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Аннотация. Эффективное использование материальных ресурсов заставляет активнее обращать внимание на отходы 
производства с целью не только простой их утилизации, но и их использования в качестве источника некоторых 
элементов и как компонентов порошковых материалов. Стальная стружка – сложный многокомпонентный 
материал на основе железа. Наличие примеси, например углерода, может оказывать влияние на диффузионное 
взаимодействие смеси стружки с порошком другого металла. В данной работе рассмотрен один из возможных 

  anna-knyazeva@mail.ru

Abstract. Manufacturing waste can be not only recycled but also utilized as a source of chemical elements and as a component 
of powder materials. Steel swarf are a complex multicomponent material with a high iron content, while  impurities such as 
carbon can affect the diffusion interaction in the chip and metal powder mixture. In this  study, we investigate the diffusion 
interaction between aluminum and steel swarf using temperature-controlled vacuum sintering. We analyzed the resulting 
mixture’s microstructure and phase composition, and observed that sintering creates a multiphase structure in which FeAl 
iron aluminide occupies at least 30 vol. %. Despite the high sintering temperature, we also observed residual aluminum 
and iron. Incomplete transformation may result form refractory products that inhibit diffusion or impurities that influence 
the magnitude and direction of the diffusion fluxes. To confirm the impurities’ role in the diffusion interaction kinetics, we 
developed simulation models of the intermetallic phase growth for a flat and spherical particle embedded in aluminum. 
The model consider cross-diffusion fluxes in the emerging phase regions and possible effects of impurities on the concentration 
limit for the new phase’s existence. We derived approximate analytical solutions to analyze the emerging phase growth trends 
under various model parameters. 

Keywords: metal swarf, reaction sintering, diffusion interaction, intermetallide phase, tests, simulation
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IntroductionIntroduction
Steels and other iron alloys remain the most widely 

used and cost-effective material in the manufacturing 
industry. Materials scientists design new and  more 
efficient materials to replace conventional alloys, while 
also seeking ways to recycle and reuse retired prod-
ucts, components, and waste [1–4]. The largest source 
of manufacturing waste is generated by machining, 
which produces metal swarf [5; 6]. It should be noted 
that steel swarf are complex, multicomponent materials 
containing iron and carbon [7]. 

The swarf may also contain other alloying ele-
ments in varying concentrations. For example, lowest 
steel grades (e.g., steel 45 [ANSI analog: 1045]) con-
tain 0.42 to 0.5 wt. % of carbon. Other most significant 
alloying elements are manganese (up to 0.8 %) and 
silicon (up to 0.37 %). The steel specification allows  
for the presence of chromium, copper, and nickel 
(up to 0.3 % each), as well as a low amount of phos-
phorus and sulfur (up to 0.035 %). Steel swarf are 
formed by the high-speed cutting of the metal work-
piece resulting in an activated, highly defective struc-
ture  of the chip surface [8]. 

Swarf are typically remelted, following  cleaning 
to remove oxidation products and coolant [9], and 
then compacted into briquettes. However, steel swarf 
can be used as a component of powder mixtures with 
other elements [10]. Given that fragmented steel swarf 
contain multiple elements, understanding their diffu-
sion interaction with other components of the mix-
ture under heating is of interest. a better understan-
ding of this process will contribute to the develop-

ment of new materials and metal waste recycling 
technologies. 

The objective of this study is to analyze the effects 
of impurities on the diffusion interaction between 
the components of the Al–Fe–C system.

Materials and methodsMaterials and methods
Aluminum was used as the primary component 

of our mixture, which interacted with fragmented 
steel swarf. The Al–Fe system has been extensively 
studied [11–16], and aluminum is utilized both as 
a matrix and as an alloying element. The Al–Fe phase 
diagram [17] reveals that aluminum has high solubil-
ity in α-Fe, forming large areas of solid solutions (up 
to 32 at. %). Its solubility in γ-Fe drops to 1.285 at. % 
at high temperatures. The solubility of  iron in alu-
minum is very low, with a maximum of 0.03 at. % 
at the 654 °C eutectic temperature. The system pro-
duces five stable intermetallic compounds (Fe3Al, 
FeAl, FeAl2 , Fe2Al5 и FeAl3 ) and their temperature 
range for existence is 552 to 1170 °C. 

We studied a mixture of fragmented steel swarf 
(75 wt. %) created by machining a steel 45 grade 
workpiece and the PA-4 aluminum powder (25 wt. %). 
The mixture was heated to 1000 °C in a vacuum furnace, 
and the phase composition of the powder was examined 
by analyzing the microstructure after sintering.

Figure 1 displays the surface of a steel chip fragment 
and its microstructure after sintering. Our analysis indi-
cated that the carbon component concentration did not 
exceed 1.5 %. Jäger S. et al. [18] conducted a detailed 
investigation of steel chip sintering.

вариантов диффузионного взаимодействия алюминия и стальной стружки в условиях вакуумного спекания 
с регулируемым нагревом. После спекания был проведен микроанализ структуры и определен фазовый состав 
продуктов взаимодействия. Выявлено, что в процессе спекания формируется многофазная структура, в которой не 
менее 30 % объема занимает алюминид железа FeAl. Несмотря на достаточно высокие температуры, фиксируются 
остатки алюминия и железа. Среди причин неполного превращения могут быть тугоплавкие продукты 
взаимодействия, тормозящие диффузию, а также примеси, влияющие на величину и направленность диффузионных 
потоков. Для подтверждения важной роли примесей в кинетике диффузионного взаимодействия рассмотрены 
модельные задачи роста интерметаллидной фазы между частицей плоской или сферической формы с окружающим 
ее алюминием. Учитывается появление перекрестных диффузионных потоков в области растущей фазы и, 
возможно, влияние примеси на концентрационный предел существования новой фазы. Найдены приближенные 
аналитические решения, которые позволяют проанализировать динамику роста области, занимаемой растущей 
фазой, в зависимости от параметров модели.  

Ключевые слова: металлическая стружка, реакционное спекание, диффузионное взаимодействие, интерметаллидная 
фаза, эксперимент, моделирование
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As aluminum was added to the steel swarf, inter-
metallic compound s were synthesized, resulting 
in a multiphase structure (Figure 2) in which at least 
30 vol. % is occupied by the FeAl iron aluminide. 
Despite the exothermic nature of the Al and Fe inter-
action, residual Al (at least 15 vol. %), and Fe  were 
discovered by XRD in the vacuum sintering products. 
This indicate that  the reactions between Al and Fe 
(the base element of the steel 45 grade swarf) were not 

completed even at the sintering temperature of 1000 °C 
when Al was in liquid state.

In the contact area between  interacting particles 
where diffusion interaction occurs, there are various 
factors that can affect the flux dynamics and comp-
leteness of phase transformations. These factors may 
include:

– refractory interaction products that inhibit dif - 
fu sion;

– impurities that affect the magnitude and 
di rection of the diffusion fluxes; 

– structural imperfections that affect diffusion and 
reactions at the micro level. 

Although the impurities may not directly contribute 
to the formation of new phases, they can significantly 
impact the kinetics of phase formation.

In order to confirm the impact of the impurities, 
we proposed a simulation model.

Fig. 1. Appearance (a) and surface morphology (b)  
of the steel 45 grade swarf. Chip microstructure  
after fragmenting and sintering at 1000 °C (c) 

Рис. 1. Общий вид (а) и морфология поверхности (b)  
стальной стружки из стали 45, а также ее микроструктура 

после измельчения и спекания при 1000 °С (c) 

Fig. 2. Microstructure of the synthesized powders  
(25 % Al + 75 % steel 45)

a – appearance, b – intraparticle distribution  
of iron aluminide needle-like grains 

Рис. 2. Микроструктура синтезированных  
порошковых продуктов 

состава 25 % Al + 75 % сталь 45
а – общий вид, b – внутричастичное распределение  

зерен-игл из алюминидов железа

Powder Metallurgy аnd Functional Coatings. 2023;17(2):5–13 
Korosteleva E.N., Knyazeva A.G., etc. The impact of impurities on the Al–Fe–C system phase ...



8

Simulation modelSimulation model
The problem statement assumes that iron, as 

the primry component of the steel ships, has low 
solubility in Al. However, the solubility of aluminum 
in iron,although also limited,  should be conside-
red, with a value of 1.285 % at t = 1150 °C, which 
is the high-temperature solubility in γ-Fe. It is also 
assumed that each phase contains an area of homoge-
neity. Additionally, the steel swarf obtained by machin-
ing steel workpieces contain carbon as an impurity, 
with a maximum content of 1.5 %, accounting for pos-
sible contamination. It should be noted that the model 
for Fe and Al diffusion interaction in the presence 
of a third component can vary depending on the known 
diffusion path variations and higher phase competi-
tion in systems with more than two components [19; 20]. 
Cross-diffusion fluxes can result in an irregular concen-
tration distribution in such systems [21–23].

1. The first version of the proposed model assumes 
a flat body for the chip, as shown in Fig. 1, a. Aluminum 
reacts with the iron at the surface, leading to the for-
mation of intermetallic phases. Carbon influences dif-
fusion by facilitating cross-diffusion fluxes. At any 
given moment, each phase may contain Fe, C, and 
Al. The model incorporates two moving boundaries, 
separating three regions that contain the three phases: 
(Fe + C)–(FexAly )–(Al) (Figure 3). The intermetallic 
phases are located between the moving boundaries.

The sum of the three mass concentrations in each 
phase is always equal to 1 at any given point. Typically, 
two diffusion equations for each region are abequate:

       (1)

       (2)

where the k superscript can be p, ph, m and represent 
the Fe + C, FexAly and Al(C, Fe) regions; С1,k is the  

iron concentration; С2,k is the carbon concentra-
tion in each region;  are the partial diffu- 
     sion coefficients.

The symmetry condition is fulfilled at the center 
of the particle:

            (3)

The conditions at the phase interfaces are as follows:

(4)

where С10 , С20 are the initial concentrations of iron and 
carbon, respectively, in the mixture particles; φ1 is 
the iron solubility limit in the transition region con-
taining Fe3Al;

      (5)

   (6)

          (7)

where φ2 is the iron solubility limit in the transi-
tion region containing FeAl3 . It depends on the car-
bon concentration as follows:

The impermeability condition applies to the outer 
boundary:

      (8)

The equations for the diffusion fluxes in the re -
gion where a new phase emerges are given below

        (9)

        (10)

At the initial moment

t = 0: C1, p = C1, p0 = 0.995, C2, p = C2,p0 = 0.005, 

C1,m = 0, C2,m = 0, C1, ph = 0, C2, ph = 0, 

x1 = x10 = R0 , x2 = x20 = R0 .

Fig. 3. Phase regions and moving boundaries 

Рис. 3. Иллюстрация к математической  
постановке задачи

Известия вузов. Порошковая металлургия и функциональные покрытия. 2023;17(2):5–13 
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Assuming the low solubility of aluminum in iron and 
iron in aluminum, we made an assumption that the con-
centrations of  iron and carbon are cons tant in the Fe + C 
region i.e., to the left of the mo ving boundary X1(t), 
and only carbon is allowed to diffuse into the Al 
region to the right of X2(t). Therefore, the concentra-
tions to the left of the X1(t) moving boundary can be 
expressed as

            C1, p = C1, p0 ,  C2, p = C2, p0 , (11)

and to the right of X2(t)

     (12)

Hereinafter, we omit the k superscript at the diffu-
sion coefficients of the emerging phase.

To obtain an analytical solution, we used the quasi-
static approximation and assume for equations (1), (2) 
and (12)

Then Eq. (1) and (2) take the form

These equations are equivalent to the following:

The solution is

C1, ph (x) = A1x + B1 и C2, ph (x) = A2 x + B2 ,     (13)

where A1 , A2 , B1 , B2 are the integration constants. 
By substituting Eq. (13) into the concentra-

tion boundary conditions, we obtained the following 
system of linear algebraic equations:

     (14)

  (15)

    D21 A1 + D22 A2 = 0. (16)

The solution is:

where 

              (17)

Then flux equation (9) is

          (18)

where Δ = D11D22 − D12D21 .
Then we found the equations for the moving boun-

da ries from diffusion flux conditions (4) and (5):

       (19)

By substituting the integration constant expressions 
into (13), we obtained C2, ph :

It follows that

     (20)

It follows from (19) and (20) that

where  therefore

       x2 = –χ x1 + F ′. (21)

At the initial moment, both boundaries are at R0 :

R0 = –χ R0 + F ′,
then 

F ′ = R0 (1 + χ), x2 = –χ x1 + R0 (1 + χ), 

Powder Metallurgy аnd Functional Coatings. 2023;17(2):5–13 
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Therefore the equation for the x1 boundary is

    (22)

where F ″ is the integration constant. It follows from 
the initial conditions that F ″ = 0.

The positions of the boundaries are governed 
by the parabolic law and are influenced by the cross-
diffusion fluxes. These velocities vary due to the modi-
fications in the homogeneity region of the intermetallic 
phase, as illustrated in Figure 4.  It shows the boundary 
positions vs. time curves (top curves: x2 boundary; bot-
tom curves: x1 boundary). 

We assumed the following: D11 = 3.63·10–10, 
D12 = 2.47·10–12, D22 = 3.32·10–11, D21 = 1.84·10–12 m2/s, 
R0 = 100 μm.

Note that if there are cross fluxes only, it follows 
from (22) that

and if there are no impurities, then 

The presence of cross-diffusion fluxes can lead 
to both acceleration and deceleration of the boundary 
movement (faster or slower phase formation) depen-
ding on the sign of the D12 D21 product. The expan-
sion of the phase homogeneity region is always unidi-
rectional. It means that the first option (D12 D21 > 0 ) is 
more likely observed in the tests.

If we consider the φ1 vs. carbon concentration rela-
tionship, the solution is similar.

2. The second version of the model simulates sphe-
rical particles. 

The diffusion equations for the transition layer 
in the spherical coordinate system take the form 

where r is the radial coordinate.
A quasi-stationary approximation is

The boundary conditions and solution are 
similar to the previous case. The distribution of 
concentration is

      (23)

where

   (24)

The expression for the flux is similar to (9). 
By accounting for solutions (23), (24), it takes the 
form

    (25)

Consequently, we derived the equation for moving 
boundaries and the boundary ratio from the conditions 
similar to (4) and (5):

Fig. 4. Boundary positions vs. time curves (for flat particles)
1 – β = 1; 2 – β = 10 (γ1 = 1) 

Рис. 4. Положение границ в условиях плоской частицы 
1 – β = 1; 2 – β = 10 (γ1 = 1)

Известия вузов. Порошковая металлургия и функциональные покрытия. 2023;17(2):5–13 
Коростелева Е.Н., Князева А.Г. и др. Роль примесей в изменении фазового состава в системе Al–Fe–C ...



11

and 

where 

We again came to the parabolic law. It differs from 
the previous one only by the impact of its variables:

Figure 5 shows the difference in interphase veloci-
ties for particles of different shapes.

ConclusionsConclusions
The study revealed that the vacuum sintering 

of fragmented steel swarf with powdered aluminum 
does not achieve complete phase transformations, 
despite the exothermic nature of the intermetallic 
synthesis reaction. The initial phases were observed 
in the final product. 

Our findings suggest that impurities in the swarf can 
affect the phase growth rate by inducing cross-diffu-
sion fluxes and altering the size of the emerging phase 
homogeneity region. This effect was observed in both 
flat and spherical particles.
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Abstract. This review presents a comprehensive analysis of the impact of tantalum alloying on the structure, heat resistance, 
and ablation resistance of ZrB2(HfB2)–SiC ultra-high-temperature composites. The influence of the primary phase content 
on the effects on the structural and morphological features of the oxide layers and their protective efficiency is analyzed. It is 
shown that alloying positively affects the composite's behavior by enhancing the viscosity and thermal stability of the glass 
phase, decreasing anionic conductivity, partially stabilizing the ZrO2(HfO2) lattice, and forming temperature-resistant complex 
oxides, such as Zr11Ta4O32 or Hf6Ta2O17 on the surface. It has been established that the alloying can have negative effects, 
including an increase in the liquid phase content, oxide film discontinuity, ZrO2(HfO2) grain damage due to TaB2 oxidation, 
or a significant amount of gas release due to TaC oxidation, as well as the formation of oxygen diffusion channels during 
the verticalization of Zr11Ta4O32 or Hf6Ta2O17 platelets. It is essential to note that the oxidation and ablation resistance, as well 
as the mechanisms driving composite behavior, differ depending on the alloying compounds and test conditions. Overall, this 
study sheds light on the role of tantalum alloying in enhancing the performance of ZrB2(HfB2)–SiC UHTC and highlights 
the importance of understanding the underlying mechanisms that govern their behavior. 
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tantalum, alloying
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Аннотация. Обзор посвящен изучению состояния вопроса в области влияния легирования соединениями тантала на 
эволюцию структуры, жаростойкость и стойкость к абляции ультравысокотемпературных композиций на основе 
системы ZrB2(HfB2 )–SiC. Проанализировано влияние содержания первичных фаз на структурно-морфологические 
особенности образующихся оксидных слоев и эффективность их защитного действия. Показано, что положительный 
эффект от легирования прежде всего связан с увеличением вязкости и термической устойчивости формирующейся 
стеклофазы, снижением анионной проводимости, частичной стабилизацией решетки ZrO2(HfO2 ) и образованием 
на поверхности температуроустойчивых комплексных оксидов типа Zr11Ta4O32 или Hf6Ta2O17 . Установлено, что 
основными причинами отрицательного влияния легирования являются увеличение доли жидкой фазы, снижение 
сплошности структуры оксидной пленки в результате повреждения зерен ZrO2(HfO2 ) при окислении TaB2 или 
образования значительного количества газов при окислении TaC, а также появление дополнительных каналов для 
диффузии кислорода при вертикализации плоских частиц Zr11Ta4O32 или Hf6Ta2O17 . Отмечено, что характеристики 
стойкости к окислению и абляции, а также механизмы, определяющие поведение композиций, неодинаковы для 
разных легирующих добавок и условий испытаний.  

Ключевые слова: ультравысокотемпературная керамика (УВТК), жаростойкость, окисление, стойкость к абляции, оксид-
ная пленка, боросиликатное стекло, тантал, модифицирование
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IntroductionIntroduction

Ultra-high-temperature ceramics (UHTC) and 
composites have been intensively studied as materials 
suitable for operating under extreme conditions [1–6]. 
Searching for effective compositions that ensure 
the operability of products made of them is an urgent 
problem of modern materials science. Zirconium and 
hafnium UHTCs have excellent thermomechanical 
properties, high melting points, and good oxidation 
resistance when alloyed with SiC. They can operate 
under extreme temperatures (>2000 °C) and in mona-
tomic-oxygen-rich environments [4; 5]. The heteroge-
neous structure with a refractory crystal oxide matrix 
and viscous borosilicate glass make this materials 
extremely heat resistant. Many studies have found 
that such a structure efficiently withstands the exposure 
to high-speed, high-enthalpy flows so such materials 
are the mainstream now [7].

However, work on the modification of ZrB2(HfB2)– 
–SiC UHTCs is ongoing and there are several reasons 
for this. In the crystal lattice of refractory ZrO2 or HfO2 
oxides during oxidation under conditions of oxygen’s 
low partial pressure, as well as when modified with 
lower valence cations (for example, Y3+, La3+), oxygen 
vacancies are formed, providing rapid anion transfer 
through the oxide film [8]. Another problem is ZrO2 and 
HfO2 polymorphism: at high temperatures, the oxides 

have a tetragonal or cubic lattice, which transforms 
into a monoclinic lattice upon cooling, leading to volu-
metric expansion. This phase transformation, com-
bined with the high coefficient of thermal expansion 
and low thermal conductivity of the oxides can easily 
lead to cracking and delamination, especially under 
thermal cycling loads [8].

To solve this problems, the oxide film can be alloyed 
with higher valence cations, such as Ta5+ or Nb5+. It 
results in an excess of anions in the lattice and increases 
film adhesion due to phase stabilization. In addition, 
the immiscibility of Ta2O5 or Nb2O5 oxides and boro-
silicate glass causes phase separation in the surface 
layer [8], which contributes to the higher viscosity 
and thermal stability of the glass. Alloying with tanta-
lum is preferable, since the partial pressures of vapors 
over Ta2O5 are significantly lower when compared 
to Nb2O5 at high and ultra-high temperatures. Tantalum 
can be added in the form of a pure element, boride, sili-
cide, or carbide. Some properties of these substances 
are listed in Table 1.

This review aims to analyze the available studies 
of tantalum alloying effects on the structure and beha-
vior of materials based on ZrB2(HfB2)–SiC in the oxi-
dizing atmosphere, as well as to identify the mecha-
nisms of their impact on the oxidation and ablation 
resistance. We considered various types of materials: 
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bulk UHTC, heat-resistant UHTC coatings on graph-
ite and carbon-carbon composites, and carbon-ceramic 
composites with a UHTC matrix.

1. Bulk tantalum-alloyed  1. Bulk tantalum-alloyed  
ZrBZrB22(HfB(HfB22)–SiC  )–SiC  

ultrahigh-temperature  ultrahigh-temperature  
ceramicsceramics

In oxidizing environments, the structure of zirco-
nium and hafnium diboride UHTCs alloyed with SiC 
becomes layered, including a continuous glass layer, 
a sublayer of the ZrO2 and HfO2 refractory oxides 
containing heat-resistant particles ZrSiO4 and HfSiO4 , 
respectively, a layer of ZrB2 and HfB2 depleted 
in SiC, and a layer of unreacted ceramic [15–17]. 
Temperatures above the silicon dioxide melting point 
(1723 °C [18]) intensify the evaporation and mechani-
cal removal of the glass by the high-speed flows [19], 
so the purpose of alloying with tantalum compounds is 
mostly connected with an increase in the UHTC oxida-
tion and ablation resistance. Most studies do confirm 
the positive effects of Ta alloying. However, the results 
are inconsistent and are highly dependent on the test 
conditions.

1.1. Tantalum borides effects  1.1. Tantalum borides effects  
on ZrBon ZrB22–SiC structure  –SiC structure  

and oxidation resistanceand oxidation resistance

The Ta–B system has five intermediate phases: 
TaB2 , Ta3B4 , TaB, Ta2B, and Ta3B. Only TaB and 
TaB2 are stable in the room temperature to melting 
point range [14] and can be used as UHTC alloying 
components. Talmy I. et al. [20] reported that alloy-
ing the ZrB2–SiC ceramics with tantalum diboride 
(10 mol. %) significantly increases its oxidation resis-

tance at 1300 °C. The oxide film on the ТаB2 contain-
ing samples was less than a half of that on the refe-
rence UHTC samples. It was also found that adding 
even 2 mol. % TaB2 results in a significant oxidation 
resistance growth when the sample is heated in a fur-
nace at t = 1200÷1400 °C for 2 h. The morphology 
of the resulting heterogeneous surface layer indi-
cates the spinodal decomposition of the SiO2–Ta2O5 
phases [20]. However, at t = 1500 °C no pronounced 
positive effect of TaB2 additions on the ZrB2–SiC 
heat resistance was observed. This may be associated 
with exceeding the miscibility limit of the multicom-
ponent SiO2–Ta2O5–ZrO2 oxide system.

Lee S. et al. [15] studied the effects of adding tan-
talum to the ZrB2–SiC system and the oxidation resis-
tance of the (Zr0.7Ta0.3 )B2 ceramic composite contain-
ing 30 vol. % SiC at temperatures up to 1500 °C and 
low partial oxygen pressure (~10–8 Pa). The weight 
gain of the Ta-containing samples, mostly attributed 
to the oxidation of ZrB2 and TaB2 to ZrO2 and Ta2O5 
occurs starting at 1000 °C, which is above the oxida-
tion start temperature in UHTCs without Ta (800 °C). 
Lee S. et al. attributed the higher oxidation resistance 
in the material alloyed with TaB2 over the entire temper-
ature range primarily to the formation of a less porous 
oxide sublayer under the SiO2-containing film. This 
was explained by the high viscosity of the liquid phase 
in the SiO2–Ta2O5 system which is less susceptible 
to upwelling to the amorphous surface layer [15; 21]. 
Also, they observed a decrease in the (Zr0.7Ta0.3)B2 par-
ticle size, higher modulus of elasticity, hardness, and 
fracture toughness of the UHTC.

Peng F. et al. [22] studied the oxidation resistance 
of ZrB2–B4C–SiC–TaB2 containing B4C as a sinter-
ing additive [21] in the 1200÷1500 °C temperature 
range. Increasing the TaB2 concentration from 3.32 
to 16.61 mol. % results in slightly better heat resis-
tance at t = 1200 and 1400 °C. At t = 1500 °C, small 

Table 1. Ta composition properties [9–14]
Таблица 1. Свойства Ta-содержащих соединений [9–14]

Property Та TaB2 TaB TaSi2 Ta5Si3 TaC
Density, g/сm3 16.40–16.65 11.20–12.62 14.00–14.29 8.80–9.14 12.50–13.06 14.30–14.80
Melting point, °С 2996–3020 3037–3200 2040–3090 2040–2299 2499–2550 3800–3880
Thermal expansion 
coefficient, 10–6/K 6.3–6.6 8.2–8.8 – 7.4–8.5 – 6.64–8.4

Specific heat capacity, J/(kg·K) 140.00 237.55 246.85 – – 190.00
Thermal conductivity, W/(m·K) 57.5 10.9–16.0 – 37.0 – 22.2
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(3.32 mol. %) amounts of TaB2 also improve the oxi-
dation resistance [22]. Alloying with TaB2 reduces 
the thickness of the oxide sublayers, but has no signifi-
cant effect on the thickness of the amorphous surface 
layer. The researchers explained the higher heat resis-
tance by the better sealing of oxide sublayers as their 
microstructure branches, since dispersed TaC particles 
are formed (it is a thermodynamically possible product 
of TaB2 and SiC oxidation) [22] and also due to a larger 
surface wetted by the liquid phase. This contributes 
to reduced upwelling of the glass phase into the surface 
layer [23]. The higher TaB2 concentration decreases 
the oxidation resistance at t = 1500 °C (and acceler-
ates the weight gain after 60 and 120 min for 16.61 and 
13.29 mol. % TaB2 concentrations, respectively) [22], 
due to easier dissolution and deposition of zirconium 
dioxide in the glass surface layer [20].

The oxidation of ZrB2–B4C–SiC–TaB2 con-
taining 3.32 mol. % TaB2 was also studied in the  
1500–1900 °C temperature range [23]. The samples 
after oxidation feature thinner oxide passivation layers 
compared to TaB2-free samples, and have a high oxida-
tion resistance.

The effect of TaB monoboride on the oxida-
tion of ZrB2–SiC UHTC was also investigated 
at t = 1800 °C [24]. Ta adding greatly influences oxida-
tion resistance, due to the evolution of the oxide film 
structure and the oxygen transport pathway during 
exposure. However, the effect on the UHTC oxidation 
resistance is significantly different from that at lower 
temperatures. For instance, ceramics alloyed with TaB 
show the lowest heat resistance at t = 1800 °C among 
CrB2 , HfB2 and TaB alloying compounds [24].

1.2. Structure  1.2. Structure  
and oxidation resistance  and oxidation resistance  

of ZrBof ZrB22(HfB(HfB22)–SiC  )–SiC  
with tantalum carbides  with tantalum carbides  

additionsadditions

Tantalum carbide has one of the highest mel ting 
points and can also be used as an additive [25], thus increas-
ing the oxidation resistance of ZrB2–SiC and HfB2–SiC 
ceramic materials. However, Opila E. et al. [26] disco-
vered that adding 20 vol. % TaC to ZrB2–SiC does not 
increase the heat resistance. The TaC-containing samp-
les at t = 1627 °C form a non-gastight film, presumably 

due to the porous microstructure formed by the CO  
and/or CO2 release during oxidation.

The oxidation patterns of ZrB2–SiC–TaC sam-
ples with different TaC contents (10 and 30 vol. %) 
in the t = 1200÷1500 °C temperature range indi-
ca te [27] that low TaC concentrations accelerate 
the oxidation, when compared to ZrB2–SiC (the oxi-
dation rate at t = 1500 °C increases 8-fold). Still, high 
TaC concentrations significantly improve the resistance 
to oxidation in air. For example, a sample containing 
30 vol. % TaC showed an oxidation rate half as high as 
that of the initial ceramics under the same conditions. 
The surface of oxidized UHTCs containing TaC fea-
tures multilayer oxide films including [27]:

1) a thin top layer of silicon dioxide;

2) a layer containing a mixture of the ZrO2–SiO2– 
– Ta2O5 (10 vol. % TaC) and ZrO2–SiO2–ZrSiO4 
(30 vol. % TaC) phases;

3) a layer with a high Ta2O5 content.

It should be noted that these layers are porous 
in UHTCs with low TaC concentrations (in contrast 
to the samples with high TaC concentrations, where all 
the three oxide layers are very dense), and the oxide 
film thickness after oxidation at t = 1500 °C for 10 h is 
850 µm (vs. 140 µm for ZrB2–SiC–30 vol. % TaC and 
440 µm for ZrB2–SiC).

Re-oxidation of the same samples at t = 1500 °C 
showed that the oxidation may be caused not only by 
the inward diffusion of oxygen. For instance, cations 
diffusing from ceramics into the oxides, according 
to Wang Y. et al. [27] are also initially involved in mass 
transfer. The oxidation of ZrB2–SiC–10 vol. % TaC is 
governed by the outward diffusion of tantalum result-
ing in the rapid formation of a porous structure, while 
the oxidation of ZrB2–SiC–30 vol. % TaC is governed 
by the outward diffusion of silicon resulting in the for-
mation of a dense SiO2 layer and a significant share 
of the ZrSiO4 heat-resistant phase.

The ZrB2–20 vol. % SiC material with 5 vol. % TaC 
[28] also has a multilayer structure after oxidation 
at t = 1400 °C. The four layers that reacted with oxy-
gen were observed:

1) a thin top layer of silicon dioxide containing 
Ta2O5 ;

2) a layer containing the ZrO2 , ZrSiO4 and SiO2 
pha  ses;
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3) a layer enriched in ZrO2 and depleted in SiC;

4) a ZrB2-depleted layer containing SiO2 and Ta2O5 .

The oxide film on a similar material oxidized 
at t = 1700 °C contains the ZrO2 , Ta2O5 , SiO2 and 
ZrSiO4 phases [28]. It follows that all the UHTC com-
ponents including the initial ZrB2 , SiC and TaC, as 
well as the in situ formed ZrC and TaSi2 phases, are 
oxidized under a high-temperature exposure.

Simonenko E. et al. [29] proposed adding the 
Ta4HfC5 complex carbide to HfB2–SiC (5, 10, 
15 vol. %), in order to prevent the HfB2 grain growth, 
which improves the mechanical properties of the cera-
mics (note Ta4HfC5 is a nanodisperse phase). The ther-
mogravimetric analysis of the ceramics samples when 
heated in air flow to 1400 °C showed that the increase 
of Ta4HfC5 content leads to the increase of the sample 
weight gain due to oxidation. The materials are more sen-
sitive to oxygen than HfB2–SiC, that can be explained 
by the high reactivity of the Ta4HfC5 ultra-heat-resis-
tant nanocrystalline carbides and significant porosity. 
The microstructure of the oxidized sample surface 
depends on the Ta4HfC5 content. The UHTC containing 
15 vol. % of the complex carbide is most noticeable: 
the silicon monoxide fibers on the borosilicate glass 
surface are self-organized into regular, hierarchical 
3D nanostructures.

Simonenko E. et al. [30] exposed HfB2–30 vol. % SiC– 
–10 vol. % Ta4HfC5 to a high-enthalpy air jet for 
2000 s under conditions of a gradual increase 
in the plasm generator anode power from 30 to 70 kW, 
and the heat flux from 363 to 779 W/cm2. A distinc-
tive feature of the ceramics under heating is a decrease 
of the surface radiative equilibrium temperature relative 
to the HfB2–30 vol. % SiC reference material under 
identical test conditions. As the authors proposed, it 
is associated with the higher thermal conductivity 
of the ceramics alloyed with the Ta4HfC5 nanodisperse 
carbide. The tantalum oxide formed by Ta4HfC5 oxi-
dation is a part of the silicate glass [30] and involved 
in the creation of the Hf6Ta2O17 orthorhombic complex 
oxide which has phase stability up to the peritectic 
transformation point at t ~2250 °C [31]. The lower 
evaporation rate from the glassy layer surface is attri-
buted to the lower surface temperature and lower vapor 
pressure over the SiO2–Ta2O5 melt (the total vapor 
pressure at t = 1827 °C over SiO2 (mostly SiO) and 
Ta2O5 (TaO2 and TaO) is 9.48·10–5 and 7·10–7 atm, 
respectively [30]). As the surface temperature reached 
1750÷1850 °C, even for the max heat flux, no “tem-

perature jump” characteristic HfB2(ZrB2 )–SiC [32] 
was observed.

1.3. Effects of tantalum silicides  1.3. Effects of tantalum silicides  
on ZrBon ZrB22(HfB(HfB22)–SiC structure  )–SiC structure  

and oxidation resistanceand oxidation resistance

Tantalum silicides are highly refractory (the melt-
ing point exceeds 2000 °C [9; 11]), can be used as 
sintering additives [33–35] and an additional source 
of silicon [36; 37], in order to facilitate the formation 
of protective silicate glass layers of the UHTC surface. 
Peng F. et al. [21] reported that adding 6.6 mol. % TaSi2 
to ZrB2–B4C–SiC resulted in higher oxidation resis-
tance in the 1200÷1400 °C temperature range compared 
with TaB2 . The reason is that the formation of a protec-
tive surface glass layer with phase separation is facili-
tated by both Ta and extra Si, the oxidation of which 
increases the amount of the liquid phase and changes 
its composition. However, at t = 1500 °C the tantalum 
disilicide produces an opposite effect: TaSi concen-
tration increase above 3.32 mol. % results in lower 
heat resistance, although the decrease is not as signifi-
cant as the one caused by the TaB2 content increase. 
Nevertheless, at low concentrations (3.3 mol. %) TaB2 
is more efficient compared to TaSi2 at t = 1500 °C [22], 
and the lowest weight gain was observed in a mixture 
of TaB2 and TaSi2 (3.4 and 3.3 mol. %, respectively) 
over the entire temperature range [21].

The addition of  TaSi2 significantly improved the rela-
tive density, thermal shock resistance, and antioxidant 
properties of ZrB2–SiC at t = 1000÷1600 °C [38]. 
The specific gravity variation over the entire thermal 
shock temperature range for the TaSi2-containing samp-
les was significantly less than that of the origi nal samp-
les: at t = 1600 °C the weight of ZrB2–5 wt. % SiC– 
–15 wt. % TaSi2 changed by 0.68 %, whereas the weight 
of ZrB2–5 wt. % SiC, by 1.6 %. The weight variation 
decreases as the TaSi2 content increases [38].

Opila E. et al. [39] discovered that adding 5 vol. % 
TaSi2 to ZrB2–20 vol. % SiC was not sufficient to induce 
phase separation in the glass and improve the oxi-
dation resistance in stagnant air at t = 1627 °C. On 
the other hand, the composition containing 20 vol. % 
TaSi2 has better oxidation resistance compared 
to the original material. The oxide film thickness on the  
ZrB2–20 vol. % SiC–20 vol. % TaSi2 sample decreased 
about 10-fold when compared to the reference ceramics, 
and the surface appearance indicated the immiscibility 
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of the glass phases [8; 26]. Under more extreme condi-
tions (holding for 50 min in stagnant air at t = 1927 °C), 
the ceramics containing 20 vol. % TaSi2 showed lower 
heat resistance compared to the non-alloyed material, 
as a result of forming a significant amount of the liqui d 
phase [26]. Attempts to reduce its amount by reduc-
ing the TaSi2 content to 5 vol. % were unsuccess-
ful. The amount of liquid phase dropped compared 
to ZrB2–20 vol. % SiC–20 vol. % TaSi2 , but its share 
was still substantial [39]. The TaSi2 applications 
at t = 1927 °C are limited for several reasons: 

1) TaSi2 is unstable in the matrix with respect 
to ZrB2 ;

2) TaSi2 oxidizes intensively in the presence of SiC 
producing TaC and gaseous SiO which makes gaps 
in the substrate;

3) During the oxidation, 1.3 at. % or less of tanta-
lum dissolves in ZrO2 , i.e. in situ alloying of zirconium 
dioxide to reduce the rate of oxygen transfer through it 
is limited;

4) The oxidation forms oxiboride, silicate, and zir-
conate phases, which leads to the formation of a large 
amount of liquid phase, and poor oxidation resistance.

Julian-Jankowiak A. et al. [40] also observed 
an increase of the ZrB2–20 vol. % SiC–20 vol. % TaSi2 
oxidation resistance to 1900 °C and its decrease 
at higher temperatures (the heat resistance was studied 
at t = 1200÷2300 °C in air and water vapor).

With regard to hafnium diboride-based ceramics, 
the oxidation resistance of HfB2–20 vol. % SiC in air 
at t = 1627 °C deteriorated after adding 20 vol. % 
TaSi2 [26]. Monteverde F. et al. [35] obtained similar 
results for HfB2–30 vol. % SiC–2 vol. % TaSi2 pro-
duced by hot pressing (HP) and spark plasma sintering 
(SPS): the material heat resistance in air deteriorated 
in the t = 1450÷1650 °C range compared to TaSi2-free 
materials. The microstructure of the oxidized samples 
was characterized by the presence of a layered oxide 
film, which thickness increased with temperature [35].

1.4. Metallic tantalum use  1.4. Metallic tantalum use  
to control ZrBto control ZrB22–SiC structure  –SiC structure  

and oxidation resistanceand oxidation resistance

Tantalum in the form of a metal additive is also 
of interest, since it can be used to reduce sintering 
temperature, increase density, and improve the machi-

nability, mechanical, and thermal properties of ZrB2–
SiC [41–43]. Thimmappa S. et al. [44; 45] showed 
that ZrB2–20 vol. % SiC (2.5–10.0) wt. % Ta contains 
ZrB2 cores in (Zr, Ta)B2 shells, and also contains SiC, 
ZrO2 and (Zr, Ta)C phases at the interfaces between 
the ZrB2 grains. It was shown that tantalum dissolves 
in the ZrB2 matrix, thus building a shell from the solid 
solution phase [41]. Hu C. et al. [33], Silvestroni L. 
et al. [37] and Yang Y. et al. [46] observed similar 
structures. The alloying with tantalum has a positive 
effect on the heat resistance of ZrB2–20 vol. % SiC 
samples [44]. As the Ta content increases, the specific 
gravity and thickness of the oxide layer after isothermal 
oxidation at t = 1500 °C for 10 h in the air decreases 
from 22.91 to 18.77 mg/cm2 and from 401 to 195 μm, 
respectively. Thimmappa S. et al. [45] observed a simi-
lar trend at t = 1600 °C (refer to Table 2).

The cross-section microstructure of the ZrB2–  
–SiC–Ta samples oxidized at t = 1500 and 1600 °C 
consists of three layers:

1) a thick, dense outer SiO2 layer;

2) an intermediate ZrO2 sublayer;

3) a ZrB2 layer, depleted in SiC.

After oxidation, the material contains the ZrO2 , 
Zr2.75TaO8 crystalline phases, and the SiO2 amorphous 
silica [44; 45]. The Zr2.75TaO8 phase formation is ther-
modynamically feasible at t = 1500 °C, and the phase 
content increases with the Ta concentration resulting 
in a higher viscosity of the glass phase and higher 
oxidation resistance [45]. As the Ta content increases, 
the thickness of the SiC-depleted layer decreases, and 
this can be attributed to the effects of the SiO2-based, 
tantalum-modified top passivation layer [45].

It is assumed that the SiC-depleted layer reduces 
the overall oxidation resistance of ZrB2 ceramic 
materials. However, no defects were found on 
the surface of ZrB2–20 vol. % SiC–10 wt. % Ta 
with a SiC-depleted layer formed by isothermal oxi-
dation at t = 1600 °C for 10 h in air. The UHTC 
showed comparable weight gain, and a significantly 
lower oxygen penetration depth (255 vs. 476 μm) 
than ZrB2–20 vol. % SiC–10 vol. % Si3N4 without 
such a layer [41]. In general, ZrB2–SiC–Ta cera mics 
have favorable strength at elevated temperatures [45] 
and heat resistance due to the protective nature 
of the formed oxide film. These UHTCs are suitable 
for high-temperature applications [41].

Powder Metallurgy аnd Functional Coatings. 2023;17(2):14–34 
Didenko A.A., Astapov A.N., Terentieva V.S. Effects of alloying ZrB2(HfB2)–SiC with tantalum ...



20

Table 2. Oxidation resistance of ZrB2(HfB2)–SiC alloyed with Ta and Ta compounds 
Таблица 2. Характеристики окислительной стойкости керамик на основе ZrB2(HfB2)–SiC,  

модифицированных танталом и его соединениями

Composition, 
vol. %

Manufacturing 
process

Oxidation properties Phase 
composition 

after 
oxidation

Reaction layer 
thickness, µm

Weight 
change, 
mg/сm2

Refe-
rencet, °C Time, 

min Test conditions

ZrB2–20SiC + 
2.5 wt. % Ta

SPS (1900 °C, 
50 MPa, 3 min)

1500
600 Furnace, 

stagnant air
SiO2 , ZrO2 , 
Zr2.75TaO8

401 22.91 [44]

1600 320 21.04 [45]

ZrB2–5.6B4C–
27.9SiC + 
3.3 mol. % TaSi2

Sintering 
(2000 °C, Ar, 

1 h)
HIP (1800 °C, 

207 MPa, 
30 min)

1500 240 TGA, air 
(0.1 l/min)

m,o-ZrO2 , 
TaC

~9 ~7.9

[22]
ZrB2–5.6B4C–
27.9SiC + 
3.3 mol. % TaB2

~24 ~5.7

ZrB2–5.6B4C–
27.9SiC + 
3.3 mol. % TaB2

Sintering 
(2100 °C, Ar, 

1 h)
HIP (1800 °C, 

207 MPa, 
30 min)

1600 75

TGA, air
(0.1 l/min)

ZrxTa1 – xB2 , 
ZrC(traces)

~166 ~5.9

[23]
1700 90 ~395 ~6.8

1800 85 ~416 ~11

1900 85 – ~15

ZrB2–25SiC + 
5 mol. % TaB2

HP (2100 °C, 
20 MPa, 
30 min)

1400 120 Furnace, 
stagnant air – – ~4.6 [20]

ZrB2–20SiC–
5TaC

HP (1850 °C, 
40 MPa, 
60 min)

1400 600 Furnace, 
stagnant air

SiO2 , Ta2O5 , 
ZrO2 , 

ZrSiO4

~65 – [28]

ZrB2–20SiC + 
5 wt. % Ta

SPS (1900 °C, 
50 MPa, 3 min)

1500
600 Furnace, 

stagnant air
SiO2, ZrO2 , 
Zr2.75TaO8

384 19.15 [44]

1600 303 17.45 [45]

ZrB2–20SiC–
5TaSi2

HP (1750 °C, 
69 MPa, 2 h) 1627 100

Bottom-
loading 
furnace, 

stagnant air

m,c-ZrO2 – ~5.1 [39]

ZrB2–5.6B4C–
27.9SiC + 
6.6 mol. % TaB2

Sintering 
(2000 °C, Ar, 

1 h)
HIP (1800 °C, 

207 MPa, 
30 min)

1460 – TGA, air 
(0.1 l/min)

ZrB2–
TaB2(ss), 

ZrO2 , 
TaC, TaO 
(следы)

~25 ~2.6

[21]
ZrB2–5.6B4C–
28SiC + 
6.7 mol. % TaSi2

– ~1.0

ZrB2–5.6B4C–
27.9SiC + 
6.7 mol. % TaB2

Sintering 
(2000 °C, Ar, 

1 h)
HIP (1800 °C, 

207 MPa, 
30 min)

1500 240 TGA, air 
(0.1 l/min)

m,o-ZrO2 , 
TaC ~42 ~13.2

[22]

ZrB2–5.6B4C–
27.9SiC + 
6.7 mol. % TaSi2

m,o-ZrO2 , 
TaC, ZrB2–

TaB2(ss)
~10.7 ~8.1

ZrB2–5.6B4C–
27.9SiC + 
10 mol. % TaB2

m,o-ZrO2 , 
TaC ~45 ~17.5

ZrB2–5.6B4C–
27.9SiC + 
10 mol. % TaSi2

m,o-ZrO2 , 
TaC, ZrB2-
TaB2(ss)

~13 ~10
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Table 2. Oxidation resistance of ZrB2(HfB2)–SiC alloyed with Ta and Ta compounds (Continuation)
Таблица 2. Характеристики окислительной стойкости керамик на основе ZrB2(HfB2)–SiC,  

модифицированных танталом и его соединениями (продолжение)

Composition, 
vol. %

Manufacturing 
process

Oxidation properties Phase 
composition 

after 
oxidation

Reaction layer 
thickness, µm

Weight 
change, 
mg/сm2

Refe-
rencet, °C Time, 

min Test conditions

ZrB2–25SiC + 
10 mol. % TaB2

HP (2100 °C, 
20 MPa, 
30 min)

1400 300
TGA, Ar/O2 

mixture 
(125 сm3/min)

ZrO2 , 
Zr2.75TaO8

~50 – [20]

ZrB2–20SiC + 
10 wt. % Ta

SPS (1900 °C, 
50 MPa, 3 min) 1500 600 Furnace, 

stagnant air
SiO2 , ZrO2 , 
Zr2.75TaO8

195 18.77 [44]

ZrB2–20SiC–
10TaC

HP (1800 °C, 
28 MPa, 1 h) 1500 600

Furnace, 
heating/

cooling: Ar, 
oxidation: air  
(10 ml/min)

ZrO2 , Ta2O5 850 ~58 [27]

ZrB2–20SiC + 
10 wt. % Ta

SPS (1900 °C, 
50 MPa, 3 min) 1600 600 Furnace, 

stagnant air
SiO2 , ZrO2 , 
Zr2.75TaO8

255 16.65 [41; 45]

ZrB2–20SiC–
10TaB

HP (2000 °C, 
30 MPa, 1 h) 1800 60

Bottom-
loading 
furnace, 

stagnant air

– – ~68 [24]

ZrB2–5.6B4C–
27.9SiC + 
13.3 mol. % TaB2 Sintering 

(2000 °C, Ar, 
1 h)

HIP (1800 °C, 
207 MPa, 
30 min)

1460 –

TGA, air 
(0.1 l/min)

ZrB2–
TaB2(ss), 

ZrO2 , TaC
– ~0.9 [21]

ZrB2–5.6B4C–
27.9SiC + 
13.3 mol. % TaB2 1500 240 m,o-ZrO2, 

TaC, TaB2

~67 ~23.1

[22]
ZrB2–5.6B4C–
27.9SiC + 
13.3 mol. % TaSi2

~12.5 ~11.6

ZrB2–5SiC + 
15 wt. % TaSi2

SPS (1700 °C, 
50 MPa, 
10 min)

1600 – Thermal shock 
test

ZrB2, ZrO2, 
Zr–Ta–B, 
Zr–Ta–O

– 0.68% [38]

ZrB2–20SiC–
20TaC

HP (2000 °C, 
69 MPa, 2 h) 1627 100

Bottom-
loading 
furnace, 

stagnant air

t,m-ZrO2 – ~21 [26]

ZrB2–20SiC–
20TaSi2

HP (1600 °C, 
69 MPa, 2 h) 1627 100

Bottom-
loading 
furnace, 

stagnant air

m,c-ZrO2 , 
SiO2

– ~0,8 [8; 26]

(Zr0.7Ta0.3)B2–
30SiC

HP (1800 °C, 
Ar, 32 MPa, 

2 h)
1500

60 Furnace, CO 
and 2000 ppm 
CO2 mixture 
(~10–8 Pa)

– 10.1±1.2 –

[15]600 – 72.3±2.8 –

300 TGA, air – – ~0.3

ZrB2–20SiC–
30TaC

HP (1800 °C, 
28 MPa, 1 h) 1500 600

Furnace, 
heating/

cooling: Ar, 
oxidation: air 
(10 ml/min)

ZrSiO4 , 
Ta2O5 , 

ZrO2 , SiO2

140 ~13 [27]
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2. Heat-resistant coatings  2. Heat-resistant coatings  
on graphite and C/C composites  on graphite and C/C composites  

based on ZrBbased on ZrB22(HfB(HfB22)–SiC  )–SiC  
alloyed with tantalum  alloyed with tantalum  

compoundscompounds

An alternative approach is applying UHTC coatings 
to heat-resistant, carbon-containing composites, and 
graphite [47–50]. In order to protect carbon-containing 
materials from oxidation, ceramic coatings should have 
the following properties [11; 51; 52]:

1) heat resistance in a wide temperature range;

2) high adhesion, and compatibility with the sub- 
  strate;

3) coating continuity and oxide film gas tightness 
for erosion resistance and limiting oxygen diffusion 
to the substrate;

4) self-healing of the coating defects;

5) high manufacturability, process consistency, con-
trolled coating thickness, and coating repairability.

Multilayer ceramic coatings with transition metal 
diborides and silicon carbide are effective for increas-
ing the oxidation resistance of carbon-containing com-
posites by preventing oxygen penetration to the sub-
strate. They form a silicate glass layer on the surface, 
and a sublayer based on refractory oxides [53; 54]. 
However, the protective properties of such coatings 
are very limited: 265 and 550 h for C/C composi-

Table 2. Oxidation resistance of ZrB2(HfB2)–SiC alloyed with Ta and Ta compounds (Completion)
Таблица 2. Характеристики окислительной стойкости керамик на основе ZrB2(HfB2)–SiC,  

модифицированных танталом и его соединениями (окончание)

Composition, 
vol. %

Manufacturing 
process

Oxidation properties Phase 
composition 

after 
oxidation

Reaction layer 
thickness, µm

Weight 
change, 
mg/сm2

Refe-
rencet, °C Time, 

min Test conditions

HfB2–30SiC–
2TaSi2

HP (1900 °C, 
42 MPa, 
35 min)

1450 1200
TGA, 
dry air 

(15 сm3/min)
– – 4.1

[35]

1500
60 Furnace, 

stagnant air
– – 0.79

1650 – – 6.27

SPS (2100 °C, 
30 MPa, 3 min)

1450 1200
TGA, 
dry air 

(15 сm3/min)
– – 3.3

1500
60 Furnace, 

stagnant air
– – 0.94

1650 – – 2.85

(HfB2–30SiC)–
5Ta4HfC5

HP + reaction 
(1800 °C, 

Ar, 30 MPa, 
30 min)

1400 – DSC/TGA, 
air 

(250 ml/min)

m-HfO2, 
HfB2

– 2.10 %
[29]

(HfB2–30SiC)–
10Ta4HfC5

1400 – – 2.96 %

779 
W/
сm2

33.3
Plasma 

generator, air 
(3.6 g/s)

m,o-Ta2O5, 
o-Hf6Ta2O17

– 5.9 % [30]

(HfB2–30SiC)–
15Ta4HfC5

1400 –
DSC/TGA, 

air 
(250 ml/min)

m-HfO2, 
HfB2, Ta2O5

– 3.27 % [29]

HfB2–20SiC–
20TaSi2

HP (1700 °C, 
69 MPa, 2 h) 1627 100

Bottom-
loading 
furnace, 

stagnant air

m,c-HfO2, 
HfSiO4

– ~2.5 [26]

Abbreviations: (ss) – solid solution; HIP – hot isostatic pressing; TGA – thermogravimetric analysis; DSC – differential 
scanning calorimetry.
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tes with HfB2–SiC/SiC and ZrB2–SiC/SiC coatings 
at t = 1500 °C, respectively.

In real-life applications, the coatings should main-
tain the long-term performance of the carbon mate-
rial in oxidizing environments in a wide temperature 
range, under static and dynamic loads. Therefore, 
an extremely important is the creation of ultra-high-
temperature, durable protective coatings highly resistant 
to oxidation and erosion. It was proposed that tantalum 
be added to ZrB2(HfB2)–SiC compositions, in order 
to obtain multiphase coatings with good heat and abla-
tion resistance due to the synergistic effect of the two 
cationic compounds exposed to a high-temperature, 
oxygen-containing environment [54].

2.1. Tantalum boride-alloyed  2.1. Tantalum boride-alloyed  
ZrBZrB22(HfB(HfB22)–SiC coatings)–SiC coatings

The addition of UHTC borides to SiC-based coa - 
tings expands the operating temperature range and 
improves antioxidation properties by increasing 
the glassy surface layer viscosity and reducing crack 
formation. Furthermore, B2O3 formed during oxidation 
can heal coating defects and improve resistance to low-
temperature oxidation [55–57]. To protect graphite 
from oxidation, Jiang Y. et al. [56] applied a single-
layer, multi-phase (Zr, Ta)B2–SiC–Si coating, demonst-
rating oxidation resistance for 468 h at 1000 °C and for 
347 h at 1500 °C. The coating structure after oxidation 
includes two layers: external Zr–Ta–Si–O (glass), and 
internal (Zr, Ta)B2–SiC–Si. The continuous oxide film 
on the surface has low oxygen permeability and effec-
tively reduces the coating oxidation rate [56].

The Ta0.5Zr0.5B2–Si–SiC dense, single-layer multi-
phase ceramic coating protects graphite from oxida-
tion at 1650 °C for at least 70 h due to the synergistic 
effect of the heterogeneous oxide layer formed dur-
ing oxidation and the dense inner coating [55]. Also, 
the Ta0.5Zr0.5B2–Si–SiC coating is resistant to ablation 
when exposed to heat fluxes (2.4÷4.2 MW/m2). It was 
found that increasing the heat flux of the oxyacetylene 
flame resulted in more intense weight loss and thinning 
of the coating, and its ablation behavior varied from 
oxidation and evaporation at 2.4 MW/m2 to mechani-
cal removal at 4.2 MW/m2 [55]. Note that after ablation 
for 40 s under a 4.2 MW/m2 heat flux, a new micro-
structure consisting of “lath-like” grains (Ta4Zr11O32 
solid solution) with few micropores and high erosion 

resistance was found at the heat flux center. The sur-
face oxide layer contains Ta4Zr11O32 , ZrO2 and Ta2O5 . 
These phases provide efficient protection of the mate-
rial below from ablation. The inner Ta0.5Zr0.5B2–Si–SiC 
coating protected by the outer oxide layer mostly faces 
high-temperature oxidation and the release of gaseous 
SiO and CO.

Jiang Y. et al. [57] manufactured a defect-free, sing le- 
layer multi-phase Hf0.5Ta0.5B2–SiC–Si coating on 
graphite. After oxidation in air at t = 1500 °C, the coat-
ing surface contained Ta0.5B2 , Ta2O5 , SiO2 and HfSiO4 
(hafnon is the product of the reaction between HfO2 and 
SiO2 [58]), i.e., a complex silicate oxide layer, emerges 
to prevent oxygen from entering into the coating. 
The coating is resistant to low- and high-temperature 
isothermal oxidation for 1320 h at t = 900 °C and for 
2080 h at t = 1500 °C (the weight gains were 0.14 % 
and 1.74 %, respectively), and also has good ablation 
resistance [57]. Jiang Y. et al. [57] explained the high 
resistance to oxidation at t = 900 °C by the defect-free 
coating structure, and at 1500 °C, by the Hf–Ta–Si–O  
surface layer. Here HfSiO4 and TaxOy increase the oxide 
film viscosity and create “pinning points”, which 
change the direction of crack propagation or inhibit 
it [57].

Ren X. et al. [59] reported that a two-layer 
TaxHf1–xB2–SiC/SiC multiphase coating 120–190 μm 
thick protects C/C composites from oxidation in air 
at t = 1500 °C for more than 1480 h, and from ablation, 
for 40 s at the 1927 °C oxyacetylene flame temperature. 
The number of cracks and holes after oxidation was 
relatively small, when compared to the SiC/SiC coa-
ting, and the glassy layer surface contained Ta and Hf 
oxidation products indicating the formation of a multi-
phase silicate glass. The melting point of tantalum and 
hafnium oxides is higher than that of SiO2 , so adding 
these components to the glass increases its thermal 
stability and viscosity for better ablation and oxidation 
resistance through the synergistic effect of the multi-
phase oxides [59].

The presence of the ZrxTa1–xB2 solid solution 
in the SiC coating significantly improves its oxida-
tion protection properties. Ren X. et al. [60] reported 
that after oxidation at t = 1500 °C for 1412 h, 
the weight loss of a C/C composite coated with  
ZrxTa1–xB2–SiC/SiC was only 0.1 wt. %, while for 
the ZrB2–SiC/SiC coating, it was 0.22 wt. % for 550 h. 
The TGA showed the coating is resistant to oxidation 
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in a wide temperature range (from room tempera-
ture to 1500 °C). The coated C/C composite weight 
gain at the end of the test was 1.8 wt. % (C/C compo-
sites with ZrB2–SiC/SiC and TaB2–SiC–Si/SiC coatings 
lost 10.3 and 11.2 wt. %) [60]. Ren X. et al. explained 
the high oxidation resistance of the ZrxTa1–xB2–SiC/SiC  
coating by the formation of a heterogeneous  
Zr–Ta–Si–O glass layer on its surface (containing 
evenly distributed Zr and Ta oxides forming an “inlaid 
structure” providing cracks deflection and elimination), 
as well as by the synergistic effect of multiple protec-
tive mechanisms provided by the coating components.

Tong K. et al. [61] studied the ablation resistance 
of a multiphase Zr–Ta–B–SiC coating with various  
Zr/Ta weight ratios on a C/C composite at t = 2300 °C. 
Adding Ta led to the formation of the (Zr, Ta)B2 solid 
solution, relieving thermal stress during the synthesis 
and removes the layer defects. Ta also had a noticeable 
effect on the composition and morphology of the coa-
ting after ablation. Tong K. et al. [61] also reported 
that the Zr0.7Ta0.3B2–SiC coating has better ablation 
resistance due to the formation of a thermal barrier 
and low volatility of the Zr–Ta–O layer. Furthermore, 
the Ta–O bond stabilizes the high-temperature t-ZrO2 
phase. The samples with low Ta (~10 mol. %) and 
excessive Zr contents in the solid solution after abla-
tion showed the formation of multiple nanosized 
Zr–Ta–O nuclei, thus making it impossible to form 
a homogeneous layer over the glass phase and 
to increase its viscosity. That is, SiO2 was still exposed 
directly to the plasma generator flame and intensively 
evaporated during the ablation. When Ta is in excess 
(~70 mol. %), the ablation results in the extensive for-
mation of the liquid Zr–Ta–O phase with low viscosity, 
rapidly exposing the surface. At the same time, gaseous 
SiO, CO, CO2 and B2O3 compounds volatilized making 
numerous pores and holes in the glassy layer as chan-
nels for oxygen diffusion [61].

2.2. ZrB2.2. ZrB22–SiC coatings  –SiC coatings  
alloyed with complex  alloyed with complex  

tantalum carbidetantalum carbide

The Ta4HfC5 complex tantalum-hafnium carbide 
seems suitable for high-temperature applications with 
its properties [29; 30]. However, it cannot protect C/C 
composites from oxygen due to its low heat resis-

tance [62]. Therefore, it was proposed to apply a 2-layer 
coating. The inner layer is Ta4HfC5 and the outer layer 
is ZrB2–SiC–Ta4HfC5 . Such a coating can be efficient 
to protect C/C composites from oxidation at high tem-
peratures. The weight loss of the coated samples during 
isothermal oxidation tests at t = 1500 °C for 20 h was 
3.3 %. The weight loss after ten 1500 °C to 20 °C ther-
mal cycles with a 10 min isothermal holding at the max 
temperature was 9.5 %, indicating the high heat resis-
tance and thermal stability of the coating.

The gas-tight, continuous silicate glass layer con-
taining ZrO2 , SiO2 , ZrSiO4 , Ta2O5 and HfO2 particles 
has a low oxygen diffusion rate and a relatively high 
self-healing ability. Nevertheless, the pores and micro-
cracks resulting from the different thermal expansion 
coefficients of the coating and substrate, and from 
the gaseous oxidation products release, are the pri-
mary cause of weight loss. They also adversely affect 
the protective performance of the coating.

2.3. ZrB2.3. ZrB22(HfB(HfB22)–SiC coatings  )–SiC coatings  
alloyed with tantalum  alloyed with tantalum  

silicidessilicides

Since the SiC thermal expansion coefficient is low, 
replacing it with another stable SiO2 source would 
increase the protective performance of ZrB2(HfB2)–SiC  
coatings at temperatures above 1700 °C. Adding more 
components may increase the glass phase viscosity and 
improve the oxidation resistance of the coating. 

When added to HfB2–SiC–TaSi2 coatings, the pas-
sivating power of TaSi2 inhibits the intense oxida-
tion of SiC at t = 1700 °C. The expansion caused by 
the TaSi2 oxidation slows the disintegration of HfB2 
and increases the coatings structural resistance to oxi-
dation. The addition of tantalum disilicide also leads 
to the formation of a heterogeneous Hf–Ta–B–Si–O 
high-viscosity glass layer, which reduces the oxygen 
permeability of the coating from 4.87 % to 0.31 % [63]. 
It was shown that the optimal TaSi2 content has 
a positive effect and seems promising for alloying  
HfB2–SiC coatings. Adding 20 wt. % of TaSi2 slows 
down the coating removal rate by improving its gas 
tightness, while an excessive amount of TaSi2 reduces 
the oxidation protection performance.

Tantalum disilicide is also used to improve the abla-
tion resistance of ZrB2–SiC coatings on C/C compo  sites. 
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Adding 10 vol. % of TaSi2 to a ZrB2–27 vol. % SiC  
coating results in the porosity drop from 16.65 
to 9.65 %, better mechanical properties, and ablation 
resistance at t = 2000 °C for 10 min [64]. The effect 
of TaSi2 on the resistance to high-temperature gas cor-
rosion was investigated at t = 1700 °C in the air for 
30 min. A ZrB2–20 vol. % SiC–10 vol. % TaSi2 coa ting 
on siliconized graphite lasts much longer than a TaSi2-
free coating. This indicates a higher heat resistance 
of the former, due to the formation of a tantalum-
containing oxide layer with a significantly lower 
oxygen permeability [65]. The ZrB2–20 vol. % SiC–
10 vol. % TaSi2 oxide coating layer is significantly 
thinner than the ZrB2– 20 vol. % SiC coating. Despite 
the absence of pores and bubbles (the TaSi2-free coa-
ting has multiple defects), cracking was observed.

In order to improve the overall performance 
of the coating, Ren Y. et al. [66] studied the effect 
of additional silicon vapor infiltration as the coating is 
formed. The resulting ZrB2–SiC–TaSi2–Si coating on 
siliconized graphite efficiently protects the material 
from oxidation for 300 h at t = 1500 °C in stagnant air. 
The oxidation did not cause any cracking or delamina-
tion. Ren Y. et al attributed this to the modified coating 
structure with a dense ZrB2–SiC–TaSi2 primary layer 
under an additional silicon layer. The coating can with-
stand severe thermal cycling from 20 to 1500 °C 
(20 cycles). The area of the cracks per unit of surface 
area was only 3.8·10–3, which indicates good thermal 
resistance due to the self-healing of the surface cracks. 
Tables 3 and 4 list some oxidation and ablation resis-
tance properties of the coatings.

Table 3. Oxidation resistance of carbon materials with ZrB2(HfB2 )–SiC coatings alloyed  
with tantalum compounds

Таблица 3. Характеристики окислительной стойкости углеродных материалов  
с покрытиями на основе керамики ZrB2(HfB2 )–SiC, модифицированной  

соединениями тантала

Coating Substrate Manufacturing 
process

Oxidation 
conditions

Phase 
composition 

after oxidation

Weight 
change Reference

ZrB2–SiC–Ta4HfC5/Ta4HfC5 2D C/C Slip molding/pack 
cementation

1500 °C,
20 h

ZrO2 , Ta2O5 , 
ZrSiO4 , SiO2 , 

HfO2 , SiC
–3.3 % [62]

ZrB2–SiC–TaSi2–Si/SiC Graphite
Slip molding + Si 
vapor infiltration/
pack cementation

1500 °C,
300 h SiO2 , ZrB2 , SiC 4.76 mg/сm2 [66]

(ZrTa)B2–SiC–Si Graphite Slip molding + Si 
vapor infiltration

1500 °C,
347 h (Zr, Ta)B2 , SiO2 0.33 % [56]

ZrxTa1 – xB2–SiC/SiC 2D C/C
In situ reaction 
synthesis/pack 
cementation

1500 °C,
1412 h

ZrO2 , Ta2O5 , 
ZrSiO4 , SiO2 , 
Ta2O2.2 , SiC

–0.1 % [60]

TaxHf1 – xB2–SiC/SiC 2D C/C
In situ reaction 
synthesis/pack 
cementation

1500 °C,
1480 h

HfO2 , TaO2 , 
HfSiO4 , SiO2 , 
TaO, Ta0.8O2 , 

Ta2O, SiC

–2,8 mg/сm2 [59]

Hf0.5Ta0.5B2–SiC–Si Graphite
Impregnation and 

pyrolysis + reactive 
Si gas infiltration

1500 °C,
2080 h

Hf0.5Ta0.5B2 , 
Ta2O5 , HfSiO4 , 

SiO2

1.74 % [57]

Ta0.5Zr0.5B2–Si–SiC Graphite
Slip molding + 
in situ reactive 

synthesis

1650 °C,
70 h SiO2 –0.56 % [55]

ZrB2–20 vol. % SiC–
10 vol. % TaSi2/SiC Graphite Slip molding/pack 

cementation
1700 °C,
30 min

ZrO2 , ZrSiO4 , 
SiO2 , TaC 3.81 mg/сm2 [65]

HfB2–20 wt. % SiC–
20 wt. % TaSi2

Graphite SPS 1700 °C,
100 min

HfO2 , Ta2O2.2 , 
HfSiO4 , SiO2

~15 mg/сm2 [63]
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3. Carbon-ceramic composites  3. Carbon-ceramic composites  
with a (C)–SiC–ZrBwith a (C)–SiC–ZrB22 matrix   matrix  

alloyed with tantalum compoundsalloyed with tantalum compounds
In the last decade, many researchers studied high-

temperature composites with a ceramic matrix, since 
solid UHTCs are inherently brittle and lack sufficient 
resistance to thermal shock [2]. Reinforcing fibers 
increase the strength of the composite, and adapt its 
mechanical and thermal properties to the specific appli-
cation. Carbon-ceramic composites (C/SiC) reinforced 
with continuous carbon fibers overcome the inherent 
brittleness and low thermal resistance of UHTCs offer-
ing better thermal performance and increased ablation 
resistance [1].

Kannan R. et al. [67] showed that adding 20 wt. % 
of Ta to the C/SiC–ZrB2 composite leads to the TaxCy 
formation from the residual carbon and increases 
the ablation resistance due to stabilization of the t-ZrO2 
martensitic phase and the low melting point of TaxCy 
capable of enveloping the ZrO2 matrix particles and 
reducing the anionic conductivity at t ≥ 2000 °C. 
Kannan R. et al. [67] also attributed the higher abla-
tion resistance to the low thermal conductivity of the  
Zr–Ta–Si–O oxide layer which inhibits the heat transfer 
from the surface inside the composite, and to the rela-
tively high bond strength between the carbon fibers and 
the matrix due to the presence of residual metallic Ta.

Li L. et al. [68] reported that adding 24 vol. % of tan-
talum carbides into the matrix also resulted in higher 

ablation resistance of C/SiC–ZrB2–TaC 2D compo sites 
due to the oxidation and formation of liquid Ta2O5 
(at t > 1870 °C) capable of healing cracks during abla-
tion and retaining the loose ZrO2 , building a gastight 
layer around the fibers. It was concluded that the TaC 
content should be increased, and the substance should 
be more evenly distributed across the matrix to further 
improve the ablation resistance of such composites.

C/SiC composites alloyed with ZrB2 and TaC 
showed higher flexural strength (up to 27 %), Young’s 
modulus (up to 28 %), and interlayer shear strength 
(up to 22 %). Uhlmann F. et al. [69] attributed the lat-
ter to the addition of TaC. The thermochemical stabi lity 
of the C/SiC–ZrB2–TaC composites under the combus-
tion chamber conditions (exposure to a hot gas for 
15 min, 1725÷1860 °C measured surface temperature) 
improved, while the oxygen permeability signifi-
cantly decreased. The reason for this is that the oxide 
film in the Si–Zr–Ta–O system is a diffusion barrier, 
preventing the penetration of combustion products 
into the underlying layers and protecting them from 
further oxidation [69].

For the C/C–2SiC–1ZrB2–2TaC composite 
(the num bers are the relative volumes of the ceramic 
particles) the ablation properties deteriorated which 
may be a result of the TaC addition. The higher ablation 
rate (Table 5) is attributed to the formation of the Ta2O5 
liquid phase subject to strong mechanical removal and 
erosion at t = 2700±300 °C [70].

Table 4. Ablation resistance of carbon materials coated with ZrB2(HfB2 )–SiC ceramics  
alloyed with tantalum compounds

Таблица 4. Характеристики стойкости к абляции углеродных материалов с покрытиями  
на основе керамики ZrB2(HfB2 )–SiC, модифицированной соединениями тантала

Coating

Flame test conditions
Mass ablation 

rate, mg/s
Linear ablation 

rate, µm/s Reference
t, °C Time, s

Flow rate, l/s

O2 C2H2

TaxHf1 – xB2–SiC/SiC 1927 40 0.2–0.3 0.1–0.2 1.590 3.21 [59]

ZrB2–SiC–TaSi2 2000 600 0.72 0.25 0.114 – [64]

Hf0.5Ta0.5B2–SiC–Si 2130 60 0.244 0.167 1.050 –10.20 [57]

(Zr0.7Ta0.3)B2–SiC 2300 120 0.42 0.31 0.033 3.01 [61]

Ta0.5Zr0.5B2–Si–SiC
2.4 MW/m2* 60 0.24 0.18 0.150 0.35

[55]
4.2 MW/m2* 40 0.42 0.31 4.900 3.25

* Heat flux was reported instead of the flame temperature.
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4. Mechanisms improving  4. Mechanisms improving  
the oxidation and ablation resistance the oxidation and ablation resistance 

of ZrBof ZrB22(HfB(HfB22)–SiC composites  )–SiC composites  
alloyed with tantalum compoundsalloyed with tantalum compounds

UHTC oxidation and ablation performance is largely 
determined by the oxidation product properties, and 
the surface chemical and physical processes occurring 
in oxygen-containing environments. Consequently, 
modifications to the oxide film’s chemical composi-
tion and structure can improve the resistance to high-
temperature oxidation and ablation. Opeka M. et al. [7] 
noted that UHTC composites during the oxidation 
of which synthesize relatively refractory glass layers 
with low oxygen diffusion rates and high self-healing 
ability are potentially heat-resistant materials. For 
several reasons discussed below, alloying with tanta-
lum compounds modifies the oxide film and improves 
the oxidation and ablation resistance.

4.1. Phase separation  4.1. Phase separation  
in the oxide surface layerin the oxide surface layer

Oxidation of tantalum-containing components 
in UHTC composites can be represented by the follow-
ing reactions:

4TaB2(s) + 11O2(g) → 2Ta2O5(s, l ) + 4B2O3(l ),   (1)

4TaC(s) + 9O2(g) → 2Ta2O5(s, l ) + 4CO2(g),     (2)

4TaC(s) + 7O2(g) → 2Ta2O5(s, l ) + 4CO(g),     (3)

4TaSi2(s) + 13O2(g) → 2Ta2O5(s, l ) + 8SiO2(l ),   (4)

x(Hf, Ta)B2(s) + (2.5x + 0.5y)O2(g) →

→ xHfO2(s) + TaxOy (s, l ) + xB2O3(s),          (5)

x(Zr, Ta)B2(s) + (2.5x + 0.5y)O2(g) →

→ xZrO2(s) + TaxOy(s, l ) + xB2O3(s),           (6)

where s, l and g denote the aggregate state of the phases: 
solid, liquid, and gaseous. 

As can be seen the relatively refractory Ta2O5 is 
formed (tmelt = 1882 °C [10]). The presence of group 
IV–VI transition metal oxides (e.g., tantalum) in boro-
silicate glass causes intense phase separation (immisci-
bility) of the glass phase. It increases the heat resistance 
of ZrB2(HfB2)–SiC composites by increasing the liq-
uidus temperature and viscosity [20; 21; 27; 38; 44; 
55; 56; 59; 60; 65]. Higher viscosity, in turn, reduces 
the oxygen diffusion rate through the film. According 

Table 5. Ablation resistance of the C/SiC composite with the (С)–SiC–ZrB2 matrix alloyed with tantalum carbide
Таблица 5. Характеристики стойкости к абляции УККМ с матрицей на основе (С)–SiC–ZrB2 ,  

легированной карбидом тантала

C/SiC 
composite

Manufacturing 
process

Density, 
g/сm3

Poro sity, 
%

Flame test conditions
Mass 

ablation 
rate, mg/s

Linear 
ablation 

rate, µm/s
Refe rence

t, °C Time, 
s

Gas pressure/
flow rate

O2 C2H2

C/SiC–
ZrB2–TaxCy

Reactive HP/
impregnation and 

pyrolysis
2.82 21.0

1600
120

0.4 
MPa

0.01 
MPa

1.33 0.19

[67]

600 0.02 0.27

1800
120 1.80 0.25
600 0.47 0.63

2000
120 3.05 0.39
600 2.19 1.43

C/C–2SiC–
1ZrB2–
2TaC

Powder infiltration 
+ isothermal vapor 

infiltration
– – 2700±300 30 1.36 

m3/h
1.04 
m3/h ~59 – [70]

2D C/SiC–
ZrB2–TaC

Vapor infiltration + 
slip molding 2.35 11.5 3000 20

0.4 
MPa; 
1.51 
m3/h

0.095 
MPa; 
1.12 
m3/h

– 26 [68]
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to the Stokes-Einstein relation, the diffusion coefficient 
is inversely proportional to viscosity [71]:

            (7)

where D is the diffusion coefficient, k is the Boltzmann 
constant, T is the temperature, η is the solution visco-
sity, and r is the average radius of the diffusing particles.

Zhang M. et al. [63] showed that Hf 4+/Ta5+ transi-
tion metal cations interact with the silica-oxygen tetra-
hedral lattice [SiO4] forming 3D ionic clusters. This 
increases the glass viscosity and reduces the oxygen 
mass transfer. Zhang M. et al. [63] showed that refrac-
tory hafnium and tantalum oxide particles distributed 
in a viscous-fluid glass layer improve heat resistance 
by increasing the number of barriers to oxygen move-
ment. This significantly limits its diffusion rate through 
the oxide film.

Eakins E. et al. [15], Peng F. et al. [21] and Thim-
mappa S. et al. [44] observed a decrease in the porosity 
of the oxide layer under the surface glass layer. This 
was attributed to the higher viscosity of the glass phase 
containing tantalum, which is less mobile reducing 
the capillary rise from the lower layers. Borosilicate 
glass enriched with tantalum also prevents cracking and 
heals defects [27; 38; 64; 67; 69]. Also, the higher vis-
cosity and liquidus temperature contribute to the par-
tial suppression of boron evaporation from glass [7].

4.2. Formation of refractory  4.2. Formation of refractory  
solid solutions and complex oxidessolid solutions and complex oxides

Partial dissolution of tantalum in the zirconium or 
hafnium boride can result in the formation of a solid 
solutions which oxidizes to Zr–Ta–O and Hf–Ta–O 
solid solutions when exposed to oxygen [38; 44]. 
The reaction between the ZrO2(HfO2 ) и Ta2O5 phases 
produces the Zr11Ta4O32 (Zr2.75TaO8 ) [55] zirconium-
tantalum oxides or the Hf6Ta2O17 [72] hafnium-tanta-
lum oxides, e.g.:

11ZrO2(s) + 2Ta2O5(s, l ) → Zr11Ta4O32(s),      (8)

6HfO2(s) + Ta2O5(s, l ) → Hf6Ta2O17(s).        (9)

The refractory solid solutions and/or complex 
oxides in the films enhance resistance to oxidation 
and ablation without inducing additional thermal 

stress. The mechanical and thermophysical proper-
ties of solid solutions are easier to control compared 
to stoichiometric phases [61]. Hu C. et al. [34] pro-
posed that the formation of a solid solution reduces 
the activation energy of the boride grain boundaries, 
contributing to the formation of coherent structures. 
The Zr11Ta4O32 и Hf6Ta2O17 phases act as barriers 
in the oxygen-acetylene flame preventing the erosive 
removal of the internal layers by the high-speed gas 
flows due to the low thermal conductivity and rela-
tively high refractoriness of these phases [55; 67; 72]. 
The heterogeneous structure of the oxide film hampers 
cracking and crack propagation [38].

4.3. Reducing the oxygen vacancies  4.3. Reducing the oxygen vacancies  
concentration in the ZrOconcentration in the ZrO22(HfO(HfO22) lattice) lattice

Compositions that reduce oxygen transport through 
the ZrO2 and HfO2 matrix phases also increase 
heat resistance [7]. ZrO2 and HfO2 oxides become 
non-stoichiometric as oxygen vacancies are formed 
in the lattices under the low partial pressure of oxy-
gen (e.g., under a gastight borosilicate glass layer) or 
due to the addition of lower valence cations (Y3+, La3+, 
etc.) [8]. The partial replacement of Zr 

4+ and Hf 4+ with 
Ta5+ decreases the concentration of oxygen vacancies 
according to the Kreger-Wink reaction [26]. The reac-
tion for the ZrO2 lattice doping is

     (10)

A decrease in the oxygen vacancy concentration 
reduces the anionic conductivity and decreases the oxi-
dation rate of ZrB2(HfB2)–SiC composites [26; 65].

4.4. Inhibition of  ZrO4.4. Inhibition of  ZrO22(HfO(HfO22)  )  
polymorphic transformationspolymorphic transformations

The substitution of Zr 
4+ and Hf 4+ for Ta5+ in the 

ZrO2(HfO2) lattice depletes the oxygen vacancies 
and partially stabilizes the lattice [67]. This reduces 
the rate of the diffusion-free martensitic tetragonal-
to-monoclinic phase transformation. It also decreases 
the volu me expansion associated with the transfor-
mation and the possibility of cracking in the oxide 
film during thermal cycling [8; 21; 66]. This factor 
improves the performance of composites exposed 
to high temperatures, reducing the oxide film cracking 
and increasing its adhesion and cohesion [61].
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4.5. Changing the oxide layer 4.5. Changing the oxide layer 
microstructuremicrostructure

The effect of tantalum on the oxide particle size 
in the glass phase also affects the oxidation processes. 
Peng F. et al. [22] reported that the size of zirconium 
dioxide particles decreases when TaB2 is added. 
The resulting borosilicate glass phase has a greater ten-
dency to be captured by the lower oxide sublayers con-
taining dispersed particles. It makes these layers more 
impermeable to atmospheric oxygen and improves 
the overall heat resistance of the material.

Tong K. et al. [61] also found that by increasing 
the tantalum compound content in UHTCs, the morpho-
logy of the synthesized complex oxide in the Zr–Ta–O  
system changes from dispersed nuclei to sintered rod-
like grains. It improves the ablation resistance, since 
this oxide works as a “pinning” phase for efficient 
retention of glassy SiO2 and resistance to mechanical 
erosion. Similarly, the formation of a heterogeneous 
oxide film in the Hf–Ta–Si–O system from the immis-
cible HfSiO4 and TaxOy phases of the silicate glass 
increases the surface layer viscosity and creates “pin-
ning points”, inhibiting or eliminating cracking [57]. 
It reduces the probability of crack penetration through 
the oxide film and improves heat resistance [59].

5. Reduction mechanisms  5. Reduction mechanisms  
of oxidation and ablation  of oxidation and ablation  

resistance in ZrBresistance in ZrB22(HfB(HfB22)–SiC  )–SiC  
composites alloyed  composites alloyed  

with tantalum compoundswith tantalum compounds

Along with the noted improvement in heat-
resistant and anti-ablation properties when alloying  
ZrB2(HfB2)–SiC composites with tantalum com-
pounds, under certain conditions these positive 
effects are limited, and, in some cases, oxidation and 
ablation resistance even deteriorates. Some stu dies 
report negative effects of tantalum compounds on 
the HfB2–SiC system [26; 35], at temperatures above 
1700 °C [24; 26; 39], and with improper concentra-
tions [22; 27; 39]. 

The reasons for the oxidation and ablation resis-
tance deterioration are listed below.

5.1. Formation of low-viscosity  5.1. Formation of low-viscosity  
liquid phasesliquid phases

Adding tantalum may have a negative effect on 
the oxidation of ZrB2(HfB2)–SiC composites at tem-
peratures above 1650 °C, since the presence of Ta2O5 
in the oxide film reduces its heat resistance due 
to the formation of liquid phases [8; 24; 37].

High tantalum content (~70 mol. %) results 
in the extensive formation of the low-viscosity liquid 
phase during ablation. It causes intensive oxide film 
removal, holes, and bare areas on the surface [61].

Opila E. et al. [39] also observed the formation 
of a significant amount of the liquid phase (a mixture 
of oxiboride, silicate, and zirconate phases) during 
the oxidation of ZrB2–20 vol. % SiC–20 vol. % TaSi2 
at t = 1927 °C, which was the key reason for the dete-
rioration of its heat resistance [39].

5.2. Damage of frame structures  5.2. Damage of frame structures  
in the oxide layerin the oxide layer

The presence of Ta2O5 in the film at temperatures 
above 1700 °C leads to the formation of the Zr11Ta4O32 
or Hf6Ta2O17 complex oxides. It reduces the heat resis-
tance of the mechanical framework based on 
ZrO2(HfO2 ), accelerating the oxidation and reducing 
the ablation resistance [22; 24].

Due to the limited solubility of tantalum in the ZrO2 
thermally grown in situ its excess forms the low-melt-
ing oxide phases, from which zirconium dioxide crys-
tallizes contributing to the formation of dendrites [39]. 
Dendrite growth from the oxide sublayer to the glass 
surface increases the overall oxidation rate, since 
the dendrites act as anion channels. Another reason is 
the poor wetting of the dendrites with the glass phase, 
which contributes to increased oxygen penetration 
through the phase interfaces [22].

5.3. Structural changes  5.3. Structural changes  
in the oxide layer leading  in the oxide layer leading  
to porosity and crackingto porosity and cracking

The formation of Ta2O5 inside the ZrO2 grains leads 
to a large volume expansion exceeding 50 % of the ini-
tial one. It causes irreversible damage to the ZrO2 
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grains, including their cracking from the inside. This 
disturbs the compactness and continuity of the oxide 
layers and increases the mass transfer rate across 
the oxide film [37]. Silvestroni L. et al. [37] also 
noted that the platelet-shaped formations of the mixed 
Zr2.75TaO8 oxide turn vertical at t = 1650 °C. This 
configuration has extra channels for oxygen diffu-
sion due to a significant increase in the platelets-glass 
phase interface surface area, which negatively affects 
the UHTC heat resistance.

Opila E. et al. [26] reported that adding tantalum 
carbides to ZrB2–SiC reduces the oxidation resistance, 
since a porous oxide layer is formed due to the release 
of gaseous CO and/or CO2 oxidation products. The struc-
ture discontinuity leads to accelerated oxidation, since 
the gas phase mass transfer through the cracks and pores 
(even at the Knudsen diffusion mode) is much easier 
than diffusion in condensed phases [24].

5.4. Changes  5.4. Changes  
to the oxidation mechanismto the oxidation mechanism

Alloying ZrB2–SiC ceramic composites with tan-
talum may change the processes governing its oxi-
dation. Wang Y. et al. [27] suggested that the mass 
transfer of tantalum and/or silicon cations diffusing 
from the substrate to the oxide film during formation 
of the SiC–TaC depleted layer, is crucial. At low tan-
talum concentrations (~10 vol. %) most of the Ta2O5 
dissolves in ZrO2 forming a solid solution. The remain-
der is insufficient to seal the porous zirconium dioxide 
layer, resulting in a loose structure not protected by 
SiO2 and/or ZrSiO4 gastight layers, and a significant 
increase in the UHTC oxidation rate [27].

The estimated activation energy of the silicon diffu-
sion to the surface through the oxide layer is 315 kJ/mol. 
It is much higher than the previously reported values 
for the inward oxygen diffusion (120–140 kJ/mol [73]). 
This indicates the key contribution of the outward tan-
talum diffusion, than the inward oxygen diffusion.

5.5. Increasing the coating  5.5. Increasing the coating  
thermal expansion coefficientthermal expansion coefficient

Cracks in UHTC coatings may be caused by the dif-
ference in the substrate and coating thermal expansion 
coefficients [65]. The thermal expansion coefficient 

of tantalum compounds is higher than that of ZrB2(HfB2) 
or SiC [63]. Oxidation induces compression forces 
in the coating, but rapid cooling leads to tensile stresses 
and easy cracking in the oxide layer [65]. Increasing 
the TaSi2 content leads to heat resistance deterioration 
as penetrating cracks occur [63].

ConclusionConclusion

We reviewed the available studies of tantalum 
alloying effects on the structure and resistance to high-
temperature oxidation and ablation of ZrB2(HfB2)–SiC 
UHTCs. The studies discuss different materials: bulk 
ceramics, heat-resistant coatings on C/C composites 
and graphite, and C/C composites with a UHTC matrix. 
It is shown that alloying with Ta-containing compo-
nents may have both positive and negative effects. 
The increase in heat and ablation resistance is prima-
rily caused by:

– higher viscosity and thermal stability of the boro-
silicate glass containing zirconium (hafnium) and tan-
talum cations;

– anionic conductivity reduction and partial stabili-
zation of the ZrO2(HfO2 ) lattice due to tantalum doping;

– compaction and sintering of the oxide sublayer 
containing ZrO2(HfO2) and ZrSiO4(HfSiO4) grains;

– formation of temperature-resistant complex 
oxides like Zr11Ta4O32 or Hf6Ta2O17 on the surface.

The key reasons for the negative effect of alloying 
are:

– poor oxide film continuity as the ZrO2(HfO2 ) 
grains are damaged by the TaB2 oxidation or a signifi-
cant gas release during the TaC oxidation;

– the emergence of additional oxygen diffusion chan-
nels as the Zr11Ta4O32 or Hf6Ta2O17 platelets turn vertical;

– an increase of the liquid phase share subjected 
to mechanical removal by high-speed gas flows.

The effects of alloying are not so unambiguous: there 
are limitations in terms of concentration, structure, and 
temperature. The oxidation and ablation resistance and 
the mechanisms governing the UHTC behavi ors are 
different for various alloying components and ambient 
conditions. Consequently, both positive and negative 
aspects should be considered when selecting the type 

Известия вузов. Порошковая металлургия и функциональные покрытия. 2023;17(2):14–34 
Диденко А.А., Астапов А.Н., Терентьева В.С. Влияние легирования танталом на структуру и стойкость ...



31

and amount of alloying tantalum, as well as to deter-
mine whether one or another factor is decisive under 
given oxidation/ablation conditions.
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Abstract. The results of the researching process of obtaining composition powder material B4C–TiB2 by carbide reduction of titanium 
dioxide, using carbon reducing agent – carbon nanofibers, are presented. Furthermore, the results of studying of some properties 
of ceramics made using the synthesized powder are presented. The synthesis of composite materials was carried out in an induction 
crucible furnace for 20 min in the temperature range of 1200–1900 °C in an argon atmosphere. It has been established that 
the optimum temperature of the synthesis is 1650 °C, irrespective of the batch composition. The characteristics of the composite 
powders containing 10–30 mol. % of the TiB2 phase have been studied. X-ray electron microscopy has revealed that the particles 
of the powder are predominantly aggregated. There are two peaks in the particle size distribution histograms. The part 
of the histogram with a smaller particle size mainly characterizes the B4C phase. The part of the histogram with a larger particle 
size characterizes the TiB2 phase. The average particle size of the B4C phase is in the range of 5.3–5.5 µm, and that of the TiB2 
phase is in the range of 33.6–41.9 µm. The average size of 50 % of composite powder’s particles for these contents does not exceed 
13.4 μm. The surface area of the samples does not exceed 5 m2/g. The oxidation of the composite powder materials by atmospheric 
oxygen begins at a temperature of approximately 500 °C. At the same time, when the temperature reaches 1000 °C, no more than 
45 wt. % of the studied powders is oxidized. Ceramics made with the synthesized powder mixture B4C + 30 mol. % TiB2 by hot 
pressing has shown rather high values of relative density (99.0±1.1 %) and fracture toughness (5.0±0.2 MPa∙m0.5). 

Keywords: boron carbide, titanium diboride, carbide reduction, nanofibrous carbon (NFC), high-temperature synthesis

Acknowledgements: The research was performed in accordance with the state order of the Ministry of Education and Science 
(code FSUN-2023-0008).

For citation: Gudyma T.S., Krutskii Yu.L., Maksimovskiy E.A., Cherkasova N.Yu., Lapekin N.I., Larina T.V. Synthesis of 
B4C–TiB2 composition powder mixtures by carbidobor reduction using nanofibrous carbon for ceramic fabrication. Powder 
Metallurgy аnd Functional Coatings. 2023;17(2):35–45. https://doi.org/10.17073/1997-308X-2023-2-35-45

Synthesis of B4C–TiB2 composition 
powder mixtures by carbidobor reduction 

using nanofibrous carbon 
for ceramic fabrication

T. S. Gudyma1 , Yu. L. Krutskii1, E. A. Maksimovskiy2, 
N. Yu. Cherkasova1, N. I. Lapekin1, T. V. Larina3

1 Novosibirsk State Technical University
20 Karl Marks Prosp., Novosibirsk 630073, Russia 

2 Nikolaev Institute of Inorganic Chemistry, Siberian Branch of the Russian Academy of Sciences
3 Lavrent’eva Prosp., Novosibirsk 630090, Russia 

3 Boreskov Institute of Catalysis, Siberian Branch of the Russian Academy of Sciences
5 Lavrent’eva Prosp., Novosibirsk 630090, Russia

Powder Metallurgy аnd Functional Coatings. 2023;17(2):35–45 
Gudyma T.S., Krutskii Yu.L., etc. Synthesis of B4C–TiB2 composition powder mixtures by carbidobor ...

https://doi.org/10.17073/1997-308X-2023-2-35-45
mailto:gudymatan%40mail.ru?subject=
https://powder.misis.ru/index.php/jour/search/?subject=boron carbide
https://powder.misis.ru/index.php/jour/search/?subject=titanium diboride
https://powder.misis.ru/index.php/jour/search/?subject=carbide reduction
https://powder.misis.ru/index.php/jour/search/?subject=nanofibrous carbon (NFC)
https://powder.misis.ru/index.php/jour/search/?subject=high-temperature synthesis
https://doi.org/10.17073/1997-308X-2023-2-35-45
mailto:gudymatan%40mail.ru?subject=


36

IntroductionIntroduction
Over the past 20 years, the study of the production and 

properties of B4C–TiB2 composite ceramics has attracted 
a great interest, driven by the combination of the unique 
properties of their components – boron carbide and tita-
nium diboride.

Boron carbide exhibit a high melting temperature 
(2447 °C) and possesses a unique combination of high 
hardness (up to 43 GPa) and low density (2.52 g/cm3)
[1; 2]. However, ceramics based on it are characterized 

by poor sintering and low fracture toughness. The use 
of modifying additives, such as titanium diboride, can 
significantly increase these indices by 10–40 % [3; 4].

Titanium diboride, as well as boron carbide, is 
a refractory compound, its melting temperature is 
~3225 °C [5]. The microhardness of TiB2 ceramics is 
rather high and amounts to 25–35 GPa. Titanium diboride 
exhibit a relatively high thermal conductivity coefficient 
(66.4 W/(m∙K)) and low specific electrical toughness 
(~10–7 Ohm·m) [6; 7]. Furthermore, TiB2 is quite stable 
when heated in air, and it is not oxidized at a temperature 

  gudymatan@mail.ru

Аннотация. Представлены результаты исследования процесса получения порошковых смесей B4C–TiB2 методом 
карбидоборного восстановления диоксида титана в присутствии восстановителя – нановолокнистого углерода, 
а также изучения некоторых свойств керамики, изготовленной с использованием синтезированного порошка. 
Синтез порошковых смесей проводили в индукционной тигельной печи в течение 20 мин в диапазоне 
температур 1200–1900 °С в среде инертного газа – аргона. Установлено, что оптимальная температура процесса 
синтеза независимо от состава шихты составляет 1650 °С. Изучены характеристики порошков, содержащих 
10–30 мол. % фазы TiB2 . Методом рентгеновской электронной микроскопии установлено, что частицы порошка 
преимущественно агрегированы. На гистограммах распределения частиц по размерам присутствуют два пика: 
первый (с меньшим размером частиц) в основном характеризует фазу B4C, а второй (с крупными частицами) – 
фазу TiB2 . Средний размер частиц фазы В4С составляет 5,3–5,5 мкм, а фазы TiB2 – 33,6–41,9 мкм. Средний размер 
50 % частиц порошка для исследуемых составов не больше 13,4 мкм. Величина удельной поверхности образцов 
не превышает 5 м2/г. Окисление полученных смесей кислородом воздуха начинается при температуре около 
500 °С. При этом при достижении температуры 1000 °С окисляется не более 45 мас. % исследуемых порошков. 
Керамика, изготовленная с использованием синтезированной порошковой смеси B4C + 30 мол. % TiB2 методом 
горячего прессования, продемонстрировала достаточно высокие значения относительной плотности (99,0±1,1 %) 
и трещиностойкости (5,0±0,2 МПа∙м0,5 ).  

Ключевые слова: карбид бора, диборид титана, карбидоборное восстановление, нановолокнистый углерод (НВУ), высоко-
температурный синтез
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of up to 800 °C. At a temperature of 900 °C, it is slightly 
oxidized with the formation of a vitreous protective film 
on the surface of the material, which prevents its further 
oxidation [8].

Many researchers note an increase in the fracture 
toughness and sinterability of the ceramics based on 
B4C–TiB2 system in comparison with the ceramics con-
taining only B4C [9; 10]. The presence of TiB2 prevents 
the growth of В4С grains, reduces the sintering tempera-
ture and improves the mechanical properties of the result-
ing composite [11; 12]. Besides, there are data [13; 14] 
being indicative of the fact that the presence of TiB2 
increases the electrical conductivity of B4C–TiB2 mate-
rial. B4C–TiB2 composite of eutectic composition can 
itself act as a modifying additive for refractory ceramics, 
increasing its mechanical properties [15].

In most cases, ready-made B4C and TiB2 powders are 
used as batch components for the production of B4C–TiB2 
composite ceramic material [14; 16]. The preparation 
of such a batch before compaction involves mixing using 
a planetary ball mill.

The literary sources present the data on the produc-
tion of B4C–TiB2 composites by in situ methods in accor-
dance with reactions (1) [17], (2) [3] and (3) [18]:

           Ti + 6B + C = B4C + TiB2 , (1)

             TiC + 6B = B4C + TiB2 , (2)

(1 + x)B4C + 2xTiO2 + 3xC =

             = B4C + 2xTiB2 + 4xCO. (3)

The advantage of running the processes in accor-
dance with reactions (1) and (2) is the absence of gas-
eous products, which is particularly important for 
the simultaneous synthesis and compaction of the mate-
rial. On the other hand, the use of expensive boron and 
long-term mixing of the batch are required. Reaction (3) 
is prospective for the preliminary production of B4C–
TiB2 batch due to the use of cheaper reagents. For 
instance, in terms of producing a mixture with a molar 
ratio of B4C:TiB2 = 1:1, the cost of reagents for reac-
tion (3) is almost 5 times lower than for reactions (1) 
and (2). In addition, the gaseous product release during 
the heat treatment can contribute to additional mixing 
of the batch and more uniform heating.

Acetylene black is most often used as a carbon source 
in carbide synthesis. This material exhibit a rather high 
surface area of ~50 m2/g. However, nanofibrous car-
bon (NFC) with a developed surface area (~150 m2/g) 
can serve as a more efficient carbon material [19]. 
A highly dispersed carbon agent can accelerate the for-
mation of titanium diboride due to more intensive dif-

fusion of carbon into titanium dioxide particles. It 
should be noted that there are some technological chal-
lenges in using NFC. This highly dispersed material is 
prone to caking and requires thorough homogenization 
of the reaction mixture before the heat treatment. Besides, 
NFC is a more expensive reagent, its price is about 
5 times higher than that of acetylene black. However, 
in light of the fact that the mass fraction of carbon agent 
in the reaction mixture for reaction (3) is relatively low, 
the cost of final product increases insignificantly.

The purpose of this paper is to research the synthesis 
and study the properties of B4C + TiB2 composite pow-
der materials obtained by the carbide reduction of tita-
nium dioxide (reaction (3)) using NFC.

Research methodsResearch methods
To obtain B4C + TiB2 powder composites, the follow-

ing reagents were used:
– highly dispersed boron carbide В4С (assay 

98.5 wt. %, average particle size d = 2.1 μm) synthesized 
from simple substances according to method [20];

– titanium dioxide (TU 6-09-3811-79, assay 99.0 wt. %, 
d = 1.0 μm);

– nanofibrous carbon (carbon content 99 wt. %) 
[21; 22]. 

The used NFC contained catalyst residues: ~0.1 wt. % 
Al2O3 and 0.9 wt. % Ni. In its initial form, the carbon 
material consisted of pellets being 0.4–8.0 mm in size 
formed by densely intertwined fibers with an average 
diameter of 73 nm. The NFC pellets were pre-ground 
in the AGO-2S planetary ball mill for 5 min at an accele-
ration of 15g and a NFC to ball mass ratio of 1:15. 
The average particle size of NFC after grinding was 
3.9 µm.

According to the diagram of B4C–TiB2 sys-
tem state at the eutectic point, the content of TiB2 is 
~26 mol. % [23]. The composite powder materials, 
the composition of which corresponds to the eutectic 
point and beyond it, were selected for research. The ratio 
of reagents was selected so that the composite powder 
materials containing 10, 20, 25, and 30 mol. % of TiB2 
were obtained in accordance with reaction (3). In calcu-
lating the batch composition, the presence of impurities 
in the composition of reagents was taken into account. 
The samples were designated as T10, T20, T25 and T30, 
respectively. The initial powders were mixed in a plane-
tary ball mill for 5 min at an acceleration of 20g, and 
then they were sifted through a sieve with a mesh size 
of 100 µm.

The synthesis was performed in the VCh-25AV 
induction crucible furnace (Russia). Argon was chosen 
as an inert atmosphere preventing nitriding of boron 
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carbide and titanium diboride. During carbide reduction 
of titanium dioxide, gaseous products (CO and CO2 ) 
are released and the pressure in the system increases. 
To ensure the safety of the process, the synthesis should 
be performed in a flow reactor, ensuring continuous 
removal of the resulting gases by an argon flow. The tem-
perature was controlled using the Kelvin Compact 2300 
optical pyrometer (PC EUROMIX, Russia). The pressure 
in the reactor was almost atmospheric. The temperatures 
of the beginning of titanium dioxide reduction were 
determined by performing the thermodynamic calcula-
tions in accordance with the procedure [24]. The tem-
peratures were calculated for different CO pressures, 
since it is difficult to estimate the partial pressure of CO 
in Ar + CO gas mixture.

The value of the isobaric-isothermal potential 
of the reaction of carbide reduction of titanium diox-
ide turns negative at the temperatures of 745, 849 and 
994 °C for CO pressures of 0.001, 0.01 and 0.1 MPa, 
respectively.

In this research, the heat treatment of the batch 
was initially performed to prepare a mixture of B4C– 
–25 mol. % TiB2 (T25) at t = 1200, 1400, 1650 and 
1900 °C for 20 min in accordance with reaction (3). 
The completeness of the process was evaluated 
by weighing the batch and the reaction products, as well 
as by comparing experimental data with the theoretical 
ones. The estimated weight loss upon the completeness 
of this reaction was 19.05 wt. %. In practice, this value 
may slightly differ from the estimated value. This is 
due to the presence of impurities in the reagents used, 
as well as due to the possibility of the formation of alu-
minum borocarbide Al3B48C2 , being prone to oxidation 
and hydration, during the synthesis. Since the results 
of the conducted studies revealed that the optimal syn-
thesis temperature is 1650 °C, further experiments 
with a batch of a different composition were performed 
at the same temperature for 20 min.

The X-ray phase analysis (XPA) of the obtained pow-
ders was performed by means of DRON-3 diffractometer 
using CuKα-radiation. The diffraction patterns were inter-
preted using Power Diffraction File (PDF-2) database. 
The ratio of B4C and TiB2 phases was estimated using 
the corundum number method.

The total carbon content was determined by infrared 
absorption spectrometry using the CS 844 sulfur and 
carbon analyzer (LECO Corporation, the USA) as per 
GOST 12344-2003.

The microstructure of the powders and the morpho-
logy of the particles were studied using S-3400N scan-
ning electron microscope (Hitachi, Japan) equipped 
with an energy-dispersive analysis attachment (Oxford 
Instruments Analytical, the United Kingdom). The par-
ticle size distribution was evaluated by means of laser 

particle size analyzer MicroSizer 201 VA Instrument (VA 
Instalt LLC, Russia). The surface area was determined 
by the method of low-temperature nitrogen adsorption 
using NOVA 2200e device (Quantachrome Instruments, 
the USA).

The thermal-oxidative stability of the samples was 
determined using STA 449 C Jupiter synchronous ther-
mal analysis instrument (Netzsch, Germany). During 
the analysis, the sample was oxidized in an atmo-
sphere of synthetic air when heated up to a temperature 
of 1000 °C at a rate of  15 °C/min.

Experiments on the production of B4C–TiB2 com-
posite ceramics were performed on a hot pressing unit 
designed by the Institute of Automation and Electrometry, 
the Siberian Branch of the Russian Academy of Sciences 
(Novosibirsk), using a synthesized powder containing 
30 mol. % of TiB2 . In this case, the batch was pre-ground 
in a planetary ball mill at an acceleration of 20g for 
5 min at a mass ratio of the batch to balls of 1:30. The pro-
cess was carried out in argon atmosphere at a pressing 
pressure of 25 MPa and a temperature of 2100 °C.

The relative density and open porosity of ceramics 
were evaluated in accordance with GOST 2409-2014 
using AD-1653 hydrostatic weighing set installed on 
GR-300 analytical balance (AND, Japan).

Vickers microhardness measurements were per-
formed on 402MVD unit (Wolpert Group, Great Britain). 
The indentation load was 500 g. At least 5 punctures were 
applied to the samples in such a way that the distance 
between the center of one indent and the edge of the next 
one was at least 2.5 lengths of the diagonal of the indent.

The fracture toughness was determined by indenta-
tion on a hardness tester of TP model No. 3534 (Russia) 
with an indenter in the form of a 4-sided diamond Vickers 
pyramid with a load of 5 kg. Its values were calculated 
according to equation [25]

where l is the fracture length, µm; a is the half-diagonal 
of impression, µm; Hv is the microhardness, GPa; Е is 
the Young modulus, GPa; Ф = 3 is the constant.

Results and discussionResults and discussion
Fig. 1 shows the X-ray diffraction patterns of the syn-

thesized samples of B4C–25 mol. % TiB2 mixture. It can 
be seen that at the synthesis temperatures t = 1200 and 
1400 °C the peaks of both the target B4C and TiB2 phases 
and the unreacted carbon are observed for condensed 
products. At t = 1650 and 1900 °С, B4C and TiB2 phases 
are formed in the reaction products, and the X-ray diffrac-
tion patterns show the impurity reflections of Al3B48C2 
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phase. Its presence is caused by the fact that NFC has alu-
minum oxide impurity Al2O3 , which reacts with the com-
ponents of the batch [20].

Fig. 2 presents the electron micrographs of mixture 
samples synthesized at the temperatures of 1400, 1650 
and 1900 °C. The micrographs were taken in the mode 
of registration of secondary electrons. The scanning 
electron microscopy (SEM) images of a sample obtained 
at t = 1400 °C clearly show heterogeneous particles, 
some of which are fragmented. To clarify their nature, 
an elemental mapping was performed, which indicated 
that the particles constituted remains of unreacted NFC 
(Fig. 3). Besides, the energy- dispersive analysis data 
revealed the presence of oxygen in the amount of 5 wt. %.

The samples obtained at t = 1650 and 1900 °C 
have aggregated particles with smooth edges, the size 
of which does not exceed several micrometers. According 
to the energy-dispersive analysis, these samples con-
tain titanium, boron, carbon, as well as nickel and alu-
minium (~1 wt. % in total).

The theoretical weight loss of the batch as a result 
of reaction (3) is 19.05 % at a ratio of reagents corres-
ponding to 25 mol. % of TiB2 in the resulting pow-
der. The experimental weight loss was 0.9, 1.7, 19.5 
and 19.4 % at the processing temperatures of 1200, 
1400, 1650 and 1900 °C, respectively. It follows from 
the obtained results that the reaction of boride formation 
is fully completed at t = 1650 °C.

The results of granulometric analysis of the samp-
les of B4C –25 mol. % TiB2 composition synthesized 
at t = 1650 and 1900 °C showed that the average par-
ticle size of the obtained powders increases from 8.4 
to 9.8 μm upon an increase in the synthesis temperature. 
Since an increase in the particle size of the powder can 
lead to adeterioration in its sintering properties, the fur-
ther experiments at t = 1650 °C were conducted.

To evaluate the effect of the mixture composition 
on the properties of the resulting powder, the batch 
with the composition corresponding to 10, 20, 25 and 

Fig. 1. The diffraction patterns of the samples  
of B4C–25 mol. % TiB2 mixtures obtained  

at the temperatures of 1200–1900 °С 

Рис. 1. Дифрактограммы образцов смесей  
B4C–25 мол. % TiB2 , полученных  
при температурах 1200–1900 °С

Fig. 2. The SEM images of B4C–TiB2 powders synthesized  
at t = 1400 °С (a), 1650 °С (b) and 1900 °С (c) 

Рис. 2. Снимки РЭМ порошков B4C–TiB2 , синтезированных 
при t = 1400 °С (а), 1650 °С (b) и 1900 °С (c)
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30 mol. % of TiB2 was heat-treated. The experimental 
weight loss of the batch during the synthesis was close 
to the theoretical value in all cases (the relative devia-
tion did not exceed 3 %), which indicates the complete-
ness of the synthesis process at t = 1650 °C, regardless 
of the composition of the sample. This was also confirmed 
by X-ray phase analysis data (Fig. 4). The diffraction pat-
terns of the condensed reaction products contain TiB2 
and B4C phases for all samples. The TiB2 phase content 
estimated by the corundum number method was 9, 18, 
24, and 29 mol. % for T10, T20, T25, and T30 samples, 
respectively. These data turned out to be close to the esti-
mated values.

From the results of determining the total carbon con-
tent, presented in Table 1, it can be seen that the obtained 
experimental data slightly exceed the values correspond-
ing to the given composition of the synthesized mix-
tures. This also indicates a complete synthesis process. 
It should be noted that with an increase in TiB2 phase 
content in the powders, the excess of carbon decreases.

Fig. 5 shows the micrographs of the samples of com-
posite powder materials with different TiB2 contents. 
All SEM images contain aggregated particles of several 
micrometers in size, and the absence of fragmented parti-
cles indirectly bespeaks of the absence of unreacted par-
ticles of the initial components of the reaction mixture.

In the course of particle size analysis, the samples 
of B4C–TiB2 powders were subjected to ultrasonic disper-
sion at a power of 200 W for 30 s. Two peaks were found 
in the particle size distribution histograms of T10 and T30 
samples (Fig. 6), with the second peak increasing upon an 
increase in TiB2 phase content. Since the ratio of the heights 
of the first and the second maxima on the bimodal curve 
changes with an increase in the concentration of titanium 
diboride in the synthesized mixture, it can be assumed 

Тable 1. The results of determining  
the total carbon content, wt. %

Таблица 1. Результаты определения содержания  
общего углерода, мас. %

Sample Experiment Calculation
T10 19.7 19.1
T20 16.8 16.5
T25 15.4 15.3
T30 14.2 14.1

Fig. 3. The micrograph of B4C–TiB2 powder  
synthesized at t = 1400 °С (a), and the distribution  

of carbon (b) 

Рис. 3. Микрофотография порошка B4C–TiB2 , 
синтезированного при t = 1400 °С (а), и распределение 

углерода (b)

Fig. 4. The diffraction patterns of the samples  
of powder mixtures containing 10–30 mol. % TiB2 ,  

synthesized at t = 1650 °С 

Рис. 4. Дифрактограммы образцов порошковых смесей, 
содержащих 10–30 мол. % TiB2 , синтезированных  

при t = 1650 °С
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that the part of the histogram with a smaller particle size 
mainly characterizes the B4C phase; consequently, its other 
part with a larger particle size refers to the TiB2 phase. 
Based on this assumption, the average size of particles and 
aggregates was calculated for each phase (Table 2), and 
the values of standard deviations and asymmetry indices 
were determined using method [26].

Table 2 shows that the average 50 % particle size 
increases with an increase in the TiB2 content of the pow-

ders under research. There is also an increase in the par-
ticle size of B4C phase compared to pure B4C (2.4 µm). 
The standard deviation values indicate a wide range 
in particle size distribution, i.e. the powder is poly-
disperse. The low value of asymmetry degree proves 
the symmetry of the distribution curves for each phase. 
The largest value of the average particle size of B4C 
and TiB2 phases is typical for the sample containing 
30 mol. % of TiB2 .

Fig. 5. The micrographs of B4C–TiB2 powder synthesized at t = 1650 °С
TiB2 content, mol. %: 10 (a), 20 (b), 25 (c) and 30 (d) 

Рис. 5. Микрофотографии образцов порошковых смесей B4C–TiB2 , синтезированных при t = 1650 °С
Содержание TiB2 , мол. %: 10 (а), 20 (b), 25 (c) и 30 (d)

Fig. 6. Particle size distribution histograms for T10 (a) and T30 (b) samples
X – fraction content, wt. %; D – particle size, µm 

Рис. 6. Гистограммы распределения частиц по размерам образцов T10 (a) и T30 (b)
X – содержание фракции, мас. %; D – размер частиц, мкм
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The surface area values were 5, 4, 3, and 3 m2/g for 
T10, T20, T25, and T30 samples, respectively, whereas 
the said value was 4 m2/g for the initial boron carbide 
sample without modifying additives.

In order to determine the thermal-oxidative stability 
of the obtained B4C–TiB2 powders, they were oxidized 
in a synthetic air atmosphere. Similar thermogravimetric 
curves were obtained for all samples of different com-
position. The derivatogram of T10 sample is presented 
in Fig. 7 as an example.

X-ray phase analysis was conducted to identify 
the products of oxidation of the mixture with oxygen. 
The diffraction pattern of the sample of composite pow-
der material after heating up to 1000 °C in an oxidizing 
atmosphere is shown in Fig. 8.

The results of thermogravimetric analysis show 
that the weight gain is caused by the oxidation process 
starting at t ~500 °C. Upon the temperature reaching 
1000 °C, there are unoxidized B4C and TiB2 phases, as 
well as TiBO3 , TiO2 and B2O3 oxidation products present 
in the samples. It can be assumed that when this tempera-
ture is reached, the process proceeds in accordance with 
the following reactions

(1 – x)B4C + xTiB2 + (3.5 – 0.25y)O2 =

= (2 – x – 0.5y)B2O3 + (x – y)TiO2 +

  + yTiBO3 + (1 – x)CO, (4)

(1 – x)B4C + xTiB2 + (4 – 1.5x – 0.25y)O2 =

= (2 – x – 0.5y)B2O3 + (x – y)TiO2 +

             + yTiBO3 + (1 – x)CO2 . (5)

Upon that, the oxidation of minimum 80 wt. % 
of composite powder material occurs. The mass frac-
tion of the oxidized substances at t = 1000 °C is 80, 75, 
69 and 73 wt. % for T10, T20, T25 and T30 samples, 
respectively, and 83 wt. % for the initial boron car-
bide. The incomplete oxidation of the samples can be 

Table 2. The results of research of particle size of B4C–TiB2 powders
Таблица 2. Результаты исследования размера частиц порошков B4C–TiB2

Sample Average size of 50 % 
of particles D50, µm Phase Average size 

of the phase, µm
Standard 

deviation, µm
Asymmetry 

degree

T10 7.4
B4C 5.3 1.9 –0.050 
TiB2 33.6 1.6 0.040

T20 8.3
B4C 5.0 1.9 –0.040
TiB2 40.0 1.6 0.010

T25 8.4
B4C 5.1 1.9 –0.040
TiB2 41.0 1.6 –0.023

T30 13.4
B4C 5.5 1.9 –0.050
TiB2 41.9 1.6 –0.005

Fig. 7. TG (1) and DSC (2) curves  
for B4C–10 mol. % TiB2 (T10) sample 

Рис. 7. Кривые ТГ (1) и ДСК (2) образца  
B4C–10 мол. % TiB2 (T10)

Fig. 8. The diffraction pattern of B4C–25 mol. % TiB2 (Т25) 
sample subjected to oxidation in a synthetic oxygen  

atmosphere at t = 1000 °С 

Рис. 8. Дифрактограмма образца B4C–25 мол. % TiB2 (Т25), 
подвергнутого  окислению в среде синтетического кислорода 

при t = 1000 °С
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explained by the formation of a liquid protective film 
of B2O3 , the melting temperature of which is ~450 °C, 
on the surface of B4C and TiB2 particles [27].

The synthesized powder containing 30 mol. % 
of TiB2 was selected for the preparation of composite 
ceramics. The relative density of the obtained material 
was 99.0±1.1 %, and the relative density of B4C ceramics 
produced in a similar way without the use of modifying 
additives was 97.7±0.5 %. 

Thus, the use of a batch with В4С–30 mol. % TiB2 
composition obtained by carbide reduction allows to pro-
duce ceramics with a high relative density. Its structure 
consists of a boron carbide matrix (gray area) and light 
inclusions of titanium diboride of various sizes (Fig. 9).

The microhardness of the composite ceramics 
was 33.0±3.4 GPa, and the fracture toughness was 
5.0±0.2 MPa∙m0.5; for ceramics without TiB2 additives, 
these indices were 45.5±5.2 GPa and 3.6±0.11 MPa∙m0.5, 
respectively. Thus, the presence of a modifying additive 
in the composition of ceramics naturally led to a decrease 
in microhardness and an increase in the material fracture 
toughness.

ConclusionConclusion
B4C–TiB2 composite powder materials have been 

obtained by the carbide reduction of titanium dioxide 
using an excess of boron carbide and nanofibrous car-
bon. It has been established that the process of formation 
of the TiB2 phase starts at t = 1200 °C, but it is fully com-
pleted at 1650 °C. a further increase in a temperature leads 
to an increase in the particle size of B4C–TiB2 powder. 
The average size of 50 % particles of the composite powder 
material containing 10–30 mol. % of TiB2 is 15 µm maxi-

mum, and the surface area value does not exceed 5 m2/g. 
The average particle size of the B4C phase is in the range 
of 5.3–5.5 µm, and that of the TiB2 phase is 33.6÷41.9 µm. 

The oxidation of the obtained mixtures with atmo-
spheric oxygen starts at t ~500 °C. Upon that, maximum 
80 wt. % of the powders under study are oxidized when 
the temperature reaches 1000 °C. 

The presence of 30 mol. % of TiB2 in the compo-
site powder material allows to perform the hot pressing 
production of the ceramics with a higher relative density 
(99.0±1.1 %) and fracture toughness (5.0±0.2 MPa∙m0.5) 
as compared to the ceramics obtained in a similar way 
only from B4C.
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Аннотация. По результатам, полученным ранее в работах по безвольфрамовым твердым сплавам (БВТС) марок КНТ3 
и КНТ7, проведен анализ влияния компонентов, составляющих их основу, на конечное формирование микроструктуры 
сплавов. Исследования проводились на керамико-металлических образцах (керметах) при дефиците связующей фазы 
из никеля с молибденом. Для анализа микроструктуры керметов были использованы изображения поверхности 
их шлифов, полученных с помощью растровой электронной микроскопии в режиме отраженных электронов. 
Показано, что особенностью микроструктуры сплавов серии КНТ является наличие у них структуры ядро/обод 
(Core/ Rim Structure – CRM). Анализ выявил, что с уменьшением в БВТС серии КНТ содержания связующей фазы 
из Ni–Mo заметно увеличился размер обода в спеченном сплаве вокруг ядра из Ti(C, N). Дополнительно рассмотрена 
роль пластификатора в процессе формирования микроструктуры ядро/обод БВТС серии КНТ при дефиците 
связующей фазы. По результатам исследования микроструктуры керметов сделаны выводы, которые позволяют 

  igor.grigorov2012@yandex.ru

Abstract. We investigated the influence of the basic component concentration on the microstructure of the KNT3 and KNT3 
tungsten-free hard alloys (TFHA), focusing on ceramic-metal samples (cermets) with a low nickel-molybdenum binder content. 
The microstructure of the sintered cermets was analyzed using reflected electron images of thin sections obtained with a 
scanning electron microscope. Our analusis revealed that the KNT alloy exhobits a core/rim structure (CRM). We observed that 
decreasing the Ni–Mo binder content leads to a significantincrease in the rim size isurrounding the Ti(C, N) core in the sintered 
alloy. We also investigated the effect of the plasticizer on the formation of the core/rim microstructure with a low binder content. 
Furthermore, we found that the absence of nitrogen-enriched areas in the Ti(C, N) grains increases the molybdenum diffusion 
rate across the refractory phase interfaces during the cooling stage, resulting in a higher specific volume fraction of the shell in 
the cermet microstructure. 

Keywords: thin shell micrography, cermets, titanium carbonitride (Ti(CN)), nickel-molybdenum binder, plasticizer

For citation: Grigorov I.G., Zhilyaev V.A. Core/rim microstructure of Ti(C, N) cermets with low nickel-molybdenum binder 
content. Powder Metallurgy аnd Functional Coatings. 2023;17(2):46–52.
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IntroductionIntroduction
The KNT series of tungsten-free hard alloys 

(TFHA) are composed of titanium carbonitride 
Ti(C, N) and nickel and molybdenum powders as 
fusib le binders. These alloys can be used as an alterna-
tive to tungsten carbide hard alloys. The KNT alloys 
exhibit unique properties that distinguish them from 
other TFHAs including high hardness and low specific 
gravity. For example, the widely used KNT16 alloy 
(GOST 26530-85) has a hardness of 89 HRA and 
a density of 5.9 g/ cm3 [1–4]. 

The titanium carbonitride-based cermet offers sev-
eral advantages, such as its easy availability and simple 
manufacturing. Moreover it exhibit higher hardness 
at high temperatures compared to tungsten carbide, 
along with superior scale resistance. Additionally, a thin 
oxide film is formed on the surface of the cermet during 
tool operates at elevated temperatures, which acts as 
a lubricant. As a result, the KNT alloys exhibit low fric-
tion coefficient and good wear resistance. Nonetheless, 
KNT alloys also possess certain drawbacks, including 
low impact toughness and thermal conductivity, and 
a high coefficient of thermal expansion. Consequently, 
these properties increase the likelihood of cracking 
when the tool is soldered and sharpened [2].

We developed a TFHA (KNT series) alloy with 
a reduced amount of No–Mo bonder, to evaluate its 
suitability as carbide cores for armor-piercing projec-
tiles [3; 5]. These alloy has improved ceramic prop-
erties due the presence of a metallic bond improves 
their [6–12]. The authors presented the sintering con-
ditions, essential TFHA microstructure characteristics, 
and physical and mechanical properties of the KNT3 
and KNT7 alloys [13–15]. 

The microstructure of the KNT alloy is characte-
rized by a core/rim structure (CRS) [15–20]. The core 
is comprised of a permanent liquid phase (PLP) con-
sisting of carbonitride TiC1 – xNix , while the rim (which 
forms the shell of the core) is a multicomponent car-
bonitride (Ti, Mo)(C, N). The formation of the cermet 
microstructure is primarily attributed to the wetting 
of the solid phase by the molten binder, facilitated 

by a wetting angle close to zero at the interface between 
the solid phase and the melt.

The objective of this study is to examine the impact 
of the carbon-to-nitrogen ratio in the permanent liquid 
phase (PLP) on the formation of the core/rim structure 
(CRS).

Alloys with a low binder  Alloys with a low binder  
contentcontent

Figure 1 presents composite contrast SEM cross 
sections of KNT7 and KNT3 alloys. It is apparent 
from the Fig. 1 that the coaxial shell of the base metal 
grains, or the rim, around the cermet cores in KNT3 
occupies a larger surface area compared to KNT7. 
This notable difference in the microstructures of KNT3 
cermets and conventional hard alloys was previously 
by Pakholkov V. et al. [3]. The authors suggested varia-
tions in the manufacturing process conditions such as 
sintering temperature and time, as shown in the table, 
can lead to the formation of different microstructures 
in cases where the content of the melt liquid phase is 
inadequate. 

The rim (shell) formation by the dissolution-sedi-
mentation reaction [4] is limited by the amount of avail-
able molybdenum in the liquid phase. The shell forma-
tion may be associated with molybdenum solid-phase 
mass transfer over the interphase interfaces. There are 
no available studies of this phenomenon so we decided 
to investigate the CRS phase and structure forma-
tion during the interaction between titanium carboni-
tride and metallic melts at various stages of sintering. 

Formation of CRS ctructure  Formation of CRS ctructure  
in KNT alloys with  in KNT alloys with  

a low binder contenta low binder content

The detailed synthesis of KNT3 and KNT7 cermets 
is presented in references [3; 13]. The values of sin-
tering temperature (tsn ) and isothermal holding time 
(τh ) for each sample (see the Table) can be attributed 
to the increased contribution of solid-phase sintering 

предположить, что в отсутствие зон, обогащенных азотом, возрастает вероятность диффузии молибдена через 
межфазные границы тугоплавких фаз. Следствием этого является увеличение параметра удельной объемной доли 
оболочки в микроструктуре кермета.

Ключевые слова: анализ изображения шлифов, керметы, карбонитрид титана (Ti(CN)), никель-молибденовая связка, 
плас тификатор
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to cermet formation as the metal component content 
decreases.

The permanent liquid phase in KNT alloys is tita-
nium carbonitride, which has a double crystal structure 
consisting of TiC and TiN. Its thermodynamic com-
patibility with each metal component of the binder 
phase varies. Cermets are primarily composed on car-
bon + metal compounds. Nitrogen interacts with metal s 
only at high temperatures and may or may not form 
weak nitrides. For example, titanium nitride (TiN) is 
used as an intermediate buffer layer in the electronics 
industry. It serves as an effective barrier for preven-

ting the diffusion flows between conductive contact 
components.

The synthesis of the KNT alloy involves three stages 
of sintering, namely heating, holding at the melting 
temperature, and cooling in the furnace.

During the heating stage, several reactions take place 
between the refractory components and the refrac-
tory and binder components. These processes occur 
partially before the liquid phase appears and include 
gassing, diffusion reactions, and shrin kage of the pow-
der compacts. As the powder mixture is heated, CO 
is released starting at approximately 900 °С and 

Phase composition of the cermets [13]

Фазовый состав исследуемых керметов [13]

Hard 
alloy 
grade

Sintering conditions Content, vol. %

tsn ± 10 °С τ ± 1 %, min TiCxNz core Rim
(Ti, Mo)(C, N) Ni–Mo binder

KNT7

1480 20 44.64 47.41 6.70

1480 60 43.95 48.27 6.65

1500 60 40.42 53.26 6.30

1520 12 40.97 52.12 6.74

1520 40 38.64 55.24 6.10

1520 60 36.67 57.46 5.86

1540 60 34.06 60.48 5.45

1560 60 30.89 63.78 5.30

KNT3

1540 20 24.76 72.94 2.22

1540 60 23.12 74.78 2.02

1560 60 22.86 75.16 1.94

1580 60 21.60 76.66 1.70

Fig. 1. The core/rim microstructure of KNT7 (а) and KNT3 alloys (b)
JSM 6390 LA microscope (JEOL Ltd., Japan), ×5000, reflected electron image 

Рис. 1. Вид микроструктуры ядро/обод сплавов КНТ7 (а) и КНТ3 (b)
Микроскоп JSM 6390 LA (JEOL Ltd., Япония), увеличение ×5000, режим съемки – отраженные электроны
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reaches its maximum release rate at around 1100 °С. 
Nitrogen is released at ~1200 °С and reaches its maxi-
mum release rate at 1300 °С. The nitrogen release rate 
decreases at temperatures above 1300 °С is associated 
with the beginning of CRS growth in cermets. 

During the the low-temperature sintering phase, 
the rubber-based plasticizer (4–5 % gasoline solu-
tion) [21; 22] is removed before the liquid metal 
(melt) emerges. Upon decomposition, the plasticizer 
yields the Mo2C molybdenum compound, which may 
account for another characteristic of the shell micro-
structure. Figure 2 illustrates the two-layer shell struc-
ture of the KNT3 cermet, comprising an inner shell 
consisting of a solid solution rich in heavy elements, 
that surrounds the Ti(C, N) grain; and an outer shell is 
Ti-based material. 

The last stage of the two-level shell microstructure 
formation, particularly its onset, remains ambiguous 
and conflicting. One proposal suggests that the final 
shell structure is created during the final stage of sin-
tering, whereby TiC and MoC carbide are deposited 
on the Ti(C, N) particles. These carbides form a solid 
solution dissolved in the liquid binder. Another 
proposal assumes that the inner shell is formed 
by a solid-phase interaction at the initial sintering 
stage (up to 900 °C), while the outer shell is formed 
by dissolution/deposition.

The second sintering stage begins with the inter-
action between the Ni and Mo binders and refractory 

phases and the emergence of the liquid phase. The dis-
solution/deposition process becomes a significant 
contributor to the formation of the sintered cermet 
microstructure.

According to available sources, during the sintering 
process, Ti(C, N) reacts with the melt such that the li -
qui d molybdenum facilitates the dissolution of tita-
nium and carbon from the PLP, while the nitrogen-
rich, poorly soluble carbonitride remains preserved 
as a solid phase. The enrichment of the refractory 
phase with titanium nitride is more or less pro-
nounced depending on the liquid/solid phase ratio. 
The nitrogen-rich areas of the Ti(C, N) grains remain 
insoluble in the liquid metal bond and act as crystalli-
zation nuclei of the (Ti, Mo)C carbide solutions depos-
ited from the melt by dissolution/sedimentation, lead-
ing to the formation of the so-called K-phase [4]. 

The formation of the K-phase takes place during 
the liquid-phase sintering of hard alloys in the presence 
of a carbide-forming element in the melt. As the liquid 
phase emerges, the TiC component of the PLP begins 
to dissolve, forming (Ti, Mo)C. The deposition of this 
compound is possible only when the limit solubility 
product value Mo1 – nTin Cy is reached.

The core size of the Ti(C, N) particles increases 
with the sintering time primarily due to particle 
coalescence at their interfaces, which is more intense 
under liquid-phase sintering than under solid-phase 
sintering, before the shell structure formation. 
The rate of shell deposition on the Ti(C, N) grains 
depends on the sintering temperature and (Ti, Mo)C 
concent ration in the melt. The shell thickness reaches  
0.5–3.0 μm as the sintering temperature increases 
from 1450 to 1540 °C.

Pakholkov V. et al. [3] observed that as the volume 
fraction of the Ni–Mo binder decreases, the degree 
of coalescence of the Ti(C, N) grains increases. The spe-
cific volume content (VV ) of the Ti shell (rim) consist-
ing of Ti1 – xMoxCyNz exhibits an inverse relationship 
between the VV of the shell (as shown in the table) and 
binder volume, but the reason for this is unclear. 

The furnace cooling rate is controlled and does not 
exceed 10 °C/min to ensure a smooth temperature gra-
dient across the TFHA thickness, thus tavoiding ther-
mal cracking caused by different coefficients of linear 
thermal expansion of the TFHA components. The shell 
formation by dissolution-deposition from the melt 
(Ti1 – nMon )Cx in the KNT3 alloy is limited by the vol-
ume content of the binder. At the final stage of the CRS 
formation, significant shell growth can be attributed 
to a solid-phase molybdenum mass transfer across 

Fig. 2. Two-level microstructure of the KNT3  
cermet rim: inner shell (light areas)  

and outer shell (dark gray areas)
JSM 6390 LA microscope, ×5000 (a) and ×20,000 (b),  

reflected electron images 

Рис. 2. Вид двухуровневой микроструктуры оболочки 
(обода) кермета КНТ3: внутренней (светлые участки)  

и наружной (темно-серые)
Микроскоп JSM 6390 LA, увеличение ×5000 (а) и ×20 000 (b),  

режим съемки – отраженные электроны
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the TiCxNz – (Ti1 – nMon )Cx interface [3]. Figure 3 
illust rates the CRS difference for KNT7 and KNT3 cer-
mets for identical sintering conditions (tsn = 1560 °C; 
τ = 60 min).

ConclusionsConclusions
We have determined that the synthesis of KNT solid 

alloy can be divided into three stages: heating, hol ding 
at the temperature required for melt formation, and 
cooling in the furnace. Our conclusion can be summa-
rized as follows.

1. We have observed that the decrease in volume 
fraction of the Ni–Mo metallic binder leads to an 
increase in the volume fraction of the Ti1 – xMoxCy Nz .

2. The absence of nitrogen-enriched areas in 
the Ti(C, N) grains leads to an increase in the diffu-
sion rate of molybdenum across the refractory phase 
interfaces during the cooling stage. 

3. We have discovered a two-level structure 
of the cermet shell with inner and outer layers. 
The inner shell (appearing as light areas in the SEM 
image) is molybdenum-rich, while the outer shell is 
Ti-rich (appearing as dark gray areas). 

4. We propose a chemical explanation for the forma-
tion of the inner cermet shell as a result of the decom-
position of the rubber-based plasticizer (4–5 % gaso-
line solution) during the heating stage. 
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Abstract. The paper shows the effect of solution temperature on the deposition rate of applying composite nickel-phosphorus 
coatings modified with boron nitride and polytetrafluoroethylene to powder samples made of improved P40, P40Kh and 
P40KhN steels obtained by hot stamping of porous sintered blanks. It has been experimentally established that within the range 
of 70–90 °C, the average deposition rate of modified BN and (C2F4 )n coatings is 15–19 μm/h, while the chemical composition 
of the improved steels and the surface configuration of the samples have no effect on the coating build-up rate. The mechanism 
of the formation of the structure and properties of nickel-phosphorus coatings (NiPC) without additives and those of NiPC 
modified with boron nitride and polytetrafluoroethylene during deposition, sintering and running-in is revealed. It has been 
established that immediately after deposition, Ni–P coating has an amorphous structure with inclusions of nickel particles, and 
its microhardness does not exceed 380–390 MPa with no modifiers added. In the dry friction mode at the running-in stage, 
Ni12P5 and Ni2P phases are formed in the modified Ni–P coatings, allowing to improve their tribological properties, and in the 
steady-state mode, the phase disordering of the modified NiPC proceeds. It has been experimentally revealed that the coefficient 
of friction and wear decrease by 1.3 times when only (C2F4 )n is introduced into Ni–P coating, these indices decrease by 1.6 times 
when only BN is added, and they decrease almost twice when BN and (C2F4 )n are introduced together. It has been established 
that upon the combined (complex) modification of NiPC with BN and (C2F4 )n after the heat treatment, there is almost no nickel 
oxide phase, nickel boride of NiB type is formed in the coating during running-in, and its content does not decrease when 
entering the stationary friction mode, thus increasing tribotechnical properties of the coating. During running-in, the coefficient 
of friction of Ni–P + BN + (C2F4 )n coating decreases from 0.28 to 0.19, and the wear rate of such a coating in the stationary 
friction mode is 1.5 mg/h. The efficiency of applying the antifriction nickel-phosphorus coatings modified with BN + (C2F4 )n 
to the products made of the improved structural steels obtained by various methods has been theoretically and experimentally 
substantiated. 

Keywords: nickel-phosphorus coating (NiPC), powder steel, modifier, tribotechnical properties, boron nitride, polytetrafluoroethylene

For citation: Shcherbakov I.N., Gasanov B.G. Effect of modifiers on the structure formation and properties of nickel-phosphorus 
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IntroductionIntroduction
Various methods of modifying and coating struc-

tural, tool and special materials to improve their func-
tional properties are known [1–3]. Numerous papers are 
devoted to studying the effect of the chemical compo-
sition, methods and technological parameters of coat-
ing of steel products [4–8]. Particular attention is given 
to the development of new materials and technologies for 
coating the products of complex configuration, modified 
with various micro- and nano-additives [9–11]. From a 
technological point of view, composite nickel-phospho-
rus coatings (NiPC), which are obtained by chemical 
deposition [6; 7; 11–14] and characterized by high wear 
resistance, a relatively low coefficient of friction, the abi-

lity to resist significant cyclic contact loads, as well as 
the possibility of introducing solid lubricants and other 
modifiers [8–12; 15–17] into the matrix, are attractive.

However, the works devoted to the development 
of technology for the production of composite NiPC 
do not sufficiently research the kinetics of structure 
formation, which is formed both during deposition 
and sintering and during friction, and will make it pos-
sible to predict their properties, develop new materials 
and explain the physicochemical processes occurring 
at all stages of the technological process of coating and 
operation [13–18]. 

The analysis of the operating conditions of steel 
products coated with composite NiPC, as well as scien-
tific and technical developments in the field of structural 

  bdd-don@mail.ru

Аннотация. Показано влияние температуры раствора на скорость осаждения композиционных никель-фосфорных 
покрытий, модифицированных нитридом бора и политетрафторэтиленом, на порошковые образцы из улучшаемых 
сталей марок П40, П40Х и П40ХН, полученных горячей штамповкой пористых спеченных заготовок. Экспериментально 
установлено, что в интервале температур 70–90 °С средняя скорость осаждения модифицированных BN- 
и (C2F4 ) n-покрытий составляет 15–19 мкм/ч, а химический состав улучшаемых сталей и геометрия поверхности 
образцов практически не влияют на скорость их наращивания. Предложен механизм формирования структуры 
и свойств Ni–P-покрытий без добавок и модифицированных нитридом бора и политетрафторэтиленом в процессах 
осаждения, спекания и приработки. Установлено, что непосредственно после осаждения Ni–P-покрытие имеет 
аморфную структуру с включениями частиц никеля, а его микротвердость без добавки модификаторов не превышает 
380–390 МПа. На стадии приработки в режиме сухого трения в модифицированных Ni–P-покрытиях образуются 
фазы Ni12P5 и Ni2P, позволяющее повысить их трибологические характеристики, а при установившемся режиме 
в них протекает фазовое разупорядочивание. Экспериментально выявлено, что при введении в Ni–P-покрытие только 
(C2F4 )n коэффициент трения и износ снижаются в 1,3 раза, при добавлении одного BN – в 1,6 раза, а при совместном 
введении BN и (C2F4 )n – почти в 2 раза. Установлено, что при совместном (комплексном) модифицировании Ni–P-
покрытий BN и (C2F4 )n после термообработки никель практически не окисляется,  в процессе приработки в покрытии 
образуется борид никеля типа NiB, содержание которого при выходе на стационарный режим трения не уменьшается, 
что стабилизирует триботехнические характеристики покрытия. В процессе приработки коэффициент трения состава 
покрытия Ni–P + BN + (C2F4 )n снижается с 0,28 до 0,19, а скорость изнашивания в режиме стационарного трения 
составляет 1,5 мг/ч. Теоретически и экспериментально обоснована эффективность нанесения антифрикционных 
никель-фосфорных покрытий, модифицированных BN + (C2F4 )n, на изделия из конструкционных улучшаемых 
сталей, полученных различными методами.  

Ключевые слова: никель-фосфорное покрытие (НФП), порошковая сталь, модификатор, триботехнические свойства, 
нитрид бора, политетрафторэтилен
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adaptability of materials and coatings upon friction, 
developed during the creation of self-lubricating materi-
als and coatings, revealed that the structural states of sub-
stances, which predetermine the phenomenon of self-
organization in dissipative tribological systems, must be 
considered when developing the ones [10–13; 19–21]. 

The purpose of this paper was to study the mecha-
nism of structure formation and tribological properties 
of composite nickel-phosphorus coatings modified with 
boron nitride and polytetrafluoroethylene (C2F4)n applied 
to the improved powder steels.

Research methods and technology  Research methods and technology  
for obtaining samplesfor obtaining samples

Samples 25 mm in diameter and 5 mm in thickness 
were obtained by sintering and hot stamping of porous 
blanks of improved P40, P40Kh and P40KhN steels 
using the technology specified in work [22]. For the pur-
pose of coating, the surface of the steel samples was 
prepared in accordance with the requirements described 
in [10–13]. The working solution for the deposition 
of NiPC composites Ni–P + BN, Ni–P + (C2F4)n and 
Ni–P + BN + (C2F4)n was prepa red in the sequence 
described by the authors [11–13].

The thickness of the composite coatings was deter-
mined by means of Konstanta K6 thickness gauge 
(Russia) with ID1 transducer with a maximum error 
of ±0.01T + 1 µm. The adhesive strength of NiPC was 
evaluated by random testing of reference samples in 
accordance with GOST 9.302-88 “Control Methods: 
Bending and Tension”, using TME-10 tensile machine 
(Russia). The loading rate was 2 mm/min. 

The X-ray studies of the samples were performed 
by means of DRON-1.5 diffractometer. The phase com-
position of the samples was identified using X-ray data 
published in the reference literature [23] and the me thods 
described in paper [24]. In order to analyze the amorphous 
component in the coatings, the samples were taken at a rate 
of 2 °C/min and with a more optimal scale along the inten-
sity axis. The required refe rence diffraction patterns were 
obtained by “smearing” of diffraction lines in the patterns 
of the corresponding crystalline phases, assuming their 
ultradispersity [24]. During the qualitative phase analy-
sis, in all cases we attempted to describe the composition 
of the sample by a minimum number of phases. 

The X-ray microanalysis was conducted by the me -
thods of electron probe research in the Resource Sharing 
Center of South Russian State Polytechnic University 
(NPI) named after M.I. Platov, using VEGA II LMU scan-
ning electron microscope (Tescan, Czechia) equipped 
with INCA ENERGY 450/XT energy-dispersive micro-
analysis system (OXFORD Instruments Analytical, 
Great Britain), providing the opportunity of elemental 
analysis in the range from Na to U.

The pattern of distribution of modifiers in the coa ting 
matrix, as well as the particle sizes and phase morphol-
ogy were studied by means of Epiquant metallographic 
microscope (Karl Zeiss Jena, Germany). 

Microhardness was measured at a load of 0.0981 N 
(10 Gs) applied for 15 s, using PMT-3 device (Russia) 
under GOST 9450-76. For the purpose of a more reliab le 
determination of this characteristic, the number of mea-
surements was 30–50 at a coating thickness of 20 μm.

To determine the tribotechnical properties of NiPC, 
an end friction machine (FGUP OKTB Orion, Russia) 
was used, allowing to develop the specific loading 
on the surface of the studied material up to 300 MPa 
at a sliding speed of 0.048 m/s. The friction area tem-
perature was measured with a thermocouple inserted 
into the sample at a distance of 0.5 mm from the fric-
tion surface track. The overlap coefficient of the rubbing 
surfaces of the sample and the counterbody was 0.2. 
The washers made of steel 45 with a hardness of 48–52 
HRC and a roughness of Ra = 0.25 µm were used as a 
counterbody. 

Research findings and discussionResearch findings and discussion
The operational reliability of the parts of friction 

units, to which the composite coatings are applied, 
largely depends on the uniformity of their thickness and 
adhesion to the substrate. As shown by the experimental 
results presented in Figure 1, the process of NiPC forma-
tion is initiated when the samples (solution) are heated 
above 35–40 °C, the coating growth rate increases more 
intensively with increasing temperature from 60 to 90 °C 
and reaches 14–18 µm/h depending on the chemical com-
position (see Figure 1). The highes t deposition rate (18–
19 µm/h) is observed when applying Ni–P + BN + (C2F4)
n coating at a temperature of 900 °С. 

Fig. 1. The dependence of the coating deposition rate  
on the solution temperature and chemical composition

1 – Ni–P, 2 – Ni–P + (C2F4 )n, 3 – Ni–P + BN, 4 – Ni–P + BN + (C2F4 )n 

Рис. 1. Зависимость скорости осаждения покрытия  
от температуры раствора и химического состава

1 – Ni–P, 2 – Ni–P + (C2F4 )n, 3 – Ni–P + BN, 4 – Ni–P + BN + (C2F4 )n

Powder Metallurgy аnd Functional Coatings. 2023;17(2):53–61 
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The studies revealed that Ni–P coating exhibits an 
amorphous structure immediately after deposition, and 
its microhardness reaches the maximum of 380–390 HV 
(Table 1) without modifying additives. When introdu-
cing (C2F4)n, the microhardness of the coating slightly 
decreases, since it is lower for this polymer than for 
NiPC. If the coating is modified with boron nitride, its 
microhardness increases up to 490–500 HV (see Table 1). 
This can be explained by the nature of the disperse BN 
phase, which is characterized by a higher hardness than 
Ni–P coating. The microhardness of Ni–P + BN + (C2F4)
n composition is slightly lower than that of NiPC modi-
fied with BN.

To improve the tribotechnical properties of NiPC and 
the strength of adhesion to the steel substrate, the coated 
samples were heated within the range of t = 50÷700 °C 
with a spacing of 50 °C for 1 h. At the first stage, 
the effect of heating temperature on the microhardness 
of the samples was studied. As can be seen in Fig. 2, 
the HV behavior is the same for all types of coatings, 
depending on the sintering temperature of the samples. 

Table 2 provides the critical sintering temperatures and 
holding time at which the coatings modified with various 
additives exhibit the maximum microhardness.

In particular, the microhardness of the samples 
made of P40KhN steel coated with Ni–P + (C2F4)n,  
sintered at t = 360 °С for 1 h, was 700 HV (Fig. 2, 
curve 2), while the microhardness of the samples made 
of P40KhN steel coated with Ni–P + BN + (C2F4)n 
increased up to 980–990 HV (Fig. 2, curve 4). The maxi-
mum HV values were obtained for Ni–P and Ni–P–BN 
coatings after the sintering of the samples at t = 400 °C 
(Fig. 2, curves 1 and 3).

The studies revealed that composite NiPC are brittle 
and flake off easily after deposition, and the strength 
of their adhesion to the substrate is very low. Upon sin-
tering, the samples coated with NiPC within the range 
of t = 500÷700 °C, nickel and steel interdiffusion 
occurs at steel–coating interface and a transitional dif-
fusion layer, contributing to an increase in the strength 
of adhesion of the coating to the substrate, forms (Fig. 3). 
Upon that, the chrome content of NiPC does not exceed 
the measurement error (see Fig. 3, b).

The qualitative assessment of the adhesion strength 
of composite NiPC was performed by bending method 
(10 samples for each coating). The studies showed no 
flaking of the coating on the surface of P40KhN steel 
at the point of fracture, however, noticeable cracks 
appeared in Ni–P + (C2F4)n coating on the surfaces 
of P40 and P40Kh steels upon bending. 

The results of studies performed by means of UMM-5 
tensile machine (Fig. 4) showed that the mass loss 
of coatings of all non-sintered samples without sinte-
ring was as follows, g: Ni–P – 0.085; Ni–P + (C2F4)n –  
0.092; Ni–P + BN – 0.045 and Ni–P + BN + (C2F4)n –  
0.050. The flake off masses of the samples with 
Ni–P + BN + (C2F4)n coatings are virtually identical, but 
they are 30–35 % less compared to those with Ni–P. 

Upon an increase in the temperature of sintering 
of the samples made of P40Kh steel from 50 to 350 °C 
with the holding time of 1 h, the amount of flaking off 
Ni–P coating decreases from 90 to 25 mg, and the one 
of Ni–P + BN decreases from 42 to 9 mg (see Fig. 4, 

Table 1. The microhardness of coatings in amorphous state
Таблица 1. Микротвердость покрытий  

в аморфном состоянии

Coating 
composition

Micro-
hardness 
HV0.01/15

Standard 
deviation, %

Ni–P 380–390 7
Ni–P + (C2F4)n 370–375 9

Ni–P + BN 490–500 8

Ni–P + BN + (C2F4)n 450–460 9

Table 2. The modes of sintering of samples made of P40Kh 
steel coated with different compositions 

Таблица 2. Режимы спекания образцов из стали П40Х 
с покрытиями различного состава

Coating 
composition t, °С Heat treatment 

time, min
Ni–P 400 90

Ni–P + (C2F4)n 360 60
Ni–P + BN 400 90

Ni–P + BN + (C2F4)n 360 90

Fig. 2. The dependence of microhardness of NiPC  
on P40KhN steel on sintering temperature and composition

1 – Ni–P, 2 – Ni–P + (C2F4 )n, 3 – Ni–P + BN, 4 – Ni–P + BN + (C2F4 )n 

Рис. 2. Зависимость микротвердости НФП  
на стали П40ХН от температуры спекания и состава

1 – Ni–P, 2 – Ni–P + (C2F4 )n, 3 – Ni–P + BN, 4 – Ni–P + BN + (C2F4 )n
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curve 1 and 2). The studies demonstrated that the samp-
les modified with boron nitride and polytetrafluoro -
ethylene (Fig. 4, curve 4) exhibited the minimum mass 
loss of coatings, whereas the samp les with (C2F4)n-mod-
ified coatings (Fig. 4, curve 3) had the largest losses. 
The mass loss decrease after sintering at t = 400 °C for 
1 h is approximately the same for the (C2F4)n-modified 
coatings (Fig. 4, b, curves 1 and 2). 

As can be seen in Fig. 2 and 4, the microhardness and 
mass loss behavior, depending on the sintering tempera-
ture, coincides, and that is associated with the kinetics 
of coating microstructure formation. 

According to the X-ray phase analysis, immediately 
after the chemical deposition, the boron nitride-modified 
NiPC exhibited an amorphous structure, which can be 
called an X-ray amorphous structure. 

It should be noted that the number of centers for 
the nucleation of NiPC inclusions virtually does not 
depend on the surface geometry of the powder samples, 
while the surface roughness and the presence of micro- 
and macropores impact the morphology (Fig. 5, a 
and b). In those areas of the surface of the sintered 
samples where the micropores are located, the con-
tent of nickel and phosphorus is noticeably lower than 
on the end surface of the samples made of hot-stamped 
P40Kh steel. 

After sintering Ni–P + BN-coated samples made 
of P40Kh steel obtained by hot stamping of porous blanks 
within the temperature range of 350–370 °C for 1 h, 
β-Ni, Ni3P, BN phases and a small amount of NiO, being 
well-identified in diffractograms (Fig. 6, a), were found. 
At the running-in stage during testing, the Ni3P and BN 
phases are dispersed and their characteristic reflections 
are smeared, therefore they can only be approximately 
identified in X-ray patterns (Fig. 6, а, curve 2 and 3). 
Furthermore, Ni12P5 , Ni2P and NiB highly dispersed 
phases arise during friction, and their content in the sur-
face layers of the coating increases upon entering 
the stationary friction mode. The nickel oxides appeared 
to dissociate and disperse at the running-in stage and 
in the stationary friction mode, therefore, they could not 
be identified in the diffraction patterns.

The coefficient of friction (in the dry friction mode) 
slightly decreases from 0.29 at 20 °C to 0.22 at 300 °C 
upon temperature increase in the contact area of “steel 45 – 
P40Kh with NiPC” pair, while the temperature increases 
(Table 3). However, the wear rate increases significantly 
from 0.21 to 3.8 µm/h at the indicated heating tempera-
tures of the coatings (Table 3). Upon modifying NiPC 
with boron nitride, the coefficient of friction (f ) and wear 
rate (I) are slightly lower than those of the samples con-
taining no additives (see Table 3). This can be explained 
by the fact that during the running-in of the coating sur-
face, the dispersed NiB inclusions appear, and their con-

Fig. 3. The distribution of nickel (a) and chrome (b) at the interlayer boundary “P40KhN steel – Ni–P coating”  
after sintering at t = 700 °C for 2 h 

Рис. 3. Распределение никеля (а) и хрома (b) на межслойной границе «сталь П40ХН – Ni–P-покрытие»  
после спекания при t = 700 °С в течение 2 ч

Fig. 4. The dependence of flake off mass  
on the sintering temperature and the composition  

on the samples made of P40Kh steel 
1 – Ni–P, 2 – Ni–P + BN; 3 – Ni–P + (C2F4 )n, 4 – Ni–P + BN + (C2F4 )n 

Рис. 4. Зависимость отслоившейся массы покрытия 
от температуры спекания и состава на образцах  

из стали П40Х
1 – Ni–P, 2 – Ni–P + BN; 3 – Ni–P + (C2F4 )n, 4 – Ni–P + BN + (C2F4 )n
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Fig. 5. The microstructure of NiPC on the surface of sintered steel before (a) and after (b) heat treatment  
and the behavior of distribution of nickel (c) and phosphorus (d) (light inclusions) in the coating 

Рис. 5. Микроструктура НФП на поверхности спеченной стали до (а) и после (b) термообработки  
и характер распределения в покрытии никеля (c) и фосфора (d) (светлые включения)

Fig. 6. The surface diffraction patterns of NiPC modified with BN
a – after sintering (1) and at the running-in stage (2 and 3);  

b – in the steady-state friction mode (3–7 – the reflections being typical for the specified phases) 

Рис. 6. Дифрактограммы поверхности НФП, модифицированного BN
а – после спекания (1) и на стадии приработки (2 и 3);  

b – в установившемся режиме трения (3–7 – рефлексы, характерные  для указанных фаз)

Table 3. The effect of the chemical composition of the modifiers on the coefficient of friction  
and wear rate at different temperatures

Таблица 3. Влияние химического состава модификаторов на коэффициент трения  
и скорость изнашивания покрытий при разных температурах

Coating composition
f I, µm/h

t = 20 °С 250 °С 300 °С 20 °С 250 °С 300 °С
Ni–P 0.29 0.24 0.22 0.21 2.5 3.8

Ni–P + BN 0.25 0.22 0.20 0.18 2.1 3.1
Ni–P + C2F4)n 0.23 0.20 0.19 0.32 2.4 3.2

Ni–P + BN + (C2F4)n 0.20 0.18 0.17 0.14 1.5 2.2
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tent does not change when entering the stationary friction 
mode (Fig. 7, a).

Upon modifying NiPC with (C2F4)n polytetrafluo-
roethylene in the process of sintering under the afore-
mentioned mode, the crystals of β-Ni and Ni3P phase 
are formed more actively, while nickel oxide is absent 
(Fig. 7, a). During running-in, nickel particles actively 
interact with phosphorus; phosphorus-containing Ni12P5 
and Ni2P highly dispersed phases were found on the sur-
face of the coating along with (C2F4)n inclusions 
(Fig. 7, b). In this case, no phases formed during sinter-
ing were found in Ni–P + (C2F4)n4 coating at the stage 
of the steady-state friction mode. Therefore, the diffrac-
tion patterns shown in Fig. 7, а, curve 3 and Fig. 7, b. 
curve 1 and 2 have a form being typical for materials with 
an amorphous-crystalline structure. Consequently, du ring 
friction, a structural-phase disorder arises on the surface 
of composite NiPC modified with NB and (C2F4)n4 . 

Upon modifying NiPC with (C2F4)n polytetrafluoro-
ethylene, the coefficient of friction is slightly decreased 
and the wear rate in the steady state is virtually the same 
as that of coatings with NB additive (Table 3). The comp-
lex modification of Ni–P coatings with BN and (C2F4)n  
showed the efficiency of their introduction. If, upon that, 
the phase composition of NiPC remains the same as 
that of a coating modified only with (C2F4)n (Fig. 8, a), its 
tribological properties are significantly higher than after 
the introduction of these additives separately (Table 3). 
Particularly, upon adding (C2F4)n, the wear rate of NiPC 
at the stage of the stationary friction mode decreases 
by 1.3 times; upon adding BN, it decreases by 1.6 times, 
and it decreases virtually by 2 times upon the combined 
introduction of BN and (C2F4)n (Table 3).

It should be noted that the performance of P40, P40Kh 
and P40KhN powder steels obtained by hot stamping 
of porous blanks coated with the Ni–P + BN + (C2F4)n  

Fig. 7. The surface diffraction patterns of Ni–P + (C2F4 )n composite coating
a – after sintering (1) and at the running-in stage (2 and 3);  

b – in the steady-state friction mode (3–5 – the reflections being typical for the specified phases) 

Рис. 7. Дифрактограммы поверхности композиционного покрытия состава Ni–P + (C2F4 )n 
а – после спекания (1) и  на стадии приработки (2 и 3);  

b – в установившемся режиме трения (3–5 – рефлексы, характерные  для указанных фаз)

Fig. 8. The surface diffraction patterns of Ni–P + BN + (C2F4 )n coatings
a – after sintering (1) and at the running-in stage (2 and 3);  

b – in the steady-state friction mode (3–6 – the reflections being typical for the specified phases) 

Рис. 8. Дифрактограммы поверхности покрытий Ni–P + BN + (C2F4 )n 
а – после спекания (1) и на стадии приработки (2 и 3);  

b – в установившемся режиме трения (3–6 – рефлексы, характерные  для указанных фаз)
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composition remained active for some time upon the 
appearance of traces of the base metal, while the samples 
with Ni–P-coating, which does not contain these addi-
tives, did not exhibit such a phenomenon.

ConclusionConclusion

It has been experimentally established that the pro-
cess of formation of modified nickel-phosphorus coatings 
is initiated when the solution is heated above 35–40 °C. 
Upon temperature increase from 60 to 90 °C, the rate 
of coating build-up on the powder samples made of P40, 
P40Kh and P40KhN steel increases more intensively 
and reaches 14–19 µm/h, depending on the chemical 
composition of the coating. The microhardness of coat-
ings of different chemical composition is largely effected 
by the mode of the subsequent heat treatment.

It was newly revealed that composite NiPC are rather 
brittle and flake off easily after deposition; upon sinter-
ing the powder samples with such coatings in the range 
of t = 500–700 °C, nickel and steel interdiffusion occurs 
at steel–coating interface and a transitional diffusion 
layer, contributing to an increase in strength of adhesion 
of the coating to the substrate, forms. During friction, 
Ni12P5 , Ni2P and NiB highly dispersed phases, improving 
the tribological properties, arise. The contents of these 
phases in the surface layers of the coating increase when 
entering the stationary friction mode.

It has been theoretically and experimentally substanti-
ated that the complex modification of nickel-phosphorus 
coatings with BN and (C2F4)n allows to reduce the coef-
ficient of friction and the wear rate at the stage of the sta-
tionary mode. When only (C2F4)n polytetrafluoroethylene 
is added to NiPC, the coefficient of friction and the wear 
rate decrease by 1.3 times; upon adding BN, they decrease 
by 1.6 times, and upon the combined BN and (C2F4)n 
modification they decrease virtually by 2 times.
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Аннотация. Покрытия Ta–Zr–Si–B–C–N были нанесены методом магнетронного распыления с использованием 
композиционной мишени TaSi2–Ta3B4–(Ta, Zr)B2 . В качестве рабочего газа использовали Ar, а также смеси газов 
Ar + N2 и Ar + C2H4 . Структуру и состав покрытий исследовали методами сканирующей электронной микроскопии, 

Investigation of the tribological characteristics 
of Ta–Zr–Si–B–C–N coatings
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Abstract. Ta–Zr–Si–B–C–N coatings were deposited by magnetron sputtering using a TaSi2–Ta3B4–(Ta, Zr)B2 composite target. 
Ar, as well as Ar + N2 and Ar + C2H4 gas mixtures, were used as the working gas. The structure and composition of the coatings 
were studied by scanning electron microscopy, glow-discharge optical emission spectroscopy, and X-ray diffraction. A Calowear 
tester was used to measure the thickness and abrasion resistance of the coatings. Erosion resistance tests were carried out 
using a UZDN-2T (Russia) ultrasonic disperser. Tribological tests in the sliding friction mode were carried out on an HT 
Tribometer (CSM Instruments, Switzerland) automated friction machine. The wear zone after tribological testing was examined 
using a Veeco Wyko 1100 (Veeco, USA) optical profiler. The results showed that the Ta–Zr–Si–B coating was characterised by 
a columnar structure with an h-TaSi2 crystallite size of 11 nm. The introduction of nitrogen and carbon into the composition 
of the coatings led to the suppression of columnar growth and a ~2–4-fold decrease in the size of h-TaSi2 crystallites. Carbon-
containing coatings demonstrated the best abrasive resistance. The sliding friction tests showed that the Ta–Zr–Si–B coating 
is characterised by a stable coefficient of friction of 0.3 at a temperature of 25 °C up to the maximum working temperature of 
250 °C. The introduction of nitrogen led to an increase in the coefficient of friction up to 0.8–1.0 at a t = 50÷110 °С. The coating 
with the minimum carbon concentration showed a stable coefficient of friction of ~0.3 up to a maximum temperature of 250 °C. 
The best result was demonstrated by the sample containing the maximum amount of carbon, with its coefficient of friction 
remaining at the 0.25 level up to a temperature of 350 °C. 
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IntroductionIntroduction
Tantalum disilicide is one of the promising mate-

rials in the family of high-temperature ceramics due 
to its high melting point (2300±100 °C) [1], electrical 
resistivity (50–70 μΩ·cm) [2], hardness (16 GPa) [3], 
strength at temperatures above 1000 °С, and good 
oxidation resistance [4]. TaSi2 coatings are charac-
terised by high thermal stability up to 500 °C and 
oxidation resistance at 800 °C due to the forma-
tion of a Ta2O5–SiO2 oxide layer [5]. Due to their 
low resistivity (70 μΩ·cm) at t = 800÷900 °C, 
TaSi2 coatings are often used in the semiconductor 
industry [6; 7]. 

To improve its mechanical and tribological proper-
ties and its oxidation resistance, tantalum silicide is 
doped with various elements such as C, N, B, Hf, and 
Zr [8–16]. The carbon-doped TaSi2 coating demon-
strates good resistance to high-temperature erosion at a 
thermal flux of 2.4 MW/m2 [9] and oxidation resistance 
at t = 900 °C for more than 233 h [10]. The authors 
explain high oxidation resistance as due to the forma-
tion of a dense Ta2O5–SiO2 oxide layer. The introduc-
tion of nitrogen also improves the mechanical proper-
ties and oxidation resistance of TaSi2 coatings . 

The study [11] found an extreme dependence 
of hard ness and fracture toughness on the nitro-
gen content: their maximum values Н = 36 GPa and 
K1с = 3.95 МPa·m0.5, respectively, were reached at 

a concentration of 35 at. % N. The Ta–Si–N coa-
ting is characterised by good oxidation resistance and 
thermal stability at t = 700 °С [12]. In previous stud-
ies, the authors studied the structure and properties  
of Ta–Si–N coatings [13]. The results showed that coat-
ings with an optimal nitrogen concentration had 
the maximum values of hardness (24 GPa) and elastic 
recovery (77 %), and also demonstrated high oxida-
tion resistance at t = 1200 °C. It is known that intro-
ducing nitrogen in Ta–Si–C coatings increases their tri-
bological characteristics at temperatures up to 800 °C 
due to the formation of the ternary oxide TaSiOx 
in the contact area [14]. 

Research on the effect of the introduction of addi-
tives of transition metal borides to the composi-
tion of TaSi2-based coatings has been limited to a few 
studies. Doping Ta–Si–C coatings with zirconium 
boride [15] increases their adhesive and cohesive 
strength. The specimens demonstrate good oxida-
tion resistance at t = 1500 °C, which may be related 
to the formation of a protective ZrO2–SiO2 oxide layer 
that prevents oxygen penetration. We have previously 
investigated the structure and oxidation resistance 
of Ta–Zr–Si–B–C–N coatings [16] obtained by magne-
tron sputtering in various gaseous media. 

The main objective of this work is to study the tri-
botechnical characteristics of Ta–Zr–Si–B–C–N coa-
tings exposed to abrasion and erosion impacts and 
in the sliding friction mode.

оптической эмиссионной спектроскопии тлеющего разряда и рентгенофазового анализа. Толщину и стойкость 
покрытий к абразивному воздействию оценивали по схеме «шарик–шлиф». Испытания на эрозионную стойкость 
проводили с использованием ультразвукового диспергатора УЗДН-2Т (Россия). Трибологические испытания в режиме 
трения–скольжения осуществляли на автоматизированной машине трения HT Tribometer («CSM Instruments», 
Швейцария). Зону износа после трибологических испытаний исследовали с помощью оптического профилометра 
Wyko 1100 («Veeco», США). Результаты показали, что покрытие Ta–Zr–Si–B характеризуется столбчатой структурой 
с размером кристаллитов h-TaSi2 порядка 11 нм. Введение азота и углерода в состав покрытий привело к подавлению 
столбчатого роста и снижению размера кристаллитов h-TaSi2 в 2–4 раза. Лучшую абразивную и эрозионную 
стойкость показали углеродсодержащие покрытия. Испытания на трение–скольжение показали, что покрытие Ta–Zr–
Si–B характеризуется стабильным коэффициентом трения на уровне 0,3, начиная с 25 °С и до максимальной рабочей 
температуры 250 °С. Введение азота привело к росту коэффициента трения до значений 0,8–1,0 при t = 50÷110 °С. 
Покрытие с минимальной концентрацией углерода показало стабильный коэффициент трения ~0,3 до максимальной 
температуры 250 °С. Наилучший результат продемонстрировал образец, содержащий наибольшее количество 
углерода: его коэффициент трения сохранялся на уровне 0,25 до температуры 350 °С. 

Ключевые слова: магнетронное напыление, покрытия, TaSi2 , ZrB2 , абразивная и эрозионная стойкость, высокотемпературная 
трибология
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Materials and methodsMaterials and methods
The coatings were deposited by magnetron sputter-

ing in a direct current mode. A sputtered composite tar get 
TaSi2–Ta3B4–(Ta, Zr)B2 (composition, at. %: 70.8 Ta, 
18.6 Si, 7.4 Zr, 2.9 B) of diameter 120 mm and thickness 
6 mm was obtained by hot pressing of crushed products 
of self-propagating high-temperature synthesis (SHS). 
Equipment based on the UVN-2M (УВН-2М) pumping 
system (JSC Kvarts, Russia) with a schematic diagram 
given in the work [17] was used to deposit the coa tings. 
VOK-100-1 (ВОК-100-1) (JSC Polikor, Russia) alu-
minium oxide plates and disks were used as model sub-
strates for the coatings. Before coating, the substrates 
were cleaned for 5 min in isopropyl alcohol using 
a UZDN-2T (УЗДН-2Т) unit (NPP UkrRosPribor, 
Ukraine) with an operating frequency of 22 kHz and 
in a vacuum using a gap-type ion source (Ar+ ions, 
2 keV) for 20 min. Ar (99.9995 %) and its mixtures 
with N2 (99.999 %) and C2H4 (99.95 %) were used as 
the working gas. The flow rate was controlled using 
a gas injection system (OOO Eltochpribor, Russia). 
The values are given in the table. 

The coatings were deposited under the following 
conditions: the distance between the substrate and 
the target was 80 mm, the residual pressure was 10–3 Pa, 
and the working pressure in the vacuum chamber was 
0.1÷0.2 Pa. The magnetron power was kept constant 
at 1 kW using a Pinnacle+ power supply (Advanced 
Energy, USA), with a deposition time of 40 min. 

The distribution profiles of the elements and the thick-
ness-averaged composition of the coatings were deter-
mined using the glow-discharge optical emission spec-
troscopy (GDOES) method on a Profiler 2 device (Horiba 
Jobin Yvon, France) [18]. The structure of the coatings 
was examined by scanning electron microscopy (SEM) 
using an S-3400 microscope (Hitachi, Japan). X-ray 
diffraction (XRD) was performed on a D2 Phaser dif-
fractometer (Bruker, Germany) using CuKα-radiation. 
The X-ray photoelect ron spectroscopy (XPS) stud-
ies were carried out on a PHI 5000 VersaProbe-II 
(ULVAC-PHI, USA) instrument. The excitation source 

was monochromatised AlKα-radiation (hν = 1486.6 eV) 
with a power of 50 W and a diameter of 200 μm. 

The thickness and abrasion resistance of the coat-
ings were measured by a Calowear tester (JSC NII 
Tavtoprom, Russia) according to the ball-specimen set 
up as described in the methodology [19]. The material 
was exposed to an abrasive DiaPro suspension with 
a 1 μm polycrystalline diamond dispersion fed 
into the gap between a rotating ShKh-15 (ШХ-15) steel 
ball of diameter 27 mm and the surface of a station-
ary sample. The ball rotation speed was 13 rpm, and 
the load was 1.5 N. The volume of the coating material 
removed was determined using 2D microscopic images. 

Abrasion tests were also used to determine the coat-
ing thickness using the formula

where b is the wear scar diameter, μm; a is the sub-
strate diameter, µm; R is the ball radius, µm.

The quantity of the coating material removed was 
calculated using the formula

 

where b and a are the outer and inner diameters 
of the crater, respectively, mm.

Erosion tests were carried out using a UZDN-2T 
(УЗДН-2Т) (NPP UkrRosPribor, Ukraine) ultrasonic 
disperser. A sample was placed in a container posi-
tioned in the working area, after 20 ml of water and 5 g 
of Si3N4 abrasive material were added. The distance 
from the waveguide to the substrate surface was 1 mm, 
and the frequency was set at 22 kHz. The experiment 
lasted 15–60 min. The change in the mass of the coa-
ting samples due to erosive impact was estimated using 
a GR202 (AND, Japan) analytical balance with an accu-
racy of 0.01 mg. 

The coatings were tested for sliding friction on an 
HT Tribometer (CSM Instruments, Switzerland) auto-

Gas flow rate and chemical composition of the coatings 
Расход газа и химический состав покрытий

Sample 
No.

Gas flow rate, сm3/min Composition, at. %
Ar N2 C2H4 Ta Zr Si B N C

1 25 – – 40.0 7.5 28.0 24.5 0 0
2 20 5 – 27.3 7.7 22.3 22.3 20.4 0
3 15 10 – 19.3 5.4 17.1 15.7 42.5 0
4 20 – 5 28.1 10.1 25.7 23.6 0 12.5
5 15 – 10 22.1 8.0 21.1 18.4 0 30.4
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mated friction machine using a 6-mm-diameter Al2O3 
ball as a counter body. The load was 1 N. The change 
in the coefficient of friction was recorded during heat-
ing from a temperature of 25 °C to 500 °C. The con-
tact zones after tribological tests in the abrasive wear 
and sliding friction modes were examined using 
a Wyko 1100 (Veeco, USA) optical profiler.

Result and discussionResult and discussion

Composition and microstructure  Composition and microstructure  
of coatingsof coatings

The table above shows the elemental composi-
tion of the coatings. It can be seen that the concentra-
tions of nitrogen and carbon in the coatings increased 
with an increase in the N2 and C2H4 gas flow rates, 
respectively.

Fig. 1, a shows the X-ray diffraction patterns 
of the coatings taken in the 2θ = 20÷50° range. 

Besides the Al2O3 substrate peaks (card JCPDS 
88–0107), the X-ray diffraction pattern of coating 1 
showed peaks corresponding to the hexagonal h-TaSi2 
phase (JCPDS 89-2941). Note that the differences 
in the intensity of the peaks from the Al2O3 substrate 
may be associated with a change in the composition and 
amorphisation of the coatings as a result of the intro-
duction of nitrogen or carbon. The size of the h-TaSi2 
crystallites, determined by the Scherrer equation, was 

11 nm. The introduction of N2 and C2H4 into the gase-
ous medium resulted in the formation of coatings with 
a highly dispersed or amorphous structure. For nitrogen- 
and carbon-containing coatings, the peak maxima posi-
tions in the 2θ = 25÷45° range were close to the positions 
of the most intense peaks of the TaN (JCPDS 89–5198) 
and TaC (JCPDS 89–3831) FCC phases. 

The crystallite size of the h-TaSi2 phase for reac-
tive coatings 2–5 was estimated from minimally over-
lapping lines. For coatings 2 and 3 deposited at an N2 
flow rate of 5 and 10 cm3/min, the sizes were 6.0 and 
4.5 nm, while for carbon-containing coatings 4 and 5, 
they were similar at 3.5 and 3.0 nm, respectively. 
The decrease in the size of h-TaSi2 crystallites and 
the amorphisation of coatings upon transition to reac-
tion media are associated with the formation of new 
TaN and TaC phases, which, apparently, interrupt 
the growth of h-TaSi2 crystallites.

According to the SEM images, base coating 1 had 
a columnar structure (see Fig. 1, b). It is important to note 
that this phenomenon adversely affects the mechanical 
properties and oxidation resistance of coatings [20; 21]. 
All reactive coatings showed an identical structure. 
The introduction of N2 and C2H4 into the gas medium 
led to the suppression of columnar growth and the for-
mation of highly dispersed crystallites. 

The Calowear tester measurements showed coa-
tings 1 and 2 as having a similar thickness of 7.2 and 

Fig. 1. X-ray diffraction patterns of the coatings 1–5 (а) and cross-section SEM images of the coatings 1, 2 and 4 (b) 

Рис. 1. Рентгенограммы покрытий 1–5 (а) и СЭМ-изображения поперечного излома покрытий 1, 2 и 4 (b)
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7.0 µm, respectively (Fig. 2). An increase in nitro-
gen concentration led to its growth by 25 %. In [11], 
a similar result was obtained related to an increase 
in the thickness of coatings with an increase in the N2 
gas flow rate. Increasing the C2H4 flow rate to 5 and 
10 cm3/ min led to a decrease in thickness by 18 and 
10 %, respectively. The Calowear tester measurements 
were compared with the thickness values determined 
from the fracture cross-section SEM images of the coat-
ings (Fig. 2). The results obtained were similar. This 
method can therefore be used for the rapid assessment 
of coating thicknesses.

Erosion resistanceErosion resistance
The trial tests allowed determining the optimal 

mode in which the wear of the coatings (abrasive mate-
rial – Si3N4 , its mass – 5 g, liquid volume – 20 ml) was 
observed. The graph in Fig. 3 shows the dependence 
of the change in mass on the time of exposure to abra-
sive particles.

Coating 1 obtained in the Ar medium was observed 
to have the minimum mass loss Δm = –0.2 mg through-
out the experiment. For coating 2, the value of Δm 
increased to 0.2 mg over a 0–30 min interval, which is 
probably due to the adhesion of wear products and abra-
sive particles on the sample surface. The subsequent 
decrease in mass by 3.8 mg over a 30–60 min interval is 
due to coating wear (Fig. 3, b). Coating 3 had the value  
Δm = –0.3 mg over a 60 min interval, which corre-
sponds to the data obtained for the non-reactive coat-
ing. Unstable behaviour was observed for the carbon-
containing sample 4: the Δm value increased by 1.0 mg 
over a 0–15 min interval, after which at 15–30 min 
of exposure it dropped to the initial values. Over 
a 30–60 min interval, Δm = 0.8 mg. Coating 5 with 

the maximum carbon concentration had Δm = 1.5 mg 
over a 0–15 min interval, after which the sample mass 
gradually decreased and by the 60th minute of the test 
approached the initial value (Δm ≈ –0.1 mg). 

Visual inspection of the samples revealed no signs 
of wear on the coating surface 1 (Fig. 3, b). The coa-
tings obtained in nitrogen had a clear circular wear 
boundary with noticeable areas of the substrate, whereas 
the samples obtained in ethylene had less pronounced 
wear marks and no areas corresponding to the substrate. 

The samples obtained in Ar and Ar + C2H4 media 
therefore showed the best erosion resistance. The high 
erosion resistance of carbon-containing coatings can 
be explained by the increased hardness of the TaC carbide 
phase compared to the TaN and TaSi2 phases [22; 23].

Abrasion resistanceAbrasion resistance
The results of the abrasive tests showed 

that scratches from the impact of abrasive particles 
were observed on the surfaces of all samples. Fig. 4 
shows the depths (H) and thickness (h) of wear craters 
under abrasive action for coatings 1–5.

Fig. 2. Comparison of the thicknesses of coatings 1–5 obtained 
by the Calowear tester ( ) and from the cross-section  

SEM images of the coatings ( )

Рис. 2. Сравнение значений толщины покрытий 1–5, 
полученных методами «шарик–шлиф» ( )  

и по СЭМ-изображениям поперечных изломов ( )

Fig. 3. Dependence of the change in mass on the time  
of exposure to abrasive particles (a) and photographs  

of samples after 60 min of exposure (b)
1–5 – numbers of coating samples 

Рис. 3. График зависимости изменения массы  
от времени воздействия абразивных частиц (а)  

и фотографии образцов после 60 мин воздействия (b)
1–5 – номера образцов покрытий
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Fig. 5 shows the dependence of the volume of material 
removed (V) on the abrasive exposure time (1- and 3-min) 
for the studied samples. Coatings 1, 3–5 showed similar 
values of H = 4÷5 µm and V = 5÷6·10–4 mm3, respec-
tively, differing within the error margin. The nitrogen-
containing coating 2 has maximum values of H = 5 µm 
and V = 11·10–4 mm3. With an increase in the expo-
sure time to 3 min, coatings 1–3 had crater depths 
in the range of 6–7 µm, and the volu me of the removed 
material was 24·10–4 mm3. Note that the crater depths 
did not exceed the thickness of the samples 1–3. After 
a 3-minute exposure, coa ting 4 had an H value of 7 μm 
at a thickness of 6 μm, which is indicative of wear. In 
this case, the sample was characterised by a lower value 
of V = 18·10–4 mm3 compared to coatings 1–3, which 
may be due to the influence of the solid Al2O3 substrate. 
Coating 5 with the lowes t carbon concentration showed 
the minimum results (Н = 5.5 μm and V = 15·10–4 mm3). 

Summing up the data obtained, it can be concluded 
that the coating deposited at the maximum concentra-
tion of ethylene has better abrasive resistance, which 
may be due to the positive role of carbon in the fric-
tion process [24].

Tribological tests  Tribological tests  
in the sliding friction modein the sliding friction mode

Fig. 6 shows the results of tribological testing 
of coatings in the sliding friction mode during heating 
from a temperature of 25 °C to 500 °C. 

Coating 1 showed a stable coefficient of fric-
tion of µ ~0.3 up to t = 225 °C. Above this tempera-
ture, the value of µ increased to >0.8, which is indica-
tive of coating wear. Sample 2 had an unstable coef-
ficient of friction over the entire temperature range. 
Over the 25–110 °C range, there was a rapid increase 
of the µ value from 0.2 to 0.82, which may be associated 
with the formation of friction wear products. A further 
decrease in μ to 0.3 is due to the removal of wear pro-
ducts from the tribocontact zone. After a stable interval 
from 150 to 210 °C, the value of µ gradually increased 
until it exceeded the 0.8 value at t = 400 °C. 

Coating 3 with the maximum nitrogen content 
showed a sharp increase in µ to ~1 at t = 25÷50 °C. 
The effect of an increase in the coefficient of fric-
tion to values close to 1 may be associated with the exit 
to the substrate and the friction of the counter body 
material (Al2O3 ) over the Al2O3 substrate, accompa-
nied by adhesive interaction. A similar process was 
described in detail in [25] in the example of the emer-
gence of a steel-to-steel tribocontact. Sample 4 with 
the minimum carbon content showed a stable value 
of μ ~0.3 up to a temperature of 250 °C. In the range 
t = 250÷350 °C, an increase in µ to 0.9–1.0 was 
observed. Coating 5 with the maximum carbon concen-
tration demonstrated the best result, with its coefficient 
of friction having a stable value of 0.25 up to a tem-
perature of 350 °C. According to the literature data, 
the Ta–Si–C–N coating is characterised by a high coef-
ficient of friction of 0.6 at t = 300÷400 °C [26]. Note 

Fig. 4. Depth (a) and thickness (б) of wear craters  
under abrasive action over 1- and 3-min intervals for coatings 1–5 

Рис. 4. Глубина кратеров износа (а) и толщина (б)  
при абразивном воздействии в течение 1 и 3 мин  

для покрытий 1–5

Fig. 5. Extent of sample wear during abrasive exposure  
over 1- and 3-min intervals for coatings 1–5 

Рис. 5. Объем износа образца при абразивном воздействии  
в течение 1 и 3 мин для покрытий 1–5
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that the value of µ = 0.25 for sample 5 is half the value 
obtained earlier for the Ta–Si–C–N coating.

Thus, the coating obtained at a 10 cm3/min flow rate 
of C2H4 has the minimum coefficient of friction μ = 0.25 
and the maximum operating temperature of 350 °C. 
To determine the reason for the decrease in the coefficient 
of friction with increasing carbon concentration, coating 5 
was studied by X-ray photoelectron spect roscopy (see 
Fig. 6). In the C1s spectrum, peaks were observed at a 
binding energy of 282.9 and 284.4 eV, indicating the pres-
ence of Ta–C and C–C bonds, respectively [27; 28]. 
The reduced coefficient of friction may be associated 
with the positive role of free carbon, which in some cases 
can be released during supersaturation of the crystalline 
carbide phase and acts as a solid lubricant during fric-
tion [29]. The influence of the MeC carbide phase with a 
lower coefficient of friction compared to the MeN nitride 
phase also cannot be ruled out [30]. 

ConclusionConclusion
In this work, Ta–Zr–Si–B–C–N system coatings 

were obtained by magnetron sputtering method using a 
TaSi2–Ta3B4–(Ta, Zr)B2 target. Ar, as well as Ar +  N2 
and Ar + C2H4 mixtures, were used as the working 
gas. The nonreactive Ta–Zr–Si–B coating was charac-
terised by a columnar structure with a crystallite size 
of the h-TaSi2 hexagonal phase of about 11 nm. When 
N2 and C2H4 were introduced into the working medium, 
a change in the columnar structure to an equiaxed 

one with an h-TaSi2 grain size of about 3–6 nm was 
observed. The thickness of the coatings was between 
6.0 and 8.1 μm. 

Abrasive tests showed that, when exposed for 
1–3 min, the sample obtained at the maximum con-
centration of ethylene has the best abrasive resistance. 
This effect is associated with the positive role of car-
bon, which functions as a solid lubricant during friction.

Erosion tests showed that the base sample has 
the minimum mass change of –0.2 mg. The introduc-
tion of nitrogen did not affect the erosion resistance, and 
the weight loss values for samples 2 and 3 were –0.2 
and –0.3 mg, respectively. The introduction of С2H4 
into the working medium promoted the growth of Δm 
to 1.1–1.5 mg. No wear was observed on the surface 
of carbon-containing samples, which indicates their 
better erosion resistance. 

The sliding friction tests showed that coating 1 has a 
stable coefficient of friction μ = 0.3 up to the maximum 
working temperature of 225 °C. The introduction of nitro-
gen led to an increase in the μ values of the coatings up 
to 0.8–1.0 and a decrease of the maxi mum operating tem-
perature to 50–110 °С. The coating with the minimum 
carbon concentration was characte rised by a coefficient 
of friction of ~0.3 up to 250 °C, which is close to the val-
ues for the non-reactive coa ting. Sample 5 containing 
the maximum content of carbon showed the best result, 
with its coefficient of friction remaining at the 0.25 level 
up to a temperature of 350 °C.

Fig. 6. Dependence of the coefficient of friction on temperature
The inset shows the C1s spectrum for coating 5 obtained by X-ray photoelectron spectroscopy 

Рис. 6. Зависимость коэффициента трения от температуры
На вставке представлен спектр C1s для покрытия 5, полученный методом рентгеновской фотоэлектронной спектроскопии
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Аннотация. Замена традиционных материалов композиционными представляет собой важный вектор развития 
авиационной и аэрокосмической отраслей промышленности. В работе рассмотрены вопросы применения 
магнитного поля вращающихся диполей с целью получения композиционных материалов на основе порошкового 
железа с высокими прочностными и структурными характеристиками. Исследованы физико-механические свойства 
модифицированных эпоксидных композиционных материалов. С помощью средств электронной микроскопии 
исследованы микроструктура, элементный состав и получена карта распределения компонентов в получаемых 
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Abstract. The aerospace industry is currently undergoing a major trend of transitioning to composites. This study exanines the 
utilization of the magnetic field of rotating dipoles to produce high-strength iron powder-containing composites. The physical 
and mechanical properties of the modified epoxy composites were investigated through the use of  SEM to analyze their 
microstructure and elemental composition, and a component distribution map was developed for the samples. Results indicate 
that the application of the magnetic field of rotating dipoles enhances the compression strength by 16.6 % relative to samples 
that were not exposed to it. Additionally, the magnetic field eliminates gas porosity and cavities formed during stirring. Tests 
conducted on composites with a higher content of Al particle showed that the magnetic field of rotating dipoles contributes to 
the release of excess aluminum as a surface layer. The use of the magnetic field of rotating dipoles is a promising technology for 
producing enhanced composites with superior physical and mechanical properties, which could potentially be used as structural 
material in aerospace industry or as adsorbing materials in microelectronics. 
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IntroductionIntroduction
The demand for composite materials filled with 

powders has been increasing steadily every year, as 
evidenced global statistics on the polymer market. For 
example, in 2020, the volum of the global polymer 
composite market was approximately 13 mln tons [1]. 

In Russia, the Technet roadmap has been imple-
mented to facilitate the development of advanced 
manufacturing technologies and composites [2]. 
The roadmap has identified controlled microstructure 
composites as one of the key future technologies to be 
explored. 

Thermoplastic polymers and epoxy resins are fre-
quently used as matrices in the production of filler 
powder-based composites [3]. The composites incor-
porating thermoplastic polymers are known for 
their broad mechanical properties and wide-ranging 
applications [4; 5]. However, it is essential to note 
that the physi cal and mechanical characteristics of these 
composites are not always consistent and may vary. 

The incorporation of reinforcing fillers in such 
composites has been found to enhance the adhesive 
bond [6; 7] and strength [8]. The dispersion structure 
of these composites significantly contributes to their 
strength, primarily through the formation of struc-
tured layers [9], filler cluster-aggregation [10], and 
crystallization [11]. 

Starokadomsky D. et al. [12] demonstrated 
the potential for enhancing the strength and durability 
of epoxy composites by incorporating silicon carbide 
and titanium nitride fillers. The introduction of these 
fillers resulted in a significant increase in microhard-
ness (150–200 %) and compressive strength (by 9 %). 

Recently, electrophysical methods have been 
employed to enhance the physical and mechanical 
characteristics of composites. These methods involve 
exposing composites to a strong static magnetic 
field [13; 14], magnetic pulses [15], and the magnetic 
field of rotating dipoles (MFRD) [16]. MFRD is an effi-
cient technique for regulating the packing structure 
of powders in composites without requiring significant 
energy input.

The aim of this study is to investigate the impact 
of the magnetic field of rotating dipoles on the strength 
and other structural characteristics of composites con-
taining iron and aluminum powder.

Research methodsResearch methods

MaterialsMaterials
In our study, we examined two types of particles, 

namely iron microparticles PZHV1.160.26 (GOST 
9849-86) and aluminum powder PAP-2 (GOST 5494-95). 
The matrix used was composed of a mixture of ED-20 
dian resin (GOST 10587-84) and polyethylene poly-
amine (PEPA) in a 5:1 ratio.

Composite manufacturingComposite manufacturing
Figure 1 illustrates the patented process used 

to crea te the modified epoxy composite samples in our 
study. The experiment involved two types of fillers: 
powdered iron, and a mixture of powdered iron and 
Al-particles in a 7:3 weight ratio. The ED-20 resin-
based composite was mixed with the powder filler, 
which contained 70 wt. %. PZHV1.160.26 iron micro-
particles and 30 wt. %. PAP-2 aluminum powder, 
in a polymer cylinder with a 20 mm ID. The hardener, 

образцах. Экспериментальным путем выявлено, что при наложении магнитного поля вращающихся диполей 
прочность при сжатии композитов увеличивается на 16,6 % относительно образцов, полученных без применения этой 
технологии. Это вызвано тем, что данный метод позволяет удалять возникающую в процессе механосинтеза газовую 
пористость и раковины во внутренней структуре материала. Серия экспериментов с добавлением увеличенного 
массового соотношения Al-частиц показала, что магнитное поле вращающихся диполей способствует вытеснению 
излишков алюминия в виде поверхностного слоя. Таким образом, можно заключить, что применение магнитного 
поля вращающихся диполей является перспективным направлением в области создания композиционных материалов 
с улучшенными физико-механическими характеристиками. Получаемые эпоксидные композиты могут быть 
использованы в качестве конструкционных материалов в авиационной и космической отраслях, а также в качестве 
материалов адсорберов в радиотехнической аппаратуре и микроэлектронике.  
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PEPA, was then added to the mixture in a quantity equal 
to 1/5 of the weight of the resin. The resulting com-
positions were heat treated at a temperature of 90 °C 
for 1–2 min to eliminate gas porosity, and then poured 
into molds. Finally, the samples were removed from 
the molds for analysis.

We fabricated four composite samples with iden-
tical dimensions of 20 mm in diameter and 20 mm 
in length. Among these samples, two were composed 
of Fe–Al (FAM) and Fe (FM) microparticles and were 
exposed to the magnetic field generated by rotating 
dipoles (Figure 2). The induction level of the magnetic 
field was set to 0.5–0.7 Tesla [17; 18]. The remaining 
two samples served as refrence samples and were not 
exposed to the magnetic field. 

Strength measurementsStrength measurements
We used an IP-100M automatic hydraulic press 

to apply static loads to the composite samples for both 
compression and bending tests.

The loading rate was set to 1 mm/min. We then 
plotted an experimental load-compressive strain curve 
to estimated the compressive failure stress and relative 
strain of the samples. To obtain precise measurements, 
we recorded the compression process at a high frame 
rate.

The compressive failure stress (σ, MPa) was deter-
mined as

σ = F/A,

where F is the max compressive strength, N; A is 
the cross-section area of the sample, mm2.

The relative compressive strain at failure was esti-
mated as 

where ∆h is the relative strain, mm; h0 is the initial 
samp le height, mm.

During the test, we closely monitored the samples 
being tested. After the tests, each sample was photo-
graphed for damage analysis.

To examine the microstructure, elemental com-
position, and component distribution in the compo-
site samples, we employed an EVO HD 15 scanning 
electron microscope (Carl Zeiss, UK/Germany) in low 
vacuum (EP, 70 Pa), 20–25 kV.

Results and discussionResults and discussion

Strength propertiesStrength properties
We generated experimental load-strain curves for 

the compocite samples (Figure 3). As the powder-
filled composite samples were compressed, the majo-
rity of the load was applied to the matrix, which was 
followed by a sharply decrease in load after matrix 
destruction. The load-strain curves for the cylindrical 
samples (Fig. 3) indicate that the volume deforma-
tion of composites causes softening, which is more sig-
nificant for the samples made without MFRD. 

The experimental compressive failure stress values 
are summarized in the table. The composite sample with 
the Fe–Al filler exposed to MFRD exhibited the highes t 
compressive failure stress value of 57.5 MPa, indica-
ting its superior strength compared to the othe compo-
site samples.

Fig. 1. Composite exposure to the magnetic field  
of rotating dipoles

FAM – Fe–Al (MFRD); FM – Fe (MFRD);  
FA – Fe–Al (no MFRD); F – Fe (no MFRD) 

Рис. 1. Блок-схема получения модифицированных 
эпоксидных композиционных материалов

FAM – Fe–Al (МПВД); FM – Fe (МПВД);  
FA – Fe–Al (без МПВД); F – Fe (без МПВД)

Fig. 2. Modified epoxy resin composite  
manufacturing process 

Рис. 2. Схема воздействия магнитного поля  
вращающихся диполей на материал
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Compressive mechanical properties of the composites
Механические свойства при сжатии композиционных материалов различного типа

Composite ρ, g/сm3 Fmax , kN σ, MPa ε, %
FAM (Fe–Al + MFRD) 2.79 18.06 57.5 0.650

FM (Fe + MFRD) 2.86 16.39 52.2 0.635
FA (Fe–Al no MFRD) 2.72 15.48 49.3 0.650

F (Fe no MFRD) 2.64 15.26 48.6 0.675
Epoxy resin 1.20 13.80 44.0 0.800

A comparison was made between the mechanical 
properties of composites that were exposed and not 
exposed to MFRD. The results showed that the samples 
exposed to MFRD were able to withstand a greater load 
due to a denser and structured distribution of particles 
in the epoxy matrix [19]. 

The composite strength of the the Fe–Al filler 
exposed to MFRD was found to be 30 % higher 
(57.5 MPa) compared to that of the sample containing 
only epoxy resin (44 MPa). Additionally, the hard-
ness of the samples was increased by 16.6 % due 
to the effect of MFRD. 

Several researchers have noted the reinforcing effect 
of incorporating a dispersed system into a polymer 
matrix [20]. For example, the addition of micro sili-
con has ben shown to improve strength by 10–15 % [21]. 
The inclusion of silicon nanoparticles has been found 
to increase the compressive strength of epoxy composi-
tes by 30 % [22].

Visual inspection of the samples after compres-
sion revealed brittle fracture in both cases (Figure 4). 

However, the samples exposed to MFRD showed 
cracks along the sloped planes, whereas the samples 
not exposed to MFRD had cracks along the straight 
planes. This difference is likely due to the packing 
of particles in the polymer matrix, which is supported 
by the difference in the composite densities (see table).

Microscopic examination   Microscopic examination   
and component distribution maps  and component distribution maps  

in the composite samplesin the composite samples
Figure 5 displays cross-sections of the composites 

exposed and not exposed to MFRD. The notable diffe-
rence is the presence of air cavities in the sample made 
without MFRD.

Fig. 3. Strain curves for the composites
FAM – Fe–Al (MFRD); FM – Fe (MFRD);  
FA – Fe–Al (no MFRD); F – Fe (no MFRD) 

Рис. 3. Кривые деформирования композиционных 
материалов, полученных по разным технологиям

FAM – Fe–Al (МПВД); FM – Fe (МПВД);  
FA – Fe–Al (без МПВД); F – Fe (без МПВД)

Fig. 4. Samples after the compression test
FAM – Fe–Al (MFRD); FM – Fe (MFRD);  
FA – Fe–Al (no MFRD); F – Fe (no MFRD) 

Рис. 4. Фотографии образцов после испытания на сжатие
FAM – Fe–Al (МПВД); FM – Fe (МПВД);  

FA – Fe–Al (без МПВД); F – Fe (без МПВД)
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To assess the homogeneity of the particle distribu-
tion in the composite, component distribution maps 
for the FA and FAM samples was produced (Figure 6). 
The results demonstrate that the magnetic field of rota-
ting dipoles produces a more uniform distribution  
without particle agglomeration. 

ConclusionConclusion
We tested the compressive strength of cylindrical 

samples made of epoxy composites containing Fe–Al 
and Fe particles. It was discovered that the Al-containing 
sample exposed to MFRD exhibited the highest 
strength being 14 % greater than that of the sample not 
exposed to MFRD. The elimination of gas porosity and 
cavities during the stirring by magnetic degassing is 
the reason for this phenomenon. 

Such composites can be used as structural material 
in aerospace, or as adsorbing materials in microelectronics.
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