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Oleg Vladislavovich Roman was born in 1925 in 
Vladivostok to a family of teachers. In 1934, the family 
moved to  Minsk, and following his father’s death in 
1941 – to Ufa, where his mother worked at a defense 
plant while he attended school and simultaneously 
worked at a factory. After graduating from school in 
1942, he entered the  Ufa Aviation Institute. In 1945, 
the  family returned to  Minsk, where he continued 
his studies at the  Belarusian Polytechnic Institute 
(BPI), majoring in mechanical engineering. Upon 
graduation in 1948, he entered postgraduate studies 
at  the  M.I.  Kalinin Leningrad Polytechnic Institute 
(LPI). His academic advisor was the eminent scientist 
and founder of the Soviet school of manufacturing engi-
neering, Professor Aleksandr Pavlovich Sokolovsky. 
At that time, LPI already had a strong team of  well-
known scholars.

In 1951, O.V. Roman successfully defended his 
Candidate of  Technical Sciences dissertation at LPI 
on the topic “Vibration Control in Metal Cutting” and 
returned to the Belarusian Polytechnic Institute, where 
he joined the faculty.

From 1961 to 1962, Oleg Vladislavovich completed 
a research internship in the United States at Rensselaer 
Polytechnic Institute (RPI) under Professors F.V. Lenel 

and G. Ansell, as well as Dr. H. Hausner. He later noted 
that he was fortunate to  work with such prominent 
scholars, whose influence shaped his future scientific 
career. Their collaboration continued for many years; 
both Professor Ansell and Dr.  Hausner visited Minsk 
and gave lectures at the Research Institute of Powder 
Metallurgy.

The rapid development of  powder metallurgy in 
the Belarusian Soviet Socialist Republic (BSSR) was 
closely linked with O.V.  Roman’s name. In 1955, he 
became head of  the Department of Metal Technology 
at BPI, which covered multiple areas of materials pro-
duction and processing technologies, including powder 
metallurgy. At his initiative, a powder metallurgy labo-
ratory was established within the department in 1956, 
marking the beginning of this field in the republic.

At the  time, new industrial facilities were being 
built in Minsk: Minsk Tractor Works (MTZ), Minsk 
Automobile Plant (MAZ), Minsk Automatic Lines 
Plant (MZAL), and many others. This growing indust
rial sector required new specialists, advanced know
ledge, novel materials, and modern manufacturing 
processes. As a result, close collaboration developed 
between educational institutions, research organiza-
tions, and industry.

The laboratory staff actively cooperated with 
Udarnik Road Machinery Plant, whose director, 
S.M.  Kovnatsky, and chief engineer, BPI graduate 
M.Ya. Kutser, understood the  importance of develop-
ing new materials. In 1957, at O.V. Roman’s initiative, 
the  plant allocated a small space for the  laboratory 
and pilot production, where the  first powder metal-
lurgy components were manufactured to meet indust
rial orders. For Udarnik, this included production 
of self-lubricating bushings (sliding bearings). In 1959, 
the first industrial contract was signed for the produc-
tion of oil pump gears from powder compositions for 
the Kharkov Tractor Plant. However, production space 
remained insufficient, and again through O.V. Roman’s 
initiative, an industrial section was established 
at the Minsk Spare Parts Plant (now OJSC Minsk Gear 
Plant), where for the  first time in the  BSSR a broad 
range of powder metallurgy components was manufac-
tured for MTZ and MAZ.

Dedicated to our teacher, 
colleague, and friend, 

Academician O.V. Roman, 
on the occasion of his centenary
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The development of  powder metallurgy work was 
formalized by a Resolution of the Council of Ministers 
of  the  BSSR dated October 3, 1959, which also 
defined the key research directions for the BPI Powder 
Metallurgy Laboratory at the Udarnik plant.

The creation in 1960 of the USSR system of regional 
economic councils (Sovnarkhozes) further stimulated 
the field. A government resolution transferred the BPI 
Powder Metallurgy Laboratory from the  depart-
ment to  the  institute’s Research Sector, and under 
a  Sovnarkhoz decision it was renamed the  Central 
Base Laboratory of Powder Metallurgy (Order No. 627 
of  the  Ministry of  Higher Education of  the  BSSR, 
September 23, 1960). This date is now regarded as 
the official birthday of powder metallurgy in Belarus. 
The laboratory was staffed with 40 employees and 
guided by a Scientific and Technical Council chaired 
by Department Head O.V.  Roman, who also served 
as Scientific Supervisor. M.Ya. Kutser, chief engineer 
of  Udarnik plant, was appointed head of  the  labora-
tory. From the  outset, its work followed a full-cycle 
principle: “from scientific research – to pilot design – 
to  pilot-scale production  – to  mass production”, with 
parallel training of engineering specialists and highly 
qualified researchers.

It is worth noting that this integrated approach has been 
maintained to  the present day in the Research Institute 
of  Powder Metallurgy (RI PM, now the  O.V.  Roman 
Powder Metallurgy Institute) and the  State Research 
and Production Powder Metallurgy Association, both 
of which trace their origins to this laboratory.

To train engineering specialists in powder metal
lurgy, the  BPI was already involving students in 

relevant diploma projects as early as 1958. Two stu-
dents from the  Faculty of  Mechanical Engineering  – 
V.N.  Gromovich and E.M. Dechko – completed their 
graduation projects in this field. Gromovich sub
sequently worked at the  powder metallurgy section 
of  Minsk Spare Parts Plant, while Dechko joined 
the  Department of  Machine Tools and Cutting Tools 
at BPI, continuing his academic career to  become 
a Doctor of Technical Sciences and Professor.

By 1959, an entire group of  students was actively 
engaged in powder metallurgy. One of  them, 
T.K.  Yurashkevich (later Garkavaya), was assigned 
upon graduation to  the  Central Base Laboratory 
of  Powder Metallurgy, becoming its first full-time 
engineer among BPI graduates.

In 1960, a team of  five students successfully 
developed and defended a joint diploma project 
for the  design of  a future powder metallurgy plant. 
Participants in this project, including V.S. Kovnatsky 
and L.G.  Talako, actively took part in designing and 
implementing technological processes for the Powder 
Metallurgy Plant in Molodechno in the early 1980s.

At the  Central Base Laboratory of  Powder 
Metallurgy, new structural, antifriction, and fric-
tion materials were developed, along with pilot-scale 
technologies for their production. The laboratory 
also manufactured friction rings for power take-off 
shafts for the  newly launched MTZ-50 tractor series. 
The  laboratory expanded rapidly, creating a need for 
new personnel.

One of  its first staff members was the  future 
Academician P.A. Vityaz, who recalls: 

O.V. Roman during his internship among leading RPI specialists, 1965 

Стажер О.В.Роман среди ведущих специалистов RPI, 1965 г.

Известия вузов. Порошковая металлургия и функциональные покрытия. 2025;19(4):6–15 
Витязь П.А., Ильющенко А.Ф. К 100-летию со дня рождения академика Олега Владиславовича Романа ...



9

“At that time, I was working as a foreman in 
the repair shop at the Udarnik plant, and I often 
assisted the  laboratory with repairs of  process 
equipment, presses, and furnaces. This led to my 
joining the laboratory in 1961. I began my work 
in powder metallurgy by studying the properties 
and production methods of  friction products for 
MTZ. My first meeting with O.V. Roman took place 
in 1962, upon his return from a research intern-
ship in the  United States. At a general meeting 
with the  laboratory staff, O.V. Roman impressed 
me not only with his appearance but also with 
the  persuasiveness of  his speech about the  pros-
pects for developing powder metallurgy and its 
importance for introducing new technologies 
and products for both general engineering and 
specialized equipment. At that very first meet-
ing, he emphasized the need to learn foreign lan-
guages, attend conferences, undertake research 
internships at leading scientific centers, and 
continuously acquire new knowledge. He pursued 
this process of mastering the new throughout his 
entire life”.

Following the  abolition of  the  regional economic 
councils (Sovnarkhozes) in the  USSR in 1962 and 
the  return to  a ministerial system, the  laboratory was 
reorganized into an industry-level laboratory of pow-
der metallurgy. Its staff actively improved their qualifi-
cations and collaborated closely with leading national 
and international scientific centers. Invaluable assis-
tance was provided by prominent Soviet powder metal
lurgy specialists such as V.V.  Saklinsky (Research 
Institute of  the  Automotive Industry, Moscow) and 
V.S.  Rakovsky (All-Union Institute of  Light Alloys, 
Moscow).

Laboratory staff also gained valuable scientific 
training through cooperation with the  Academy 
of Sciences of Ukraine, particularly with the Institute 
for Problems of Materials Science under Academicians 
I.N. Frantsevich, I.M. Fedorchenko, and V.I. Trofilov, 
as well as Corresponding Member G.V.  Samsonov. 
Productive and creative collaboration continued 
with Academicians V.V.  Skorokhod, I.V.  Novikov, 
I.K.  Pokhodnya, A.G.  Kostornov, K.A.  Yushchenko, 
and many others. The laboratory consistently enjoyed 
strong support from the  President of  the  Academy 
of  Sciences of  Ukraine, Academician B.E.  Paton, 
which continued until the very end of his life.

The laboratory’s research and development were 
evaluated by the Collegium of the Ministries of Higher 
Education of  the  BSSR and the  USSR. By the  mid-
1960s, it had become one of  the  leading laboratories 
in the  Soviet Union and, upon the  recommendation 

of  the  Collegium, was transformed by Resolution 
No.  11/34 of  the  Council of  Ministers of  the  BSSR 
dated August 11, 1964 into the  Problem Laboratory 
of Powder Metallurgy, designated as the lead laboratory 
within the USSR Ministry of Higher Education system. 
It was tasked with conducting theoretical research 
and assisting industrial enterprises in the  republic 
with implementing powder metallurgy developments 
in production.

Under the  leadership and active involvement 
of  O.V.  Roman, the  laboratory staff established con-
tacts with both Soviet and foreign scientists. Visitors 
included researchers from Moscow, Leningrad, and 
Kyiv, as well as international colleagues such as 
Kempton Roll, Director of the Metal Powder Industries 
Federation (USA); Professor Gerhard Bockstiegel 
(Sweden), a leading specialist with Hoeganaes, 
the  world’s largest producer of  iron and low-alloy 
steel powders; Professor Richard Kieffer (Austria), 
a renowned expert in hard and heavy alloys; and many 
other distinguished specialists.

These international connections enabled staff from 
the laboratory and the Department of Metal Technology 
at BPI to  work and train abroad through scientific 
exchange programs in the  USA, Sweden, England, 
France, Finland, Austria, Italy, and Yugoslavia. They 
participated in and presented papers at international 
conferences on powder metallurgy. The laboratory’s 
specialists were not only acquiring knowledge them-
selves but also sharing it with others. In 1961–1962, 
they designed and established a powder metallurgy 
production shop at an electromechanical plant in Riga. 
On O.V.  Roman’s initiative, the  Eighth All-Union 
Conference on Professional Methods for Manufacturing 
Products by Powder Metallurgy was organized and 
successfully held in Minsk on September 7–10, 1966.

Thanks to O.V. Roman’s active work and personal 
authority, the  development of  powder metallurgy 
enjoyed strong support from the  republic’s leader-
ship, particularly from P.M. Masherov, First Secretary 
of  the  Central Committee of  the  Communist Party 
of  Belorussia, who visited the  laboratory on mul-
tiple occasions. Significant attention was also given 
to the field by V.P. Elyutin, USSR Minister of Higher 
Education, himself a powder metallurgy specialist who 
headed a department at the Moscow Institute of Steel 
and Alloys, where many well-known experts in the field 
worked and continue to work to this day.

In the early 1960s, the Department of Metal Tech
nology at BPI saw its first postgraduate researchers: 
G.M.  Zhdanovich, E.A.  Doroshkevich, P.A.  Vityaz, 
V.E.  Perelman, V.G.  Gorobtsov, A.P.  Bogdanov, 
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L.S.  Boginsky, L.N.  Afanasyev, V.N.  Kovalevsky, 
and others. They soon successfully defended their 
Candidate of  Technical Sciences dissertations, and 
later Doctoral dissertations, becoming prominent 
scientists, specialists, educators, and leaders in 
research and industry.

All of  this led to  the  adoption of  Resolution 
No.  272 of  the  Council of  Ministers of  the  BSSR on 
September 7, 1972, establishing the Research Institute 
of  Powder Metallurgy (RI PM) at BPI on the  basis 
of  the  Problem Laboratory of  Powder Metallurgy. 
O.V.  Roman was appointed Director and immedia
tely raised the  issue of  building dedicated premises 
for the  institute, including pilot-scale production 
facilities. The necessary financial resources for const
ruction were secured by Oleg Vladislavovich and 
his disciples from various USSR ministries through 
what First Deputy Chairman of  the  USSR Council 
of  Ministers K.T.  Mazurov jokingly referred to  as 
the  “passing the  hat around”. Considerable sup-
port in this matter came from I.M.  Glazkov, Deputy 
Chairman of  the  Council of  Ministers of  the  BSSR, 
as well as from A.V.  Goryachkin, the  republic’s 
Permanent Representative in Moscow, and his deputy 
A.Ya. Masalsky. 

As a result, the  RI PM buildings with pilot-scale 
production facilities were constructed in Minsk 
at  41  Platonova Street, along with an experimental 
field station for impulse-loading applications near 
Ostroshitsky Gorodok, 18  km from Minsk. Securing 
funding from USSR ministries, obtaining building quo-
tas, and overseeing their utilization was a complex pro-
cess. In each ministry, it was necessary to demonstrate 
that the  institute possessed promising developments 
that would be applied in the interests of that ministry’s 
enterprises in return for the  allocated funds. These 
issues were addressed collectively by O.V. Roman and 
his team of  disciples and colleagues. The acquisition 
of  modern scientific equipment for research, as well 
as industrial equipment such as presses and furnaces 
for producing pilot-scale batches of powder metallurgy 
products and refining industrial technologies, was also 
essential. To this end, and at O.V. Roman’s initiative, 
the first international exhibition on powder metallurgy 
in the  USSR, Powder Metallurgy, was held in Minsk 
in 1973  – a true test of  capabilities on the  interna-
tional stage. By that time, many of  his disciples had 
completed research internships abroad, defended their 
Candidate dissertations, and were prepared to take on 
more complex challenges.

In May 1977, the institute’s pilot production build-
ing was completed, and it hosted the second highly rep-
resentative exhibition with the participation of virtually 

all major companies in the world engaged in powder 
metallurgy. At the  same time, an international confe
rence was organized, featuring presentations by scien
tists from Europe, the  United States, and the  USSR. 
In subsequent years, such exhibitions, along with their 
associated international conferences, became a regu-
lar event held every four years in Minsk. This helped 
to strengthen international ties, which have been main-
tained and continue to develop to this day.

Thanks to  these events, the  institute was able 
to  acquire, for that time, unique research equipment 
such as the MS046 X-ray microprobe (Cameca, France), 
the  QUANTIMET-720 image analyzer (Cambridge 
Instruments, UK), the  MiniSEM scanning electron 
microscope (Japan), and others. Funding for their pur-
chase was secured from the USSR State Committee for 
Science and Technology (GKNT), taking into account 
agreements to  carry out developments for the  benefit 
of various USSR ministries and industries of the BSSR. 

This system of  organizing and hosting exhibi-
tions and scientific–practical conferences continued 
on a  regular basis until the  dissolution of  the  USSR. 
It made it possible to establish at the institute a physical 
and chemical research center – the best in the USSR – 
which operated actively then and continues to function 
successfully today. 

Following the  first Powder Metallurgy exhibition, 
the institute intensified its work on applying protective 
coatings by various methods, developing new materials 
from powder compositions, and mastering advanced 
technological processes. Dozens of powder metallurgy 
and protective coating production sections and shops 
were established at enterprises in the BSSR, elsewhere 
in the  USSR, and in foreign countries. These activi-
ties developed within the framework of the ministries 
of education of these republics, whose main objectives 
included training both scientific personnel for research 
and engineers for industry.

The shortage of specialists in these areas prompted 
the  Ministries of  Higher Education of  the  USSR and 
the BSSR to decide to establish at BPI a special faculty 
for the  retraining of  engineers in powder metallurgy, 
protective coatings, and composite materials. The edu-
cational process was supported by staff from the depart-
ment and the Research Institute of Powder Metallurgy. 
To integrate the institute’s research and pilot production 
capabilities into the  educational process, particularly 
for research projects and practical training, a branch 
of the department headed by P.A. Vityaz was created. 
Graduates from universities in Russia, Uzbekistan, 
Tajikistan, Kazakhstan, and other Soviet republics  – 
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more than 100 specialists in total – completed retrain-
ing at this faculty.  

In 1978, the  BPI established a Department 
of  Materials Research and Testing, which in 1996 
became the  basis for the  creation of  the  Materials 
Research and Testing Center. In 1997, this center was 
accredited by the  State Standardization Committee 
of  the  Republic of  Belarus for technical competence 
and independence. It focused on conducting certifica-
tion testing in the  field of  general materials science. 
Today, the  institute operates a certification body for 
metallic and non-metallic materials and products made 
from them, enabling customers to  obtain quality cer-
tificates in accordance with the National Certification 
System. 

Since powder metallurgy products are used in vir
tually all industries, and their production requires spe-
cialized knowledge of  technological processes, it  is 
economically advantageous to  create interdepartmen-
tal production facilities. In the  1980s, to  accelerate 
the  introduction of  scientific achievements, associa-
tions and scientific–technical complexes were estab-
lished, bringing together organizations from both 
science and industry.

The growth of  research activities, the  creation 
of  new materials and technologies, and the  resulting 
demand from industrial enterprises meant that the pilot 
production facilities of the Research Institute of Powder 
Metallurgy, along with the sections created at various 
plants, could no longer meet industry needs. The insti-
tute’s leadership began exploring the  possibility 
of building a dedicated powder metallurgy plant. There 
was no prior experience in constructing such a facility, 
and at that time very few existed worldwide. This raised 
the questions of who would design and build the plant, 
provide financing, and then manage it. The matter was 
given careful consideration at the governmental level 
in both the BSSR and the USSR.

At the  initiative of  O.V.  Roman, a meeting was 
held at the  Research Institute of  Powder Metallurgy 
in 1980, attended by P.M.  Masherov, First Secretary 
of  the  Central Committee of  the  Communist Party 
of  Belorussia (CPB); I.M.  Glazkov, CPB Central 
Committee member responsible for science and 
education; A.N.  Aksenov, Chairman of  the  Council 
of  Ministers of  the  BSSR; G.N. Artyushevsky, Head 
of the Science and Education Directorate of the Council 
of  Ministers of  the  BSSR; V.D.  Tkachev, Rector 
of BPI; O.V. Roman, Director of the Research Institute 
of  Powder Metallurgy and Head of  the  Department, 
along with his deputies P.A. Vityaz and M.Ya. Kutser.

After reviewing the  institute’s work and holding 
a  thorough discussion on the  creation of  a scientific 
and production association for powder metallurgy, and 
on the proposal of P.M. Masherov with the agreement 
of Chairman of the Council of Ministers A.N. Aksenov, 
and with the  support of  USSR Academy of  Sciences 
President A.P.  Aleksandrov and USSR Minister 
of Higher Education V.P. Elyutin, a decision was made 
to  establish the  Belorussian Research and Production 
Powder Metallurgy Association (BRPPMA), report-
ing directly to  the Council of Ministers of  the BSSR. 
Oleg Vladislavovich Roman was appointed General 
Director of  the  newly created association, while 
retaining his positions as Director of  the  institute and 
Head of  the  Department. P.A.  Vityaz was appointed 
First Deputy Director-General for Research, and 
M.Ya. Kutser – Deputy Director-General for Production 
and Technology Implementation. It should be noted that 
O.V. Roman’s concurrent leadership of the association, 
the  institute, and the department proved highly effec-
tive, enabling a focused policy for training engineering 
and research personnel, carrying out essential R&D 
with the  participation of  students and postgraduate 
researchers, and transferring completed developments 
into industrial production.

At the  same time, by Resolution No.  52 of  the 
Council of Ministers of  the BSSR dated February 13, 
1980, BPI established a special faculty, New Materials, 
to  train specialists in powder metallurgy, composite 
materials, and protective coatings. The faculty ope
rated within the  framework of  the  association, with 
E.A. Doroshkevich appointed as Dean. 

The BRPPMA comprised the  Research Institute 
of Powder Metallurgy (its head organization), a Special 
Design and Technology Bureau with pilot produc-
tion facilities, an experimental field station (near 
Ostroshitsky Gorodok), and the  planned Molodechno 
Powder Metallurgy Plant (MolZPM) for manufacturing 
products from metal powders.

Implementing the  resolution required major effort 
and the  resolution of  entirely new, complex tasks. 
It  was necessary to  design the  plant, choose a const
ruction site, and prepare technical specifications for 
a facility capable of producing 10,000 tons of powder 
metallurgy products annually for machine-building 
plants and special-purpose equipment manufacturers 
across all Soviet republics. All institute laboratories 
were engaged in these tasks. O.V.  Roman insisted 
that every development of the RI PM be implemented 
at the plant. By then, the institute had achieved notable 
results in creating new powder compositions for manu-
facturing structural, antifriction, friction, and porous 
products. The specific product range for enterprises in 
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the BSSR and for various USSR ministries had to be 
defined. Based on required quantities and specifica-
tions, the necessary equipment, production capacities, 
and operating conditions were determined, forming 
the basis for the plant’s technical specifications.

In managing these efforts, O.V.  Roman displayed 
exceptional organizational skill, delegating responsi-
bilities and ensuring timely, high-quality execution. 
Not  everything went smoothly. One telling example 
involved selecting the  plant site. After extensive 
searches and numerous meetings, Molodechno was 
chosen. Working with the Molodechno City Executive 
Committee, the  site was inspected and preparations 
began for its transfer for construction in autumn 1980. 
Funding had been secured, and construction quotas 
allocated with annual distribution over the  build-
ing period. However, formal land allocation was 
delayed, and forecasts predicted severe frosts. Oleg 
Vladislavovich gathered his team, warning that if 
the  topsoil was not removed before the  freeze, const
ruction could not start the following year, resulting in 
the loss of both funding and quotas – an unacceptable 
outcome. The decision was made to begin site prepa-
ration immediately. The work was completed before 
the  frost, even though official land allocation docu-
ments had not yet been issued. For this breach of regu-
lations, O.V. Roman and P.A. Vityaz received an offi-
cial reprimand from the  People’s Control Committee 
of the BSSR. Roman’s response was characteristically 
pragmatic: 

“They gave the reprimand today, tomorrow it will 
be lifted, but the important job will have been done. 
The funds and construction quotas will be used”. 

And so it proved.
The choice of  Molodechno was driven by restric-

tions on new industrial construction in Minsk, 
the availability of local labor, and the supportive atti-
tude of the city’s leadership, which greatly accelerated 
the process.

On January 20, 1981, the directorate for the plant 
under construction was established, headed by 
N.P.  Ivanov. Work began on the plant itself alongside 
the simultaneous development of housing for its work-
force. The first residential building was occupied by 
plant employees in 1984.

The plant was built and brought into operation in 
parallel. In 1982, a section for manufacturing non-
standard equipment was set up in temporarily com-
missioned facilities. By December 1983, construc-
tion of  the  main production building and installation 
of process equipment had been completed. In January 
1984, A.S.  Sivets was appointed Plant Director, and 

the first phase of  the  facility, with an annual capacity 
of 5,000 tons of powder metallurgy products, was com-
missioned. In March 1984, the first batch of products 
was manufactured using the full technological cycle – 
powder mixing, blank compaction, sintering, and 
calibration. That year, production began for 37  types 
of  structural and antifriction components for MAZ, 
BelAZ, and ZIL trucks, MTZ tractors, Gomselmash 
agricultural machinery, and other applications.

In January 1985, the plant mastered titanium nitride 
protective coating technology for dental prostheses and 
surgical instruments. Two months later, it launched 
production of friction discs for tractors and agricultural 
machinery, expanding the product range to 123 items.

The following year saw the  introduction of  104 
new products, including filter elements with speci-
fied pore size distributions for liquid and gas filtra-
tion, phase separation, and sound-damping silencers. 
In 1986, the plant produced 227 types of filter products 
for 187 enterprises in Belarus, Ukraine, and the Baltic 
republics.

In 1987, the  plant became the  first in the  USSR 
to launch serial production of heat pipes with a capil
lary–porous structure and heat sinks for cooling high-
power semiconductor devices, as well as components 
made from hard alloys. That year, it reached full 
design capacity, employing 1,473 people and produc-
ing a wide range of structural, antifriction, and porous 
components. These included commutators for electric 
machines, friction discs manufactured by free-pouring 
composite powder onto a steel base, large-diameter 
friction discs (over 300  mm), and hydraulic pump 
components made from multicomponent composite 
materials. The plant’s products were supplied not only 
across the  Soviet republics but also to  Italy, Poland, 
Bulgaria, Czechoslovakia, and Germany.

Cooperation with the Council for Mutual Economic 
Assistance (CMEA) countries developed actively. 
The  Research Institute of  Powder Metallurgy played 
a leading role in multilateral international scientific and 
technical programs on hydrodynamic pressing of pow-
der materials, porous materials, and protective powder 
coatings. Meetings of CMEA representatives on these 
topics were regularly held in Minsk, with institute staff 
also participating in similar events abroad. 

The institute established productive ties with 
firms, research centers, and organizations in Bulgaria, 
the  German Democratic Republic, Hungary, Poland, 
Czechoslovakia, and Romania. From 1982, all CMEA 
member countries shifted this cooperation to a contrac-
tual basis. Under this framework, the Research Institute 
of Powder Metallurgy with Pilot Production Facilities 
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(Director O.V. Roman, Minsk, USSR) partnered with 
the Metal Ceramics Scientific and Production Complex 
(Director R.P.  Todorov, Sofia, Bulgaria). Four con-
tracts – two import and two export – were concluded, 
balanced in both value and cost. As part of these agree-
ments, the RI PM acquired PA-series automatic presses 
for compacting products of  complex shape and an 
atomization unit for producing powders for wear- and 
corrosion-resistant coatings, while Bulgaria’s NPC 
MK received a hydrodynamic pressing unit developed 
by the  institute and manufactured at the  All-Union 
Scientific Research Institute MetMash (Moscow), 
along with equipment for applying protective coatings.

O.V. Roman, together with his disciples, main-
tained extensive international contacts. Particularly 
fruitful was cooperation with Indian researchers. 
Between 1967 and 1969, he worked at the  Indian 
Institute of  Technology in Kharagpur, where he lec-
tured and established a powder metallurgy laboratory. 
For his contribution to  the  field, his role in training 
specialists, and his efforts to advance science in India, 
the Government of  India awarded him the Jawaharlal 
Nehru Prize.

O.V. Roman’s connection with India was rooted 
in both genuine affection for the  country and long-
standing friendships with influential figures, includ-
ing Professor A.P.J.  Abdul Kalam  – the  “father” 
of India’s space program and future President of India. 
At the  time, Abdul Kalam worked at the  Defence 
Metallurgical Research Laboratory (DMRL) in 
Hyderabad. O.V. Roman’s visit to DMRL in the early 
1980s, and his subsequent collaboration with Abdul 
Kalam, proved highly productive. This partnership led 
to an exhibition in Hyderabad in the late 1980s show-
casing the achievements of the Academies of Sciences 

of the USSR, the Belorussian SSR, and the Ukrainian 
SSR, during which an agreement was reached to estab-
lish the International Center for Powder Metallurgy and 
New Materials in Hyderabad.

Later, Indian postgraduate students S.  Basu and 
Kumar studied at the Department of Powder Metallurgy 
at BPI, defending their Candidate of Technical Sciences 
dissertations at the  Research Institute of  Powder 
Metallurgy, where a specialized Dissertation Council 
for the  specialty 05.16.06 “Powder Metallurgy and 
Composite Materials” had been established in 1986. 
This council continues to operate to  this day. S. Basu 
went on to earn his doctoral degree and serve as Vice 
President of Sandvik Asia, the world’s largest producer 
of hard alloys, in Pune, India. Kumar became a profes-
sor and now teaches at a university in Delhi.

After the  dissolution of  the  USSR, Russia and 
Ukraine withdrew from the agreement, leaving the RI 
PM team, led by O.V.  Roman, to  carry out the  work 
jointly with DMRL staff. In 1992, another exhibition 
was held in Hyderabad, and the newly established cen-
ter was commissioned in cooperation with the  Indian 
side. Active collaboration between RI PM and the cen-
ter continues today under joint contracts.

The onset of  perestroika and the  collapse 
of the USSR brought sharp industrial decline to Belarus 
and a significant reduction in demand for powder 
metallurgy products. As the  Republic of  Belarus 
became an independent state, adaptation to  the  new 
conditions was essential. Thanks to  the  strong team 
built by O.V.  Roman at the  Belarusian Research and 
Production Powder Metallurgy Association (now 
the State Research and Production Powder Metallurgy 
Association, SRPPMA), the  organization not only 
survived but continued to  grow. Today it includes 

O.V. Roman at the Indian Institute of Technology, Kharagpur, 1968 

О.В. Роман в Индийском технологическом институте, г. Харагпур, 1968 г.
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O.V. Roman and future President of India (2002–2007) Professor A.P.J. Abdul Kalam, Hyderabad, 1998 

О.В. Роман и будущий Президент Индии (2002–2007 гг.) профессор Абдул Калам, г. Хайдарабад, 1998 г.

the  O.V.  Roman Powder Metallurgy Institute; three 
self-financing divisions – the  Institute of  Pulse 
Processes, the  Institute of  Welding and Protective 
Coatings, and the  Scientific Instrument Engineering 
Design Bureau; the state production unitary enterprise 
Molodechno Powder Metallurgy Plant; and two state 
enterprises  – the  Center of  Utilization of  Aviation 
Means of  Destruction and the  Center of  Utilization 
of Artillery and Engineering Ammunition.

O.V. Roman’s active stance and ability to connect 
with people across diverse professional backgrounds 
earned him respect in both scientific and governmental 
circles. His relationships with colleagues went beyond 
formalities  – he was deeply responsive to  personal 
hardships and difficulties, often taking a direct role in 
helping those in need. This human quality, combined 
with his professional achievements, defines him as 
much as his scientific legacy.

Through creativity, tireless work, and determination, 
O.V. Roman founded the  field of  powder metallurgy 
in Belarus. What began as a small laboratory within 
the Department of Metal Technology at BPI grew into 
the State Research and Production Powder Metallurgy 
Association. The association reached its peak in 1987, 
with a staff of 2,727, including 1,254 research person-
nel – among them 237 research scientists, 4 Doctors 
of  Sciences, and 74 Candidates of  Sciences – and 
1,473 plant employees. The leadership of SRPPMA has 
included General Directors O.V. Roman (1980–1993), 
E.A.  Doroshkevich (1993–2003), V.K. Sheleg 
(2003–2005), and A.Ph. Ilyushchanka (2005–present), 
as well as Directors of O.V. Roman Powder Metallurgy 
Institute (1972–1992), P.A.  Vityaz (1992–1997), and 
A.Ph. Ilyushchanka (1997–present).

Under the guidance of O.V. Roman and his disciples – 
P.A.  Vityaz, E.A.  Doroshkevich, A.Ph.  Ilyushchanka, 
and V.K. Sheleg – 74 Candidate and 39 Doctoral dis-
sertations were defended. Overall, to date, more than 
100 Candidate and 54 Doctoral dissertations have 
been defended under the  leadership of  O.V.  Roman, 
his school of  disciples, and their academic descen-
dants. Among them are five Corresponding Members 
of the National Academy of Sciences of Belarus, inclu
ding three Academicians  – O.V.  Roman, P.A. Vityaz, 
and A.Ph.  Ilyushchanka. Many of  his disciples have 
gone on to become heads of organizations, department 
chairs at universities, educators, and creative profes-
sionals for whom Oleg Vladislavovich played a deci-
sive role in career choice and life philosophy. From all 
his disciples – deepest gratitude and everlasting mem-
ory. On their initiative, on May 28, 2014, a memorial 
plaque to Academician O.V. Roman – founder of pow-
der metallurgy in Belarus – was installed on the main 
facade of  the  State Research and Production Powder 
Metallurgy Association and the  Powder Metallurgy 
Institute.

On September 6, 2018, by decision of the Presidium 
of  the  National Academy of  Sciences of  Belarus, 
the  Powder Metallurgy Institute was named after 
Academician O.V.  Roman. In 2020, by decision 
of the Scientific and Technical Council of the SRPPMA, 
a prestigious prize bearing his name was established, 
awarded annually to  specialists who have made 
the most significant contributions to  the development 
of powder metallurgy.

In this commemorative account, we have sought 
to  highlight the  role of Academician O.V.  Roman as 
the organizer of  the  formation and growth of powder 
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metallurgy in Belarus, as a teacher who built a school 
of disciples in powder metallurgy – including protec-
tive coatings and the application of impulse loading – 
a  school that continues to  function and develop suc-
cessfully to this day. We have not touched upon the sci-
entific areas and achievements of O.V. Roman and his 
disciples, which are documented in dozens of  mono-
graphs, thousands of  articles published in domestic 
and international journals, and hundreds of  Author’s 
Certificates and patents. For their scientific and practi-
cal achievements, O.V. Roman and his disciples have 
received numerous national and international prizes 

and governmental awards, both in the  Soviet period 
and in the present day.

Oleg Vladislavovich will forever be remembered 
by his disciples and by those they have trained in 
turn. We trust that among future generations of resear
chers working in the  fields founded by Academician 
O.V. Roman and his disciples, his name will endure as 
a source of inspiration – driving them to achieve out-
standing results and to promote the creative, collabora-
tive development of  science, education, and industry 
for the  benefit of  the  Republic of  Belarus, the  Union 
State, and international cooperation.

Ceremonial unveiling of the memorial plaque to Academician O.V. Roman  
on the main building of the Powder Metallurgy Institute, May 28, 2014 

Торжественное открытие мемориальной доски академику О.В. Роману  
на здании главного корпуса Института порошковой металлургии, 28 мая 2014 г.
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Abstract. The paper presents the results of research carried out at the O.V. Roman Powder Metallurgy Institute (Belarus) on the produc-

tion of iron-based pseu-dosalloys for antifriction applications and the development of methods for im-proving their mechanical and 
tribological properties. A computational model of parametrically non-stationary high-temperature infiltration was developed, enab
ling the calculation of pore-filling time and optimization of the pseudosalloy fabrication mode. The features of carbon distribution 
in the iron skeleton of the pseudosalloy during isothermal holding and subsequent heat treatment under the influence of the copper 
phase were identified. It was shown that after isothermal holding, the carbon content in the region of the skeleton adjacent to the copper 
phase is lower than in its center, whereas after quenching and high-temperature tempering, a carbon-enriched zone forms at the inter-
face with the copper phase. The mechanisms responsible for improving the mechanical and tribological prop-erties of pseudosal-
loys using the developed methods were established. These in-clude: stamping at the optimum temperature; extended holding during 
high-temperature tempering after quenching; high- and low-temperature thermome-chanical treatments under optimized conditions; 
alloying the iron matrix with nickel or chromium; and structural modification through the introduction of ul-tradispersed diamonds, 
ultradispersed aluminum oxide, nanodispersed zirconium oxide, mixtures of nanosized oxides of iron, nickel, and zinc, single- or two-
phase aluminides of nickel, iron, or titanium and their composites, calcium molybdate, or hexagonal boron nitride, as well as alloying 
the infiltrate with tin, nickel, or chromium and the addition of ultradispersed aluminum oxide. The obtained strength, hardness, impact 
toughness, friction coefficient, limit seizure pressure, wear resistance, and PV parameter values are reported. The wear mechanism 
of pseudosalloys with enhanced properties was determined. It was demonstrated that during friction, nanoscale porosity and voids 
form, serving as additional res-ervoirs for lubricant, thereby improving friction conditions, preventing copper transfer into these areas, 
reducing the coefficient of friction, and increasing wear resistance. 

Keywords: iron-based pseudoalloys, infiltration, structure, phase composition, mechanical properties, tribotechnical properties, heat 
treatment, thermomechanical treat-ments, additives
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Аннотация. Представлены результаты проведенных в Институте порошковой металлургии имени академика О.В. Романа 

(Беларусь) работ по изучению процессов получения псевдосплавов антифрикционного назначения с каркасом на основе 
железа и разработке способов повышения их механических и триботехнических свойств. Создана расчетная модель пара-
метрически нестационарной высокотемпературной инфильтрации, позволившая рассчитать время заполнения пор и опти-
мизировать режим получения псевдосплавов. Выявлены особенности распределения углерода в стальном каркасе псев-
досплава при изотермической выдержке и термической обработке из-за воздействии медной фазы. Показано, что после 
изотермической выдержки содержание углерода в приграничной с медной фазой области стального каркаса меньше, чем 
в центре, а после закалки и высокотемпературного отпуска на границе с медной фазой образуется область с повышенным 
содержанием углерода. Установлены механизмы, обеспечивающие повышение механических и триботехнических свойств 
псевдосплавов на основе железа с помощью разработанных способов: штамповкой при оптимальной температуре; увели-
чением выдержки при высокотемпературном отпуске после закалки; высоко- и низкотемпературной термомеханической 
обработкой при оптимальных режимах; легированием стального каркаса никелем или хромом; модифицированием струк-
туры введением ультрадисперсных алмазов, ультрадисперсного оксида алюминия, нанодисперсного оксида циркония, 
смеси наноразмерных оксидов железа, никеля и цинка, а также алюминидов никеля, железа, титана (однофазных или двух-
фазных) и композитов на их основе, молибдата кальция или гексагонального нитрида бора; легированием инфильтрата 
оловом, никелем, хромом и введением в него ультрадисперсного оксида алюминия. Приведены достигнутые значения 
прочности, твердости, ударной вязкости, коэффициента трения, предельного давления схватывания, износостойкости, 
параметра PV. Установлен механизм изнашивания псевдосплавов с повышенными свойствами. Показано, что в процессе 
трения происходит образование наноразмерной пористости и лакун, являющихся дополнительными резервуарами для 
смазки, что улучшает условия трения, препятствует переносу в эти места меди, обеспечивает снижение коэффициента 
трения и повышения износостойкости.  

Ключевые слова: псевдосплавы на основе железа, инфильтрация, структура, фазовый состав, механические, триботехнические 
свойства, термическая, термомеханическая обработки, добавки
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IntroductionIntroduction
This article is dedicated to  the  memory of  Oleg 

Vladislavovich Roman – the founder of powder metal
lurgy in Belarus, the  first Director of  the  Powder 
Metallurgy Institute, and the  first General Director 
of the State Research and Production Powder Metallurgy 
Association. His main scientific interests included 
theoretical and experimental studies of  impulse pro-
cesses in materials processing, such as explosive 
welding. At the  same time, he devoted considerable 
attention to the theory and practice of classical powder 

metallurgy processes, in particular, the  development 
of  powder-based antifriction materials with enhanced 
mechanical and tribological properties for components 
of  heavily loaded friction units. The present article 
continues this line of research.

In heavily loaded friction units operating under 
high pressures and across a wide temperature range, 
a thin boundary lubrication film does not adequately 
protect the  surface of  sliding bearings from plastic 
deformation, leading to a marked increase in wear [1]. 
Therefore, antifriction materials must combine high 
bulk mechanical strength with stability at operating 
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temperatures, advanced tribological characteristics, 
and high thermal conductivity for efficient heat dissi-
pation from the  friction zone. They must also exhibit 
corrosion resistance and oxidation stability at elevated 
temperatures. Consequently, minimal porosity is a pri-
mary requirement. 

Powder antifriction materials based on iron have 
found the widest application in heavily loaded friction 
units, owing to their high wear resistance and permis-
sible load capacity. To increase their strength, alloying 
with carbon, copper, manganese, chromium, nickel, 
molybdenum, and other elements is employed, along 
with heat treatment and thermochemical treatment [2]. 
A low coefficient of  friction and high wear resistance 
are achieved by introducing solid lubricants and various 
solid ultra- or nanosized inclusions (carbides, borides, 
oxides, glass, intermetallics, etc.)  [3]. Porosity reduc-
tion methods include plastic deformation processes, 
hot dynamic or isostatic pressing [4], and sintering in 
the presence of a liquid phase [5]. 

A particularly promising method for reducing 
porosity and enhancing the  mechanical, tribological, 
and thermal conductivity properties is the  infiltration 
of  an iron skeleton with copper alloys [6], producing 
so-called pseudosalloys. In addition to  the  proper-
ties listed above, they are also characterized by high 
thermal and heat resistance, damping capacity under 
vibrational loading, resistance to electrical erosion, and 
thermal stability. Pseudosalloys are used to manufac-
ture both antifriction and structural components. 

The aim of this article is to review the studies con-
ducted at the O.V. Roman Powder Metallurgy Institute 
on the  production of  iron-skeleton-based antifric-
tion pseudosalloys and the  development of  methods 
for improving their mechanical and tribological 
performance.

Research methodologyResearch methodology
The powders of  iron, copper, tin, and graphite 

(commercial grade) were used in the as‑received state. 
The additives introduced to improve the properties are 
described below. A hydraulic press was employed for 
compaction, and a continuous furnace with an endogas 
atmosphere was used for infiltration.

The material structure was examined using a MEF‑3 
metallographic microscope (Austria) and a high-
resolution Mira scanning electron microscope (Czech 
Republic) equipped with an INCA 350 micro‑X‑ray 
spectral analyzer (UK). The phase composition and fine 
structure were studied on an Ultima IV Rigaku high-
resolution diffractometer with a cobalt anode (Japan) 
under CuKα radiation. Mechanical properties were 
determined using standard methods, while tribologi-

cal characteristics were evaluated on an MT‑2 friction 
testing machine at a sliding speed of 2.5–7.0 m/s. Tests 
were carried out on three samples (10 mm in diameter, 
12 mm in height) with a moderate lubricant supply 
(6–8 drops per minute of  industrial oil I‑20) directed 
to the center of the counterbody. The wear of the samp
les was measured on an optimeter with an accuracy 
of  0.001 mm. Hardened steel 45 discs (42–45 HRC) 
were used as the counterbody. 

Results and discussionResults and discussion
In studying the  processes of  pseudalloy fabrica-

tion, a computational model of parametrically non‑sta-
tionary high‑temperature infiltration was developed. 
The  model accounts for changes in the  structural 
parameters of the skeleton and in the physical proper-
ties of the liquid phase, caused by diffusion, dissolution, 
and liquid‑phase rearrangement of  skeleton particles. 
The model showed that, depending on pore size and 
infiltrant viscosity, capillary forces fill the pore space 
with copper alloy within 30–60 s  [7]. However, this 
time is insufficient for the formation of a stable skeleton 
structure, particularly in the case of unsintered skele
tons, which prevents achieving the  required material 
properties. Therefore, isothermal holding at the  infilt
ration temperature was applied. During this process, 
a homogeneous skeleton structure, the  required mor-
phology of  the  copper phase, and transition layers in 
the interfacial regions (Fe solid solution in Cu and Cu 
solid solution in Fe) are formed, and micropores are 
also filled with copper alloy. These phenomena provide 
high strength, wear resistance, thermal conductivity, 
and a low friction coefficient  [8; 9], thus confirming 
the validity of the proposed antifriction material model. 

The presence of  copper in the  pseudalloy signifi-
cantly affects the  formation of  the  skeleton structure 
of  carbon steel during isothermal holding, especially 
when infiltrating an unsintered skeleton, where the for-
mation of the Fe–C solid solution and the infiltration pro-
cess occur simultaneously. As shown previously [10], 
copper located at the particle boundaries of the skele
ton slows down grain‑boundary diffusion of  carbon 
into iron and drives carbon deeper into the  particles. 
As a result, the  carbon content in the  layer adjacent 
to  the  copper phase is lower. Micro‑X‑ray spectral 
analysis revealed that in the regions of the steel skele
ton near the copper infiltrant, the intensity of the carbon 
signal was more than two times lower than in the center 
of the steel skeleton (Fig. 1).

The microstructure obtained after infiltration 
and isothermal holding ensured high performance. 
Depending on the  skeleton composition as well as 
the composition, content, and morphology of the infilt
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rant, the  tensile strength was 400–600 MPa, impact 
toughness 30–40 kJ/m2, hardness 140–280 HB, and 
thermal conductivity 45–79 W/m·K. Under boundary 
lubrication at PV = 30–38 MPa·m/s, the  wear rate 
was 0.08–0.20 μm/km  – more than five times lower 
than that of dense bronze. The friction coefficient was 
0.007–0.009, and the maximum operating temperature 
reached 800 °С.

To further improve the properties of the pseudalloys, 
plastic deformation (hot die forging), heat treatment, 
and thermomechanical treatment were applied. Hot 
die forging at the optimum temperature of 850–900 °C 
eliminated residual porosity and increased the  tensile 

strength to  670–980 MPa, while hardness and impact 
toughness rose by a factor of 1.5–2.5 [11]. 

After quenching, depending on the  copper‑phase 
content, maximum strength was achieved at tempering 
temperatures of  550–650 °C (Fig. 2)  [12]. Extending 
the  holding time to  3 h at these temperatures further 
increased the hardness of  the pseudalloys, particularly 
those with a higher copper content. This effect is attri
buted to aging in the copper phase due to the precipita-
tion of Fe4Cu3 intermetallic and copper–tin compounds 
(Table 1). As a result, the microhardness of the infiltrant 
phase increased from 1450 to 1750 MPa. At high‑tem-
perature tempering, carbon diffuses into the  more 

Fig. 1. Microstructure of a section of the steel skeleton of a pseudalloy with a skeleton of grade ZhGr1.2Ms1 (Fe–1.2 % C–1 % Cu), 
infiltrated with BrO5 bronze (Cu–5 % Sn), and the distribution of carbon and copper 

Рис. 1. Структура участка стального каркаса псевдосплава с каркасом состава ЖГр1,2Мс1,  
инфильтрированным бронзой БрО5, и распределение в нем углерода и меди

Fig. 2. Effect of heat treatment modes (1–15) on the properties of a pseudalloy  
with a skeleton of PK80 (Fe–0.8 % C) steel infiltrated with BrO5 bronze

 – skeleton density 75 %;  – 85 %;
1 – infiltration; 2 – quenching; 3 – tempering at t = 200 °С (3); 300 °С (4); 400 °С (5); 500 °С, 1 h (6); 500 °С, 3 h (7); 

550 °С, 1 h (8); 550 °С, 3 h (9); 600 °С, 1 h (10); 600 °С, 3 h (11); 650 °С, 1 h (12); 650 °С, 3 h (13); 700 °С, 1 h (14); 700 °С, 3 h (15) 

Рис. 2. Влияние режимов (1–15) термообработки на свойства псевдосплава с каркасом из стали ПК80,  
инфильтрированным бронзой БрО5

 – плотность каркаса 75 %;  – 85 %;  
1 – инфильтрация; 2 – закалка; 3–15: отпуск при t = 200 °С (3); 300 °С (4); 400 °С (5); 

 500 °С, 1 ч (6); 500 °С, 3 ч (7); 550 °С, 1 ч (8); 550 °С, 3 ч (9); 600 °С, 1 ч (10); 600 °С, 3 ч (11);  
650 °С, 1 ч (12);  650 °С, 3 ч (13); 700 °С, 1 ч (14); 700 °С, 3 ч (15)
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defect‑rich region adjacent to  the  copper phase, for
ming a carbon‑enriched layer (visible as a dark rim in 
Fig. 3). In high‑carbon steel skeletons, carbon segre-
gation within the  grain interior was less pronounced. 
The microhardness in the particle center was 3030 MPa, 
while in the dark rim zone it reached 4120 MPa.

The formation of a two‑layer structure in the pseudo-
alloy skeleton after heat treatment, together with aging 
of the copper phase, enhanced not only the mechanical 
but also the  tribological properties. The seizure pres-
sure doubled, wear resistance increased by more than 
2.5 times, and the PV parameter rose by 1.5–1.7 times. 

Application of  thermomechanical treatment (TMT) 
further improved the  properties of  the  pseudo
alloys [13]. Deformation during TMT was carried out 
by free upsetting on a mechanical press with a strain 
of ε = 30, 45, and 65 % at 900 and 700 °C (high‑tem-
perature thermomechanical treatment, HTMT) and 
at  550 °C (low‑temperature thermomechanical treat-
ment, LTMT). Heating was performed by high‑fre-
quency currents, and quenching after deformation 

was carried out in water. At HTMT with 900 °C and 
a strain of 65 %, samples fractured due to high stress 
levels at  the Fe–Cu interphase boundaries. At HTMT 
at 700 °C, softening was less pronounced: the  struc-
ture retained a well‑developed polygonal substructure 
of deformed austenite, which ensured higher strength. 

The greatest strengthening was achieved with 
LTMT (Fig. 4), owing to hardening not only of the steel 
phase (formation of  a two‑layer structure within 
grains, increased dislocation density, and development 
of  a cell‑polygonal substructure) (Table 2), but also 
of the copper phase through aging. 

During TMT, macrotexture formation, structural 
refinement in the steel skeleton, and the development 
of  an even more pronounced gradient structure com-
pared with heat treatment were observed (Fig. 5).

The wear resistance of  the  pseudalloy after 
HTMT at 700 °C increased by 1.5 times at ε = 45 % 
and by 2.0 times at ε = 65 %. The seizure pressure 

Table 1. Phase composition of material with a PK80 steel skeleton infiltrated with a Cu–Sn alloy,  
depending on heat treatment conditions 

Таблица 1. Зависимость фазового состава материала с каркасом из стали ПК80,  
инфильтрированным медно-оловянным сплавом, от режимов термической обработки

Heat treatment 
mode

Content, wt. %
α′-Fe

(quenched 
martensite)

α-Fe 
(tempered 
martensite)

γ-Fe Fe3C Fe2C Fe4Cu3
Cu

α-(Cu,Sn) η-Cu6Sn5 δ-Cu3Sn8

Quenching 21 35 12 13 – – 14 – 5
Tempering – 200 °С 15 29 8 20 – – 25 – 3

Tempering – 550 °С, 1 h 12 42 5 15 6 4 13 3 –
Tempering – 550 °С, 3 h 13 50 3 12 1 2 14 5 –

Fig. 3. Microstructure of a pseudalloy with a skeleton  
of PK80 steel infiltrated with BrO5 bronze after quenching and 

tempering at 550 °C for 3 h 

Рис. 3. Структура псевдосплава с каркасом из стали ПК80, 
инфильтрированным бронзой БрО5, после закалки и отпуска 

при t = 550 °С, τ = 3 ч

Fig. 4. Effect of strain and deformation temperature during TMT 
on the strength of a pseudalloy with a skeleton of 80 % density 

made of PK80N4M (Fe–0.8 % C–4 % Ni–Mo) steel,  
infiltrated with BrO5 bronze

Deformation temperature: 700 °С(1), 900 °С (2), 550 °С (3) 

Рис. 4. Влияние степени и температуры деформации  
при ТМО на прочность псевдосплава с каркасом плотностью 

80 % из стали ПК80Н4М, инфильтрированным БрО5
Температура деформации при 700 °С (1), 900 °С (2), 550 °С (3)
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increased by 1.9 and 2.1 times, respectively. After 
LTMT at  550 °C, wear resistance increased threefold 
at ε = 45 % and fourfold at ε = 65 %, while the seizure 
pressure increased by 2.4 and 2.5 times, respectively. 
The PV parameter after TMT was 1.8–1.9 times higher 
than without treatment. 

A key advantage of iron‑based antifriction pseudo-
alloys obtained by infiltration with copper alloys fol-
lowed by isothermal holding is the ability to tailor their 
properties by varying: 

– the composition of the skeleton through alloying, 
microalloying, and the introduction of additives of dif-
ferent types; 

– the composition of the infiltrant by alloying;
– the copper‑phase content, which is determined by 

the initial porosity of the skeleton; 
– the morphology of  the  copper phase, which 

depends on the type of skeleton used – either a sintered 
skeleton with well‑developed interparticle contacts or 
an unsintered skeleton with more defective contacts;

– the duration of isothermal holding after infiltration. 
Studies of  wear intensity showed that the  wear 

resistance of  the pseudalloy was 3.0–3.5 times higher 
than that of sintered steel of  the same composition as 
the  pseudalloy skeleton  [14; 15]. Micro‑X‑ray spect

Table 2. Fine-structure parameters of the skeleton of PK80N4M steel  
in the initial state and after low-temperature thermomechanical treatment 

Таблица 2. Параметры тонкой структуры каркаса из стали ПК80Н4М псевдосплава  
в исходном состоянии и после низкотемпературной термомеханической обработки

Treatment 
condition (hkl)

Coherent 
scattering 

domain size, Å

Relative root-mean-
square microstrain

(<Е2>1/2)·10–4

Dislocation 
density ×108, 

1/cm2

Integral line 
width β1/2, deg

Lattice 
parameter 

а, Å

After infiltration (110)
(220) 208 ± 8 1.69 ± 0.37 0.4375 0.0565 2.8732

After LTMT
with ε = 45 %

(110)
(220) 201 ± 8 8.44 ± 3.46 10.2875 0.2830 2.8695

After LTMT
with ε = 65 %

(110)
(220) 177 ± 2 24.32 ± 14.08 71.7391 0.8127 2.8681

Fig. 5. Microstructure of a pseudalloy with a skeleton of PK80N4M steel infiltrated with BrO5 bronze  
after HTMT at 700 °C (а, b) and LTMT at 550 °C (c, d)

а, c – strain ε = 45 %; b, d – strain ε = 65 %

Рис. 5. Структура псевдосплава с каркасом из стали ПК80Н4М, инфильтрированным бронзой БрО5,  
после ВТМО при t = 700 °С (а, b) и НТМО при 550 °С (c, d)

а, c – степень деформации 45 %; b, d – 65 %
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Table 3. Compressive strength of sintered iron  
and PK80 steel with ultradispersed additives  

(sintered in endogas atmosphere) 
Таблица 3. Предел прочности при сжатии спеченного 

железа и стали ПК80 с ультрадисперсными добавками 
(спекание в эндогазе)

Material σc , MPa
Fe 2020

PK80 3100 (σf = 220)
Fe + 0.5 % UDD 3200

PK80 + 0.5 % Al2O3 4340
PK80 + 0.5 % (Al2O3 + 20 % ZrO2 ) 4540

PK80 + 0.5 % CrB2 4320
PK80 + 1.0 % CrB2 3460

Fe + 0.5 % (Fe,Ni,Zn)0 3560
PK80 + 0.5 % (Fe,Ni,Zn)0 4250

PK80 + 0.5 % CaMoO4 σf = 275

ral analysis of worn counterbody surfaces paired with 
pseudalloys revealed that copper content reached 
6–7 % due to  selective mass transfer. The worn sur-
faces of pseudalloys were homogeneous, without signs 
of  erosion (Fig. 6, a), and exhibited a spongy‑capil-
lary structure (Fig. 6, b). Three‑dimensional images 
(Fig. 6, c, d) revealed the formation of nanoscale voids 
that act as additional lubricant reservoirs, improving 
friction conditions and preventing copper transfer into 
these areas. Copper was located only on the  protru-
sions of the voids. 

Surface roughness studies of sintered and infiltrated 
samples showed that the  initial roughness parameters 
differed by 30–40 %. After testing, vertical roughness 
parameters decreased 3.5–4.0 times for sintered mate-
rials and threefold for infiltrated materials [16; 17]. 

A significant increase in the  strength of  the  steel 
skeleton was achieved by the introduction of:

• 2 and 4 %1 Ni or 3 % Cr [18];
• 0.2–1.0 % ultradispersed diamond (UDD) [19];
• 0.5–0.8 μm Al2O3 and 100–200 nm ZrO2 pow- 

ders [20; 21];
• mechanically activated mixture of  300–500 nm 

Fe2O3 with 40–70 nm NiO and ZnO [22];
• single‑phase aluminides (Ni3Al, Ti3Al, Fe3Al), and 

two‑phase aluminides ((Al3Ni–Al3Ni2 ), (TiAl2–TiAl3 ), 
(Fe2Al5–FeAl3 ));

• TiCrAl, NiTiAl, and FeMo/TiB2 composi
tes obtained by SHS with preliminary mechanical 
activation [10; 23];

• 3–5 μm CaMoO4 ;
• 2–8 μm hexagonal BN [24].
When ultradispersed mixtures of  Al2O3 and ZrO2 

oxides were added, strength, fracture toughness (from 
31 to  40–43 MPa·m1/2), total fracture energy (from 
1.7·105 to (1.8–1.93)·105 J/m2), and skeleton hardness 
(HV) (from 680–965 to  1100–1230 MPa) increased. 
This strengthening was attributed not only to  grain 
refinement of the skeleton but also to the effect of ZrO2 
nanoparticles at grain boundaries (Table 3). The most 
pronounced increase in strength of both iron and car-
bon steel (flexural strength increased by 50–100 MPa 
and compressive yield strength by 350–500 MPa) was 
observed when 0.5 % of  the Fe–Ni–Zn oxide mixture 
was added (Table. 3).

The dependence of strength on microadditive content 
was parabolic, with an optimum range of 0.2–0.5 %.

The greatest strengthening of  powder steel, by 
a  factor of  1.2–1.5, is achieved with the  introduction 
of  nanosized particles that form a denser, defect‑free 
contact with the  matrix. Micro‑X‑ray spectral analy-
sis showed that the  introduced dispersed particles are 
located mainly along grain boundaries, where they 
retard collective recrystallization and promote grain 
refinement. The increase in strength of  powder steel 
with the  addition of  0.5 wt. % chromium boride is 
further explained by the fact that, during sintering, its 
particles interact with the iron matrix to form complex 
borides, and, by reacting with carbon, they form chro-
mium carboborides.

Fig. 6. Worn surfaces of samples made of sintered (а, c)  
and infiltrated (b, d) material 

Рис. 6. Изношенные поверхности образцов 
из спеченного (а, c) и инфильтрированного (b, d) материалов

1 Here and throughout the text, wt. % is implied.
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The introduction of  nickel, titanium, and iron 
aluminides also enhances strength and hardness by 
significantly refining the  structure, with the  degree 
of refinement depending on the quantity and composi-
tion of the additive. The most pronounced strengthen-
ing is obtained with 0.2–0.5 % FeMo/TiB2 or up to 5 % 
FeAl/Al2O3 , as well as with two‑phase iron aluminide 
and both single‑ and two‑phase nickel aluminides. 
The strengthening effect of  FeAl/Al2O3 is attributed 
to  the formation of alloyed regions with an austenitic 
structure, whereas FeMo/TiB2 promotes the formation 
of  molybdenum solid solutions in iron and complex 
borides (TiFeMo)B2 . These borides exhibit a cohe
rent interface with the iron matrix through transitional 
layers with variable element concentrations between 
the matrix and the aluminide particle. 

Nickel aluminides increase strength more effec-
tively (by a factor of  1.5–2.0) compared to  titanium 
aluminides, while iron aluminide additions are even 
more effective. The strongest strengthening occurs with 
the introduction of intermetallics having lower melting 
points or polymorphic transformation temperatures 
(Ni3Al, Fe2Al5–FeAl3 , TiAl2–TiAl3 ). Tribological tests 
showed that aluminide additions reduce the  friction 
coefficient of  powder steel and significantly increase 
its seizure pressure (Figs. 7 and 8). The most effective 
additives in this regard were two‑phase nickel and iron 
aluminides.

Examination of  powder steel without aluminide 
additions revealed wide seizure bands on the wear sur-

face (Fig. 9, a). With aluminide additions, the surface 
was smooth (Fig. 9, b, c). In this case, micropores were 
formed on the surface, which gradually developed into 
voids acting as additional micro‑reservoirs for lubri-
cant, thereby increasing wear resistance, as confirmed 
by micro‑X‑ray spectral analysis (Fig. 9, d).

The introduction of calcium molybdate or hexagonal 
boron nitride increased the strength and wear resistance 
of  powder carbon steels by ~30 %. In the  first case, 
the  effect was associated with the  formation of  CaO 
precipitates during CaMoO4 decomposition, which pro-
moted structural refinement, while in the second case it 
was due to the formation of carboborides. Even greater 
effects of CaMoO4 and BN were observed in high‑chro-
mium steels: the  maximum increase in strength was 
34 % in the first case and 2.1‑fold in the second [24].

The gas atmosphere also influences infiltration pro-
cesses and the  properties of  iron‑based pseudoalloys. 
Increasing the  hydrogen content in endogas slowed 
infiltration due to  a reduction in the  surface tension 
of the copper alloy. Introducing 25–50 % nitrogen into 
the endogas reduced the hydrogen and oxidizing com-
ponents, which promoted a more uniform distribution 
of  the  copper phase in the  pseudalloy and improved 
strength [25]. 

During contact infiltration, diffusion interaction 
of  the  iron skeleton with the  compacted copper alloy 
caused erosion of the skeleton surface. To prevent this, 
specific additives to  the infiltrant were developed and 
applied [10].

Fig. 7. Dependence of the friction coefficient of PK40 (Fe–0.31–0.6 % C) powder steel with additions  
of single phase and two phase nickel aluminides on pressure

1 – without additive; 2 – 0.2 % Ni3Al; 3 – 0.5 % Ni3Al; 4 – 1 % Ni3Al; 5 – 0.2 % Ni5Al3–NiAl; 6 – 1 % Ni5Al3–NiAl 

Рис. 7. Зависимость коэффициента трения порошковой стали ПК40 с добавками  
однофазных и двухфазных алюминидов никеля от давления

1 – без добавки; 2 – 0,2 % Ni3Al; 3 – 0,5 % Ni3Al; 4 – 1 % Ni3Al; 5 – 0,2 % Ni5Al3–NiAl; 6 – 1 % Ni5Al3–NiAl
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Fig. 9. Worn surfaces of PK40 powder steel with and without 
intermetallic additions

a – without additive; b – Ni5Al3–NiAl; c, d – Fe2Al5–FeAl3 

Рис. 9. Поверхности износа порошковой стали ПК40 с 
добавкой интерметаллидов и без нее 

а – без добавки; b – Ni5Al3–NiAl; c, d – Fe2Al5–FeAl3

Fig. 8. Dependence of the friction coefficient of PK40 powder steel with additions  
of single phase and two phase iron aluminides on pressure

1 – without additive; 2 – 0.2 % Fe3Al; 3 – 0.5 % Fe3Al; 4 – 1 % Fe3Al; 5 – 0,2 % Fe2Al5–FeAl3 ; 6 – 0,5 % Fe2Al5–FeAl3 ; 7 – 1 % Fe2Al5–FeAl3 

Рис. 8. Зависимость коэффициента трения порошковой стали ПК40 с добавками  
однофазных и двухфазных алюминидов железа от давления

1 – без добавки; 2 – 0,2 % Fe3Al; 3 – 0,5 % Fe3Al; 4 – 1 % Fe3Al; 5 – 0,2 % Fe2Al5–FeAl3 ; 6 – 0,5 % Fe2Al5–FeAl3 ; 7 – 1 % Fe2Al5–FeAl3

In the  production of  pseudalloys by infiltration 
of  unsintered skeletons, methods were developed 
to  accelerate diffusion processes in order to  obtain 
a  homogeneous skeleton structure and, consequently, 
higher strength. These methods are based on the intro-
duction of  high‑molecular compounds derived from 
polypropylene glycol (poly(diethylene glycol adipi-
nate), polypropylene glycol adipinate, polypropylene 
glycol succinate, polypropylene glycol sebacinate) and 
on the use of alkali metal compounds (sodium, lithium). 
The latter promote the  formation of  atomic carbon 
through redox reactions during their decomposition in 
the heating process [10]. The most pronounced activa-
tion of diffusion of both carbon and alloying elements 
into iron was achieved by the  introduction of  alkali 
metal bicarbonates. 

A study of the diffusion coefficient of carbon in iron, 
performed by radiometric analysis using the  radio
active isotope C‑14 (in the  form of  ВаС14О3 or ele-
mental C‑14) and the integral residue method, showed 
that the addition of sodium bicarbonate nearly doubled 
the diffusion coefficient of carbon. Transmission elect
ron microscopy of foils in secondary and Auger elect
rons revealed that sodium formed nanodispersed fer-
rite‑type compounds Na3Fe5O9 . Owing to their strong 
affinity for grain boundaries, these compounds were 
located mainly along grain boundaries and structural 
heterogeneities, thereby hindering collective recrystal-
lization and promoting the formation of a fine‑grained 
structure. In addition, because of  its high affinity for 
metalloids, sodium interacted with impurities. Sulfur, 
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phosphorus, and silicon were detected at sodium‑rich 
sites. This promoted the  removal of  impurity segre-
gations from grain boundaries, thereby strengthening 
intergranular cohesion and increasing the  strength 
of powder steels by a factor of 1.4–1.5. 

The mechanical and tribological properties 
of  iron‑based pseudalloys were improved not only 
by modifying the  skeleton composition but also by 
alloying the  infiltrant with Sn, Ni, Cr, or Pb, as well 
as by introducing Al2O3 particles with a dispersion 
of 400–700 nm [26]. 

All developed pseudalloy compositions and pro-
cessing modes for producing friction unit components 
have been patented.

ConclusionConclusion
The processing modes for iron‑based pseudoalloys 

and the  methods for improving their mechanical and 
tribological performance, developed at the O.V. Roman 
Powder Metallurgy Institute (Minsk, Belarus), pro-
vided the property levels required for reliable operation 
in heavily loaded friction units. A computational model 
of  parametrically non‑stationary high‑temperature 
infiltration was proposed, which accounted for struc-
tural changes and property variations of the interacting 
phases. This model enabled calculation of pore‑filling 
times and optimization of  infiltration parameters, 
including the use of extended isothermal holding. 

It was shown that the copper phase plays a key role 
in structure formation within the steel skeleton of pseu-
doalloys during isothermal holding, heat treatment, and 
thermomechanical treatment. After isothermal holding, 
the carbon content near the copper phase was 0.2–0.4 % 
lower than in the  central regions of  the  skeleton. 
Following quenching and high‑temperature tempering, 
a carbon‑enriched layer formed at the Fe–Cu interface. 

A comprehensive set of approaches was developed 
to enhance the mechanical and tribological properties 
of iron‑based pseudalloys, and the mechanisms respon-
sible for these improvements were identified. Increases 
in strength, hardness, impact toughness, seizure pres-
sure, wear resistance, and PV parameter, along with 
a reduction in the  friction coefficient, were achieved 
through the following measures: 

– hot die forging at the  optimum temperature 
(850–900 °С); 

– extended tempering (550–650 °C) after quen- 
ching; 

– HTMT at 700 °C with strain ε = 45–65 % or 
LTMT at 550 °C with ε = 45 %; 

– alloying of  the  steel skeleton with 2–4 wt. % Ni 
or Cr; 

– structural modification by introducing 0.2– 
–1.0 wt. % ultradispersed diamond (UDD), ultradis-
persed Al2O3 (0.5÷0.8 μm) or ZrO2 (100÷200 nm), 
and mechanically activated mixtures of  nanosized Fe 
(300÷500 nm), Ni, and Zn oxides (40÷70 nm); 

– additions of  single‑phase aluminides (Ni3Al, 
Ti3Al, Fe3Al),  two‑phase aluminides (Al3Ni–Al3Ni2 , 
TiAl2–TiAl3 , Fe2Al5–FeAl3 ), and composites based 
on TiCrAl, NiTiAl, and FeMo/TiB2 , intermetallics 
obtained by SHS with mechanical activation; 

– additions of CaMoO4 (3÷5 μm) or hexagonal BN 
(2–8 μm);

– alloying of  the  infiltrant with Sn, Ni, or Cr, 
and introducing 3–5 wt. % ultradispersed Al2O3 
(400÷700 nm). 

The wear mechanism of pseudalloys with enhanced 
properties was also established. During friction, 
nanoscale porosity and voids form, serving as additional 
lubricant reservoirs. These structural features improve 
lubrication, hinder copper transfer into the  contact 
zone, reduce friction, and increase wear resistance. 
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Abstract. Research in the field of titanium powder metallurgy has been ongoing for more than 60 years. Nevertheless, there are rela-

tively few examples of the practical application of powder titanium, which is associated with insufficient reliability and durability 
of the manufactured products. The ability of titanium parts to withstand static and dynamic loads is determined by residual porosity, 
non-metallic inclusions, and microstructural characteristics. At present, the most widely used method for producing powder titanium 
components is the press–sinter route. However, the porosity of sintered titanium typically ranges from 3 to 15 %, which reduces its 
load-bearing capacity and highlights the need for effective methods to minimize porosity. Hot working methods, particularly hot 
die forging of porous preforms, hold considerable potential in addressing this issue. This study presents the results of investigating 
the features of densification, structure formation, and properties of powder titanium under hot die forging. A technology for producing 
hot-forged powder titanium is proposed, which includes hydriding–dehydriding of porous preforms. This operation promotes the reduc-
tion of oxides localized on the surfaces of open pores by hydrogen and their activation, thereby improving conditions for interpar-
ticle bonding during subsequent hot repressing. As a result, the obtained samples demonstrate higher fracture toughness and ductility 
compared with reference samples. The values of the maximum specific work of hot densification of porous powder titanium, required 
to achieve monolithic density at different preheating temperatures of the preforms, were determined. It was shown that the non-mono-
tonic temperature dependence of the maximum specific densification work is associated with the formation of a coarse-grained structure 
and with reduced ductility of the deformable material in the temperature range of the α → β phase transformation. 

Keywords: hot die forging, porous preforms, powder titanium, densification work, fracture toughness, ductility, strength, ductile fracture, 
interparticle fracture, oxide reduction, hydriding, dehydriding, interparticle bonding, activation
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Аннотация. Работы в области порошковой металлургии титана проводятся уже более 60 лет. Несмотря на это, примеров практи-

ческого использования порошкового титана не так много, что связано с неудовлетворительным характером показателей 
надежности и долговечности получаемых изделий. Способность титановых изделий сопротивляться воздействию стати-
ческих и динамических нагрузок определяется наличием остаточной пористости, неметаллических включений, а также 
характеристиками микроструктуры. В настоящее время при изготовлении изделий из порошкового титана наибольшее 
распространение получила технология прессования–спекания. Однако пористость спеченного титана составляет 3–15 %, 
что снижает его сопротивляемость действию нагрузок и обусловливает актуальность разработки эффективных методов 
снижения пористости. Большой потенциал в решении указанной задачи имеют методы горячей обработки давлением, 
в частности горячая штамповка пористых заготовок. В работе представлены результаты исследования особенностей уплот-
нения, формирования структуры и свойств порошкового титана при горячей штамповке. Предложена технология получения 
горячештампованного порошкового титана, включающая выполнение операций гидрирования–дегидрирования пористой 
заготовки, обеспечивающих восстановление оксидов, локализованных на поверхностях открытых пор, водородом и их 
активизацию, что способствует улучшению условий формирования межчастичного сращивания при последующей горячей 
допрессовке и повышению трещиностойкости и пластичности получаемых образцов в сравнении с образцами-свидете-
лями. Установлены значения величины максимальной приведенной работы горячего уплотнения пористого порошкового 
титана, необходимой для достижения плотности монолита, при разных температурах преддеформационного нагрева заго-
товок. Показано, что немонотонность температурной зависимости максимальной приведенной работы уплотнения связана 
с формированием крупнозернистой структуры и с уменьшением пластичности деформируемого материала в интервале 
температур фазового α → β-превращения.  

Ключевые слова: горячая штамповка, пористые заготовки, порошковый титан, работа уплотнения, трещиностойкость, 
пластичность, прочность, вязкий излом, межчастичное разрушение, восстановление оксидов, гидрирование, дегидрирование, 
межчастичное сращивание, активация
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IntroductionIntroduction
The unique properties of titanium – its high speci

fic strength, corrosion resistance, and good biocompa
tibility – determine the wide application of this metal 
and its alloys in aerospace, automotive engineering, 
medicine, and other industries  [1]. The prospects 
of  powder metallurgy technologies for manufactu
ring titanium and titanium alloy products are largely 
driven by the high cost of alternative casting technolo-

gies  [2; 3]. The production of  cast titanium is further 
complicated by significant losses during machining. 
The average material utilization factor in manufactu
ring titanium products from wrought stock does not 
exceed 18 % and is often much lower [4].

Research in titanium powder metallurgy has been 
ongoing for more than 60 years. Nevertheless, there 
are still relatively few examples of its practical appli-
cation. In many cases, consumers prefer cast titanium 
over powder-based titanium due to  unsatisfactory 
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mechanical properties and/or high cost of the latter [1]. 
Reducing the cost of powder titanium products requires 
the development of economically efficient technologies 
both for producing titanium powder and for fabricating 
finished parts [5].

One promising approach to lowering the cost of tita-
nium powder is the  use of  by-products from sponge 
titanium production as the raw material. Another pro
mising route is the hydride–dehydride (HDH) process, 
which involves mechanical milling of  pre-hydrided 
sponge titanium, turnings, scrap, and other machi
ning waste, followed by dehydrogenation of the milled 
material [6–8].

Improving the  mechanical properties of  powder 
titanium products during processing is also of critical 
importance, although success in this area often directly 
depends on the  quality of  the  starting powder  [9]. 
The  ability of  titanium products to  resist static and 
dynamic loads is determined by the presence of  resi
dual porosity, non-metallic inclusions, and micro-
structural characteristics  [10]. The residual porosity 
of  powder titanium depends on the  production tech-
nology. In recent decades, the press–sinter method has 
become the  most widespread  [1; 11; 12]. Porosity in 
sintered (undeformed) titanium typically ranges from 
3 to 15 %. Since pores act as stress concentrators, they 
reduce the  effective cross-section of  the  sample and 
diminish its load-bearing capacity. Therefore, impro
ving the physical and mechanical properties of powder 
titanium requires the development of effective methods 
to reduce porosity [1].

The use of  fine, amorphous, and nanostructured 
powders, thermocycling in the  α → β phase transfor-
mation range (t = 800–1100 °C), thermomechanical 
treatment, and spark plasma sintering are effective 
methods of  sintering activation  [11; 13–15]. In addi-
tion, the use of activating additives also provides posi-
tive results; these are conventionally divided into two 
types [16]. 

Additives of  the  first type activate self-diffusion 
of  the  base element, thereby improving densification 
conditions during sintering. The diffusion rates of tran-
sition metals and phosphorus in α-Ti are 3–5 orders 
of magnitude higher than its self-diffusion  [17]. Self-
diffusion of titanium is also enhanced by elements that 
reduce the solidus temperature of the alloy [16].

The second type of  additives includes elements 
that promote the formation of a transient liquid phase, 
which disappears during sintering and provides effec-
tive diffusion pathways for mass transport, thereby 
increasing the density of sintered products. Moreover, 
liquid-phase formation may be related to eutectic reac-
tions between two precipitated phases (solid–liquid 

sintering). Significant sintering activation is observed 
during liquid-phase sintering of  amorphous titanium 
powders [13]. Powders of iron, nickel, silicon, cobalt, 
and copper are used as activators  [18–26]. However, 
liquid-phase sintering technology has several draw-
backs: distortion of the shape of preforms, segregation 
of solid and liquid phases, and rapid grain growth, all 
of which negatively affect the mechanical and service 
properties of the products. 

High diffusion rates are also observed during sinte
ring of  titanium powder produced by the  hydride–
dehydride process  [27]. This is due to  the  formation 
of a large number of lattice defects during dehydroge-
nation, which promote diffusion processes [28].

Among the  more recent technologies of  sintering 
activation for powder titanium are induction vacuum 
sintering methods and FAST (Field-assisted sintering 
technology), which employs strong electromagnetic 
fields [29; 30]. A major limitation of these methods is 
the  need for expensive specialized equipment, which 
significantly increases production costs [31].

Limiting factors also include the low ductility and 
toughness of  powder titanium and its alloys, which 
adversely affect their fracture toughness and fatigue 
strength  [32; 33]. In this regard, it is worth recalling 
a recent event. At the 2021 Tokyo Olympics, an acci-
dent occurred involving the  bicycle of  an Australian 
rider, caused by the fatigue failure of handlebars manu-
factured by additive technology from Ti–6Al–4V pow-
der alloy [34; 35].

Although the  specific strength of  powder titanium 
is about four times higher than that of steels, its resis-
tance to cyclic loading is often low due to  its limited 
ductility. In addition to  porosity, ductility, fracture 
toughness, and fatigue strength are negatively affected 
by interstitial impurities (O, H, N, C) and microstruc-
tural characteristics [32]. The presence of impurities is 
associated with the high chemical affinity of  titanium 
for these elements, necessitating heating operations in 
vacuum or inert atmospheres.

The dependence of  fatigue life on microstructural 
characteristics is determined by the slip length during 
plastic shear of  the  crystal lattice. In titanium-based 
materials, this corresponds to  the  α-phase grain dia
meter in equiaxed structures, the α-phase plate width in 
basket-weave structures, or the colony size in lamellar 
structures [33]. A reduction in slip length due to micro-
structural refinement contributes to  improved fatigue 
strength. It should be noted that prolonged high-tem
perature exposure during sintering leads to  grain 
growth. This highlights the  relevance of  employing 
methods in powder titanium processing that enable 
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simultaneous reduction of  porosity and refinement 
of structural constituents.

A promising approach to addressing this challenge 
lies in hot deformation methods. The first studies in 
this area were carried out in the  late 1950s to  early 
1960s. At  Novocherkassk Polytechnic Institute, 
I.N. Goncharov proposed a method of  hammer for
ging titanium powder particles or crushed titanium 
sponge to achieve welding [36]. Densification was per-
formed under isothermal conditions in a preheated die 
at  900–920 °C. The resulting samples exhibited high 
density (4.46–4.48 g/cm3), along with high ductility 
and deformability of  forged powder titanium. Since 
the starting material subjected to hot deformation was 
powder or sponge particles, this method developed by 
I.N. Goncharov can, in modern terminology, be classi-
fied as direct powder forging (DPF). 

In industrial practice, hot forging of  loose powder 
prepacked into cans was introduced later, in the 1970s, 
for the  production of  high-alloy tool steels  [37]. 
More recently, studies have investigated the  feasibi
lity of  applying DPF technology to  titanium powder 
processing  [31; 38]. A high-density Ti–6Al–4V pow-
der material with a homogeneous lamellar two-phase 
(α + β) structure was obtained, characterized by high 
ductility, low impurity content both on the  surface 
and in the  bulk of  the  experimental samples, and 
only minor deviations from the chemical composition 
of the starting powder. Using this technology, a femo-
ral implant was fabricated that meets the requirements 
of ASTM F136-13 (2021) [39].

One advantage of the DPF process is that the high 
stresses and strains generated during forging at the pow-
der – can interface promote the fracture of intermetal-
lics and oxides formed there, facilitating subsequent 
can removal. However, this advantage may present a 
problem: after can removal, the powder material sur-
face exhibits a fracture-like relief, necessitating addi-
tional machining.

Research on hot forging of porous titanium preforms 
(HFPTP) was conducted by S.S. Kiparisov and co-
authors in the late 1960s to early 1970s [11, pp. 47, 48]. 
These studies established the  optimal parameters for 
HFPTP: heating temperature of  900 °C and impact 
energy of 2000–2500 kJ/m2. However, the upper limit 
of the heating temperature range did not exceed 900 °C, 
and the impact energy values were expressed per unit 
area rather than per volume of the sample in the com-
pact state, which complicates their practical application 
for densification.

Subsequently, V.A. Pavlov and co-authors carried 
out research on hot deformation of  titanium powders 
and other non-ferrous metals [40; 41]. They examined 

the  forging behavior of  porous titanium preforms in 
open and closed dies, heating under various conditions 
(unprotected, protected with glass coatings, in argon, 
and in vacuum), as well as deformability characteris-
tics and energy consumption during cold hydrostatic 
pressing of  titanium powder. However, the  energy 
requirements for densifying powder titanium to a pore-
free state by hot forging were not determined. Such 
data are also absent in the  works of Yu.G. Dorofeev 
and his scientific school. The lack of  information on 
the  parameter Wmax (maximum specific densification 
work, i.e., the work required to reach monolithic den-
sity  [42; 43]) for HFPTP complicates the  selection 
of  technological modes, since densification energy is 
one of the key control parameters in dynamic consoli-
dation of powder materials [44].

The aim of  this work was to  study the  densifica-
tion behavior, microstructure formation, and properties 
of powder titanium during hot die forging (HDF).

Experimental procedureExperimental procedure
The experimental samples were fabricated 

from electrolytic titanium powder grade PTES-1 
according to  TU 48–10–22–85. A powder frac-
tion of  –0.63 + 0.18 mm with a bulk density 
of 1.5·103 kg/m3 was used. The processing flowcharts 
for sample fabrication are shown in Fig. 1. At the initial 
stage of the study, the energy characteristics of hot den-
sification were determined using cylindrical samples 
with dimensions  20 × 8 mm (scheme  1). The ratio 
of the final height of the sample (hf ) to its diameter (d) 
was kept constant (hf /d = 0.4 = const). The porosity 
of the cold-pressed billets was in the range of 22–25 %. 
After heating to various temperatures (800–1050 °C), 
the billets were further compacted on a laboratory drop 
hammer with a falling weight of 50 kg. The densifica-
tion work (W) was varied in the range of 30–150 MJ/m3. 
Preheating of the billets before further compaction was 
carried out in a portable heat-resistant steel container 
into which helium was supplied. The container with 
the  sample was then placed into a laboratory muffle 
furnace with silicon carbide heating elements, which 
was also purged with helium.

The value of Wmax was determined by a graphical–
analytical method, processing the plots of lgW = f (lgβ) 
according to  Dorofeev’s methodology (β  – relative 
volume)  [42; 43]. The density of  the  samples was 
measured by hydrostatic weighing in accordance with 
GOST 18898–89. 

At the  next stage of  the  study, prismatic samples 
with dimensions 130×26×15 mm were fabricated 
to  determine the  mechanical properties and conduct 
microstructural analysis. To reduce the  probability 

Powder Metallurgy аnd Functional Coatings. 2025;19(4):28–39 
Dorofeyev V.Yu., Sviridova A.N., and etc. Features of densification, structure formation ...



32

of  oxidation, the  billets for prismatic samples were 
made bimetallic. The outer layer (sheath) of the billets 
was produced from high-pressibility iron powder grade 
ABC100.30 (Höganäs AB).

After HDF, the  billets were subjected to  machi
ning. The fracture toughness (K1с ) was determined 
on type 4 samples (GOST 25.506–85) with dimensions 
12.5×25×112.5 mm containing a pre-induced crack 
using the  three-point bending method. The crack was 
initiated under cyclic loading. The values of K1с were 
calculated according to  the  procedure  [45]. Tensile 
tests were carried out on type  II Gagarin samples 
(GOST 1497–84) with a working section diameter 
d0 = 5 mm and a gauge length l0 = 25 mm.

Based on the  results of  the first stage of HDF tes
ting, the  mechanical properties and fracture tough-
ness were determined at a specific densification work 
of W = 195 MJ/m3 Since fully dense samples were not 
obtained in the  first stage, the  pre-deformation hea
ting temperature of the billets was varied in the range 
of tHDF = 1000÷1200 °С.

During the fabrication of samples according to tech-
nological scheme  3, porous cold-pressed billets were 
subjected to  hydrogenation in hydrogen, followed by 
dehydrogenation during vacuum sintering. This step 
was intended to  reduce impurity content and acti-

vate interparticle surfaces for subsequent hot forging, 
similar to  the  previously observed effect of  hydroge-
nation–dehydrogenation of  initial titanium powders 
during sintering [27]. For comparative analysis, cont
rol samples were produced according to technological 
scheme 2, which did not include the hydrogenation step 
of cold-pressed billets.

The fracture surfaces of  the  samples were exami
ned using a Quanta 200 i 3D scanning electron micros
cope–microanalyzer and an MBS 9 binocular micros
cope. The fraction of fracture surface components was 
determined by grid and area methods applied to elect
ron microscopic images  [46], with 10–12  fields ana-
lyzed. Metallographic studies were performed with 
an AltamiMET 1M optical microscope (Altami  Ltd., 
Russia) on both etched and unetched polished sections. 
Kroll’s reagent (2 ml HNO3 + 2 ml HF + 96 ml H2O) 
was used as the etchant, with an etching time of 20 s.

Results and discussionResults and discussion
Fig. 2 presents the  lgW = f (lgβ) dependences for 

porous titanium billets subjected to  different pre-
deformation heating temperatures. The relationships 
between the  relative volume of  powder titanium and 
the specific densification work, plotted in logarithmic 
coordinates, exhibit a linear form, which is characteris-

Fig. 1. Processing flowcharts for producing hot die forged powder titanium
SCP – static cold pressing; td – preheating temperature of the die matrix for HDF; W – specific densification work 

Рис. 1. Технологические схемы получения горячештампованного порошкового титана
SCP – статическое холодное прессование; td – температура подогрева матрицы пресс-формы для ГШ; W – приведенная работа уплотнения
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tic of ductile materials [42]. The Wmax were determined 
by extrapolating curves 1–4 to  their intersection with 
the ordinate axis (dashed lines).

The dependence of  the  Wmax values determined in 
this way on the hot die forging temperature is shown 
in Fig. 3. It is evident that the dependence is nonmono-
tonic. Increasing tHDF in the  800–950 °C range leads 
to  a decrease in Wmax due to  the  enhanced plasticity 
of the α-phase. At tHDF = 950–1000 °C, the Wmax value 
increases, which is attributed to the α → β phase trans-
formation and the  formation of  the  β-phase, charac-
terized at these temperatures by reduced plasticity 

and higher strength. At tHDF > 1000 °C, the  plasti
city of  the  β-phase increases, resulting in a decrease 
in Wmax .

The effect of  phase transformations on densifica-
tion behavior and deformability has been previously 
reported in studies of dynamic and explosive hot pres
sing of porous iron-based billets [42; 43]. With regard 
to  titanium and its alloys, the  literature data remain 
contradictory [11]. Some authors indicate a monotonic 
increase in plasticity with temperature across all tita-
nium alloys [47], whereas others note a nonmonotonic 
trend  [48]. The reduction in plasticity in the  α → β 
transformation range has been linked to  the  develop-
ment of a coarse-grained structure [49].

In our experiments, the grain size of samples fabri-
cated at tHDF = 950 °C, was 10–20 µm (Fig. 4, a), cor-
responding to grades 2–3 on the titanium alloy micro-
structure scale used for metallurgical quality cont
rol  [49]. At tHDF = 1000 °C, the  grain size increased 
to  25–35 µm (grades 5–6) (Fig. 4, b). This provides 
sufficient grounds to  assume that the  nonmonotonic 

Fig. 2. lgW = f(lgβ) dependences during hot die forging  
of cold-pressed titanium powder billets

tHDF , °С: 1 – 800, 2 – 900, 3 – 950, 4 – 1000; hf /d = 0.4 

Рис. 2. Зависимости lgW = f(lgβ) при горячей штамповке 
холоднопрессованных заготовок из титанового порошка

tHDF , °С: 1 – 800, 2 – 900, 3 – 950, 4 – 1000; hf /d = 0,4

Fig. 3. Dependence of the maximum specific densification work 
on the heating temperature of porous titanium billets 

Рис. 3. Зависимость максимальной приведенной работы 
уплотнения от температуры нагрева пористых заготовок 

из титана

Fig. 4. Microstructure of hot die forged powder titanium
a, b – scheme 1, c – scheme 2; tHDF , °C: 950 (a), 1000 (b) and 1200 (c) 

Рис. 4. Микроструктура горячештампованного  
порошкового титана 

a, b – схема 1, c – схема 2; tHDF , °C: 950 (a), 1000 (b) и 1200 (c)
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Wmax = f (tHDF ) dependence is also associated with 
grain growth during phase transformation. The samp
les exhibited a lamellar intragranular α-phase struc-
ture with areas of  basket-weave microstructure. This 
morphology is related to  the  temperature distribution 
within the  billet during deformation and subsequent 
cooling.

A similar lamellar α-phase intragranular structure is 
observed in titanium castings under slow cooling con-
ditions [48]. In our experiments, cooling was relatively 
slow: after removal from the die preheated to 600 °C, 
further cooling proceeded under a layer of potassium 
chloride. Consequently, the  formation of  the  lamellar 
structure can be attributed to  β → α recrystallization. 
In this process, α-phase lamellae nucleate at β-grain 
boundaries and grow inward. The formation of  bas-
ket-weave regions is apparently associated with cool-
ing of  the billet surface layers in contact with the die 
walls during hot forging. Deformation of  these zones 
begins in the  β-region and ends in the  α + β region, 
which provides favorable conditions for basket-weave 
formation [50].

The Wmax values obtained in the  investigated pre-
deformation heating range were 150–200 MJ/m3, 
whereas the heat of  fusion of  titanium in comparable 
units is significantly higher  – 1411 MJ/m3  [51]. This 
indicates that in powder titanium processing by hot 
die forging, as in other metals, the energy expenditure 
is considerably lower than during melting, since only 
part of  the  particle material undergoes plastic defor-
mation, determined by the  material’s ductility  [43]. 
The measured Wmax values are also much lower than 
the  reported activation energy of  powder titanium 
sintering (~15,000 MJ/m3)  [52], which approximately 
corresponds to  the  activation energy of  self-diffusion 
in β-Ti.

Fig. 5 presents the dependence of fracture toughness 
and mechanical properties of  powder metallurgy tita-
nium on the hot die forging temperature. Samples were 
fabricated according to technological schemes 2 and 3. 
The K1c = f (tHDF ) dependences are nonmonotonic. 
Increasing tHDF to  1150 °C leads to  higher K1c due 
to  improved deformability of  the  porous billet mate-
rial. A further increase in tHDF to  1200 °C results in 
a  decrease in K1c , which is attributed to grain refine-
ment (see Fig. 4, c).

Grain refinement in samples fabricated at 
tHDF > 1150 °С, is associated with the  higher post-
deformation cooling rate caused by the  increasing 
temperature gradient between the  heated porous bil-
let and the  die. Throughout the  studied tHDF range, 
the  fracture toughness of  samples fabricated accor
ding to  scheme  3 was consistently higher than that 

of  control samples fabricated according to  scheme  2 
(cf. curves 1 and 2 in Fig. 5, a). This difference can be 
explained by distinct fracture mechanisms in the com-
pared types of samples.

Raising the hot die forging temperature also altered 
the  fracture characteristics of  the  samples. In control 
samples fabricated at tHDF = 1000–1100 °C, the  frac-
ture surface of the initial fatigue crack contained secon
dary cracks in the failure origin (Fig. 6, a). In the final 
fracture zone, which formed under static loading, 
the fracture was of a ductile fine-dimple type with areas 
of  interparticle fracture (Fig. 6, b, c). Dimple sizes 
ranged from 4 to 6 µm. At tHDF > 1100 °С, secondary 
cracks in the fracture origin were not observed; howe
ver, interparticle fracture areas remained present in 
the final fracture zone. The dimples of ductile fracture 
in this zone were larger – 10–12 µm – than in control 
samples fabricated at 1000–1100 °C, indicating higher 
material ductility (Fig. 6, d).

The fracture surfaces of  samples fabricated accor
ding to  scheme  3 were characterized by the  absence 
of  secondary cracks in the  fracture origin at all stu
died tHDF values (Fig. 6, e). In the final fracture zone, 
interparticle fracture was not detected, which indicates 
higher fracture energy compared to  control samples. 

Fig. 5. Effect of pre-deformation heating temperature  
of porous titanium billets on fracture toughness (a)  

and mechanical properties (b)
1 – K1c (scheme 3), 2 – K1c (scheme 2); 3 – δ (scheme 3);  

4 – δ (scheme 2); 5 – σu (scheme 3);  
6 – σu (scheme 2); W = 195 MJ/m3 

Рис. 5. Влияние температуры преддеформационного нагрева 
пористых заготовок из титана на трещиностойкость (a) 

и механические свойства (b)
1 – K1c (схема 3), 2 – K1c (схема 2); 3 – δ (схема 3), 4 – δ (схема 2),  

5 – σu (схема 3), 6 – σu (схема 2); W = 195 МДж/м3
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The trend in dimple size variation with tHDF was simi-
lar to that observed for control samples (see Fig. 6, f). 
Thus, the  predominant factor influencing the  frac-
ture toughness characteristics of  scheme  3 samples 
is the  hydrogenation–dehydrogenation treatment. 
An analysis of impurity composition in the initial tita-
nium powder and in the fabricated samples showed that 
under scheme 2, the oxygen concentration in the resul
ting material increased by about two fold (see Table). 

In samples obtained according to  scheme  3, 
the  oxygen content was significantly reduced, while 
no substantial changes were observed in the  amount 
of other impurities. This is explained by the  fact that 

hydrogen released from titanium hydrides during 
vacuum sintering of porous billets after hydrogenation 
promotes the reduction and activation of oxides locali
zed on the surfaces of open pores. A similar sintering 
activation effect when using hydrogenated titanium 
powder was reported earlier [27]. In our experiments, 
the  activation of  pore surfaces and their refinement 
from oxides improved the  conditions for interpar-
ticle bonding during subsequent hot die forging  [53]. 
In contrast, the relatively high oxygen content in cont
rol samples (scheme  2), associated with the  presence 
of oxides on the collapsing pore surfaces during hot die 
forging, impaired interparticle contact conditions and 

Fig. 6. Fracture surfaces of powder titanium samples fabricated by schemes 2 (a–d) and 3 (e, f) after fracture toughness tests
a, e – fracture panorama; b, c, d, f – final static fracture zone:  

b – area of ductile fine-dimple fracture, c – area of interparticle fracture,  
d – large dimples of ductile fracture with interparticle fracture areas, f – ductile fracture

tHDF , °C: 1000 (а, b, c); 1100 (e, f); 1200 (d) 

Рис. 6. Поверхности разрушения образцов порошкового титана, полученных по схемам 2 (a–d) и 3 (e, f),  
после испытаний на трещиностойкость

a, e – панорама излома; b, c, d, f – зона статического долома:  
b – участок вязкого мелкоямочного разрушения, c – участок межчастичного разрушения,  

d – крупные ямки вязкого излома с участками межчастичного разрушения, f – вязкий излом
tHDF , °C: 1000 (а, b, c); 1100 (e, f); 1200 (d)

Impurity content in titanium powder and materials produced from it 
Содержание примесей в порошке титана и материалах на его основе

Material/ 
processing scheme

Content, wt. %
Fe Cl2 N2 O2 C Si H2

PTES-1 powder 0.06 0.03 0.020 0.06 0.02 0.02 0.010
Scheme 2 0.06 0.02 0.011 0.15 0.03 0.02 0.003
Scheme 3 0.06 0.01 0.008 0.03 0.02 0.02 0.002
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led to lower fracture toughness compared to scheme 3 
samples (Fig. 5, a).

Strength and ductility characteristics were less 
sensitive to  the  quality of  interparticle bonding and 
were mainly determined by grain size. Accordingly, 
the dependences of σu and δ on tHDF were monotonic: 
increasing temperature led to growth of  these proper-
ties throughout the studied range (see Fig. 5, b). In this 
case, the  dominant factor was grain refinement with 
increasing tHDF (see  Fig. 4, c). Improved interparticle 
bonding conditions during hot die forging of  billets 
subjected to  hydrogenation–dehydrogenation resulted 
in higher ductility of  scheme  3 samples compared 
to control samples (cf. curves 3 and 4 in Fig. 5, b).

ConclusionsConclusions
1. The maximum specific densification work 

required to achieve monolithic density in porous pow-
der titanium was determined for different pre-deforma-
tion heating temperatures of billets. The nonmonotonic 
character of  the  Wmax dependence on tHDF is associa
ted with the  formation of  a coarse-grained structure 
and reduced ductility of  the  deforming material in 
the α → β phase transformation temperature range.

2. A processing technology was proposed for pro-
ducing hot die forged powder titanium, involving 
hydrogenation–dehydrogenation of  porous billets. 
This treatment promotes hydrogen-assisted reduc-
tion by hydrogen of  oxides localized on the  surfaces 
of open pores and their activation, thereby improving 
interparticle bonding during subsequent hot die forging 
and enhancing the  fracture toughness and ductility 
of the resulting samples compared to control samples.

3. Increasing the  hot die forging temperature 
of  porous titanium billets contributes to  higher frac-
ture energy and improved ductility of  the  samples. 
At  the  same time, the  likelihood of  secondary crack 
formation in the  origin of  the  initial fatigue crack is 
reduced, and the  size of  dimples in the  final ductile 
fracture zone increases.
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Аннотация. Методом самораспространяющегося высокотемпературного синтеза (СВС) в режиме теплового взрыва получен 

карбид Ta4ZrC5 . Изучен механизм его формирования, включающий процессы в ходе нагрева смесей прекурсоров до темпе-
ратуры воспламенения, протекающие в твердой фазе. Исследовано взаимодействие расплавленных биметаллических частиц 
состава Ta4Zr с углеродом. Исходные смеси порошков готовили в две стадии. На первой – методом высокоэнергетической 
механической обработки (ВЭМО) в активаторе АГО-2 в атмосфере аргона происходило механическое сплавление (МС) 

  vadchenko@ism.ac.ru
Abstract. Tantalum–zirconium carbide Ta4ZrC5 was synthesized by the method of self-propagating high-temperature synthesis (SHS) 

in  the  thermal explosion mode. The mechanism of its formation was investigated, including processes occurring during the heating 
of precursor mixtures to the ignition temperature, which proceed in the solid phase. The interaction of molten bimetallic Ta4Zr particles 
with carbon was also studied. The initial powder mixtures were prepared in two stages. In the first stage, high-energy ball milling (HEBM) 
in an AGO-2 mill under an argon atmosphere was employed to carry out mechanical alloying (MA) of tantalum with zirconium, resulting in 
the formation of bimetallic Ta4Zr particles representing a solid solution of zirconium in tantalum. Upon heating, ordering of the solid solu-
tion occurred, accompanied by a small exothermic effect depending on the MA duration. In the second stage, the obtained Ta4Zr powder 
was mixed with carbon black and heated to the thermal explosion temperature (900–1250 °C), leading to the formation of Ta4ZrC5 . For 
the first time, to study the mechanism of high-temperature interaction of Ta4Zr bimetallic particles with carbon, the particles were deposited 
onto a graphite substrate and heated in vacuum at a residual pressure of 10–3 Pa, with the substrate temperature reaching up to 3000 °C. 
Depending on particle size, two modes of interaction of molten Ta4Zr particles with the graphite substrate were observed. Particles smaller 
than 10 μm, due to surface tension forces, did not spread on the substrate upon melting; instead, they absorbed carbon and sank into it. 
Larger particles spread over the substrate, with the melt being depleted in zirconium, which more actively interacted with carbon. 

Keywords: refractory compounds, high-energy ball milling (HEBM), mechanical alloying (MA), carbides
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IntroductionIntroduction
Binary carbides of  the  Ta–Zr–C system are con-

sidered promising candidates for the  development 
of  ultra-high temperature ceramics (UHTCs)  [1–8]. 
Despite extensive research on this system, the available 
literature data remain contradictory, with the  central 
question concerning the possibility of forming a single-
phase carbide Ta1–x ZrxC. Calculation of the phase dia-
gram of the binary Ta–Zr system has shown that below 
800 °C these two metals are practically immiscible [6]. 
In this temperature range, a mixture of two solid solu-
tions is formed: one based on α-zirconium with an HCP 
structure and the other based on tantalum with a BCC 
structure. The solubility of tantalum in zirconium does 
not exceed 2 at. %, while that of  zirconium in tanta-
lum is less than 9 at. %. A continuous series of  solid 
solutions with a BCC structure is formed only near 
1700 °C [6]. 

Thermodynamic investigation of  the  Ta–Zr–C 
system using the CALPHAD method led to  the para-
doxical conclusion that no ternary phases exist within 
the temperature range of 200–3600 °C [7]. This conclu-
sion contradicts the results obtained using the CASTEP 
(Cambridge Serial Total Energy Package) code, which 
demonstrated the  stability of  Ta1–xZrxC and its struc-
tural similarity to  the  ultra-high temperature carbide 
Ta4HfC5 [8]. The stability of  the Ta1–x ZrxC phase was 
also demonstrated by first-principles calculations 
and confirmed experimentally in  [9]. In particular, 
binary carbides with x = 0.9, 0.8, 0.6, and 0.3, synthe-
sized by self-propagating high-temperature synthesis 
(SHS) from mechanically activated Ta–Zr–C mixtures 
and consolidated by hot pressing, showed no signs 
of decomposition into simple carbides after annealing 
at 800 °C for 40 h. Preliminary mechanical activation 
promotes the formation of a more homogeneous reac-
tive mixture, enabling the synthesis of binary carbide 

under SHS conditions [10–12]. Along with hot press-
ing, a highly promising method for consolidating 
complex UHTCs is spark plasma sintering (SPS), in 
which synthesis and densification occur simulta
neously  [13–18]. Samples of  Ta1–x ZrxC UHTCs have 
also been produced using an original electrothermal 
explosion technique [19].

In studies devoted to  the  synthesis of  Ta1–x ZrxC 
by SHS, the  primary focus has been placed on igni-
tion and combustion parameters. The processes occur-
ring during the  preheating stage prior to  ignition and 
the mechanism of molten metal interaction with carbon 
remain largely unexplored.

The aim of this work was to experimentally inves-
tigate the  macrokinetic characteristics of  mechanical 
alloying, thermal explosion, and heating of the result-
ing Ta4Zr bimetallic particles, as well as the high-tem-
perature interactions in the  Ta–Zr–C system leading 
to the formation of Ta1–x ZrxC carbide.

Materials and methodsMaterials and methods
Commercially produced powders manufactured in 

the Russian Federation were used in this study:
– tantalum powder, grade TaP-1 (TU 1870-

258-00196109-01), 99.9 wt. % purity, particle size 
d = 40–63 μm;

– zirconium powder, grade PTsRK (TU 48-4-234-
84), 99.6 wt. % purity, particle size d = 40–63 μm;

– carbon black, grade P804T, particle size 
d < 2.2 μm. 

High-energy ball milling (HEBM) of tantalum and 
zirconium powder mixtures in a molar ratio of 4Ta:Zr 
was carried out in an AGO-2 planetary ball mill under 
an argon atmosphere. The rotational speed of the steel 
vials was 2220 rpm, the mass of powder mixtures was 
10 g, and the mass of steel balls was 200 g. The mill-

смеси тантала с цирконием и формировались биметаллические частицы состава Ta4Zr, представляющие собой твердый 
раствор циркония в тантале. При их нагреве происходило упорядочение твердого раствора и наблюдалось небольшое 
тепловыделение, зависящее от времени МС. На второй стадии полученный порошок Ta4Zr смешивали с сажей и нагре-
вали до температуры теплового взрыва (900–1250 °C), в результате которого образовывалось соединение Ta4ZrC5 . Впервые 
для исследования механизма высокотемпературного взаимодействия биметаллических частиц Ta4Zr с углеродом их нано-
сили на подложку из графита и нагревали в вакууме при остаточном давлении 10–3 Па и температуре подложки до 3000 °C. 
В зависимости от размера частиц наблюдались два режима взаимодействия расплавленных частиц Ta4Zr с подложкой из 
графита. Частицы размером менее 10 мкм из-за сил поверхностного натяжения при плавлении не растекались по подложке, 
а, растворяя в себе углерод, в нее погружались. Частицы большего размера растекались по подложке, причем расплав обед-
нялся цирконием, который более активно взаимодействовал с углеродом.  

Ключевые слова: тугоплавкие соединения, высокоэнергетическая механическая обработка (ВЭМО), механическое сплавле
ние (МС), карбиды
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ing time varied from 2 to  30 min. After processing 
and removal of  the  vials from the  mill, their surface 
was heated to above 100 °C; therefore, the vials were 
opened only after several hours of  cooling to  room 
temperature. 

As a result of  HEBM, a Ta4Zr alloy powder was 
obtained, a significant portion of which (up to 50 wt. %) 
adhered to the balls and vial walls. To grind and recover 
more of the alloy powder, 30 ml of hexane was added 
to the vials, followed by additional HEBM for 3 min. 
After drying, carbon black was added to the Ta4Zr alloy 
powder in stoichiometric proportion to obtain Ta4ZrC5 , 
and the mixture was homogenized in the AGO-2 plan-
etary ball mill for 3–5 min. 

The processes occurring during heating of  Ta4Zr 
alloy and during thermal explosion in the Ta4Zr + 5C 
and 4Ta + Zr + 5C mixtures were studied using 
the setup described in [20]. Cylindrical samples, 3 mm 
in diameter and up to 1.5 mm in height, were pressed 
from the powder mixtures and placed in a boron nitride 
crucible on a WRe 5/20 thermocouple rolled to a thick-
ness of 30 μm. The crucible was positioned on a graph-
ite strip heated by electric current. The samples were 
heated under constant electrical power supplied 
to the graphite strip, in argon at atmospheric pressure. 
The heating rate and maximum temperature were con-
trolled by adjusting the  electrical power. After igni-
tion of  the  pellets, heating of  the  strip was stopped. 
The accuracy of temperature measurement, determined 

using the melting points of Zn, Al, and Cu as reference 
standards, was ±10 °C. 

Melting and reaction of Ta4Zr alloy powders with 
carbon were investigated in a VUP-5 vacuum system 
at a pressure of 1.3·10–3 Pa. The powders were placed 
on  substrates (25×5×1 mm) of  fine-pored graphite 
(GMP) or glassy carbon (SU-2500), which were heated 
by direct current with a power of 1–4 kW [21]. The sub-
strate had a fillet-like shape, allowing the narrow sec-
tion to  reach temperatures above 3000 °C. Before 
the reaction, the substrate was degassed by heating in 
vacuum to  ~3000 °C. After cooling, bimetallic pow-
ders were deposited on its surface. 

Results and discussionResults and discussion

Mechanical alloyingMechanical alloying
During high-energy ball milling (HEBM) 

of the 4Ta + Zr powder mixture, the combined effects 
of  friction, rolling, and impacts result in mechanical 
alloying  (MA) of  tantalum and zirconium particles. 
Adhesion of  the  powder mixture to  the  milling balls 
allows observation of  alloy formation in their cross-
sections (Fig. 1, a). Initially, bimetallic layers form 
on the  balls, which, after repeated cycles of  defor-
mation, detachment, and fracture, produce particles 
with a structure similar to  that shown in Fig. 1, b–d. 
With increasing milling time, both the  coating and 
the  alloy particles formed upon its fracture become 

Fig. 1. Cross-section of a ball after MA of the 4Ta + Zr mixture (a) and fragments of the cross-section  
of the coating layer after HEBM for 2 (b), 3 (c) and 5 min (d)

1 – pore, 2 – tantalum particle. The light regions correspond to a higher tantalum concentration 

Рис. 1. Сечение шара после МС смеси 4Ta + Zr (а) и фрагменты сечения слоя смеси  
после ВЭМО в течение 2 (b), 3 (c) и 5 мин (d)

1 – пора, 2 – частица тантала. Светлые слои содержат более высокую концентрацию тантала
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more homogeneous (Fig. 2). Elemental distribution 
maps across particle cross-sections reveal that after 
10 min of HEBM, large zirconium particles and steel 
fragments abraded from the milling balls are not fully 
broken down. Iron contamination originating from 
the abrasion of the steel balls and vials is an undesirable 
characteristic of  HEBM, as it contaminates the  pro
duct. The processes of particle fragmentation and iron 
contamination become especially pronounced during 
HEBM in hexane, due to the wedge action of the liquid 
(Rebinder effect).

At mechanical alloying times up to  5 min, com-
plete homogenization of  the  alloy was not achieved; 
therefore, the  duration was increased to  10–30 min. 
However, even in this case, the elemental distribution 
remained insufficiently uniform (see Fig. 2). Further 
prolongation of milling time led to significant contami-
nation of  the Ta4Zr alloy with iron, and thus the MA 
time was limited to 30 min. 

Results of Results of XX-ray diffraction analysis  -ray diffraction analysis  
of the bimetallic powdersof the bimetallic powders

Fig. 3 shows the  diffraction patterns of  powders 
at  different stages of  mechanical alloying. The zirco-
nium powder used contains some zirconium hydride, 
originating from the  hydride–calcium reduction pro-
cess by which it was produced. During MA, zirconium 
hydride decomposes with the release of hydrogen, and 
its diffraction peaks, along with those of  zirconium, 
disappear after only 3 min of MA. This disappearance 
may be associated both with the  refinement of  zirco-
nium crystallites and with its dissolution in tantalum. 

As shown in Fig. 2, complete dissolution of  zir-
conium does not occur even after 10 min of  milling, 
and moreover, the  mutual solubility of  Zr and Ta is 
quite limited  [6]. Therefore, the  most likely reason 
for the disappearance of the peaks is intensive plastic 
deformation of zirconium, which results in crystallite 
refinement (reduction of  coherent scattering domain 
size) and peak broadening. After 30 min of MA, the dif-

Fig. 2. Elemental distribution maps after MA of the 4Ta + Zr mixture for 10 min 

Рис. 2. Карты распределения элементов после МС смеси 4Ta + Zr в течение 10 мин

Fig. 3. XRD patterns of powders after different durations of MA
τMA , min: 0 (1), 3 (2), 10 (3), 20 (4) and 30 (5) 

Рис. 3. Дифрактограммы порошков после различной 
длительности МС

τМС , мин: 0 (1), 3 (2), 10 (3), 20 (4) и 30 (5)

Powder Metallurgy аnd Functional Coatings. 2025;19(4):40–49 
Vadchenko S.G., Rogachev A.S., Alymov M.I. Mechanism of synthesis of ultra-high temperature ...



44

fraction pattern exhibits three strongly broadened peaks 
characteristic of  the  BCC structure. The asymmetric 
shape of  the most intense peak suggests the presence 
of two phases with closely spaced interplanar distances. 
Such a diffraction pattern may indicate the coexistence 
of two BCC solid solutions based on Ta.

Heating of bimetallic powders  Heating of bimetallic powders  
and ignition of their mixtures  and ignition of their mixtures  

with carbon blackwith carbon black
Fig. 4 shows the  thermograms of  primary and 

repeated heating of  samples prepared from the  initial 
4Ta + Zr mixtures (curves 1a and 1b), Ta4Zr bimetallic 
particles obtained by MA for 10 and 30 min (curves 2a, 
2b and 3a, 3b, respectively), and the Ta4Zr + 5C mix-
ture (curves 4a, 4b). The inflections in the thermograms 
in the  temperature range of 700–900 °C (curve 3) are 
associated with the  α → β phase transition in zirco-
nium. Tantalum lowers the transition temperature from 
863 to  800–785 °C  [22; 23]. According to  the  phase 
diagram of  the  Zr–Fe system, dissolution of  more 
than 4 at. % Fe in tantalum also reduces the  α → β 
transition temperature in zirconium to  785 °C  [22]. 
Increasing the  MA time to  30 min leads to  a clearer 
manifestation of  this phase transition during pow-
der heating. Above the  phase transition temperature, 
an exothermic effect is observed. Heat release is pro-
portional to  the area under the Δt curve, which repre-

sents the  temperature difference between the  primary 
and repeated heating of  the  mixtures (curves  1c–4c). 
The exothermic effect increases with milling time and 
is most likely caused by the interaction of Ta4Zr alloy 
with the abraded iron. During ignition and combustion, 
however, this reaction contributes only a small fraction 
of  the heat release. For example, the enthalpy of  for-
mation of  Zr3Fe (ΔH(298.15) = −13.51 kJ/mol)  [6] is 
an order of  magnitude smaller than that for the  car-
bides ZrC (ΔH(298.15) = −207.1 kJ/mol) and TaC 
(ΔH(298.15) = −141.8 kJ/mol) [24]. This is confirmed 
by the  heating curves of  the Ta4Zr + 5C mixture (see 
Fig. 4, curves 4a, 4b, 4c).

Fig. 5 presents the  results of  studying the  effect 
of heating and thermal explosion on the phase compo-
sition of powders. Curves 1 and 2 correspond to a BCC 
solid solution, while curve  3 represents the  Ta4ZrC5 
compound with an FCC structure. During heating 
of  Ta4Zr + 5C mixtures to  the  ignition temperature, 
ordering of  the alloy structure occurs. This is evident 
from the  reduced peak broadening and peak shifts in 
the diffraction pattern of Ta4Zr bimetallic particles after 
short-term heating in argon (curve 2 in Fig. 5). Their 
reaction with carbon leads to the formation of an alloy 
close in composition to  Ta4ZrC5 , although in some 
experiments traces of  Ta and its carbide Ta2C were 
observed at the background level in the diffraction pat-
terns. This can be attributed to incomplete homogeni-

Fig. 4. Thermograms of heating of the initial 4Ta + Zr 
mixture (1a), Ta4Zr bimetallic particles after 10 min of MA (2a) 

and 30 min of MA (3a), and the Ta4Zr + 5C mixture (4a) 
1b–4b – repeated heating; 1c–4c – temperature difference (Δt) 

Рис. 4. Термограммы нагрева исходной смеси 4Ta + Zr (1a), 
биметаллических частиц Ta4Zr после 10 мин МС (2a)  

и 30 мин МС (3а), а также смеси Ta4Zr + 5C (4a) 
1b–4b – повторный нагрев; 1c–4c – разность температур (Δt)

Fig. 5. XRD patterns of bimetallic powder after 30 min  
of MA (1), heating to 1400 °C for 10 s (2),  

and thermal explosion products (3) 

Рис. 5. Дифрактограммы биметаллического порошка  
после 30 мин МС (1), нагрева до 1400 °C в течение 10 с (2)  

и продуктов теплового взрыва (3)
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zation of the Ta4Zr alloy at HEBM times shorter than 
60 min. 

Fig. 6 shows the thermograms of Ta4Zr bimetallic par-
ticles (τМС = 5 min) mixed with carbon black and heated 
at different heating rates (v). Below 1100 °C, heating 
does not lead to  ignition (Fig. 6, curve 8). The critical 
ignition temperature (tc ) corresponds to the intersection 
of  tangents drawn to  the heating section of  the sample 
and to the steep temperature rise. The value of tc depends 
on the duration of MA and the mixing time of bimetal-
lic powders with carbon black, and may vary within 
900–1250 °C. With increasing heating rate, the ignition 
temperature tc also increases (Fig. 7).

Experimental results show that the ignition tempera-
ture of the mixture is significantly lower than the melt-
ing points of  zirconium (1852 °C) and Ta4Zr alloy 
(1855–2600 °C, depending on the degree of homoge-
neity)  [14]. Thermodynamic calculations for the  ter-
nary system [7] also indicate that a liquid phase appears 
only above 1800 °C. The heating of Ta4Zr + 5C powder 
mixtures observed in the 900–1100 °C range, followed 
by their ignition, demonstrates that the  reaction initi-
ates in the  solid state. The calculated adiabatic com-
bustion temperatures using the Thermo software  [25] 
for the reaction 4Ta + Zr + 5C = 4TaC + ZrC are 2640 
and 3180 °C at initial temperatures of 25 and 900 °C, 

respectively. Thus, during thermal explosion and in 
the combustion wave, the melting point of the bimetal-
lic particles is reached, and the  reaction proceeds via 
mass transport through the liquid phase. 

X-ray diffraction analysis of  the  thermal explosion 
products shows the formation of a single-phase double 
carbide with a face-centered cubic (FCC) structure 
(curve 3 in Fig. 5).

High-temperature interaction  High-temperature interaction  
of Taof Ta44Zr melt with carbonZr melt with carbon

The study of  high-temperature reaction mecha-
nisms is complicated by the rapid processes occurring 
in the  combustion wave. To investigate the  interac-
tion of  Ta4Zr melt with carbon, model experiments 
were conducted. In these, Ta4Zr and Ta particles were 
placed on graphite or glassy carbon substrates, heated 
to the melting point of tantalum, and held for 10–30 s. 
The melting of  Ta (99.9 % purity, melting point 
2996 °C) served as a reference for estimating substrate 
temperature. Energy-dispersive X-ray analysis showed 
that iron impurities present in the initial particles were 
absent after heating, explained by their evaporation. 

The interaction of  particles with the  substrate 
depends on particle size. Small particles (d < 10 μm) 
did not spread under the action of surface tension forces 
but instead dissolved carbon and sank into the  sub-
strate (Fig. 8). This behavior is governed by the  ratio 
between the spreading time (τs ) and the carburization 
time (τd ). For small particles, τs > τd , for large partic
les, τs < τd . The critical spreading time is determined 
by the relation τs ~ R2/D, where R is particle radius and 
D is the diffusion coefficient of carbon in the melt [26]. 

Melting begins at the contact point between the par-
ticle and the  hot substrate. Therefore, during melting 
and spreading of particles larger than 10 μm, the reac-

Fig. 6. Thermograms of ignition of Ta4Zr + 5C mixtures  
at different average initial heating rates

v, °C/s: 277 (1), 275 (2), 260 (3), 205 (4), 195 (5),  
190 (6), 185 (7), 180 (8) 

Рис. 6. Термограммы воспламенения образцов 
из смеси Ta4Zr + 5C при изменении средней начальной 

скорости нагрева
v, °C/с: 277 (1), 275 (2), 260 (3), 205 (4), 195 (5),  

190 (6), 185 (7), 180 (8)

Fig. 7. Dependence of the critical ignition temperature  
of Ta4Zr + 5C 5C mixtures on the heating rate 

Рис. 7. Зависимость критической температуры 
воспламенения смесей Ta4Zr + 5C от скорости нагрева 

образцов
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tion initiates in the central region of  the contact spot, 
producing a crater-like ring structure (Fig. 9). 

The resulting droplets typically move along the sub-
strate surface, leaving a trace. A characteristic feature 
of these structures is a reduced zirconium concentration 
on the  surface of  the  spread droplet and an increased 
zirconium concentration in the imprint. This structure 
is most likely associated with the  higher diffusivity 
of zirconium atoms in the melt and their strong affinity 
for carbon. In some cases, nearly all zirconium diffuses 
into the substrate (Fig. 10). In such cases, regions with 
zirconium concentrations close to the initial composi-
tion coexist with zirconium-depleted regions, which 
differ significantly in structure. The crater edges also 
exhibit high carbon content. 

ConclusionsConclusions
An experimental study was conducted on the  for-

mation of  the  ultra-high temperature carbide Ta4ZrC5 
by mechanical alloying in a planetary ball mill, fol-

Fig. 8. Photograph of a Ta4Zr particle that penetrated  
into a glassy carbon substrate upon melting 

Рис. 8. Фотография частицы Ta4Zr, погрузившейся 
при расплавлении в подложку из стеклоуглерода

Fig. 9. Photograph of a molten Ta4Zr particle  
and results of its elemental analysis 

Рис. 9. Фотография расплавленной частицы Ta4Zr 
и результаты ее элементного анализа

Fig. 10. Elemental distribution map of a molten particle 

Рис. 10. Карты распределения элементов в расплавленной частице
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lowed by synthesis in the  thermal explosion mode. 
Model experiments simulating the  processes of  igni-
tion and combustion in the high-temperature zone were 
also performed. The data obtained on the  formation 
of bimetallic particles, ignition of  their mixtures with 
carbon black, and high-temperature interaction with 
carbon provide new insights into the synthesis mecha
nism of  ultra-high temperature carbides and their 
ceramic materials for high-temperature applications. 
The following conclusions can be drawn.

1. High-energy ball milling of  4Ta + Zr powder 
mixtures in a planetary mill yields BCC solid solutions 
that serve as initial reactants for subsequent synthesis. 
The mechanically alloyed powder consists of bimetal-
lic particles with a characteristic layered (“composi-
tional”) structure.

2. Mixtures of  bimetallic powders with carbon 
black undergo self-ignition upon heating in argon 
at 900–1250 °C, depending on heating conditions. 
Since these temperatures are below the melting point 
of the bimetallic particles, the self-sustaining reaction 
is initiated by solid-phase interaction.

3. As a result of the exothermic reaction of the bime-
tallic particles with carbon, the  temperature rapidly 
increases beyond the  melting point of  the  metals. 
The final product is formed through the  interaction 
of the metallic melt with carbon.

4. The product of synthesis in the thermal explosion 
mode is the ultra-high temperature carbide Ta4ZrC5 .

5. Model high-temperature experiments in the 
“molten Ta4Zr bimetallic particles–carbon” system 
revealed two size-dependent interaction mechanisms: 
large particles spread across the carbon substrate sur-
face with preferential zirconium diffusion into the sub-
strate, whereas small particles predominantly absorbed 
carbon. 
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Abstract. Corrosion of thermal barrier coatings on gas turbine engine components made of heat-resistant alloys, caused by interaction with 

molten silicate deposits (CMAS), reduces their high-temperature stability and leads to premature failure during service. The problem 
of CMAS resistance in coatings with an outer ceramic layer of yttria-stabilized zirconia (YSZ) remains highly relevant, and its solution has 
important practical implications. The present study focused on zirconia-based ceramic materials used for the deposition of thermal barrier 
coatings. The interaction of ceramic coatings with silicate deposits was investigated at temperatures up to 1300 °C. Scanning electron 
microscopy, energy-dispersive spectroscopy, thermogravimetric/differential thermal analysis, and X-ray diffraction were employed to study 
the interaction of CMAS with YSZ on model samples prepared from powders of grades Z7Y10-80A, Zr7Y20-60, and Metco 204NS 
with different morphologies. The interaction mechanism between CMAS and YSZ at 1200–1300 °C was established. It was shown that 
the nature and intensity of the interaction strongly depend on the structure and morphology of the ceramic particles. The dense particle 
structure of ceramics based on Z7Y10-80A and Metco 204NS powders reduces CMAS penetration, in contrast to Zr7Y20-60 powders with 
a more porous particle structure. The interaction mechanism between CMAS and YSZ was found to be the same for all ceramics studied 
and occurs through dissolution–precipitation of zirconia in the glass melt. It was demonstrated that with increasing temperature, the degree 
of zirconia tetragonality changes due to the reduction of yttrium content caused by its diffusion into the glass. This can lead to a polymor-
phic transformation of zirconia accompanied by volume expansion, followed by cracking and spallation of the thermal barrier coating. 

Keywords: gas turbine engine, thermal barrier coatings, ceramic layer, zirconia, silicate deposits, powder morphology
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Аннотация. Коррозия теплозащитных покрытий деталей газотурбинных двигателей, выполненных из жаропрочных сплавов, 

обусловленная взаимодействием с расплавленными силикатными отложениями (CMAS), снижает их устойчивость к высоким 
температурам и приводит к преждевременным отказам в эксплуатации. Проблема стойкости к CMAS покрытий с внешним 
керамическим слоем из диоксида циркония, стабилизированного иттрием, остается весьма актуальной, и ее решение имеет 
важное практическое применение. Объектом изучения в настоящей работе являлись керамические материалы на основе 
диоксида циркония, используемые для нанесения теплозащитных покрытий. Исследовано взаимодействие керамических 
покрытий с силикатными отложениями при температурах до  1300 °С. С помощью сканирующей электронной микро-
скопии, энергодисперсионной спектроскопии, дериватографии и рентгеноструктурного анализа выполнены исследования 
взаимодействия CMAS с керамикой YSZ на модельных образцах из порошков марок Z7Y10-80A, Zr7Y20-60 и Metco 204NS 
различной морфологии. Установлен механизм взаимодействия CMAS и YSZ при t = 1200÷1300 °С. Показано, что характер 
и  интенсивность взаимодействия существенно зависят от строения и морфологии частиц керамики. Плотная структура 
частиц керамики на основе порошков Z7Y10-80A и Metco 204NS снижает проникновение CMAS в отличие от Zr7Y20-60 
с более пористой структурой частиц. Установлено, что характер взаимодействия между CMAS и YSZ един для всех иссле-
дуемых керамик и происходит по механизму растворения–осаждения оксида циркония в расплаве стекла. Показано, что 
с ростом температуры происходит изменение степени тетрагональности оксида циркония, обусловленное снижением содер-
жания иттрия из-за его диффузии в стекло. Это может привести к полиморфной трансформации диоксида циркония с увели-
чением объема, последующим растрескиванием и отслоением теплозащитного покрытия.  

Ключевые слова: газотурбинный двигатель, теплозащитные покрытия, керамический слой, оксид циркония, силикатные 
отложения, морфология порошков
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IntroductionIntroduction
The efficiency of  gas turbine engines (GTEs) is 

directly related to  the  gas temperature at the  inlet 
of  the  high-pressure turbine (HPT), which exceeds 
1200 °C  [1; 2]. Such high operating temperatures 
impose stringent requirements on the  protection 
of  components made of  heat-resistant alloys used 
in GTEs. Thermal barrier coatings (TBCs), applied 
to  turbine blades and vanes as well as combustion 
chamber components, reduce the  temperature by 
approximately 100 °С [3–6]. 

Modern TBCs consist of an outer ceramic layer and 
an intermediate metallic bond coat based on nickel 
superalloys. The outer ceramic layer must combine 
a range of high-temperature properties, including low 
thermal conductivity in the  operating temperature 
range, high resistance to  thermal shock, phase and 
structural stability, a high coefficient of thermal expan-

sion, and strong adhesion to  the  bond coat  [7–10]. 
In current aerospace engine manufacturing, yttria-sta-
bilized zirconia (YSZ) is employed as the outer ceramic 
layer. This material exhibits low thermal conductivity 
(2.3 W/(m2·K) at 1000 °C) for a dense ceramic, a high 
melting point (2680 °C), and a favorable coefficient 
of thermal expansion (11·10–6 K–1 at ~1000 °C) [5; 11].

It should be noted that YSZ coatings are suscep-
tible to  failures, which are classified as internal and 
external. Internal failures include defect formation 
due to phase transformation or excessive temperature 
gradients during sintering  [12]. External failures are 
usually associated with TBC damage caused by ero-
sion from small (<75 µm) solid particles in the envi-
ronment or from foreign object damage. Such fine 
particles typically enter GTEs from dust storms, vol-
canic ash, and airport runways, where their concentra-
tion is relatively high and generally ranges from 350 
to 13,000 µg/m3 [13].
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These particles penetrate into the  low-pressure 
compressor and eventually reach the  combustion 
chamber. Under high operating temperatures, they 
melt, decompose, and deposit on component sur-
faces, leading to  structural degradation and chemical 
alteration of  the  TBC. The particles mainly consist 
of  CaO–MgO–Al2O3–SiO2 compounds (Calcium–
Magnesium–Alumina–Silicate – CMAS). Their detri-
mental effects on aircraft engine components are well 
established. Therefore, further research is required 
to better understand the mechanisms of CMAS interac-
tion with HPT blade coatings [14–16].

Deposition of  ceramic top coats for TBCs is car-
ried out using electron-beam physical vapor deposition 
(EB-PVD) and atmospheric plasma spraying (APS). 
APS has become the  primary method for applying 
multilayer TBCs due to its high deposition rate, a wide 
range of  adjustable process parameters, relative cost-
effectiveness, and suitability for a broad spectrum 
of  powder feedstocks  [17–21]. By injecting powders 
into the  plasma jet with a carrier gas, the  porosity 
of the resulting TBC can be controlled. APS technology 
thus provides flexibility in tailoring the microstructure, 
particularly of  ceramic coatings. The most common 
microstructure is lamellar, containing microcracks and 
about 15 % porosity [5; 8].

Coatings produced by APS can develop either 
porous microstructures or dense ones with vertical 
cracks. The properties of  the  feedstock powders play 
a decisive role in achieving effective TBCs. Typically, 
the  particle size of  APS powders ranges from 10 
to 100 µm. Oversized particles often fail to melt com-
pletely, while undersized ones may bypass the plasma 
jet and remain in cooler regions, leading to insufficient 
heating during spraying.

Powder morphology has a strong influence on 
both processing behavior and in flight dynamics in 
the  plasma jet. To tailor coating properties and func-
tionality, ceramic powders are prepared using methods 
such as melt crushing, agglomeration–sintering, and 
agglomeration–spheroidization. These processes pro-
duce powders with distinct morphologies: fractured, 
spherical, or hollow spherical [22–25]. 

The role of  powder morphology in determining 
resistance to CMAS corrosion has not been adequately 
investigated and remains a critical issue. The present 
work therefore aimed to  examine the  structural and 
phase evolution of  powders with different morpholo-
gies, used for TBC deposition, under high tempera-
ture exposure to  CaO–MgO–Al2O3–SiO2 glass melts. 
The  findings provide insight into the  mechanisms 
of phase evolution in stabilized zirconia powders and 
lay the groundwork for further studies on full thermal 
barrier coating systems. 

Materials and methodsMaterials and methods
As starting materials, we used thermal barrier cera

mic powders based on yttria stabilized zirconia (YSZ): 
– Z7Y10-80A (T: SP LLC, Russia) – agglome

rated, sintered, and crushed powder with fractured 
morphology; 

– Zr7Y20-60 (T SFERA LLC, Russia) – agglome
rated and sintered powder with spheroidal morphology; 

– Metco 204NS (Oerlikon Metco, USA) – agglo
merated, plasma treated (HOSP) powder with hollow 
spherical morphology.

The particle size distribution of  the YSZ powders 
was determined by laser diffraction (Analizette 22 
NanoTech, Fritsch, Germany) and is summarized in 
Table 1.

For CMAS investigations, a model glass was 
prepared. According to  X-ray fluorescence analysis 
(EDX  800HS spectrometer, Shimadzu, Japan), its 
composition was (wt. %): SiO2  –  53.3, CaO  –  30.4, 
Al2O3 – 10.7, MgO – 5.4. The glass was first ground 
in a jasper mortar and then milled in a planetary ball 
mill in water for 2 h at a rotation speed of  160 rpm. 
The dried powder was sieved. Its chemical composi-
tion closely matched the  CMAS glass reported in 
the  literature  [26–28], which represents the  average 
composition of  deposits found on turbine blades 
in service (SiO2  –  48.5, CaO  –  33.2, Al2O3  –  11.8, 
MgO  –  6.5 wt. %). Simultaneous thermal analysis 
(ZCT H, Jing Yi Gao Ke) showed that melting started 
at 1200 °C and reached its maximum at 1244 °C.

Table 1. Particle size distribution of YSZ ceramic powders 
Таблица 1. Гранулометрический состав керамических порошков YSZ

Powder grade Production method
Particle size distribution, µm
d10 d50 d90

Z7Y10-80A Sintering, crushing 4.0 48.9 75.3
Zr7Y20-60 Agglomeration-sintering 11.2 28.1 37.9

Metco 204NS Agglomeration, plasma treatment (HOSP) 13.4 41.9 62.8
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Model samples for studying CMAS infiltration and 
microstructural evolution were fabricated by pressing 
YSZ powders followed by sintering. For binder prepara-
tion, a 4% polyvinyl alcohol solution (GOST 10779-78) 
was added in an amount corresponding to  10 wt. % 
of  the  powder. Pressing was performed on a manual 
hydraulic press (Carl Zeiss, Germany) under a spe-
cific pressure of 1.5 t/cm2. Sintering was carried out in 
a HT 64/17 furnace (Nabertherm, Germany) at 1700 °C 
for 2 h. 

On the surface of the sintered samples (Z7Y10-80A, 
Zr7Y20-60, and Metco 204NS), a suspension 
of CMAS powder in ethanol was applied at a loading 
of  20 mg/cm2. High temperature tests of  the  samples 
with surface applied suspensions were performed in 
air in the HT 64/17 electric furnace. The heating rate 
was 10 °C/min, and the  exposure temperature ranged 
from 1200–1300 °C with holding times ranging from 
2 to 24 h.

To analyze high temperature chemical reactions 
between YSZ and CMAS in more detail, powder mix-
tures were prepared at a 3:1 ratio. The mixtures were 
homogenized in ethanol, dried, and pressed into pel-
lets at 50 MPa, followed by isothermal treatment 
at 1200–1300 °C for 2 h.

Microstructural analysis of cross sections was per-
formed using a scanning electron microscope (SEM 
EM  30AX, Coxem Co. Ltd., Republic of  Korea) 
equipped with an energy dispersive spectrometer 
(EDS). Phase composition and structural parameters 
were determined on an X-ray diffractometer (XRD 6000, 
Shimadzu, Japan) using full profile analysis. Diffraction 
patterns were recorded over a 2θ range of 20–90° with 
CuKα radiation, a step size of 0.02°, and a counting time 
of 2 s per step. Qualitative phase analysis was carried 
out using the Crystallographica Search Match (CSM) 
program and the  PDF database of  the  International 
Centre for Diffraction Data (ICDD).

Results and discussionResults and discussion
Structure of YSZ  Structure of YSZ  
ceramic powdersceramic powders

Analysis of  the  particle size distribution (Table 1) 
showed that the  average particle sizes of  powders 
Z7Y10-80A and Metco 204NS are comparable, with 
d50 values of 48.9 and 41.9 µm, respectively. However, 
Z7Y10-80A contains the  largest fraction of  fine par-
ticles compared with the other powders. The smallest 
average particle size, d50 = 28.1 µm, was observed for 
Zr7Y20-60.

SEM images of powder morphology and cross-sec-
tions are presented in Fig. 1. Based on morphometric 

parameters, Z7Y10-80A exhibits a fractured morpho
logy, Zr7Y20-60 is nearly spherical, and Metco 204NS 
is predominantly hollow spherical. Particles of all pow-
ders, except Metco 204NS, are porous throughout their 
volume. Metco 204NS contains both hollow spherical 
particles and non hollow porous particles similar in 
structure to the other powders. The shells of the hollow 
spheres are notably denser compared to the non hollow 
particles.

XRD analysis (Fig. 2) showed that the Z7Y10-80A 
and Zr7Y20-60 powders are composed of  tetragonal 
ZrO2 (space group P42/nmc, No. 137). The results 
of  Rietveld full-profile refinement of  the  structural 
parameters and phase composition are presented in 
Table 2. The lattice parameters of the tetragonal phase 
are nearly identical to the reference values (PDF card 
No. 80-2155). The Metco 204NS powder consists 
of tetragonal (P42/nmc, No. 137) and monoclinic ZrO2 
(P21/c, No. 14) in proportions of 79 and 21 %, respec-

Fig. 1. SEM images of the morphology and cross sections  
of YSZ ceramic powder particles 

Z7Y10-80A (а), Zr7Y20-60 (b) and Metco 204NS (c) 

Рис. 1. СЭМ-изображения морфологии и поперечных  
сечений частиц керамических порошков 

Z7Y10-80A (а), Zr7Y20-60 (b) и Metco 204NS (c)
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tively. The smallest crystallite size was observed for 
Z7Y10-80A, while the  largest was for Metco 204NS. 
The evaluation of  lattice microstrain da/a indicated 
the  highest distortions in Z7Y10-80A, which can be 
attributed to mechanical crushing.

XRD analysis of  the  model samples sintered 
at 1700 °C for 2 h showed that their phase composition 
did not differ from that of the as received powders.

The mechanism of  interaction between YSZ cera
mics and CMAS has been widely investigated and 
described in numerous studies [13; 15; 26; 27; 29–31]. 
In general, YSZ dissolves into the  CMAS melt, fol-
lowed by the  reprecipitation of  ZrO2 grains in vari-
ous polymorphic forms and compositions, depending 
on the local melt chemistry. Since Y3+ ions have much 
higher solubility in CMAS than Zr4+ ions, they readily 
diffuse into the melt, leading to zirconia depletion. This 
depletion facilitates the  phase transformation of YSZ 
from tetragonal to monoclinic.

Interaction of Z7Y10 80A  Interaction of Z7Y10 80A  
with CMASwith CMAS

The interaction of  CMAS with ceramic pow-
ders begins at temperatures below the  melting point 
of  the  glass due to  the  formation of  a eutectic in 
the  SiO2–CaO–Al2O3 system  [29; 32]. As a result, 
regardless of  particle morphology, interaction with 
CMAS is already observed at 1200 °C. 

As shown above, the  particles of  the  Z7Y10-80A 
powder (Fig. 1, a) possess a dense structure determined 
by the  production method, which strongly influences 
their interaction with CMAS. At 1200 °C, interaction 
is confined to a near-surface layer up to ~2 µm thick, 
while the dense particle structure remains largely intact 
(Fig. 3, a). When the temperature is raised to 1300 °C, 
dissolution/precipitation processes in YSZ are acti-
vated, resulting in loosening of  the  particle structure 
(Fig. 3, b). The glass melt penetrates from the interpar-
ticle space into the particle interior, causing the particle 
boundaries to blur.

Since the sensitivity of XRD to detect subtle phase 
composition changes during CMAS interaction is 
relatively low when glass is simply applied to the sur-
face of  Z7Y10-80A, additional mixed samples with 
a  Z7Y10-80A:CMAS ratio of  3:1 were prepared. 
These were heated in air at 1200, 1250, and 1300 °C 
for 2 h. This approach enabled a more precise analysis 
of the CMAS–ceramic interaction mechanisms.

Fig. 4 shows the  XRD patterns 
of  the  Z7Y10-80A:CMAS samples after expo-
sure to  these temperatures. The incorporation 
of  6–8 wt. % Y2O3 into ZrO2 results in the  formation 
of  a metastable tetragonal t′-phase (the so called non 
transformable phase), in contrast to  the  less stable 
tetragonal t-phase. To distinguish between the  two 
tetragonal modifications (t  and  t′), the  c/a  ratio  – 
reflecting the  degree of  tetragonality  – is used. For 
the t′-phase, this ratio approaches 1.010 [33].

The as received Z7Y10-80A powder consists 
of  tetragonal zirconia, with no characteristic doublets 
observed at 2θ ≈ 35° and 60°. After testing, the XRD 
patterns clearly show peak splitting at these angles, 
along with the emergence of the cubic (400) reflection 
in the 2θ range of 72–76°. In the as received powder, 
the  degree of  tetragonality was 1.0116 and remained 
unchanged after exposure at 1200 °C. Raising the tem-
perature to  1250 °C led to  an increase in tetragona
lity, associated with yttrium depletion in YSZ, i.e., 
the decomposition of the t-phase into t- and c-phases. 

At 1300 °C, counter diffusion of Ca and Mg from 
the glass into YSZ causes a reduction in tetragonality, 

Fig. 2. XRD patterns of YSZ powders 

Рис. 2. Дифрактограммы исходных порошков YSZ

Table 2. Structural parameters of YSZ powders 
Таблица 2. Структурные параметры порошков YSZ

Powder grade Phase
Lattice parameters, nm Crystallite 

size D, nm
Lattice microstrain

da/a, %а b с
Z7Y10-80A t 0.36142 0.36142 0.51706 21 0.14
Zr7Y20-60 t 0.36131 0.36131 0.51670 51 0.06

Metco 204NS
t 0.36143 0.36143 0.51580 200 0.01
m 0.51617 0.52052 0.53221 65 0.05
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Fig. 3. SEM images of Z7Y10-80A samples  
after interaction with CMAS 

at 1200 °C for 2 h (a) and 1300 °C for 12 h (b) 

Рис. 3. СЭМ-изображения образцов Z7Y10-80A после 
взаимодействия с CMAS 

при t = 1200 °С, τ = 2 ч (а), t = 1300 °С, τ = 12 ч (b)

although it does not return to its original value (Table 3). 
The variation in tetragonality as a function of yttrium 
content is consistent with the findings reported in [34], 
where it was shown that, irrespective of  the  synthe-
sis method, the  tetragonal character of YSZ powders 
diminishes with increasing yttrium content.

Interaction of Zr7Y20-60  Interaction of Zr7Y20-60  
with CMASwith CMAS

The Zr7Y20-60 ceramic particles have a porous sur-
face surrounding a dense core (Fig. 1, b). This morpho
logy makes them prone to CMAS melt infiltration, not 
only into the macropores but also deeper into the par-
ticle volume. Interaction between YSZ and CMAS is 
already evident at 1200 °C (Fig. 5), and at  1300 °C 
it becomes more pronounced, with the  boundaries 
between individual ceramic grains disappearing and 
an extensive reaction zone forming.

The as received Zr7Y20-60 powder consists 
of  tetragonal zirconia; however, the  characteristic 
doublets are already distinguishable at 2θ ≈ 35° and 
60° (Fig. 6). After exposure at 1200 °C, these doublets 
become clearly resolved. As the temperature increases, 
the degree of tetragonality rises from 1.0112 to 1.0143 
(Table 3). At  1300 °C, the  emergence of  the  cubic 
phase is indicated by the appearance of the (400) peak 
between the tetragonal (004) and (220) reflections.

Interaction of Metco 204NS  Interaction of Metco 204NS  
with CMASwith CMAS

The Metco 204NS ceramic powder consists of both 
hollow spherical particles with a dense shell and non 
hollow particles with a porous structure. The latter 
interact most intensively with CMAS due to  glass 
infiltration (Fig. 7). As the  temperature increases 
to 1300 °C, the boundaries between individual non hol-
low particles gradually disappear, leading to the forma-
tion of an extensive reaction zone. In contrast, the dense 

Table 3. Lattice parameters  
of the tetragonal phase in YSZ 

Таблица 3. Параметры кристаллической решетки 
тетрагональной фазы YSZ

Powder grade t, °C a, nm c, nm c/a

Z7Y10-80A

20 0.36142 0.51706 1.0116
1200 0.36145 0.51707 1.0115
1250 0.36087 0.51710 1.0132
1300 0.36104 0.51692 1.0124

Zr7Y20-60

20 0.36131 0.51670 1.0112
1200 0.36091 0.51661 1.0122
1250 0.36094 0.51659 1.0120
1300 0.36041 0.51701 1.0143

Metco 204NS

20 0.36143 0.51580 1.0091
1200 0.36135 0.51663 1.0110
1250 0.36150 0.51724 1.0117
1300 0.36179 0.51767 1.0118

Fig. 4. XRD patterns of Z7Y10-80A samples after interaction 
with CMAS at different temperatures

1 – as-received, 2 – 1200 °C, 3 – 1250 °C, 4 – 1300 °C 

Рис. 4. Дифрактограммы образцов Z7Y10-80A после 
взаимодействия с CMAS при различных температурах

1 – исходный, 2 – 1200 °С, 3 – 1250 °С, 4 – 1300 °С
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Fig. 5. SEM image (a) and EDS analysis (b)  
of Zr7Y20-60 samples after interaction with CMAS  

at 1200 °C for 2 h 

Рис. 5. СЭМ-изображение (а) и результаты EDS-анализа (b) 
образцов Zr7Y20-60 после взаимодействия с CMAS 

при t = 1200 °С в течение 2 ч

Fig. 7. SEM image (a) and EDS analysis (b)  
of Metco 204NS samples after interaction with CMAS  

at 1300 °C for 24 h 

Рис. 7. СЭМ-изображение (а) и результаты EDS-анализа (b) 
образцов Metco 204NS после взаимодействия с CMAS 

при t = 1300 °С в течение 24 ч

Fig. 6. XRD patterns of Zr7Y20-60 samples  
after interaction with CMAS at different temperatures

1 – as-received, 2 – 1200 °С, 3 – 1250 °С, 4 – 1300 °С 

Рис. 6. Дифрактограммы образцов Zr7Y20-60 после 
взаимодействия с CMAS при различных температурах

1 – исходный, 2 – 1200 °С, 3 – 1250 °С, 4 – 1300 °С

Fig. 8. XRD patterns of Metco 204NS samples  
after interaction with CMAS at different temperatures

1 – as-received, 2 – 1200 °С, 3 – 1250 °С, 4 – 1300 °С 

Рис. 8. Дифрактограммы образцов Metco 204NS после 
взаимодействия с CMAS при различных температурах

1 – исходный, 2 – 1200 °С, 3 – 1250 °С, 4 – 1300 °С
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shells of the spherical particles remain the most resis-
tant to  CMAS attack up to  1300 °C, preserving their 
structural integrity.

XRD analysis revealed that after CMAS corro-
sion testing the  monoclinic phase fraction (m-ZrO2) 
decreased from 20.6 to  10.0 % (Fig. 8). This was 
accompanied by a reduction in the intensity of the ( 11) 
and (111) reflections and an increase in the  degree 
of tetragonality (see Table 2). These changes are attri
buted to additional stabilization of zirconia by calcium 
and magnesium oxides. At 1300 °C, the  cubic (400) 
reflection was also detected.

ConclusionConclusion
The study of CMAS interaction with TBC ceramics 

based on Z7Y10-80A, Zr7Y20-60, and Metco 204NS 
powders using model samples has demonstrated that 
the interaction mechanism between CMAS and YSZ is 
the same for all yttria containing ceramics. It is gover
ned by the  dissolution–precipitation of  zirconia in 
the  glass melt. Exposure to  CMAS at 1200–1300 °C 
leads to the formation of a new yttria depleted tetrago-
nal zirconia phase as a result of yttrium diffusion into 
the  glass. With increasing temperature, the  degree 
of  tetragonality changes due to  further yttrium deple-
tion. However, the counter diffusion of Ca and Mg ions 
from the  glass into zirconia is insufficient to  restore 
the  initial tetragonality values. As a result, zirconia 
may undergo polymorphic transformation accom-
panied by  volume expansion, cracking, and eventual 
spallation of the TBC.

The extent and character of CMAS–YSZ interaction 
were shown to  depend strongly on the  structure and 
morphology of the ceramic particles. A dense particle 
structure, as in ceramics produced from Z7Y10-80A 
and Metco 204NS powders, reduces CMAS infiltra-
tion, whereas the more porous structure of Zr7Y20-60 
particles promotes deeper penetration and more exten-
sive interaction.
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Abstract. The regularities of formation of wear- and oxidation-resistant coating under combined electrospark and cathodic-arc treatment 

(ESCAT) of AZhK superalloy were studied. The effect of electrode polarity and rare-earth (Ce, Er) microalloying of Al–Ca-based rod 
electrodes on the structure, strengthening and oxidation resistance of the deposited coatings was studied. It was found that anodic polarity 
secures the  formation of crack-free coatings predominantly composed of γ′-Ni3Al intermetallic (L12-type structure, 3.600 Å). These 
coatings reached a thickness of 15–20 μm due to the oriented growth of crystallites with a transverse size below 300 nm. In contrast, 
the  coatings formed at cathodic polarity have consisted of two intermetallic phases: β-NiAl (B2 structure, 2.895 Å) and γ′-Ni3Al 
(L12 , 3.595 Å). Structural and phase transformations occurring during the treatment of a AZhK substrate (initial hardness of 5.2 GPa) using 
electrodes of different polarities constitute the dominant strengthening factors. The maximum hardness (12.3 GPa) was recorded for coat-
ings composed of β-NiAl and γ′-Ni3Al phases. Coatings obtained with anodic electrode polarity exhibited relatively lower hardness values 
(7.3 GPa) accompanied by low elastic modulus values (112 GPa). The wear rate of these coatings ranged from 6 to 7.5·10–5 mm3/(N·m), 
representing a sixfold improvement of wear resistance compared to the untreated AZhK alloy. In-situ TEM studies revealed excellent 
thermal stability of the γ′-Ni3Al intermetallic structure upon heating the coating lamellae cut of the coating obtained under anodic polarity 
up to 700 °C. Results of high-temperature oxidation tests at 1000 °C indicate that the coating the AZhK alloy change the oxidation law 
from linear to logarithmic one. The minimum thickness of the oxide layer (about 3 μm) was found in the coatings obtained by ESCAT 
using Al–Ca–Er electrode with anodic polarity. That is 10 times less than the thickness of the oxide layer of AZhK alloy. The change 
of oxidation law during annealing to the logarithmic one is due to in-situ formed the NiAl2O4/α-Al2O3 barrier layer strengthened with 
CaMoO4 particles. It slowing down of oxygen diffusion in bulk of substrate providing its excellent oxidation resistance. 

Keywords: electrospark treatment, cathodic arc deposition, fusible electrodes, rare-earth metals microalloying, electrode polarity, 
intermetallic compounds, hardness, wear resistance, barrier oxide layer, high-temperature oxidation resistance
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Аннотация. Изучены закономерности формирования стойких к износу и окислению покрытий при комбинированной электро-

искровой и катодно-дуговой обработке (ЭИКДО) жаропрочного сплава АЖК. Исследовано влияние полярности стержневых 
электродов на основе Al–Ca и их микролегирования РЗМ (Ce, Er) на структуру, упрочнение и жаростойкость полученных 
покрытий. Установлено, что при подключении электрода с анодной полярностью формируются покрытия без трещин на 
основе интерметаллида γ′-Ni3Al (тип L12 , 3,600 Å). Их толщина достигает 15–20 мкм в результате направленного роста 
кристаллитов с поперечным размером менее 300 нм. При подключении к электроду катодной полярности формируются 
покрытия, в структуре которых найдены зерна двух интерметаллидов: β-NiAl (тип B2, 2,895 Å) и γ′-Ni3Al (тип L12 , 3,595 Å). 
Структурно-фазовые превращения, происходящие при обработке электродами с разной полярностью подложки из АЖК 
с твердостью 5,2 ГПа, являются доминирующими факторами упрочнения. Максимальное значение твердости (12,3 ГПа) 
зафиксировано в покрытиях, состоящих из β-NiAl и γ′-Ni3Al. При анодной полярности электрода твердость покрытий 
составляет 7,3 ГПа, и при этом они имеют низкие (112 ГПа) значения модуля упругости. Величина приведенного износа 
покрытий находится в пределах от 6,0·10–5 до 7,5·10–5 мм3/(Н·м), что в 6 раз меньше, чем у необработанного сплава АЖК. 
При in-situ ПЭМ-исследовании установлена превосходная термическая стабильность интерметаллидной структуры γ′-Ni3Al 
при нагреве до t = 700 °C ламели, вырезанной из покрытия, полученного при анодном режиме обработки. Результаты испы-
таний на стойкость к высокотемпературному окислению при t = 1000 °С свидетельствуют, что покрытия меняют закон окис-
ления сплава АЖК с линейного на логарифмический. Минимальная толщина оксидного слоя (около 3 мкм) установлена 
у покрытий, полученных при ЭИКДО электродом Al–Ca–Er с анодной полярностью, что в 10 раз меньше таковой для сплава 
АЖК. Переход к логарифмическому закону окисления обусловлен замедлением диффузии кислорода через образующийся 
при отжиге барьерный слой NiAl2O4/α-Al2O3 , упрочненный частицами CaMoO4 , что обеспечивает превосходную стойкость 
к окислению сплава АЖК.  

Ключевые слова: электроискровая обработка, катодно-дуговое испарение, легкоплавкие электроды, микролегирование РЗМ, 
полярность электродов, интерметаллиды, твердость, износостойкость, барьерный оксидный слой, жаростойкость
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IntroductionIntroduction
Over the  past decades, considerable attention has 

been devoted to  developing methods for extending 
the service life of superalloys used in high-temperature 
applications [1; 2], which are essential for the advance-
ment of  aerospace, chemical, and power engineering. 
One of the key limitations of superalloys in the manu-
facture of critical components is their insufficient wear 
and oxidation resistance, necessitating the  develop-
ment of effective surface modification techniques [3].

Electrospark treatment (EST) is a promising techno
logy for strengthening and restoring working surfaces, 
as well as for producing coatings with enhanced wear 

and oxidation resistance [4–6]. An important advantage 
of EST is its localized action of electrical discharges, 
which makes it possible to treat specific areas of criti-
cal components without overheating. A distinctive fea-
ture of the technology is the need for careful selection 
and control of processing modes to ensure the forma-
tion of crack-free coatings. 

The versatility of  EST is determined by the  wide 
range of  developed electrode compositions, which 
allows selecting specific alloys to  improve surface-
sensitive properties of  components. In particular, 
the  use of  fusible electrodes Al–Si, Al–Ca–Si, and 
Al–Ca–Mn in [7; 8] or EST of EP741NP alloy samples 
fabricated by selective laser melting (SLM) resulted 
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in the  formation of  coatings containing intermetallic 
NixAly particles synthesized during EST. This not only 
increased wear resistance by a factor of  4.5 through 
intermetallic strengthening but also reduced surface 
roughness to Ra = 3 µm due to  the healing of surface 
defects typical of  SLM. In addition, the  in-situ syn-
thesis of  (Al, Ca)O nanoparticles during oxidative 
annealing of the coatings at 1000 °C provided a four-
fold increase in oxidation resistance of  the EP741NP 
alloy [8]. The oxidation rate can be further reduced [9] 
by improving the  crack resistance and adhesion 
of the oxide layer to the substrate through microalloy-
ing the  coatings with rare-earth (RE) metals. In this 
context, particular interest lies in studying the  effect 
of Al–Ca–RE electrodes, where RE = Ce or Er. Such 
additives are especially relevant for coatings applied 
to superalloys in order to extend their operating tem-
perature range.

A promising approach is to combine, within a sing
le technological cycle, electrospark and cathodic-
arc treatment (ESCAT) [10]. The clear advantages 
of  computer-controlled combined processing include 
improved reproducibility of the technology and inten-
sified mass transfer during cathodic arc evaporation 
of the electrode. 

The aim of this study was to investigate the condi-
tions for forming wear- and oxidation-resistant coatings 
by combining electrospark and cathodic-arc treatment 
(ESCAT) of the AZhK superalloy.

MethodsMethods
Rod electrodes 4 mm in diameter, made of  near-

eutectic Al–Ca–Ce and Al–Ca–Er alloys prepared in 
accordance with TU 24.45.30–042–11301236–2024, 
were used for the  combined process of  ESCAT. 

The electrodes were produced by a two-stage process: 
(1) remelting of the charge components into an ingot in 
a resistance furnace; (2) induction melting of the ingot 
followed by casting of  the  melt into a copper mold 
in a vacuum chamber filled with argon at a pressure 
of 0.2 atm. 

Substrates were made of  the  AZhK nickel-based 
superalloy, fabricated by selective laser melting (SLM) 
at JSC Komposit (Russia). The chemical composi-
tion of the AZhK alloy substrates is given below [11], 
wt. %:

Ni . . . . . . 
Cr . . . . . .
Mo . . . . . .
Co . . . . . .

59.9–66.2
15.0–16.0
7.0–9.0
5.0–7.0

Al . . . . . .
Nb . . . . . .
Hf . . . . . .
C . . . . . .

4.0–5.0
2.5–3.5
0.1–0.4
0.02–0.05

 

ESCAT were carried out in a single cycle using 
a modified cap-type UVN-2M unit (Russia), equipped 
with a CNC system for programmed lateral move-
ment of  the sample during processing under specified 
conditions. After reaching forevacuum, the  vacuum 
chamber was filled with argon to a pressure of 20 Pa, 
in accordance with TI 65–11301236–2024. This pres-
sure ensures the simultaneous initiation of an arc dis-
charge and electrospark discharges  [10]. A schematic 
of the ESCAT process is shown in Fig. 1. 

The microstructure and composition of the samples 
were examined using a Hitachi S-3400N scanning elect
ron microscope equipped with a NORAN  System  7 
X-ray microanalysis system (Thermo Scientific, USA). 
For detailed microstructural studies, cross-sectional 
samples were prepared using standard metallographic 
methods (grinding, polishing), followed by elec-
trochemical etching at a constant voltage of  10 V in 
an aqueous 10 % H2SO4 solution.

Fig. 1. Schematic diagram of the automated ESCAT setup under cathodic (a) and anodic (b) electrode polarity
1 – electrode, 2 – brush unit, 3 – motor 

Рис. 1. Схема автоматизированной ЭИКДО при катодной (a) и анодной (b) полярностях
1 – электрод, 2 – щеточный узел, 3 – двигатель
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X-ray diffraction (XRD) phase analysis was per-
formed using diffractograms obtained on a DRON-4 dif-
fractometer (Burevestnik, Russia) with monochromatic 
CuKα radiation (1.5418 Å), and in the  case of  oxide 
layers, CoKα radiation (1.7902 Å), in the  2θ range 
of 20–110°. For detailed analysis of coating substruc-
tures, a JEM-2100 transmission electron microscope 
(Jeol, Japan) equipped with an Oxford Instruments 
X-Max  80 energy-dispersive detector was employed. 
Lamellae were cut from the coating surface layer using 
a focused ion beam system (Quanta 200 3D FIB, FEI 
Company, USA). TEM foils were additionally thinned 
by ion etching on a PIPS II system (Gatan, Inc., USA). 
In-situ studies of  structural–phase transformations in 
the coatings under thermal exposure at 400, 600, and 
700 °C were carried out directly in the  microscope 
column. The heating rate was 50 °C/min. Bright-field 
images and electron diffraction patterns were obtained 
with a dwell time of about 15 min at each heating step.

Mechanical properties (hardness H and elastic 
modulus E) of  the  coatings were measured on cross-
sectional samples using a Nano-Hardness Tester 
(CSM Instruments, Switzerland) at a maximum load 
of 10 mN. Tribological tests were performed on a CSM 
Tribometer (Switzerland) in accordance with ASTM 
G133-22 under reciprocating sliding at room tempera-
ture in air. A 3-mm diameter 100Cr6 steel ball (analog 
of  ShKh15) was used as the  stationary counterbody. 
The test parameters were: track length – 4 mm, applied 

load – 2 N, maximum speed – 5 cm/s. Wear tracks were 
examined using a WYKO NT1100 optical profilometer 
(Veeco, USA).

Oxidation resistance tests at high temperature 
were carried out under cyclic heating–cooling in 
a  SNOL 7.2/1200 muffle furnace (Lithuania), expos-
ing the  samples in air at 1000 °C. The total isother-
mal holding time in air was 30 h. After each cycle 
of “heating – isothermal hold – cooling”, the samples 
were weighed on an ALC-210d4 analytical balance 
(Acculab, USA) with an accuracy of 10–5 g. The spe-
cific mass gain (K) was calculated as:

		           K = ∆m/S0 ,	

where ∆m is the mass difference before and after oxi-
dation, mg; S0 is the  total surface area of  the  sample 
before testing, cm2.

ResultsResults
Structure of fusible  Structure of fusible  

Al–Ca–RE (Ce, Er) electrodesAl–Ca–RE (Ce, Er) electrodes
Figs. 2, a and  b show the  microstructures of  the 

fusible electrodes, while the  diffraction spectrum 
(Fig. 2, c) displays the  lines corresponding to  their 
phase constituents. It can be seen that the Al–Ca–Ce 
electrodes have a near-eutectic structure, which is con-

Fig. 2. SEM backscattered electron images of the microstructure of Al–Ca–Ce (a) and Al–Ca–Er (b),  
and diffraction patterns of the electrodes (c) 

Рис. 2. РЭМ-изображения в режиме обратноотраженных электронов микроструктуры  
Al–Ca–Ce (a) и Al–Ca–Er (b), а также дифрактограммы электродов (c)
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sistent with the  results of  [12]. As shown in Table 1, 
this structure consists of  fine two-phase eutec-
tics e1 [(Al) + CaAl4 ] and three-phase eutectics 
E1 [(Al) + CaAl4 + (Ca,Ce)Al4 ], as well as dendrites 
of a solid solution based on aluminum (Al). 

As shown in Fig. 2, b, the  addition of  Er to  the 
Al–Ca–Er electrode promotes the formation of bright, 
faceted primary Al3(Er,Ca) crystals. Consequently, 
the  principal structural constituents of  the  Al–Ca–Er 
electrode are fine two-phase eutectics [(Al) + CaAl4 ], 
three-phase eutectics [(Al) + CaAl4 + (Er,Ca)Al3 ], pri-
mary Al3(Er,Ca) crystals, and (Al) dendrites. The ele-
mental distribution among the  structural constituents 
of  the Al–Ca–Ce and Al–Ca–Er electrodes is summa-
rized in Table 1.

Kinetics of coating formation  Kinetics of coating formation  
and structureand structure

The kinetic curves of  mass transfer as a function 
of  electrode polarity are shown in Fig. 3. The maxi-
mum specific mass gain of the substrate, corresponding 
to the greatest coating thickness, is observed after 5 min 
of treatment, regardless of electrode polarity. However, 
the  specific erosion after 5 min of  treatment under 
cathodic electrode connection (ΔА5 = −94.9·10−4 g) is 
an order of  magnitude higher than that under anodic 
polarity (ΔА5 = −7.1·10−4 g). The mass gain curve 
obtained under anodic polarity (ACe) indicates a  low 
contribution of  mass transfer (ΔK5 = 4.8·10−4 g). 
In this case, an increase in mass is observed only after 
3 min of treatment. 

On the  surface of  the  ACe series coatings, elon-
gated solidified droplets can be observed (Fig. 3, c), 
some of which are marked with yellow arrows. Their 
formation under anodic polarity can be attributed 
to  local melting of  fusible structural constituents 
within cathode spot  [12]. In addition, oxide particles 
approximately 15 µm in size were found on the  sur-
face of  these coatings (highlighted with orange 
arrows). According to  EDS data, these particles, 
in addition to  oxygen, contain high concentrations 
of  Al (28–33 at. %) and Ca (6–10 at. %). They also 
contain about 1 at. % Ce and Er, which is expected 
given their high affinity for oxygen. Under cathodic 
polarity, the  surfaces of  the  coatings (KEr and KCe) 
exhibit overlapping solidified melt droplets, but they 

Table 1. Elemental distribution across structural 
constituents according to EDS data (see Fig. 2) 

Таблица 1. Распределение элементов по структурным 
составляющим по данным ЭДС (см. рис. 2)

Structural constituent
Elemental  

composition, at. %
Al Ca Ce Er

e1 [(Al) + CaAl4] 94.8 4.3 0.8 –
E1 [(Al) + CaAl4 + (Ca,Ce)Al4] 93.8 5.2 1.0 –

e2 [(Al) + CaAl4] 93.9 6.1 – –
E2 [(Al) + CaAl4 + (Er,Ca)Al3] 93.5 3.8 – 2.8

(Er,Ca)Al3 81.8 2.3 – 15.7
(Al) 100.0 – – –

Fig. 3. Kinetic curves of mass transfer for the Al–Ca–Ce electrode during ESCAT on the AZhK alloy substrate (a)  
and SEM images of the surface of coatings: KEr (b) and ACe (c)

∑ΔMi – mass gain of the substrate; ΔA5 – electrode erosion after 5 min of treatment 

Рис. 3. Кинетические кривые массопереноса электрода Al–Ca–Ce при ЭИКДО подложки  
из сплава АЖК (a) и РЭМ-изображения поверхности покрытий KEr (b) и ACe (c)

∑ΔMi – привес массы подложки; ΔA5 – эрозия электрода после 5 мин обработки
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Table 2. Phase composition of the AZhK alloy – initial and after ESCAT 
Таблица 2. Фазовый состав сплава АЖК – исходного и подвергнутого ЭИКДО

Sample Phase Space group 
(structure type)

Fraction, 
wt. %

Lattice peremeter 
а, Å

AZhK γ Fm-3m (Cu) 100.0 3.609

АСe
γ′-Ni3(AlCr) Pm-3m (L12 ) 97.6 3.600

Cr Im-3m (W) 2.4 2.870

KСe
Β-NiAl Pm-3m (B2) 84.6 2.895

γ′-Ni3(AlCr) Fm-3m (L12 ) 15.4 3.595

are less homogeneous in composition. It is worth not-
ing that, unlike the A-series, cracks were observed on 
the surfaces of the K-series coatings. 

XRD patterns (Fig. 4, a) of  the  initial and ESCAT 
-treated substrates revealed differences in the  phase 
composition of  the  coatings depending on electrode 
polarity. Under cathodic polarity (sample KCe), 
the  coating consists of  β-NiAl, which has an ordered 
cubic B2 crystal structure, and γ′-Ni3(AlCr) with 
an ordered L12 superstructure. The β-phase fraction is 
dominant (Table 2), amounting to 84.6 wt. %. 

Anodic polarity (sample ACe) results in the  for-
mation of  a coating predominantly composed 
of  γ′-Ni3(AlCr) (97.6 wt. %). Diffraction peaks 
of the β-phase were not detected in the diffractogram. 
This indicates an insufficient amount of  free Al in 
the EST melt to form the equiatomic NiAl intermetallic. 

As shown in Figs. 4, b and c, typical cross-sectional 
images of the coatings are presented. The ACe and AEr 
coatings do not display a distinct interface with the sub-
strate, which can be attributed to their similar elemen-
tal concentrations (Table 3). According to  EDS data 
(regions 1 and 3), however, the Al content in the coa
tings (15 at. %) is nearly twice that of the AZhK alloy 
(9 at. %). No Ca was detected in the bulk of  the coa
ting, and the  Ce content did not exceed 0.2 at. %. 
The coating structure nevertheless contains small black 
inclusions identified by EDS as (AlCaCe)O (Table 3, 
region  2). Larger particles of  the  same composition 
were also found on the surfaces of these coatings (see 
Fig. 3, c). 

The thickness of the coatings formed under cathodic 
polarity (18–20 µm) is greater than that of  the anodic 
ACe and AEr coatings (15 µm). The microstructure 

Fig. 4. Diffraction patterns of the initial AZhK alloy and after ESCAT with an Al–Ca–Ce electrode (a),  
and typical cross-sectional images of the ACe (b) and KCe (c) coatings 

Рис. 4. Дифрактограммы исходного и подвергнутого ЭИКДО сплава АЖК электродом Al–Ca–Ce (a),  
типичные изображения поперечных шлифов покрытий ACe (b) и KCe (c)
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of  the cathodic coatings (Fig. 4, c) exhibits pronounced 
differences due to  the  increased incorporation of  ele-
ments from the  Al–Ca–RE electrodes. As shown in 
Table 3, the  Al concentration in the  K-series coa
tings reaches 74 at. %, while the Ni content decreases 
to 15 at. %. A distinct interface between the AZhK sub-
strate and the coatings is evident; it is heterogeneous in 
both structure and composition, with the Ni concentra-
tion in this region at about 30 at. %. It should also be 
noted that under cathodic polarity, Ca and RE metals 
are distributed more uniformly throughout the coatings 
compared with the  ACe and AEr samples, although 
the total RE metal content does not exceed 0.6 at. %.

The microstructure of the A-series coatings (Figs. 5, a 
and  b) consists of  uniform fine columnar crystals, 
which differ entirely from the microstructures of both 
the  electrodes and the  substrate. Yellow dashed lines 
indicate the  boundaries of  solidified melt droplets. 
The  crystallite orientation coincides with the  growth 

direction of the AZhK alloy, which is also reflected in 
the  increased intensity of  the  200 γ′ peak at 2θ ≈ 50° 
(Fig. 4, a). During crystallization of  the  melt drop-
lets, the columnar crystallites grow from the interface 
toward the surface.

The coatings formed under cathodic polarity (Figs. 5, c 
and  d) exhibit a different structure, characterized by 
a less pronounced metallographic texture. Compared 
with the  substrate, these coatings are less susceptible 
to chemical etching, which indicates higher corrosion 
resistance. 

To investigate the  structure of  crack-free coat-
ings obtained under anodic polarity in greater detail, 
the  fine structure of  the  ACe sample was analyzed. 
A bright-field TEM image of a lamella cut from its sur-
face is shown in Fig. 6, a (see also Fig. 3, c). The coa
ting consists of  columnar crystals with a strongly 
oriented growth direction along the  [01–1] zone axis. 
An oxide particle located above the columnar crystals 

Table 3. EDS results for coating regions ACe and KCe shown in Fig. 4 
Таблица 3. Результаты ЭДС областей покрытий ACe и KCe, показанных на рис. 4

Region
Elemental composition, at. %

Al Ni Ca Cr Co Mo Nb Ce O Hf
1 9.3 60.9 – 16.3 7.6 4.1 1.8 – – –

2 (AСe) 24.7 1.5 12.8 0.6 – – – 1.0 58.9 0.6
3 (AСe) 15.0 57.4 – 15.7 5.9 4.1 1.7 0.2 – –
4 (KCe) 74.4 14.9 2.9 4.1 1.4 1.3 0.4 0.6 – –
5 (KCe) 67.8 19.8 1.5 6.0 1.9 1.8 0.7 0.5 – –
6 (KCe) 55.5 31.6 1.2 6.2 3.0 1.7 0.5 0.3 – –

Fig. 5. SEM secondary electron images of coating microstructures: ACe (a), AEr (b), KCe (c), and KEr (d) 

Рис. 5. РЭМ-изображения в режиме вторичных электронов микроструктуры покрытий ACe (a), AEr (b), KCe (c), KEr (d)
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on the coating surface exhibits an amorphous structure, 
confirmed by electron diffraction showing an amor-
phous halo (inset in Fig. 6, a). 

The columnar crystals, ~300 nm in cross-section, 
consist of  the  γ′ phase with an ordered L12 crystal 
structure, as confirmed by electron diffraction. Analysis 
of  the  corresponding diffraction pattern (Fig. 6, d) 
revealed displacements of  atomic planes, which may 
result from dislocation motion in the γ′ matrix. 

Spherical nanoparticles up to  30 nm in size are 
mainly located along the  boundaries of  the  colum-
nar crystals (Fig. 6, c). Analysis of  these particles 
(Figs. 6, b  and  g) showed that they are enriched in 
calcium and oxygen, while the  concentrations of  all 
other elements are significantly reduced. According 
to Fig. 6, d, these oxides have an orthorhombic lattice 
with a CaO-type structure.

In addition, the γ′ grain boundaries contain a highly 
distorted secondary phase (Fig. 6, b). EDS analysis de
termined its composition as Ni53.21Al20Cr15.85Co6.5Mo4.45 . 
The large interplanar spacing (d = 5.7 Å), obtained 
from the  Fourier transform (Fig. 6, e), suggests that 
the  diffraction originates from the  [10–10] plane 
of a hexagonal Laves phase (AB2) of the C36 structure 
type. The calculated lattice parameters for this phase 
are а = 6.63 Å and с = 11.05 Å. Based on the elemen-

tal ratio, it can be assumed that the  Laves phase has 
the composition (Ni,Co)2(Al,Cr,Mo).

Fig. 7 shows the overall appearance of the lamella 
and enlarged images of the selected region before and 
after vacuum annealing at 700 °C. A distinct change 
in contrast in some areas indicates relaxation of inter-
nal stresses (Fig. 7, b). The series of  electron diffrac-
tion patterns presented in Fig. 7, c, obtained from γ′ 
columnar crystals during lamella heating up to 700 °C, 
confirm the  high thermal stability of  this phase. 
At  the  same time, at 600 °C nanocrystalline particles 
appeared in the amorphous (AlCaCe)O particle located 
on the  coating surface (Fig. 7, d). Their interplanar 
spacings (3.05 Å, 2.90 Å) correspond to a monoclinic 
CaAl2O4 mixed oxide.

Mechanical and tribological  Mechanical and tribological  
properties of the coatingsproperties of the coatings

The results of instrumented nanoindentation (Fig. 8, a) 
showed that ESCAT increases the  hardness and 
decreases the Young’s modulus (E) of the AZhK alloy 
substrate. The presence of Er in the coatings has a more 
pronounced effect on hardness compared with Ce alloy-
ing of  the  electrode. The maximum hardness values 
(12.3 ± 0.3 and 10.2 ± 0.3 GPa, respectively) were 

Fig. 6. Fine structure of the ACe sample obtained under anodic polarity in ESCAT
a – TEM image of the AСe coating lamella; b – HRTEM image of γ′ columnar crystal boundaries;  

c – CaO nanoparticles; d – electron diffraction pattern of a columnar crystal; e – Fourier transform of a CaO particle;  
f – C36 Laves phase; g – elemental distribution map corresponding to Fig. b 

Рис. 6. Тонкая структура образца ACe, полученного при анодной полярности ЭИО
a – ПЭМ-изображение ламели покрытия AСe; b – ПЭМ ВР изображение границы столбчатых кристаллов γ′;  

c – наночастицы СаO; d – электронная дифракция столбчатого кристалла; e – Фурье-преобразования частицы CaO;  
f – фазы Лавеса С36; g – распределение элементов из рис. b 
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recorded when cathodic polarity was applied. Fig. 8, b 
also presents the  H/E ratio, which is commonly used 
as an indicator of  the  damage tolerance of  coatings. 
The  coatings exhibit relatively low Young’s modulus 
values (E ≤ 160 GPa), which is atypical for intermetal-
lics: 178 GPa for Ni3Al and 284 GPa for NiAl [14].

As shown in Figs. 8, b and  9, b, ESCAT signifi-
cantly improves the wear resistance of the nickel alloy, 
with the effect being stronger under cathodic polarity 
(up to a sixfold increase) compared with anodic pola
rity (up to a twofold increase). Erbium in the coating 
has a stronger influence on enhancing these proper-

ties. The effects of RE additions and electrode polarity 
on the  wear resistance of  the  coatings correlate with 
the formation of a dual-intermetallic structure. In par-
ticular, coatings with a (β-NiAl + γ′-Ni3Al) structure, 
which exhibit the  highest hardness, are characterized 
by excellent wear resistance, with values ranging from 
6.0 to 7.5·10–5 mm3/(N·m).

The friction coefficient versus cycle number curves 
shown in Fig. 9, a demonstrate the  higher amplitude 
of  friction fluctuations in contact with the  steel ball 
for both the  untreated AZhK alloy and after anodic 
ESCAT. The average friction coefficient values range 

Fig. 7. Overall view of the lamella (a), images before and after vacuum heating to 400 and 700 °C in the TEM column (b),  
electron diffraction patterns from γ′ columnar crystal zones (c), and from the amorphous oxide (d) 

Рис. 7. Общий вид ламели (a), увеличенные ее изображения до и после вакуумного нагрева от 400 до 700 °C  
в колонне ПЭМ (b), а также картины дифракции от зон столбчатых кристаллов γ′ (c) и аморфного оксида (d)

Fig. 8. Profiles of hardness (H) and Young’s modulus (E) across the sample thickness (a)  
and comparison of hardness, H/E ratio, and wear rate of the samples (b) 

Рис. 8. Распределение твердости и модуля упругости по толщине образца (a)  
и сопоставление значений H, H/E и приведенного износа образцов (b)
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from 0.45 to 0.35, while a further reduction to ~0.3 is 
observed for coatings produced under cathodic polarity 
(K-series). 

To investigate the  wear mechanisms in greater 
detail, SEM images of  the wear tracks were obtained 
(Fig. 10), and EDS analysis was performed. The results 
suggest two dominant wear mechanisms, which cor-
relate with the coating structures determined by elec-
trode polarity during ESCAT. In the  case of A-series 
coatings, ball sliding is accompanied by the formation 
of deep grooves and numerous ridges, associated with 
local plastic deformation (Figs. 10, a and b). 

In contrast, the wear track surfaces of the K-series 
coatings display a different morphology, characterized 
by compacted wear debris formed under load during 
testing (Figs. 10, c and d). According to  EDS data, 
the bottoms of  the wear tracks are depleted in alumi-
num (28.2 at. % Al and 47.9 at. % Ni). At the  same 
time, the  wear debris consists mainly of  Al2O3 , 
formed by selective oxidation of  aluminum. Thus, 
wear of the K-series coatings is primarily governed by 
aluminum oxidation and compaction of  the  oxidized 
debris, processes which together promote the  forma-
tion of a protective tribolayer.

Fig. 9. Friction coefficient curves (a) and 3D images of wear tracks (b) 

Рис. 9. Кривые коэффициента трения (a) и 3D-изображения дорожек износа (b)

Fig. 10. SEM secondary electron images of wear tracks for the samples: ACe (a), AEr (b), KCe (c), and KEr (d) 

Рис. 10. РЭМ-изображения во вторичных электронах дорожек износа образцов ACe (a), AEr (b), KCe (c), KEr (d)
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High-temperature  High-temperature  
oxidation resistance of the coatingsoxidation resistance of the coatings

Fig. 11 and Table 4 show the  results of qualitative 
and quantitative phase analysis of  the  samples after 
30 h of  oxidative annealing at 1000 °C. The XRD 
pattern of  the  AZhK alloy exhibits diffraction peaks 
corresponding to  Cr2O3 and spinel phases NiCr2O4 , 
NiMoO4 , and NiNb2O6 . 

Although the ESCAT coatings show a similar quali-
tative phase composition after long-term oxidative 
annealing, the quantitative phase ratios differ markedly 
(Table 4) and are dependent on electrode polarity. In 
the annealed coated samples, a large fraction of the γ′ 
phase is retained (30–72 wt. %). This suggests that 
the  oxide layers formed on the  coating surfaces are 
relatively thin and remain fully penetrable by X-rays 
under Bragg–Brentano geometry. Thus, after isother-
mal holding of the ACe and AEr coatings, the surface 
layer is dominated by α-Al2O3 and NiAl2O4 phases, 
while CaMoO4 is detected only in small amounts 
(up to 3 wt. %). In contrast, oxidation of the KCe and 
KEr coatings results in an increase in CaMoO4 content 
up to 15 wt. %, while the combined content of α-Al2O3 
and NiAl2O4 reaches 25–56 wt. %.

Cross-sectional images (Fig. 12) of  the  oxidized 
samples confirm the XRD results. The total thickness 
of  the  oxide layers formed on the  coatings reaches 
2.5 µm, which is up to 10 times thinner than the oxide 
layer on the  AZhK alloy (~25 µm). The minimum 
oxide layer thickness was recorded for coatings pro-
duced under anodic polarity. 

The oxide layers exhibit a bilayer structure. 
The outer continuous NiAl2O4 layer has a spinel struc-
ture and contains finely dispersed CaMoO4 particles. 
Beneath it lies a layer of  α-Al2O3 , whose boundaries 
(highlighted with blue arrows in the inset of Fig. 12, b) 
are enriched in Er and Ce. According to EDS (region 1, 
Table 5), the oxygen-free zone of the coating is depleted 
in Al (7.8 at. %). These results indicate that beneath 
the oxide layers there is a zone composed not of pure γ′ 
phase, as identified by XRD, but of γ′ + γ grains. 

The oxide layers of  the  coatings produced under 
cathodic polarity (Figs. 12, c  and  d) also show 
a  heterogeneous structure. CaMoO4 grains are found 
on the  surface, beneath which lies a continuous 
NiAl2O4 + α-Al2O3 layer, also containing dispersed 
CaMoO4 particles. The oxygen-free zone of these coa
tings consists of  γ′ grains, indicating a β → γ′ phase 
transformation driven by the  interaction of aluminum 
with oxygen. Additionally, agglomerates of particles are 
present at the coating–substrate interface, a feature not 
observed in the A-series coatings. According to  EDS 

Fig. 11. XRD patterns of the samples after 30 h  
of oxidative annealing at 1000 °C 

Рис. 11. Дифрактограммы образцов после 30 ч 
окислительного отжига при t = 1000 °С

Table 4. Phase composition of the samples  
after 30 h of oxidative annealing at 1000 °C 

Таблица 4. Фазовый состав образцов после 30 ч  
окислительного отжига при t = 1000 °С

Sample Phase Fraction, 
wt. %

Lattice  
parameter, Å
a с

AZhK-
substrate

NiCr2O4 46.2 8.276 –
γ 19.1 3.588 –

NiMoO4 14.3 – –
Cr2O3 14.3 4.965 13.556

NiNb2O6 6.2 4.696 3.032

ACe

γ′-Ni3Al 72.2 3.596 –
α-Al2O3 12.7 4.763 13.004
NiAl2O4 12.2 8.160 –
CaMoO4 2.9 – –

AEr

γ′-Ni3Al 61.8 3.596 –
NiAl2O4 18.1 8.172 –
α-Al2O3 17.2 4.769 13.007
CaMoO4 2.9 – –

KCe

γ′-Ni3Al 29.6 3.594 –
NiAl2O4 28.9 8.094 –
α-Al2O3 26.7 4.771 13.033
CaMoO4 14.8 5.244 11.470

KEr

γ′-Ni3Al 46.7 3.585 –
NiAl2O4 23.0 8.078 –
α-Al2O3 21.2 4.773 13.040
CaMoO4 9.1 – –
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(region  6, Table 5), these particles contain refractory 
elements consistent with topologically close-packed 
(TCP) phases. 

Fig. 13 shows the oxidation kinetics curves of  the 
untreated and EST-treated samples during 30 h of iso-
thermal exposure at 1000 °C. For comparison, the oxi-
dation kinetics of  a coating obtained under anodic 
polarity of ESCAT with an Al–7 at. % Ca–1 at. % Mn 
electrode (sample AMn) are also included. In Fig. 13, a, 
the experimental data are shown by solid lines, while 
the  dashed lines represent approximations calculated 
by an empirical method using the  equations given in 
Table 6. The relationship between mass gain and oxi-
dation time for the AZhK alloy follows a linear law, 
as confirmed by approximation coefficients close 
to unity. For this sample (Fig. 14, b), after 30 h of iso-

Fig. 12. SEM backscattered electron images of cross-sections of ACe (a), AEr (b), KCe (c), and KEr (d) coatings  
after 30 h of oxidative annealing at 1000 °C

Inset: magnified secondary electron image 

Рис. 12. РЭМ-изображения в обратноотраженных электронах поперечных шлифов  
покрытий ACe (a), AEr (b), KCe (c), KEr (d) после после 30 ч окислительного отжига при t = 1000 °С

На вставке увеличенное изображение во вторичных электронах

Fig. 13. Oxidation kinetics curves of the samples (a)  
and approximation curves of the initial oxidation stage (5 h) (b) 

Рис. 13. Кинетика окисления образцов (a)  
и аппроксимационные кривые начальной стадии (5 ч) 

окисления (b)

Table 5. EDS results of the regions shown in Fig. 12 
Таблица 5. Результаты ЭДС областей, показанных на рис. 12

Region
Elemental composition, at. %

O Al Ni Cr Co Mo Nb Ca Ce Er
1 – 7.8 63.4 16.1 6.2 4.5 2.0 – – –
2 – 5.6 62.3 18.5 6.9 5.7 1.0 – – –
3 60.7 37.5 1.0 0.5 – 0.2 0.1 – – –
4 57.6 25.8 9.8 5.4 1.1 – 0.1 – – –
5 – 18.9 68.4 6.1 3.9 1.5 1.2 – – –
6 – 1.5 29.1 40.5 8.5 20.4 – – – –
7 70.4 0.8 – – – 14.0 0.2 13.5 1.0 –
8 65.3 2.3 0.9 0.3 – 15.3 – 14.8 – 1.1
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thermal exposure, a degraded green-colored surface 
is observed, which is most likely due to the formation 
of nickel or chromium oxides. 

The oxidation kinetics curves confirm (Fig. 13) 
that the  use of  combined ESCAT with Al–Ca-based 
electrodes significantly improves the  oxidation resis-
tance of  the  AZhK superalloy at 1000 °C. While 
the mass gain of the AMn coating follows a parabolic 
law (Table 6), the  oxidation of  RE-containing coa
tings follows a logarithmic law. Overall, the oxidation 
curves of the coatings can be divided into two stages: 
an initial stage (0–5 h) and a steady stage (5–30 h). 
Despite the  parabolic kinetics of  the  initial oxidation 
stage of  the AMn sample, it shows the  lowest slope 
of the curve (Fig. 13, b), indicating the slowest oxida-
tion rate at this stage. In contrast, other samples with 
logarithmic oxidation show rapid mass gain during 
the initial stage, but in the steady stage the rate slows 
down as the oxide layer thickens. Thus, the transition 
from parabolic to logarithmic behavior is explained by 
the retardation of oxygen diffusion through the already 
formed oxide layer. 

DiscussionDiscussion
The role of  rare-earth metals in both coatings and 

nickel-based superalloys has been widely investi-
gated  [9; 16; 17]. However, a unified theory explain-
ing the beneficial effects of  such alloying has not yet 
been established. Alloying nickel-based superalloys 
with RE metals (Y, Ce, La, Hf, and Er), as well as 
applying RE-modified coatings, reduces oxidation 
rates by improving the  crack resistance and adhesion 
of the oxide layer to the substrate. Small RE metals addi-
tions accelerate the  nucleation of  chromium and alu-
minum oxides  [18], thereby promoting rapid formation 

of a protective layer. Owing to their large atomic radii 
and high chemical activity, RE form dispersed phases 
in coatings (e.g., NixAly(Hf,Zr)z  [19], LaCrO3  [20]) 
that hinder grain boundary diffusion of  cations (Al3+, 
Cr3+, Ni2+, Ta5+  [21; 22]). For instance,  [23] reported 
that the  presence of  Ce (0.038 wt. %) increases alu-
minum activity in the  IC21 superalloy with an Al–Si 
coating after oxidative annealing at 1150 °C, reducing 
the Al content required for the formation of a protective 
α-Al2O3 layer. Ce also retards the polymorphic trans-
formation of  metastable θ-Al2O3 into stable α-Al2O3 , 
thereby suppressing volumetric shrinkage of the oxide 
layer  [24] and lowering the  likelihood of  crack 
formation. 

Excessive RE additions, however, coarsen 
the microstructure and degrade the mechanical proper-
ties of  alloys  [25], and may also lead to  degradation 
of  the  oxide scale. Therefore, electrode compositions 
were selected to  be close to  the  eutectic point on 
the  phase diagram, allowing the  formation of  a fluid 
reactive melt on the metal surface during ESCAT that 
actively interacts with substrate elements. Although 
the RE content in the coatings does not exceed 0.5 at. %, 
this level is sufficient to  significantly influence their 
properties.

Table 6. Regression equation parameters  
for the oxidation kinetics curves of the samples 
Таблица 6. Параметры уравнения регрессии  
кинетических кривых окисления образцов

Sample
Oxidation 

rate constant 
Kр

Fitting 
equation

Approximation 
coefficient

R
AZhK 0.08 K = 0.08t 0.979
ACe 0.16 K = 0.16lnt 0.971
AEr 0.22 K = 0.22lnt 0.995
KCe 0.34 K = 0.34lnt 0.983

KEr 0.36 K = 0.36lnt 0.971
AMn 0.26 K = 0.25t 

0,5 0.921
K is the specific mass gain of the samples, mg/cm2;  
t is the exposure time, h.

Fig. 14. Gibbs free energy of oxide formation (ΔG)  
as a function of temperature (calculated using FactSage 

database [15]) (a) and surface appearance of the samples  
after 30 h of isothermal exposure at 1000 °C (b) 

Рис. 14. Свободная энергия образования (ΔG) оксидов 
в зависимости от температуры  

(построена по результатам базы данных FactSage [15]) (a)  
и внешний вид образцов  

после 30 ч изотермической выдержки при t = 1000 °С (b)
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The polarity of  the  electrodes during ESCAT 
governs the  structural and phase transformations in 
the  coatings. Since this processing is carried out in 
vacuum  [10; 12], spark breakdown during electrode 
retraction is accompanied not only by energy release 
at the  anode, but also by pulsed arc evaporation 
of the cathode (Fig. 15). Under cathodic polarity, addi-
tional electrode sputtering increases the substrate mass 
gain and coating thickness, whereas anodic polarity 
leads to partial evaporation of the coating surface. 

β-NiAl-based coatings can only be obtained under 
cathodic polarity, because intensive electrode evapo-
ration enriches the coating with aluminum. Such coa
tings, however, are prone to cracking due to  the mis-
match between the  thermal expansion coefficients 
of β-NiAl (15·10−6 K–1 [26]) and Ni-based superalloys 
(12·10−6 K−1  [27]). They also exhibit a weaker crys-
tallographic texture (Figs. 6, c and  d), resulting from 
stronger substrate heating.

Anodic polarity promotes the  formation 
of  γ′-Ni3(AlCr)-based coatings. Minimal substrate 
heating under these conditions enables efficient heat 
dissipation into the bulk  [28; 29], supporting uniform 
grain growth with a dominant <100> crystallographic 
orientation. The reduced cross-section of  the  colum-
nar crystallites compared with the AZhK alloy (inset 
in Fig. 5, a) is associated with the ultrahigh solidifica-
tion rates typical of  ESCAT  [30; 31], which overall 
enhances hardness and wear resistance. In addition, 
in-situ formation of  (Al–Ca–RE)O nanoparticles 
along grain boundaries restricts dislocation motion by 
generating dislocation loops. The strengthening role 
of oxide inclusions has also been noted in [32].

Regardless of  electrode polarity, oxidation of  the 
coatings follows a logarithmic law: a rapid mass gain 
during the initial stage is followed by a slower increase 

as the  oxide layer thickens. The high oxidation rate 
at the early stage is associated with selective oxidation 
of Al, accompanied by Al2O3 formation (–890.4 kJ/mol) 
(Fig. 14, a). The presence of  (Al–Ca–RE)O nanopar-
ticles appears to accelerate Al2O3 formation. The solu
bility of  RE in Al2O3 or Cr2O3 is very low  [19], so 
their oxides segregate at the  metal–oxide interface 
(Fig. 13, b). Furthermore, as shown in Fig. 7, vacuum 
annealing of  the  coatings results in the  crystalliza-
tion of CaAl2O4 nanoparticles, which are isostructural 
with alumina. Owing to  their lower energy, these par-
ticles accelerate Al2O3 grain growth. At the  bounda
ries of  the  thin α-Al2O3 layer, RE-enriched particles 
improve oxide adhesion and reduce stress concentra-
tions, thereby preventing crack formation.

Prolonged isothermal exposure of  ACe and AEr 
coatings in oxygen-containing environments leads 
to  the  formation of  NiAl2O4 (–12.5 kJ/mol) through 
Ni diffusion across the  thin Al2O3 film to  the surface. 
Thus, in these coatings oxygen diffusion is strongly 
restricted by the heterogeneous NiAl2O4/α-Al2O3 layer, 
reinforced by CaMoO4 particles. This interpretation 
is consistent with the  low oxidation rate constants 
(Kp = 0.16–0.22) compared with those of the KCe and 
KEr coatings (Table 6). 

Despite the  presence of  cracks, the  KCe and KEr 
coatings exhibit lower mass gain than the AZhK alloy. 
Oxygen diffusion along cracks occurs during the first 
~15 h of oxidation, after which the growth of CaMoO4 
grains within the  cracks blocks further diffusion. 
The cracks thus act as channels for upward Mo diffusion, 
necessary for CaMoO4 grain nucleation and subsequent 
coalescence into a continuous layer. According to [8], 
these grains with the tetragonal scheelite structure I41/a 
exhibit excellent thermal stability and ultralow thermal 
conductivity at 400–1000 K (0.6–1.2 W/(m·K)), values 
even lower than those of thermal barrier coatings such 
as YSZ (1.5–3.0 W/(m·K)).

ConclusionConclusion
The formation behavior of  wear- and oxidation-

resistant coatings produced by combined electro-
spark and cathodic arc treatment (ESCAT) on AZhK 
nickel-based superalloy samples was investigated. 
Optimal ESCAT modes with Al–Ca–Er and Al–Ca–Ce 
electrodes were identified, enabling the  formation 
of  15–20 µm thick coatings composed of  columnar 
crystallites with a cross-section below 300 nm, con-
taining γ′-Ni3Al and β-NiAl phases. These coatings 
increased substrate hardness from 5.2 to  12.3 GPa 
and improved wear resistance sixfold. The use 
of Al–Ca–Er electrodes provided enhanced oxidation 
resistance of the AZhK alloy at 1000 °C by changing 

Fig. 15. Schematic illustration of the ESCAT process  
as a function of electrode polarity 

Рис. 15. Схематическое изображение процесса ЭИКДО 
в зависимости от полярности электрода 
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the oxidation law from linear to  logarithmic one due 
to the formation of a protective NiAl2O4 /α-Al2O3 layer 
~3 µm thick, reinforced by CaMoO4 particles. 
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Аннотация. Представлен обзор современных достижений в области функционально-градиентного аддитивного производства 

по технологии селективного лазерного сплавления (СЛС). Рассмотрены основные принципы создания изделий с функ-
ционально-градиентной структурой методом СЛС, включая способы формирования градиентного состава и структуры. 
Описан процесс формирования переходного слоя синтезируемого материала, который является ключевым для обеспечения 
требуемых свойств изделий. Проанализированы методы проектирования и моделирования изделий с функционально-
градиентной структурой, в том числе с использованием искусственного интеллекта и машинного обучения. Показано, 
что применение природоподобных принципов строения позволяет создавать изделия с улучшенными механическими, 
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of the products. Methods of design and numerical modeling of functionally graded structures are analyzed, including the use of arti-
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IntroductionIntroduction
Functionally graded materials (FGMs) are an ad

vanced class of materials distinguished by a continuous 
variation of  composition, structure, and properties 
along one or more directions [1]. The concept was first 
introduced in Japan in the 1980s for aerospace applica-
tions, as a means of producing heat-resistant materials 
capable of  withstanding steep thermal gradients and 
high mechanical loads  [2]. Unlike conventional com-
posites, where sharp interfaces separate the constituent 
phases, FGMs exhibit smooth transitions in properties. 
This reduces stress concentrations at the interfaces and 
improves the  overall reliability of  parts  [3]. In recent 
years, additive manufacturing  – particularly selective 
laser melting (SLM, also referred to  as laser powder 
bed fusion, LPBF) – has become one of the most effec-
tive approaches for fabricating FGMs  [4]. The ability 
to  precisely control process parameters and mate-
rial composition at the  microscale makes it possible 
to  design functionally graded products with tailored 
distributions of density, porosity, hardness, thermal and 
electrical conductivity, corrosion resistance, biocom-
patibility, and other properties [5]. Such control enables 
practical solutions to engineering challenges, including 
reducing structural weight without sacrificing strength, 
enhancing thermal cycling resistance, improving damp-
ing capacity, and producing biomedical implants with 
porosity gradients to promote osseointegration [6].

The potential of FGMs is further expanded through 
bio-inspired design principles. Bio-inspired materials 
emulate strategies refined by nature over millions 
of years of evolution [7–11]. Natural systems achieve 
exceptional performance and multifunctionality by 
combining heterogeneous structures in complex hierar
chical architectures. While biological materials are 
limited to  naturally available constituents, modern 
researchers can draw from a vast range of  synthetic 
options  [12; 13]. Organisms organize materials from 
the nano- to the macroscale, displaying distinct mecha
nical, electrical, optical, and surface properties, as 

well as adaptive shape-changing capabilities. Notable 
examples include fish scales with excellent protec-
tive functions, spider silk and nacre with outstanding 
strength, and plants or animals capable of shape trans-
formation for survival [14–17]. Inspired by these natu-
ral designs, engineers are developing commercial parts 
across mechanical engineering, robotics, aerospace, and 
architecture. The degree to which biomimetic concepts 
can be realized, however, depends directly on the pre-
cision of available fabrication technologies [18–23]. 

Research on the  design and production of  func-
tionally graded products is now being actively pur-
sued worldwide. The Fraunhofer Institute in Germany 
has accumulated extensive expertise in fabricating 
such structures from metals, ceramics, and poly-
mers. Similar research is carried out at the University 
of  Minho (Braga, Portugal), Washington State 
University, Harbin Engineering University, Huazhong 
University of Science and Technology, Delft University 
of Technology, Singapore University of Technology and 
Design, and Peter the Great St. Petersburg Polytechnic 
University, among others.

This review summarizes current progress in func-
tionally graded additive manufacturing using SLM. 
It highlights the fundamental principles of gradient for-
mation in structure and composition, the role of  tran
sition layers in synthesized materials, advances in 
design and modeling methods, and emerging directions 
for application.

Functionally graded materials  Functionally graded materials  
with variable microstructurewith variable microstructure

The key SLM process parameters that determine 
the  microstructure and properties of  fabricated parts 
include laser power, scanning speed, hatch distance, 
and layer thickness. Their combined effect defines 
the  volumetric energy density delivered to  the  mate-
rial, which in turn governs the  melting mode, cooling 
rate, microstructural evolution, and defect formation. 
Depending on the selected scanning strategy and para

тепловыми и функциональными свойствами. Рассмотрены примеры успешного получения мультиматериальных структур 
с заданной анизотропией свойств, а также изделий с контролируемым градиентом пористости. Определены перспективные 
направления применения изделий с функционально-градиентной структурой, включая аэрокосмическую отрасль, меди-
цину, машиностроение и энергетику.  

Ключевые слова: селективное лазерное сплавление (СЛС), функционально-градиентные материалы, мультиматериалы, 
метаматериалы, проектирование, искусственный интеллект
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meter set, the resulting structure may consist of oriented 
grains with a preferred crystallographic orientation, 
more uniformly distributed equiaxed grains, or a com-
bination of both [24]. A functionally graded component 
incorporating regions of fine-grained and highly oriented 
coarse-grained microstructures demonstrates the  fea-
sibility of  producing materials with user-defined func-
tional characteristics in different zones of a single part. 
At the same time, the anisotropy of mechanical proper-
ties is strongly influenced by the prevailing texture [25]. 

In the case of Inconel 718 fabricated by SLM, heat 
treatment preserves the as-built grain texture and mor-
phology without signs of  recrystallization. However, 
it promotes the formation of acicular δ-Ni3Nb precipi-
tates and untransformed Laves phases, which reduce 
ductility while improving yield strength by creating 
barriers to dislocation motion [26]. Even after hot iso-
static pressing (HIP), a sharp microstructural boundary 
between fine- and coarse-grained regions is retained, 
along with a dominant (100) texture in the  coarse 
columnar grain zones. Mechanical properties are 
markedly improved due to  the  dissolution of  undesi
rable Laves and δ phases and the elimination of pores, 
strengthening the  grain-size dependence of  yield 
strength in accordance with the  Hall–Petch relation-
ship. The combined “HIP + heat treatment” approach 
provides superior mechanical performance compared 
with both cast and wrought Inconel 718 [28].

The developed technology for creating graded 
structures in nickel alloys also enables control over 
the propagation of fatigue cracks as they pass through 

the interfacial zone between different microstructures, 
thereby slowing crack growth and delaying failure [26]. 
It has been shown that when a fatigue crack propagates 
across such an interfacial zone, its trajectory changes, 
which results in a reduced growth rate (Fig. 1).

Functionally graded materials  Functionally graded materials  
with variable compositionwith variable composition

Recent advances have enabled the  fabrication 
of  multi-material products with enhanced mechanical 
properties in a single production cycle by SLM  [29]. 
However, this requires significant modifications 
to  the  printer design and the  development of  tech-
nologies for feeding and distributing two or more 
powder materials, as well as their subsequent sepa-
ration  [30]. In  addition, the  selected materials must 
be metallurgically compatible and capable of  form-
ing reliable, defect-free bonding  [31]. Studies 
of  the  “heat-resistant bronze  – heat-resistant nickel 
alloy VZh159 – BrKhZrTV” system produced by SLM 
have shown that a substantial increase in energy input 
markedly reduces porosity in the  interfacial zones 
of  multi-material samples (Fig. 2, a). Elemental dis-
tribution within the  interfacial zone is characterized 
by Ni–Cu interdiffusion across the interface (Fig. 2, b), 
while microhardness gradually changes from alloy 
VZh159 to BrKhZrTV over a distance of about 300 μm 
(Fig. 2, c) [32–34].

Complete mixing of  the  alloys, in which both 
materials are detected in the X-ray patterns, continues 

Fig. 1. Crack path deviation as a function of microstructural parameters [26],  
based on optical (a, b) and scanning electron (c) microscopy [27] 

Рис. 1. Изменение траектории движения трещины в зависимости от параметров структуры [26],  
по результатам оптической (a, b) и сканирующей электронной (c) микроскопии [27]

Powder Metallurgy аnd Functional Coatings. 2025;19(4):77–90 
Borisov E.V., Repnin A.V., Popovich A.A. Additive manufacturing of functionally graded products ...



80

up to the 6th layer of BrKhZrTV. At the 7th layer, a tran-
sition to pure BrKhZrTV is observed, which confirms 
an interfacial zone width of  about 300 μm at a  layer 
thickness of  50 μm (Fig. 2, d). Mechanical testing 
showed that the multi-material sample exhibits a tensile 
strength more than twice that of BrKhZrTV, although 
it does not reach the  level of  VZh159. To eliminate 
the  lack-of-fusion defect during composition changes 
within a single layer, an overlap zone of approximately 
350–400 μm must be ensured. Fig. 3 shows a  pro-
totype of  a  component that can be fabricated based 
on the VZh159/BrKhZrTV multi-material system.

The study of a multi-material AlSi10Mg/Al–Si–Mg–Cu 
sample fabricated by SLM revealed that the AlSi10Mg 
region contained only Al and Si without additional 
phases, whereas the Al–Si–Mg–Cu region also exhi
bited a small amount of the Al2Cu phase, as confirmed 
by chemical composition analysis [35]. Microhardness 
measurements after heat treatment showed that 
the  Al–Si–Mg–Cu zone had a hardness about 30 % 
higher than that of the AlSi10Mg zone.

Investigations of  a titanium alloy multi-material 
system (VT6/VT1-0) produced by SLM demonstrated 
that in the  interfacial zone, the  contents of Al and V 

Fig. 2. Results of the investigation of the multi-material system VZh159/BrKhZrTV [32–34]
a – defect analysis in the interfacial zone; b – elemental distribution in the interfacial zone;  

c – microhardness profile; d – measurement of interfacial zone width 

Рис. 2. Результаты исследования мультиматериальной системы ВЖ159/БрХЦрТВ [32–34]
a – анализ дефектов в переходной зоне; b – распределение элементного состава в переходной зоне;  

c – исследование твердости; d – оценка ширины переходной зоны
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gradually increased from the VT1-0 side toward VT6 
(Fig. 4, a), with the interfacial zone width being appro
ximately 200 μm [36; 37]. The effect of the interfacial 
zone location on mechanical properties was examined, 
along with the  influence of  the  multi-material archi-

tecture on fracture toughness, particularly the  fatigue 
crack growth rate (Figs. 4, b and c). 

The study of  a unique 316L/FeNi36 multi-mate-
rial system with a shape-change effect fabricated 
by SLM  [38] identified three distinct compositional 
regions: an FeNi36 zone, an interfacial zone, and 
a 316L zone, with the interfacial zone measuring about 
50 μm in width. Hardness values ranged from 163 HV 
in the  FeNi36 region to  approximately 200 HV in 
the  interfacial zone and 214 HV in the  316L region. 
The most effective temperature range for achieving 
maximum displacement was found to be 25–215 °С.

In the  Ti6Al4V/Inconel 718 system of  otherwise 
non-weldable alloys produced by SLM [39; 40], defect-
free parts were successfully fabricated by introducing 
transitional layers of  Cu and Cu + Nb. These layers 
showed no significant defects, although some alloy 
mixing was observed. Chemical composition analysis 
of multi-materials with a Cu transitional layer revealed 
that the interfacial zone between Cu and Ti6Al4V was 
wider than that between Cu and Inconel 718. When a 
Cu + Nb transitional layer was used, the Ti6Al4V/Nb 

Fig. 3. Multi-material prototypes with lattice elements 
and tailored properties 

Рис. 3. Мультиматериальные модели с сетчатыми 
элементами и заданными свойствами

Fig. 4. Investigation of the VT6/VT1-0 multi-material system [36; 37]
a – distribution of V and Al in the interfacial zone; b – variation of Vickers hardness (HV) with depth; c – results of fatigue crack growth tests 

Рис. 4. Исследование мультиматериальной системы ВТ6/ВТ1-0 [36; 37]
a – изменение содержания V и Al в переходной зоне; b – изменение твердости HV по глубине поверхности;  

c – результаты испытаний на рост усталостной трещины
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and Inconel 718/Cu interfacial zones were relatively 
narrow, with a smooth compositional gradient between 
Nb and Cu. Mechanical testing further demonstrated 
that samples with Cu + Nb transitional layers achieved 
superior strength (ultimate tensile strength of 910 MPa) 
compared with those containing Cu alone (790 MPa). 
Although these values were lower than those of the base 
alloys, the fracture surfaces exhibited a stepwise mor-
phology, with distinct fracture zones for each alloy 
reflecting their characteristic fracture mechanisms.

In the 316L/NiTi system incorporating a transitional 
layer of  the  high-entropy CoCrFeNiMn alloy  [41], 
localized macrosegregation was observed in the interfa-
cial zone, attributed to the Marangoni effect. Combined 
phase and chemical analyses, together with hardness 
measurements, suggested the formation of FeTi inter-
metallics in these macrosegregated regions, which, 
according to the authors, could promote crack initiation 
due to their embrittling influence.

Alternative strategies for producing multi-mate-
rial products include methods that enable the  design 
of composites with unique property combinations while 
retaining high functionality in the final product. Powder 
blending can be used to  create systems with transi-
tional layers, although some samples show limitations 
in dimensional accuracy [42]. For instance, Ti5Al2.5Sn 
and Ti6Al4V samples demonstrated defect-free inter-
facial zones suitable for critical applications, unlike 
the  incompatible Ti6Al4V and IN718 alloys, unlike 
the non-weldable Ti6Al4V and IN718 alloys [43; 44]. 
The combination of SLM and powder metallurgy has 
produced nacre-like structures in titanium alloys with 
improved strain hardening [45], while multi-materials 
of Inconel 718 and 316L stainless steel achieved a ten-
sile strength of  751.82 MPa with 25.14 % elonga-
tion [46]. Such systems have been applied in high-per-
formance heat exchangers (316L/CuZr) for electronics 
and bio-inspired implants (Ti6Al4V/NiTi) for medical 
use [47; 48].

SLM processing of SS316L and CuSn10 alloys has 
been shown to  significantly improve their functional 
performance [49], while the fabrication of bio-inspired 
structures from 18Ni300, CoCrMo, 316L, and CuSn 
alloys enables controlled anisotropy depending on 
the loading direction [50]. 

Functionally graded materials Functionally graded materials 
with shape memory effectwith shape memory effect

SLM technology is considered a highly promising 
method for the industrial production of products from 
shape memory alloys (SMAs) with tailored functional 

characteristics. Its value lies in the flexibility to cont
rol not only geometric parameters during fabrication 
but also the functional behavior of the final component 
through process design. This approach is particularly 
valuable in high-tech fields that demand the manufac-
ture of  miniaturized parts with complex geometries, 
such as medical stents and implants  [51], as well as 
aerospace actuators [52]. The possibility of achieving 
the desired structure and functional properties of NiTi 
(commonly referred to  as nitinol) has been demonst
rated by adjusting SLM process parameters  [53; 54]. 
An increase in energy density or the use of a double-
laser scanning strategy reduces the  nickel content 
in the  alloy and increases the  phase transformation 
temperatures [53].

The formation of  tailored structural parameters 
strongly influences the  properties of  nitinol. For 
instance, adjusting the hatch spacing makes it possible 
to control the development of a directional grain struc-
ture, dislocation density, the phase transformation tem-
perature range, and the thermo-cyclic stability of NiTi 
alloys  [55]. In the  context of  4D printing of  metallic 
materials, the phase transformation temperature range 
and the microstructure – closely linked to the thermo-
mechanical response  – are the  two key factors that 
determine SMA performance. It has been shown that 
larger grain sizes lead to  lower phase transformation 
temperatures  [56]. Building on this effect, the  crea
tion of  crystallographically oriented, directional 
structures in NiTi enables a substantial expansion 
of the superelastic region [57] and improves the stabi
lity of the shape memory effect by reducing irreversible 
plastic deformation (Fig. 5).

In a NiTi alloy with reduced nickel content 
(49.4 at. %) and a <001> texture produced by additive 
manufacturing, record superelasticity was achieved 
up to 453 K, with a broad transformation temperature 
range of  110 K. This behavior is attributed to  high 
deformation resistance and improved phase compa
tibility between austenite and martensite. The deve
loped approach simultaneously enhances superelasti
city and stabilizes the shape memory effect by promo
ting the formation of textured martensite and suppress-
ing dislocation motion through Ti2NiOx precipitates. 
Heat treatment primarily affects nanoscale precipitates 
and atomic defects, while having little influence on 
grain size or morphology. Direct aging after SLM faci
litates the formation of Ti2NiOx within grains, whereas 
homogenization annealing dissolves metastable tita-
nium in the  NiTi matrix and reduces defect density. 
All heat treatment modes reinforce phase transforma-
tions by increasing the Ti/Ni atomic ratio and lowering 
defect density [58].
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Functionally graded metamaterialsFunctionally graded metamaterials
Metamaterials are specially engineered materials 

with a unique internal architecture (geometry) that 
provides combinations of  physical, mechanical, and 
functional properties distinct from those of  the  base 
material from which they are made. For example, auxe
tic meta-biomaterials with a negative Poisson’s ratio 
and a low Young’s modulus have been designed and 
modeled to  closely replicate the  properties of  human 
trabecular bone  [59], where the high stiffness of con-
ventional materials often causes inflammation and 
implant rejection [60]. 

In energy absorption applications, metallic dampers 
with complex geometries frequently undergo perma-
nent deformation due to  local yielding. By contrast, 
nitinol (NiTi) provides recoverable deformation and 
effective energy dissipation through its unique super-
elasticity, offering new opportunities for the  design 
and additive manufacturing of energy-absorbing archi-
tectural metamaterials  [56]. Under uniaxial compres-
sion, lattice structures form superelastic hinges at their 
nodes, while the martensitic transformation gradually 
propagates from the nodes along the struts.

NiTi parts fabricated by SLM have also been shown 
to  exhibit superelastic behavior under cyclic loading, 
with relatively low accumulation of irreversible strain 
(about 1.2 % after 11 cycles)  [61], making them par-

ticularly suitable for applications requiring repeated 
shape recovery.

Modeling and design of functionally Modeling and design of functionally 
graded productsgraded products

Digital design plays a crucial role in the development 
of functionally graded products. Because these products 
possess a heterogeneous internal structure, their design 
requires specially tailored methodologies. Traditional 
approaches have therefore been extended: today, not 
only the  geometry of  a single-material component is 
designed, but also its internal architecture, taking into 
account variable structures or the use of multiple mate-
rials. Finite element modeling has shown high accu-
racy in predicting the  mechanical behavior of  parts 
made from the heat-resistant alloy EI961, when com-
bining SLM with direct laser deposition. Comparable 
results were obtained for the  nickel alloy VZh159 in 
combination with the copper alloy CuCr1Zr. However, 
the  authors  [62; 63] highlighted the  need for further 
refinement of  models to  more accurately account for 
the  characteristics of  interfacial zones in functionally 
graded materials. An innovative approach to predicting 
deformation and residual stresses in SLM-fabricated 
turbine blades was proposed in [64], showing how pre-
deformed models can compensate for anticipated warp-
ing in the  final parts. The inelastic behavior of  func-

Fig. 5. Microstructure and strain curves of textured (a, c), and non-textured (b, d) NiTi alloys,  
and comparison of recoverable strain versus the number of cycles (e) [57] 

Рис. 5. Структура и кривые деформаций текстурированного (a, c) и нетекстурированного (b, d) сплавов NiTi,  
а также сравнение восстановимой деформации в зависимости от количества циклов (e) [57]
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tionally graded products was investigated in  [65] by 
calibrating modeling parameters against experimental 
samples, which produced good agreement between 
predicted and measured mechanical properties. In [66], 
a methodology for modeling the mechanical properties 
of endoprostheses was developed by varying the topo
logy of lattice structures, identifying optimal configu-
rations for replacing both cortical and trabecular bone 
tissue (Fig. 6).

To minimize defects in multi-materials fabricated 
by SLM and to predict their resulting properties, com-
puter simulations of  both manufacturing and service 
processes are employed  [67–70]. This is particularly 
important for parts made of alloys prone to defect for-
mation, such as NiTi [53]. In both cases, the decisive 
factor is the  interaction between two dissimilar mate
rials. For example, in [71], thermo-mechanical models 
were used to  simulate residual stresses in parts made 
of Inconel 625. In [72], a cellular automata model was 
developed to  predict microstructure evolution during 
SLM of materials exposed to large temperature gradi-
ents and high cooling rates.

Artificial intelligence technologies Artificial intelligence technologies 
in additive manufacturingin additive manufacturing

Modern software solutions based on artificial intel-
ligence (AI) are increasingly being applied to the digi-
tal design of  multi-materials produced by additive 
manufacturing  [73]. Traditional design tools can no 
longer handle tasks of  this complexity, whereas new 

approaches enable the  full potential of multi-material 
products to  be realized. For example, the  company 
Leap 71 (United Arab Emirates) develops parts for 
SLM production using its proprietary AI-based soft-
ware PicoGK (Fig. 7) [74].

Methods for designing smart multi-materials have 
also been proposed [75; 76]. In one study, an evolutio
nary algorithm was used for design  [77]. This non-
deterministic method relies on bio-inspired principles 
of  natural selection and evolution, creating “more 
advanced individuals” across successive generations 
to  represent candidate solutions. Alongside natural 
selection based on fitness – often referred to as “survival 
of the fittest” – concepts such as mutation, recombina-
tion, and populations containing “parents” and “child
ren” are adapted to each design task. Using this digital 
design system, researchers demonstrated the  feasibility 
of producing an active composite in the form of a simple 
cantilever beam with a multi-material structure that 
changed shape under thermal loading.

Machine learning methods can also be used to opti-
mize processing parameters in the fabrication of multi-
material products by SLM  [78]. An algorithm based 
on a multidimensional Gaussian process was deve
loped to  predict part density and surface roughness 
as functions of  parameters such as laser power, scan 
speed, and hatch spacing. Training data were col-
lected using a high-throughput experimental approach. 
The resulting process maps provide clear visualization 
of  the  relationships between process parameters and 
the  properties of  interfacial zones in multi-material 

Fig. 6. Von Mises stress fields (a), maximum tensile stress fields (b), and maximum compressive stress fields (c)  
for an endoprosthesis with a graded structure under maximum load [67] 

Рис. 6. Поля напряжений по фон Мизесу (a), поля максимальных растягивающих (b) и максимальных сжимающих (c) 
напряжений для эндопротеза с использованием градиентной структуры при наибольшей нагрузке [67]
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parts. Notably, process parameters exhibit a nonlinear 
dependence on composition, meaning that settings sui
table for alloy 1 or alloy 2 cannot be directly applied 
to the interfacial zones. 

To further improve the  quality of  multi-materials 
produced by SLM, real-time process monitoring can 
be implemented, with printing parameters adjusted 
based on data analysis  [79; 80]. Advanced techniques 
such as high-speed and infrared imaging allow the col-
lection of  critical information on melt bath size and 
characteristics, while machine learning provides 
powerful tools for analyzing these data. In one study, 
acoustic and optical emission signals associated with 
the laser wavelength were monitored during the fabri-
cation of  multi-material copper parts  [81]. A specia
lized signal monitoring and classification system based 
on contrastive deep learning was applied. The results 
revealed clear differences in energy levels for powders 
of different compositions, indicating variations in melt 
dynamics. The study also confirmed the effectiveness 
of  combining contrastive learning with multi-sensor 
monitoring strategies for SLM processes in multi-
material production. 

ConclusionConclusion
Functionally graded products produced by SLM 

represent a promising direction in modern materials 
science. Multi-material systems with compositional 
gradients show substantial improvements in mechani-
cal performance compared with single-material coun-
terparts. Interfacial zones between different alloys play 
a crucial role in ensuring reliable bonding, while opti-
mizing energy density significantly reduces porosity 

in these regions. The development of  metamaterials 
with specially designed internal architectures imparts 
unique physical and mechanical properties, essential 
for applications such as biomechanically compatible 
implants and efficient energy-absorbing structures. 

Functionally graded products with a shape memory 
effect, particularly NiTi alloys fabricated by SLM, 
exhibit enhanced functional performance. The forma-
tion of directional grain structures and textures extends 
the  superelastic region and improves the  stability 
of the shape memory effect. Advances in digital design 
and modeling now enable accurate prediction of pro
perties and optimization of  processing parameters, 
while the  integration of  artificial intelligence techno
logies opens new possibilities for design, real-time 
process monitoring, and process optimization. 

Overall, functionally graded products produced 
by SLM hold great potential for aerospace, medicine, 
robotics, and other high-tech fields where unique com-
binations of properties are required.
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Аннотация. В работе рассмотрены основные методы производства и контроля качества металлопорошковых компо-

зиций (МПК), предназначенных для применения в технологии селективного лазерного сплавления (СЛС). Метод СЛС 
представляет собой послойное лазерное сплавление МПК на поверхности металлической подложки в соответствии 
с 3D-моделью. В  качестве объектов исследования использованы МПК из промышленных сплавов на основе никеля 
(Inconel 718, ЭП741НП, АЖК), титана (ВТ6, ВТ6с, ВТ20), железа (12Х18Н10Т, система Fe–Cr–Ni–Co–Mo) отече-
ственного производства. Основными методами их изготовления являются газовая атомизация, плазменное центро-
бежное распыление, плазменная атомизация в среде инертных газов. Приведены основные преимущества и недостатки 

  baskov_fa@mail.ru
Abstract. This paper reviews the main methods for producing and assessing the quality of powder feedstock intended for use in 

laser powder bed fusion (LPBF). The LPBF process involves the layer-by-layer laser fusion of powder feedstock on the surface 
of a build plate in accordance with a 3D model. The study examined powder feedstock produced domestically from industrial alloys 
based on nickel (Inconel 718, EP741NP, AZhK), titanium (VT6, VT6s, VT20), and iron (12Kh18N10T, Fe–Cr–Ni–Co–Mo system). 
The principal production methods considered are gas atomization, the Plasma Rotating Electrode Process (PREP), and plasma atom-
ization in an inert gas atmosphere, with their respective advantages and limitations described. The most common defects in powder 
feedstock arising during production and use in LPBF are analyzed, including non-conforming particle size distribution, internal 
porosity, satellites, changes in bulk density and flowability, fine black particles, increased gaseous impurities, and non-conforming 
chemical composition. Measures for mitigating these defects and maintaining product quality are proposed. The findings show that 
achieving stable LPBF results requires regular quality control of powder feedstock to ensure compliance with the requirements 
specified in applicable standards, including particle size distribution (distribution quantiles d10 , d50 , and d90 ), processing charac-
teristics, particle morphology, chemical composition, and moisture content. For certain alloys, when defects occur systematically 
and cannot be effectively eliminated through process adjustments or post-processing, the most appropriate solution is to change 
the powder production method. 

Keywords: additive manufacturing, powder feedstock, laser powder bed fusion (LPBF), heat-resistant alloys, powder defects, nickel-
based alloys, titanium-based alloys, iron-based alloys
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IntroductionIntroduction
The continuous development of powder metallurgy 

has led to the emergence of a modern method for pro-
ducing components  – additive manufacturing  (AM). 
This technology encompasses techniques for the layer-
by-layer fusion or deposition of powder or wire feed-
stock using high-energy sources such as lasers, elect
ron beams, or electric arcs. The material is fused layer 
by layer in accordance with a 3D model [1]. 

The most widely employed AM process is laser 
powder bed fusion (LPBF), or selective laser mel
ting (SLM), in which layers of powder are selectively 
fused by a laser on the  surface of  a build plate (also 
referred to as the substrate). The production of a com-
ponent by LPBF typically involves the  following 
stages: 

– preparation of  the 3D model (slicing, generation 
of support structures, positioning of the part on the build 
plate, and setting the LPBF process parameters); 

– preparation of  the  equipment (cleaning, instal-
lation of  the  build plate, and uploading the  prepared 
model file to the control unit);

– execution of the LPBF process;
– removal of the build plate with the fabricated part;
– post-processing of  the part (mechanical process-

ing, thermal treatment, and hot isostatic pressing). 
Each stage of  the  process requires close control, 

as any deviation from the prescribed parameters may 
adversely affect the quality of the final component [2]. 

In addition to  the  stability of  the  equipment and 
software, the  key factors influencing the  quality 
of  the end product include the properties of  the pow-
ders, the LPBF process parameters, and the precision 
of the part geometry.

Powder feedstock – referred to in Russian standards 
as a metal powder composition (MPC) – is defined in 
GOST  R  59035-2020 as a metallic powder formu-
lated as a single composition for use in AM. At both 
the  production stage of  the  MPC and during the  use 
of powder feedstock in layer-by-layer synthesis, it is 
essential to  control parameters such as particle mor-
phology, particle size distribution, chemical composi-
tion, processing characteristics (apparent density and 
flowability), defects (internal – gas porosity; external – 
satellites), and moisture content. Any non-conformity 
of  the  powder feedstock with the  specified require-
ments can result in diminished quality of the finished 
product [3–6].

A correctly selected LPBF mode  – represent-
ing the  combination of  process parameters  – is one 
of  the  key factors determining the  final result, inclu
ding the  mechanical properties of  the  part and its 
compliance with the dimensions specified in the design 
documentation. For this reason, LPBF parameters are 
developed for each alloy, and dimensional optimiza-
tion is carried out for each part. Both of  these stages 
are labor-intensive and are implemented iteratively, 
with intermediate results followed by adjustments 
to the process parameters. 

The final stage in producing the  target component 
is comprehensive post-processing, involving the selec-
tion of  the  necessary mechanical and thermal opera-
tions. At this stage, the part is separated from the build 
plate, support structures and any residual powder feed-
stock are removed from its surface and internal chan-
nels, and machining is performed to achieve the dimen-
sions specified in the design documentation. Thermal 
treatment and hot isostatic pressing are used to relieve 
residual thermal stresses, reduce and/or eliminate cha
racteristic structural defects (such as pores and cracks), 
and form a microstructure that ensures optimal proper-

каждого из представленных способов производства МПК. Рассмотрены наиболее распространенные дефекты МПК, 
возникающие на этапе их получения и применения в процессе СЛС, такие как несоответствие гранулометрического 
состава, внутренняя пористость, сателлиты, изменение насыпной плотности и текучести, нагар, увеличение содержания 
газовых примесей и несоответствие химического состава. Предложены основные способы их устранения для сохра-
нения качества выпускаемой продукции. Установлено, что для получения стабильных результатов в процессе послой-
ного синтеза методом СЛС необходимо проводить регулярный контроль качества МПК на соответствие установленным 
в нормативной документации требованиям (гранулометрический состав – квантили распределения d10 , d50 и d90 , техно-
логические свойства, форма частиц, химический состав, влажность). В  случае возникновения на регулярной основе 
дефектов, которые затруднительно и/или невозможно устранить, наилучшим решением для некоторых сплавов является 
смена метода производства МПК.  

Ключевые слова: аддитивные технологии, металлопорошковые композиции (МПК), селективное лазерное сплавление, 
жаропрочные сплавы, дефекты порошков, сплавы на основе никеля, сплавы на основе титана, сплавы на основе железа
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ties, for example through the  precipitation of  streng
thening phases. The sequence of  technological opera-
tions is determined individually for each alloy and part 
type [7–10]. 

According to  the  Order of  the  State Corporation 
Roscosmos dated 12 November 2021, No.  332, 
JSC  “Kompozit” has been designated as the  compe-
tence center for additive technologies in the rocket and 
space industry. In this capacity, it undertakes activi-
ties aimed at the development, design, analysis of new 
materials, as well as the  refinement of  technological 
approaches and the  provision of  services in the  field 
of AM. To date, more than ten grades of industrial alloys 
have been adapted for LPBF, including EP741NP, 
AZhK, VZhL12U, VT6, VT6s, VT20, VNL-3, EI712, 
EP810, EI835, and others [11–13]. The results of  this 
adaptation have shown that the  nature of  the  alloy 
(chemical composition and processing characteristics) 
and the quality of the powder feedstock have a decisive 
influence on the final outcome. It should also be noted 
that alloys adapted for LPBF cannot always be used in 
other AM methods due to the specific nature of layer-
by-layer synthesis in each process.

The aims of the present study were to:
– review the  principal methods for producing and 

controlling the  quality of  powder feedstock used in 
LPBF; 

– analyze the requirements for such feedstock;
– examine the characteristic defects in powder feed-

stock and the measures used to eliminate them. 

Experimental procedureExperimental procedure
The study examined powder feedstock produced 

by  domestic manufacturers from industrial alloys 
based on nickel (Inconel 718, EP741NP, AZhK), tita-
nium (VT6, VT6s, VT20), and iron (12Kh18N10T and 
alloys from the Fe–Cr–Ni–Co–Mo system).

The characteristics of the powder feedstock – both 
in the as-supplied state and after LPBF – were assessed 
using standardized methods:

– bulk density in accordance with GOST 19440-94 
and GOST R 70907-2023;

– flowability, in accordance with GOST 20899-98 
and GOST R 70910-2023;

– particle size distribution (granulometric composi-
tion), in accordance with GOST 18318-94 and GOST 
R 70909-2023;

– particle morphology, in accordance with GOST 
25849-83 and GOST R 70908-2023;

– chemical composition, depending on the  alloy 
grade; 

– gaseous impurities, depending on the alloy grade.
The microstructure of  the  powder feedstock and 

of  samples fabricated by LPBF was examined using 
optical microscopy (OM) with an AxioVert A1 micros
cope (Carl Zeiss, Germany) equipped with an E3IS 
PM digital camera (Touptek Photonics, China) for 
image capture, and by scanning electron microscopy 
(SEM) with an S-3400N microscope (Hitachi High-
Technologies Corporation, Japan). 

Results and discussionResults and discussion

Characteristics of powder feedstock: Characteristics of powder feedstock: 
Structure and propertiesStructure and properties

In most cases, the powder feedstock used in LPBF 
must meet a standard set of requirements:

– particle size distribution in the range of 10–63 µm 
(the specification may indicate distribution quantiles 
d10 , d50 , and d90 , as well as the percentage of particles 
outside the target fraction);

– flowability of no more than 50 s;
– bulk density of  at least 0.5 of  the  material’s 

density;
– spherical or near-spherical particle morphology;
– moisture content not exceeding 0.01 %;
– chemical composition in accordance with 

the alloy grade. 
If no specific requirement for oxygen content is 

given, its allowable limit for the particular alloy should 
be established by collecting statistical data. This is 
important because, during repeated use (when powder 
not exposed to the laser is recycled), the oxygen con-
tent in the feedstock may increase, leading to degrada-
tion of the material’s mechanical properties. 

Methods of powder feedstock Methods of powder feedstock 
productionproduction

The main methods for producing powder feedstock 
are gas atomization, plasma rotating electrode process 
(PREP), and plasma atomization in an inert gas atmo-
sphere. The key advantages and disadvantages of each 
method for producing powder feedstock from nickel-, 
iron-, and titanium-based alloys are outlined below.

Gas atomization  is one of  the  most widely used 
and high-throughput techniques for producing pow-
der materials. In this process, the  metal is melted in 
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an induction furnace and then atomized with an inert 
gas such as argon. The method is most often applied 
to the production of nickel- and iron-based powders.

Its advantages include low production cost, owing 
to  the  high process productivity and the  straightfor-
ward melt preparation stage (heating system and charge 
material selection); capability to produce a broad range 
of materials; and narrow particle size distribution. 

The disadvantages are: the  presence of  satellites 
on  particle surfaces; internal gas (argon) porosity; 
oxidation of  particles (in the  case of  open melting); 
and presence of a fine particle fraction, which impairs 
the  processing characteristics of  the  feedstock and 
requires an additional separation step. Internal porosity 
forms during atomization when molten droplets entrap 
argon gas. Satellites occur because finer particles soli
dify more rapidly, are more easily entrained, and col-
lide with larger particles under the influence of turbu-
lent flows [14].

Plasma rotating electrode process (PREP) uses 
a cylindrical billet as the  feedstock. While the  bil-
let rotates at high speed (up to  35,000 rpm), its end 
face is melted by a high-power direct-current plasma 
arc. This produces a thin molten film on the billet end, 
from which droplets detach and spheroidize under 
surface tension forces. Atomization takes place in 
an inert gas atmosphere (argon–helium mixture) under 
overpressure. 

This technique is most frequently used to produce 
nickel- and iron-based powders. Its key advantages 
are: excellent processing characteristics of  the  resul
ting powder; uniform chemical composition; low 
levels of  gaseous impurities; high productivity; and 
minimal internal and external defects. The latter results 
from the  specifics of  the  centrifugal atomization pro-
cess: the relatively low cooling rate allows each drop-
let to  fully spheroidize before solidification, while 
the  absence of  turbulent flows reduces the  formation 
of satellites [14]. 

The main drawbacks of  PREP are: higher cost 
of  powder feedstock, since the  starting cylindrical 
billet requires several production stages (melting, 
machining) and must meet strict quality requirements 
(minimal run-out, uniform chemical composition, 
absence of  defects such as cracks and cavities); low 
yield of the target particle size fraction; and a limited 
range of industrial alloys suitable for the method [15].

Plasma atomization in an inert gas atmosphere 
employs wire feedstock with a diameter of up to 5 mm. 
This technology is used primarily for titanium-based 
powders and selected nickel-based alloys. Its advan-

tages include homogeneous chemical composition; 
narrow particle size distribution; low levels of internal 
and external defects; and high processing performance. 

Its disadvantages are: a restricted range of  alloys 
(limited to those available in wire form); lower produc-
tivity compared with the methods described above; and 
relatively high production cost [16].

Plasma spheroidization also merits mention. In 
this process, powders are treated in a thermal plasma 
jet. While not an independent production method, 
it is used to  spheroidize powders with angular or 
irregular particle shapes, rendering them suitable for 
LPBF. Plasma treatment also reduces the  occurrence 
of satellites, thereby improving the processing proper-
ties of the feedstock. However, it may alter the particle 
size distribution and increase the proportion of fine par-
ticles, which adversely affects flowability. To remove 
the  fine fraction, additional separation steps are per-
formed, such as ultrasonic washing. 

Defects in powder feedstock:  Defects in powder feedstock:  
Causes, formation mechanisms,  Causes, formation mechanisms,  

and prevention measuresand prevention measures
Non-conforming particle size distribution. 

Deviation in the particle size distribution of the powder 
feedstock from that originally used to establish LPBF 
process parameters changes the  overall energy input 
and disrupts heat transfer. This can promote the forma-
tion of cracks and warping in the material (Fig. 1, a). 
Such deviations are cumulative, developing through 
repeated reuse of  the  same batch of  powder  [17]. 
A reduction in the proportion of fine particles impairs 
the deposition of powder feedstock onto the build plate, 
leading to  a  decrease in the  density of  the  deposited 
layer. Laser exposure on a less densely packed layer 
leads to  local overheating, increased thermal stresses, 
and the formation of defects such as cracks (Fig. 1, b). 
This effect is most pronounced when building parts 
of complex geometry and/or large size.

The issue can be addressed by adjusting LPBF 
parameters and/or blending in powder of a specific par-
ticle size to achieve the required particle size distribu-
tion with the target quantiles d10 , d50 , and d90 .

Internal porosity. This defect originates during 
powder production through entrapment of process gas, 
most commonly in gas atomization. Using feedstock 
with internal gas porosity in LPBF results in its transfer 
to the consolidated material and in uneven fusion, pro-
ducing so-called fine black particles (Fig. 2). Porosity 
can be reduced by optimizing fusion parameters and/or 
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using powder with minimal gas porosity, for example 
by selecting an alternative production method.

Satellites. As noted earlier, satellites are characte
ristic of gas atomization. A high proportion of satellite-
bearing particles reduces the  processing performance 
of the powder and increases the formation of fine black 
particles during layer-by-layer fusion. The formation 
of  these particles can be mitigated to  some extent 
by optimizing fusion parameters. The satellite content 
can be lowered through additional sieving and thermal 
plasma treatment. However, these steps increase pow-
der preparation complexity and the  cost of  the  final 
product. 

Bulk density. Bulk density should be carefully 
considered when selecting powder feedstock. It should 
be as close as possible to  the  theoretical maximum 
and comparable to  that of powders from leading sup-
pliers. Lower bulk density values are generally caused 
by higher internal porosity and/or changes in particle 
size distribution. Using powder with reduced bulk den-

sity in LPBF can lead to additional defects in the con-
solidated material and contribute to  the  formation 
of fine black particles. 

This issue can be resolved by additional classifica-
tion and/or blending powder of a specific particle size 
to  restore the  required particle size distribution with 
the  target d10 , d50 , and d90 values. It is also advisable 
to verify the stability of the powder production process.

Flowability. Reduced powder flowability can 
result from changes in particle size distribution, 
an  increased proportion of defective particles, or – in 
rare cases – elevated moisture content due to improper 
storage. Poor flowability increases equipment prepara-
tion time and can clog the  powder recycling system, 
if present. Studies have also shown that powders with 
poor flowability spread less effectively across the build 
plate, affecting both the  recoating process and layer 
uniformity [17–19].

Flowability can be improved by additional classi-
fication and/or adjusting the particle size distribution. 

Fig. 1. Appearance of surface defects in a VT6 witness samples (a) and in a VT20 workpiece (b) 

Рис. 1. Внешний вид поверхностных дефектов в образцах-свидетелях из сплава ВТ6 (a) и заготовке из сплава ВТ20 (b)

Fig. 2. Microstructure of powder (a) and LPBF-fabricated Inconel 718 material (b) with internal porosity 

Рис. 2. Микроструктура МПК (a) и СЛС-материала из сплава Inconel 718 (b) с внутренней пористостью
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If moisture is the cause, vacuum drying should be car-
ried out.

Fine black particles. The term refers to  fine, 
dark-colored particles generated during layer-by-layer 
fusion. Their accumulation clogs the  filtration sys-
tem and contaminates optical components, and when 
deposited on previously fused layers, they can cause 
defects or even halt the  build (Fig. 3). Increasing 
the shielding gas flow can remove fine black particles 
from the melt pool area but also displaces fine powder 
particles into the  filtration system. Reducing the  fine 
fraction mitigates their formation but alters the  feed-
stock particle size distribution. Observations indicate 
that powders with high internal porosity and a high 
proportion of satellites tend to generate more fine black 
particles. Adjusting LPBF parameters has not produced 
significant improvements. Further research is planned 
to investigate their formation mechanisms in powders 
from different alloys.

Gaseous impurities. The results of  this study, 
together with literature data, indicate that under 
proper storage conditions, oxygen uptake by powder 
feedstock is negligible. In titanium-alloy powders, 
a slight increase in oxygen content during storage has 
been observed, but it remains within the  permissible 
limits for the  given alloy grade. Oxygen concentra-
tion increases when environmental conditions are not 
adequately controlled, as well as when operating equip-
ment with a build chamber temperature above 500 °C. 
At present, most industrial LPBF systems do not have 

this capability. Notably, adding fresh powder feedstock 
to recycled powder slows the rate of oxygen uptake – 
a feature typical of titanium-based alloys [18; 19]. 

The use of  powder feedstock containing pre-oxi-
dized particles results in the  transfer of  oxide phases 
into the LPBF-fabricated material, reducing its mecha
nical properties, particularly ductility [19]. The oxygen 
content does not decrease during the  LPBF process. 
Fig. 4 shows a typical microstructure of powder feed-
stock particles from an Fe–Cr–Ni–Co–Mo alloy system 
containing oxide inclusions. Powders with such defects 
are not suitable for LPBF.

Scale factor. When optimizing LPBF parameters 
using small test samples  – most often cubes measur-
ing 10×10×10 mm – the geometry of larger workpieces 
must be considered. Due to  the  inherent characteris-
tics of the LPBF process, thermal stresses accumulate 
during layer-by-layer fusion, which can lead to warp-
ing and cracking (Fig. 5). As a result, manufacturing 
a workpiece with complex geometry may require seve
ral iterations, each followed by adjustments to the 3D 
model and LPBF parameters. Currently, there are 
no software tools capable of fully minimizing this opti-

Fig. 3. Appearance of an Inconel 718 workpiece  
with accumulated fine black particles,  

which led to interruption of the LPBF process 

Рис. 3. Внешний вид заготовки из сплава Inconel 718 
с образовавшимся нагаром, что привело  

к остановке СЛС-процесса

Fig. 4. Microstructure of oxidized powder feedstock particles 
from an Fe–Cr–Ni–Co–Mo alloy system (a)  

and oxygen distribution map (b) 

Рис. 4. Микроструктура окисленных частиц  
МПК сплава системы Fe–Cr–Ni–Co–Mo (a)  

и карта распределения кислорода (b)
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mization process, making operator expertise a critical 
factor.

Chemical composition. Analysis of  the  initial 
nickel-, titanium-, and iron-based powder feedstock 
and of  the materials produced from them revealed no 
changes in the  content of  the  principal alloying ele-
ments. Literature sources report that evaporation can 
occur when the  process is carried out with excessive 
overall energy input. In this study, it was found that 
the  elements most prone to  evaporation are the  low-
melting constituents Mg, Zn, and Al [20]. For this rea-
son, the overall chemical composition is monitored less 
frequently than gaseous impurities. 

ConclusionConclusion
The present analysis has demonstrated that detect-

ing all of  the  defect types considered – porosity, 
cracks, oxide inclusions, and others – requires regu-
lar quality control of powder feedstock to monitor for 
trends indicating degradation of  its properties. This 
involves assessing particle size distribution, process-
ing characteristics (bulk density and flowability), 
particle morphology, and chemical composition, both 
in the as-supplied state and after layer-by-layer fusion. 

Consistently using high-quality powder feedstock 
ensures stable process outcomes. When defects such 
as porosity or fine black particles occur systemati-
cally, or when the  feedstock exhibits poor processing 

performance that cannot be effectively corrected 
through LPBF parameter adjustment or post-process-
ing, the most appropriate solution for certain alloys is 
to change the powder production method. 

There is also a growing trend towards adapting 
industrial alloys for additive manufacturing. However, 
not all materials are suitable for layer-by-layer fusion 
due to  the  specific features of  their chemical compo-
sition. Since additive manufacturing is closely related 
to  welding, alloys with limited weldability are gene
rally unsuitable for layer-by-layer fusion. 
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Fig. 5. Appearance of a VT6 workpiece  
showing delamination defects caused  

by high thermal stresses 

Рис. 5. Внешний вид заготовки из сплава ВТ6 
с дефектами в виде расслоения вследствие высоких 

термических напряжений

Powder Metallurgy аnd Functional Coatings. 2025;19(4):91–99 
Baskov F.A., Logacheva A.I., and etc. Challenges in using powder feedstock for laser powder bed ...

https://doi.org/10.1016/j.mtcomm.2023.105538
https://doi.org/10.1016/j.jmsy.2022.04.002
https://doi.org/10.3390/met11030418
https://doi.org/10.1016/j.addma.2018.09.023
https://doi.org/10.1007/s40964-020-00152-4
https://doi.org/10.1108/13552541111124770
https://doi.org/10.1016/j.jmapro.2025.02.045
https://doi.org/10.1016/j.jmapro.2021.02.004


98

9.	 Korkmaz M.E., Gupta M. K., Waqar S., Kuntoglu M., 
Krolczyk G.M., Maruda R.W., Pimenov D.Y. A  short 
review on thermal treatments of  Titanium & Nickel 
based alloys processed by selective laser melting. 
Journal of  Materials Research and Technology. 2022; 
16:1090–1101.

	 https://doi.org/10.1016/j.jmrt.2021.12.061
10.	 Narasimharaju S.R., Zeng W., See T.L., Zhu Z., Scott P., Ji-

ang  (Jane) X., Lou S. A comprehensive review on laser 
powder bed fusion of  steels: Processing, microstructure, 
defects and control methods, mechanical properties, cur-
rent challenges and future trends. Journal of Manufactu
ring Processes. 2022;75:375–414.

	 https://doi.org/10.1016/j.jmapro.2021.12.033
11.	 Baskov F.A., Sentyurin Zh.A., Logachev I.A., Bych-

kova M.Ya., Logacheva A.I. Structure and properties 
of EP741NP heat-resistant nickel alloy produced by selec-
tive laser melting. Russian Journal of Non-Ferrous Me
tals. 2021;62(3):302–310.

	 https://doi.org/10.3103/S1067821221030032 
12.	 Baskov F.A., Sentyurina Zh.A., Kaplanskii Yu.Yu., Lo-

gachev I.A., Semerich A.S., Levashov E.A. The influence 
of post heat treatments on the evolution of microstructure 
and mechanical properties of EP741NP nickel alloy pro-
duced by laser powder bed fusion. Materials Science and 
Engineering: A. 2021;817:141340.

	 https://doi.org/10.1016/j.msea.2021.141340 
13.	 Baskov F.A., Sentyurina Z.A., Loginov P.A., Bychko-

va  M.Y., Logachev I.A., Levashov E.A. Structure and 
properties evolution of AZhK superalloy prepared by laser 
powder bed fusion combined with hot isostatic pressing 
and heat treatment. Metals. 2023;13:1397.

	 https://doi.org/10.3390/met13081397 
14.	 Nie Y., Tang J., Yang B., Lei Q., Yu S., Li Y. Compari-

son in characteristic and atomization behavior of metallic 
powders produced by plasma rotating electrode process. 

Advanced Powder Technology. 2020;31(5):2152–2160. 
	 https://doi.org/10.1016/j.apt.2020.03.006
15.	 Zhang B., Huang Y., Dou Z, Wang J., Huang Z. Refrac-

tory high-entropy alloys fabricated by powder metallurgy: 
Progress, challenges and opportunities. Advanced Mate
rials and Devices. 2024;9(2):100688. 

	 https://doi.org/10.1016/j.jsamd.2024.100688
16.	 Hryha E., Riabov D. Metal powder production for additive 

manufacturing. Encyclopedia of Materials: Metals and Al-
loys. 2022;3:264–271.

	 https://doi.org/10.1016/B978-0-12-819726-4.00089-2 
17.	 Emminghaus N.,  Bernhard R.,  Hermsdorf J.,  Kaierle S. 

Residual oxygen content and powder recycling: effects 
on microstructure and mechanical properties of  addi-
tively manufactured Ti–6Al–4V parts. The International  
Journal of  Advanced Manufacturing Technology. 2022; 
121:3685–3701. 

	 https://doi.org/10.1007/s00170-022-09503-7 
18.	 Moghimian P., Poirie T., Habibnejad-Korayem M., Zava-

la J.A., Kroeger J., Marion F., Larouche F. Metal powders 
in additive manufacturing: A review on reusability and 
recyclability of  common titanium, nickel and aluminum 
alloys. Additive Manufacturing. 2021;43:1–14.

	 https://doi.org/10.1016/j.addma.2021.102017 
19.	 Zhuo Z., Ji R., Wang L., Mao J., Reusability of Ti–6Al–4V 

powder in laser powder bed fusion: Influence on pow-
der morphology, oxygen uptake, and mechanical pro
perties. Journal of  Materials Processing Technology. 
2025;335:1–7.

	 https://doi.org/10.1016/j.jmatprotec.2024.118672
20.	 Chowdhury S., Yadaiah N., Prakash C., Ramakrishna S., 

Dixit S., Gupta L.R., Buddhi D. Laser powder bed fusion: 
A state-of-the-art review of the technology, materials, pro
perties & defects, and numerical modelling. Journal of 
Materials Research and Technology. 2022;20:2109–2172. 

	 https://doi.org/10.1016/j.jmrt.2022.07.121

Федор Алексеевич Басков – к.т.н., начальник сектора АО «Ком-
позит»

 ORCID: 0000-0001-6238-4378
 E-mail: baskov_fa@mail.ru 

Алла Игоревна Логачева – д.т.н, начальник отделения ме-
таллических материалов и металлургических технологий АО 
«Композит»

 E-mail: ailogacheva@yandex.ru 

Иван Александрович Логачев – к.т.н., начальник отдела, зам. 
начальника отделения АО «Композит»

 ORCID: 0000-0002-8216-1451
 E-mail: ivan@logachev.biz 

Анатолий Николаевич Тимофеев – д.т.н, зам. генерального 
директора по научной работе АО «Композит»

 E-mail: info@kompozit-mv.ru 

Fedor A. Baskov – Cand. Sci. (Eng.), Head of the Sector, JSC Kom-
pozite

 ORCID: 0000-0001-6238-4378
 E-mail: baskov_fa@mail.ru 

Alla I. Logacheva – Dr. Sci. (Eng.), Head of the Department of Metal-
lic Materials and Metallurgical Technologies, JSC Kompozit

 E-mail: ailogacheva@yandex.ru 

Ivan A. Logachev – Cand. Sci. (Eng.), Head of the Department, De
puty Head of the Department, JSC Kompozit

 ORCID: 0000-0002-8216-1451
 E-mail: ivan@logachev.biz 

Anatoly N. Timofeev – Dr. Sci. (Eng.), Deputy General Director for 
Scientific Work of JSC Kompozit

 E-mail: info@kompozit-mv.ru 

Information about the Authors Сведения об авторах

Известия вузов. Порошковая металлургия и функциональные покрытия. 2025;19(4):91–99 
Басков Ф.А., Логачева А.И. и др. О проблемах применения металлопорошковых композиций ...

https://doi.org/10.1016/j.jmrt.2021.12.061
https://doi.org/10.1016/j.jmapro.2021.12.033
https://doi.org/10.3103/S1067821221030032
https://www.sciencedirect.com/journal/materials-science-and-engineering-a
https://www.sciencedirect.com/journal/materials-science-and-engineering-a
https://doi.org/10.1016/j.msea.2021.141340
https://doi.org/10.3390/met13081397
https://doi.org/10.1016/j.apt.2020.03.006
https://doi.org/10.1016/j.jsamd.2024.100688
https://doi.org/10.1016/B978-0-12-819726-4.00089-2
https://doi.org/10.1007/s00170-022-09503-7
https://doi.org/10.1016/j.addma.2021.102017
https://doi.org/10.1016/j.jmatprotec.2024.118672
https://doi.org/10.1016/j.jmrt.2022.07.121
https://orcid.org/0000-0001-6238-4378
mailto:baskov_fa@mail.ru
mailto:ailogacheva@yandex.ru
https://orcid.org/0000-0002-8216-1451
mailto:ivan@logachev.biz
mailto:info@kompozit-mv.ru
https://orcid.org/0000-0001-6238-4378
mailto:baskov_fa@mail.ru
mailto:ailogacheva@yandex.ru
https://orcid.org/0000-0002-8216-1451
mailto:ivan@logachev.biz
mailto:info@kompozit-mv.ru


99

Ф. А. Басков – формирование основной концепции, постановка 
цели и задачи исследования, подготовка текста, формулировка 
выводов.
А. И. Логачева – научное руководство, корректировка текста, 
корректировка выводов.
И. А. Логачев – осуществление расчетов, проведение испыта-
ний образцов, подготовка текста статьи.
А. Н. Тимофеев – научное руководство, корректировка текста, 
корректировка выводов.

F. A. Baskov – development of the main concept, formulation of the 
study aim and objectives, manuscript preparation, formulation of 
conclusions.
A. I. Logacheva – scientific supervision, manuscript revision, revi-
sion of conclusions.
I. A. Logachev – performing calculations, conducting sample tests, 
manuscript preparation.
A. N. Timofeev – scientific supervision, manuscript revision, revi-
sion of conclusions.

Received 25.05.2025
Revised 02.07.2025

Accepted 04.07.2025

Статья поступила 25.05.2025 г.
Доработана 02.07.2025 г.

Принята к публикации 04.07.2025 г.

Contribution of the Authors Вклад авторов

Powder Metallurgy аnd Functional Coatings. 2025;19(4):91–99 
Baskov F.A., Logacheva A.I., and etc. Challenges in using powder feedstock for laser powder bed ...



ISSN  1997-308Х
                 eISSN  2412-8767

И
зв

ес
ти

я 
ву

зо
в.

 П
ор

ош
ко

ва
я 

м
ет

ал
лу

рг
ия

 и
 ф

ун
кц

ио
на

ль
ны

е 
по

кр
ы

ти
я.

 2
0

25
. Т

ом
  1

9,
 №

 4

powder.misis.ru

2025
19Том 

Vol.
№ 
No. 4

ИЗВЕСТИЯ ВУЗОВ
ПОРОШКОВАЯ МЕТАЛЛУРГИЯ
И ФУНКЦИОНАЛЬНЫЕ ПОКРЫТИЯ

POWDER
METALLURGY

AND FUNCTIONAL
COATINGS

Олег Владиславович Роман
21 сентября 1925 – 16 марта 2013
Ученый в области порошковой металлургии
Академик НАН Беларуси, 
первый директор Института порошковой металлургии
Доктор технических наук, профессор
Почетный профессор БНТУ

В 2018 г. Институту порошковой 
металлургии НАН Беларуси присвоено имя 
академика О. В. Романа
ул. Платонова, 41, 220005 Минск, Республика 
Беларусь


