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Abstract. High-energy milling in planetary mills has found widespread application for tasks such as mechanical alloying/activation, 

synthesis of composite powder mixtures, and recycling of chip waste. The transfer of mechanical energy to the processed material 
depends, among other factors, on the technological parameters of mechanical processing, which determine the motion of the grinding 
bodies and, consequently, the energy-force characteristics of the process. To study the effect of the gear ratio on the energy-force 
conditions of mechanical processing, a discrete element model of grinding body motion in a planetary mill was developed, numeri-
cally implemented, and validated. Model parameters were determined to ensure reasonable agreement between the experimental and 
calculated structures of instantaneous images of grinding body motion in the steady-state operation of the mill. Using the model, 
a series of numerical experiments were conducted, varying the gear ratio K from 1 to 2. It was shown that increasing K within this 
range changes the motion pattern of the grinding bodies from a rolling mode to a combination of rolling and free flight. This transition 
reduces the number of collisions while simultaneously increasing their force characteristics. An analysis of the changes in total energy 
loss during “body–body” and “body–chamber” collisions was performed. It was established that as K increases from 1 to 2, the total 
energy loss during collisions primarily increases due to greater energy loss in “body–body” collision pairs. The developed models 
and the obtained numerical estimates of the effect of the gear ratio on the energy-force characteristics of collisions can be utilized to 
design optimized mechanical processing technology in planetary mills. 

Keywords: high-energy milling, discrete element method, energy-force characteristics, collisions, motion pattern of grinding bodies
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IntroductionIntroduction
Mechanical processing (MP) of solid materials is 

widely used to initiate changes in the rates of chemical 
and physicochemical processes required for mechano-
chemical synthesis, mechanical alloying, mechanical 
activation, and other applications [1]. Typically, MP is 
performed in attritors, planetary mills, vibratory mills, 
and ball mills. The operating principle of these devices 
is based on repeated impulsive mechanical impacts 
of grinding bodies on the material, enabling the trans-
fer of mechanical energy into it [2]. Despite the variety 
of mechanical impact types, the primary modes include 
impact, shear, and their combinations in various pro-
portions, depending on the type of equipment and its 
operating conditions [3]. Notably, the type of mechani-

cal impact promoting mechanochemical transforma-
tions significantly influences their nature [4]. 

Processing in planetary mills has found widespread 
application in solving various technological challenges, 
such as mechanical alloying/activation, synthesis 
of composite powder mixtures, and recycling of chip 
waste, among others [5–7]. Considering the diversity 
of these technological tasks, their efficient execution, 
while possible with the same equipment (in this case, 
a planetary mill), evidently requires the use of different 
MP parameters. These parameters include the shape and 
size of the grinding media, the filling ratio of the wor-
king chamber, the mass ratio of the processed material 
to the grinding bodies, the gear ratio, and the rotation 
frequency of the sun wheel. In most cases, the selection 

  aborkin@vlsu.ru
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нического легирования/активации, синтеза композиционных порошковых смесей и переработки стружечных отходов. 
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метров механической обработки, определяющих механику движения размольных тел, а следовательно, и энергосиловые 
характеристики процесса. Для изучения влияния передаточного отношения на энергосиловые условия механической обра-
ботки разработана, численно реализована и валидирована дискретно-элементная модель движения размольных тел в плане-
тарной мельнице. Определены параметры модели, обеспечивающие разумное согласование экспериментальной и расчетной 
структур мгновенных изображений размольных тел на установившемся режиме работы мельницы. С помощью модели 
проведены серии численных экспериментов с варьированием передаточного отношения K от 1 до 2. Показано, что увели-
чение K в указанном диапазоне ведет к изменению характера движения размольных тел с режима перекатывания на перека-
тывание и свободный полет. Это снижает число столкновений и одновременно обеспечивает рост их силовых характерис тик. 
Проведен анализ изменения суммарной потери энергии при столкновениях «частица–частица» и «частица–камера». Уста-
новлено, что при изменении K от 1 до 2 повышение суммарной потери энергии при столкновениях в основном проис-
ходит за счет увеличения потери энергии при столкновениях пар «частица–частица». Разработанные модели и полученные 
расчетные оценки влияния передаточного отношения на энергосиловые характеристики столкновений могут быть исполь-
зованы при разработке рациональной технологии механической обработки в планетарной мельнице.  
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of these parameters is performed empirically through 
trial and error, which can be a labor-intensive and 
sometimes infeasible process. Scientifically grounded 
parameter selection requires establishing relationships 
between these parameters, the amount of mechanical 
energy transferred, and the characteristics of the pro-
cessed material. Depending on the task, these cha-
racteristics may include the granulometric and phase 
composition, the size of structural components, and 
others. Numerical determination of the transferred 
mechanical energy, considering the aforementioned 
factors influencing the process mechanics, can be 
achieved through mathematical modeling of grinding 
body motion, for example, using the discrete element 
method (DEM) [8–11].

Another significant research direction involves 
experimental studies of the kinematics of grinding 
body motion in a planetary mill as a function of MP 
parameters, conducted, for instance, using high-speed 
videography [10; 12]. Comprehensive computational 
and experimental studies allow the kinematic data 
to be supplemented with energy-force characteristics 
of collisions between grinding bodies and the walls 
of the working chamber. This provides a more comp-
lete understanding of the processes occurring during 
MP, enabling predictions of material properties based 
on processing conditions and facilitating the deve-
lopment of rational technologies that ensure reprodu-
cibility of material properties across various equipment 
types and scalability.

The aim of this study is to develop, numerically 
implement, and validate a model of grinding body 
motion in a planetary mill, as well as to investigate 
the effect of the gear ratio on the motion pattern and 
energy-force characteristics of grinding body collisions.

Experimental and theoretical  Experimental and theoretical  
research methodsresearch methods

In the experimental part of this study, a laboratory 
planetary mill “Activator-2S” (Activator Mechanical 
Engineering Plant, Novosibirsk, Russia) and a high-
speed video camera “Phantom Miro M310” (Vision 
Research Inc., USA) were used. The planetary mill is 
equipped with two cylindrical working chambers posi-
tioned vertically on the sun wheel. One of the chambers 
was loaded with 12 steel grinding bodies in the form 
of 9 mm-diameter spheres. To limit vertical displace-
ment of the grinding bodies within the working cham-
ber, the chamber height was set at 1.2 times the sphere 
diameter. A notable design feature of this mill is 
the presence of two independent electric motors dri ving 
the sun wheel and the working chamber at speeds W 
and w, respectively. The counter-rotational speeds are 

controlled via frequency converters. The video camera 
was positioned above the mill, coaxial to the vertical 
axis of the sun wheel (see Fig. 1). 

For the videography, the steel lids of the wor-
king chambers were replaced with transparent ones. 
The recording speed for all experiments was set 
to 2000 frames per second. High-speed video recor-
ding was conducted for four values of the speed ratio 
of the working chamber to the sun wheel (K = w/W), 
specifically K = 1.0; 1.2; 1.5; 2.0. In these experi-
ments, only the rotation speed of the working chamber 
was varied, while the rotation speed of the sun wheel 
remained constant at 694 rpm. 

In addition to the experimental studies of grinding 
body motion, the process was modeled using the dis-
crete element method (DEM). This method describes 
the translational and rotational dynamics of grinding 
bodies in the working chamber of a planetary mill using 
a stepwise algorithm with constant updates of the posi-
tions of the bodies and the chamber walls. For each 
i-th grinding body, a system of two equations of trans-
lational and rotational motion is solved, expressed as 
follows:

Fig. 1. Schematic of high-speed videography setup 

Рис. 1. Схема проведения высокоскоростной видеосъемки

Powder Metallurgy аnd Functional Coatings. 2025;19(1):5–14 
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             (1)

The first equation describes the translational motion 
of the center of mass of the grinding body. The variab les 
mi and vi denote the mass and velocity of the i-th body, t 
is time, and g is the acceleration due to gra vity. The first 
term on the right-hand side accounts for gra vitational 
forces acting on the grinding body, the se cond term rep-
resents interactions between bo  dies, and the last term 
accounts for interactions between the grinding body 
and the chamber walls. The initial velocities of trans-
lational and rotational motion are predefined. Since 
the mass of the working chamber significantly exceeds 
the total mass of the grinding bodies, the influence 
of body-wall interactions on the chamber’s motion can 
be neglected, and the motion of the chamber walls is 
assumed to be known. 

The rotational motion of the grinding bodies in 
the planetary mill is described by the second equation 
in system (1). The scalar variable Ii denotes the moment 
of inertia, while the vector variables ωi , Tij and  rep-
resent the angular velocity and torques arising from 
the interactions of the grinding body with other bo dies 
(indexed j) or with the chamber walls. The term Mi 
accounts for rolling friction forces acting on the grin-
ding bodies. 

The interactions between the i-th and j-th bodies 
are represented by forces Fij and torques Tij , included 
in equation (1) under the summation sign. Summation 
over all possible values of j ≠ i eliminates self-interac-
tion, considering only contacting grinding bodies. For 
bodies separated by greater distances, the interaction 
force is assumed to be zero. 

In this study, the calculation of interaction forces 
and torques between grinding bodies employed Hertz’s 
theory, supplemented by Mindlin’s shear theory 
(the Hertz–Mindlin model) [13]. Since the interactions 
are not perfectly elastic, an additional dissipative force 
is introduced alongside the contact force to account 
for energy losses during collisions. Collisions between 
grinding bodies and the chamber walls are modeled 
similarly, but the curvature of the chamber wall sur-
face is neglected, as the chamber radius is significantly 
larger than the radius of each body.

The model parameters include the physical and 
mechanical properties of the grinding body material 
and the chamber, as well as coefficients characterizing 
their contact interactions. These coefficients include 
the restitution coefficient (eR ), the static friction coef-

ficient (µS ), and the rolling friction coefficient (µR ). 
While the physical and mechanical properties of most 
structural materials are available as reference data, 
determining the coefficients for contact interactions is 
an independent experimental task, as addressed in stu-
dies [14–16]. It should be noted that these coefficients 
may depend on factors such as the size and shape regu-
larity (deviation from spherical shape) of the grinding 
bodies, as well as the surface roughness of the grin ding 
bodies and the chamber. Thus, their values require 
refinement, which in this study was performed by fit-
ting the model to experimental data.

As an initial approximation, based on recommen-
dations in [17; 18], the following values were used: 
eR = 0.85, µS = 0.45 and µR = 0.02. A series of numeri-
cal simulations replicating the experimental condi-
tions was conducted, varying the contact interaction 
coefficients. The agreement between experimental and 
simulated results was evaluated based on the alignment 
of grinding body position patterns (instantaneous image 
structures) in the working chamber. Model validation 
was performed by comparing the areas of experimental 
and simulated structures of grin ding bodies for eight 
positions of the working chamber under steady-state 
operation of the planetary mill. The fitting results were 
deemed satisfactory if the discrepancy (Δ) between 
experimental and simulated data did not exceed 
15 % for the same values of the contact interaction 
coefficients.

Results and discussionResults and discussion
Table 1 presents typical instantaneous images 

of grinding bodies obtained experimentally (column 
“Experiment”) and from the simulated results (column 
“Simulation”) for various speed ratios of the work-
ing chamber to the sun wheel. Additionally, Table 1 
shows images of the areas of experimental and simu-
lated structures of the multiparticle system (column 
“Comparison”). Finally, Table 1 includes numerical 
data averaged over 8 positions of the working chamber, 
showing discrepancies in these areas (Δ), which repre-
sent the error of the developed model and characterize 
its adequacy.

Analysis of the results presented in Table 1 indi-
cates reasonable agreement between the experimental 
and simulated data, with discrepancies not exceed-
ing 13 %. The fitting parameters were consistent 
across different speed ratios of the working chamber 
to the sun wheel. The values of the coefficients (fitting 
parameters) characterizing contact interactions were as 
follows: eR = 0.75, µS = 0.21 and µR = 0.023. It is note-
worthy that while the values of eR and µR were closely 
aligned with or matched those used in modeling in 
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studies [19; 20], the value of µS deviated significantly, 
exceeding a threefold difference. Nevertheless, µS has 
a substantial impact not only on the motion pattern 
of the grinding bodies [10] but also on the quantita-
tive energy-force characteristics of collisions, which 
largely determine their accuracy. Thus, the developed 
model is adequate and can be used to study the effect 
of the gear ratio on the motion pattern of grinding 
bo dies during high-energy ball milling and the energy-
force para meters of the processing.

Using the developed model, the effect of the gear 
ratio on the motion pattern of grinding bodies in 
the working chamber was studied. The analysis 
of the modeling results shows that changing K from 1.0 
to 1.5 has almost no effect on the kinematics of grin-
ding body motion. In contrast, a significant change in 
the motion pattern is observed when K increases to 2.0. 
In the first case (K = 1.0÷1.5), the motion pattern is 
characterized by the cyclic rolling of the grinding 
bo  dies from the first row to the second row. Material 

Table 1. Comparison of experimental and simulated results 
Таблица 1. Сопоставление результатов эксперимента и расчетных данных

K = w/W Experiment Simulation Comparison Δ, %

1.0 12.4

1.2 11.9

1.5 9.1

2.0 12.2

Powder Metallurgy аnd Functional Coatings. 2025;19(1):5–14 
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processing in this mode occurs either by abrasion 
between the chamber wall and the grinding bodies 
or by collisions between grinding bodies during roll-
ing. In the second case (K = 2.0), some grinding bod-
ies move freely relative to the center of the working 
chamber. This results in three-row rolling, where two 
or more grinding bodies simultaneously jump to the se -
cond row, forming a third row (see Table 1). In this 
case, in addition to rolling, a partial mode of free flight 
is realized, where some grinding bodies detach from 
the chamber wall and are ejected into the free space 
of the working chamber, flying freely until colliding 
with another grinding body or the chamber wall. This 
mode is characterized by the most intense collisions. 
However, the number of collisions appears to decrease 
compared to the rolling mode.

Estimates of the effect of the gear ratio on the force 
characteristics of contact interactions between grinding 
bodies and between grinding bodies and the chamber 
walls were also obtained. Fig. 2 presents normalized 
calculated data on the distribution of collision counts 

by compression force and shear force for different gear 
ratios.

It can be observed that an increase in the gear ratio 
contributes to the growth of the normal collision force 
(see Fig. 2, a). Specifically, changing K from 1 to 2 
results in a ~5-fold increase in the maximum normal 
collision force. A significant differentiation in colli-
sion forces is also evident. For instance, if the total 
number of collisions is conditionally divided based on 
force into low-intensity (F < 0.01), medium-intensity 
(0.01 < F < 0.1), and high-intensity (F > 0.1), and 
their distribution is compared for different gear ratios 
(see Table 2), it becomes clear that at K = 1.0÷1.5, 
the majority of collisions are medium-intensity. In this 
range of K, the share of medium-intensity collisions 
increases by no more than 6 %. 

Simultaneously, a redistribution of collision intensity 
occurs. For example, at K = 1.0, 32.5 % of collisions 
are low-intensity, and only 5.6 % are high-intensity. 
At K = 1.5, the proportion of low-intensity collisions 

Fig. 2. Changes in normal (a) and tangential (b) collision forces of grinding bodies at different gear ratios 

Рис. 2. Изменение нормальной (а) и тангенциальной (b) силы столкновений размольных тел  
при моделировании с различными передаточными отношениями
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Table 2. Distribution of collisions (%) by collision force 
Таблица 2. Распределение столкновений (%) по силе столкновений

K
Normal collision force Tangential collision force

Fn < 0.01 0.01 < Fn < 0.1 Fn > 0.1 Ft < 0.01 0.01 < Ft < 0.1 Ft > 0.1
1.0 32.5 61.9 5.6 31.4 63.2 5.4
1.2 24.5 63.6 11.9 24.5 66.3 9.2
1.5 12.1 67.8 20.1 13.0 67.1 19.9
2.0 2.4 42.3 55.3 1.9 38.7 59.4

decreases to 12.1 %, while high-intensity collisions 
increase to 20.1 %. However, as K increases to 2.0, with 
the corresponding change in the motion pattern of grind-
ing bodies, the proportion of medium-intensity collisions 
decreases to 42.3 %. Conversely, the share of high-
intensity collisions increases to 55.3 %, although their 
absolute number significantly declines. A qualitatively 
similar pattern was observed for tangential forces (see 
Fig. 2, b). It is important to note that at K = 1.0÷1.5, 
most collisions are medium-intensity. Assuming that 
these forces are sufficient to create the required field 
of mechanical stresses, the activation processing 
of material particles may be equally effective at K = 1.0 
and 1.5. In contrast, processing at K = 2.0, despite 
the predominance of high-intensity collisions, might be 
less effective due to the reduced number of such colli-
sions. This suggests that the K = 2.0 regime is more sui-
table for processing large particles that require greater 
forces for deformation and fragmentation.

Fig. 3 presents normalized data characterizing 
the total energy loss during “body–body” and “body–
chamber” collisions at different gear ratios, along with 
the changes in the number of collisions. 

Analysis of the graphical dependencies presented 
shows that as the gear ratio K increases from 1.0 
to 2.0, the total energy loss during “body–body” colli-
sions increases by approximately 30 % (see Fig. 3, a). 
However, the energy loss during “body–chamber” col-
lisions remains nearly unchanged for gear ratios K from 
1.0 to 1.5, and increases by only ~13 % for K = 2.0. 
This indicates that the increase in total energy loss du -
ring collisions is primarily due to changes (increases) 
in energy loss during “body–body” collision pairs.

The number of collisions decreases predictably 
with an increase in the gear ratio (see Fig. 3, b). While 
the collision count decreases slightly for K = 1.0 and 
1.2, it drops significantly at K = 1.5 (by ~1.5 times) and 
even further at K = 2.0 (by ~3.1 times). This reduction 
in collision count can decrease the likelihood of grin-
ding bodies contacting the processed material, thereby 
reducing the processing efficiency. Thus, an increase in 
the gear ratio leads to a substantial reduction in the num-
ber of collisions while simultaneously increasing 
the specific energy loss per collision. This compensates 
for the reduction in collision count and results in a net 
increase in total energy loss. Interestingly, for process-

Fig. 3. Total energy loss during “body–body” ( ) and “body–chamber” ( ) collisions (a)  
and changes in collision count (b) for different gear ratios 

Рис. 3. Суммарная потеря энергии при столкновениях «тело–тело» ( ) и «тело–камера» ( ) (а)  
и изменение количества столкновений (b) для разных передаточных отношений

Powder Metallurgy аnd Functional Coatings. 2025;19(1):5–14 
Aborkin A.V., Elkin A.I., and etc. Influence of gear ratio on the energy-force conditions of grinding ...



12

ing mixtures of micrometer-sized particles with a high 
ratio of grinding body mass to material mass, the par-
ticles tend to accumulate near the chamber wall due 
to their ability to pass through voids between grinding 
bodies [19]. Consequently, despite the increase in total 
energy loss caused by higher K, the use of K = 2.0 may 
be less effective than lower K values, as “body–body” 
collisions do not contribute to material processing, and 
the number of “body–chamber” collisions, despite their 
increased intensity, decreases significantly. The effi-
ciency of powder mixture processing at higher K va -
lues could potentially be improved by using a lower 
grinding body-to-material mass ratio, where material 
particles would be distributed not only near the cham-
ber walls but also around its center. This would make 
better use of “body–body” collisions. Another rational 
application of the K = 2.0 processing regime is for 
large particles of millimeter-scale size, where higher 
forces are required for particle deformation, such as in 
the processing of granular or chip materials.

ConclusionConclusion
A model of grinding body motion in the “Ac -

tivator-2S” planetary mill has been developed, numeri-
cally implemented, and validated. The model parameters 
ensuring its adequacy were determined by comparing 
experimental and calculated data. Analysis of the model 
revealed that increasing the gear ratio K from 1.0 to 2.0 
decreases the proportion of grinding bodies with limi-
ted mobility and transitions their motion from rolling 
to a combination of rolling and free flight. This leads 
to an increase in the force characteristics of grinding 
body collisions while simultaneously reducing their 
count. Despite significant differentiation in collision 
forces, the share of medium-intensity collisions remains 
nearly unchanged for K = 1.0÷1.5 but decreases with 
a further increase in K to 2.0, resulting in a higher pro-
portion of high-intensity collisions. Total energy loss 
during collisions increases by ~30 % as K changes from 
1.0 to 2.0. However, energy loss during “body–cham-
ber” collisions remains unchanged for K = 1.0÷1.5, and 
the increase in total energy loss is primarily due to higher 
energy losses during “body–body” collisions. Based 
on the observed effects of the gear ratio on collision pat-
terns and energy-force characteristics of mechanical pro-
cessing, the K = 1.0÷1.5 regime can be recommended for 
the mechanical processing of micron-sized particles with 
a high grinding body-to-material mass ratio. The K = 2.0 
regime appears more suitable for the mechanical pro-
cessing of larger particles when fragmentation of mix-
ture components is required. The developed model can 
be applied to evaluate the energy-force characteristics 
of processing in planetary mills during the technology 
development stage.
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Аннотация. Рассматривается влияние режимов закалки и отпуска на структуру и механические свойства горячедеформиро-

ванных порошковых сталей, содержащих ультрадисперсные частицы. Исследование основано на анализе термических 
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выявить оптимальные режимы для достижения наилучших механических характеристик – таких, как прочность и пластич-
ность. Полученные результаты указывают на возможность достижения высокой прочности, что делает эти материалы 
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and tempering, focusing on the relationship between heat treatment conditions and the resulting material properties. The experiments 
involved variations in quenching temperature and tempering time, allowing the identification of optimal conditions for achieving 
a favorable combination of strength and ductility. The findings highlight the potential to achieve a homogeneous microstructure and 
high mechanical performance, making these materials suitable for high-load applications. This study underscores the significance of 
tailoring heat treatment parameters to control both microstructural and mechanical characteristics, thereby broadening the industrial 
applicability of powder steels. 
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IntroductionIntroduction
The properties of powder steels can be improved by 

complicating their composition and by applying ther-
mal and thermochemical treatments. However, these 
methods of enhancing the properties of powder steels 
are characterized by certain challenges, prima rily 
due to residual porosity and chemical and structural 
heterogeneity [1]. 

The influence of the structure of powder steels on 
the thermodynamics of new phase nucleation and trans-
formation kinetics can be controlled through manu-
facturing technology. The formation of hot-deformed 
powder steels (HDPS) with minimal residual poro sity 
aligns their critical points more closely with those 
of compact materials. The quenching temperature for 
powder steels is primarily determined by the critical 
points Ас1 (the temperature at which austenite begins 
to transform into pearlite or another phase during cool-
ing and where ferrite starts transforming into austenite 
during heating) and Ас3 (the temperature at which fer-
rite begins to transform into austenite during heating – 
a key process for achieving the required steel proper-
ties), as well as the carbon content. HDPS are inhe-
rently fine-grained. Alloying with non-carbide-forming 
elements does not affect the tendency of austenite 
grains to grow at heating temperatures up to 1100 °C. 
This feature expands the temperature range for quen-
ching; for HDPS with 0.5 % carbon content, this range 
is 825–845 °С [2–5].

The aim of this study is to investigate the quen-
ching and tempering regimes to determine the optimal 
mechanical properties of hot-deformed powder steels 
containing ultrafine particles. 

Materials and methodsMaterials and methods
The study utilized domestic powders of grades 

PZhRV 2.200.26 (TU 14-1-5365-98, water-atomized and 
reduced iron powder) and N4D2M (TU 14-5402-2002, 
alloyed powder) produced by Severstal PJSC 
(Cherepovets, Russia) [4; 5]. Ultrafine additives of sili-
con nitride (Si3N4 ) and nickel oxide (NiO) produced 

by Plazmoterm (Moscow, Russia) [6] were added 
to the charge.

Before use, the powders were analyzed using 
the Analysette 22 MicroTecplus universal laser parti-
cle size analyzer (Fritsch, Germany) and the Beckman 
Coulter AU480 submicron particle analyzer (USA). 
The charge was prepared using an RT-NM05S twin-
cone mixer (Taiwan) and an Assonic SPC ultrasonic 
station (China) for sieving and mixing powders with 
ultrafine particles. Static cold pressing was per-
formed on a TS0500-6 hydraulic press (China) with 
a maximum load capacity of 50 tons using labora-
tory dies. Homogenizing sintering was carried out 
in the heat treatment laboratory of the “Materials 
Science and Metal Technology” department of DSTU 
in an SNOL 6.7/1300 muffle electric furnace (AB 
UMEGA, Lithuania) at temperatures ranging from 
900 °C to 1150 °C in a protective gas atmosphere 
of dissociated ammonia. The sintering time ranged 
from 15 to 180 min. Subsequent heat treatment 
of the hot-deformed powder steels was conducted 
in the same furnaces.

Dynamic hot pressing (DHP) of the billets was per-
formed on a K2232 crank press (Russia) with single-
action operation. Before the DHP operation, powder 
billets were heated in a muffle electric resistance fur-
nace (950–1150 °C) in a dissociated ammonia atmo-
sphere. The furnace temperature was monitored using 
a platinum-palladium thermocouple [7].

Tensile tests were conducted in accordance with 
GOST 18227-85 using an MGS-V15 servo-hydraulic 
floor testing machine in automatic mode with a per-
sonal computer. Fig. 1 shows the diagram of the sam-
ple subjected to testing.

The hardness of the samples was measured using 
a Rockwell hardness tester (TK-2M, Tochmashpribor, 
Ivanovo, Russia) with diamond cone indentation under 
a total load of 1471 N.

The samples of PZhRV 2.200.26 + 0.5 % C and 
N4D2M + 0.5 % C were subjected to quenching fol-
lowed by tempering after hot re-pressing at t = 1150 °С, 
with the addition of ultrafine particles (2 % NiO, 
0.1 % Si3N4 ) to each material. Cooling was performed 

перспективными для применения в условиях высокой нагрузки. Подчеркивается значимость выбора режимов термообра-
ботки для управления микро- и макроструктурой порошковых сталей, что открывает новые возможности для их использо-
вания в различных отраслях промышленности.  

Ключевые слова: термическая обработка, порошковые стали, ультрадисперсные частицы, механические свойства

Для цитирования: Егоров М.С., Егорова Р.В., Мозговой А.В., Гантимуров К.В., Ковтун М.В. Влияние режимов закалки и 
отпуска на структуру и свойства горячедеформированных порошковых сталей с ультрадисперсными частицами. Извес-
тия вузов. Порошковая металлургия и функциональные покрытия. 2025;19(1):15–22.

 https://doi.org/10.17073/1997-308X-2025-1-15-22

Известия вузов. Порошковая металлургия и функциональные покрытия. 2025;19(1):15–22 
Егоров М.С., Егорова Р.В. и др. Влияние режимов закалки и отпуска на структуру и свойства ...

https://powder.misis.ru/index.php/jour/search/?subject=термическая обработка
https://powder.misis.ru/index.php/jour/search/?subject=порошковые стали
https://powder.misis.ru/index.php/jour/search/?subject=ультрадисперсные частицы
https://powder.misis.ru/index.php/jour/search/?subject=механические свойства


17

in water and oil, with cooling rates at the temperature 
of minimum austenite stability being 600–500 °C/s 
(in water) and 150–100 °C/s (in oil), respectively. The 
chemical composition of the studied powders, the char-
acteristics of the ultrafine particles, and the technology 
for producing sintered samples are described in detail 
in [2].

Results and discussionResults and discussion
Quenching of hot-deformed powder steels (HDPS) 

makes it possible to obtain a homogeneous martensitic 
structure with high hardness (HV = 7.5 GPa). This is 
due to the low porosity and favorable structure formed 
during hot pressing. 

Fig. 2 shows the microstructure of HDPS based 
on PZhRV 2.200.26 powder containing 0.5 % C + 
+ 2 % NiO. The martensitic structure is clearly defined, 
with a small number of pores up to 3 µm in size. This 
quenched steel structure does not contain ferrite or 
retained austenite, confirming that the quenching 
process was conducted correctly [8; 9]. The hardness 
of the quenched HDPS at a quenching temperature 
of 835 °С is presented in Table 1.

Modification of steels with silicon nitride 
increases hardness after quenching. The final forma-
tion of the structure and properties of HDPS occurs 
du ring tempering. The effect of tempering temperature 
on the mechanical properties of HDPS is presented in 
Table 2.

For all the studied materials, a similar trend in prop-
erty changes is observed: as the tempering tempera-
ture increases, the ultimate strength (σv ) and hardness 
(HRC) of the steels decrease, while the ductility para-
meter (ψ) increases, reaching its maximum t = 550 °С. 
At this temperature, the overall set of mechanical pro-
perties is superior to those of the initial and annealed 
steels [7–9].

The microstructures of quenched and tempered 
HDPS N4D2M + 0.5 % C + 2 % NiO are shown in 
Fig. 3.

Fig. 1. Technical drawing of the sample for tensile testing 

Рис. 1. Чертеж образца для испытания на растяжение

Table 1. Hardness (HRC) of quenched HDPS 
Таблица 1. Твердость (HRC) закаленных ГДПС

Powder steel
PZhRV 2.200.26 

+ 0.5 % C
PZhRV 2.200.26 

+ 0.5 % C + 2 % NiО
PZhRV 2.200.26 

+ 0.5 % C + 0.1 % Si3N4

N4D2M 
+ 0.5 % С

N4D2M + 0.5 % С 
+ 2 % NiО

N4D2M + 0.5 % C 
+ 0.1 % Si3N4

Cooling medium
Water Oil

50–52 50–52 54 49–51 49–51 55

Fig. 2. Martensite of hot-deformed powder steel of PZhRV grade 2.200.26 + 0.5 % C + 2 % NiО
Pore size: 1–3 µm 

Рис. 2. Мартенсит горячедеформированной порошковой стали марки ПЖРВ 2.200.26 + 0,5 % C + 2 % NiО
Размер пор: 1–3 мкм
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Table 2. Dependence of mechanical properties of HDPS on tempering temperature
Таблица 2. Зависимость механических свойств ГДПС от температуры отпуска

HDPS composition Tempering 
temperature, °С σv , MPa ψ, % HRC

PZhRV 2.200.26 + 0.5 % С

250
350
450
550

1180
920
825
760

18
22
30
35

45
42
38
33

PZhRV 2.200.26 + 0.5 % С + 0.1 % Si3N4

250
350
450
550

1230
950
860
780

18
22
30
35

47
45
40
35

PZhRV 2.200.26 + 0.5 % С + 2 % NiO

250
350
450
550

1190
935
840
765

19
23
29
35

45
42
38
33

N4D2M + 0.5 % С

250
350
450
550

1420
1260
1090
1070

16
20
28
32

46
43
39
34

N4D2M + 0.5 % С + 0.1 % Si3N4

250
350
450
550

1450
1290
1130
1090

17
24
30
34

48
46
41
35

N4D2M + 0.5 % С + 2 % NiO

250
350
450
550

1430
1270
1100
1080

16
20
28
32

46
43
39
32

Fig. 3. Microstructure of H4D2M + 0.5 % С + 2 % NiO after quenching and tempering at different temperatures
t, °С: 250 (а); 350 (b); 450 (c); 550 (d) 

Рис. 3. Микроструктура Н4Д2М + 0,5 % С + 2 % NiO после закалки и отпуска при различной температуре
t, °С: 250 (а); 350 (b); 450 (c); 550 (d)
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Thus, quenching and tempering allow for achie-
ving the desired structure of HDPS [9–11]. The level 
of mechanical properties of HDPS depends on the qua-
lity of interparticle bonding formed during the sintering 
and hot re-pressing stages. If this bonding is incomp-
lete, it is not possible to improve mechanical properties 
through strengthening heat treatment [11; 12].

To monitor the chemical composition of the pow-
der steels obtained after heat treatment (quenching 
and tempering), a micro X-ray spectral analysis was 
performed using a scanning electron microscope 

(S-3400N, Hitachi, Japan) [12; 13]. The results are 
presented in Fig. 4.

The presence of all alloying elements in the powder 
steel after heat treatment was verified through micro-X-
ray spectral analysis [7; 10; 12]. 

Fractographic analysis using the S-3400N scan-
ning electron microscope highlighted the characteristic 
features of HDPS fractures following heat treatment 
(quenching and tempering). The fracture surfaces 
of the quenched and tempered HDPS samples are pre-
sented in Fig. 5.

Fig. 5. Fractographs of powder steels with ultrafine particles after tempering
t, °С: 250 (а, c); 550 (b, d)

а, b – H4D2M + 0.5 % C + 2 % NiO; c, d – PZHRV 2.200.26 + 0.5 % C + 2 % NiO 

Рис. 5. Фрактограммы изломов порошковых сталей с ультрадисперсными частицами после отпуска
t, °С: 250 (а, в); 550 (б, г)

а, b – Н4Д2М + 0,5 % С + 2 % NiO; c, d – ПЖРВ 2.200.26 + 0,5 % С + 2 % NiO

Fig. 4. Results of micro-X-ray spectral analysis of powder steel H4D2M + 0.5 % C + 2 % NiO  
after heat treatment (quenching and tempering) 

Рис. 4. Результаты микрорентгеноспектрального анализа порошковой стали 
Н4Д2М + 0,5 % С + 2 % NiO после проведения термической обработки (закалка и отпуск)
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An analysis of the fractographs revealed that 
the dominant features on the fracture surfaces of HDPS 
tempered at t = 250 °С are intergranular and trans-
granular cleavages, appearing at different levels and 
distinguished by varying sizes of the crack propagation 
zones [14–16]. In Fig. 5, a and c steps on large clea-
vage elements are clearly visible, giving the structure 
a river-like pattern – a characteristic feature of inter-
granular fracture. On smaller facets, smooth surfaces 
formed by crack propagation along crystallographic 
planes are observed, which are typical of transgranular 
cleavage [17–20]. Discontinuities in both intergranu-
lar and transgranular cleavage zones make it difficult 
to identify the preferred site of crack initiation. This 
observation indirectly suggests a balance of interatomic 
bonding forces within grains and along grain bounda-
ries, indicating the successful formation of intragranu-
lar bonding during HDPS production [2; 12].

Conclusion Conclusion 
The study examined the effects of quenching and 

tempering on the structure and properties of HDPS with 
ultrafine particles. Maximum hardness at a quenching 
temperature of 835 °С was observed in steels with com-
positions PZhRV 2.200.26 + 0.5 % C + 0.1 % Si3N4 
(HRC = 54) and N4D2M + 0.5 % C + 0.1 % Si3N4 
(HRC = 55). Modifying steels with silicon nitride 
improved hardness after quenching. For these steels, 
maximum ultimate strength values were recorded 
at a tempering temperature of 250 °С: σv = 1230 MPa 
(PZhRV 2.200.26 + 0.5 % C + 0.1 % Si3N4 ) and 
σv = 1450 MPa (N4D2M + 0.5 % C + 0.1 % Si3N4 ). 
At 550 °С, these steels exhibited maximum ductility 
indicators: ψ = 35 % (PZhRV 2.200.26 + 0.5 % C + 
+ 0.1 % Si3N4 ) and ψ = 34 % (N4D2M + 0.5 % C + 
+ 0.1 % Si3N4 ). The addition of 0.1 % Si3N4 
increased ultimate strength at 250 °С by 50 MPa 
for PZhRV 2.200.26 + 0.5 % C and by 30 MPa for 
N4D2M + 0.5 % C. Adding 2 % NiO to both materials 
slightly improved strength properties (by 10–15 MPa). 

For HDPS tempered at 550 °С, the fracture sur-
faces predominantly displayed a dimpled morphology, 
with individual dimples ranging in diameter from 8 
to 20 µm. The clear resolution of dimple depths and 
ridge heights indicates the material’s high capacity 
for microplastic deformation at the crack propagation 
site [19; 20].

This study demonstrates that strengthening heat 
treatment is a key tool for enhancing the mechanical 
properties of hot-deformed powder steels. By carefully 
adjusting quenching and tempering conditions, it is pos-
sible to improve the material’s strength, ductility, and 
hardness. Managing mechanical properties depends 

on the effective formation of intragranular bonding 
during production, which optimizes the microstructure 
and significantly enhances the performance of the final 
product. The combination of heat treatment and bon-
ding control offers a promising pathway for advancing 
the quality and functionality of powder steels. These 
findings open new opportunities for developing mate-
rials with tailored properties, which are essential for 
modern mechanical engineering and other high-tech 
industries [10; 12].
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Abstract. The finite element method is employed to analyze the distribution of residual stresses in axisymmetric preforms of a gas 

compressor seal at the final stage of compaction. A computational scheme is presented, based on the obtained data on equivalent 
stress isolines. The dependence of the stress-strain state on the contact conditions between the compact and the die during pressing 
is examined. The obtained data illustrate equivalent stress isolines (MPa) according to the Mirolyubov criterion. It was established 
that in various sections, the stress state approaches the critical limit, which may lead to visible fracture of the briquette and delami-
nation of its lateral surface. This finding confirms the results of previous studies on obtaining high-density powder compacts via 
single-step cold pressing. When solving the problem of producing a high-density powder component, the initial input data included 
a previously known stress distribution in the compacted briquette. Such data can be obtained from widely established methodolo-
gies, particularly for cold pressing in rigid dies for components with complex geometries. The stress-strain state of the powder 
briquette was computed at the contact surface between the compact and the rigid die under high and infinite friction conditions. In 
certain regions, significant stress levels can provoke hidden or visible failure, such as rupture of the “terminal layer” or delamina-
tion of the lateral surface. The results of numerical investigations are also applicable to low-modulus powder materials compacted 
in massive dies. The described method for calculating residual stresses was developed using a specialized IBM software program 
and was utilized for stress state analysis of compacted preforms under elastic unloading conditions. 

Keywords: cold pressing, residual stress, stress-strain state, finite element method, computational scheme, seal, die, powder material
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Аннотация. Методом конечных элементов анализируется распределение остаточных напряжений в осесимметричных заго-

товках уплотнителя газокомпрессорной установки к концу прессования. Представлена схема расчета, основанная на 
полученной информации по изолиниям эквивалентных напряжений. Дается зависимость напряженно-деформированного 
состояния от контактных условий прессовки с матрицей. На основании полученной информации показаны изолинии экви-
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IntroductionIntroduction
The production of parts and semi-finished products 

from metal and other powders in a closed mold through 
cold pressing of unsintered briquettes is accompanied 
by the formation of significant technological stresses. 
After the upper pressing punch is removed, the bri-
quette in the die undergoes elastic “expansion” , which 
primarily occurs due to a sudden change in the stress-
strain state of the “green” compact. As is well known, 
such tensile stresses can lead to the failure of an entire 
region or the upper layer of the compact [1; 2]. Based 
on literature data, it can be noted that the elastic spring-
back behavior in pressed parts remains insufficiently 
studied [1–3]. In this regard, considering the afore-
mentioned phenomenon, the development of a meth-
odology for calculating the stress-strain state of com-
pacted products is a relevant problem for predicting 
their strength. The quality of sintering is determined at 
the stage of the “green” compact, depending on vario us 
temperature regimes of cold pressing and heating con-
ditions. Studies [4–6] have shown that during high-
pressure compaction of iron-based mixtures, gas (air) 
evacuation from the compacted briquette becomes 
difficult.

The main objective of this study was to analyze 
the distribution of residual stresses at the final stage 
of cold pressing in axisymmetric powder preforms 
of a gas compressor seal.

Residual stress evaluationResidual stress evaluation
The distribution of residual stresses in axisymmet-

ric compacts of the seal was analyzed using the finite 

element method after punch removal. The analytical 
approach is significantly complicated by the physical 
nonlinearity of this problem. The proposed algorithm 
considers the stress state of the compact at the final 
stage of densification, along with the elastic relaxation 
of contact (including force and kinematic factors) and 
other conditions in the compacted briquettes. High ten-
sile pressures arise, which, upon release of the compact 
from the die, lead to significant loosening and even 
fracture of the briquette. Therefore, in [7], a device and 
method were proposed to enhance air drainage from 
the pressing zone during high-pressure compaction 
of a powder mixture. Accordingly, obtaining high-
density powder products requires knowledge of resi-
dual stress levels in different regions of the compact. 
This information serves as the basis for constructing 
a further technological chain for manufacturing high-
density powder products of complex geometry.

During the elastic relaxation process, the stress state 
of the compact was determined by formulating a finite 
element problem using the finite element method, 
which includes:

– the variational Lagrange equation [8–10]:

  (1)

– the material equation accounting for initial 
stresses:

             (2)

валентных напряжений (МПа) по критерию Миролюбова. Установлено, что на разных участках напряженное состоя ние 
близко к предельному и может привести к видимому разрушению брикета и расслоению его боковой поверхности. 
Это подтверждает результаты работ по получению высокоплотных порошковых прессовок путем однократного холод-
ного прессования. При решении задачи получения высокоплотной порошковой детали вводной информацией являлось 
известное распределение напряжений в уплотненном брикете. Такие данные возможно получить из некоторых широко 
представленных методик, особенно для состояния холодного прессования в твердых матрицах деталей сложной конфи-
гурации. Произведен расчет напряженно-деформированного состояния порошкового брикета на контактной поверхности 
прессовки с твердой матрицей для высокого и безграничного трений. На некоторых участках значительное напряженное 
состояние способно спровоцировать скрытое или видимое разрушение, например разрыв «конечного слоя» или же рассло-
ение боковой поверхности. Результаты численных исследований приемлемы и для низкомодульных порошковых мате-
риалов, спрессованных в массивных матрицах. Описанная методика расчета остаточных напряжений была разработана 
специальной программой в IBM и была использована при проведении исследований напряженного состояния прессуемых 
заготовок в условиях упругой разгрузки.  

Ключевые слова: холодное прессование, остаточное напряжение, напряженно-деформированное состояние, метод конечных 
элементов, схема расчета, уплотнитель, матрица, порошковый материал
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      (3)

where   is the differential operator; 

– the displacement approximation equation within 
the element nodes is given by:

         (4)

– the contact conditions in the “compact–die” sys-
tem, considering frictional forces at the contact surface:

        (5)

The kinematic problem (contact condition), which 
refers to the necessary unilateral boundary conditions, 
is taken into account in the analysis and model con-
struction [11]. For a rigid die, these conditions can be 
formulated as “impermeability conditions”:

              (6)

              (7) 

In equations (1)–(7), the parameters are defined 
as follows: {σ}, {ε} – tensors of residual stresses and 
strains, respectively; {σ0} – stress tensor in the compact 
at the final moment of densification;  – displace-
ment vector of the element nodes on the friction surface 
(between the compact and the die at initial and final 
moments); [B], [N] – the elastic constant matrix of the 
compact material and the shape function of the finite 
element, determined based on [12]; {F}f – friction force 
acting on the uniform contact surface; {x} – displace-
ment vector of the finite element nodes; f – friction 
coefficient; {σn}Sf – normal stresses at the “compact–
die” contact surface; x, T, δ – operators of multiplica-
tion, transposition, and variation, respectively.

Considering equations (2)–(4), equation (1) can be 
rewritten in the standard form for the finite element 
method:

    (8)

where [K] is the global stiffness matrix [11];  
 

 is the nodal force vector arising 
from the presence of stresses {σ0} in the compact;  
 

[B] = [L][N];   is the nodal forces  
 
dependent on frictional forces.

Thus, the problem formulated in equations (1)–(7) 
is reduced to solving the system of linear algebraic 
equations (8), considering the displacement of finite 
element nodes [13].

However, due to the uncertainty of vector {R}f  , 
the problem is generally nonlinear. Therefore, an itera-
tive method is proposed, based on sequential solutions 
of classical elasticity theory with friction force correc-
tions and validation of constraints (6) and (7) at a spe-
cific stage.

At the first step, the nodal force vector  and 
the friction force {R}f  are applied to the element nodes, 
using the normal stress distribution in the zone {σ0}. 
Solving equation (8) yields the components {x}, {σ}, 
{g} of the stress-strain state of the compact, correspon-
ding to the removal of the upper punch under the influ-
ence of frictional forces initially acting on the briquette 
surface [14]. By adjusting the friction force vector 
{σ}1 to match the updated normal stresses, the proce-
dure is repeated until the desired accuracy is achieved. 
Furthermore, as numerical experiment indicates, it 
is advisable to verify connectivity conditions, while 
the “impermeability” conditions (6) and (7) remain 
satis fied throughout the solution process. Ultimately, 
after removing the externally applied pressing forces 
from the initial stress state {σ0}, the residual stress 
distribution and strain state of the compact are 
obtained [15].

In solving the stated problem, the input data con-
sisted of a previously known stress distribution in 
the compacted briquette. Such data can be obtained 
from several widely established methodologies, partic-
ularly for cold pressing in rigid dies [16; 17]. A similar 
approach was applied in our study.

For example, for H0 /D = 1.5, where H0 is the height 
of the compressed cylinder and D is its diameter 
(Fig. 1), the stress-strain state of a proportionally 
cylindrical seal for a gas compressor unit was inves-
tigated [18]. The semi-finished product was obtained 
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by pressing an iron-based composite powder contain-
ing 2 wt. % graphite powder under a maximum pres-
sure of Р = 1000 using a punch.

The friction coefficient was determined from 
the following relationship

          (9)

where А and В are material constants, and  is the mean 
pressure in the elements of the contact layer.

In the calculations, the average values of the mate-
rial’s elastic constants were used for the entire volu me 
of the compact: Young’s modulus Е = 4 GPa and 
Poisson’s ratio v = 0,4. 

The discretization of the axisymmetric preform 
was performed using circular elements of triangular 
cross-section. The finite element mesh was refined in 
regions with the highest stress concentrations, spe-
cifically on the lateral surface and the free end of the 
compact [19].

A stress-strain state analysis was conducted for 
different force conditions at the “compact–rigid 

die” contact interface (Fig. 2, a, b): for high-friction 
conditions, where the axial displacement of points 
on the compact’s contact surface was restricted, i.e. 

 = 0 and for friction defined by equation (5),  
 

where  is infinite.

Fig. 2 illustrates the “natural” shape of the preform 
after unloading. The dashed lines represent certain sec-
tions of the compact before unloading, while the dotted 
lines indicate the positions of the finite element nodes 
of the same sections after punch removal.

The calculations show that stress redistribution is 
often accompanied by the development of internal ten-
sile stresses [20]. For example, in the zone I elements, 
we have σ1 > 0, while in the shaded zone II – σ1 > 0, 
σ0 > 0, (see Fig. 2, a), where σ1 is the highest stress in 
the rz-plane, and σ0 is the mean normal stress (I – com-
pression zone). 

In the elements of the surface layer, both radial 
stress (σT ) and circumferential stress (σφ ) were posi-
tive. Curves 1, 2 in Fig. 2 represent variations in 
these stresses along the free end surface of the seal. 
The stress state of the briquette is characterized by 
a well-developed σ1 > 0 zone under unloading condi-
tions close to real scenarios, by stress concentration 
σ1 > 0, σ0 > 0, in the closed “corners” of the compact, 
and by the occurrence of tensile stresses σφ in the late-
ral layer of the open end (Fig. 2, c).

To assess the strength of the compact after elastic 
unloading, the Mirolyubov criterion is used in the fol-
lowing form [21]:

             (10)

where σi is the stress intensity, and   are 
the boundary stresses under simple tension and com-
pression conditions. 

Fig. 3 shows the distribution of residual equivalent 
stresses σe under unloading conditions at λ = 0.15 [22]. 
The highest stress concentration in the compact occurs 
in the bottom volume after punch removal: tensile 
stresses develop in the wall layers, while compressive 
stresses dominate in the central region.

In these regions, the stress state is close to the criti-
cal limit and may lead to either hidden or visible failu re, 
such as rupture of the “terminal layer” or delamination 
of the lateral surface [23].

It should be noted that the results of the numerical 
investigations are also applicable to low-modulus pow-
der materials compacted in massive dies.

Fig. 1. Calculation scheme
1 – rigid die, 2 – compact, 3 – mesh 

Рис. 1. Схема расчета
1 – жесткая матрица, 2 – прессовка, 3 – сетка
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Conclusion Conclusion 
The finite element analysis established the stress-

strain state of the compact at the final stage of cold 
pressing. This problem was reduced to solving a sys-
tem of linear algebraic equations while accounting for 
the displacement of finite element nodes. It was revealed 
that the highest stress concentration in the compact 
occurs in the bottom volume after punch removal, 
with tensile stresses in the wall layers and compressive 
stresses in the central part of the compact.
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Abstract. The crystalline structure of carbon fibers (CF) based on polyacrylonitrile (PAN) and viscose precursors, treated in the tempe-

rature range of 1500 to 2800 °C, was studied using X-ray diffraction analysis and Raman spectroscopy. The objective of the study 
was to obtain data on the structure of low-modulus viscose-based fibers, which are widely used as fillers in composite mate-
rials, and to compare the characteristics of CF derived from different precursors. An empirical dependence of the intensity ratio 
of the D and G lines (ID /IG ) of the Raman spectra on the treatment temperature was established for carbon fibers based on viscose 
and PAN. The crystallite sizes La and Lc of both types of CF obtained at different treatment temperatures were evaluated. It was 
revealed that as the treatment temperature increases, the crystallite sizes La and Lc grow, while the interlayer spacing d002  decreases, 
indicating an increase in the degree of graphitization. It was found that viscose-based carbon fibers exhibit a less ordered crystalline 
structure compared to PAN fibers processed under the same conditions. Additionally, the true density and elastic modulus of viscose-
based CF were investigated, showing lower values than those of PAN fibers treated at the same temperature. These differences in 
the properties and structure of CF are attributed to the microtextured nature of viscose fibers. However, during treatment at 2800 °C, 
CF undergo partial graphitization, which significantly reduces structural differences between fibers of both types. Nevertheless, 
despite the similarity in crystalline structure, viscose-based CF, even after high-temperature treatment, does not become analogous 
to PAN-based fibers. 
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Аннотация. Методами рентгеновского дифракционного анализа и спектроскопии комбинационного рассеяния проведено иссле-

дование кристаллической структуры углеродных волокон (УВ) на основе полиакрилонитрила (ПАН) и вискозы, обрабо-
танных в диапазоне температур от 1500 до 2800 °С. Целью исследования было получение данных о структуре низкомо-
дульных волокон на основе вискозы, имеющих широкое применение в качестве наполнителей композиционных материалов, 
а также сравнение характеристик УВ на основе разных прекурсоров. Получена эмпирическая зависимость отношения интен-
сивностей линий D и G (ID /IG ) спектров комбинационного рассеяния от температуры обработки для углеродных волокон 
на основе вискозы и ПАН. Проведена оценка размеров кристаллитов (La и Lc ) обоих типов УВ, полученных при различных 
температурах обработки. Выявлено, что с ростом температуры обработки волокон происходит увеличение размеров кристал-
литов La и Lc , а межслоевое расстояние (d002 ) уменьшается, что указывает на повышение степени графитации. Установлено, 
что углеродные волокна на основе вискозы имеют менее совершенную кристаллическую структуру по сравнению с ПАН-
волокнами, обработанными в тех же условиях. Также были исследованы истинная плотность и модуль упругости УВ на 
основе вискозы, у которых оказались более низкие значения, чем у ПАН-волокон с той же температурой обработки. Данные 
различия в свойствах и структуре УВ обусловлены микротекстурированностью вискозного волокна. Однако в процессе 
обработки при температуре 2800 °С УВ претерпевают частичную графитацию, что в значительной степени нивелирует 
структурные различия между волокнами обоих видов. Тем не менее, несмотря на сходство кристаллической структуры, УВ 
на основе вискозы даже после высокотемпературной обработки не становятся аналогом ПАН-волокна.  

Ключевые слова: углеродные волокна, рентгенофазовый анализ, рамановская спектроскопия
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IntroductionIntroduction
The development of carbon fiber-reinforced 

plastics has led to the production of a wide range 
of carbon fibers (CF) [1–6]. The existing classifica-
tion divides all CF into several types based on their 
modulus: low-modulus (30–100 GPa), intermediate-
modulus and high-strength (200–350 GPa), high-
modulus (350–500 GPa), and ultra-high-modu-
lus (500–1000 GPa) [6–11]. Another critical factor in 
classifying fibers is the precursor type, which deter-
mines the crystalline structure of CF and, ultimately, its 
final properties [6–11]. Currently, nearly all commer-
cially produced CF are derived from three main precur-
sors: polyacrylonitrile (PAN), isotropic and mesophase 
pitches, and viscose [6–11].

The crystalline structure of PAN- and mesophase 
pitch-based CF has been extensively studied using 
X-ray diffraction, often in combination with Raman 
spectroscopy and electron microscopy [12–17]. 
However, the structure of viscose-based fibers remains 
underexplored. Existing data in early literature [18; 19] 
pertain to the technology for producing intermediate- 
and high-modulus viscose-based CF, developed over 
50 years ago in the United States. Studies on the crys-
talline structure of low-modulus (30–100 GPa) vis-
cose-based CF are extremely limited [20–22], despite 
their widespread use as fillers in composite materials 
for various applications.

The aim of this study was to investigate the crys-
talline structure of viscose-based carbon fibers and its 
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changes during high-temperature treatment, with a com-
parative analysis of similar data for PAN-based CF.

Materials and methodsMaterials and methods
For this study, semi-finished products of TGN-brand 

viscose-based CFs and UKN-type PAN-based CFs, 
both manufactured in the Russian Federation, were 
used. The samples were obtained by additional heat 
treatment (HT) of CF bundles in a laboratory Tammann 
furnace under argon atmosphere in a free state (without 
tension). The heating rate was 300 °C/h, and the dwell 
time at the target temperature was 20 min. The process-
ing temperature was monitored using a pyrometer.

The true density of the obtained CF samples was 
measured using the gradient tube method in accor-
dance with GOST R ISO 10119–2012. The average 
filament diameter, tensile strength, and dynamic elastic 
modulus of single filaments were measured accor ding 
to ASTM D4018–11. The physical and mechanical 
properties of CF were determined as averages from 
25 measurements of tensile strength and elastic modu-
lus, following GOST 6943.5–79 and GOST 28008–88.

Raman spectra of CF subjected to various HT 
temperatures (tHT ) were recorded from the late-
ral surface of filaments in the broad spectral range 
of 700–3000 cm−1 using a confocal Raman microspec-
trometer Via Reflex (Renishaw, UK) equipped with 
an optical microscope and a cooled CCD detector. 
The laser spot size at 100× magnification was 0.5 µm. 
The excitation source was a diode-pumped solid-
state Nd:YAG laser with a wavelength of 532 nm and 
a power of 1 mW.

In the first-order spectrum (1000–2000 cm−1), 
carbon materials, including CF, typically exhibit two 
characteristic bands [30; 31; 34]. One is the band 
at ν = 1580 cm−1, allowed by Raman scattering and 
corresponding to the ideal graphitic vibrational 
mode with E2g symmetry, often referred to as the G 
mode [23–27]. It is associated with in-plane vibrations 
of carbon atoms in graphene layers and relates to car-
bon atoms in an sp2-hybridized state. The other band, 
at ν = 1360 cm−1, is due to disordered carbon atoms, 
corresponds to lattice vibrations with A1g symmetry, 
and is called the D mode [23–27]. This mode is linked 
to carbon atoms in sp2- and sp3 hybridization states, 
typically localized at defects or the edges of graphene 
layers [23–27]. The D band is absent in monocrystal-
line graphite, and its increasing intensity is considered 
indicative of a higher content of disordered or periph-
eral carbon [23–27]. According to numerous studies, 
for crystallite sizes up to 2 nm, the ratio of the inte-
grated intensities of these bands (ID /IG ) depends 

on the defect concentration and follows the Ferrari 
equation [28; 30–32]. For crystallite sizes larger than 
2 nm, the ID /IG ratio is determined by the average dis-
tance between defects. In graphitizing carbon mate-
rials, it can characterize the average crystallite size 
(La ) using the Tuinstra-Koenig relation [29–31]. For 
the studied CF, La was calculated using the following 
equation: 

            (1)

where C(λ) is a constant dependent on the laser wave-
length. Thus, C(λ = 532 nm) is approximately equal 
to 4.4 nm [23; 24; 27].

The interpretation of the secondary 2D band 
(ν = 2700 cm–1) is more complex. This band appears 
at a sufficiently high degree of crystalline structure 
perfection and typically consists of several compo-
nents [24; 27]. However, for the purposes of this study, 
only the tHT (heat-treatment temperature) at which 
the 2D band appears was recorded.

X-ray phase analysis was conducted using 
a D8 Advance diffractometer (Bruker, Germany). 
A copper X-ray tube with a maximum power of 2200 W 
and CuKα radiation (λ = 0.15418 nm) was used as 
the X-ray source, in Bragg–Brentano geometry (reflec-
tion mode). X-ray diffraction patterns were recorded 
over the angular range of 2θ = 10÷90°, with a scanning 
speed of 2°/min and a step size of 0.02°. The fibers were 
placed on a low-background silicon holder, evenly dis-
tributed over its surface. Before each measurement, 
the tube and detector were initialized. The diffraction 
patterns were processed using the specialized TOPAS 
software. The absolute error in measuring the angu-
lar positions of diffraction peaks did not exceed 
±0.026° [33]. The interplanar spacing (d002) was calcu-
lated based on the center of gravity of the (002) peak 
using the Wulff–Bragg equation:

        (2)

where λ is the wavelength of the X-ray radiation and 
θ002 is the diffraction angle determined from the center 
of gravity of the (002) reflection. 

The crystallite sizes were calculated using 
the Scherrer formula:

         (3)

where β is the full width at half maximum (FWHM) 
of the (002) reflection, and k = 0.89 [32; 33].
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Results and discussionResults and discussion
Fig. 1 presents photographs of PAN- and viscose-

based CF filaments treated at processing temperatures 
tHT = 1200 and 2800 °С. It is evident that the micro-

structure of the fracture surface and the lateral surface 
of the filaments of the studied CF at tHT = 1200 °С show 
minimal differences. However, the fracture surface 
photographs of the CF after heat treatment at 2800 °С 
exhibit pronounced differences.

Fig. 1. Photographs of viscose-based CF (а, b) and PAN-based CF filaments (c, d) at
tHT = 1200 °С (а, c) and 2800 °C (b, d) 

Рис. 1. Фотографии филаментов УВ на основе вискозы (а, b) и ПАН (c, d) 
tТО = 1200 °С (а, c) и 2800 °С (b, d)
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The dependencies of the true density of CF filaments 
(γ, g/cm3) and the dynamic elastic modulus (E, GPa) 
on the processing temperature of the studied fibers are 
shown in Fig. 2. It can be seen that viscose-based fibers 
exhibit lower values of γ and Е compared to PAN-based 
CF across the entire range of tHT . Notably, the elastic 
modulus of viscose-based fibers is 4–5 times lower 
than that of PAN-based fibers throughout the tempera-
ture range.

Fig. 3 shows the X-ray diffraction patterns and 
Raman spectra of the studied CF with varying process-
ing temperatures, while Fig. 4 illustrates the depen-
dence of their crystalline structure parameters on tHT .

It is evident that the increase in intensity and narrow-
ing of the (002) diffraction line indicates an improve-
ment in the crystalline structure with increasing tHT 
for both viscose- and PAN-based CF (Fig. 3, a, b). 
The asymmetry of the diffraction peak can be effectively 
described by multiple structural components [34–35]; 
however, this study provides averaged data for one 
of these components.

In the Raman spectra of the studied CF (Fig. 3, c, d), 
the D and G bands become narrower with increasing tHT , 
and the relative intensity of the D peak decreases. After 
heat treatment at t ~ 1800 °C, the 2D peak appears, and 
its intensity relative to the G peak increases with rising 
processing temperature.

However, after heat treatment at 2800 °C, the diffe-
rences in the crystalline structure parameters of vis-
cose- and PAN-based CF become insignificant or dis-
appear entirely (see Fig. 3), except for the crystallite 
size La (see Fig. 4). 

Fig. 5 shows the dependencies of Raman spec-
troscopy parameters for viscose-based CFs (1) and 
PAN-based CFs (2) on the processing temperature.

It is evident that the positions and widths of the D 
and G bands systematically change with increasing 
tHT . In accordance with the results of previous studies, 
the dependence of the ID /IG parameter was previously 
used by us to evaluate the effective processing tempe-
rature of PAN-based CFs [36].

Using a similar approach, empirical expressions 
for determining the effective processing temperature 
(teff , °С) of PAN-based (4) and viscose-based (5) CFs 
were derived based on the obtained dependencies 
of the ID /IG parameter on tHT (see Fig. 5, а):

             (4)

              (5)

ConclusionConclusion
The results of the study indicate that viscose-

based carbon fibers (CFs) exhibit a significantly lower 
degree of crystalline structure perfection compared 
to PAN-based CFs across almost the entire range 
of heat treatment temperatures. However, high-tempe-
rature treatment at 2800 °C largely mitigates these dif-
ferences, suggesting partial graphitization of viscose-
based CFs. Nevertheless, as evidenced by the full set 
of obtained data, despite the similarity in most crys-
talline structure parameters, viscose-based CFs do not 

Fig. 2. Dependence of true density (a) and dynamic elastic modulus (b)  
on the processing temperature for viscose-based (1) and PAN-based (2) carbon fibers 

Рис. 2. Зависимость истинной плотности (а) и динамического модуля упругости (b)  
от температуры обработки УВ на основе вискозы (1) и ПАН (2)
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Fig. 3. X-ray diffraction patterns of CFs (а, b) based on PAN (a), and viscose (b),  
and Raman spectra of CFs (c, d) based on PAN (c), and viscose (d) 

Рис. 3. Рентгенограммы (а, b) и спектры комбинационного рассеяния (c, d) УВ на основе ПАН (а, c) и вискозы (b, d)
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Fig. 5. Dependence of Raman spectroscopy parameters for viscose-based CFs (1) and PAN-based CFs (2)  
on the heat treatment temperature 

Рис. 5. Зависимости параметров рамановской спектроскопии для УВ на основе вискозы (1) и ПАН (2)  
от температуры термообработки 

Fig. 4. Dependence of crystalline structure parameters on the processing temperature of fibers based on viscose (1) and PAN (2)
a – crystallite size La ; b – crystallite sizes Lc ; c – interlayer spacing d002 

Рис. 4. Температурные зависимости параметров кристаллической структуры волокон на основе вискозы (1) и ПАН (2)
а – размеры кристаллитов La ; b – размеры кристаллитов Lc ; c – межслоевое расстояние d002
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become equivalent to PAN-based CFs even after high-
temperature treatment. The elastic modulus of viscose-
based CFs does not exceed 100 GPa, which is over four 
times lower the elastic modulus of PAN-based CFs sub-
jected to identical treatment conditions. The true den-
sity of viscose-based CFs remains significantly lower 
compared to PAN-based CFs (see Fig. 2, a), indicating 
the distinctive nature of their porosity. 

These differences, in our view, can be attributed 
to the inherently low degree of microtexturing in 
viscose-based CFs compared to PAN-based CFs and, 
to an even greater extent, to mesophase pitch-based 
CFs [19; 37]. The closest counterpart to low-modulus 
viscose-based CFs are fibers produced from isotropic 
pitches [10], which similarly exhibit reduced true den-
sity and microtexturing. 

Based on previous studies [7; 22], which found no 
significant differences in the properties of the raw vis-
cose fibers used for CF production, it can be inferred 
that the low elastic modulus of the investigated viscose-
based CFs is primarily due to the absence of inten-
sive orientational stretching during the graphitization 
process.
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Abstract. The results of studies of thermophysical and operational characteristics of heat-resistant glass-ceramic coating on 12Cr18Ni10Ti 

steel in high-speed air plasma flow are presented. The coating was obtained using the slurry-firing technology. The heat treatment 
was carried out in air at 1400 K for 3 min. The structure of the coating is represented by a matrix based on barium silicate glass with 
Cr2O3 particles evenly distributed within it. The outer layer of the coating, ~3÷5 µm thick, contains many highly dispersed crystals of 
BaSi4O9 doped with Cr and Mo, indicating the surface glass phase crystallization. The heat capacity, thermal diffusivity and thermal 
conductivity of the coating in the temperature range of 293–573 K and at a pressure of 105 Pa vary in the ranges of 0.68–0.75 J/(g·K), 
0.47–0.43 mm2/s and 1.198–1.222 W/(m·K), respectively. The average values of coating’s specific mass loss and entrainment rates 
during air plasma flow at a velocity of ~3.5 km/s and heating of the surface to 1593 K were 7.2 mg/cm2 and 25.9 mg/(cm2·h). 
The spect ral emissivity of the coating at a wavelength of 890 nm and the rate of heterogeneous recombination of flux atoms and 
ions on its surface were 0.85±0.02 and 14±3 m/s. Glass phase provides effective protection of steel from high-temperature oxida-
tion and self-healing of defects. Refractory Cr2O3 particles along with surface’s glass phase crystallization increase the resistance 
of the coating to erosion entrainment in the high-speed air plasma flow, its emissivity and catalyticity. The reduction of the thermal 
conductivity of the coating to 0.04±0.01 W/(m·K) at a temperature of 1054±10 K and a pressure of ~200 Pa is experimentally estab-
lished and confirmed by numerical modelling. The explanation of the effect is presented. 

Keywords: glass enamel, glass-ceramic coating, heat resistance, oxidation, emissivity, catalyticity, gas dynamic tests, modeling
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Аннотация. Представлены результаты исследований теплофизических и эксплуатационных характеристик жаростой-

кого стеклокерамического покрытия на стали 12Х18Н10Т в скоростном потоке воздушной плазмы. Покрытие получали 
по шликерно-обжиговой технологии. Термическую обработку проводили на воздухе при температуре 1400 К в течение 
3 мин. Структура покрытия представлена матрицей на основе бариевосиликатного стекла с равномерно распределенными в 
нем частицами Cr2O3 . Наружный слой покрытия толщиной ~3÷5 мкм содержит множество высокодисперсных кристаллов 
BaSi4O9 , легированных Cr и Mo, свидетельствующих о поверхностной ситаллизации стеклофазы. Теплоемкость, температу-
ропроводность и теплопроводность покрытия в интервале температур 293–573 К при давлении 105 Па изменяются в диапа-
зонах 0,68–0,75 Дж/(г·К), 0,47–0,43 мм2/с и 1,198–1,222 Вт/(м·К) соответственно. Средние значения удельной потери массы 
и скорости уноса покрытия при обтекании воздушной плазмой со скоростью ~3,5 км/с и нагреве поверхности до 1593 К 
составили 7,2 мг/см2 и 25,9 мг/(см2·ч). Спектральная излучательная способность покрытия на длине волны 890 нм 
и скорость гетерогенной рекомбинации атомов и ионов потока на его поверхности составили 0,85±0,02 и 14±3 м/с. Стекло-
фаза обеспечивает эффективную защиту стали от высокотемпературного окисления и самозалечивание дефектов. Туго-
плавкие частицы Cr2O3 наряду с поверхностной ситаллизацией стеклофазы повышают сопротивление покрытия эрозион-
ному уносу в скоростном потоке воздушной плазмы, его излучательную способность и каталитичность. Экспериментально 
установлено и подтверждено численным моделированием снижение теплопроводности покрытия до 0,04±0,01 Вт/(м·К) при 
температуре 1054±10 К и давлении ~200 Па. Представлено объяснение эффекта.  

Ключевые слова: стеклоэмаль, стеклокерамическое покрытие, жаростойкость, окисление, излучательная способность, 
каталитичность, газодинамические испытания, моделирование
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IntroductionIntroduction
High-temperature gas corrosion of alloyed steels 

and nickel-based alloys is accompanied by the for-
mation of scale on their surface, consisting of phases 
with variable compositions, as well as internal oxi-
dation zones within the subscale layers. This process 
leads to the depletion of alloying elements, particu-
larly Nb, Mo, and W in alloys, and decarburization in 
steels [1; 2]. These changes in chemical composition, 
in turn, result in the degradation of the mechanical 
properties and operational performance of the mate-
rials. The challenges become significantly more severe 
when alloys are exposed to high-velocity flows of oxy-
gen-containing gases [3]. Under such conditions, oxi-
dation processes accelerate, leading to the degradation 
and delamination of the oxide films formed on the sur-
face. Additionally, the development of surface micro-
relief becomes more pronounced, resulting in increased 

roughness, corrosion-erosion pitting, and cavity forma-
tion. These factors, in turn, contribute to greater gas tur-
bulence in boundary regions and intensify the erosion-
induced material degradation. Protecting alloys from 
high-temperature gas corrosion and erosion using thin-
layer heat-resistant coatings is often the only viab le 
method to maintain their high-temperature strength and 
functional properties. For this purpose, silicate-based 
glass-ceramic and glass-crystalline coatings are widely 
employed.

The compositions of frits (granulated glass ena-
mels) for glass-ceramic coatings used to protect steels 
and nickel alloys from high-temperature gas corrosion 
ge  ne  rally contain the following main components, 
wt. %: 25–85 SiO2 , 20–50 BaO, 0–20 B2O3 , 0–5 Al2O3 , 
0–3 MgO, 0–5 CaO [4]. To improve the adhesion 
properties of the formed coatings, frits include small 
amounts of adhesion-promoting oxides such as CoO, 
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NiO, MnO, and MoO3 . To enhance the functional 
properties of the coatings (chemical resistance, ero-
sion resistance, blackness degree, heat reflectivity, 
etc.), fillers such as Cr2O3 , Al2O3 , TiO2 , ZrO2 , ZrSiO4 , 
SiB4 , SiC, and others are introduced either through 
the charge during frit production or as milling additives 
during slurry preparation.

At present, an extensive range of resource-efficient 
glass-ceramic coatings has been developed, ensu-
ring the operability of the studied materials at tem-
peratures of 1150–1373 K for prolonged periods and 
up to 1473 K for short-term exposure, including in 
high-speed aggressive gas flows [4–6]. Among these 
developments, the majority are heat-resistant coatings 
designed for the effective protection of components 
and assemblies of gas turbine engines and turbopump 
units [1; 6–11]. However, technical solutions aimed 
at improving the reliability of structural elements in 
li quid rocket engines (for manned and cargo spacecraft, 
space stations, etc.) remain relatively scarce [5; 12]. 
There are virtually no developments in the field 
of protecting heat-loaded components of airframes for 
high-speed maneuvering aircraft and their propulsion 
systems [13–15]. This is primarily due to tempera-
ture-time factors that significantly limit the applica-
bility of traditional structural materials in so-called 
hot structures. The challenge of ensuring short-term 
operability of steels and nickel alloys at temperatures 
of 1523–1573 K under high-speed flows (air, combus-
tion products) remains highly relevant.

A previous invention [15] described a heat-resistant 
glass-ceramic coating with enhanced resistance to ero-
sion in high-speed gas flows, providing effective pro-
tection of steels and nickel alloys during long-term 
operation at temperatures up to 1273 K (over 1000 h) 
and short-term exposure up to 1623 K (at least 15 min). 

The objective of this study was to investigate 
the thermophysical and operational characteristics 
of this coating under high-speed air plasma flow condi-
tions at surface temperatures reaching 1593 K.

1. Materials and methods1. Materials and methods
The starting components for frit production included 

silicon oxide (SiO2 ) powders (particle size <20 µm, 
purity 99.9 %), barium oxide (BaO) (<63 µm, 98 %), 
calcium oxide (CaO) (<63 µm, 98 %), chromium oxide 
(Cr2O3 ) (<10 µm, 99.9 %), aluminum oxide (Al2O3 ) 
(<10 µm, 98.5 %), cobalt oxide (CoO) (<45 µm, 
98 %), titanium oxide (TiO2 ) (<20 µm, 99.8 %), man-
ganese oxide (Mn2O3 ) (<20 µm, 99 %), molybdenum 
oxide (MoO3 ) (<3 µm, 99.9 %), and silicon tetrabo-
ride (SiB4 ) (<10 µm, 99.9 %). The components were 
mixed according to [15] and ground in a Pulverisette-5 

planetary mill (Fritsch, Germany) using a 500 mL ZrO2 
container for 180 min at a rotational speed of 400 rpm, 
with a mixture-to-grinding body mass ratio of 1:10. 
The prepared charge was placed into a 310 mL plati-
num crucible and melted at 1850 K for 100 min in an 
SVK-5163 resistance furnace (Russia) equipped with 
chromite-lanthanum heaters and a 3 L chamber volu-
 me. Granulation was performed by pouring the melt 
from the crucible into cold water.

The frit was dispersed in a high-energy ball mill 
“SamplePrep 8000 M-230” (Spex, USA) in a WC con-
tainer with a volume of 55 mL for 60 min at a recipro-
cating frequency of 1080 cycles/min with short lateral 
movements, and a frit-to-grinding media mass ratio 
of 1:5. The slurry composition was prepared by mix-
ing and wet milling the frit with kaolinite clay from 
the Chasov-Yar deposit, and water in the same mill 
for 90 min with a slurry-to-grinding media mass ratio 
of 1:3. The slurry's readiness was monitored by sieving 
it through a 63 µm mesh sieve with virtually no residue.

Austenitic stainless steel samples of grade 
12Cr18Ni10Ti (wt. %: C ~ 0.12; Cr ~ 18; Ni ~ 10; 
Ti ~ 0.8; Fe – balance) were used as substrates, shaped 
as U-shaped plates with dimensions of 30×30×0.8 mm 
and side heights of 10 mm, as well as cylindrical samp-
les with a diameter of 50 mm and a height of 30 mm. 
The sample surfaces were prepared using sandblas-
ting with electrocorundum particles sized 50–63 µm 
at a pressure of 5 atm, followed by ultrasonic clean-
ing in isopropyl alcohol. The slurry was applied 
to the samp le surfaces by spray coating using an air-
brush with a nozzle and needle diameter of 0.8 mm. 
The coated layers were dried under ambient condi-
tions with warm air (323 K) from a heater for 30 min. 
The firing process was conducted in a TK.4.1400.1F 
furnace (LLC Termokeramika, Russia) at a temperature 
of 1400 K for 3 min. The samples were then cooled in 
air at room temperature.

To determine the density and thermal diffusivity 
of the coating material, a compact sample with a dia-
meter of 12.37 mm and a thickness of 1.5 mm was 
fabricated from the frit. The frit powder was loaded 
into a graphite mold and consolidated using the spark 
plasma sintering method on the Labox-650 system 
(Sinter Land Inc., Japan). The process was carried out in 
a vacuum at a residual pressure of 40–50 Pa, a hea ting 
rate of 80 K/min, a temperature of 973 K, a pressure 
of 50 MPa, and an isothermal holding time of 20 min.

The density (ρ) was determined by the hydrostatic 
weighing method using GR-202 analytical scales (AND, 
Japan) with an accuracy of 10–4 g. The thermal diffu-
sivity (α) was measured using the laser flash method 
on the LFA447 NanoFlash device (Netzsch, Germany) 
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in a high-purity argon atmosphere of grade 6.0. The spe-
cific heat capacity (Cp ) was determined using a dif-
ferential scanning calorimeter DSC 204 F1 (Netzsch, 
Germany) at a heating/cooling rate of 5 K/min within 
the temperature range of 373–593 K under an argon 
flow of the same grade. The obtained data were pro-
cessed using the Proteus Analysis 6 software (Netzsch, 
Germany). Based on the results, the thermal conducti-
vity (λ) was calculated using the formula

            λ = αCp ρ. (1)

Gas-dynamic tests of the samples were conducted 
on an aerodynamic test stand equipped with an induc-
tion plasma torch, following the methodology described 
in [16]. The samples were positioned coaxially 
to the flow at a distance of 100 mm from the nozzle exit 
to the front surface of the coating. To determine the test 
parameters, a computational experiment was con-
ducted, with the mathematical formulation and results 
provided in Section 2.3. In this study, the test conditions 
included a stagnation temperature T0 ~ 6000÷6500 K, 
a Mach number М = 4.7, a speed of 3.54 km/s, and spe-
cific heat flux values qw ~ 15÷30 W/cm2. The bright-
ness temperature (Tb ) of the sample front surface was 
measured using the VS-CTT-285/E/P-2001 bright-
ness pyrometer (LLC Videoscan, Russia) at a wave-
length of 890 nm. Changes in the spectral emissivity 
of the samples during testing were assessed by analy-
zing the ratio of radiation intensities at the brightness 
and spectral temperatures, measured simultaneously 
using the USB2000+ spectrometer (Ocean Optics, 
USA) from the sample’s front surface. The thermo-
dynamic (true) temperature (Tw ) of the sample's front 
surface was determined by recalculating the brightness 
temperature measured by the pyrometer, accounting for 
the established variation in emissivity at a wavelength 
of 890 nm. The mass of the samples before and after 
fire testing was measured using the same analytical 
scales as in the hydrostatic weighing method.

The heterogeneous recombination rate cons tant 
of atoms and ions (Kw ) on the active centers of the 
coating surface was determined based on the diffe-
rence in the heat flux density between the reference 
and the investigated compositions, tested under iden-
tical conditions. Using parametric numerical model-
ing of the flow and heat transfer around the samples, 
the derivative dKw /dTb [16] was calculated [16]. 
The value of Kw for the investigated coating was deter-
mined based on the known value of Kws for the refe-
rence sample, the magnitude of dKw /dTb and the dif-
ference in brightness temperatures ΔTb of the thermally 
insulated investigated and reference samples, accor-
ding to the following formula [16]:

               (2)

The product of Kw and the concentration of atoms 
and ions n indicates the number of atoms and ions 
recombining on a unit surface of the coating per 
se cond. As reference samples, samples made of fibrous 
thermal protection material quartz TZMK-25 with 
a heat-resistant enamel coating EVCH-4M1U [17] 
were used, for which Kws = 0.1÷0.3 m/s at temperatures 
of 400–1550 K.

The chemical composition of the frit powder was 
determined using X-ray fluorescence (XRF) analysis on 
an ARL OPTIM’X wavelength spectrometer (Thermo 
Fisher Scientific, Switzerland), which does not allow 
for the identification of light elements such as boron, 
carbon, and oxygen.

X-ray diffraction (XRD) patterns were recorded 
using the Bragg–Brentano geometry on an ARL X’tra 
diffractometer (Thermo Fisher Scientific, Switzerland) 
equipped with a Peltier detector and a copper anode 
CuKα . The measurements were performed with a step 
size of 0.02° at a goniometer radius of 520 mm, 
at a scanning speed of 0.5 °/min, within the angular 
range of 2θ = 10÷90°. For qualitative phase analysis, 
the Crystallographica Search-Match software (Oxford 
Cryosystems, UK) and the ICDD PDF-2 database 
(2010) of standard X-ray patterns were used.

Microstructural studies were conducted using an 
EVO-40 scanning electron microscope (SEM) (Carl 
Zeiss, Germany), equipped with an X-Max 50 energy-dis-
persive X-ray spectrometer (EDS) (Oxford Instruments, 
UK). Imaging was performed in both se con dary and 
backscattered electron modes. Quantitative information 
on the local elemental composition of the phases was 
obtained using EDS at an accelerating voltage of 15 kV 
and a probe current of 0.5–1.5 nA. For the preparation 
of metallographic sections, precision equipment from 
Struers (Denmark) was used.

2. Results and discussion2. Results and discussion

2.1. Composition, structure,  2.1. Composition, structure,  
and properties  and properties  

of the glass-ceramic coatingof the glass-ceramic coating
The chemical composition of the melted frit, 

expressed in terms of oxides (wt. %), is as follows): 
BaO – 34.4; SiO2 – 30.9; Cr2O3 – 22.3; CaO – 3.5; 
TiO2 – 2.1; CoO – 1.9; MnO – 1.9; Al2O3 – 1.6; MoO3 – 
1.4. X-ray phase analysis revealed that Cr2O3 is the only 
crystalline phase in the frit, exhibiting rhombohedral 
symmetry with unit cell parameters of a = 0.49553 nm 
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and c = 1.3581 nm. The absence of other crystalline 
phases, particularly SiO2 , suggests that the synthesized 
barium silicate glass is in an X-ray amorphous state. 
The composition of the resulting frit meets the concent-
ration limits specified in the invention [15].

Fig. 1 presents the microstructures of the cross-
section and surface of the glass-ceramic coating 
on 12Cr18Ni10Ti steel, shown in reflected and secon-
dary electron images, characteristic X-ray radiation 
of elements, and a multilayer composite image created 
by combining electron micrographs and X-ray maps. 
The coating exhibits a heterogeneous structure, con-
sisting of a barium silicate glass matrix with uniformly 
distributed Cr2O3 particles, with a size of no more than 
10 µm. The coating thickness is 50±5 µm. The structure 

of the coating reveals the presence of sporadic pores 
and gas bubbles (Fig. 1, a, b) ranging from 4–6 µm 
in size (occasionally up to 10 µm). Their formation 
occurs during the firing process and is associated with 
the encapsulation of gaseous reaction products within 
the viscous glass phase.

According to SEM and EDS data, the formation 
of the coating is accompanied by a decrease in Cr 
content and an increase in Fe, Ni, and Ti concentra-
tions in the surface layers of the substrate to a depth 
of 3–4 µm (Table 1). The glass phase near the “sub-
strate–coating” interface contains an increased pro-
portion of Cr2O3 , along with small amounts of iron 
and nickel oxides. According to [4], the dissolution 
of Cr2O3 in the glass ceases once its content reaches 

Fig. 1. Microstructure of cross section (а, c–h) and surface (b) of glass-ceramic coating  
in initial state on steel 12Cr18Ni10Ti: in reflected (а) and secondary (b) electrons; combined image (c);  

maps of element distribution in characteristic X-ray radiation: O  (d); Cr  (e); Si  (f); Ba  (g); Fe  (h) 

Рис. 1. Микроструктура поперечного сечения (а, c–h) и поверхности (b) стеклокерамического покрытия  
в исходном состоянии на стали 12Х18Н10Т: в отраженных (а) и вторичных (b) электронах;  
комбинированное изображение (c); карты распределения элементов в характеристическом  

рентгеновском излучении: O  (d); Cr  (e); Si  (f); Ba  (g); Fe  (h)
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approximately 2.5 wt. %. At a distance of 6–8 µm 
from the substrate interface, the glass phase acquires 
the characteristic chemical composition of the coating 
(Table 1). The presented data indicate that the enamel 
melt of the coating dissolves the primary scale that 
forms on 12Cr18Ni10Ti steel during the initial stage 
of firing. The formation of this scale occurs as oxy-
gen penetrates the substrate surface through through-
pores in the yet unmelted slurry layer. The dissolution 
of scale in the glass enamel during firing, along with 
the presence of adhesion-promoting oxides (CoO, 
MnO, and MoO3 ), contributes to improved adhesion 
between the coating and the substrate.

The coating surface is characterized by a glassy 
luster and a dark green color. The outer coating layer, 
approximately 3–5 µm thick, contains numerous highly 
dispersed crystals with a high content of Ba, Cr, and Mo 
(Table 1), indicating surface crystallization of the glass 
phase. This corresponds to the upward mass transfer 
of Ba2+, Cr3+, and Mo6+ cations towards the surface, 
mo ving opposite to the concentration gradient. The crys-
tal sizes range from 1.5–2.0 to 3–4 µm (Fig. 1, b).

According to X-ray diffraction analysis, the pri-
mary crystalline phase in the coating, as in the frit, is 
Cr2O3 with a rhombohedral crystal system. In addi-
tion, the presence of the BaSi4O9 phase with a trigonal 
structure and unit cell parameters of a = 1.1338 nm and 
c = 0.4548 nm was identified. The observed increase 

in these parameters compared to the reference values 
(a = 1.12469 nm and c = 0.44851 nm [18]) is likely due 
to the doping of the lattice with chromium and molyb-
denum cations, which is consistent with EDS data. 
Notably, the BaSi4O9 phase is known only as a high-
pressure polymorph [18], and its formation through 
surface crystallization of the glass phase requires 
further investigation. The absence of other crystalline 
phases indirectly suggests that the matrix phase based 
on barium silicate glass remains in an X-ray amorphous 
structure.

The average density of the coating, deter-
mined by the hydrostatic weighing method, was 
ρ = 3.813 g/сm3. Fig. 2 presents the thermophysical 
properties of the coating within the temperature range 
of 373–593 K. As the temperature increases, the heat 
capacity increases in a non-linear manner, while 
the thermal diffusivity decreases linearly. The latter 
behavior is typical for glass-ceramics and is attributed 
to increased phonon scattering with rising temperature. 
The coating exhibits relatively low heat capacity, with 
Cp = 0.68÷0.75 J/(g·K) within the temperature range 
of 373÷593 K. The thermal diffusivity of the coating 
decreases linearly from 0.47 to 0.43 mm2/s in the range 
of 293–573 K. Data approximation was performed using 
regression analysis in Microsoft Excel. The approxi-
mation results and their reliability (coefficient of deter-
mination R2) are shown in Fig. 2. The thermal con-

Table 1. Local chemical composition of areas on the cross section  
of 12Cr18Ni10Ti specimen with glass-ceramic coating in the initial state 

Таблица 1. Локальный химический состав областей на поперечном сечении образца  
из 12Х18Н10Т со стеклокерамическим покрытием в исходном состоянии

Spec t-
rum No. 

in Fig. 1, c
Analysis location

Element content

% O Ni Fe Cr Si Ba Mo Ca Co Mn Al Ti

1 5–7 µm from the coating 
interface wt. – 9.1 72.1 18.3 0.3 – – – – – – 0.2

2 2–3 µm from the coating 
interface wt. – 9.8 74.8 15.1 – – – – – – – 0.3

3 At the coating interface wt. – 10.0 77.5 10.4 0.2 – – – – – 1.2 0.6

4 Glass phase 2–3 µm from 
the substrate at. 57.5 0.4 3.8 5.0 19.4 9.2 0.2 1.5 0.7 0.8 1.4 –

5 Glass phase 6–8 µm from 
the substrate at. 62.0 – – 4.7 19.4 9.3 0.3 1.6 0.4 0.9 1.4 -

6 Glass phase 6–8 µm from 
the coating surface at. 61.2 – – 5.6 19.1 9.2 0.3 1.7 0.7 0.9 1.2 –

7
Outer coating layer

at. 57.7 – – 9.1 13.4 14.6 2.6 1.4 – – 1.2 –
8 at. 58.4 – – 11.1 13.8 11.2 1.7 1.3 0.6 0.8 1.1 –
9 at. 57.1 – – 8.3 16.5 12.5 1.2 1.8 0.6 0.8 1.2 –

10 Cr2O3 particle in the glass 
phase at. 61.9 – – 37.8 0.3 – – – – – – –
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ductivity of the coating, calculated using equation (1), 
shows minimal variation within the temperature range 
of 293–573 K and is λ = 1.21±0.012 W/(m·K).

2.2. Results of gas-dynamic testing 2.2. Results of gas-dynamic testing 
of the glass-ceramic coatingof the glass-ceramic coating

Samples made of 12Cr18Ni10Ti steel in the form 
of U-shaped plates with a glass-ceramic coa ting 
were sequentially installed into a cylindrical holder 
with a diameter of 50 mm, made of TZMK-25, 
flush with its end surface. A non-fired coating 
of the Si–TiSi2–MoSi2–TiB2–SiO2 system [19] was 
applied to the holder's end surface to enhance its ero-

sive resistance and increase its emissivity. The tests 
were carried out under stepwise gas-dynamic heating 
conditions using an air plasma flow, with the front 
surface temperature ranging from Tw = 1193÷1593 K. 
Typical fire test results are shown in Fig. 3, a as profiles 
of the brightness temperature (Tb ) and thermodynamic 
temperature (Tw ) at the critical point of the front sur-
face (curves 1 and 2), the preheater chamber pressure 
(P0 , curve 3) and the anode power input (Wa , curve 4). 
Fig. 3, b and c display photographs of the sample 
during testing and the coating's front surface after 
testing, respectively. The test series included five 
samples, and each fire test lasted 1000 s. The results 
exhibited good reproducibility, indicating the consis-

Fig. 2. Temperature dependencies of heat capacity (Cp ) and thermal diffusivity (α) of glass-ceramic coating 

Рис. 2. Температурные зависимости теплоемкости (Cp ) и температуропроводности (α) стеклокерамического покрытия

Fig. 3. Results of gas-dynamic tests of a specimen made of 12Cr18Ni10Ti steel with glass-ceramic coating (а), photo of the model 
during the test (b) and appearance of the specimen face in a holder made of TZMK-25 after its completion (c)

1 and 2 – brightness (Tb ) and thermodynamic (Tw ) temperature at the critical point of the coating face;  
3 – pressure in the heater prechamber (P0 ); 4 – anode input power (Wa )

Рис. 3. Результаты газодинамических испытаний образца из стали 12Х18Н10Т  
со стеклокерамическим покрытием (а), фотография модели в процессе испытания (b)  

и внешний вид лицевой стороны образца в державке из ТЗМК-25 после его окончания (c)
1 и 2 – яркостная (Tb ) и термодинамическая (Tw ) температуры в критической точке лицевой поверхности покрытия;  

3 – давление в форкамере подогревателя (P0 ); 4 – мощность питания анода (Wa )
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Fig. 4. Microstructure of cross section (а, c–h) and surface (b) of glass-ceramic coating on 12Cr18Ni10Ti steel after fire tests:  
in secondary electrons (а, b); combined image (c); maps of element distribution in characteristic X-ray radiation:  

O  (d); Cr  (e); Si  (f); Ba  (g); Fe  (h) 

Рис. 4. Микроструктура поперечного сечения (а, c–h) и поверхности (b) стеклокерамического покрытия 
на стали 12Х18Н10Т после огневого эксперимента: во вторичных электронах (а, b); комбинированное изображение (c);  

карты распределения элементов в характеристическом рентгеновском излучении:  
O  (d); Cr  (e); Si  (f); Ba  (g); Fe  (h)

tency of the physico-chemical processes occurring in 
the coating during its interaction with the air plasma, as 
well as the low magnitude of random errors. The aver-
age specific mass loss and erosion rate of the coating 
during the tests were determined to be 7.2 mg/cm2 and 
25.9 mg/(cm2·h), respectively. Throughout the fire tests, 
the spectral emissivity of the coating at a wavelength 
of 890 nm remained nearly constant at ε = 0.85±0.02. 
The high degree of blackness of the coating is mainly 
attributed to the presence of numerous Cr2O3 particles 
within the structure, which exhibit a high emissivity 
(ε = 0.9). Additionally, surface crystallization contrib-
utes to enhanced radiation effects at interfacial irregu-
larities. The stability of the emissivity value through-

out the test confirms the high thermochemical stability 
of the coating.

Fig. 4 presents the microstructures of the cross-
section and surface of the glass-ceramic coating on 
12Cr18Ni10Ti steel after the fire test, shown as secon-
dary electron images, characteristic X-ray radiation 
element maps, and a multilayer composite image.

The coating surface retained its gloss and dark 
green color. The structure of the outer layer con-
sists of BaSi4O9 phase crystals, whose size increased 
to 10–15 µm (Fig. 4, b) compared to the initial state 
(Fig. 1, b). Their growth is likely due to recrystalliza-
tion via the Ostwald mechanism.
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The coating exhibits a heterogeneous, low-porosity 
structure, comprising a glass phase, Cr2O3 and BaSi4O9 
particles, as well as spinel particles of complex com-
position (Fe,Co,Ni,Mn)O·(Cr,Fe,Mn,Co)2O3 , which 
are located within a zone extending up to 10–15 µm 
from the substrate interface (Fig. 4, c). The iron oxide 
content in the glass gradually decreases with distance 
from the substrate (Table 2). At the substrate-coating 
interface, an interface layer with a thickness of appro-
ximately 1.5–2.5 µm is formed, based on iron chro-
mite FeO·(Cr,Fe)2O3 (Fig. 4, c, Table 2). In the sur-
face layers of the substrate, up to a depth of 5–6 µm, 
a significant decrease in Cr content is observed, 
accompanied by an increase in Ni and Fe concentra-
tions. In the FeO·(Cr,Fe)2O3 phase, iron is present in 
excess, allowing for its unrestricted diffusion through 
the sublayer, as evidenced by the presence of iron in 
the glass phase. Nevertheless, the sublayer acts as 
a diffusion barrier, reducing the intensity of compo-
nent mass transfer. The oxidation of the substrate’s 
surface layer and the cations diffusing from the alloy 
into the coating primarily occurs due to the transport 
of oxidizing agents through discontinuities and defects 

in the coating, along the interfaces of the glassy matrix 
and the mentioned particles. The presence of variable-
valence cations (Fe, Co, Mn, Mo) in the coating pro-
motes oxygen absorption from the gas flow.

According to X-ray diffraction analysis, the main 
crystalline phases in the coating after testing, as in 
the initial state, are Cr2O3 with a rhombohedral crys-
tal system and BaSi4O9 with a trigonal structure. 
Additionally, a small amount of Fe3O4 (magnetite) phase 
in an orthorhombic modification with unit cell parame-
ters a = 0.5912 nm, b = 0.5945 nm, and c = 0.8388 nm 
was detected, which correlates well with the SEM 
and EDS results. The narrowing and increased inten-
sity of diffraction reflections from the BaSi4O9 phase 
indicate the gradual progression of crystallization into 
the coating depth. The absence of other crystalline 
phases indirectly suggests that the barium silicate glass 
matrix phase retains its X-ray amorphous state.

Based on the results of the conducted tests and 
the presented research data, it can be concluded that 
the protective properties of the coating remain intact. 
The glass phase effectively shields the substrate from 

Table 2. Local chemical composition of areas on the cross section  
of 12Cr18Ni10Ti sample with glass-ceramic coating specimen after the fire experiment 

Таблица 2. Локальный химический состав областей на поперечном сечении образца  
из 12Х18Н10Т со стеклокерамическим покрытием после огневого эксперимента

Spect-
rum No. 

in Fig. 4, c
Analysis location

Element content

% O Ni Fe Cr Si Ba Mo Ca Co Mn Al Ti

1 7–9 µm from the coating 
interface wt. – 9.1 72.7 17.8 0.4 – – – – – – –

2 3–5 µm from the coating 
interface wt. – 11.2 75.6 13.0 0.2 – – – – – – –

3 1–2 µm from the coating 
interface wt. – 19.2 73.1 7.7 – – – – – – – –

4 At the coating interface wt. 5.0 18.2 65.4 11.0 – – – – – – – 0.3

5 Intermediate layer based 
on FeO·(Cr,Fe)2O3 spinel at. 56.7 – 14.1 24.3 2.9 1.0 – 0.1 – – 0.2 0.6

6
Spinel (Fe,Co,Ni,Mn)O×

×(Cr,Fe,Mn,Co)2O3 in the glass 
phase

at. 56.5 1.0 7.6 17.5 6.0 2.6 – 0.4 4.9 3.1 0.5 –

7 Cr2O3 particle in the glass 
phase at. 59.1 – – 40.1 0.5 – – – – – 0.2 –

8 Glass phase at a distance 
of 3–4 µm from the substrate at. 60.2 – 6.7 4.4 17.5 7.4 0.2 1.1 0.5 0.4 1.0 0.6

9 Glass phase at a distance 
of 7–8 µm from the substrate at. 59.1 0.3 5.2 3.0 19.5 8.3 0.2 1.3 0.7 0.9 1.4 –

10 Glass phase at a distance 
of 18–20 µm from the substrate at. 59.9 – 4.5 2.8 20.5 8.6 0.2 1.3 – 0.7 1.5 –

11 Glass phase at a distance 
of 30–32 µm from the substrate at. 63.1 – 3.0 0.5 20.6 8.3 0.3 1.3 0.3 0.7 1.9 –
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high-temperature oxidation and facilitates self-healing 
of defects. The presence of refractory Cr2O3 particles 
(melting point Tm = 2708 K), together with the surface 
crystallization of the glass phase, enhances the coa-
ting's resistance to erosion in high-speed gas flows and 
improves its emissivity.

To evaluate the thermal conductivity and catalytic 
activity of the coating, an additional gas-dynamic 
expe riment was conducted using a cylindrical sam-
ple made of 12Cr18Ni10Ti steel, with a diameter 
of 50 mm and a height of 30 mm, serving as a calorim-
eter. A coa ting with a thickness of 120±5 was applied 
to the end surface of the sample. Three chromel-alumel 
(type K) thermocouples (TCs) were welded to the side 
surface of the cy linder at distances of 0.2 mm (TC1), 
5.0 mm (TC2), and 14.5 mm (TC3) from the coated end. 
The sample was placed in a graphite holder with a dia-
meter of 70 mm and a height of 102.5 mm, flush with its 
end surface, and insulated from it using a spacer made 
of the thermal protection material quartz TZMK-25, 
with a diameter of 60 mm and a height of 40 mm. A non-
fired coating of the Si–TiSi2–MoSi2–TiB2–SiO2 sys-
tem [19] was applied to the holder’s surface to enhance 
its oxidation resistance.

The typical fire test conditions for the calorimeter 
cylinder are presented in Fig. 5 as profiles of bright-
ness temperature (Tb ) and thermodynamic temperature 
(Tw ) at the critical point of the front surface (curves 1 
and 2), preheater chamber pressure (P0 , curve 3), 
anode power input (Wa , curve 4), and thermocouple 
readings (TC1, TC2, and TC3; curves 5–7). The figure 
also includes a photograph of the sample after 7 test 

cycles conducted under this mode, with a total dura-
tion of 25 min. The average values of the specific mass 
loss and erosion rate of the coating after 7 test cycles 
were determined to be 2.8 mg/cm2 and 6.7 mg/(cm2·h), 
respectively. The coating retained its performance 
characteristics.

The thermal conductivity of the coating was deter-
mined based on the heat flux through it and the tempe-
rature gradient. The thermodynamic surface temperature 
of the coating was obtained by recalculating the bright-
ness temperature measured by a pyrometer, taking 
into account the established emissivity of ε = 0.85 
at a wavelength of 890 nm. The temperature beneath 
the coating was determined from the TC1 thermo-
couple readings, with a correction applied based on its 
placement. The heat flux through the coating was cal-
culated from the heating rate of the sample. As shown 
in Fig. 5, the coating demonstrates exceptionally low 
thermal conductivity under these conditions. The sur-
face temperature of the coating, Tw ~ 1054±10 K, 
is reached within the first Δτ1 ~ 25 s from the start 
of the experiment and remains more than 375 K higher 
than the substrate temperature even after Δτ2 ~ 185 s 
of heating. This corresponds to a thermal conducti-
vity value of λ = 0.04±0.01 W/(m·K) at a temperature 
of Tw ~ 1054 K and a pressure of P = 214.8 Pa, which 
is 30.25 times lower than the value measured at tem-
peratures of 293–573 K and pressure P = 105 Pa (see 
Section 2.1). The results demonstrated high reprodu-
cibility in subsequent test cycles under identical con-
ditions. To determine the operating parameters and 
confirm the observed reduction in thermal conducti-

Fig. 5. Results of gas-dynamic tests of calorimeter sample made of 12Cr18Ni10Ti steel  
with glass-ceramic coating and its appearance after 7 test cycles

1 and 2 – brightness (Tb ) and thermodynamic (Tw ) temperature at the critical point of the coating surface;  
3 – pressure in the heater prechamber (P0 ); 4 – anode input power (Wa ); 5–7 – thermocouples readings TC1, TC2 and TC3 

Рис. 5. Результаты газодинамических испытаний образца-калориметра из стали 12Х18Н10Т со стеклокерамическим 
покрытием и его внешний вид после 7 циклов испытаний

1 и 2 – яркостная (Tb ) и термодинамическая (Tw ) температуры в критической точке лицевой поверхности покрытия;  
3 – давление в форкамере подогревателя (P0 ); 4 – мощность питания анода (Wa ); 5–7 – показания термопар ТП1, ТП2 и ТП3
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vity, a computational simulation was performed (see 
Section 2.3), with further analysis of the observed 
effect provided in Section 2.4.

A significant contribution to the heat flux under 
non-equilibrium exposure to air plasma may be due 
to the heterogeneous recombination of atoms and ions 
in the flow. Therefore, catalytic activity is an important 
property of high-temperature materials and coatings. 
To assess the catalytic activity of the glass-ceramic 
coating, a TZMK-25 cylinder with the reference heat-
resistant coating EVCh-4M1U was installed alongside 
the steel calorimeter cylinder in the thermal conducti-
vity measurement setup. Under identical gas-dynamic 
conditions, the average brightness temperature 
of the reference coating was 1227 K, while the effec-
tive brightness temperature of the tested coating, cal-
culated based on the total heat flux to the steel cylinder, 
was 1365 K. The heterogeneous recombination rate 
constant of the glass-ceramic coating, calculated using 
equation (2), was determined to be Kw = 14±3 m/s. 
This categorizes the tested coating as moderately 
catalytic, in contrast to highly catalytic coatings and 
oxide films in the HfB2–SiC–HfO2–ZrO2–Y2O3 system 
(Kw = 23 m/s [20]), ZrO2–Y2O3 (Kw = 33 m/s [16]), and 
HfO2 (Kw = 32.5 m/s [16]). The relatively high Kw value 
of the tested coating compared to the reference coa-
ting (Kws = 0.1÷0.3 m/s) is attributed to the significant 
hete rogeneity of its structure, characterized by the pre-
sence of numerous primary (Cr2O3 ) and secondary 
(BaSi4O9 ) phase particles (see Section 2.1). This struc-
tural hete rogeneity increases the number of active sites 
on the coating surface, where recombination of atoms 
and ions from the plasma flow occurs.

2.3. Numerical simulation  2.3. Numerical simulation  
of flow around and unsteady heating  of flow around and unsteady heating  

of the cylinderof the cylinder
To refine the conditions of the fire test, numerical 

simu lation of the flow around and heat transfer of the cal-
orimeter cylinder in the working section of the setup was 
carried out, taking into account the reaction kinetics 
of dissociation and exchange processes in an 8-compo-
nent mixture: О2 , N2 , О, N, NO, O+, NO+, e–. The gas 
mixture flow was modeled based on the Navier–Stokes 
equations, which describe the conservation laws of mass, 
momentum, and energy. It was assumed that the heat 
flux vector q includes three components: the conductive 
component, governed by Fourier's law, the convective 
component, caused by shear stress forces, the diffusive 
component, described as follows:

              (3)

where λ is the thermal conductivity coefficient; τ is 
the viscous stress tensor; V is gas velocity vector; hi is 
the specific enthalpy of the i-th component, and Ii is 
the diffusion flux vector of the i-th component.

The diffusion vector was determined using Fick's 
law:

          (4)

where Di is the diffusion coefficient of the i-th compo-
nent, and gi is the mass fraction of the i-th component 
in the mixture.

The continuity equation for the i-th component 
in the mixture, accounting for mass sources and diffu-
sion, is written as follows:

       (5)

Here, ωi represents the mass formation rate of the com-
ponent per unit volume due to chemical reactions:

  (6)

where  ,  are the stoichiometric coefficients 
of the reactants and products in the s-th chemical 
reaction.

The reaction rate constants were determined using 
the Arrhenius equation [21], considering the kinetic 
scheme presented in Table 3:

        (7)

where the subscripts f and r correspond to the forward 
and reverse reactions, respectively.

The system of equations was closed using the equa-
tion of state for the gas mixture:

            (8)

The specific static enthalpy of the component is 
given by:

      (9)

Here, h0i is the specific enthalpy of formation of the i-th 
component, and eiv is the energy associated with 
the vibrational degree of freedom:
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              (10)

where Θi is the characteristic vibrational temperature 
of the i-th component molecule.

When calculating the thermodynamic proper-
ties of the gas mixture, it was assumed that for each 
chemical component, thermodynamic equilibrium 
exists between translational, rotational, and vibrational 
degrees of freedom of the molecules. The primary tem-
perature dependencies of the gas-dynamic and thermo-
physical parameters for each component were taken 
from references [21; 22].

It is worth noting that to reduce computational time 
and resource consumption, a decoupled approach was 
used instead of a fully coupled solution for the external 
flow around and unsteady heating of the solid structure. 
The effectiveness of this approach has been confirmed 
in [23].

The study of the external flow around the cylinder 
with a glass-ceramic coating was carried out using 
a computational grid of the working section, consisting 
of approximately 0.3 million cells. Mesh refinement 
was applied in the near-wall regions and near the outer 
boundary of the shock layer. A two-dimensional axi-
symmetric laminar flow of the gas mixture was simu-
lated. At the inlet of the computational domain, the total 
pressure was set to P0 = 4667.7 Pa. The temperature 
was selected to match the test conditions, ensuring that 
the average total temperature in the preheater chamber 
fell within the range of T0 ~ 6000÷6500 K. In the initial 
approximation, the mass fractions of oxygen and nitro-
gen were set as follows: g(O2 ) = 0.23, g(N2 ) = 0.77. 
In subsequent calculations, the mass fractions 
of the components were refined for greater accuracy.

The boundary conditions at the outlet of the compu-
tational domain (outlet pressure Pout ) were set to estab-
lish a steady-state flow regime. Radiative heat trans-
fer was applied as a boundary condition on the model 
surface, with the surface emissivity assumed to be 

Table 3. Kinetic model for an eight-component gas mixture 
Таблица 3. Кинетическая модель для восьмикомпонентной газовой смеси

No. Chemical reaction equation Af  ,
(cm3/mol)n–1/s Bf Cf  , K

Ar ,
(cm3/mol)m–1/s Br Cr , K

1 N2 + N ↔ N + N + N
3.00·1022 –1.60 113 200 4.351·1019 –1.24 0

2 N2 + O ↔ N + N + O
3 N2 + N2 ↔ N + N + N2

7.00·1021 –1.60 113200 1.015·1019 –1.24 04 N2 + O2 ↔ N + N + O2

5 N2 + NO ↔ N + N + NO
6 N2 + e– ↔ N + N + e– 1.20·1025 –1.60 113 200 1.740·1022 –1.24 0
7 O2 + N ↔ O + O + N

1.00·1022 –1.50 59 750 5.856·1019 –1.19 0
8 O2 + O ↔ O + O + О
9 O2 + N2 ↔ O + O + N2

2.00·1021 –1.50 59 750 1.171·1019 –1.19 010 O2 + O2 ↔ O + O + O2

11 O2 + NO ↔ O + O + NO
12 NO + N ↔ N + O + N

1.10·1017 0 75 500 2.485·1015 0.27 013 NO + O ↔ N + O + O
14 NO + NO ↔ N + O + NO
15 NO + N2 ↔ N + O + N2 5.00·1015 0 75 500 1.129·1014 0.27 0
16 NO + O2 ↔ N + O + O2

17 NO + O ↔ N + O2 2.80·109 1.00 20 000 1.100·1010 1.00 4000
18 N2 + O ↔ NO + N 2.00·1012 0.50 38 000 4.400·1011 0.50 0
19 N + O ↔ NO+ + e– 2.56·1012 0 32 200 6.700·1021 –1.50 0
20 NO+ + N ↔ O+ + N2 3.40·1013 –1.08 12 800 1.028·1013 –0.88 0
21 O + e– ↔ O+ + e– + e– 3.90·1033 –3.78 158 500 3.686·1044 –5.89 0
22 NO + e– ↔ NO+ + e– + e– 6.50·1023 –1.68 107 370 4.384·1036 –4.11 0
23 NO+ + O ↔ NO + O+ 1.82·1013 0 50 130 1.967·1012 0.12 0

Powder Metallurgy аnd Functional Coatings. 2025;19(1):40–57 
Astapov A.N., Zhestkov B.E., Rtishcheva A.S. Research of heat-resistant glass-ceramic coating ...



52

ε = 0.85, and the external radiation temperature set 
equal to the wall temperature of the working sec-
tion, Tr = 300 K. The front surface of the model with 
the glass-ceramic coating was considered catalytic.

The primary calculations were conducted using 
the ANSYS Fluent software package (TsAGI license 
No. 501024), in which the described 8-component 
gas mixture model was implemented. The results 
of the flow simulation around the cylinder in the work-
ing section are shown in Fig. 6. The Mach number ahead 
of the shock wave reaches M = 4.7, and the plasma 
speed is 3.54 km/s. A curved shock wave forms at 
a distance of ∆x ~ 17 mm from the front surface 
of the cy linder, followed by a transition to subsonic flow, 
with a specific heat ratio γ = Cp /Cv = 1.29. The mass 
fractions of the main components in the incoming 
flow (at the nozzle exit) are as follows: g(O2 ) = 0.026;  
g(N2 ) = 0.727; g(O) = 0.135; g(N) = 0.023; g(NO) = 0.028;  

g(NO+) = 0.061; g(O+) = 0.325∙10–3; g(e–) = 1.767∙10–17. 
In front of the model, the gas temperature reaches 
T = 5613.2 K, and the pressure is P = 214.8 Pa.

The unsteady heating analysis of the cylinder with 
a glass-ceramic coating was conducted on a compu-
tational grid comprising ~0.9 million cells, with 
~0.04 million cells assigned to the coating layer with 
a thickness of 125 µm.

For the calculation of convective heat transfer 
to the model surface, a heat transfer coefficient profile 
was applied:
         (11)

where qw and Tw max represent the heat flux density and 
the surface temperature, respectively, obtained from 
the external flow simulation. Te is the temperature 
at the outer boundary of the boundary layer (considered 

Fig. 6. Main results of the cylinder’s external flow calculation
а – static temperature field (T, K); b – static pressure field (P, Pa);  
c – Mach number value field (M); d – mass fraction value field O 

Рис. 6. Основные результаты расчета внешнего обтекания цилиндра
а – поле статической температуры (T, К); b – поле статического давления (P, Па);  

c – поле значений числа Маха (М); d – поле значений массовой доли О
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equal to the adiabatic wall temperature and determined 
through an additional calculation assuming qw = 0 
on the model surface). The radiative heat transfer cal-
culation was performed using the same conditions as 
in the external flow around simulation. The initial tem-
perature of the entire solid structure (the cylinder with 
coating and thermal insulation of the lateral surfaces) 
was set to T0 = 291.7 K.

The thermophysical properties of the cylinder mate-
rial (12Cr18Ni10Ti steel) were taken from reference 
data [24]. For the glass-ceramic coating, the experimen-
tally obtained density value ρ = 3.813 g/cm3 and spe-
cific heat capacity as a function Сp = 0.2095T0.2006 (see 
Section 2.1) were used. The dependence of the thermal 
conductivity coefficient on the average temperature across 
the coa ting section was adjusted to match the experimen-
tally obtained surface temperature profile and the slope 
of the temperature curves, which indicate the rate 
of temperature change at the thermocouple installation 
points: ∆T/∆τ ~ 1.2÷1.4 K/s (see Fig. 5). Additionally, 
surface temperature calculations were conducted for 
various values of the thermal conductivity coefficient, 
including λ = 1.21 W/(m·K), obtained in Section 2.1 for 
T = 293÷573 K at a pressure of P = 105 Pa.

The key results of the unsteady heating simulation 
of the coated cylinder are presented in Figs. 7 and 8. 
During the test (see Fig. 5), it was found that the sur-
face temperature of the cylinder at the front critical 
point initially rose sharply to Tw = 1063.5 K, which 
is typical for thermal insulation materials, and then 
gradually decreased to Tw = 1044.6 K over ∆τ ~ 185 s. 
Based on a series of simulations, the test-obtained sur-
face temperature dependence at the critical point was 
reproduced (Fig. 7, a) by adjusting the thermal con-
ductivity coefficient as a function of the average coa-
ting temperature across its thickness. It was shown that 
during the test, the surface temperature at the critical 
point slightly decreases, while the average temperature 
across the coating thickness increases to T = 840 K 
(Fig. 7, b). Meanwhile, the thermal conductivity coef-
ficient increases from λ ~ 0.03 W/(m·K) at T = 690 K 
to λ ~ 0.057 W/(m·K) at T = 840 K (Fig. 7, c). 
The approximation of the computational data allowed 
for the establishment of the relationship λ = f1(T), pre-
sented in Fig. 7, c. The increase in thermal conducti vity 
with temperature enables obtaining a monotonically 
decreasing dependence Tw = f2(τ) (Fig. 7, a). The cal-
culated temperatures at the thermocouple installation 
points agree within 5 % with the test results (Fig. 8, a). 
The calculated values of the heat flux density at the front 
critical point were qw = 18.2÷18.5 W/cm2, which falls 
within 2 % of the test-measured values.

Fig. 9 presents a comparison of test and calcu-
lated results for the evolution of surface temperature 

at the critical point of the coating for different valu es 
of the thermal conductivity coefficient. In each cal-
culation, the thermal conductivity coefficient was 
assumed to be constant. The simulation results were 
found to be in good agreement with the test data. 
It was demonstrated that at λ = 1.21 W/(m·K), the sur-
face temperature at the front critical point increased 
only to Tw ~ 730 K during the test, which does not 
align with the test results. Moreover, the rate of tem-
perature change at the thermocouple installation points 
exceeded the test values by approximately 1.4 times 
(Fig. 8, b).

Fig. 7. Results of surface temperature evolution calculation Tw (а) 
and thickness-averaged temperature of the coating Tcoat (b)  

at the critical point during time; calculated coating’s thermal  
conductivity dependence λ = f1(T) at pressure P ~ 200 Pa (c) 

Рис. 7. Результаты расчета эволюции температуры 
поверхности Tw (а) и средней по толщине температуры 

покрытия Tпок (b) в критической точке во времени;  
расчетная зависимость теплопроводности покрытия  

λ = f1(T) при давлении P ~ 200 Па (c)
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Thus, numerical simulation of the gas-dynamic test 
confirmed that at low pressures (P ~ 200 Pa), a signifi-
cant reduction in the thermal conductivity of the glass-
ceramic coating occurs. The obtained thermal con-
ductivity values of λ = 0.030÷0.057 W/(m·K) were 
observed within the temperature range T = 690÷840 K 
and the average value of thermal conductivity coef-
ficient, determined during the test ∆τ ~ 185 s, was 
λ ~ 0.04 W/(m·K), which is in full agreement with 
the test-derived value (see Section 2.2).

2.4. Effect of reduced  2.4. Effect of reduced  
thermal conductivity  thermal conductivity  

with decreasing pressurewith decreasing pressure
The thermal conductivity of the glass-ceramic 

coating is primarily determined by atomic thermal 
vibrations, known as the phonon transport mecha-
nism. A decrease in thermal conductivity occurs as 
the phonon mean free path is reduced due to phonon 
scattering at structural defects, such as impurity atoms, 

Fig. 8. Comparison of experimental and calculated results of temperature evolution at the thermocouple installation points  
at different values of the coating’s thermal conductivity coefficient: λ = f1(T) (а) and λ = 1.21 W/(m·K) (b)

1–3 – calculation; 1′–3′ – experiment
1, 1′ – TC1; 2, 2′ – TC2; 3, 3′ – TC3 

Рис. 8. Сравнение экспериментальных и расчетных результатов эволюции температуры в точках установки термопар  
при различных значениях коэффициента теплопроводности покрытия: λ = f1(T) (а) и λ = 1,21 Вт/(м·К) (b)

1–3 – расчет; 1′–3′ – эксперимент
1, 1′ – ТП1; 2, 2′ – ТП2; 3, 3′ – ТП3

Fig. 9. Calculated and experimental cylinder-calorimeter surface temperatures evolution results comparison  
at different values of the thermal conductivity coefficient of the glass-ceramic coating

1–9 – calculation; 10 – experiment
λ, W/(m·K): 0.03 (1); 0.04 (2); 0.05 (3); 0.06 (4); 0.08 (5); 0.10 (6); 0.20 (7); 0.50 (8); 1.21 (9) 

Рис. 9. Сравнение расчетных и экспериментальных результатов эволюции температуры поверхности цилиндра-калориметра 
при различных значениях коэффициента теплопроводности стеклокерамического покрытия

1–9 – расчет; 10 – эксперимент
λ, Вт/(м·К): 0,03 (1); 0,04 (2); 0,05 (3); 0,06 (4); 0,08 (5); 0,10 (6); 0,20 (7); 0,50 (8); 1,21 (9)
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grain boundaries, phase interfaces, and voids, as well 
as interactions with other phonons. As temperature 
increases, phonon-phonon interactions intensify, and 
in combination with the highly disordered (amorphous) 
structure of the glass phase, this results in extremely 
short phonon mean free paths. When external pres-
sure decreases, the phonon mean free path is further 
shortened due to the reduced propagation velocity 
of acoustic waves resulting from the lower density 
of the medium.

In the presence of structural inhomogeneities, such 
as pores, voids, and cracks, the thermal conducti vity 
of dielectrics is influenced not only by the phonon 
mechanism but also by convective gas transport 
within these discontinuities. The extent of convec-
tion is strongly dependent on the distribution and 
geometry of the discontinuities, as well as the ther-
mal conducti vity of the enclosed gas. The convective 
effect dimi nishes with decreasing discontinuity size, 
reduced interconnectivity, and lower surrounding gas 
pressure.

The investigated coating contains voids with sizes 
up to ~5–10 µm (see Fig. 1). It is known [25] that at low 
pressures (Р < 103 Pa), when the mean free path of gas 
particles l is much greater than the void size L (l  L), 
the thermal conductivity of porous mate rials is propor-
tional to the gas pressure, increases with rising tem-
perature, and approaches zero as pressure decreases. 
This phenomenon is likely due to the fact that when 
l  L, gas particles remain adsorbed on the surface 
of the voids for a long period before experiencing col-
lisions. As pressure decreases, the number of gas par-
ticles in the voids is reduced, and an increasing fraction 
of them becomes adsorbed on the void surfaces, lea-
ding to a decrease in the convective component of heat 
transfer. At temperatures above 1200 K, radiative heat 
transfer in discontinuities should also be considered, 
as its contribution to overall thermal conductivity 
increases with temperature. It should be noted that in 
the fire tests conducted to determine the thermal con-
ductivity of the glass-ceramic coating, the pressure 
at the sample surface was Р ~ 200 Pa, and the tem-
perature Tw ~ 1050 K, satisfying the condition l  L. 
This, combined with the reduced phonon mean free 
path, explains the extremely low thermal conductivity 
of the coating.

A threefold reduction in thermal conducti vity 
(from 0.05 to 0.0167 W/(m·K) at 293 K) with a decrease 
in external pressure (from 105 to 133.3 Pa) was pre-
viously observed during tests of the highly porous 
quartz thermal protection material TZMK-10 [26]. 
The explanation of this observed effect is presented 
here for the first time.

The conducted studies of the glass-ceramic coa-
ting have enabled its application in thermal testing 
of va rious steel models in the TsAGI aerodynamic wind 
tunnels [27]. The high and stable emissivity of the coa-
ting over time enhances the accuracy of temperature 
measurements of models using optical me thods under 
illumination conditions. The coating’s heat and ero-
sion resistance slow down oxidation processes, reduce 
mechanical erosion, and prevent the formation of cor-
rosion-erosion pitting and cavities on model surfaces, 
which further contributes to the improved accuracy 
of conducted studies and measurements.

ConclusionConclusion
A thin-layer heat-resistant glass-ceramic coating 

was obtained on 12Cr18Ni10Ti steel samples using 
the slurry-firing deposition method. The coating exhi-
bits a heterogeneous structure, consisting of a barium 
silicate glass matrix with uniformly distributed Cr2O3 
particles. In the outer layer of the coating, with a thick-
ness of approximately 3–5 µm, numerous highly dis-
persed BaSi4O9 crystals doped with Cr and Mo were 
identified, indicating surface crystallization of the glass 
phase. The coating is characterized by a low density 
of 3.813 g/cm3 and a highly continuous structure. 
The heat capacity, thermal diffusivity, and thermal con-
ductivity of the coating within the temperature range 
of 293–573 K and at a pressure of 105 Pa vary within 
the ranges of 0.68–0.75 J/(g·K), 0.47–0.43 mm2/s, and 
1.198–1.222 W/(m·K), respectively.

Fire tests of the coating were conducted under con-
ditions of aerogas-dynamic flow and non-equilibrium 
heating by air plasma at a speed of approximately 
3.5 km/s and a specific heat flux of 15–30 W/cm2, 
achieving temperatures of up to 1593 K on the front 
surface. The average values of specific mass loss 
and erosion rate of the coating were 7.2 mg/cm2 and 
25.9 mg/(cm2·h), respectively. The spectral emissivity 
of the coating at a wavelength of 890 nm and the hete-
rogeneous recombination rate of atoms and ions on its 
surface were determined to be 0.85±0.02 and 14±3 m/s, 
respectively. The glass phase effectively protects 
the steel from high-temperature oxidation and facili-
tates self-healing of defects. The presence of refractory 
Cr2O3 particles, along with the surface crystallization 
of the glass phase, enhances the coating’s resistance 
to erosion in high-speed air plasma flow, its emissivity, 
and catalytic activity.

A reduction in the coating’s thermal conductivity 
to 0.04±0.01 W/(m·K) at a temperature of 1054±10 K 
and a pressure of ~200 Pa was experimentally estab-
lished and confirmed by numerical simulation. 
An explanation of this effect has been provided.
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Аннотация. Процесс извлечения нефти часто сопровождается различными отказами на объектах нефтедобычи, что ведет 

к серьезным экономическим потерям. Отказы в системах нефтедобычи не только увеличивают затраты на ремонт и обслу-
живание, но также приводят к потере производительности, что негативно сказывается на экономической эффективности 
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Abstract. The oil production process is often accompanied by various failures at oil production facilities, which leads to serious economic 

losses. Failures in oil production systems not only increase repair and maintenance costs, but also lead to loss of productivity, which 
has a negative impact on the economic efficiency of projects. A pipeline failure is considered to be its complete or partial shutdown 
due to a violation of its tightness or tightness of the shut-off valves, or due to blockage of the flow section. The most common causes 
of complications in oil production are: corrosion of oil and gas equipment, formation of asphalt-resin-paraffin deposits (ARPD) and 
inorganic salt deposits on the working surface of oil and gas equipment. There are a large number of methods aimed at preventing each 
of the previously mentioned complicating factors. It is noteworthy that the use of protective coatings can be a measure of prevention 
of corrosion processes, ARPD, and inorganic salt deposits. This article will review the literature, which will consider what proper-
ties, composition and structure protective coatings should have to prevent corrosion, ARPD and salt deposits, as well as what testing 
methods can be used to evaluate the ability of a protective coating to prevent these complicating factors. 
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IntroductionIntroduction
Oil and gas fields are gradually entering the late 

stage of development, which is accompanied by 
increasing complexity in operational processes [1; 2]. 
At this stage, the risks of equipment failures rise signif-
icantly due to a number of factors specific to this phase 
of the field’s lifecycle. Various complicating factors act 
jointly and interdependently at oilfields. However, each 
well typically has one dominant complication type, 
which serves as the primary cause of most failures. 
The distribution of so-called complicated wells across 
different production companies by their main compli-
cation type provides valuable insights into the scale and 
actual prevalence of corrosion-related issues within 
the industry.

The structure of complicated wells at LLC RN-Pur-
neftegaz includes only 18 % of wells prone to the for-
mation of asphalt-resin-paraffin deposits (ARPD), 13 % 
of wells where failures are caused by salt deposits, 
and only 6 % of wells where corrosion is the primary 
complication. It is important to note that the number 
of failures related to corrosion significantly decreased 
only after the implementation of corrosion-resistant 
pipes; however, it still remains high [3]. At Udmurtneft 
PJSC, corrosion accounts for 39 % of well failures [4]. 
A substantial number (26 %) of Udmurtneft’s wells 
are affected by ARPD, while 1 % of the wells expe-
rience complications due to inorganic salt deposits [4]. 
As of early 2022, the complicated well stock of PJSC 
Lukoil included 14,271 wells, representing 45 % 
of all operating artificial lift wells [5]. The structure 
of Lukoil’s complicated well stock consists of 74.8 % 
of wells affected by ARPD, 9.5 % by corrosion, and 
3.8 % by inorganic salt deposits [5].

Corrosion is a fundamental issue in any industry 
dealing with chemically active environments. In oil 
and gas production, its consequences include the irre-
versible loss of pipe metal [6], costs associated with 
equipment replacement, lost profits due to well down-

time during repairs, as well as expenses related to miti-
gating accident consequences and maintenance of cor-
rosion protection systems. All these factors increase 
production costs and reduce field profitability.

Globally, corrosion results in substantial direct and 
indirect financial losses [7–9]. In Russia, annual metal 
losses due to corrosion amount to 12 % of the country’s 
total metal reserves, which is equivalent to the same share 
of the annual steel production. Approximately 10 million 
tons out of the 70 million tons produced annually are lost 
to corrosion, which translates into financial losses of USD 
8 billion. Nationwide, 400,000–500,000 tons of steel are 
used annually to replace various types of pipelines [6].

Complications associated with the formation 
of ARPD [10–13] and inorganic salt deposits are no 
less significant, as they lead to partial or complete 
blockages of the internal pipe cross-section, resulting 
in reduced production rates or even cessation of oil 
extraction [14–16].

The most effective solution to combat these types 
of complications today is the application of various 
functional coatings – polymeric, ceramic, and metal-
lization – depending on the type of equipment being 
protected [17].

This article reviews the application of various 
functional coatings for oil and gas equipment aimed 
at counteracting complicating factors.

Functional internal coatings  Functional internal coatings  
for tubingfor tubing

Tubing (TBG) is one of the key components of sub-
mersible oilfield equipment, susceptible to corrosion, 
asphalt-resin-paraffin deposits (ARPD), and salt depo-
sits on its inner surface, which is in direct contact with 
the extracted medium. The housings of submersible 
electric motors (SEM) and electric submersible pumps 
(ESP) are exposed to the extracted media from their 
external surface. It should be noted that cases of contact 

проектов. Отказом трубопровода считается полная или частичная его остановка вследствие нарушения его герметичности 
или герметичности запорной арматуры, либо по причине закупорки проходного сечения. Наиболее распространенными 
причинами осложнений в нефтедобыче являются коррозия нефтегазового оборудования и образование асфальтосмолопа-
рафиновых отложений (АСПО) и неорганических солеотложений на рабочей поверхности нефтегазового оборудования. 
Среди большого количества методов, направленных на предотвращение указанных осложняющих факторов, весьма эффек-
тивно применение защитных покрытий, которое может являться мерой профилактики и коррозионных процессов, и АСПО, 
и неорганических солеотложений. В настоящей статье проведен обзор литературных источников: рассмотрено, какими 
методами испытаний можно оценить способность защитного покрытия предотвращать возможные осложняющие факторы.  

Ключевые слова: защитные покрытия, виды покрытий, коррозия, асфальтосмолопарафиновые отложения, солеотложения, 
методы испытания покрытий
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between the medium and the external surface of tubing 
are possible; however, on the one hand, such occur-
rences are rare, and on the other hand, the only avai-
lable method of protection against corrosion in such 
cases is the use of alloyed corrosion-resistant steels.

Currently, there is no established classification sys-
tem for internal tubing corrosion protection methods. 
Therefore, the author has proposed a classification 
(Fig. 1) that summarizes various approaches – rang-
ing from traditional steel alloying to the development 
of duplex coatings [18; 19], which combine sacrificial 
and barrier properties.

Austenitic stainless steel tubing is not manufactured 
due to its extremely high cost combined with relatively 
low strength properties [20]. However, this class of steel 
has found its application in the production of liners 
(thin-walled internal metal tubes) used in bimetallic 
pipes [21]. The installation of liners in production and 
tubing pipes can be performed using several me thods; 
however, currently, only two methods have been 
implemented in Russia [22–24]. In both cases, the first 
step involves inserting a liner with a diameter smaller 
than the internal diameter of the tubing. The liner is 
secured by mechanical interference through roller 
expansion [25] or by a hydraulic method [26]. In both 
methods, the gap between the liner and the tubing is 
eliminated, and the resulting interference fit ensures 
a stable liner position under all permissible operational 
loads. In large-diameter pipes (used for trunk oil and 
gas pipelines), a metallurgical method is applied, form-
ing a diffusion transition zone between the metals.

Various austenitic stainless steels with different 
chemical compositions can be used for this technology. 

The most commonly used steels are AISI 304, being 
the most cost-effective in this class; however, their cor-
rosion resistance is often insufficient for highly miner-
alized environments. In such cases, more highly alloyed 
steels such as AISI 316, 316L, or 825 are required.

The advantages of this technology include the rela-
tively low cost of tubing with liners compared to pipes 
made entirely from liner material; the ability to achieve 
near-absolute corrosion resistance by selecting an 
appropriate liner material; and the absence of tempera-
ture limitations typical for polymer coatings. However, 
the disadvantages of this technology include higher 
costs compared to low-alloy steel pipes, low effi-
ciency if the liner material is improperly selected, lack 
of re liable methods for protecting the annular space 
of couplings at pipe ends, and an increase in tubing 
string weight by 8–11 %.

It is also important to highlight the risk of pitting 
corrosion in austenitic steels when exposed to envi-
ronments with high chloride ion (Cl–) content. Fig. 2 
shows an example of the operation of a tubular com-
ponent made from AISI 316 steel as part of a pipeline 
transporting seawater. The corrosion rate of the com-
ponent was 12.8 mm/year. This phenomenon is most 
likely to occur due to β-phase precipitation, such as 
during cold plastic deformation. Before operating 
in such environments, it is mandatory to conduct pit-
ting corrosion resistance testing in ferric chloride solu-
tion according to GOST 9.912–89.

Bimetallic pipes with an internal liner can be con-
sidered a specialized type of coated pipe, with the liner 
serving as a protective barrier. The mechanism by 
which the liner provides protection is similar to that 

Fig. 1. Classification of methods for combating corrosion on the inner surface of tubing strings 

Рис. 1. Классификация методов борьбы с коррозией внутренней поверхности насосно-компрессорных труб
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of conventional coatings, resulting in comparable per-
formance requirements for both. Based on an analysis 
of liner steel corrosion, manufacturing technologies, and 
operational factors, GOST 70926–2023, “Tubing with 
Internal Liner. Technical Specifications”, was deve-
loped under the author’s supervision. Pipes produced 
in accordance with this standard have been in trouble-
free operation across Russia for more than three years. 
Their use commenced even before the official publica-
tion of GOST 70926–2023, following the completion 
of research and development activities that formed 
the basis for the standard. Condition monitoring has 
shown no signs of corrosion damage to the liner. The ser-
vice life of these pipes is primarily constrained by factors 
such as length reduction due to repeated thread cutting, 
external surface corrosion, and mechanical damage.

The most commonly used corrosion-resistant steels 
are alloyed with chromium in concentrations of 13 % 
or more. According to Schaeffler’s rule, their protec-
tion mechanism is based on the formation of a pas-
sive chromium oxide film on the surface, which is 
resistant to interaction with corrosive gases dissolved 
in the produced fluid. Traditionally, Cr13-grade steel 
pipes are considered the benchmark for corrosion resis-
tance; however, their widespread adoption is limited 
by their high cost. Certain factors significantly reduce 
the service life of such pipes and lead to premature 
failure, all of which are associated with the degrada-
tion of the passive layer. Since the produced fluid lacks 

oxygen, repassivation is not possible. The operational 
limitations of Cr13-grade pipes include the following: 
acid treatments, mechanical wear (including erosion), 
and cable insulation failure. In the presence of hydro-
gen sulfide in the well and acid treatments, sulfide 
stress corrosion cracking (SSCC) may occur [27; 28], 
which is typical for low-alloy steels with a hardness 
exceeding 22 HRC. 

The term “steel with enhanced corrosion resistance” 
was introduced in Russia in the mid-2000s. This class 
includes steels alloyed with 0.5–1.0 % Cr, often with 
the addition of niobium or vanadium to refine the grain 
structure, as well as copper. However, according 
to GOST 5272–50, these steels are classified as low-
alloy and are not considered corrosion-resistant (it is 
worth noting that the later and currently relevant edi-
tion, GOST 5272–68, does not include a corrosion 
resistance scale, nor is the term “steel with enhanced 
corrosion resistance” mentioned in other regulatory 
documents). The experience of their implementation 
has been mixed, and given their relatively high cost, 
they are not considered an optimal solution [29].

The optimal solution for protecting the inner surface 
of tubing from complicating factors is the use of va rious 
functional coatings [17; 30; 31]. Despite the wide vari-
ety of available coatings, in practice, only silicate-
enamel (SEC), polymer, and duplex (intermetallic 
layer + polymer layer) coatings are commonly applied. 

Silicate-enamel coatings are formed from a slurry 
prepared using frits of MK-5 and MK-5U grades with 
the following composition (wt. %): 0.5–3.5 Al2O3 ; 
10.0–16.0 B2O3 ; 8.0–16.0 Na2O; 0.5–5.0 K2O; 
2.0–5.0 Li2O; 2.0–8.0 CaO; 0.1–1.0 MgO; 3.0–6.0 TiO2 ; 
0.5–5.0 MnO2 ; 0.3–2.0 NiO; 0.2–2.0 CuO; 0.3–1.5 CoO; 
0.1–1.5 Fe2O3 ; and 0.5–4.0 F (in excess of 100 %). 
The coating can be applied using either a liquid or pow-
der method, followed by firing at temperatures ranging 
from 850 to 950 °C. During the firing process, gases 
are released, which, upon cooling, result in the forma-
tion of porosity, often characterized by through-pores. 

Despite their excellent resistance to ARPD forma-
tion, the use of tubing with silicate-enamel coatings 
(SEC) in the oil and gas industry has been declining, 
with the total volume not exceeding several thousand 
tons as of 2024. This reduction is attributed to several 
significant limitations:

– through-pore porosity in single-layer coatings 
(Fig. 3), which leads to severe pitting corrosion beneath 
the pores;

– high brittleness, which imposes restrictions on 
mechanical impacts and thread tightening torque; 
exceeding these limits can result in enamel chipping, 
particularly in the nipple area at the pipe ends;

Fig. 2. Longitudinal section of the tubular component wall  
made of AISI 316 steel after 3 months of operation as part  

of a seawater pipeline 

Рис. 2. Продольное сечение стенки трубчатого изделия 
из стали AISI 316 после 3 месяцев эксплуатации в составе 

трубопровода морской воды
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– heat curing requirements at 850–950 °C, which 
prevent the use of heat-treated steel pipes, as such tem-
peratures degrade their mechanical properties;

– higher costs compared to polymer coatings, pri-
marily due to the need for high-temperature processing. 

Advancements in polymer coatings, particularly 
the development of multifunctional coatings that com-
bine anti-corrosion properties with resistance to ARPD 
formation, have largely negated the advantages of tub-
ing with silicate-enamel coatings.

At present, the primary method for protecting 
the inner surface of tubing from complicating factors 
is the application of polymer coatings [32–35]. Their 
widespread adoption began in the early 2000s with 
the emergence of manufacturers such as MajorPack 
and Hilong. Although several production lines existed 
in Russia before this period, their products were not 
widely used. In the early stages of development, 
various film-forming coatings were applied, such as 
the polyurethane-based PolyPlex coating. However, it 
demonstrated an extremely short service life (typically 
less than 30 days), leading to its swift abandonment 
within the industry. 

Polymer coatings offer several advantages over 
other protective methods against complicating factors. 
They provide extended service life for equipment and 
pipelines by protecting against corrosion and wear, sig-
nificantly prolonging operational lifespan and reduc-
ing repair and replacement costs. Maintenance costs 
are also lower, as polymer coatings minimize the need 
for frequent servicing and repairs. Additionally, they 
enhance oil production and transportation efficiency by 
reducing friction, preventing deposits such as ARPD 
and inorganic salts, and improving thermal insulation, 

which leads to greater system performance. The risk 
of failures is reduced, as effective corrosion and wear 
protection helps prevent breakdowns associated with 
equipment deterioration. Furthermore, polymer coa-
tings offer significant cost savings by extending service 
life and decreasing maintenance and repair expenses. 
Lastly, they provide environmental benefits by reduc-
ing emissions and leaks through improved corrosion 
resistance and enhanced equipment protection [36; 37].

The classification of coatings used to protect 
the inner surface of tubing is shown in Fig. 4. 

There are several methods for applying internal 
polymer coatings, with the most commonly used being 
airless spraying and electrostatic application. The air-
less spraying method applies liquid coatings to the sur-
face without the use of an air stream. Instead, high pres-
sure forces the material through a nozzle, breaking it 
into fine droplets that uniformly coat the surface. This 
technique provides higher efficiency and better applica-
tion quality compared to conventional air spraying and 
allows for the application of high-viscosity coatings 
with 100 % solids content. Electrostatic application, on 
the other hand, involves applying a layer of polymer 
powder to the product’s surface using an electrostatic 
field. In this process, the polymer particles are electri-
cally charged and attracted to the surface, which has an 
opposite charge, ensuring a uniform and durable coat-
ing [38].

Initially, the effectiveness of internal coatings was 
questioned, as early applications utilized cold-cured 
epoxy resins based on Bisphenol A and epoxy novolac 
resin in an approximate 2:1 ratio (Fig. 5). The fillers and 
pigments commonly used in these coatings included 
micronized barite (BaSO4 ), aerosil (fumed silica, SiO2 ), 
titanium dioxide (TiO2 ), and talc (Mg3Si4O10(OH)2 ). 
Their concentrations varied depending on the formula-
tion, but the total filler content typically did not exceed 
50 %. These coatings exhibited relatively low glass 
transition temperatures (usually below 60 °C), limited 
chemical resistance, and restricted operating tempera-
ture ranges. They were applied using dual-component 
airless spray systems. 

The degradation of pipes with the aforementioned 
type of coatings (Fig. 6), as evidenced by more than 
40 expert studies conducted under the author’s supervi-
sion, highlights the low barrier properties of these coat-
ings. The service life before the onset of blistering and 
delamination typically does not exceed 2–3 years for 
field pipelines. The use of such coatings for tubing pro-
tection is viable only at relatively low temperatures (up 
to 40 °C) and in cases where complications are limited 
to ARPD. Even under these conditions, their service 
life rarely exceeds 1 year. 

Fig. 3. Formation of pitting corrosion through the mechanism  
of carbon dioxide corrosion in a silicate-enamel coating 

Рис. 3. Образование язвы по механизму углекислотной  
коррозии в силикатно-эмалевом покрытии
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The liquid thermosetting epoxy novolac coating (its 
structure shown in Fig. 7) stands apart from other coa-
tings due to its higher concentration of novolac resin, 
with an epoxy novolac resin to Bisphenol A-based resin 

Fig. 5. Structure of a typical liquid non-thermosetting internal 
epoxy coating for an oil pipeline 

Рис. 5. Структура типичного жидкого нетермоотверждаемого 
внутреннего эпоксидного покрытия нефтепроводной трубы

Fig. 6. Degradation of liquid non-thermosetting internal epoxy coatings used in  426×8 mm oil collection manifold  
at the Mamontovskoe field (а) and  73×5.5 mm production tubing at the Krapivinskoe field (b) 

Рис. 6. Разрушение жидких нетермоотверждаемых внутренних эпоксидных покрытий, эксплуатировавшихся  
в составе нефтесборного коллектора  426×8 мм Мамонтовского месторождения (а)  

и добывающей скважины НКТ  73×5,5 мм Крапивинского месторождения (b)

Fig. 4. Classification of polymer coatings used to protect  
the inner surface of tubing 

Рис. 4. Классификация полимерных покрытий, 
применяющихся для защиты внутренней поверхности НКТ
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ratio of ≥1:1, and the inclusion of a reactive diluent. 
This diluent lowers the viscosity of the epoxy composi-
tion, facilitating easier processing while also participat-
ing in the curing reaction and becoming an integral part 
of the polymer matrix. The application process is simi-
lar to that of non-thermosetting liquid epoxy coatings, 
with the key difference being the requirement for an iso-
thermal curing hold at 180–200 °C for at least 20 min. 

This type of coating is the most commonly used 
for tubing protection, as it delivers the required per-
formance characteristics at relatively small thicknesses 
(~150 µm). It also enables the application of two-
layer coatings, allowing for formulation optimization 
at smaller production facilities. The industry-wide use 
of these coatings is estimated to be 85–90 %.

In the past three years, two-layer powder coatings 
have been increasingly adopted, consisting of a primer 
layer with a thickness of 5–40 µm and a top layer 
of ≥350 µm made from a powder composite material 
(Fig. 8). The primer is a paint-and-lacquer material com-
posed of a blend of high-molecular-weight epoxy and 
phenol-formaldehyde resins, butyl cellosolve, toluene, 
and, in most cases, iron oxide pigment, which actively 
reacts with hydrogen sulfide during operation or testing. 
The powder coating is applied electrostatically to a pre-
heated surface at a temperature of 160–200 °C. Its com-
position includes high-molecular-weight epoxy resin 
and a significant amount of fillers (up to 70 %), with 
a composition similar to those described earlier. This 
technology offers several advantages, including superior 
barrier properties, lower costs compared to other pro-

tective methods, high process efficiency and maintain-
ability, and the ability to apply multifunctional coatings. 

Additionally, the absence of solvent evaporation 
during application makes this method more environ-
mentally friendly and safer for production workers, 
which is why it is the only permitted option in most 
countries. The production volume of tubing with 
internal functional coatings is expected to exceed 
100,000 tons by the end of 2024 (based on the weight 
of  73×5.5 mm tubing) and continues to grow at a rate 
of 8–12 % per year. 

Fig. 7. Structure of a typical liquid thermosetting internal 
epoxy coating for an oil pipeline 

Рис. 7. Структура типичного жидкого термоотверждаемого 
внутреннего эпоксидного покрытия нефтепроводной трубы

Fig. 8. Structure of a typical two-layer powder coating with an epoxy-phenolic primer 

Рис. 8. Структура типичного двухслойного порошкового покрытия с эпоксифенольным праймером
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A relatively new technological solution is the use 
of duplex coatings, where the first layer consists 
of thermodiffusion zinc (TDZ), forming Fe–Zn inter-
metallic compounds, followed by one or more polymer 
layers [39]. These coatings demonstrate higher corro-
sion resistance in hydrogen sulfide-containing environ-
ments, as confirmed by laboratory autoclave exposure 
tests conducted over 2352 h, compared to the standard 
test duration of 240 h specified by GOST 58346–2019. 
The test involved exposing samples with two types 
of coatings in an autoclave under a partial gas pressure 
of H2S – 1 MPa, N2 – 9 MPa at a temperature of 80 °C. 
The results showed the presence of iron sulfide 
at the metal-coating interface in pipes without the TDZ 
layer, whereas no corrosion products were detected on 
duplex-coated pipes (Fig. 9). It should be noted that 
the autoclave testing methods used in this experiment 
and outlined in GOST 58346–2019 are based on previ-
ous research [40; 41]. The widespread adoption of auto-
clave testing methods has led to a significant increase 
in the service life of tubing with internal coatings. 
Although exact statistical data is not publicly available, 
sources accessible to the author indicate that the ave-
rage service life has increased from 418 to 786 days. 
However, the disadvantages of duplex coatings include 
higher costs compared to conventional polymer-coated 
pipes and the limited availability of reliable solutions 
for protecting the external surface from corrosion. 

A key trend in the development of tubing with inter-
nal coatings is the creation of multifunctional coatings 
that combine anti-corrosion and anti-abrasion proper-
ties while also preventing ARPD and inorganic salt 
deposition [42–45]. Until recently, advancements in 
coating formulations and application technologies – 
such as the introduction of non-thermal microwave 

treatment [46] – were limited by the lack of standardi-
zed laboratory testing methods. The applicability 
of each coating was primarily determined through field 
pilot tests (FPT), which typically take about one year 
to complete. 

To address the challenge of simulating ARPD for-
mation under controlled conditions, two circulating 
test benchs were developed and manufactured under 
the author’s supervision [47; 48]. The test medium 
used in these test benches is an oil emulsion samp-
led from wells affected by ARPD, further enriched 
with deposits obtained during cleaning operations. 
The design of the test benches allows for adjustments 
in the composition of the test medium, flow rate, 
medium temperature, and the external surface tem-
perature of the samp le. The temperature difference 
across the inner surface of tubing samples – used as 
test specimens – facilitates the formation of deposits. 
The capabilities of these benches cover a wide range 
of well conditions, from low- to high-production wells, 
with varying temperature regimes influencing ARPD 
formation. 

Research findings indicate that parameters such 
as surface roughness, paraffin adhesion to a dry sur-
face, and the contact angle of distilled water on a dry 
surface do not provide a reliable assessment of a sur-
face’s resistance to ARPD deposition. The laboratory 
method for determining the contact angle by measu ring 
the spreading of an oil droplet in water on the coa ting 
surface has shown the highest correlation with test 
bench results [49]. The best ARPD resistance results 
were demonstrated by hydrophilic surfaces; however, 
they exhibited poor corrosion resistance. Therefore, 
the use of multifunctional coatings or two-layer sys-
tems is required to achieve balanced performance. 

Experimental studies have established a correlation 
between ARPD deposition and flow rate (Reynolds 
number), allowing for the ranking of coatings based on 
their resistance to ARPD. Silicate-enamel coatings pro-
vide the highest resistance, followed by polymer coa-
tings, while bare steel samples show the lowest perfor-
mance (Fig. 10). The obtained results align with data 
from field pilot tests and the operational performance 
of these coating types across various oilfields.

Another important step in expanding the applica-
tion of functional polymer coatings was the develop-
ment of a test bench (Patent No. RU2825169C1) and 
a methodology to evaluate the effectiveness of coa-
tings in preventing inorganic scale formation [50]. 
The goal of the test trials was to identify the coating 
with the highest resistance to scaling under oilfield 
conditions. The coatings’ resistance to scaling was 
assessed based on the mass of inorganic scale formed 

Fig. 9. Surface condition of the metal–intermetallic layer (Fe–Zn) 
after an autoclave test for 2352 h 

Рис. 9. Состояние поверхности «металл–интерметаллидный 
слой (Fe–Zn)» после автоклавного теста в течение 2352 ч
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on the outer surfaces of cylindrical samples and 
the thickness of the resulting scale layer. 

The results of the test trials evaluating the resis-
tance of coatings to gypsum-type (CaSO4 ) scale for-
mation with halite (NaCl) impurities were published 
in [51]. It was found that none of the tested protec-
tive coatings could completely prevent the formation 
of gypsum scale with halite impurities on their sur-
face. The study [51] also concluded that the adhesion 
strength of the “scale–coating” interface does not play 
a decisive role in the anti-scaling properties of protec-
tive coatings. The findings showed that scale depos-
its can form even on surfaces with minimal adhesion 
strength. These deposits are capable of creating solid 
structures with little to no interaction with the sur-
face. Further analysis in [52] compared the results 
of the test trials [51] with the roughness parameters 
of the tested protective coatings to evaluate the effect 
of surface roughness on scaling. A certain correlation 
was observed between the coating’s roughness index 
and the mass of the scale layer formed on it. The steel 
sample with the highest surface roughness exhibited 
the most significant increase in the scale layer mass dur-
ing dynamic tests. However, the relationship between 
surface roughness and scale formation mass was not 
strictly linear [52].

Since studies [51] and [53] both found that none 
of the examined coatings could completely prevent 
scale formation, further research focused on assessing 
the combined use of coatings with other preventive 
methods. In study [54], laboratory-scale dynamic tests 
were conducted to evaluate the feasibility of integra ting 
internal protective tubing coatings with scale inhibi-
tors. The findings showed that the combined approach 
can provide the following benefits:

– coated surfaces had fewer crystallization centers 
for inorganic scale deposits compared to uncoated steel 
surfaces;

– during testing (with a scale inhibitor dosage 
of 200 g/m3), the formed scale deposits detached more 
readily from the coated samples [54].

Coating of SEM and ESP housingsCoating of SEM and ESP housings
Various corrosion protection methods are employed 

to mitigate the corrosive impact and extend the service 
life of submersible electric motors (SEM) and electric 
submersible pumps (ESP). (Hereinafter, the discussion 
will focus solely on SEM housings; however, all con-
clusions are equally applicable to ESP housings.) One 
of the simplest and most cost-effective ways to enhance 
the service life of SEM housings while reducing 
exposure to aggressive factors under field conditions 
is the application of metallization coatings. Among 
the most widely used methods for applying such coa-
tings are electric arc spraying (EAS ) and high-velocity 
oxy-fuel (HVOF) spraying [55–60]. 

An analysis of the causes of SEM and ESP housing 
failures was conducted under the author’s supervision 
in four oil-producing regions with various complicating 
factors. The study revealed that corrosion of the SEM 
housing is the most common cause of failure [61–63]. 
The examination of SEM housings with metalliza-
tion coatings applied using technologies implemented 
at pipe bases after operation allowed the identification 
of key causes of failure, including mechanical damage, 
abrasive wear of the coating, low barrier properties, 
and imperfections in the coating application techno-
logy (Fig. 11). Additionally, cases were identified 
where multiple negative factors were simultaneously 
pre sent, making it impossible to determine the domi-
nant failu re mechanism. In many cases, these factors 
create a syner gistic effect – for example, the simulta-
neous presence of a corrosive environment and abra-
sive particles results in corrosion-erosion wear, which 
occurs at a significantly higher rate compared to either 
corrosion or erosion alone [61].

The primary challenge in ensuring the operational 
reliability of SEM housings was the development 
of methodologies that simulate the effects of key com-
plicating factors and conducting laboratory tests on 
various types of metallization coatings. The results, 
summarized in [61], onfirm the feasibility of accu-
rately modeling the destructive impact of key comp-
licating factors through autoclave tests in H2S- and 
CO2-containing environments [64; 65]. To determine 
the corrosion resistance of metallization coatings, 
samples must undergo autoclave exposure for 240 h. 
Testing typically involves the combined exposure 

Fig. 10. Dependence of asphaltene-resin-paraffin deposit mass  
on the flow rate of the oil medium on various surfaces

1 – GIOTEK 110М, 2 – MPLAG17,  
3 – silicate enamel MK-5, 4 – uncoated 

Рис. 10. Зависимость массы выпадения АСПО от скорости 
потока нефтяной среды на различных поверхностях

1 – ГИОТЭК 110М, 2 – MPLAG17,  
3 – силикатно-эмалевое MK-5, 4 – без покрытия
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to aggressive gases (CO2 , H2S). In order to isolate 
the corrosion effects of individual system components, 
tests can also be conducted in environments saturated 
with only carbon dioxide or hydrogen sulfide. To pre-
vent decompression effects, pressure release must take 
at least 10 min [64]. 

Electric arc spraying (EAS) was selected as the pri-
mary coating application method due to its high process 
efficiency and equipment mobility. EAS coatings made 
of stainless steel materials based on iron and nickel 
were applied with a target thickness of 350–500 µm. 
The chemical composition of the metal lization 
coatings included various elements in specific 
proportions (wt. %):

– Cr ~ 6.6÷14.5; Ni ~ 4.4÷8.4; Mo ~ 2.5; Si ~ 2.0÷3.7; 
Fe – balance;

– Cr ~ 13.0÷16.0; Ni ~ 7.3÷9.8; Mo ~ 3.5; Si ~ 2.9÷3.7; 
Al ~ 1.0; Fe – balance;

– Cr ~ 17.7÷18.6; Ni ~ 8.5÷8.9; Ti ~ 0.6; Si ~ 0.5÷0.7; 
Fe – balance.

The physical and mechanical properties of EAS 
coatings were found to be low due to significant poro-
sity and oxide layers between particles. Metallization 

coatings applied using iron-based wires (Fig. 12, a) 
without additional impregnation or an external poly-
mer layer proved to be ineffective against corrosive 
environments. In contrast, nickel-based wire coatings 
(Fig. 12, b) demonstrated resistance in acidic environ-
ments but lacked sufficient protection against CO2- and 
H2S-saturated conditions, indicating their inability 
to provide long-term protection. To reduce particle oxi-
dation during spraying, an argon protective atmosphere 
was used (Fig. 12, c, d), which resulted in a 55 % 
improvement in physical and mechanical properties 
compared to coatings applied in open air; however, 
corrosion resistance remained unsatisfactory [66].

Impregnation materials are commonly used to seal 
coating pores [67; 68]. The study utilized polymer-
based impregnating materials, including epoxy-phe-
nolic, acrylic, and polytetrafluoroethylene composi-
tions with thicknesses of 70–150 µm. The application 
of impregnation materials improved the corrosion 
resistance of the metallization layer; however, even 
minor damage to the impregnated coating on iron-
based layers resulted in rapid degradation. Therefore, 
the use of iron-based coatings with impregnation was 
deemed impractical.

Fig. 11. External view of the SEM housing with peeling and blistering of the metallization coating (а);  
destruction in the form of swelling of the coating (b); formation of corrosion products at the site of local damage to the coating (c) 

Рис. 11. Внешний вид корпуса ПЭД с отслоениями и вздутиями металлизационного покрытия (а);  
разрушение в виде вздутия покрытия (b); образование продуктов коррозии в месте локального повреждения покрытия (c)
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Fig. 12. Microstructure of the coating
a – EDM, iron-based wire; b – EDM, nickel-based wire; c – EDM in an argon environment, iron-based wire; 

d – EDM in an argon environment, nickel-based wire; e – ADM, iron-based wire; f – VSGPN, self-fluxing nickel-based powder;  
g – VSGPN, tungsten carbide powder in a cobalt matrix; h – EDM, nickel-based wire impregnated with epoxy-novolac resin 

Рис. 12. Микроструктуры различных покрытий
а – ЭДМ, проволока на основе железа; b – ЭДМ, проволока на основе никеля;  

c – ЭДМ в среде аргона, проволока на основе железа; d – ЭДМ в среде аргона, проволока на основе никеля;  
e – АДМ, проволока на основе железа; f – ВСГПН, самофлюсующийся порошок на основе никеля;  

g – ВСГПН, порошок на основе карбида вольфрама в кобальтовой матрице;  
h – ЭДМ, проволока на основе никеля с пропиткой на основе эпоксиноволачной смолы
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To increase the spraying flame temperature and 
achieve greater particle melting, activated arc spray-
ing (AAS) was employed in a propane-air environ-
ment [69]. The use of AAS with iron-based wires 
improved the physical and mechanical properties 
of the coating (Fig. 12, e). However, due to the com-
bustion of the propane-air mixture during application, 
the metallization layer still contained oxide layers that 
were not resistant to aggressive environments, making 
AAS coatings unsuitable in their pure form. The appli-
cation of an epoxy novolac resin-based impregna-
tion helped to limit the access of corrosive media 
to the metallization layer, thus preventing its destruc-
tion. However, in areas with artificially introduced 
defects such as “scratches”, the metallization layer 
deteriorated, and corrosion products were observed on 
the substrate. 

Using high-velocity oxy-fuel (HVOF) spraying, self-
fluxing powder materials based on nickel (Fig. 12, f) 
and tungsten carbide in a cobalt matrix (Fig. 12, g) 
were applied with a thickness of 300–350 µm. These 
coatings demonstrated high physical and mechanical 
properties and sufficient resistance to corrosive envi-
ronments. The HVOF-applied layer exhibited higher 
density with fewer oxide films between particles, which 
was achieved due to the higher particle velocity and 
shorter exposure time to the gas-oxidizing environment 
compared to EAS. The use of tungsten carbide-based 
powder materials provided coatings with excellent 
hardness and wear resistance; however, high porosity 
allowed aggressive media to penetrate and lead to sub-
strate degradation.

Based on the results of the conducted studies, 
the following conditions were found to provide satis-
factory outcomes:

– a nickel-based metallization layer contai-
ning ~18 % chromium and ~13 % molybdenum, 
applied using EAS, followed by impregnation with 
an epoxy novolac resin composition with a thickness 
of 70–150 µm;

– a nickel-based self-fluxing powder metalliza-
tion layer containing ~16 % chromium, applied using 
HVOF spraying.

It is noteworthy that with comparable properties, 
the cost of the HVOF-applied coating is lower than that 
of EAS.

ConclusionConclusion
The introduction of anti-corrosion coatings for 

protecting submersible equipment used in oil produc-
tion, particularly the inner surface of tubing, began 
in the late 1990s with the adoption of polymer coat-

ings. The extension of service life was accompanied 
by advancements in coating formulations, transition-
ing from Bisphenol A-based epoxy resins to epoxy 
novolac resins, as well as improvements in application 
methods. These developments led to the introduc-
tion of thermal curing at temperatures of 170–200 °C. 
A significant milestone in this evolution was the deve-
lopment of two-layer systems that combined high bar-
rier properties with resistance to ARPD and inorganic 
salt deposition. Currently, manufacturers of protective 
coatings face the challenge of developing multifunc-
tional single-layer coatings that combine these protec-
tive capabilities.

At the same time, continuous improvements have 
been made to the composition and structure of metal-
lization coatings. Traditional coatings applied using 
EAS with iron-based wires – characterized by overall 
porosity levels of up to 10 % and the presence of oxide 
films along particle boundaries – failed to provide ade-
quate barrier protection. This resulted in the formation 
of corrosion products at the metal–coating interface, 
leading to rapid deterioration. Two parallel approaches 
have been pursued to enhance the operational relia-
bility of such coatings: developing high-temperature 
polymer impregnations to seal porosity in the upper 
layers, and adopting HVOF spraying technology, 
which enables the production of non-porous, high-alloy 
corrosion-resistant coatings. While the scientific basis 
for these methods has been established, their full-scale 
implementation at production facilities is still required, 
along with efforts to replace imported components with 
domestically produced alternatives. 
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