
mental and phase compositions, when applied to diverse 
hard alloy substrates and meeting the “ten percent” rule 
in nano-indentation, exhibited distinct physicochemical 
properties. Specifically, the Mo–Ti–Ni–Si–Al–N coating 
on the HS123 hard alloy substrate displayed the high-
est hardness and the lowest wear, along with superior 
adhesion strength. This phenomenon can be attributed 
to the achievement of maximum compressive mac-
rostresses within the coating (approximately 5.2 GPa) 
in this particular case, surpassing the coatings with 
similar compositions on HG40 substrates (approximately 
2.9 GPa). The observed variation in physicochemical 
properties, despite the relatively small difference in coef-
ficients of linear thermal expansion between the hard 
alloy substrates, can be attributed to the presence of a 
diffusion zone of greater length at the interface between 
the substrate and coating. This diffusion zone, along with 
accompanying structural phase heterogeneities, influ-
ences the magnitude of concentration macrostresses 
that contribute to the hardening of the coating. 
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Abstract. Ta–Zr–Si–B–C coatings were deposited by magnetron sputtering (MS) of a TaSi2–Ta3B4–(Ta, Zr)B2 multi-component target in an 

Ar + C2H4 gas mixture. TaC–Cr–Mo–Ni based coatings were obtained by electro-spark deposition (ESD) using TaC–Cr–Mo–Ni electrode. 
The composition and structure of the coatings were studied using scanning electron microscopy, energy-dispersive spectroscopy, glow 
discharge optical emission spectroscopy and X-ray diffraction. Mechanical and tribological properties of coatings were determined 
using nanoindentation and pin-on-disk tests. The study showed that the coatings have a homogeneous and defect-free structure, with the 
main structural component being the fcc-TaC phase. The MS coating exhibited a 30 % higher concentration of the TaC phase compared 
to the ESD coating. The TaC crystallite sizes for the MS and ESD coatings were 3 and 30 nm, respectively. The presence of a high 
fraction of the carbide phase and small crystallite size for the MS coating resulted in superior hardness (H = 28 GPa) compared to the 
ESD sample (H = 10 GPa). Both coatings exhibited similar values of the friction coefficient (about 0.15) and demonstrated reduced 
wear rates (<10–7 mm3/(N·m)). The deposition of coatings on a steel substrate led to a decrease in the friction coefficient by five times 
and the wear rate by four orders of magnitude. Pilot tests were conducted on coatings applied to wedge gate valve of shut-off devices 
used in the oil and gas industry for pumping liquids. The results indicated that the service life of the steel wedge gate valve increased 
by 25 and 70 % with deposited MS and ESD coatings, respectively. 

Keywords: magnetron sputtering, electro-spark deposition, coatings, TaC, friction coefficient, wear resistance
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IntroductionIntroduction

One of the problems that modern production faces is 
the wear of parts and metal structures during operation. 
To enhance wear resistance and extend the service life 
of these components, a viable approach involves modify-
ing only the surface of the products through the applica-
tion of protective coatings. Two prominent coating depo-
sition technologies, electro-spark deposition (ESD) [1] 
and magnetron sputtering (MS) [2] are promising coating 
deposition technologies in demand in the industry.

ESD is based on the phenomenon of electric ero-
sion occurring during spark discharge, which leads 
to the transfer of erosion products from the electrode sur-
face to the substrate. This method offers seve ral advan-
tages, including high adhesion, the abi lity to perform 

localized surface treatment, minimal thermal impact 
on the substrate, and relaxed requirements for surface 
preparation before application [3–5]. On the other hand, 
the technology of MS involves coating formation through 
atomic fluxes during vacu um atomization of the catho de 
material, facilitated by the flow of anomalous glow dis-
charge. This method is characterized by its versati lity 
in working with va rious substrates, and the resulting 
coa tings demonstrate a low concentration of defects, a 
dense homogeneous structure, and a uniform distribu-
tion of elements throughout the coating’s thickness [6–8].

Until recently, the utilization of ESD and MS tech-
niques had primarily been confined to applications 
within the domain of metalworking tools, encompass-
ing cutting, stamping, or rolling tools. The effective-
ness of the ESD approach in enhancing the durabi-
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Аннотация. Покрытия Ta–Zr–Si–B–C осаждались методом магнетронного распыления (МР) многокомпонентной мишени 

TaSi2–Ta3B4–(Ta, Zr)B2 в среде Ar + C2H4 . Покрытия на основе TaC–Fe–Cr–Mo–Ni были получены путем электроискрового 
легирования (ЭИЛ) с использованием электрода TaC–Cr–Mo–Ni. Состав и структура покрытий исследовались с помощью 
сканирующей электронной микроскопии, энергодисперсионной спектроскопии, оптической эмиссионной спектроскопии 
тлеющего разряда и рентгенофазового анализа. Механические характеристики определялись методом наноиндентирования. 
Трибологические свойства исследовались на машине трения в режиме возвратно-поступательного движения. Выявлено, что 
покрытия обладают однородной бездефектной структурой и основной структурной составляющей является ГЦК-фаза TaC. 
Ее концентрация в МР-покрытии на 30 % выше, чем в ЭИЛ- покрытии. Размеры кристаллитов TaC для МР- и ЭИЛ-покрытий 
составляли 3 и 30 нм соответственно. Высокая доля карбидной фазы и малый размер кристаллитов обеспечили более 
высокую твердость МР-покрытия (Н = 28 ГПа) по сравнению с ЭИЛ-образцом (Н = 10 ГПа). Покрытия характеризовались 
близкими значениями коэффициента трения (около 0,15) и приведенного износа (<10–7 мм3/(Н·м)). Осаждение на стальную 
подложку привело к снижению коэффициента трения в 5 раз и приведенного износа на 4 порядка. Проведены опытно-
промышленные испытания покрытий, осажденных на клиновые задвижки запорной арматуры для перекачки жидкости, 
используемые в нефтегазовой промышленности. Результаты испытаний показали, что ресурс работы стальной клиновой 
задвижки возрос на 25 и 70 % при осаждении МР- и ЭИЛ-покрытий соответственно.  
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lity of tools such as rolling mills [9], drills [10] and 
stamps [11] is noteworthy. Similarly, the favorable 
outcomes of employing MS coatings have been 
documented in the reinforcement of components 
like punches [12], cold rolling rollers [13], cutting 
lathe plates, end mills [14–16], and stamps [17].

In recent years, the range of applications for strength-
ening protective coatings through ESD and MS pro-
cesses has significantly broadened. Notably, efforts have 
been directed towards the application of MS coa tings 
to heat-generating element pipes [18; 19] and boiler 
components for biomass combustion [20]. ESD coa-
tings have exhibited impressive performance when uti-
lized on blades within the high-temperature zone of gas 
turbine engines [21], gas turbines within thermal and 
nuclear power plants [22], as well as on bea rings [23], 
components of internal combustion engines [24], ele-
ments of power hydraulic cylinders [25], pumps within 
tractor hydraulic systems and agricultural machin-
ery [26], and marine infrastructure installations [27], 
among others. Additionally, the application of ESD 
coatings to rods of hydraulic cylinders for drilling 
pumps [28] has shown promising outcomes.

The potential effectiveness of the MS and ESD 
me thods finds applicability in a range of objects, 
including components within isolation valves 
employed within the oil and gas sector. These com-
ponents are susceptible to significant wear resulting 
from abrasion and the impact of abrasive particles. 
The wear endured by these valve components stands 
as a prevalent cause of equipment malfunctions and 
incidents [29]. The matter of intensified wear and ensu-
ing failures of these elements is explored in scholarly 
works [30; 31]. A remedy to address this challenge lies 
in the coating of isolation valve components. Metallic 
coatings (Zn, Cu, Al–Cr) applied through galvanic and 
ion-plasma techniques, as well as via plasma sputtering 
and laser cladding, have been examined in this context. 
These investigations have indicated the potential of uti-
lizing coatings characterized by heightened density and 
enhanced resistance to corrosion [32]. Numerous strat-
egies aimed at extending the operational life of isola-
tion valve elements through ion-plasma technologies, 
particularly MS, have been detailed in [33].

Tantalum carbide is emerging as a promising material 
for electrode applications in both magnetron sputtering 
and electro-spark deposition methods. It finds applica-
tion as a protective coating due to its notable proper-
ties: high hardness (from 25 to 45 GPa), elastic modulus 
(300–450 GPa), resistance to abrasion, corrosion and 
oxidation, as well as excellent thermal stabi li ty (up 
to 2000 °C) [34; 35]. To mitigate the propensity of TaC 
to exhibit brittle behavior under loading and the potential 
for fracture due to cracking, binary coatings are imbued 
with specific elements. These elements include:

– elements that demonstrate solubility within 
the ba  sic phase (Cr, Mo, V, Ni, Zr, etc.). The integra-
tion of these elements significantly enhances the pro-
perties of base coatings by inducing lattice deforma-
tion through the creation of new solid solutions [36];

– amorphous elements like Si and B, which play 
a pivotal role in reshaping the structure of the coating. 
This leads to the formation of a nanocomposite char-
acterized by superior mechanical properties, wear and 
corrosion resistance [37–39]. 

The objective of this study was to generate wear-
resistant coatings using tantalum carbide as a founda-
tion, employing both magnetron sputtering and elect-
ro-spark deposition techniques. These coatings were 
intended to provide protection for components utilized 
in isolation valves. 

ExperimentalExperimental
Ta–Zr–Si–B–C coatings were deposited by magne-

tron sputtering using a TaSi2–Ta3B4–(Ta, Zr)B2 ceramic 
target (composition, wt. %: 70.8 Ta, 18.6 Si, 7.4 Zr and 
2.9 B). The target with a diameter of 120 mm and a thick-
ness of 6 mm, was produced by hot pressing of milled 
products obtained from self-propagating high-tempera-
ture synthesis [40]. The coatings were deposited using a 
UVN-2M vacuum installation (AO Quartz, Russia) [41]. 
The magnetron was powered by a Pinnacle+ 5×5 source 
(Advanced Energy, USA). Power, voltage and current 
parameters were 1 kW, 500 V and 2 A, respectively. 
The coatings were applied in an Ar + C2H4 gas mixture, 
where Ar (99.9995 %) and C2H4 (99.95 %) gases were 
used. The gas flow rate was controlled by gas supply 
system (Eltochpribor, Russia), maintained a flow rate 
of 15 sccm Ar and 10 sccm C2H4 . The operating condi-
tions were a resi dual pressure of ~10–3 Pa and a working 
gas pressure of 0.1–0.2 Pa. The deposition procedure 
was carried out for 40 min.

The vacuum electro-spark deposition method [36; 42] 
was employed to administer a TaC–Cr–Mo–Ni coat-
ing, using a TaC–Fe–Cr–Mo–Ni electrode. The prepa-
ration of electrodes involved the cold pressing of pow-
ders: Cr grade RN-1S (particle size fraction <60 μm), 
Ni (PNK-0T2, <20 μm), Mo (PM99.95, <5 μm) and 
TaC (MRTU 9-09-03443-77, <5 μm). The powders were 
blended in specified proportions (wt. %: 67.5%TaC–
12.5%Mo–7.5%Ni–12.5%Cr) using a planetary mill, 
Activator-4M (Russia). The application of coatings was 
carried out under the subsequent technological conditions:

– electrode rotation speed 1000 rpm;
– electrode scanning rat 500 mm/min;
– scanning step 0.5 mm;
– electrical pulse frequency 100 Hz;
– pulse voltage 100 V;
– pulse duration 50 μs;

Powder Metallurgy аnd Functional Coatings. 2023;17(3):67–78 
Sytchenko A.D., Fatykhova M.N., etc. TaC-based wear-resistant coatings obtained by magnetron ...



70

Table 1. Elemental composition and thickness of coating
Таблица 1. Элементный состав и толщина покрытий

Sample
Elemental composition, at. % Thickness, 

μmTa C Si B Zr Mo Ni Fe Cr
MS 22 31 21 18 8 – – – – 7
ESD 16 18 – – – 3 2 50 11 54

– working pressure within the vacuum chamber 0.5 Pa; 
– application medium – Ar.
Model substrates for coating deposition consisted 

of PH1 steel discs (wt. %: 77.2%Fe–14.6%Cr–3.8%Ni–
3.6%Cu–0.8%Si) measuring 45 mm in dia meter. 
Coatings were also applied onto the wedge and seats 
of wedge gate valves composed of PH1 steel. Prior 
to coating, the substrates underwent cleaning in isopro-
pyl alcohol using a UZDN-2T unit (Russia), operating 
at a frequency of 22 kHz for 5 min. Preceding the appli-
cation of coatings via the MS method, the substrates 
were further cleaned in a vacuum environment using 
an ion source (Ar+ ions, 2 keV) for a duration of 20 min. 

The coatings elemental composition and structure 
were studied using the following methods:

– scanning electron microscopy (SEM) employing 
an S-3400 microscope (Hitachi, Japan) equipped with 
a Noran-7 Thermo attachment for energy dispersive 
spectroscopy (EDS);

– glow discharge optical emission spectroscopy 
(GDOES) using a Profiler 2 installation (Horiba JY, 
France);

– X-ray diffraction (XRD) employing a D2 Phaser 
diffractometer (Bruker, Germany). 

The mechanical properties of the coatings were 
determined using nanoindentation carried out with a 
precision Nano-hardness tester (CSM Instruments, 
Switzerland) equipped with a Berkovich indenter at a 
load of 8 mN. 

For the purpose of tribological assessment, coatings 
and steel substrates underwent testing at Tribometer 
(CSM Instruments, Switzerland), equipped with a recip-
rocating module. When using a steel counterbody, 
intensive sticking of wear products to the surface of a 
harder coating occurs, which makes it difficult to assess 
wear resistance [43]. Test parameters included a load 
of 2 N, linear velocity of 0.3 cm/s and 300 cycles. Wear 
tracks of the coatings were examined through optical 
profilometry, utilizing a WYKO NT1100 instrument 
(Veeco, USA). The wear areas of the counterbody were 
analyzed using an Axiovert 25 optical microscope (Carl 
Zeiss, Germany). The calculation of reduced wear val-
ues for both the coatings and counterbody followed 
the methodology detailed in [44]. 

Pilot tests were conducted to assess the tightness 
of the steel gate valve with a rising spindle, featuring 
a coating applied on the wedge and seats of the lock-

ing mechanism. The tests were carried out on a cer-
tified stand in compliance with the State Standard 
GOST 33257 and Specifications TU 3741-001-
22986183-2009. The testing took place on a certified 
test bench utilizing precision control instruments. 
The testing was performed using water as the testing 
medium at a temperature of 20 ± 5 °C, with a pressure 
of 18.0 MPa. The tests were carried out continuously 
until the maximum number of “open-close” cycles 
was reached, as determined by the criterion indicating 
the onset of valve leakage (loss of tightness).

Results and discussionResults and discussion
Table 1 provides the elemental composition and coa-

ting thickness details. The MS coating contains a higher 
content of TaC (45 at. %), which is 30 % more than the car-
bide phase content in the ESD coating (32 at. %). 

Figures 1, a, b show cross sections SEM images 
and XRD patterns of the MS and ESD coatings. These 
images show a homogeneous and defect-free micro-
structure. The coating thickness was measured as 7 µm 
for MS and 54 µm for ESD coatings. In the ESD coa-
ting, tantalum carbide particles uniformly distributed 
throughout the entire volume, were observed. These 
particles had sizes up to 0.2 µm and were embedded in 
an iron-based metal matrix containing alloyed by Cr, 
Ni, and Mo. Additionally, localized areas featured 
larger TaC grains, measuring up to 5 μm. The ini-
tial roughness of the ESD coating was determined as 
Ra = 2.2 µm, while that of the MS coating was 15 nm.

The XRD patterns of the MS and ESD coatings 
show peaks at 2θ = 34.9, 40.5 and 58.6°, corresponding 
to the (111), (200), and (220) planes of the TaC FCC 
phase (JCPDS 89–3831) (as shown in Fig. 1, c).

The broadened peaks observed in the MS coating 
suggest the existence of an amorphous matrix around 
TaSi2 , with the inclusion of zirconium and boron in a 
dissolved state [38]. In the XRD pattern of the ESD 
coating, supplementary peaks at positions 44.5 and 
64.8° correspond to a solid solution founded on alpha 
iron α-Fe(Cr, Ni, Mo). The crystallite size of the TaC 
phase, deduced from the most prominent line (111), 
was ~3 nm for the MS coating and ~30 nm for the ESD 
coating. For the MS coating the lattice parameter (a) 
was measured at 0.447 nm, whereas it was 0.441 nm for 
the ESD coating. This slightly deviates from the value 
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of a = 0.445 nm, established for the TaC powder stan-
dard (JCPDS 89-3831 card). Such variation could be 
attributed to the presence of compressive stresses (for 
the MS coating) [45] and tensile stresses (for ESD) [46], 
or a divergence in the composition of the TaC phase 
from its stoichiometric state [47].

The mechanical properties of the coatings and sub-
strate, including hardness (H), Young’s modulus (E) 
and elastic recovery (W) are shown in Table 2. 

The enhanced mechanical properties exhibited 
by the MS coating could be attributed to its significant 
content of the hard carbide phase TaC [49; 50] as well 
as its finely crystalline structure [38; 51; 52]. 

Both the ESD and MS coatings demonstrated 
consistently low coefficients of friction, measuring 
µ = 0.15 (as illustrated in Figure 2, a, and detailed in 
Table 2). Conversely, for the steel substrate, the fric-
tion coefficient (µ) displayed a gradual increase from 

Table 2. Mechanical and tribological characteristics of coatings and substrate 
Таблица 2. Механические и трибологические характеристики покрытий и подложки

Sample H, GPa E, GPa W, % µ
Vw , mm3/(N·m)

Coating Counterbody
MS 28±1 288±5 76±2 0.15 <10–7 Sticking
ESD 10±1 278±4 33±1 0.15 <10–7 4.7·10–7

Steel, Grade РН1 4* 200* – 0.73 1.2·10–3 Sticking
* Reference data [48].

Fig. 1. Cross-section SEM images of MS (a) and ESD (b) coatings and XRD patterns of coatings (c) 

Рис. 1. СЭМ-микрофотографии поперечных шлифов покрытий, полученных МР (а) и ЭИЛ (b), и их рентгенограммы (c)

Fig. 2. Friction coefficient depending on the number of cycles (a) and 2D profiles  
of wear tracks (b) for coatings and steel substrate 

Рис. 2. Зависимость коэффициента трения от количества циклов (а) и двухмерные профили  
дорожек износа (b) покрытий и стальной подложки
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0.17 to 0.65 during the initial 120 cycles. Following 
the initial wear-in phase, the friction coefficient stabi-
lized at 0.73. Consequently, the deposition of MS and 
ESD coatings reduced this parameter by 5 times com-
pared to a steel substrate. This reduced friction coef-
ficient exhibited might be attributed to the beneficial 
effect of free carbon, which in certain circumstances 
can be released during the oversaturation of the crys-
talline carbide phase. This unbound carbon could func-
tion as a solid lubricant during friction [53].

In Fig. 2, b 2D profiles of wear tracks are pre-
sented. The track depth for both MS and ESD coat-
ings remained within the range of surface roughness 
and did not exceed 150 nm. Conversely, for the steel 
substrate, the track depth measured 8 µm. The reduced 
wear (Vw ), calculated from these profiles, was below 
10–7 mm3/(N·m) for both MS and ESD coatings, while 
for the steel substrate, it was 1.2·10–3 mm3/(N·m) (as 
indicated in Table 2). Notably, the application of MS 
and ESD coatings substantially enhanced the wear 
resistance of the steel substrate. 

Micrographs of the tribological contact zones 
on the surface of the Al2O3 ball are depicted in Figure 3. 
In the instance of the MS coating and the steel sub-
strate, a slight sticking of wear products was identified, 
ma king it challenging to precisely determine the Vw val-
ues for the counterbody. On the other hand, for the ESD 
coating, the contact area is free from sticking. In this 
particular scenario, the reduced wear of the Al2O3 ball 
was 4.7·10–7 mm3/(N·m).

Tests conducted on a steel wedge gate valve 
revealed that the number of operational cycles before 
valve leakage for components with MS and ESD coa-
tings reached 3750 and 5100 cycles, respectively. In 
contrast, steel components managed to withstand only 
up to 3000 cycles before experiencing leakage. This 
indicates that the application of MS and ESD coatings 
extends the service life of a steel wedge valve by 25 
and 70 %, respectively. 

Fig. 4, a presents the appearance of parts coated with 
MS, along with SEM micrographs of tribological con-
tact regions following pilot tests. Scratches were evident 
on the part’s surface within the tribological contact area, 
signifying the abrasive nature of wear. Based on SEM 
and EDS data, three distinct zones can be identified along 
the inner edges of the tribological contact segments:

1 – corresponds to the original MS coating with 
a high carbon content on the surface;

2 – corresponds to the coating and oxidized wear 
products of the substrate;

3 – refers to the substrate material.
In figure 4, b the surface of a steel wedge gate with 

ESD coating is depicted, accompanied by SEM images 
of segments within the region of tribological contact 
following pilot tests. Prior to the tests, ESD coatings 

were subjected to lapping on a lapping plate utilizing 
6 µm dispersed diamond powder, achieving a rough-
ness of 500 nm. The SEM image of the ESD-coated 
part surface exhibits two distinctive areas with varying 
contrast: the first, appearing as light gray, corresponds 

Fig. 3. Micrographs of wear areas of the counterbody  
after tribological testing of the MS (a),  

ESD coatings (b) and the steel substrate (c) 

Рис. 3. Микрофотографии участков износа контртела  
после испытания покрытий МР (а),  
ЭИЛ (b) и стальной подложки (c)
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to the worn surface of the steel sample; the second, 
appearing as dark gray, corresponds to the coating with 
the following composition in at. %: 10 Ta, 11 C, 67 Fe, 
9 Cr, 2 Mo and 1 Ni. Within the region of tribological 
contact, wear products emerged, consisting of a blend 
of iron oxide and chromium. These wear products were 
incorporated into scratches through the frictional pro-
cess (as depicted in Fig. 4, b).

Consequently, no differences were observed in 
the wear mechanism between the MS and ESD coa-
tings. The thickness of the coating stands out as a pivo-
tal factor influencing wear resistance. The ESD coa-
ting, boasting a greater thickness, exhibited the most 
favorable wear resistance. An advantage of MS coa-
tings lies in the elimination of the need for additional 
smoothing machining. 

ConclusionsConclusions
1. Ta–Zr–Si–B–C and TaC–Fe–Cr–Mo–Ni coat-

ings based on tantalum carbide were successfully 
manufactured using magnetron sputtering and electro-
spark deposition. The MS coating 7 μm thick consisted 
of TaSi2-based amorphous matrix with dissolved zirco-
nium and boron and TaC crystallites up to 3 nm in size. 
Meanwhile, the ESD coating 54 µm thick had an alpha-
iron matrix and TaC crystallites of up to 30 nm. 

2. The TaC concentration in the MS coating 
exhibited a 30 % increase compared to the ESD coat-
ing, consequently endowing it with higher hardness 
(H = 28 GPa versus 10 GPa).

3. Both coatings exhibited a low friction coef-
ficient of 0.15. The minimized wear was below 

Fig. 4. Appearance of coated parts after pilot tests, SEM images and composition (at. %) of tribocontact areas  
for MS (a) and ESD (b) coatings 

Рис. 4. Внешний вид деталей с покрытием после опытно-промышленных испытаний  
и СЭМ-микрофотографии с указанием состава (ат. %) участков трибоконтакта для покрытий МР (а) и ЭИЛ (b)
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10–7 mm3/(N·m), while for the steel substrate, 
it measured 1.2·10–3 mm3/(N·m). The applica-
tion of the developed MS and ESD coatings led 
to a substantial fivefold reduction in the friction coeffi-
cient and an enhancement of the service life of the steel 
wedge gate valve by 25 and 70 %, respectively. 
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