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Abstract. This study examines the effectiveness of processing dispersed strontium hexaferrite material in a beater mill within a magneto-

liquefied layer formed by magnetic fields – an inhomogeneous alternating field with a frequency of 50 Hz and an induction gradient 
of 90 mT/m, and a constant field with an induction of 15.3 mT – under conditions where milling is accompanied by particle aggrega-
tion. The magnetic field lines are mutually perpendicular and parallel to the plane of the milling bodies. A comprehensive investiga-
tion of the changes in the dispersed composition and structural characteristics of the strontium hexaferrite powder with increased 
milling duration was conducted using scanning electron microscopy and X-ray diffraction analysis. The results show that processing 
the strontium hexaferrite dispersed system with an initial average particle size of 1558.5 µm in a magnetoliquefied layer for 120 min 
does not alter the phase composition of the powder. However, milling reduces the average particle size to 0.57 µm, decreases the size 
of the coherent scattering regions, increases the lattice microstrain of the SrFe12O19 phase, and raises the dislocation density. Magnetic 
properties of the powder samples before and after annealing were studied using a vibrating sample magnetometer at room temperature 
and normal atmospheric pressure. The conducted research allows for the assessment of the technological outcomes of processing 
the dispersed system in a magnetoliquefied layer, considering the collective effects that accompany milling. 

Keywords: powder metallurgy, strontium hexaferrite, mechanical milling, X-ray diffraction analysis, scanning electron microscopy, 
vibrating sample magnetometer

For citation: Egorov I.N., Egorov N.Ya., Rusalev Yu.V., Egorova S.I. Structure and magnetic properties of strontium hexaferrite powder 
after milling in a beater mill in a magnetoliquefied layer followed by annealing. Powder Metallurgy аnd Functional Coatings. 
2024;18(5):5–12. https://doi.org/10.17073/1997-308X-2024-5-5-12
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IntroductionIntroduction
Hexagonal ferrites are widely used in powder 

metal lurgy for the production of sintered magnets and 
magnetoplasts [1; 2]. Compared to barium hexaferrite 
magnets, strontium ferrite magnets provide superior 
magnetic properties [3–6]. The quality of the magnetic 
properties of strontium hexaferrite powder is influ-
enced by the granulometric composition and the degree 
of uniformity in particle size within the dispersed 
system [7; 8].

With the increase in the production of permanent 
magnets, there is also a rise in the amount of waste 
gene rated during various technological operations, 
which needs to be recycled. The recycling process 
of magnet production waste or used sintered mag-
nets involves stages of milling and powder produc-
tion [9; 10]. The most common methods for producing 
fine and ultrafine powders of ferromagnetic materials 
are wet and dry milling [11–14]. There are also methods 

to enhance the milling process efficiency by transfer-
ring the milled material into a fluidized state [15–17]. 

The primary goal in producing strontium hexaferrite 
powder is to obtain a dispersed system with a specified 
set of physical-technological and structural characte-
ristics. The development of high-performance equip-
ment for milling ferromagnetic materials is of great 
importance, as the duration of the milling process and 
the specific energy consumption are crucial economic 
factors. The efficiency of dispersing can be influenced 
by changing the conditions under which milling is car-
ried out, particularly by applying alternating inhomoge-
neous and constant magnetic fields to the dispersed fer-
romagnetic material in a beater mill, with the magnetic 
field lines being mutually perpendicular and parallel 
to the plane of the milling bodies’ rotation [18]. Under 
electromagnetic influence, a magnetoliquefied layer is 
formed from the dispersed material, where particles 
and aggregates move within an inhomogeneous alter-
nating magnetic field, ensuring the principle of mul-

  siyegorova@gmail.com
Аннотация. В работе рассмотрена эффективность обработки дисперсного материала гексаферрита стронция в бильной 

мельнице в магнитоожиженном слое, образованном в магнитных полях – неоднородном переменном с частотой 50 Гц, 
градиен том индукции 90 мТл/м и постоянном с индукцией 15,3 мТл – в условиях, когда измельчение сопровождается 
агрегацией частиц. Линии магнитной индукции полей взаимно перпендикулярны и параллельны плоскости вращения 
бил. Методами растровой электронной микроскопии и рентгеноструктурного анализа проведено комплексное исследо-
вание особенностей изменения дисперсного состава и структурных характеристик порошка гексаферрита стронция при 
увеличении продолжительности измельчения. Показано, что при обработке дисперсной системы гексаферрита стронция 
со средним размером частиц 1558,5 мкм в магнитоожиженном слое в течение 120 мин не происходит изменения фазового 
состава порошка, измельчение приводит к уменьшению среднего размера частиц порошка до 0,57 мкм, снижению размера 
областей когерентного рассеяния, увеличению микродеформации решетки фазы SrFe12O19 и плотности дислокаций. 
С помощью вибрационного магнитометра при комнатной температуре и нормальном атмосферном давлении изучены 
магнитные характеристики порошковых образцов до и после отжига. Проведенные исследования позволяют оценить 
технологический результат обработки дисперсной системы в магнитоожиженном слое с учетом совокупности основных 
явлений, сопровождающих измельчение.  

Ключевые слова: порошковая металлургия, гексаферрит стронция, механическое измельчение, рентгеноструктурный анализ, 
растровая электронная микроскопия, вибрационный магнитометр
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tiple returns of particles and aggregates to the area 
of the rotating milling bodies and significantly increa-
sing their collision frequency with the milling bodies. 
Milling of dispersed media in a magnetoliquefied layer 
requires additional energy consumption for powering 
the electromagnets. As the induction of the constant 
field and the gradient of the alternating magnetic field 
increase, the energy consumption for power supply also 
rises. However, only when the induction of the con-
stant magnetic field reaches 15.3 mT and the gradient 
of the alternating magnetic field reaches 90 mT/m is 
there intense movement of coarse ferromagnetic par-
ticles. The process of reducing particle size in the mag-
netoliquefied layer in the beater mill is observed only 
with the intense movement of the dispersed system’s 
particles. Due to the significant reduction in dispersion 
time in the magnetoliquefied layer, energy consump-
tion is reduced [19].

When processing dispersed substances in any 
milling apparatus, the resulting powder not only has 
a specific granulometric composition but also various 
structural defects that increase the particles’ reactivity. 
In producing fine powders of strontium hexaferrite in 
powder metallurgy, high demands are placed on both 
the dispersed composition and the structural characte-
ristics of the dispersed system [20]. Therefore, stu-
dying the milling process is necessary to determine 
effective operating conditions for the apparatus in 
terms of changing the powder’s dispersed composition 
and structural characteristics.

The aim of this work was to study the effect 
of mechanical processing of a coarse-grained strontium 
hexaferrite system in a beater mill in a magnetolique-
fied layer on the granulometric composition, structural 
characteristics of the powder, and its magnetic proper-
ties before and after annealing. 

The tasks were carried out using research methods 
such as scanning electron microscopy, X-ray diffrac-
tion, and magnetic measurements of powder samples.

ExperimentalExperimental
To conduct the research, coarse strontium hexafer-

rite material with an average particle size of 1558.5 µm, 
a most probable size of 1420 µm, a dispersion 
of 497 µm, and a median of 1476.9 µm was milled 
in a beater mill, where the milling bodies rotated at a 
frequency of 15.0 ± 1.6 thousand rpm in a horizontal 
plane. During the milling of magnetic materials in a 
beater mill, two processes occur: particle fragmenta-
tion due to their interaction with the milling bodies and 
particle aggregation. As the particle size of the milled 
dispersed material decreases, their tendency to aggre-
gate increases, and the milling intensity significantly 

decreases. When the dispersed system is processed in 
a beater mill in a magnetoliquefied layer, the inten-
sity of movement of the ferromagnetic elements and 
the frequency of their collisions with the rotating mill-
ing bodies increase. In the magneto liquefied layer 
of ferromagnetic dispersed systems, under certain 
electromagnetic conditions, the destruction of aggre-
gates occurs [21; 22]. To form a magnetoliquefied 
layer from the dispersed system in the mill, which 
ensures the deflocculation of ferromagnetic elements 
and the return of the powder to the area of the rotating 
milling bodies, the material was subjected to magnetic 
fields: an alternating field with a frequency of 50 Hz 
and an induction gradient of 90 mT/m, as well as a con-
stant field with an induction of 15.3 mT.

The study of the patterns of change in the dispersed 
composition and structural characteristics during 
the milling of the initial dispersed strontium hexafer-
rite system was carried out by analyzing samples taken 
after 10, 30 and 120 min of milling.

The granulometric composition of the powder 
samples was analyzed using a Supra 25 scanning elect-
ron microscope (Carl Zeiss, Germany). The struc-
tural characteristics of the milled dispersed material 
were investigated using X-ray diffraction analysis 
on a XRD-7000 diffractometer (Shimadzu, Japan) 
with CuKα radiation (wavelength λ = 1.5406 Å) and 
Bragg-Brentano focusing (θ–2θ). Given the complex 
appearance of the SrFe12O19 phase diffraction pat-
tern, the PowderCell software version 2.3, based on 
the Rietveld full-profile refinement method, was used 
to process the diffraction spectra of the powder samp-
les [23; 24]. The ICSD database was used for analy-
zing and refining the structural characteristics. X-ray 
measurements were conducted at room temperature in 
step-scan mode (step size 0.03°) over the angular range 
of 2θ = 5÷90°. The exposure time at each step was 
8 s. The profile R-factor was selected as the criterion 
for good agreement between the structural model and 
the actual experiment. 

The magnetic properties of the strontium hexaferrite 
powder samples were investigated using a LakeShore 
vibrating sample magnetometer (USA) at room tem-
perature and normal atmospheric pressure. The mag-
netic field measurements were conducted with a pre-
cision of 0.1 Oe. The hysteresis loops were recorded 
in the “Continuous” mode to ensure consistent and 
detailed measurement of the magnetic behavior. 

Results and discussionResults and discussion
The average particle size after 10, 30 and 120 min 

of processing the dispersed system in the beater mill 
was 12.48 µm, 1.09 µm and 0.57 µm, respectively. 

Powder Metallurgy аnd Functional Coatings. 2024;18(5):5–12 
Egorov I.N., Egorov N.Ya., etc. Structure and magnetic properties of strontium hexaferrite ...
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The experimental results indicate that after 10 min 
of milling, the degree of milling (the ratio of the ave-
rage particle size of the initial dispersed system 
to the ave rage particle size of the milled product) was 
124.9. In the subsequent 20 min, the degree of mill-
ing decreased to 11.5 and after 90 min, it significantly 
reduced to 1.9. The rate of particle size reduction dur-
ing the first 10 min of milling was 154.6 µm/min, dur-
ing the following 20 min, it was 0.57 µm/min, and dur-
ing the further 90 min, it was only 0.006 µm/min.

Thus, the most intense milling of the strontium 
hexaferrite dispersed material occurs in the first 10 min 
of milling. This result is consistent with studies sho-
wing that the strength of the particles and the work 
required for their fragmentation increase as the particle 
size decreases [25–27].

From the histograms and functions of the logarith-
mic-normal distribution of strontium hexaferrite pow-
der particle sizes shown in Fig. 1, it is evident that for 
the initial dispersed material (Fig. 1, a), the most pro-
bable size is 1337.23 µm, and the width of the function 
maximum at half-height is 968.16 µm. After 10, 30 
and 120 min of milling in the beater mill in a magneto-
liquefied layer, the most probable particle sizes were 
4.93 µm, 0.67 µm and 0.34 µm, respectively, and 
the width of the maximum at half-height of the par-
ticle size distribution function decreased to 7.68 µm, 
0.91 µm and 0.40 µm, respectively (Fig. 1, b–d). 
The morphological features of the strontium hexa-
ferrite powder particles after 120 min of milling in 

the magnetoliquefied layer are shown in Fig. 2. Thus, 
after 30 min of milling, the homogeneity of the dis-
persed composition increases significantly.

The experimental results show that the process 
of milling the initial strontium hexaferrite dispersed sys-
tem in a beater mill in a magnetoliquefied layer can be 
divided into three stages. During the first stage, lasting 
10 min, the most intense milling occurs. In the se cond 
stage, which lasts 20 min, milling is less intense, but 
the homogeneity of the dispersed system distribution 
increases. In the third stage, lasting 90 min, the milling 

Fig. 1. Histograms and logarithmic-normal distribution functions of strontium hexaferrite powder particle sizes
а – initial powder, b–d – after milling for 10 min (b), 30 min (c), 120 min (d) 

Рис. 1. Гистограммы и функции логарифмически нормального распределения порошка гексаферрита стронция по размерам
а – исходное состояние; b–d – после измельчения в течение 10 мин (b), 30 мин (c), 120 мин (d)

Fig. 2. Morphological features  
of strontium hexaferrite powder particles after 120 min  

of milling in a magnetoliquefied layer 

Рис. 2. Морфологические особенности частиц порошка  
гексаферрита стронция после 120 мин измельчения  

в магнитоожиженном слое

Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(5):5–12 
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intensity decreases significantly, but the homogeneity 
of the dispersed system increases substantially.

However, milling leads to the accumulation of crys-
tal structure defects, which reduces the magnetic pro-
perties of the powder. It is evident that the most complete 
information about changes in the structural characteris-
tics of the milled material can be obtained by studying 
the diffraction profiles of the X-ray patterns of powder 
samples of the initial dispersed material and after mill-
ing for τ = 10, 30 and 120 min (Fig. 3). The duration 
of processing the dispersed material in the mill in 
a magnetoliquefied layer affects the sizes of coherent 

scattering regions (CSR), the magnitude of additional 
relative microstrains Δd/dhkl (Δd being the average 
change in interplanar spacing dhkl due to the presence 
of defects), and the dislocation density ρ.

According to X-ray diffraction analysis data 
(Fig. 3), milling the coarse strontium hexaferrite mate-
rial in a beater mill for τ = 120 min in a magneto-
liquefied layer does not lead to a change in the phase 
composition.

Fig. 4 presents histograms showing changes in 
the sizes of the coherent scattering regions (D), lattice 
microstrains (Δd/d), and dislocation density (ρ) for 
samples of the initial strontium hexaferrite dispersed 
material and after processing in the mill for τ = 10, 
30 and 120 min. For the initial dispersed material, 
the CSR size was D = 309.4 Å, the dislocation density 
was ρ = 3.13·1011 cm–2, and the relative deformation 
was Δd/d = 3.49·10–4. As the milling time increases, 
the size of the crystallites, determined from the analy-
sis of the broadening of diffraction lines, decreases, 
while the lattice microstrain of the SrFe12O19 phase 
and the dislocation density increase. However, during 
the processing of the dispersed system in the magne-
toliquefied layer, the intensity of changes in the struc-
tural characteristics of the powder varies. In the first 
stage of milling (τ = 10 min), there is an intense reduc-
tion in particle size, but the contribution of defect for-
mation processes is small. As seen in Fig. 4, during 
this stage of processing the initial strontium hexa ferrite 
dispersed system, the change in lattice microstrain 
Δd/d increased by 1.06·10–4, the dislocation density ρ 
increased by 0.21·1011 cm–2, and the CSR size D 
decreased by 9.9 Å. In the second stage of processing 
the dispersed system for 20 min in the mill, the mill-
ing intensity decreases, and the defect formation pro-
cess intensifies. During this stage, the change in lattice 
microstrain increased by Δd/d = 7.50·10–4, the dislo-
cation density increased by ρ = 1.15·1011 cm–2, and 

Fig. 3. X-ray diffraction patterns of the relative intensity of 
strontium hexaferrite dispersed material samples
а – initial powder, b–d – after milling for 10 min (b),  

30 min (c), 120 min (d) 

Рис. 3. Рентгенограммы относительной интенсивности 
образцов дисперсного материала гексаферрита стронция

а – исходное состояние; b–d – после измельчения  
в течение 10 мин (b), 30 мин (c), 120 мин (d)

Fig. 4. Changes in the size of coherent scattering regions D (a), lattice microstrains Δd/d (b) and dislocation density ρ (c)  
for samples of the initial dispersed strontium hexaferrite material and after milling with different durations (τ) 

Рис. 4. Изменение размера областей когерентного рассеяния D (a), микроискажений кристаллической  
решетки Δd/d (b), плотности дислокаций ρ (c) для образцов исходного дисперсного материала  

гексаферрита стронция и после обработки в мельнице с различной длительностью (τ)

Powder Metallurgy аnd Functional Coatings. 2024;18(5):5–12 
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the CSR size decreased by 41.0 Å. In the third stage 
of milling, lasting 90 min, the Δd/d value increased 
by 1.27·10–4, the ρ value increased by 0.21·1011 cm–2, 
and the CSR size D decreased by 5.96 Å.

The experimental results indicate that the most 
intense particle size reduction process during the treat-
ment of the dispersed system in a magnetoliquefied 
layer occurs within the first 10 min, with the degree 
of milling reaching 271.2 at this stage. The most sig-
nificant increase in lattice microstrain and dislocation 
density is observed between 10 and 30 min, during 
which the average size of the dispersed system changed 
from 12.48 µm to 1.09 µm. Between 30 and 120 min 
of milling, the intensity of the milling and defect 
formation processes decreases, but the homogeneity 
of the dispersed system increases significantly.

After 120 min of milling the initial strontium hexa-
ferrite dispersed system, the average particle size was 
0.57 µm, with a median of 0.46 µm, and the va lues 
of D, Δd/d and ρ were 252.54 Å, 13.32·10–4 and 
4.70·1011 cm–2, respectively. 

The magnetic properties of bulk samples made from 
strontium hexaferrite powder, processed in a beater 
mill in a magnetoliquefied layer for 120 min, before 
and after annealing can be evaluated from the magnetic 
hysteresis loops shown in Fig. 5. To restore the crystal-
line structure of the sample, annealing was performed 
for 3 h at a temperature of 950 °С. 

The results of the magnetic studies on the sample 
made from powder processed in a beater mill in a mag-
netoliquefied layer for 120 min showed that the satura-
tion magnetization Ms was 60.032 G·cm3/g, he remanent 
magnetization Mr was 29.991 G·cm3/g, and the coer-
cive force Hc was 1656.6 Oe. As a result of annealing, 
the magnetic properties of the strontium hexaferrite 
powder improved, with the saturation magnetization, 

remanent magnetization, and coercive force of the sam-
ple increasing by 8.7, 43.7 and 64.3 %, respectively.

ConclusionConclusion
The experimental studies conducted allow us 

to observe the changes in the granulometric composition, 
crystallite size of the phases, lattice microstrains, and 
dislocation density during the production of SrFe12O19 
powder through milling in a magneto liquefied layer. It 
was established that processing the dispersed system 
of coarse strontium hexaferrite material for 120 min 
in a beater mill within an alternating inhomogeneous 
magnetic field with a frequency of 50 Hz and an induc-
tion gradient of 90 mT/m, along with a constant field 
with an induction of 15.3 mT, does not alter the phase 
composition of the powder. However, it leads to a 
significant reduction in particle size, a decrease in 
the size of coherent scattering regions, and an increase 
in the lattice microstrain of the SrFe12O19 phase and 
the dislocation density. 

It has been shown that during milling, the intensi-
fication of changes in the granulometric composition 
and structural characteristics of the dispersed system 
of the material being processed significantly decreases 
once the average particle size reaches 1 µm. Further 
milling results in a substantial reduction in the inten-
sity of changes in the granulometric composition 
of the material processed in the mill, while the homo-
geneity of the dispersed system increases significantly.

According to studies conducted using a vibrating 
sample magnetometer, the magnetic characteristics 
of the sample made from the powder obtained after 
milling – namely, remanent magnetization, saturation 
magnetization, and coercive force – were determined. 
The magnetic properties of the sample increased as 
a result of annealing.

Fig. 5. Hysteresis loops of bulk samples of strontium hexaferrite powder after milling in a magnetoliquefied layer  
for 120 min (a) before annealing and (b) after annealing 

Рис. 5. Магнитные петли гистерезиса объемных образцов порошка гексаферрита стронция  
после измельчения в магнитоожиженном слое в течение 120 мин до отжига (а) и после отжига (b)

Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(5):5–12 
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Аннотация. Для синтеза дисперсных вольфрамовых порошков с низким содержанием кислорода использован химико-метал-

лургический метод. Порошок вольфрама получали водородным восстановлением порошков вольфрамового ангидрида 
WO3 . Водород пропускали через колонну с гидроксидом калия для осушения. В первой серии экспериментов при темпе-
ратурах 650, 800 и 950 °С восстанавливали три фракции порошка вольфрамового ангидрида WO3 марки Ч: 64–100, 40–50 
и менее 25 мкм. Во второй серии экспериментов порошок вольфрама получали водородным восстановлением трех разных 
порошков вольфрамового ангидрида WO3 марок Ч, ХЧ, «Тумелом». Получили порошки вольфрама с различным содер-
жанием кислорода (0,043–2,18 мас. %) и средним размером частиц 35–345 нм. Рентгенофазовый анализ показал чистый 
вольфрам. Минимальное содержание кислорода (0,043 мас. %) в порошке вольфрама получено при восстановлении оксида 
вольфрама марки ХЧ при температуре 950 °С в течение 3 ч.  

Ключевые слова: синтез, вольфрам, порошок, восстановление, температура
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Abstract. A chemical-metallurgical method was used to synthesize fine tungsten powders with low oxygen content. The tungsten powders 

were obtained by hydrogen reduction of tungsten trioxide (WO3 ) powders. Hydrogen was passed through a column with potassium 
hydroxide for drying. In the first series of experiments, three fractions of WO3 powder of grade “P” 64–100 µm, 40–50 µm, and 
less than 25 µm were reduced at temperatures of 650, 800, and 950 °C. In the second series of experiments, tungsten powders were 
obtained by hydrogen reduction of three different WO3 powders of grades “P”, “CP”, and “Tumelom”. The resulting tungsten powders 
had varying oxygen contents (0.043–2.18 wt. %) and average particle sizes ranging from 35 to 345 nm. X-ray diffraction analysis 
confirmed the presence of pure tungsten. The minimum oxygen content (0.043 wt. %) in the tungsten powder was achieved by reducing 
tungsten oxide of grade “CP” at 950 °C for 3 h. 
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IntroductionIntroduction
Tungsten powders are widely used in various indust-

ries and scientific fields (e.g., radiation shielding for 
certain medical treatments, nuclear energy, mechanical 
engineering, etc.) [1–4]. 

Tungsten is characterized by a high melting point, 
high thermal conductivity, and low sputtering under 
plasma exposure, which makes it suitable for the fabri-
cation of internal walls in thermonuclear reactors [5]. 
However, it is well known that oxygen impurities 
weaken grain boundaries, thus increasing the risk 
of cold cracking and leading to a higher ductile-to-
brittle transition temperature [6; 7].

Fine tungsten powders are synthesized by various 
methods. The plasma chemical method is used to pro-
duce nanopowders of refractory metals such as W, Mo, 
Nb, and Ta with average particle sizes ranging from 10 
to 100 nm or more [8; 9]. The particles of these pow-
ders have a regular shape [10; 11]. 

Experimental studies on the synthesis of fine tung-
sten powder from scheelite (CaWO4 ) by the self-pro-
pagating high-temperature synthesis (SHS) method 
were presented in [12; 13]. After leaching the SHS 
products with a 20 % aqueous hydrochloric acid solu-
tion, tungsten powder with a purity of over 99.9 wt. % 
and particle size less than 0.5 µm was obtained.

In [14], experimental studies on the hydrogen 
reduction of tungsten acid vapors WO2(OH)2 at around 
1000 °C were conducted, resulting in powders contain-
ing about 70 wt. % tungsten with a particle size of less 
than 5 nm. 

The work [15] presented experimental studies on 
the hydrothermal synthesis of porous spherical tung-
sten oxide particles followed by hydrogen reduction at 
600–650 °C. The spherical tungsten particles, measur-
ing tens of microns, consisted of crystallites with sizes 
ranging from 28 to 37 nm. 

In industrial practice, tungsten is typically produced 
using a chemical-metallurgical method [16; 17], which 
involves the hydrogen reduction of WO3 . This techno-
logy does not require expensive specialized equipment. 
Tungsten ores are enriched to obtain standard concent-
rates containing 55–65 wt. % tungsten trioxide (WO3 ). 
Various technological schemes are used in industrial 
practice to process concentrates to produce tungsten 
trioxide, which serves as a precursor for the produc-
tion of tungsten, tungsten carbide, and other products. 
The final compounds in the concentrate processing are 
usually tungsten acid (H2WO4 ) or ammonium para-
tungstate (APT) 5(NH4)2O·12WO3·5H2O, which, upon 
calcination, yield WO3 . Tungsten acid completely loses 
water at t = 500 °C, while APT decomposes above 

250 °C. The calcination temperature of APT depends 
on the intended use of WO3 .

The reduction process is conducted in tubular 
furnaces [18] with an excess of dry hydrogen passed 
over the powder bed (2–4 cm thick) at a rate ensu-
ring the removal of water vapor at temperatures above 
630 °C. The primary impurity in tungsten powders is 
oxygen, the content of which (depending on the reduc-
tion mode) ranges from 0.05 to 0.30 wt. % [19; 20]. 

Advancements in technology demand higher per-
formance characteristics of tungsten powders, inclu-
ding finer particle size and lower oxygen content [21]. 
Therefore, the practical task of developing a techno-
logy for synthesizing fine tungsten powders with low 
oxygen content is highly relevant. This study aimed 
to investigate the influence of precursor particle size 
and reduction temperature on the particle size and oxy-
gen content in tungsten powders.

Materials and methodsMaterials and methods
Tungsten powder was obtained by hydrogen reduc-

tion of three grades of tungsten trioxide (WO3 ) powder: 
“P” (Pure), “CP” (Chemically Pure) and from LLC “Tu -
me  lom”. The hydrogen used conformed to the standard 
OST 11050.003-83. Hydrogen was passed through 
a column with potassium hydroxide for drying, ensur-
ing a dew point of approximately –60 °C. The hydro-
gen flow rate was 1 L/min. 

The oxygen content in all powders was analyzed 
using the infrared absorption method on a “Leco 
TC-600” (USA) apparatus. The method involves plac-
ing a powder sample in a graphite crucible within 
the analyzer’s furnace, where it melts to form a carbon-
saturated melt in a helium atmosphere. The carbon 
in the molten bath reacts with the sample’s oxygen 
to form carbon monoxide, which is then flushed out 
of the furnace by the helium stream. The oxygen con-
tent is determined by molecular absorption spectros-
copy in the infrared region. 

X-ray diffraction analysis was conducted using 
a “DRON-3M” diffractometer (Burevestnik, Russia) 
in CuKα radiation (λ = 1.54158 Å). Diffraction pat-
terns were recorded in continuous scanning mode 
over the 2θ angle range of 20 to 80° with a step size 
of 0.02°. Phase identification was performed using 
the “Crystallographica Search Match” software based 
on the Powder Diffraction File (PDF-2) database. 

Specific surface area determination by the BET 
method was performed according to GOST 2405 on 
a “TriStar 3000” surface area analyzer (Micromeritics, 
USA). Scanning electron microscopy (SEM) was car-
ried out on an ultra-high resolution field emission scan-
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ning electron microscope “Zeiss Ultra plus” based on 
“Ultra 55” (Carl Zeiss LLC, Germany).

Results and discussionsResults and discussions
First series of  experiments. WO3 powder 

of grade “P” was sieved into three fractions, µm: 
64–100, 40–50, and less than 25. These three powders 
were reduced in a tubular furnace IMETRON for 2 h 
in a hydrogen stream at temperatures of 650, 800 and 
950 °C. A nickel boat containing 5 g of each powder, 
with a layer thickness of about 3 mm, was placed in 
a vacuum-tight quartz retort with a diameter of 6 cm 
and a length of 80 cm. The temperature gradient along 
the boat was not more than 5 °C. The retort scheme, 
placed in the furnace, is shown in Fig. 1. Nine reduced 
tungsten powders were obtained. Table 1 presents 
the reduction modes for WO3 powder grade “P” and 
the characteristics of the obtained tungsten powders.

Experimental data (Table 1) show that, regardless 
of the particle size of WO3 , increasing the reduction 

temperature decreases the oxygen content and increases 
the average particle size of the tungsten powder.

Second series of  experiments. This series 
was performed on unsieved powders. The reduction 
of three grades of WO3 powder was conducted for 3 h 
in a hydrogen stream at 950 °C. Three reduced tung-
sten powders were obtained (Table 2). 

When reduced from WO3 grade “CP” at 950 °C for 
3 h, the tungsten powder with the lowest oxygen con-
tent – 0.043 wt. % – was obtained.

The average particle size (d) of the powders was 
calculated using the formula d = 6/(ρS), where ρ is 
the density of tungsten (19.3 g/cm3), and S is the spe-
cific surface area of the powder, m2/g.

The X-ray diffraction (XRD) results for all powders 
indicate pure tungsten (Fig. 2). Fig. 3 shows an SEM 
image of tungsten powder reduced from grade “CP” 
tungsten oxide at 950 °C for 3 h. The particle shapes 
of all the powders are similar, regardless of the reduction 
conditions, with the main difference being particle size.

Fig. 1. Scheme of a retort for the reduction of powders 

Рис. 1. Схема реторты для восстановления порошков

Table 1. Reduction modes for WO3 powder grade “P” and characteristics of tungsten powders 
Таблица 1. Режимы восстановления порошка WO3 марки Ч и характеристики порошков вольфрама

Precursor 
particle size, µm

Reduction 
temperature, °С

Oxygen content, 
wt. %

Specific surface 
area, m2/g

Average particle 
size, nm

<25

650 2.180 8.9 35
800 0.390 4.5 69
950 0.150 1.5 207

40–50

650 1.930 7.8 40
800 0.270 3.6 86
950 0.100 1.3 239

64–100

650 2.010 7.0 44
800 0.230 3.3 94
950 0.073 1.7 183

Powder Metallurgy аnd Functional Coatings. 2024;18(5):13–18 
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The results of all experiments are shown in Fig. 4. 
It can be seen that with an increase in the reduction 
temperature, there is a significant growth in the average 
particle size of the reduced tungsten powder, regardless 
of the precursor’s dispersity. Simultaneously, the oxy-
gen content decreases.

Conclusion Conclusion 
Fine tungsten powders with low oxygen content 

were synthesized from tungsten trioxide using a che-
mical-metallurgical method. The minimum oxygen 
content in the powder was obtained by reducing tung-
sten oxide of grade “CP” at 950 °C for 3 h. The resul-
ting tungsten powder had the lowest oxygen content 
of 0.043 wt.% and an average particle size of 345 nm.
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Abstract. To tackle the pressing challenge of protecting steel products in marine and coastal infrastructure from corrosion and tribo-

corrosion, high-entropy coatings in the FeCrNiCo–Mox system were developed using automated vacuum electrospark deposition with 
specialized equipment. Discs with a diameter of 30 mm made from 30Kh13 steel were used as substrates. The coatings were applied 
using FeCrNiCo–Mox electrodes, where x = 0, 5, 10, and 15 at. %, produced by powder metallurgy. The structure, elemental, and phase 
compositions of the coatings were evaluated using XRD, SEM, and EDS methods. FeCrNiCo–Mox coatings were obtained through 
the remelting of the substrate and electrode material. Coatings with a moderate molybdenum content (2–5 at. %) formed a single-phase 
solid solution with an FCC lattice. At a Mo content of around 7 at. %, the formation of a second phase based on molybdenum with 
a BCC lattice was observed. The thickness of the FeCrNiCo coatings was 45 µm, while the addition of molybdenum to the coatings 
reduced this thickness to 32–34 µm. The corrosion and tribocorrosion resistance of the coatings was assessed in artificial seawater using 
electrochemical and tribological methods. Under stationary corrosion conditions, the coating with 2 at. % Mo exhibited the highest 
corrosion resistance, with a corrosion potential of 50 mV and a corrosion current density of 2 µA/cm2. Under tribocorrosion conditions, 
the coating with 5 at. % molybdenum demonstrated the highest wear resistance, with a value of 2·10–5 mm3/(N·m). 
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IntroductionIntroduction
Currently, over 50 % of the world’s population 

lives within 60 km of the coastline [1]. More than 80% 
of global trade is conducted by sea [2; 3]. Human eco-
nomic activity in the marine and coastal zones is closely 
linked to the production and operation of marine trans-
port vessels and coastal infrastructure. Steel, due to its 
high specific strength, wide availability, and favorable 
economic characteristics, is one of the primary struc-
tural materials used for these purposes [4; 5]. However, 
the challenges of using structural steels in seawater 
arise not only from corrosion but also from tribocor-
rosion – a phenomenon that combines mechanical 
wear and corrosion degradation [6; 7]. Tribocorrosion 
causes the most damage to friction pairs, such as bea-
rings, shafts, rods, swivels, etc. [8], leading to a sig-
nificant reduction in the service life of structures and 
resulting in substantial economic losses. In industria-

lized countries, the economic impact of tribocorrosion 
can account for up to 3–4 % of GDP [9; 10]. 

The primary method of corrosion control in marine 
environments is alloying steel with chromium and 
molybdenum due to their ability to form a dense passive 
film on the surface [11–13]. This film acts as a barrier, 
preventing contact between the metal and the aggres-
sive environment, thereby protecting against further 
degradation. However, a recently discovered class 
of high-entropy alloys (HEAs) has outperformed tradi-
tional chromium- and molybdenum-enriched stainless 
steels in terms of tribocorrosion resistance [14–16]. 
Fe-based HEAs (Fe–Cr–Ni–Co–X) are promising mate-
rials for use in the marine industry due to their excel-
lent mechanical and corrosion properties. Chromium 
promotes the formation of a stable and dense passive 
film, with high chromium content enhancing resistance 
to pitting corrosion. Nickel contributes to resistance 

  kuptsov.k@gmail.com
Аннотация. Для решения актуальной проблемы защиты стальных изделий морской и прибрежной инфраструктуры от коррозии 

и трибокоррозии были разработаны высокоэнтропийные покрытия в системе FeCrNiCo–Mox , получаемые методом автома-
тизированного электроискрового легирования в вакууме с использованием специальной установки. В качестве подложек 
применялись диски диаметром 30 мм из стали 30Х13. Для нанесения покрытий использовались электроды CrNiCo–xMo, 
где x = 0, 5, 10 и 15 ат. %, полученные методом порошковой металлургии. Структуру, элементный и фазовый составы 
покрытий оценивали методами РФА, СЭМ и ЭДС. За счет переплава материала подложки и электрода были получены 
покрытия FeCrNiCo–Mox . Покрытия с умеренной долей молибдена (2–5 ат. %) представляют собой однофазный твердый 
раствор с ГЦК-решеткой. При содержании Mo около 7 ат. % наблюдается формирование второй фазы на основе молиб-
дена с ОЦК-решеткой. Толщина покрытий FeCrNiCo составляла 45 мкм, введение молибдена в состав покрытий приво-
дило к ее снижению до 32–34 мкм. Оценка коррозионной и трибокоррозионной стойкости покрытий осуществлялась 
в искусст венной морской воде электрохимическими и трибологическими методами. В стационарных коррозионных усло-
виях покрытие с 2 ат. % Mo характеризовалось наибольшей коррозионной стойкостью: коррозионный потенциал составлял 
50 мВ, плотность тока коррозии – 2 мкА/см2. В трибокоррозионных условиях наибольшей износостойкостью на уровне 
2·10–5 мм3/(Н·м) обладало покрытие с 5 ат. % молибдена.  

Ключевые слова: электроискровое легирование, вакуум, покрытия, морская вода, электрохимия, износостойкость, корро-
зионная стойкость, трибокоррозия
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against both general and localized corrosion and serves 
as an austenite stabilizer. Cobalt also plays a role in 
stabilizing the oxide film. However, the key element 
ensuring the formation of a dense and high-quality pas-
sive film, especially in the presence of chromium, is 
molybdenum. 

The cost of high-entropy alloys is relatively high 
due to the substantial content of expensive alloying 
elements and the complex manufacturing process. 
Additionally, some HEAs have shown a tendency 
toward brittle behavior under certain conditions [17]. 

The most promising application of high-entropy 
alloys for corrosion protection is not in the fabrication 
of entire structural components from HEAs but in their 
use as surface coatings. Currently, HEA-based coatings 
are primarily produced by methods such as laser clad-
ding, electro-spark deposition, magnetron sputtering, 
and others [18; 19].

Electro-spark deposition (ESD) in a vacuum using 
CNC-controlled equipment is one of the most promising 
methods for producing wear-resistant and corrosion-
resistant coatings on various steels due to its improved 
uniformity and purity [20]. This method can produce 
relatively thick coatings, up to 200 µm [18; 21], with 
excellent adhesion strength due to micrometallurgi-
cal reactions between the electrode and the substrate. 
Additionally, this coating technology is characterized 
by its relative simplicity, cost-effectiveness, high pro-
ductivity, ease of process automation, and the capabi-
lity for localized coating deposition. During vacuum 
electro-spark deposition, material transfer from 
the electrode to the substrate and pulsed cathode-arc 
evaporation of the electrode, initiated by spark dis-
charge, occur simultaneously. This enhances process 
efficiency and improves surface wettability, resulting 
in lower coating roughness [10].

The aim of this study was to investigate the influ-
ence of molybdenum on the structure, corrosion, 
and tribocorrosion properties of coatings based 
on the FeCrNiCo–Mox high-entropy alloy. 

Materials and methodsMaterials and methods
The FeCrNiCo–Mox were deposited using a spe-

cialized vacuum system for electrospark deposition, 
equipped with a three-axis table and a rotating elect-
rode holder [22]. the electrodes used for the coatings 
were produced by powder metallurgy from a base 
equiatomic mixture of CrNiCo with addition of 5, 10, 
and 15 at. % Mo. Iron was introduced into the coatings 
through the mixing of the substrate and electrode mate-
rial during the electrospark deposition process.

Fig. 1 shows SEM images of high-purity (>99 %) 
metal powders of Cr (PKh-1S, <63 µm), Ni (PNK-0T2, 
<20 µm), Co (PK-1u, <1.2 µm), and Mo (PM99.95, 
<5 µm), which were used to prepare the initial mixture 
for electrode production. the powders were mixed in a 
ball mill for 4 h. Blanks were produced from the mix-
ture by cold pressing, followed by sintering in a vacuum 
furnace at 1300 °C for 60 min (with a residual pressure 
in the vacuum chamber not exceeding 1·10–2 Pa). After 
sintering, the electrode blanks were ground to produce 
rods 60 mm in length and 6 mm in diameter.

Before deposition, the vacuum chamber was 
evacuated to a pressure of 5·10–3 Pa, after which Ar 
(99.993 %) was introduced to maintain a working pres-
sure of 20 Pa. the coatings were deposited under the fol-
lowing parameters: electrode rotation speed – 1000 rpm, 
scanning speed and step – 500 mm/min and 0.5 mm, 
respectively. After each processing cycle, the scanning 
direction was changed to perpendicular to ensure better 
coverage and uniformity of the coatings.

Fig. 1. SEM images of powders used for electrodes production 

Рис. 1. СЭМ-изображения порошков, используемых для изготовления электродов
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The FeCrNiCo–Moх coatings were deposited onto 
30 mm diameter, 3 mm thick discs made of 30Kh13 
steel under the following technological parameters: 
pulse frequency – 500 Hz, voltage – 50 V, pulse dura-
tion – 50 µs, electrode polarity – anodic. 

Phase composition of the coatings was studied 
using X-ray phase analysis (XRD) on a D8 Advance 
diffractometer (Bruker, Germany) with monochromatic 
CuKα radiation in the 2θ angle range from 10 to 100°.

Morphology and microstructure of the coatings 
were examined using a scanning electron microscope 
(SEM) S-3400N (Hitachi, Japan) equipped with 
an energy-dispersive spectrometer (EDS) NORAN 
(Thermo Scientific, USA).

Electrochemical properties of the coatings were 
studied in a three-electrode cell using an IPC Pro MF 
potentiostat (Russia). A platinum electrode was used 
as the auxiliary electrode, and an Ag/AgCl electrode 
served as the reference. the corrosion current den-
sity and potential were determined by extrapolating 
the polarization curves using the Tafel method.

Tribocorrosion resistance of the coatings was 
evaluated using a Tribometer (CSM Instruments, 
Switzerland) equipped with a special rotating cell that 
allows the registration of the electrochemical corrosion 
potential during tribological tests in a ball-on-disk con-
figuration. the tests were conducted in artificial seawa-

ter at a load of 5 N, a distance of 500 m, and a sliding 
speed of 10 cm/s. the artificial seawater was prepared 
according to ASTM D1141-98 from the following 
salts (g/L): NaCl (24.53), MgCl2 (5.20), Na2SO4 (4.09), 
CaCl2 (1.16), KCl (0.695), NaHCO3 (0.201), KBr (0.1), 
H3BO3 (0.027), SrCl2 (0.003), NaF (0.003).

An alumina (Al2O3 ) ball with a diameter of 6 mm 
and a roughness of Ra = 0.8 µm was used as the coun-
terbody. the wear tracks on the coatings were examined 
using optical profilometry with a WYKO NT1100 pro-
filometer (Veeco, USA). 

Results and discussionResults and discussion
Fig. 2 presents SEM cross-sectional images 

of the electrodes after sintering and the corresponding 
molybdenum distribution maps. All electrodes were 
characterized by high density and low residual poro-
sity. Molybdenum in the CoCrNi–5Mo electrode was 
evenly distributed throughout the volume, while in 
electrodes with higher Mo content (10 and 15 at. %), 
clusters rich in molybdenum were observed. 

The coatings obtained using the CoCrNi, CoCrNi–5Mo, 
CoCrNi–10Mo, and CoCrNi–15Mo electrodes are 
referred to as 0Mo, 5Mo, 10Mo, and 15Mo, respec-
tively. Fig. 3 shows SEM images of the coating sur-
faces and the corresponding element distribution maps; 
the composition of the coatings is provided in Table 1. 

Fig. 2. SEM images of electrode cross-sections (a), Mo distribution maps (b) and elemental composition (c) 

Рис. 2. СЭМ-изображения шлифов электродов (а), карты распределения Mo (b) и элементный состав (c)

Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(5):19–29 
Купцов К.А., Фатыхова М.Н. и др. Высокоэнтропийные покрытия в системе FeCrNiCo–Mox ...



23

the surface of the coatings exhibits a characteristic 
morphology in the form of overlapping areas of solidi-
fied melt formed by individual electrospark deposition 
pulses. No cracks or other surface defects were detected 
on the coatings. the 0Mo coating was characterized by 
a uniform distribution of elements across the surface. 
the introduction of Mo into the coatings resulted in 
the formation of a less homogeneous structure. It is 
evident that the 10Mo and 15Mo coatings consist 
of two distinct areas: 1) iron-based and 2) regions with 
higher concentrations of Mo, Ni, and Co. Additionally, 

Table 1. Elemental composition (at. %)  
of the surface of FeCrNiCo–Mox coatings 
Таблица 1. Элементный состав (ат. %)  
поверхности покрытий FeCrNiCo–Mox

Coating O Cr Fe Co Ni Мо
0Mo 4 20 41 16 19 –
5Mo 4 21 41 17 15 2
10Mo 3 24 31 17 20 5
15Mo 5 20 43 12 13 7

Fig. 3. SEM images of coating surface and corresponding element distribution maps 

Рис. 3. СЭМ-изображения поверхности покрытий и соответствующие карты распределения элементов
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the coating with the highest molybdenum content 
exhibited increased surface roughness, with so-called 
“burns” containing large amounts of molybdenum.

Iron was the primary element in the coatings. 
the introduction of iron into the coatings occurred 
directly during electrospark deposition due to the mix-
ing of the melts from both the electrode mate-
rial and the substrate material in localized melting 
areas. the 10Mo coating had the lowest iron content, 
at 31 at. %, while in the other coatings it ranged 
between 41–43 at. %. This effect is likely due to more 
intensive transfer of the CoCrNi–10Mo electrode mate-
rial. the molybdenum content in the coatings increased 
with its proportion in the electrodes, reaching 2 (5Mo), 
5 (10Mo), and 7 (15Mo) at. %, respectively. the 10Mo 
coating had the highest chromium content of 24 at. %, 
while the other coatings showed chromium levels in 
the range of 20–21 at. %. the Ni and Co content in 
the 0Mo–10Mo coatings was 15–20 at. %, while in 
the coating with the highest molybdenum content, it 
was around 12–13 at. %. Additionally, all coatings 
showed a small oxygen content of about 3–5 at. %.

Fig. 4 shows SEM cross-sectional images of the coat-
ings at various magnifications. the coatings exhibited 
high density, with no voids or cracks detected. the base 
FeCrNiCo coating without molybdenum had the high-
est thickness – up to 45 µm – while processing with 
molybdenum-containing electrodes reduced the thick-

ness to 32–34 µm (5Mo–15Mo coatings). the reduction 
in coating thickness is associated with the altered mate-
rial transfer during processing due to the introduction 
of refractory molybdenum, which led to a decrease in 
the size of the melt zone. Additionally, the molybde-
num-containing coatings showed more pronounced 
transition areas between the substrate and the coat-
ing. the main layer of the 0Mo and 5Mo coatings was 
characterized by high uniformity, while the introduc-
tion of a higher amount of molybdenum into the coa-
tings resulted in the formation of more distinct areas, 
rich in molybdenum and depleted in iron (Fig. 4, c). 
In the 10Mo coatings, these areas appeared as isolated 
clusters smaller than 5 µm, while in the 15Mo coating, 
these areas formed a discontinuous top layer.

Fig. 5 presents XRD patterns of FeCrNiCo–Mox 
coatings and the steel substrate. All coatings were 
charac terized by a single-phase structure based on 
a solid solution with an FCC lattice and a strong (200) 
texture, formed due to the directional solidification 
of the melt zones. Increasing the molybdenum con-
tent in the coatings leads to a shift of the FCC peaks 
towards lower angles, indicating an increase in the lat-
tice parameter due to the large atomic radius of molyb-
denum. It is worth noting that the 10Mo and 15Mo coa-
tings have the same lattice parameter, which may be due 
to the small difference in molybdenum content (5 and 
7 at. %) and the fact that when the molybdenum con-

Fig. 4. SEM images of cross-sections of FeCrNiCo–Mox coatings at different magnifications (a, b)  
and elemental composition of selected areas (c) 

Рис. 4. СЭМ-изображения шлифов покрытий FeCrNiCo–Mox при различных увеличениях (а, b) 
и элементный состав выделенных областей (c)
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tent exceeds a certain threshold (5 at. % in our case), 
additional molybdenum can no longer be incorporated 
into the FCC lattice and will form its own phase. 

In the case of the 15Mo coating, a second set of low-
intensity peaks corresponding to an α-Fe (ferrite) phase 
can be distinguished. On one hand, these peaks could 
be attributed to the substrate, which has this structure. 
On the other hand, given the thickness of the coa tings, 
this assumption seems unlikely. Another possible expla-
nation is the formation of an additional BCC phase rich 
in molybdenum. the presence of such regions was shown 
in the cross-sections of the 15Mo coating. Additionally, 
molybdenum has very limited solubility in the FCC 
phase, as it is a ferrite stabilizer. Thus, processing with 
the CoCrNi–15Mo electrode is undesirable, as it leads 
to the formation of a two-phase coating.

Fig. 6 presents the results of tribocorrosion tests 
of FeCrNiCo–Mox coatings. These tests included three 
stages: exposure to a corrosive environment (artificial 
seawater); tribological testing in a corrosive environ-
ment; and re-exposure under stationary conditions after 
the friction process was completed. 

A key characteristic of tribocorrosion is the continu-
ous wear of the passive film, which causes a sharp drop 
in corrosion potential due to the exposure of an active 
surface in the corrosive environment. the base 0Mo 
coating exhibited the highest corrosion potential 
during friction at –180 mV. Introducing a moderate 
amount of molybdenum (5Mo and 10Mo coatings) led 
to a more significant decrease in corrosion potential, 
down to –200 mV. the coating with the highest Mo 
content showed the highest drop in corrosion potential 
to –250 mV, likely due to the formation of galvanic 
couples between iron- and molybdenum-rich regions. 

the coefficient of friction for all coatings ranged from 
0.2 to 0.3, with the lowest levels (0.2–0.25) observed in 
the 0Mo and 10Mo coatings. 

The highest wear resistance was observed in 
the 10Mo and 15Mo coatings with higher molybdenum 
content – the wear rate was (2.0÷2.7)·10–5 mm3/(N·m), 
whereas in the 0Mo and 5Mo coatings, it was 
(4.1÷4.8)·10–5 mm3/(N·m). This effect is likely due 
to the strengthening of the high-entropy matrix in 
the 10Mo and 15Mo coatings through the formation 
of molybdenum-rich regions. 

Wear tracks and the composition of wear pro-
ducts are shown in Fig. 7 and Table 2. the morphology 
of the wear tracks represents partially worn roughness, 
and the wear products are mainly represented by iron 
and chromium oxides.

The polarization curves of the coatings with varying 
Mo content are shown in Fig. 8. the corrosion poten-
tial and current density of the base FeCrNiCo coatings 
were 70 mV and 3.5 µA/cm2, respectively. the introduc-
tion of 2 at. % Mo (5Mo coating) led to a slight shift 
of the potential in the negative direction to 50 mV, but at 
the same time, the corrosion current density decreased by 
almost a half (2 µA/cm2). Further increasing the molyb-
denum content to 5–7 at. % (10Mo, 15Mo) caused an 
increase in the electrochemical potential to 110–120 mV; 
however, the corrosion current density increased to 4.0–
4.5 µA/cm2. Thus, the introduction of a small amount 
of molybdenum into FeCrNiCo leads to a reduction 
in corrosion current density, while further increases in 
molybdenum content primarily result in a significant 
shift in corrosion potential towards positive values. 

This electrochemical behavior can be explained as 
follows. the introduction of a small amount of molyb-

Fig. 5. XRD patterns of FeCrNiCo–Mox coatings and 30Kh13 substrate (a),  
as well as detailed image of FCC (200) peaks (b) and 15Mo coating (111) FCC and (110) BCC phases peaks (c) 

Рис. 5. Дифрактограммы покрытий FeCrNiCo–Mox и подложки 30Х13 (а), 
а также увеличенное изображение пика (200) ГЦК-фазы (b) и пиков (111) ГЦК- и (110) ОЦК-фаз для покрытия 15Мо (c)
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denum (2 at. %) does not lead to the formation 
of molybdenum-rich regions, so the surface potential 
remains almost unchanged. Nevertheless, molybde-
num in such quantities, especially when paired with 
chromium, contributes to the formation of a denser 
passive film, which improves the corrosion resistance 

of the 5Mo coatings. A higher molybdenum content in 
the coating leads to the formation of regions (pos sibly 
phases) rich in molybdenum, which shifts the sur-
face potential in a more positive direction. However, 
the presence of surface heterogeneities intensifies cor-
rosion processes. 

Fig. 7. 3D profiles and SEM images of wear tracks of FeCrNiCo–Mox coatings after tribocorrosion tests 

Рис. 7. 3D-профили и СЭМ-изображения дорожек износа покрытий FeCrNiCo–Mox после трибокоррозионных испытаний

Fig. 6. Results of tribocorrosion tests (corrosion potential and coefficient of friction) of FeCrNiCo–Mox coatings  
in artificial seawater (a), typical 2D wear track profiles (b) and wear rates (c) 

Рис. 6. Результаты трибокоррозионных исследований (потенциал коррозии и коэффициент трения)  
покрытий FeCrNiCo–Mox в искусственной морской воде (а), типичные 2D-профили дорожек износа (b)  

и значения приведенного износа (c)
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ConclusionsConclusions
1. High-entropy coatings with thicknesses up to 

45 µm in the FeCrNiCo–Mox system with varying 
molybdenum content were successfully obtained using 
electrospark deposition in a vacuum. the introduction 
of a moderate amount of molybdenum in the range 
of 2–5 at. % into FeCrNiCo-based coatings has shown 
promise for enhancing their corrosion and tribocorro-
sion resistance in seawater. 

2. All coatings with molybdenum content up to 
5 at. % were single-phase solid solutions with an FCC 
lattice. the addition of higher amounts of molybdenum 
(7 at. %) led to the formation of a second phase based 
on molybdenum with a BCC lattice.

3. Under stationary corrosion conditions, the coating 
with 2 at. % Mo exhibited the highest corrosion resis-
tance, with a corrosion current density and potential 
of 2 µA/cm2 and 50 mV, respectively. the introduction 
of higher amounts of molybdenum (5–7 at. %) led to a 
shift in potential towards positive values, up to 120 mV, 
due to the formation of molybdenum-rich regions. 
However, the intensified local corrosion caused the cor-
rosion current density to reach 4.5 µA/cm2.

4. Under tribocorrosion conditions, coatings with 
moderate molybdenum content (up to 5 at. %) demon-
strated a corrosion potential drop to –180 to –200 mV 
and a coefficient of friction around 0.25. the addition 
of higher amounts of molybdenum led to a more sig-
nificant potential drop (down to –250 mV) and a higher 
coefficient of friction (up to 0.3). the coating with 
5 at. % molybdenum exhibited the highest wear resis-
tance, with a specific wear rate of 2·10–5 mm3/(N·m). 
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Abstract. A study was conducted to investigate the influence of oiling agents with various formulations on the properties of core-

less silicon carbide fiber from the perspective of its technological qualities. The oiling agents investigated included formulations 
of PMS-5, PMS-10, PMS-20 in isopropyl alcohol and acetone, aqueous emulsions of PMS-200 with the addition of dispersant 
IVP-317 and polyvinyl alcohol, an aqueous solution of PEG-400 (30 %), and an aqueous solution of starch (10 %). The evaluation 
of the oiling agent’s impact on the technological properties of the fiber was carried out through tensile strength testing, determination 
of the minimum bending radius, examination of the surface morphology of the oiled fibers, and the ability of the tested composition 
to bundle filaments together and reduce fuzzing. It was found that oiling agents using acetone and isopropyl alcohol as solvents 
led to the deterioration of the technological qualities of the treated fibers, significantly increasing their brittleness. The aqueous 
solution of polyethylene glycol (PEG-400) (30 %) poorly distributed on the fiber surface and reduced the strength characteristics 
of the samples after treatment. The strength of the samples treated with an aqueous starch solution (10 %) was found to be close 
to that of untreated fibers in tensile testing. This composition improved the homogeneity of the bundle and exhibited the best 
bonding pro perties on the filaments within it, but the increased brittleness of the fibers after drying significantly reduced their 
technological efficiency. The use of PMS-200 aqueous emulsion with IVP-317 contributed to increased homogeneity and flexibility 
of the bundle but led to a deterioration in the strength characteristics of the samples compared to pure fiber. The best result was 
shown by the PMS-200 emulsion with the addition of polyvinyl alcohol and dispersant IVP-317. This composition increased flex-
ibility, reduced fuzzing, and improved the technological properties of the treated fibers, with only a slight reduction in the strength 
of the samples. The results obtained suggest that the aqueous emulsion based on polymethylsiloxane (PMS-200) and polyvinyl 
alcohol is the most effective oiling agent for coreless silicon carbide fiber. 

Keywords: coreless silicon carbide fiber, SiC fiber, textile oiling agents, emulsification, fiber technological properties
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Аннотация. Проведено исследование влияния замасливателей различных рецептур на свойства бескернового карбидокремние-

вого волокна с точки зрения его технологических качеств. Исследованы замасливающие агенты составов ПМС-5, ПМС-10, 
ПМС-20 в изопропиловом спирте и ацетоне, водные эмульсии ПМС-200 с добавлением диспергатора IVP-317 и поливи-
нилового спирта, водный раствор ПЭГ-400 (30 %), водный раствор крахмала (10 %). Оценка влияния замасливателя на 
технологические качества волокна осуществлялась путем проведения испытания образцов на прочность при растяжении, 
определения минимального радиуса гиба, исследования морфологии поверхности замасленных волокон, способности 
исследуемого состава объединять филаменты в составе пучка и снижать пушение. Установлено, что замасливающие агенты, 
в качестве растворителя в которых используются ацетон и изопропиловый спирт, приводят к ухудшению технологических 
качеств обработанных волокон, значительному повышению их ломкости. Водный раствор полиэтиленгликоля (ПЭГ-400) 
(30 %) плохо распределялся по поверхности волокна и снизил прочностные характеристики образцов после обработки. 
Прочность образцов, обработанных водным раствором крахмала (10 %), по результатам испытания на растяжение оказалась 
близкой к прочности необработанных волокон. Данный состав повысил однородность пучка и показал наилучшие скрепля-
ющие свойства на филаменты в его составе, однако повышенная ломкость волокон при изгибе после высыхания в значи-
тельной степени снизила их технологичность. Применение водной эмульсии ПМС-200 с IVP-317 способствовало повы-
шению однородности и гибкости пучка, однако привело к ухудшению прочностных характеристик образцов по сравнению 
с чистым волокном. Наилучший результат показала эмульсия ПМС-200 с добавлением поливинилового спирта и диспер-
гатора IVP-317. Данный состав повысил гибкость, уменьшил пушение, улучшил технологические качества обработанных 
волокон, незначительно при этом снизив прочность образцов. Полученные результаты позволяют считать водную эмульсию 
на основе полиметилсилоксана (ПМС-200) и поливинилового спирта наиболее эффективной в качестве замасливающего 
агента для бескернового карбидокремниевого волокна.  

Ключевые слова: бескерновое карбидокремниевое волокно, SiC-волокно, текстильные замасливатели, эмульсирование, 
технологические свойства волокна
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IntroductionIntroduction
The implementation of advanced composite mate-

rials is the foundation for the prospective development 
of aviation and rocket-space technology. Composites 
based on modern materials are widely used in the pro-
duction of elements and assemblies for the aerospace 
industry [1–3]. 

The designs of modern aircraft require minimal 
weight, high reliability, rigidity, strength of compo-
nents, and maximum operational lifespan of structures 
capable of functioning effectively under high tempera-
tures and in aggressive oxidative environments. 

The use of advanced composites with improved 
manufacturing technology and the introduction of new 
materials in their production plays a key role in solving 
these challenges [4; 5]. Composite materials reinforced 
with continuous coreless silicon carbide fibers with 

metallic and ceramic matrices are applicable to various 
components of aircraft that operate at high tempera-
tures: thrust vectoring nozzles of propulsion systems, 
exhaust gas valves, nozzle guide vanes, etc. [6–14].

Silicon carbide fibers are characterized by high 
strength properties, reaching up to 3 GPa, a modulus 
of elasticity of 400 GPa, low oxygen content (less than 
1 %), and high oxidative stability at elevated tempera-
tures up to 1500 °С [15; 16].

The data presented allows us to consider SiC fibers 
as a promising reinforcing component for composites 
that operate in aggressive oxidative environments 
at high temperatures [17; 18]. 

Some applications of final products made from 
composite materials require reinforcing fillers in 
the form of fabric. However, creating textile preforms 
is challenging due to the inherent brittleness of SiC 
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fibers. to enhance the processability of silicon carbide 
fibers for textile manufacturing, oiling compositions 
are applied. the emulsification process, which involves 
applying an oiling agent to the fiber surface, improves 
the technological properties of the fibers and the threads 
derived from them. This process helps prevent break-
ages and abrasion during thread formation, reduces 
friction when high-modulus ceramic fibers interact 
with manufacturing equipment, binds individual mono-
filaments together, lowers the dynamic friction coeffi-
cient, and prevents static electricity buildup [19–22]. 

The most commonly used textile oiling agents for 
chemical fibers include oils (both mineral and natural), 
surfactants, starch-based compositions, and organic 
polymers [23–25].

The aim of this study is to investigate the impact 
of different oiling agent formulations on the techno-
logical properties of coreless silicon carbide fibers.

Materials and methodsMaterials and methods
The study was carried out on specially prepared 

samples in the form of bundles of continuous coreless 
silicon carbide fibers. the diameter of the fibers ranged 
from 14 to 20 μm, and the bundle contained 150 fibers.

The oiling compositions used in this work were 
based on organosilicon compounds (polymethylsil-
oxanes (PMS)), polyethylene glycol (PEG-400), poly-
vinyl alcohol (PVA), and starch. Acetone, isopropyl 
alcohol, and water were used as solvents.

The application of the oiling agent to the surface 
of the silicon carbide fiber was carried out by immers-
ing the fiber bundle in the solution, followed by gentle 
squeezing according to the following scheme (Fig. 1): 
the fiber from the guiding roller 1 was dipped into 
the oiling bath 2, advanced by roller 3, and then passed 
through squeeze rollers 4 to remove excess agent.

The tensile strength of the oiled fibers was evalua-
ted using an “Instron 5942” testing machine (Instron, 
USA) according to GOST 32667 for samples with 
a working length of 25 mm and an average diameter 

of 17 μm. the tensile speed of the machine grips was 
1.0 mm/s.

The surface morphology of the oiled fibers was 
studied using a scanning electron microscope. 

The flexural properties of the silicon carbide fibers 
with the applied oiling agent was evaluated by determin-
ing the minimum bending radius of the sample around 
a cylindrical mandrel with a variable diameter from 10 
to 70 mm (Fig. 2). the sample was attached at one end 
to the surface of the measuring disc, wrapped around 
it in a pressed state, and held for 5 min. the mini-
mum bending radius was considered to be the radius 
of the measuring disc preceding the one on which fiber 
breakage occurred.

Results and discussionResults and discussion
The use of acetone and isopropyl alcohol as solvents 

necessitated the use of low-molecular-weight poly-
methylsiloxane fluids: PMS-5, PMS-10, and PMS-20. 
During testing of these oiling agents, the treated fiber 
samples exhibited excessive brittleness, which was 
attributed to the removal of adsorbed moisture that 
contributed to the fiber surface’s flexibility. This led 
to a significant increase in fuzzing and fiber breakage 
(Fig. 3).

The flexural test using a mandrel revealed that more 
than 80 % of the filaments were destroyed at the first 
stage, corresponding to a mandrel diameter of 70 mm.

Oiling compositions using acetone and isopropyl 
alcohol as solvents were found to be ineffective.

Fig. 1. Installation diagram for oiling continuous fibers 

Рис. 1. Схема установки для замасливания  
непрерывных волокон

Fig. 2. Cylindrical mandrel with variable diameter 

Рис. 2. Цилиндрическая оправка с переменным диаметром
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In contrast, the use of oiling agents in the form 
of aqueous emulsions allowed for the application 
of higher molecular weight, more viscous fluids such 
as PMS-200. Silicone aqueous emulsions of PMS-
200, and PMS-200 with the addition of polyvinyl 
alcohol (PVA), required the inclusion of dispersant 

IVP-317, which enhanced fiber wetting and contri bu-
ted to the stabilization of the emulsion.

Oiling agents formulated with these components 
demonstrated high efficiency: uniform distribution 
(Fig. 4, a, b), effective wetting of the fiber surface, 

Fig. 3. Silicon carbide fibers with applied oiling agent
1, 4 – PMS-5; 2, 5 – PMS-10; 3, 6 – PMS-20

1–3 – solvent acetone; 4–6 – solvent isopropyl alcohol 

Рис. 3. Карбидокремниевые волокна с нанесенным замасливателем
1, 4 – ПМС-5; 2, 5 – ПМС-10; 3, 6 – ПМС-20

1–3 – растворитель ацетон; 4–6 – растворитель изопропиловый спирт

Fig. 4. Morphology of silicon carbide fiber surfaces with applied oiling agents (solvent – water)
а – PMS-200 emulsion; b – PMS-200 emulsion with PVА; c – PEG-400 solution (30 %); d – starch solution (10 %)

Рис. 4. Морфология поверхности карбидокремниевых волокон с нанесенными замасливателями (растворитель – вода)
а – эмульсия ПМС-200; b – эмульсия ПМС-200 с ПВС; c – раствор ПЭГ-400 (30 %); d – раствор крахмала (10 %)
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significant reduction in fuzzing, and improved bundle 
homogeneity (Fig. 5, b, c). 

The addition of polyvinyl alcohol to the PMS-200 
aqueous emulsion further enhanced the strength cha-
rac teristics of the silicon carbide fibers and their ove-
rall technological properties (see Table). 

Silicon carbide fibers treated with aqueous emul-
sions based on polymethylsiloxane (PMS-200 and 
PMS-200 with polyvinyl alcohol) showed a filament 
failure rate of no more than 1 % within the bundle 
when tested on a 10 mm mandrel, indicating improved 
suitability for textile processing (see Table).

In addition to silicone fluids, the study also exami-
ned an oiling composition containing an aqueous solu-

tion of polyethylene glycol PEG-400 (30 %). Fibers 
treated with this composition exhibited poor wetting, 
reduced oiling effectiveness compared to silicone 
flui ds, and increased filament brittleness (Fig. 5, d). 
This may be attributed to the low affinity of the compo-
sition for silicon carbide fibers. During flexural testing 
on a cylindrical mandrel, more than 40 % of the fila-
ments failed at the 40 mm diameter stage.

The aqueous starch solution (10 %) applied 
to the surface of the silicon carbide fibers demonstrated 
good distribution (Fig. 4, d), strong filament bonding 
within the bundle, reduced fuzzing (Fig. 5, e), and 
increased tensile strength (see Table). However, after 
drying, this composition caused excessive brittleness 
in the fibers, significantly reducing their technological 
suitability for further textile processing. Flexural tes-
ting using a mandrel showed that about 20 % of the fila-
ments failed at the 60 mm diameter stage.

The Table below presents the test results for deter-
mining the minimum bending radius of oiled SiC 
fibers, their tensile strength relative to untreated fibers, 
and a description of the surface morphology.

ConclusionsConclusions
The experimental study found that oiling agents 

using acetone and isopropyl alcohol as solvents led 
to a deterioration in the technological properties 
of the treated fibers, significantly increasing their 
brittleness and complicating their suitability for textile 
processing. the aqueous solution of polyethylene gly-
col (PEG-400) (30 %) was found to be ineffective due 
to poor distribution on the fiber surface and a reduction 
in the tensile strength of the treated samples (a 16 % 
decrease compared to untreated fibers). the best 
filament bundling and increased homogeneity were 
observed in samples treated with a 10 % aqueous starch 
solution. the tensile strength of these samples was 

The effect of aqueous oiling compounds on the morphology and properties of SiC-fibers 
Влияние водных замасливающих составов на морфологию и свойства SiC-волокон

Oiling liquid
Distribution on 

fiber surface 
(morphology)

Test results

Tensile strength of oiled fibers relative 
to pure fiber (100 % – baseline), %

Minimum bending 
radius when wound 
on a cylinder, mm

PMS-200 aqueous 
emulsion, IVP-317 uniform 62 15

PMS-200 aqueous 
emulsion, PVA, IVP-317 uniform 98 15

PEG-400 aqueous 
solution (30 %) poor 84 50

Starch aqueous solution 
(10 %) uniform 99 65

Fig. 5. Silicon carbide fibers
a – pure fibers in a bundle;  

b–e after treatment with an aqueous emulsion PMS-200 (b),  
an aqueous emulsion of PMS-200 with the addition of  

polyvinyl alcohol (c), an aqueous solution of PEG-400 (30 %) (d),  
an aqueous solution of starch (10 %) (e) 

Рис. 5. Карбидокремниевые волокна
а – чистые волокна в пучке;  

b–e – после обработки водной эмульсией ПМС-200 (b),  
водной эмульсией ПМС-200 с добавлением поливинилового  

спирта (c), водным раствором ПЭГ-400 (30 %) (d),  
водным раствором крахмала (10 %) (e)
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close to that of untreated fibers, with only a 1 % reduc-
tion. However, the increased brittleness of the fibers 
after drying significantly reduced their technological 
suitability, potentially causing difficulties in textile 
processing.

The study concluded that using oiling agents in 
the form of aqueous emulsions is the most effective 
method for treating coreless silicon carbide fibers. 
the best results were obtained with a PMS-200 emul-
sion containing polyvinyl alcohol and dispersant 
IVP-317, which improved flexural properties, reduced 
fuzzing, and enhanced the technological properties 
of the treated fibers, with only a slight decrease in ten-
sile strength (2 % compared to untreated fibers). the use 
of the PMS-200 emulsion with IVP-317 also contrib-
uted to increased bundle homogeneity and flexural 
properties, although it did lead to a decrease in the ten-
sile strength of the samples compared to untreated 
fibers. 

The results suggest that aqueous emulsions based 
on polymethylsiloxane liquids and polyvinyl alcohol 
are the most effective for preparing coreless silicon 
carbide fibers for textile processing.
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Abstract. ZrBN coatings were deposited by reactive pulsed magnetron sputtering using a ZrB2 target while varying the pulse duration. 

The composition and structure of the coatings were studied using scanning and transmission electron microscopy, energy dispersive, 
optical emission and glow discharge Raman spectroscopy, as well as X-ray diffraction. Optical properties were studied by spectropho-
tometry. Erosion resistance was determined under laser exposure. All coatings were amorphous, had a dense, defect-free structure and 
a uniform distribution of elements throughout the thickness. According to Raman spectroscopy, the coatings contain B–N and Zr–N 
bonds. The coatings were characterized by high optical transmittance of 70–90 % in the wavelength range 450–1300 nm. The reflec-
tivity of coatings was 9–26 %. The refractive index value increases from 1.7 to 3.0 as the wavelength increases from 200 to 1200 nm. 
The glass substrate is fragilely destroyed during erosion at a power of 20–60 W. All coatings successfully protect the glass substrate 
from erosive wear: the application of ZrBN coatings leads to a reduction in the width and depth of the erosion zone of the glass substrate 
by 1.3 and 4.5 times, respectively. The coating obtained at the optimal pulse duration has better erosion resistance, which may be due 
to its higher adhesive strength. 
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IntroductionIntroduction
One of the current challenges in the operation 

of optical equipment components (such as lenses, 
prisms, mirrors, interferometers, etc.) is wear due 
to erosion, which significantly affects their service 
life. Therefore, the development of optical coatings 
is an important direction in the creation of new preci-
sion optical devices [1]. These coatings must not only 
exhibit high transmittance and good reflectivity but 
also enhanced erosion resistance [2]. 

To protect optical device components exposed 
to wear, oxide coatings such as ZrO2 , Ta2O5 , and 
other s are commonly used. These coatings possess 
a wide transparent spectral range and high refractive 
indices [3; 4]. However, oxide coatings are characteri-

zed by relatively low hardness: 7 GPa for Nb2O5 [5], 
8 GPa for TiO2 [6], 10 GPa for SiO2 [7], and 13 GPa 
for In2O3 [8]. They also show poor scratch resistance 
and have a high defect density in their structure, nega-
tively impacting their wear resistance [9]. Recently, 
there has been growing interest in the study of transi-
tion metal nitrides, such as Ti, Zr, Cr, Nb, Mo, and Ta, 
which offer satisfactory optical properties combined 
with good wear resistance [10]. Comparative studies 
of TiN and TiAlN hard coatings have demonstrated 
that aluminum alloying enhances wear resistance under 
thermal stress conditions [11]. Among TiN, HfN, and 
ZrN coatings, zirconium nitride coatings exhibit supe-
rior optical properties [12]. Introducing boron into ZrN 
coatings can improve hardness, wear resistance, and 
optical characteristics. 

  kiruhancev-korneev@yandex.ru
Аннотация. Покрытия ZrBN были получены методом реакционного импульсного магнетронного распыления с использова-

нием мишени ZrB2 при варьировании длительности импульса. Состав и структуру покрытий исследовали методами скани-
рующей и просвечивающей электронной микроскопии, энергодисперсионной спектроскопии, оптической эмиссионной 
спектроскопии тлеющего разряда и спектроскопии комбинационного рассеяния света, а также рентгенофазового анализа. 
Оптические свойства изучали методом спектрофотометрии. Эрозионную стойкость определяли при лазерном воздействии. 
Покрытия ZrBN были аморфными и характеризовались плотной бездефектной структурой и равномерным распределе-
нием элементов по толщине. По данным спектроскопии комбинационного рассеяния света, покрытия содержали связи B–N 
и Zr–N. Покрытия характеризовались высоким оптическим коэффициентом пропускания 70–90 % в диапазоне длин волн 
450–1300 нм. Коэффициент отражения покрытий составлял 9–26 %. Значение показателя преломления повышалось от 1,7 
до 3,0 при увеличении длины волны от 200 до 1200 нм. Эрозионные испытания показали, что подложка из стекла хрупко 
разрушается при воздействии лазера мощностью 20–60 Вт. Все покрытия успешно защищают стеклянную подложку от 
эрозионного износа: ширина и глубина зоны эрозии стеклянной подложки уменьшаются в 1,3 и 4,5 раза соответственно. 
Покрытие, полученное при оптимальной длительности импульса, обладает лучшей эрозионной стойкостью, что может быть 
обусловлено его более высокой адгезионной прочностью.  
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Previously, we developed wear-resistant ZrBN 
coatings with high thermal stability and an optical 
transmittance of up to 90 % [13], which was associa-
ted with a high volume fraction of the BN phase. We 
established the influence of pulse frequency and dura-
tion during the deposition of ZrBN coatings using 
pulsed magnetron sputtering (PMS) on their structure, 
optical properties, hardness, elastic-plastic characte-
ristics, and wear resistance under friction, sliding, and 
abrasive conditions [14; 15]. However, the protective 
properties of ZrBN coatings under erosion conditions 
require further investigation. It is important to note that 
ZrBN coatings serve as an excellent model composi-
tion, which can serve as the basis for developing more 
complex multicomponent structures based on advanced 
heterophase ceramics in the future [16].

The aim of this study is to investigate the structure, 
optical properties, and erosion resistance of ZrBN coa-
tings deposited by PMS. 

Materials and methodsMaterials and methods
Zr–B–N coatings were deposited using reactive 

pulsed magnetron sputtering (PMS) with a ZrB2 target. 
The deposition was performed using a setup based on 
the UVN-2M vacuum system, the schematic of which 
is described in [17]. Nitrogen (99.999 % purity) was 
used as the working gas, with a pressure of 0.1–0.2 Pa. 

The magnetron was powered by a Pinnacle Plus 
5×5 unit (Advanced Energy, USA), with a power out-
put of 1 kW, a current of 2 A, and a voltage in the range 
of 400–500 V. The frequency was set at 350 kHz, and 
the pulse durations were 0.4 μs (coating 1), 0.7 μs 
(coating 2), and 1.1 μs (coating 3). The sputtering pro-
cess lasted for 40 min. 

Colorless optical glass plates (K8) were used as sub-
strates. Before coating deposition, the substrates were 
cleaned in an ultrasonic bath for 5 min in isopropyl 
alcohol. Ion cleaning of the substrates was performed 
using an Ar+ on beam from a slit-type ion source at an 
accelerating voltage of 2.5 kV for 20 min. The coating 
deposition time was 40 min.

The structural analysis of the coatings was conducted 
using scanning electron microscopy (SEM) and energy-
dispersive spectroscopy (EDS) on a Hitachi S-3400N 
microscope equipped with a NORAN 7 Thermo sys-
tem. Transmission electron microscopy (TEM) was 
performed on a JEM-2100 microscope (Jeol). Glow 
discharge optical emission spectrometry (GD-OES) 
was carried out using the PROFILER-2 system (Horiba 
Jobin Yvon) [18]. TEM samples were prepared by ion 
milling using a PIPS II dual-beam precision ion poli-
shing system (Gatan Inc., USA). Raman spectra were 
obtained with a LabRam HR800 system (Horiba JY) 

equipped with a 514 nm green laser source. X-ray 
phase analysis (XRD) was conducted using CuKα 
radiation (λ = 0.154 nm) on a Phaser D2 diffractom-
eter (Bruker). Optical properties were measured over a 
wavelength range of 380–1300 nm using a Photon-RT 
spectrophotometer. 

The erosion resistance of the coatings was tested 
on a LaserPRO Spirit laboratory setup. The CO2 
laser power was set at 20, 40, and 60 W. The length 
of the laser track and exposure time were 10 mm and 
2 s, respectively. The tracks were examined using 
an Axiovert 25 optical microscope (Carl Zeiss) and 
a WYKO-NT1100 optical profilometer (Veeco).

Results and discussionResults and discussion
All elements in the coatings were uniformly distri-

buted throughout their depth, with impurity levels 
(C and O) ranging from 0.7 to 1.8 at. %. The coat-
ings, regardless of pulse duration, had a similar ele-
mental composition, at. %: 14 ± 2 Zr, 46 ± 2 B, and 
40 ± 2 N. The thickness and growth rate of the coa-
tings were 1.3–1.5 μm and 32–39 nm/min, respectively. 
The Zr–B–N coatings exhibited a dense, homogeneous 
structure without the characteristic columnar elements 
typical of nitrogen-containing ion-plasma coatings [19]. 

Fig. 1 shows a typical electron diffraction pattern, 
a bright-field image of the structure, an X-ray diffrac-
tion pattern, and a Raman scattering spectrum for coa-
ting 2. 

The electron diffraction pattern (Fig. 1, a) shows 
a broad ring, indicating the presence of an amorphous 
phase. The X-ray diffraction pattern (Fig. 1, b) displays 
a halo in the 2θ = 20÷40° range, further confirming 
the amorphous nature of the coatings. Raman spectro-
scopy (Fig. 1, c) was used to clarify the phase composi-
tion of the coatings. The spectrum shows pronounced 
peaks at 1360 and 1490 cm–1, which can be attributed 
to the BN phase [20]. In the 600–1200 cm–1 wave-
length range, peaks corresponding to the ZrN phase are 
observed [21]. 

Fig. 2, a and b present the spectral-angular depen-
dencies of the transmittance (T) and reflectance (R) 
coefficients as a function of wavelength (λ) for coa-
ting 2. The T and R spectra exhibit an oscillatory 
cha racter, which is associated with interference 
effects. The ZrBN coatings showed a transmittance 
of 70÷87 % in the 450–1300 nm wavelength range 
(Fig. 2, a). At the same time, the R values ranged 
from 9 to 26 %, depending on the wavelength. It is 
worth noting that the transmittance of ZrBN coatings 
is comparable to that of traditional oxide coatings such 
as Zr–O, Zr–Al–O, and ZrSiN nitride-based coatings 
(Т = 70÷90 %) [22; 23]. 
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The interference nature of the transmittance 
and reflectance curves allowed the determina-
tion of the dispersion dependence of the refractive 
index (n) (Fig. 2, c). As the wavelength increased 
from 400 to 900 nm, the refractive index gradually 
decreased from 2.29 to 2.06, indicating strong absorp-
tion of vi sible light due to free electrons and weaker 
absorption of infrared radiation. It is worth noting that 
ZrN coatings exhibit weaker visible light absorption, 
with the refractive index increasing from 1.7 to 3.0 as 
the wavelength increases from 200 to 1200 nm [19].

SEM images of the surface of the uncoated sub-
strate and coatings 1–3 after erosion exposure at 20 W 
power are shown in Fig. 3, a. The track width for 
the uncoated substrate was 222 μm. The application 
of coatings 1, 2, and 3 reduced the track width by 5, 7, 
and 21 %, respectively. At increased powers of 40 and 
60 W (Figs. 3, b and c), the uncoated substrate exhib-
ited crack formation and chipping along the track 
boundaries, whereas no cracks or delamination were 
observed in the coa tings tested under the same con-

ditions. Coating 3 had the smallest track width, mea-
suring 222 and 237 μm at powers of 40 and 60 W, 
respectively, while the substrate had values of 292 and 
296 μm (Fig. 3).

Thus, the application of coating 3 reduced the track 
width by 1.3 times compared to the uncoated glass 
substrate. 

The tracks after erosion exposure were also ana-
lyzed using optical profilometry, with the most promi-
nent results shown in Fig. 4. The two-dimensional pro-
files reveal that the uncoated glass substrate is unevenly 
damaged. More intense material degradation occurs 
at the final moment of scanning (Fig. 4, a, marked 
by an arrow). This effect may be due to the increased 
brittleness, low thermal stability, and low thermal con-
ductivity of the glass substrate. The maximum depth 
at the center of the track was ~9 μm (Fig. 4, a).

For the ZrBN coatings, as exemplified by samp le 3 
(Fig. 4, b), no brittle fracture was observed, and 
the track was uniform. 

Fig. 1. BF TEM image, SAED (a), XRD pattern (b), and Raman spectra (c) for coating 2 

Рис. 1. Светлопольное изображение структуры и электронограмма (а), рентгенограмма (b)  
и спектр комбинационного рассеяния света (c) для покрытия 2 

Fig. 2. Transmittance (a), reflection (b), and the refractive index (c) of coating 2 

Рис. 2. Коэффициенты оптического пропускания (а) и отражения (b), показатель преломления (c) для покрытия 2 
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Fig. 4. 3D and 2D track profiles after erosion test for uncoated substrate (a) and coating 3 (b) 

Fig. 4. 3D и 2D-профили дорожек после эрозионных испытаний для непокрытой подложки (а) и покрытия 3 (b)

Fig. 3. SEM-images of tracks after erosion test for uncoated substrate and ZrBN coatings 1, 2, 3 for 20 (a), 40 (b) and 60 (c) W 

Рис. 3. СЭМ-изображения дорожек после эрозионных испытаний для непокрытой подложки и покрытий ZrBN 1, 2, 3  
при мощности эрозионного воздействия 20 (а), 40 (b) и 60 (c) Вт

The maximum track depth at the center for all coa-
tings was around 2 μm, which is 4.5 times lower than 
the values obtained for the uncoated glass substrate. 

Thus, all coatings successfully protect the glass sub-
strate from erosion. Coating 3 demonstrated the best 
resistance, likely due to its higher crack resistance and 
adhesion strength [15].

ConclusionConclusion
Amorphous ZrBN coatings with a thickness 

of 1.3–1.5 μm were deposited using pulsed mag-
netron sputtering with varying pulse durations. 
The coatings exhibited a dense, homogeneous struc-
ture. The transmittance and reflectance coefficients 
in the 450–1300 nm wavelength range were 70–87 % 

Powder Metallurgy аnd Functional Coatings. 2024;18(5):37–43 
Chertova A.D., Levanov A.V., etc. Erosion resistance of ZrBN protective coatings deposited ...



42

and 9–26 %, respectively. The refractive index ranged 
from 2.29 to 2.06 in the λ = 400–900 nm range. Erosion 
resistance tests revealed that the glass substrate cracked 
and degraded significantly during the experiments. 
However, the application of ZrBN coatings prevented 
substrate cracking and reduced the width and depth 
of the erosion zone by 1.3 and 4.5 times, respectively.
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Abstract. The study focuses on investigating the influence of ultrasonic vibrations introduced into the crystallizing metal of the weld pool 

through filler wire during automated electric arc surfacing with flux-cored wire, on the formation characteristics of a wear-resistant 
coating made from the 280Cr14Mn6Ni6Mo3Ti2Nb2 alloy. The effect of ultrasonic vibrations on the structural-phase composition, 
hardness, and wear resistance of the surfaced coating is analyzed, particularly under normal and elevated temperatures up to 600 °C in 
conditions of exposure to a gas-abrasive flow. The failure pattern of the thin surface layers of the worn coatings is also studied. It was 
established that the microstructure of the coating consists of a carbide eutectic based on austenite, which possesses increased ductility 
and sufficiently high strength due to alloying with chromium and molybdenum. This ensures reliable retention of reinforcing phases 
represented by Мо2С, (Ti,Nb,Mo)xCy , and MexCy carbides. It is shown that under the influence of high-frequency acoustic vibrations, 
large primary MexCy carbides disappear from the alloy structure, the volume fraction of austenite increases by 25 %, and the propor-
tion of MexCy-type carbides decreases. Additionally, a redistribution of alloying elements between the austenite and carbide phases is 
observed. The formation of a fine lamellar eutectic leads to changes in the wear mechanism of the alloy: hard solution layers dampen 
shear deformations caused by impacts of abrasive particles, while the plastic flow of the austenitic matrix forms a metallic binder 
around the broken carbide fragments, reducing the likelihood of their detachment. This results in an 18 % increase in the alloy’s resis-
tance to high-temperature gas-abrasive wear, surpassing the performance of an international industrial counterpart. 

Keywords: wear-resistant coatings, carbides, austenite, electric arc surfacing, ultrasonic vibrations, filler wire, high-temperature gas-
abrasive wear
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Аннотация. Исследование посвящено изучению влияния ультразвуковых колебаний, вводимых в кристаллизующийся металл 

сварочной ванны через присадочную проволоку в процессе автоматической электродуговой наплавки порошковой прово-
локой, на особенности формирования износостойкого покрытия из сплава 280Х14Г6Н6М3Т2Б2. Выявлено влияние 
ультра звуковых колебаний на структурно-фазовый состав и твердость наплавленного покрытия, а также его износостой-
кость при нормальной и повышенной до 600 °С температурах в условиях воздействия газоабразивного потока. Изучен 
характер разрушения тонких поверхностных слоев изношенных покрытий. Установлено, что микроструктура покрытия 
состоит из карбидной эвтектики на основе аустенита, обладающего повышенной пластичностью и достаточно высокой 
прочностью за счет легирования хромом и молибденом, что способствует надежному закреплению в нем упрочняющих 
фаз, представленных карбидами Мо2С, (Ti,Nb,Mo)xCy и MexCy . Показано, что под действием высокочастотных акустиче-
ских колебаний в структуре сплава исчезают крупные первичные карбиды MexCy , на 25 % увеличивается объемная доля 
аустенита при снижении доли карбидов типа MexCy , а также наблюдается перераспределение легирующих элементов 
между аустенитом и карбидной фазой. Установлено, что формирование тонкопластинчатой эвтектики обусловливает 
изменения в механизме изнашивания сплава: прослойки твердого раствора демпфируют сдвиговые деформации при 
ударах абразивных частиц, а пластическое течение аустенитной матрицы формирует вокруг образующихся обломков 
карбидов металлическую связку, снижая вероятность их выкрашивания. Это способствует повышению на 18 % стой-
кости сплава к высокотемпературному газоабразивному изнашиванию, которая превосходит показатель зарубежного 
промышленного аналога.  

Ключевые слова: износостойкие покрытия, карбиды, аустенит, электродуговая наплавка, ультразвуковые колебания, присадоч-
ная проволока, высокотемпературное газоабразивное изнашивание

Благодарности: Исследование выполнено за счет гранта Российского научного фонда № 23-13-00354, https://rscf.ru/
project/23-13-00354.

Для цитирования: Прияткин Д.В., Артемьев А.А., Лысак В.И. Формирование износостойких покрытий в процессе электро-
дуговой наплавки с ультразвуковыми колебаниями. Известия вузов. Порошковая металлургия и функциональные покрытия. 
2024;18(5):44–54. https://doi.org/10.17073/1997-308X-2024-5-44-54

Формирование износостойких покрытий 
в процессе электродуговой наплавки 
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IntroductionIntroduction
Industrial equipment during operation is subjected 

to abrasive wear, which significantly reduces its ser-
vice life by altering the size, shape, and condition 
of the working surfaces of parts [1; 2]. For instance, 
components of industrial fans, draft machines, solid-
fuel boilers, and gas turbine units are exposed to abra-
sive particles carried by high-speed flows of heated 
gases. The need to replace wornout parts leads to sub-
stantial economic losses due to prolonged equipment 
downtime during repairs [2–4]. Extending the service 
life of parts can be achieved efficiently by strengthen-
ing their surface with wear-resistant alloys [4; 5]. 

One of the key kinematic parameters determining 
the nature and intensity of the wear surface destruction 
is the angle of its attack by the gas-abrasive flow [6; 7]. 
At small attack angles (20–30°) and temperatures 
up to 600 °C, typical for the operation of forced draft 

fans, the surface destruction mechanism is dominated 
by plastic displacement of the metal and microcutting, 
which leads to low wear resistance of ductile mate-
rials [8–10]. Under these conditions, alloys based on 
iron with a composite structure, consisting of both large 
and fine hard carbides distributed throughout a ductile 
matrix, are more preferable [11; 12]. 

The task of obtaining thick wear-resistant coatings 
on the surface of parts is most universally and effec-
tively solved by electric arc surfacing with flux-cored 
wire [1; 13]. The use of flux-cored wire allows the pro-
duction of coatings with virtually any chemical compo-
sition, providing them with the necessary operational 
properties [14; 15]. Dynamic exposure to ultrasonic 
vibrations (from 18 kHz) on the alloys crystallizing 
during the surfacing process is one of the known tech-
nological methods that allows altering their structural-
phase composition, increasing wear resistance, reduc-
ing the likelihood of internal defects, and more [16–18]. 
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These changes are caused by the formation of standing 
waves in the melt, characterized by alternating regions 
of compression and rarefaction. The generation of high 
energy densities in these regions manifests in secondary 
effects (cavitation, acoustic flows, radiation pressure, 
viscous friction forces), creating specific conditions for 
the crystallization of the metallic melt [19; 20]. These 
effects contribute to the intensification of physical and 
chemical processes: degassing, diffusion, metal struc-
ture dispersion, phase coagulation, and others [21; 22].

Among all known methods of transmitting ultra-
sonic vibrations (USV) to the crystallizing melt in 
the weld pool, using filler (waveguide) wire for this 
purpose is of the greatest practical interest [23]. 
In this case, it becomes possible to affect the melt 
near the crystallization front, where the acoustic treat-
ment has the most noticeable effect. Using flux-cored 
wire as a waveguide allows for alloying, reinforc-
ing, and modifying the surfaced metal with refrac-
tory particles, while the USV can contribute to their 
more uniform distribution within the melt [24; 25]. At 
the same time, it is necessary to note that the relation-
ships between the influence of USV on the structure 
and properties of the surfaced wear-resistant alloys 
have not been fully explored in scientific and techni-
cal publications.

The objective of this study is to investigate the influ-
ence of USV on the structural-phase composition and 
resistance to gas-abrasive wear at temperatures up 
to 600 °C of a coating made from the experimental alloy 
280Cr14Mn6Ni6Mo3Ti2Nb2, surfaced by the electric 
arc method.

Materials and methodsMaterials and methods
During the formation of the wear-resistant coat-

ing by electric arc surfacing in a protective gas, an 
experimental flux-cored wire (FCW) with a diameter 
of 2.8 mm was used as the electrode. A strip of 08kp 
steel (low-carbon killed steel, ~0.08 % C) with a thick-
ness of 0.25 mm was used as the sheath for the FCW, 
and the filler material of the wire consisted of metallic 
powders of chromium, nickel, molybdenum, niobium, 
titanium, iron, as well as graphite powder. The compo-
sition of the filler was calculated to achieve a eutectic 
structure in the surfaced alloy, featuring a tough and 
ductile austenitic matrix stabilized by carbon, nickel, 
and manganese, capable of securely retaining hard 
phases in the form of chromium, titanium, niobium, 
and molybdenum carbides [26]. 

A wear-resistant coating was formed in a single 
layer of 6–7 mm thickness on the surface of plates 
made of St3sp steel, with the following chemical com-
position (wt. %):

C . . . . . . . . . . . 2.7–2.9
Cr . . . . . . . . . . 13.5–15.0
Ni . . . . . . . . . . 5.7–6.0
Mn . . . . . . . . .  6.0–6.2

Mo . . . . . . . . . .  3.0–3.14
Nb . . . . . . . . . .   2.0–2.1
Ti . . . . . . . . . . .  2.0–2.15
Fe . . . . . . . . . . . balance

To protect the molten metal from atmospheric 
exposure, gaseous argon was used. For compari-
son of the wear resistance of the experimental coa-
ting with industrial counterparts, samples from 
the 600Cr23B7Mo7Si2W2F alloy were produced 
by electric arc surfacing using covered Weartrode 65T 
electrodes (ESAB).

As the filler (waveguide) wire, a flux-cored wire 
with a diameter of 2 mm was used, made with a steel 
strip sheath 0.5 mm thick and filled with iron powder. 

The chemical composition of the surfaced coat-
ing was determined using an optical emission spec-
trometer Oxford Instruments PMI-MASTER PRO. 
Metallographic studies were carried out using optical 
(Carl Zeiss Axiovert 40 MAT microscope) and elec-
tron microscopy (FEI Versa 3D scanning electron-ion 
microscope). Metallographic sections were prepared 
using a grinding machine MP-1B Time Group Inc. 

X-ray microanalysis of the structural components 
of the coating and elemental mapping of the alloying 
elements on the surface of microsections was car-
ried out using an energy-dispersive X-ray detector 
(Apollo X-SDD) mounted on a Versa 3D microscope. 
The volumetric fractions of the structural components 
in the coating were determined by analyzing the ele-
mental distribution maps on the microsection surface 
using the Image J software, by calculating the area 
occupied by each component.

X-ray phase analysis of the surfaced coatings 
was performed using a “Bruker D8 Advance Eco” 
X-ray diffractometer with a vertical θ-θ goniometer. 
The samples were scanned using copper anode radia-
tion (λ = 1.54060 Å) under the following conditions: 
X-ray tube voltage – 40 kV; filament current – 25 mA; 
exposure time – 1 s; scanning step – 0.02°. Phase 
identification in the coatings was carried out using 
Diffrac.EVA software equipped with the licensed 
“Powder Diffraction File-2” database (The International 
Center for Diffraction Data).

Hardness testing of the surfaced coating was 
conducted by the Rockwell method (scale C) using 
a “TN-500 Time Group Inc.” hardness tester.

The resistance of the surfaced coating to gas-
abrasive wear at normal and elevated temperatures 
up to 600 °C was evaluated using an express testing 
method described in [27]. The coating sample, a plate 
measuring 40×16×3.5 mm, was heated by passing 
an electric current through it and subjected to a stream 
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of heated compressed air mixed with abrasive particles 
of quartz sand with an average size of 260 µm. Stability 
of the testing temperature was ensured by controlling 
the sample temperature with a WR5/20 thermocouple, 
connected to an LA-20 USB analog-to-digital con-
verter, which displayed the readings on a computer 
screen using “PowerGraph” software. The test para-
meters were as follows: test duration – 120 s, air pres-
sure in the system – 3 atm, attack angle of the gas-
abrasive stream on the sample surface – 30°. 

The wear resistance criterion was the specific wear 
rate (ξ, g/kg), calculated using the formula

ξ = ∆m/∆ma ,

where Δm is the mass loss of the tested sample, g; 
mа is the mass of abrasive used during the test, kg. 
The mass loss of the samples was measured with 
an accuracy of 0.0001 g using “Shinko Denshi VIBRA 
HT-124RCE” analytical scales. 

The plastic deformation characteristics of the thin 
surface layers of worn coatings were studied using an 
electron-ion microscope, by preparing microsections 
of the surface through ion etching, with a platinum 
layer applied beforehand. 

Technique for forming  Technique for forming  
surfaced coatingssurfaced coatings

Electric arc surfacing of the coating (Fig. 1) using 
the experimental flux-cored wire (FCW) was per-
formed with the “A2 Mini Master” (ESAB) welding 
machine, equipped with a device for introducing ultra-
sonic vibrations (USV) into the weld pool via a wave-
guide wire. 

In the electro-neutral waveguide wire, which is 
constantly immersed in the weld pool and fed into it 
at a constant speed, bending vibrations with a frequency 
of 20.6 kHz are generated by an ultrasonic piezoelectric 
transducer performing longitudinal vibrations. The wire 
melts due to the heat generated in the welding reaction 
zone and also from the heat generated within the wire 
itself as it transmits the USV [28]. To achieve the maxi-
mum vibration amplitude at the end of the waveguide 
wire in the weld pool, its extension (a) must be a multi-
ple of half the wavelength of the bending waves (λben ), 
and the rollers of the feeding mechanism must con-
tact the wire at a vibration node at a distance (b) from 
the end of the transducer (Fig. 1). This helps reduce 
energy losses during the surfacing process, as the sys-
tem becomes acoustically closed.

Fig. 1. Schematic diagram of the formation of the surfaced coating with the influence of USV
1 – electrode wire; 2 – welding power source; 3 – plate to be surfaced; 4 – weld pool; 5 – surfaced coating;  

6 – waveguide wire; 7 – rollers of the feeding mechanism; 8 – ultrasonic transducer; 9 – vibration transmission node to the waveguide wire;  
10 – ultrasonic generator; 11, 12 – distribution of the amplitude of bending and longitudinal vibrations, respectively;  

λben – bending wavelength; B – distance between the waveguide and electrode wires;  
a – extension of the waveguide wire; b – distance from the point of USV input to the feeding mechanism rollers;  

α – inclination angle of the waveguide wire; L – length of the weld pool; Vs – surfacing speed 

Рис. 1. Принципиальная схема формирования наплавленного покрытия с воздействием УЗК
1 – электродная проволока; 2 – сварочный источник тока; 3 – наплавляемая пластина; 4 – сварочная ванна;  

5 – наплавленное покрытие; 6 – волноводная проволока; 7 – ролики подающего механизма;  
8 – ультразвуковой преобразователь; 9 – узел передачи колебаний волноводной проволоке; 10 – ультразвуковой генератор;  

11, 12 – распределение амплитуды изгибных и продольных колебаний соответственно;  
λben – длина изгибной волны; В – расстояние между волноводной и электродной проволоками; а – вылет волноводной проволоки;  

b – расстояние от места подвода УЗК до роликов подающего механизма; α – угол наклона волноводной проволоки;  
L – длина сварочной ванны; Vs – скорость наплавки

Powder Metallurgy аnd Functional Coatings. 2024;18(5):44–54 
Priyatkin D.V., Artem’ev A.A., Lysak V.I. Formation of wear-resistant coatings during electric arc ...



48

The power source for the ultrasonic transducer was 
the ultrasonic generator UZG 4-2, manufactured by 
Ultra-resonance (Ekaterinburg). The electrical power 
consumed by the transducer during surfacing was 
200 W. Amplitude and frequency of acoustic vibrations 
were monitored using non-contact laser vibrometry 
with the “Polytec VibroFlex Neo” vibrometer. 

Surfacing was performed on steel plates measuring 
200×150×12 mm with an overlap of weld beads equal 
to 30 % of their width. To prevent cracks in the sur-
faced coating, the plates were preheated to a tempera-
ture of 300 ± 20 °C and allowed to cool slowly after 
surfacing. The pre-surfacing temperature was moni-
tored using a TEKHNOAS S-20.4 infrared pyrometer.

The welding current source (direct current, electrode 
positive) was the thyristor rectifier ESAB LAF 1001. 
The technological and acoustic parameters of the sur-
facing process (see Table) were selected experimentally 
to ensure the formation of a well-shaped, defect-free 
surfaced coating with minimal penetration into the base 
metal. The main parameters of the surfacing process 
with and without ultrasonic vibrations did not differ.

The distance (B) between the electrode wire and 
the filler wire, which depends on the length of the weld 
pool (L), is one of the most important technologi-
cal parameters of this process. It affects the quality 
of the surfaced coating formation, the uniform melting 
of the filler wire, and the stability of the ultrasonic treat-
ment of the weld pool. When using waveguide FCW 
with a diameter of 2 mm and a feed rate of 28–29 m/h 
into the weld pool, the distance B should be within 
0.37–0.57 of the pool length L [28]. Introducing 
the wire into the pool beyond the upper limit of this 
range results in defects in the surfaced coating, while 
introducing it too close to the electric arc makes ultra-
sonic treatment impossible, as the waveguide wire 
melts above the weld pool.

Introducing the wire into the weld pool at a 30° 
angle to the surfaced surface ensures complete melting 
of the wire over a wide range of feed speeds.

Results and discussionResults and discussion
It was experimentally established that 

the influence of USV during the surfacing of the 

280Cr14Mn6Ni6Mo3Ti2Nb2 alloy coating leads 
to significant structural changes (Fig. 2). The micro-
structure of the coating formed without acoustic treat-
ment of the crystallizing alloy is hypereutectic, with 
large primary carbides of needle-like and plate-like 
shapes (Fig. 2, a, b). Combined X-ray microanaly-
sis and X-ray phase analysis of the coatings showed 
that the solid solution of the carbide eutectic consists 
of alloyed γ-Fe, and the majority of the strengthening 
phase is represented by Me7C3 and Me3C2 carbides, 
where Me is chromium, iron, manganese, and molyb-
denum (Fig. 3). The structure also contains relatively 
uniformly distributed fine solid phases, represented 
by complex carbides (Ti,Nb,Mo)xCy and monocar-
bides Мо2С with an average particle size of 3.5 µm 
and 1.6 µm, respectively. No defects such as cracks, 
delamination from the base metal, pores, etc., were 
detected in the surfaced coating. 

The influence of high-frequency acoustic vibrations 
leads to the disappearance of large primary MexCy car-
bide crystals in the coating structure and some disper-
sion of the austenite-carbide eutectic (Fig. 2, c, d). This 
is accompanied by the appearance of characteristic 
“rosettes” consisting of plate-like carbides separated by 
layers of solid solution. In addition to the (Ti,Nb,Mo)xCy 
and Мо2С carbides, a small amount of (Ti,Mo)xCy and 
TiC carbides also appears in the alloy. 

It has been established that high-frequency vibra-
tions of the filler wire lead to its additional heating. 
This helps to reduce the “chilling” effect of the weld 
pool, which manifests in classical surfacing processes 
with “cold” filler by reducing its length. In the studied 
process, with a wire feed rate of 28–29 m/h, the pool 
length decreases by no more than 4 %. At the same 
time, the proportion of filler metal in the surfaced 
coating is very small, amounting to 1.0–1.2 wt. %. 
Thus, the changes in the structure of the studied alloy 
are related specifically to the influence of acoustic 
vibrations on the crystallization process, rather than 
to supercooling of the weld pool or changes in its 
chemical composition.

The mechanism of microstructure transformation 
in the surfaced coating under the influence of USV is 
as follows. In the absence of acoustic vibrations, large 
primary MexCy carbides crystallize from the weld pool, 

Surfacing process parameters 
Технологические параметры режима наплавки

Welding 
current  
Iwl , A

Arc 
voltage
Ua , V

Surfacing 
speed

Vs , m/h

Distance 
between 

wires  
B, mm

Feed rate 
of the wave-
guide wire 
Vfcw , m/h

Angle of 
wave-guide 
wire input 

α, deg

USV 
frequency 

f, kHz

USV 
amplitude  

ζ, µm

Shielding 
gas flow 

(Ar), l/min

290–330 25–26 14–15 17 28–29 30 20,6 11 14–16
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with an austenite-carbide eutectic forming between 
them. When high-frequency acoustic vibrations are 
induced in the melt, the crystallization process occurs 
under the mechanical action of shock waves generated 

by cavitation in the melt, which destroy the growing 
carbide crystals. The resulting carbide fragments are 
carried by acoustic flows along the crystallization front 
and act as additional nucleation centers for further 
crystallization. The formation of strengthening phases 
on these fragments in the melt may be facilitated 
by reduced surface tension at the interphase boundaries 
under the influence of USV.

The change in the crystallization kinetics of the sur-
faced alloy due to acoustic treatment leads to a 25 % 
increase in the volume fraction of austenite (Fig. 4), 
while the content of MexCy carbides decreases propor-
tionally, and the content of fine carbides (Ti,Nb,Mo)xСy 
and Mo2C changes insignificantly. 

The change in the volume fraction of structural com-
ponents in the surfaced alloy is accompanied by a redis-
tribution of alloying elements between them (Fig. 5), 
which affects their mechanical properties. It was found 
that the molybdenum content in austenite decreases by 
a factor of two, while the chromium content increases 
by 20 %, which may improve the heat resistance 
of the alloy matrix. This is accompanied by a propor-
tional decrease in the chromium content in MexCy car-
bides and an increase in the content of iron, manganese, 
and molybdenum, which may reduce their microhard-
ness. The molybdenum content in (Ti,Nb,Mo)xСy car-
bides decreases almost fivefold, while the Ti/Nb ratio 

Fig. 2. Microstructure of the coating surfaced without USV (а, b) and with USV (c, d):
а, c – optical image; b, d – electron image; e – “rosette” of MexCy carbide 

Рис. 2. Микроструктура покрытия, наплавленного без УЗК (а, b) и с воздействием УЗК (c, d)
а, c – оптическое изображение; b, d – электронное изображение; e – «розетка» карбида MexCy

Fig. 3. Results of X-ray phase analysis of coatings surfaced  
with and without USV 

Рис. 3. Результаты рентгенофазового анализа покрытий, 
наплавленных с воздействием УЗК и без них
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(in at. %) increases from 1.05 to 1.2, which, accord-
ing to [29], may improve the microhardness of these 
carbides. 

It has been established that the structural changes 
in the surfaced coating caused by USV do not affect its 
hardness, but they result in an average 18 % increase 
in its resistance to high-temperature gas-abrasive 
wear (Fig. 6). The wear resistance of the experimental 
alloy 280Cr14Mn6Ni6Mo3Ti2Nb2, modified by USV, 
exceeds that of the more heavily alloyed industrial 
counterpart 600Cr23B7Mo7Si2W2F (ESAB) by 26 %. 
The high wear resistance of the developed coating is 
due to the formation of a composite structure, combin-
ing a strong and ductile nickel-manganese austenitic 
matrix, alloyed with chromium and molybdenum, and 
a strengthening phase in the form of plate-like MexCy 
carbides and ultra-hard fine carbides (Ti,Nb,Mo)xCy 
and Мо2С. 

It was revealed (Fig. 7) that, as a result of the high-
temperature gas-abrasive flow, a deformed layer 
forms on the surface of the coatings, which can 
be identified in cross-sections of worn samples 
obtained by ion etching. Under the impact of abra-
sive particles, partial destruction of large plate-like 
MexCy carbides occurs, accompanied by the forma-
tion of cracks that open in the direction of the gas-
abrasive flow (Fig. 7, a–c). Smaller and more durable 
(Ti,Nb,Mo)xCy carbides, with their compact shape, 
shift together with the matrix material without frac-
turing, limiting its plastic deformation and reducing 
the coating’s wear rate. The primary wear mechanism 
appears to be the chipping of relatively large MexCy 
carbide fragments followed by the shearing of micro-
volumes of austenite. 

Fig. 4. Volume fraction of structural components  
in the surfaced alloy with and without USV

А – austenite, B – MexCy , carbides,  
C – (Ti,Nb,Mo)xCу , (Ti, Mo)xCy , Mo2C, and TiC carbides 

Рис. 4. Количественное распределение фаз  
в структуре покрытия, наплавленного  

с воздействием УЗК и без него
А – аустенит, B – карбиды типа MexCy ,  

C – карбиды типа (Ti,Nb,Mo)xСy , (Ti, Mo)xCy , Mo2C и TiC

Fig. 5. Chemical composition of austenite (a),  
MexCy carbides (b), and (Ti,Nb,Mo)хСу (c) in the coating  

surfaced with and without USV 

Рис. 5. Химический состав аустенита (а),  
карбидов MexCy (b) и (Ti,Nb,Mo)xСy (c) в покрытии,  

наплавленном с УЗК и без них

Fig. 6. Hardness (HRC) and specific wear (ξ)  
of the experimental and industrial alloys

 – HRC hardness;  – ξ at 20 °С;  – ξ at 600 °С 

Рис. 6. Твердость (HRC) и удельный износ (ξ)  
экспериментального и промышленного сплавов

 – твердость HRC;  – ξ при 20 °С;  – ξ при 600 °С
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The study of the cross-section of the worn coating 
surfaced with USV showed (Fig. 7, d) that the pro-
cesses of intense plastic deformation in the alloy 
extend to a depth of about 10 µm. Under the impact 
of abrasive particles, thin MexCy carbide plates crack, 
and the fragments shift in the direction of impact. 
At the same time, the solid solution layers dampen 

shear deformations, and the plastic flow of the austen-
itic matrix forms a metallic binder around the result-
ing carbide fragments, reducing the likelihood of their 
chipping. This is likely also facilitated by the increase 
in the austenite volume in the structure of the modified 
coating, as well as the enhancement of its heat resis-
tance due to the increased chromium content.

Fig. 7. Cross sections of the surface layer of coatings surfaced without USV (a) and with USV (d),  
after gas-abrasive wear testing at 600 °C; carbon (b, e) and chromium (c, f) distribution maps across the cross-sections

1 – platinum layer; 2 – direction of the gas-abrasive flow 

Рис. 7. Сечения поверхностного слоя покрытий, наплавленных без воздействия УЗК (a) и с УЗК (d),  
после испытаний на газоабразивное изнашивание при температуре 600 °С;  

карты распределения углерода (b, e) и хрома (c, f) по сечению покрытий
1 – слой платины; 2 – направление газоабразивного потока 
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ConclusionsConclusions
1. It has been established that ultrasonic treatment 

of the weld pool during electric arc surfacing affects 
the crystallization processes of the wear-resistant coat-
ing, contributing to the reduction in volume fraction 
and refinement of primary and eutectic MexCy car-
bides, increasing the volume of the austenitic matrix 
by 25 %, and leading to the appearance of (Ti,Mo)xCy 
and TiC carbides in the structure. This is accompanied 
by the redistribution of alloying elements between 
the strengthening phases and the austenite, which affects 
their mechanical properties. The chromium content in 
austenite increases by 20 %, while it decreases in MexCy 
carbides. Meanwhile, the concentrations of molybde-
num and manganese in austenite decrease, while they 
increase in MexCy carbides. Additionally, the titanium 
content increases in (Ti,Nb,Mo)xCy carbides, and 
the molybdenum content decreases significantly.

2. The structural changes in the coating caused 
by USV lead to an 18 % increase in its resistance 
to gas-abrasive wear at 600 °C, exceeding the perfor-
mance of international industrial counterparts. This 
is explained by the formation of a fine lamellar car-
bide eutectic reinforced with ultra-hard (Ti,Nb,Mo)xCy 
carbides, which limits the intense plastic deforma-
tion of the alloy during wear, confining it to a depth 
of 10 µm. The negative effect of MexCy carbide crack-
ing under the impact of abrasive particles is mitigated 
by the increased volume and heat resistance of the aus-
tenite, whose plastic flow forms a metallic binder 
around the carbide fragments, reducing the likelihood 
of their chipping.
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Abstract. Cutting inserts made from the WC–5TiC–10Co hard alloy were produced by sintering blanks that were pressed in a plastic 

mold made from polylactide on a 3D printer using a layer-by-layer deposition method. The effect of pressing pressure and plasti-
cizer (rubber) content in the powder mixture on the density of the blanks was studied. As the pressing pressure increased from 50 
to 200 MPa, the density of the blanks rose by only 2–6 %. When the plasticizer concentration in the powder mixture increased from 1 
to 6 %, the blank density increased by 28–32 %. It was found that the density values of the cutting insert blanks obtained in a plastic 
mold differed only slightly from those of standard blanks produced in a steel mold. After sintering in a vacuum furnace at 1450 °C, 
the density, carbon content, porosity, microstructure, surface roughness, hardness, and fracture toughness of all the sintered cutting 
inserts, standard samples, and the commercial equivalent were investigated. It was shown that the formation of free carbon as a result 
of rubber decomposition leads to a decrease in the density of the finished products, and therefore, their hardness. The relative density 
(98.7 %) of the cutting insert produced in the plastic mold at a pressing pressure of 50 MPa from powder containing 1 % rubber 
exceeded the density of the commercial cutting insert (98.5 %). The obtained cutting insert demonstrated high hardness (1400 HV) and 
fracture toughness (13.5 MPa·m1/2). The cutting insert made from the WC–5TiC–10Co alloy is not inferior to the commercial T5K10 
hard alloy insert in terms of flank wear rate during turning of a steel workpiece. 

Keywords: cutting insert, pressing, hard alloy, 3D printing, mold, polylactide
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IntroductionIntroduction
Hard alloys based on WC and TiC are widely used 

in metalworking [1]. Industrial production of hard 
alloy products is based on sintering blanks obtained 
by cold pressing in steel or hard alloy molds. These 
molds ensure the necessary density and high preci-
sion, possess high productivity, and have a long ser-
vice life, but are limited in terms of product shape 
and require significant costs for their manufactur-
ing. In recent years, additive technologies have been 
employed to produce complex-shaped hard alloy 
products from structural materials [2–4]. However, 
these methods face certain challenges. For example, 
producing high-density hard alloy products using 
selective laser sintering is complicated by changes in 
chemical composition [4–15], while blanks for sinter-
ing obtained by binder jetting (BJ) [4; 16–23], fused 
filament fabrication (FFF) [24], and gel-based 3D 

printing (3DGP) [25; 26] have reduced density due 
to the lack of pressure.

An alternative method involves using plastic molds 
manufactured on a 3D printer for slip casting of hard 
alloy and ceramic blanks, which are later sintered 
using conventional methods [27; 28]. When using 
these methods, the volumetric fraction of the plasti-
cizer must be significantly increased (over 50 vol. %). 
Removing the plasticizer from the blanks creates pores, 
reducing the density of the products made using these 
methods. Studies have shown that WC–15Co hard 
alloy blanks can be produced by pressing at pres-
sures up to 120 MPa in plastic molds made by layer-
by-layer deposition [29]. The resulting alloy samples 
match the density and characteristics of those obtained 
by pressing in conventional steel molds. Expanding 
the applicability of this method requires broadening 
the range of materials used and increasing pressing 
conditions. 

  mea80@list.ru
Аннотация. Были изготовлены режущие пластины из твердого сплава WC–5TiC–10Co спеканием заготовок, спрессованных 

в пластиковой форме, полученной из полилактида на 3D-принтере методом послойной наплавки. Исследовано влияние 
давления прессования и содержания пластификатора (каучука) в порошковой смеси на плотность заготовок. С повышением 
давления прессования от 50 до 200 МПа плотность заготовок возрастает только на 2–6 %. При увеличении концентрации 
пластификатора в порошковой смеси с 1 до 6 % происходит повышение плотности заготовок на 28–32 %. Установлено, 
что значения плотности заготовок режущих пластин, получаемых в пластиковой пресс-форме, незначительно отличаются 
от плотности стандартных заготовок, получаемых в стальной пресс-форме. После спекания в вакуумной печи при темпера-
туре 1450 °С были исследованы плотность, содержание углерода, пористость, микроструктура, шероховатость поверхности, 
твердость и вязкость разрушения всех спеченных режущих пластин, стандартных образцов и коммерческого аналога. Пока-
зано, что формирование свободного углерода в результате разложения каучука приводит к снижению плотности готовых 
изделий, а следовательно, и их твердости. Относительная плотность (98,7 %) режущей пластины, полученной в пласти-
ковой пресс-форме при давлении прессования 50 МПа из порошка, содержащего 1 % каучука, превышает плотность 
коммерческой режущей пластины (98,5 %). Полученная режущая пластина имеет высокие твердость (1400 HV) и вязкость 
разрушения (13,5 МПа·м1/2). Изготовленная режущая пластина из сплава WC–5TiC–10Co не уступает по скорости износа по 
задней грани коммерческой пластине из твердого сплава Т5К10 при точении стальной заготовки.  

Ключевые слова: режущая пластина, прессование, твердый сплав, 3D-печать, пресс-форма, полилактид

Благодарности: Исследование проведено при поддержке гранта РНФ № 23-29-00063.

Для цитирования: Дворник М.И., Михайленко Е.А., Бурков А.А., Черняков Е.В. Исследование характеристик режущих 
плас тин из твердого сплава WC–5TiC–10Co, полученных с применением пластиковой формы, изготовленной методом 
3D-печати. Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(5):55–65.
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The goal of this study was to investigate the effect 
of plasticizer concentration and pressing pressure 
(up to 200 MPa) in plastic molds on the density, micro-
structure, hardness, and fracture toughness of cutting 
inserts made from the WC–5TiC–10Co hard alloy. 
The wear resistance of the obtained samples was also 
compared with a commercial equivalent.

Research methodologyResearch methodology
To assess the effect of plasticizer concentration and 

pressing pressure on the properties of the experimen-
tal samples, 200 g of WC–5TiC–10Co powder was 
prepared by mixing powders from the Kirovgrad Hard 
Alloy Plant: WC (73.3 %, WC3), (Ti,W)C (16.7 %, 
TWC3), and Co (10 %, PK1U)) in a PM-400 pla-
netary mill (Retsch, Germany) for 120 min at 350 rpm. 
The ball-to-powder mass ratio was 3:1. After mixing, 
the powder was divided into four equal parts, each 
of which was supplemented with 1, 2, 4, and 6 wt. % 
rubber as a solution. The resulting mixtures were 
pressed after drying and granulation. 

The plastic mold for pressing the SNUM-120408 
cutting insert blanks (Fig. 1, c) was made of polylac-
tide (PLA, produced by Bestfilament, Tomsk) using 
layer-by-layer deposition technology on a Flash 
Forge Dreamer 3D printer (China). The filling was 
100 %, with a first layer thickness of 0.27 mm and 
sub sequent layers of 0.1 mm. The printing tempera-
ture was 200 °C. The compressive strength, Young’s 
modulus, and Poisson’s ratio of the plastic, accord-
ing to test results, were 70 MPa, 1.54 GPa, and 0.38, 
respectively [29; 30]. A steel shell, steel rod, and steel 
pusher were used to ensure high pressing pressures 
(up to 200 MPa) in the plastic mold (Fig. 1, b, c). 

From each batch of powder, four samples weigh-
ing 8 g each were pressed in plastic molds at pressures 
of 50, 100, 150, and 200 MPa, and one rectangular 
blank measuring 24×8×8 mm was pressed in a steel 
mold at 200 MPa for comparison. A total of 20 diffe-
rent samples were obtained (Fig. 1, e). After press-
ing, the density of the obtained blanks was measured. 
The blanks were sintered after plasticizer removal 
(Fig. 1, d) at a maximum temperature of 1450 °C. After 

Fig. 1. 3D model of the cutter (a), mold diagram (b), mold (c), blanks after pressing (d),  
sintered samples and commercial T5K10 cutting insert (e) 

Рис. 1. 3D-модель резца (a), схема пресс-формы (b), пресс-форма (c), заготовки после прессования (d),  
спеченные образцы и коммерческая режущая пластина Т5К10 (e)
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sintering, the samples were ground and polished for 
microstructure analysis. Hardness, fracture toughness, 
and strength (only for rectangular samples) were mea-
sured, and wear resistance tests were conducted during 
the turning of steel 45 using the cutting insert produced 
at a pressing pressure of 50 MPa from a powder mix-
ture containing 1 % rubber, compared with the com-
mercial SNUM-120408 insert made from the T5K10 
alloy by KZTS.

Pressing and testing of the punches and sintered 
samples were conducted on an IP-250M test press 
(ZIPO LLC, Armavir) at a loading rate of 0.5 kN/s. 
The pressing force required to achieve pressures 
of 50, 100, 150, and 200 MPa was calculated based on 
the punch area (191 mm2) and the friction force against 
the walls of the matrix (11 % of the force). The den-
sity of the powder compacts and sintered samples was 
determined by hydrostatic weighing on Vibra scales 
(Shinko, Japan). The relative densities of the powder 
compacts and sintered samples were calculated based 
on the known densities of the WC–5TiC–10Co alloy 
(12.95 g/cm3) and rubber (0.9 g/cm3). Plasticizer re -
moval and sintering were performed in a Carbolite 
STF vacuum furnace (Carbolite Gero, UK). Strength 
testing of rectangular samples was carried out accor-
ding to standard methodology (ISO 3327:2009). 
Carbon content in the powders was measured on 
an EMIA 320V2 analyzer (Horiba Ltd., Japan) after 
the removal of the plasticizer by heating along with 
other samples. The microstructure of the sintered hard 
alloy products was examined using optical (Altami, 
St. Petersburg) and scanning electron microscopes 
(Tescan Orsay Holding, Czech Republic). The average 
grain diameter was calculated using standard metho-
dology (ASTM E112-13). The Vickers hardness of all 
samples was determined using an HVS-50 hardness 
tester (Time Group Inc., China) (with an accuracy 
of 2 %) at a load of P = 294 N. Fracture toughness 
(K1c ) was calculated based on the total crack length (Σl) 
from the hardness tester indenter using the Palmqvist 
method (ISO 28079) at a load of P = 294 N according 
to the Shetty equation:

    (1)

The performance characteristics of the obtained cut -
ting insert (1 % rubber, pressure of 50 MPa) and the com-
mercial insert were determined during rough turning 
(cutting speed of 100 ± 10 m/min, depth of 1.5 mm, feed 
of 0.2 mm/rev, duration of 3.5 min, length of 330 m) 
and finishing (cutting speed of 125 ± 15 m/min, depth 
of 0.2 mm, feed of 0.05 mm/rev, duration of 10.5 min, 
length of 1320 m) of a cylindrical workpiece with 
a diameter of 50 to 60 mm made of steel 45 on a 16K20 

lathe (Krasny Proletary Plant, Moscow). The profiles 
of the rear surfaces of the cutting inserts and steel 
workpieces were examined using a Tr-200 profilometer 
(Time Group Inc., China).

Results and discussionResults and discussion
The observed ability of polylactide punches to with-

stand a pressing pressure of 70 MPa, exceeding the yield 
strength of this material, is explained by the fact that, 
according to the von Mises criterion, under such a load, 
the resulting equivalent stress decreases due to the pre-
sence of the second and third principal stresses within 
the steel shell (Fig. 1, b, c). Additionally, friction 
between the punch, the matrix walls, and the pusher 
leads to a reduction (by 11 ± 5 %) in the pressure 
exerted on the blank. The dependence of the relative 
density of the blanks (ρ) on the pressure (P) (Fig. 2, a) 
is well described by the known relationship [31]:

         ρ = A + B lnP. (2)

The parameter B characterizes the rate of density 
increase with increasing pressure. Thus, as the press-
ing pressure increases from 50 to 200 MPa, the den-
sity of the blanks increases by 2–6 % for different 
plasticizer concentrations (Fig. 2, a), in full agreement 
with the relationship (2). The relatively small den-
sity increase with increasing pressure should prevent 
uneven density distribution during blank pressing. 
The coefficient A in equation (2) shows the density 
achieved at the initial stage of pressing at relatively 
low pressure, which depends on the plasticizer con-
tent and other parameters of the mixture. The relative 
density of the blanks pressed at 50 MPa increases from 
62 to 95 % as the plasticizer concentration increases 
from 1 to 6 % (Fig. 2, b). 

An increase in the plasticizer fraction from 1 to 6 % 
leads to a 28–32 % increase in blank density at vari-
ous pressing pressures (Fig. 2, b), which is significantly 
greater than the density increase caused by increasing 
the pressing pressure (Fig. 2, a). The density of all 
the obtained blanks exceeded the density of blanks 
manufactured using other 3D printing methods 
by 20–45 % [19; 21–23; 28; 32]. This is primarily due 
to the fact that in 3D printing, direct compaction occurs 
only under the influence of gravity and surface tension 
forces. Fig. 2, a and b show that the density of the blanks 
obtained in a steel mold at 200 MPa is no different from 
the density of the blanks obtained in a plastic mold 
at the same pressure and plasticizer content.

For the sintered samples, it was found that changes in 
pressing pressure have almost no effect on their density 
(Fig. 2, c). Increasing the rubber concentration from 1 
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to 6 % leads to a decrease in the density of the pro-
ducts from 99.3–99.8 to 86.0–88.6 % (Fig. 2, d), which 
is due to the increase in free carbon concentration 
formed during rubber decomposition. Analysis showed 
that the amount of free carbon in the sintered samples 
increases linearly from 0.15 to 0.64 % as the rubber con-
centration in the blanks rises from 1 to 6 % (Fig. 2, e), 
corresponding to the formation of approximately 0.1 % 
free carbon per 1 % rubber. The increase in the poro-
sity of the samples correlates well with the increase 
in free carbon content (Fig. 2,  f), meaning the pores 
detected in the microstructure are actually inclusions 
of free carbon. The porosity values obtained by ana-
lyzing their share in the microstructure surface area 
(Fig. 3, a–e) also fit this pattern (Fig. 2,  f). It should be 
noted that the relative density (99.8 %) of the sample 
pressed at 50 MPa from powder containing 1 % rubber 
is equal to the density of the commercial cutting insert 
(99.8 %).

The sintered samples also do not fall behind in 
relative density compared to the best WC–Co alloy 
samples with cobalt content up to 15 %, obtained by 
direct SLM and SLS methods (densities, %: 96 [5], 
96.1 [11], 97.3 [16], 92.4 [17], 98 [33], 97.4 [34]). 
There is a slight lag in relative density compared 
to the samples produced by sintering blanks obtained 
by BJ (100 % [23], 100 % [24]) and FFF methods 
(>99 % [35]). Considering that the density of the blanks 
obtained by BJ and FFF methods (20–45 %) is signifi-
cantly lower than the density of the blanks obtained in 
this study (65–95 %) (Fig. 2, a, b), it can be assumed 
that the slight lag in density of the obtained sin-
tered samples (1 %) is due to the lower sinterability 
of the WC–TiC–Co alloy compared to WC–Co alloys 
and the less advanced sintering method (LPS).

The projections of the obtained and commercial 
cutting inserts are similar to each other (Fig. 4, a, d). 

Fig. 2. Dependence of the density of compacts (а, b) and sintered samples (c, d) on pressure (а, c) and rubber concentration (b, d).
Dependence of free carbon concentration (e) and porosity (f) of sintered samples on the rubber concentration of in the blank

а, c: 1 – stell mold; 2–5 – PLA mold; 2 – 1 % rubber, 3 – 2 %, 4 – 4 %, 5 – 6 %
b, d: 1 – stell mold, 2–5 – PLA mold; Р, MPa – 50 (2), 100 (3), 150 (4), 200 (1, 5)

f: 1 – calculated value, 2 – microstructure analysis 

Рис. 2. Зависимость плотности прессовок (а, b) и спеченых образцов (c, d) от давления (а, c) и концентрации каучука (b, d).
Зависимость концентрации свободного углерода (e) и пористости (f) спеченных образцов  

от концентрации каучука в заготовке
а, c: 1 – стальная пресс-форма; 2–5 – PLA-форма; 2 – 1 % каучука, 3 – 2 %, 4 – 4 %, 5 – 6 %
b, d: 1 – стальная пресс-форма, 2–5 – PLA-форма; Р, МПа – 50 (2), 100 (3), 150 (4), 200 (1, 5)

f: 1 – расчетное значение, 2 – анализ микроструктуры

Powder Metallurgy аnd Functional Coatings. 2024;18(5):55–65 
Dvornik M.I., Mikhailenko E.A., etc. Investigation of the properties of WC–5TiC–10Co cutting ...



60

The surface of the insert sintered after pressing in 
a plastic mold is distinguished by the characteristic 
traces of layers obtained during 3D printing. In addi-
tion, the microstructure of the obtained sample shows 
defects formed during the separation of the plastic 
punch from the blank. The side surface does not have 
such defects. There are no large defects on the poli-
shed section that would differentiate the obtained 
sample (Fig. 4, b) from the commercial counter-
part (Fig. 4, e). Microstructure analysis showed that 
the obtained sample (Fig. 4, c) has a larger carbide 
grain size (ave rage WC grain diameter davg = 1.26 µm) 
compared to the commercial counterpart (Fig. 4, f) 
(davg = 0.88 µm). It can be expected that the other 
samples also have a larger average grain diameter.

The hardness of the samples pressed in the plastic 
mold increases from 1010 to 1400 HV as their density 
rises from 85.0 to 98.7 % (Fig. 5, a). Measurements 
showed that the fracture toughness of these samples 
is largely independent of their density (Fig. 5, b). 
The presented dependencies (Fig. 5, a, b) show 
that the commercial cutting insert has higher hard-
ness (1450 ± 10 HV) and lower fracture toughness 
(12.1 ± 0.4 MPa·m1/2). According to the analysis of sin-

tered samples obtained by pressing in a steel mold, 
their strength increases with rising density (Fig. 5, c). 

Profile measurements of the cutting inserts (Fig. 6) 
showed that the roughness of the experimental tool was 
predictably higher than that of the commercial cutting 
insert (see Table), due to surface micro-irregularities 
formed during pressing. These irregularities resulted 
from the adhesion of plastic to the blank and the rep-
lication of imperfections in the plastic mold’s surface, 
which were introduced during 3D printing. 

Hardness and roughness are the primary factors 
influencing the performance of both the experimental 
(Fig. 7, a, b) and commercial (Fig. 7, c, d) cutting inserts, 
made from the same material, during rough (Fig. 7, a, c) 
and finishing (Fig. 7, b, d) turning. The increased rough-
ness and lower hardness of the experimental insert 
resulted in 5–7 % higher surface roughness on the work-
pieces after both rough and finishing turning compared 
to the commercial insert (see Table). 

Adhesive wear of the WC–5TiC–10Co alloy cutting 
inserts during carbon steel turning, where conti nuous 
chips are formed (Fig. 7, a, c), predominates over 
other types of wear. In this process, the composition 

Fig. 3. Microstructures of samples sintered after pressing at pressing at 50 MPa (а, c–e) and 200 MPa (b)  
with varying plasticizer content, and the microstructure of the commercial sample (f)

Rubber content, wt. % – 1 (а, b), 2 (c), 4 (d), 6 (e) 

Рис. 3. Микроструктуры образцов, спеченных после прессования при давлении 50 МПа (а, c–e) и 200 МПа (b)  
при различном содержании пластификатора и микроструктура коммерческого образца (f)

Доля каучука, мас. % – 1 (а, b), 2 (c), 4 (d), 6 (e)
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Fig. 4. Macrostructures (а, d) and microstructures (b, c, e, f) of the WC–5TiC–10Co hard alloy insert (а–c)  
sintered after pressing the powder in a plastic mold (P = 50 MPa, 1 % rubber),  

and the commercial cutting insert SNUM 120408 made from T5K10 alloy (d–f) 

Рис. 4. Макроструктуры (а, d) и микроструктуры (b, c, e, f) твердосплавной вставки WC–5TiC–10Co (а–c),  
спеченной после прессования порошка в пластиковой пресс-форме (Р = 50 МПа, 1 % каучука),  

и коммерческой режущей пластины SNUM 120408 из сплава Т5К10 (d–f)

Fig. 5. Dependence of hardness (a), fracture toughness (b), and strength (c) of the obtained samples on their density
а: 1 – commercial T5K10 insert; 2 – steel mold; 3–6 – PLA form 

Р, МРа: 200 (2), 50 (3), 100 (4), 150 (5), 200 (6) 
b: 1 – commercial T5K10 insert; 2 – experimental samples 

Рис. 5. Зависимость твердости (а), вязкости разрушения (b) и прочности (c) полученных образцов от их плотности
а: 1 – коммерческая пластина Т5К10; 2 – стальная пресс-форма; 3–6 – PLA-форма

Р, МПа: 200 (2), 50 (3), 100 (4), 150 (5), 200 (6) 
b: 1 – коммерческая пластина Т5К10; 2 – экспериментальные образцы
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of the cutting inserts plays the most significant role, 
and since the composition is the same in both cases, 
differences in hardness have less impact. The wear on 
the rear edge of the experimental cutting insert during 
both rough and finishing turning was 5–6 % higher 
than that of the commercial counterpart. In this case, 
the main cause was the difference in hardness.

ConclusionsConclusions
The experimental results confirmed that using 

a polylactide mold produced by additive manufactu-

Results of testing cutting inserts when turning steel 45 
Результаты испытания режущих пластин при точении стали 45

Sample
Roughness of the rear 
surface of the insert, 

Ra , µm

Roughness of the workpiece, Ra , µm Wear on the rear edge, µm
after rough 

turning
after finishing 

turning
after rough 

turning
after finishing 

turning
Experimental 0.64 ± 0.08 3.90 ± 0.43 2.34 ± 0.23 101 149
Commercial 0.55 ± 0.10 3.68 ± 0.18 2.19 ± 0.19 96 141

Fig. 6. Profile of the side surface of the experimental (b)  
and the commercial (а) cutting inserts 

Рис. 6. Профиль боковой поверхности  
экспериментальной (b) и коммерческой (а) режущих пластин

Fig. 7. Rough (а, c) and finishing (b, d) turning using the experimental (а, b) and a commercial (c, d) cutting insert 

Рис. 7. Черновое (а, c) и чистовое (b, d) точение экспериментальной (а, b) и коммерческой (c, d) режущих пластин
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ring, complemented by a steel shell and pusher, 
enables the pressing of hard alloy blanks at pressures 
up to 200 MPa. The density of the cutting insert blanks 
pressed in these molds from WC–5TiC–10Co is only 
slightly different from the density of blanks produced 
in steel molds at the same pressure. As pressing pres-
sure increases, the density of the blanks grows only 
by 2–6 %, while increasing the plasticizer concentra-
tion in the initial powder mixture by 1 to 6 % results in 
a more significant density increase of 28–32 %. 

The pressing pressure has little impact on the den-
sity of sintered cutting inserts. As the plasticizer con-
centration increases (from 1 to 6 %), the free carbon 
concentration rises (from 0.15 to 0.64 %), which leads 
to a decrease in the relative density, hardness, and 
strength of the samples. Cutting inserts made from 
WC–5TiC–10Co powder with 1 % plasticizer have si -
mi lar density and porosity to commercial T5K10 inserts. 
However, they exhibit lower hardness (1400 ± 10 HV) 
and higher fracture toughness (135 ± 0.4 MPa·m1/2) 
compared to commercial samples (1447 ± 15 HV and 
121 ± 0.4 MPa·m1/2) of the same alloy, primarily due 
to the larger average WC grain size. The wear rate 
of the experimental cutting insert is 5–7 % higher than 
that of the commercial tool, due to its lower hardness 
and higher surface roughness.
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Аннотация. Современные технологии должны соответствовать критериям устойчивого развития, учитывающим экономи-

ческие, экологические и социальные показатели. Поэтому в работе исследовали возможность вовлечения графитсодер-
жащего шлама из аспирационной системы очистки газов при производстве скрытокристаллического графита в состав 
компози ционных противопригарных покрытий для чугунного литья. Графитсодержащий шлам представлен углеродом, 
серой, натрием, алюминием и кремнием, фазовый состав – графитом, кальцитом, пиритом, кварцем, галитом и др. Шлам – 
дисперсный материал со средним размером частиц 3,64 мкм, общей поверхностью 36 506 см2/см3 и основной фракцией 
1–8 мкм. Для частиц шлама характерны различные формы – от неправильных до изометрических. Размеры крупных 

  shudonogov@sfu-kras.ru
Abstract. Modern technologies must meet the criteria of sustainable development, taking into account economic, environmental, and social 

indicators. In this study, the potential use of graphite-containing sludge from the gas purification aspiration system during cryptocrystal-
line graphite production was investigated for its inclusion in composite anti-burn coatings for cast iron casting. The graphite-containing 
sludge consists of carbon, sulfur, sodium, aluminum, and silicon, with a phase composition that includes graphite, calcite, pyrite, quartz, 
halite, and others. The sludge is a dispersed material with an average particle size of 3.64 µm, a total surface area of 36,506 cm2/cm3, and 
a main fraction size of 1–8 µm. Sludge particles exhibit various shapes, ranging from irregular to isometric. Larger isometric particles 
can reach sizes of 1 mm or more. On the surfaces of larger particles, smaller dispersed particles are present. The structural parameters 
of the sludge correspond to those of hexagonal graphite. The analysis of the composition and properties of graphite-containing sludge 
suggests its suitability for use in composite anti-burn coating formulations. However, due to the presence of large graphite aggregates 
and acicular impurities in the sludge, sieving is required before use. Complete replacement of natural graphite with sludge increases 
the coating density from 1220 to 1750 kg/m3, viscosity from 34 to 105 s, and abrasion resistance from 175 to 245 g/mm. Due to its high 
dispersity, the sludge-based coating nearly completely penetrates the pores of the sand-resin mixture mold without forming a cover 
layer. This does not ensure consistent reduction of burn-on defects on casting surfaces. Therefore, the full substitution of graphite with 
graphite-containing sludge in composite coating formulations is not recommended. 

Keywords: self-drying coating, graphite-containing sludge, cast iron, burn-on, density, viscosity, thickness of the coating layer, depth 
of the penetrating layer, abrasion resistance
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IntroductionIntroduction
In the last decade, the criteria for product qua lity 

have changed, as modern technologies must meet 
the criteria of sustainable development, which take 
into account economic, environmental, and social indi-
cators [1–4]. As a result, increasing attention is being 
paid to the potential for incorporating industrial pow-
der waste into various sectors of industry [5–13]. 

The experience of using carbon-containing slags 
from various productions in the compositions of dif-
ferent products has been described in works [14–16]. 
The advantages of using carbon-containing waste not 
only enhance the quality of products based on them 
but also reduce the volume of sludge fields surroun-
ding enterprises, thus contributing to environmental 
preservation. For example, the processing of graphite-
containing dust from metallurgical production allows 
for the production of high-quality raw materials for a 
wide range of applications, while also generating addi-
tional profit by lowering production costs. On the other 
hand, the variable composition of the waste, which 
determines the nature of its thermal degradation, 
along with insufficient development of technologies, 
results in the majority of the waste currently being sent 
to landfills. 

In the Krasnoyarsk region, there is a graphite 
processing enterprise working with the Kureiskoye 
deposit, which primarily produces cryptocrystalline 
graphite of the GLS grade, carburizer of the NSGK 
grade, and sorbent of the SGN-30 grade [17]. After 
graphite processing, sludge remains, which is stored 
at the enterprise and subsequently either disposed of or 
partially recycled.

The purpose of this study was to investigate 
the composition and properties of graphite-containing 
sludge and to develop graphite-based coatings for cas-
ting molds.

Research methodologyResearch methodology
The graphite-containing sludge used in this research 

was sourced from the gas purification aspiration sys-
tem during the production of cryptocrystalline graphite 
(Fig. 1).

The elemental and phase compositions of the sludge 
were assessed using an XRD-7000 X-ray diffracto-
meter (Shimadzu, Japan) [18]. The elemental composi-
tion of the sludge particles was also determined through 
energy-dispersive microanalysis, using an energy-dis-
persive spectrometer from Oxford Instruments (UK), 
mounted on the column of a JSM-7001F scanning elect-
ron microscope (JEOL, Japan) [19]. The spectra of cha-

Fig. 1. Schematic of cryptocrystalline graphite production  
at JSС “Krasnoyarskgrafit” 

Рис. 1. Схема производства скрытокристаллического графита 
на предприятии «АО Красноярскграфит»

частиц изометрической формы могут достигать 1 мм и более. На поверхности крупных частиц присутствуют более мелкие 
дисперсные частицы. Параметры структуры шлама соответствуют параметрам гексагональной формы графита. Анализ 
состава и свойств графитсодержащего шлама позволяет рекомендовать его применение в составах композиционных проти-
вопригарных покрытий. Однако из-за наличия в составе шлама крупных агрегатов графита и примесей игольчатого харак-
тера его перед использованием необходимо просеивать. Полная замена природного графита на шлам позволяет повысить 
плотность покрытия с 1220 до 1750 кг/м3, вязкость – с 34 до 105 с и прочность к истиранию – с 175 до 245 г/мм. Из-за 
высокой дисперсности покрытие на основе шлама практически полностью проникает в поры формы из песчано-смоляной 
смеси, не образуя при этом покровного слоя. Это не обеспечивает стабильного снижения пригара на поверхности отливок. 
Поэтому полная замена графита на графитсодержащий шлам в составах композиционных покрытий не рекомендуется.  

Ключевые слова: самовысыхающее покрытие, графитсодержащий шлам, чугун, пригар, плотность, вязкость, толщина 
покровного слоя, глубина проникающего слоя, прочность к истиранию

Для цитирования: Худоногов С.А. Перспективы применения графитсодержащего шлама для изготовления композиционных 
покрытий. Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(5):66–74.
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rac teristic X-ray emissions from the chemical elements 
present in the powders were determined at specific points. 

The size and total surface area of the sludge par-
ticles, as well as their size distribution, were analyzed 
using the light-scattering method with the Fritsch 
Analysette 22 MicroTec PLUS laser particle size ana-
lyzer (Germany). 

The graphite-containing sludge was tested as part 
of a self-drying composite coating [20; 21]. 

The properties of the coatings were deter-
mined according to GOST 17022–78. The thickness 
of the cover layer and the depth of the penetrating lay-
ers were measured using an Observer.D1m microscope 
(Carl Zeiss, Germany), and the burn-on level was eval-
uated using the step test described in [22].

Results and discussionResults and discussion
The elemental composition of the sludge (wt. %) 

assessed using the XRD-7000 X-ray diffractometer is 
presented below: 

O . . . . . . . . 26.00
C . . . . . . . . 45.85 
H . . . . . . . . 0.24
Na . . . . . . . . 0.61
Cl . . . . . . . . 0.94

S . . . . . . . . . 1.95
Si . . . . . . . . 13.10
Mg . . . . . . . . 4.51
Ca . . . . . . . . . 5.10
Fe . . . . . . . . . 1.70 

The elemental composition of the sludge particles 
was also determined using the JSM-7001F scanning 
electron microscope, and the results are shown in 
Fig. 2.

The obtained data indicate that the sludge is mainly 
composed of carbon, sulfur, sodium, aluminum, and 
silicon. 

The phase composition of the sludge (Table 1) 
includes graphite (up to 47 %), calcite (up to 13 %), 
pyrite (up to 4 %), quartz (up to 21 %), halite 
(up to 2 %), with other impurities making up to 17 %.

The reduced pyrite content compared to natural 
graphite will help decrease burn-on defects on casting 
surfaces, as discussed in detail in [23]. Calcite, halite, 
and quartz are materials whose presence increases 
the coating’s refractoriness (due to their high mel-
ting points) and prevents interaction between the melt 
and the molding mixture. Clay minerals (kaolinite, 
montmorillonite, etc.), present among other phases in 
the sludge, will act as binders, providing the coatings 
with higher strength.

The sludge is a dispersed material with an aver-
age particle size of 3.64 µm and a total surface area 
of 36,506 cm2/cm3. The study of particle size distribu-
tion showed that the majority of particles fall within 
the range of 1–8 µm (Fig. 3).

Fig. 2. Elemental composition (wt. %) of sludge particles 

Рис. 2. Элементный состав (мас. %) частиц шлама
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Morphological analysis of the particles (Fig. 4) 
revealed that the sludge contains particles of various 
sizes and shapes, ranging from irregular to isometric. 

The majority of the material is uniform, but there 
are large graphite aggregates and cylindrical inclusions. 
Smaller dispersed particles are observed on the surface 

of larger particles. Large inclusions can reach sizes 
of ≥1 mm. The cylindrical inclusions are impurity 
phases.

The analysis of the sludge structure showed that its 
parameters correspond to the hexagonal form of gra-
phite. This suggests that the sludge can be recom mended 

Table 1. Phase composition of GLS-2 graphite and graphite-containing sludge 
Таблица 1. Фазовый состав графита ГЛС-2 и графитсодержащего шлама

Phase
Phase content, wt. %

GLS-2 graphite Graphite-containing sludge
Graphite 67.23 43.0–46.56

Quarz 9.99 20.12–21.05
Calcite 10.60 11.70–12.70
Pyrite 4.72 3.65–3.79
Halite 4.37 1.56–1.57

Other inclusions (kaolinite, 
montmorillonite, etc.) 3.09 17.10–17.20

Fig. 3. Fractional composition of the sludge
1 – integral particle distribution; 2 – differential particle distribution 

Рис. 3. Фракционный состав шлама
1 – интегральное распределение частиц; 2 – дифференциальное

Fig. 4. Sludge images from the JSM-7001F microscope 

Рис. 4. Съемки шлама на микроскопе JSM-7001F
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for use in composite coatings, provided the large gra-
phite aggregates and cylindrical impurities are removed 
by sieving. Fig. 5 presents a 3D model of the graphite 
structure, simulated in the TOPAS 3 program.

The study examined the feasibility of using gra-
phite-containing sludge in the composition of anti-burn 
coatings for cast iron casting.

To study the thickness of the covering and depth 
of the penetrating layers of the coating, a cold-setting 
mixture with the following composition (wt. %) was 
used: 97.2 – quartz sand 2К1О303; 2.4 – alphabond resin; 
0.4 – T-01 hardener. The working life of this mixture is 
3.2 min, and the tensile strength (after 1 h) is 0.19 MPa. 

The properties of composite anti-burn coatings 
based on graphite-containing sludge are shown in 
Fig. 6. 

The composite coating based on graphite-contain-
ing sludge has a higher density and requires addi-

Fig. 5. Simulated graphite structure  
in the TOPAS 3 program 

Рис. 5. Смоделированная структура графита  
в программе TOPAS 3

Fig. 6. Properties of anti-burn coatings based on GLS-2 graphite (1) and graphite-containing sludge (2) 

Рис. 6. Свойства противопригарных покрытий на основе графита ГЛС-2 (1) и графитсодержащего шлама (2)

Fig. 7. Covering (а, b) and penetrating (c, d) layers of the coating
а, c – natural GLS-2graphite; b, d – graphite-containing sludge 

Рис. 7. Покровный (а, b) и проникающий (c, d) слои покрытия
а, c – природный графит ГЛС-2; b, d – графитсодержащий шлам
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tional dilution with PVB lacquer, which may reduce 
the sludge content. 

The thickness of the covering and the depth 
of the penetrating layers of the coating are shown in 
Figs. 7 and 8.

The composite coating based on graphite-containing 
sludge does not form a covering layer, while the depth 
of the penetrating layer can reach 6.0–6.5 mm. This is 
because the sludge particles (~3.6 µm) are significantly 
smaller than the pores of the mold (~230 µm, Fig. 9).

In the study of burn-on magnitude on casting sur-
faces, a step sample was used. A cold-setting mixture 
was selected for the research.

During the tests at a temperature of 1400 °C, gray 
cast iron of the SCH20 grade was poured, with the fol-
lowing composition (wt. %):

С . . . . . . . . . 2.90–2.97
Mn . . . . . . . . 0.92–0.93
P . . . . . . . . 0.019–0.021
S . . . . . . . . 0.042–0.044
Cr . . . . . . . . . 0.10–0.11
Si . . . . . . . . . 2.41–2.60

Ni . . . . . . . . 0.084–0.086
Cu . . . . . . . . . 0.12–0.13
V . . . . . . . . . 0.049–0.052
Ti . . . . . . . . 0.021–0.024
Sn . . . . . . . . . . . . . <0.01

The effect of casting wall thickness on burn-on 
magnitude is shown in Tables 2 and 3.

When graphite is replaced with graphite-containing 
sludge in the coating, the average burn-on thickness on 
the casting surfaces decreases. This is due to changes 
in the phase composition and the smaller particle size 
of the sludge, which oxidizes more quickly during 
the heating of the mold surface layers, creating a reduc-
ing atmosphere.

However, the variation in burn-on values is signifi-
cantly higher in the case of graphite-containing sludge. 
This is due to the higher sulfur content in the form 
of pyrite, which contributes to an increase in burn-on 
thickness.

Thus, the results indicate that it is not possible 
to completely replace natural graphite in the compo site 
coating with graphite-containing sludge. Therefore, 

Fig. 8. Thickness of the covering (1) and depth  
of the penetrating (2) layers of anti-burn coating

Рис. 8. Толщина покровного (1) и глубина  
проникающего (2) слоев противопригарного покрытия

Fig. 9. Pores of the mold 

Рис. 9. Поры формы 

Table 2. Burn-on thickness on the surface of castings obtained using coatings based on GLS-2 graphite 
Таблица 2. Значение толщины пригара на поверхности отливок,  
полученных с применением покрытий на основе графита ГЛС-2

Casting wall 
thickness, mm

Casting 
side

Burn-on thickness, µm

minimum maximum average standard 
deviation

25
Side  40.77 66.31 53.54 9.09

Bottom 39.88 171.71 105.80 42.55

50
Side 60.77 170.81 115.79 49.98

Bottom 64.71 265.97 165.34 70.04

75
Side 78.77 223.83 151.30 55.44

Bottom 82.56 276.84 179.70 82.07
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Table 3. Burn-on thickness on the surface of castings obtained using coatings  
based on graphite-containing sludge 

Таблица 3. Значение толщины пригара на поверхности отливок,  
полученных с применением покрытий на основе графитсодержащего шлама

Casting wall 
thickness, mm

Casting 
side

Burn-on thickness, µm

Minimum Maximum Average Standard 
deviation

25
Side  1.20 69.10 15.98 26.28

Bottom 10.37 180.03 66.80 51.85

50
Side 4.02 190.72 49.83 66.21

Bottom 13.02 270.01 64.97 91.03

75
Side 15.46 353.83 95.36 118.63

Bottom 32.58 420.25 128.94 132.17

further research is required to explore the partial 
replacement of natural graphite with graphite-contain-
ing sludge.

ConclusionConclusion
This study has demonstrated the potential for using 

graphite-containing sludge from the gas purification 
aspiration system in cryptocrystalline graphite produc-
tion as part of composite anti-burn coatings. The results 
of the sludge’s elemental composition analysis show 
that it consists of carbon, sulfur, sodium, aluminum, and 
silicon. The phase composition of the sludge includes 
graphite (up to 47 %), calcite (up to 13 %), pyrite 
(up to 4 %), quartz (up to 21 %), halite (up to 2 %), and 
other impurities (up to 17 %). The sludge is a dispersed 
material with an average particle size of 3.64 µm (total 
surface area – 36,506 cm2/cm3); most particles range 
from 1 to 8 µm. The sludge contains particles of various 
shapes: the bulk of them measure between 1 and 8 µm, 
with shapes ranging from irregular to isometric. Larger 
isometric particles can reach sizes of 1 mm or more. 
Smaller dispersed particles are present on the surfaces 
of larger particles. Acicular impurity phases are also 
present in the sludge. Analysis of the sludge’s parame-
ters indicates that it can be used in composite coatings, 
provided that large graphite aggregates and cylindri-
cal impurities are removed by sieving. In composite 
anti-burn coatings where natural graphite is replaced 
with sludge, it is possible to increase the density 
from 1220 to 1750 kg/m3, viscosity from 34 to 105 s, 
and relative strength from 175 to 245 g/mm. However, 
due to the high dispersity of the sludge, the coa ting 
completely penetrates the pores of the sand-resin 
mold mixture without forming a surface layer. With 
comp lete replacement of graphite with graphite-
containing sludge in the coating, the average burn-on 
thickness on the surface of the castings decreases, 
depending on the wall thickness, from 53.54–151.30 

to 15.98–95.36 µm (on the side surface of the cas tings) 
and from 105.80–179.70 to 66.80–128.94 µm (on 
the bottom surface of the castings). However, the varia-
tion in burn-on thickness is significantly higher, which 
is attributed to the higher sulfur content in the graphite-
containing sludge, contributing to increased burn-on 
thickness. Therefore, further research should focus on 
the partial replacement of graphite with graphite-con-
taining sludge, which would reduce the cost of the coa-
tings and improve the quality of cast iron products. 
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