
ИЗВЕСТИЯ ВУЗОВ

POWDER METALLURGY
AND FUNCTIONAL COATINGS powder.misis.ru

ПОРОШКОВАЯ МЕТАЛЛУРГИЯ
И ФУНКЦИОНАЛЬНЫЕ ПОКРЫТИЯ

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

24
. Т

ом
  1

8,
 №

 2

2024
18Том 

Vol.
№ 
No. 2

Зарегистрирован Федеральной службой по надзору 
в сфере связи, информационных технологий 
и массовых коммуникаций. 
Свидетельство о регистрации ПИ № ФС77-79230

Журнал распространяется агентством «Урал-Пресс»
Подписной индекс:  80752 (печатная версия) 
      05108 (электронная версия)



ISSN  1997-308Х
         eISSN  2412-8767

Научно-технический журнал
Основан в 2007 г. 
Выходит 6 раз в год

POWDER
METALLURGY
AND FUNCTIONAL 
COATINGS
Scientific and Technical Journal
Founded in 2007
Six issues per year

ИЗВЕСТИЯ ВУЗОВ
ПОРОШКОВАЯ
МЕТАЛЛУРГИЯ
И ФУНКЦИОНАЛЬНЫЕ
ПОКРЫТИЯ

2024
18Vol. 

Том
No. 
№ 2



Founder:

© NUST MISIS, Moscow, 2024

Scientific and Technical Journal
Founded in 2007
Six issues per year

Editorial Staff

Editorial Board

Editor-in-Chief
Evgeny A. Levashov

Prof., Dr. Sci. (Eng.), Acad. of the RANS, NUST MISIS, Moscow, Russian Federation

National University of Science 
and Technology “MISIS”

Address: 4 bld. 1 Leninskiy Prosp., Moscow 119049, Russian Federation
http://www.misis.ru

Address: NUST MISIS,  
4 bld. 1 Leninskiy Prosp., Moscow 119049, Russian Federation

Phone: +7 (495) 638-45-35.  E-mail: izv.vuz@misis.ru

Leading Editor: O.V. Sosnina
Еxecutive Editor: A.A. Kudinova
Layout Designer: V.V. Rasenets

Journal is included into the List of peer-reviewed scientific publications recommended by the Highest Attestation Commission 
of the Ministry of Education and Science of the Russian Federation for publishing the results of doctoral and candidate dissertations.

Abstracting/Indexing: Scopus, Russian Science Citation Index (RSCI), Ulrich’s Periodicals Directory, VINITI Database (Abstract Journal).

Signed print 20.04.2024. Format 60×90 1/8 
Offset paper No. 1. Digital printing. Quires 8.75

Order 19530. Free price 
Printed in the printing house of the MISIS Publish House

4 bld. 1 Leninskiy Prosp., Moscow, 119049 Russian Federation
Phone/fax: +7 (499) 236-76-17

M. I. Alymov – Dr. Sci. (Eng.), Corresponding Member of the RAS, Merzhanov Institute 
of Structural Macrokinetics and Materials Sciences of the RAS, Chernogolovka, Russia
A. P. Amosov – Prof., Dr. Sci. (Phys.-Math.), Samara State Technical University, 
Samara, Russia
G. A. Bagliuk – Prof., Dr. Sci. (Eng.), Acad. of the NASU, IPMS NASU, Kiev, Ukraine
I. V.  Blinkov – Prof., Dr. Sci. (Eng.), NUST MISIS, Moscow, Russia
M. V. Chukin – Prof., Dr. Sci. (Eng.), Magnitogorsk State Technical University, 
Magnitogorsk, Russia
H. Danninger – Prof., Dr. Sci., Vienna University of Technology, Vienna, Austria
B. Derin – Assoc. Prof., Dr. Sci. (Phil.), Istanbul Technical University, Maslak, 
Istanbul, Turkey
V. Yu. Dorofeyev – Prof., Dr. Sci. (Eng.), South-Russian State Polytechnical University 
(NPI), Novocherkassk, Russia
Yu. Estrin – Prof., Dr. Sci. (Nat.), Monash University, Clayton, Australia
A. Ph. Ilyushchanka – Prof., Dr. Sci. (Eng.), Acad. of the NAS of Belarus, State 
Research and Production Powder Metallurgy Association, Minsk, Belarus
Yu. R. Kolobov – Prof., Dr. Sci. (Phys.-Math.), Federal Research Center of Problems of 
Chemical Pfysics and Medicinal Chemistry of the RAS, Chernogolovka, Russia
V. S. Коmlev – Prof., Dr. Sci. (Eng.), Corresponding Member of the RAS, Institute of 
Metallurgy of the RAS, Moscow, Russia
I. Konyashin – Prof., Dr. Sci. (Econ.), Element Six GmbH, Burghaun, Germany
Yu. M. Korolyov – Prof., Dr. Sci. (Eng.), Scientific and Technical Association “Powder 
Metallurgy”, Moscow, Russia
D. Yu. Kovalev – Dr. Sci. (Phys.-Math.), Merzhanov Institute of Structural 
Macrokinetics and Materials Sciences of the RAS, Chernogolovka, Russia
S. A. Kulinich – Assoc. Prof., PhD (Chem.), Tokai University, Hiratsuka, Kanagawa, 
Japan
S. V. Kuzmin – Prof., Dr. Sci. (Eng.), Corresponding Member of the RAS, Volgograd 
State Technical University, Volgograd, Russia
V. P. Kuznetsov – Prof., Dr. Sci. (Eng.), Ural Federal University, Еkaterinburg, Russia
Yu. V. Levinsky – Prof., Dr. Sci. (Eng.) Merzhanov Institute of Structural Macrokinetics 
and Materials Sciences of the RAS, Chernogolovka, Russia 
А. E. Ligachyov – Prof., Dr. Sci. (Phys.-Math.), Prokhorov General Physics Institute 
of the RAS, Moscow, Russia
V. Yu. Lopatin – Cand. Sci., NUST MISIS, Moscow, Russia
A. A. Lozovan – Prof., Dr. Sci (Eng.), Moscow Aviation Institute (NRU), Moscow, Russia

http://powder.misis.ru

Articles are available under Creative Commons 
Attribution Non-Commercial No Derivatives

Certificate of registration No. FS77-27955 (12.04.2007)
Re-registration PI No. FS77-79230 (25.09.2020)

V. I. Lysak – Prof., Dr. Sci. (Eng.), Acad. of the RAS, Volgograd State Technical 
University, Volgograd, Russia
A. V. Makarov – Dr. Sci. (Eng.), Corresponding Member of the RAS, M.N. Mikheev 
Institute of Metal Physics of the Ural Branch of the RAS, Ural Federal University, 
Еkaterinburg, Russia
L. L. Mishnaevsky – Dr. Habil. (Eng.), Technical University of Denmark, Roskilde, 
Denmark
A. S. Mukasyan – Prof., Dr. Sci. (Phys.-Math.), University of Notre Dame, 
Notre Dame, USA
S. A. Oglezneva – Prof., Dr. Sci. (Eng.), Perm National Research Polytechnical 
University, Perm, Russia
R. Orrù – Prof., Dr. Sci. (Eng.), University of Cagliari, Cagliari, Italy
I. B. Panteleev – Prof., Dr. Sci. (Eng.), St. Petersburg State Technological Institute 
(Technical University), St. Petersburg, Russia
F. Peizhong – Prof., Dr. Sci., China University of Mining and Technology, Xuzhou, 
P.R. China
C. Pengwan – Prof., Dr. Sci., Beijing Institute of Technology, Beijing, P.R. China
M. I. Petrzhik – Dr. Sci. (Eng.), NUST MISIS, Moscow, Russia
Yu. S. Pogozhev – Assoc. Prof., Cand. Sci. (Eng.), NUST MISIS, Moscow, Russia
V. V. Polyakov – Prof., Dr. Sci. (Phys.-Math.), Altai State University, Barnaul, Russia
A. A. Popovich – Prof., Dr. Sci. (Eng.)., Corresp. Member of the RANS, St. Petersburg 
State Polytechnical University (National Research University), St. Petersburg, Russia
S. E. Porozova – Dr. Sci. (Eng.), Perm National Research Polytechnical University, 
Perm, Russia
A. A. Rempel – Prof., Dr. Sci. (Phys.-Math.), Acad. of the RAS, Institute of Metallurgy 
of the Ural Branch of the RAS, Еkaterinburg, Russia
F. Rustichelli – Prof., Dr. Sci. (Phys.), University of Marches, Ancona, Italy
S. D. Shlyapin – Prof., Dr. Sci. (Eng.), Moscow Aviation Institute (NRU), Moscow, 
Russia
D. V. Shtansky – Prof., Dr. Sci. (Phys.-Math.), NUST MISIS, Moscow, Russia
A. N. Timofeev – Dr. Sci. (Eng.), JSC "Komposite", Korolev, Russia
P. A. Vityaz’ – Prof., Dr. Sci. (Eng.), Acad. of the NAS of Belarus, Minsk, Belarus
A. A. Zaitsev – Assoc. Prof., Cand. Sci. (Eng.), NUST MISIS, Moscow, Russia
Zheng YongTing – Prof., Dr. Sci., Harbin Institute of Technology, Harbin, P.R. China
F. Zhengyi – Prof., Dr. Sci., Wuhan University of Technology, Wuhan, P.R. China

ISSN  1997-308Х
         eISSN  2412-8767

https://www.misis.ru
https://www.misis.ru
mailto:izv.vuz%40misis.ru?subject=
https://powder.misis.ru


Научно-технический журнал  
Основан в 2007 г.
Выходит 6 раз в год

Учредитель:

Редакция журнала

Редакционная коллегия

Главный редактор
Евгений Александрович Левашов

д.т.н., академик РАЕН, профессор, НИТУ МИСИС, г. Москва

ФГАОУ ВО Национальный исследовательский
технологический университет «МИСИС»

Адрес: 119049, Москва, Ленинский пр-т, 4, стр. 1
https://www.misis.ru

Адрес: 119049, Москва,  
Ленинский пр-т, 4, стр. 1. НИТУ MИСИС

Тел.: +7 (495) 638-45-35.  Эл. почта: izv.vuz@misis.ru

Ведущий редактор: О.В. Соснина
Выпускающий редактор: А.А. Кудинова

Дизайн и верстка: В.В. Расенець

Журнал включен в Перечень рецензируемых научных изданий, рекомендованных ВАК Минобрнауки РФ 
для публикации результатов диссертаций на соискание ученых степеней. 

Журнал включен в базы данных: Scopus, Russian Science Citation Index (RSCI), Ulrich's Periodicals Directory, РИНЦ, БД/РЖ ВИНИТИ.

Подписано в печать 20.04.2024. Формат 60×90 1/8 
Бум. офсетная № 1. Печать цифровая. Усл. печ. л. 8,75

Заказ 19530.  Цена свободная
Отпечатано в типографии Издательского Дома МИСИС

119049, г. Москва, Ленинский пр-т, 4, стр. 1
Тел./факс: +7 (499) 236-76-17

М. И. Алымов – д.т.н., чл.-корр. РАН, проф., ИСМАН, г. Черноголовка
А. П. Амосов – д.ф.-м.н., проф., СамГТУ, г. Самара
Г. А. Баглюк – д.т.н., акад. НАНУ, проф., ИПМ НАН Украины, г. Киев 
И. В. Блинков – д.т.н., проф., НИТУ МИСИС, г. Москва
П. А. Витязь – д.т.н., акад. НАНБ, проф., НАН Беларуси, г. Минск 
В. Ю. Дорофеев – д.т.н., проф., ЮРГПУ (НПИ), г. Новочеркасск
А. А. Зайцев – к.т.н., доц., НИТУ МИСИС, г. Москва
А. Ф. Ильющенко – д.т.н., акад. НАН Беларуси, проф., 
ГНПО ПМ НАН Беларуси, г. Минск
Д. Ю. Ковалев – д.ф.-м.н., ИСМАН, г. Черноголовка
Ю. Р. Колобов – д.ф.-м.н., проф., ФИЦ ПХФ и МХ РАН, г. Черноголовка
В. С. Комлев – д.т.н., чл.-корр. РАН, проф., ИМЕТ РАН, г. Москва 
Ю. М. Королев – д.т.н., проф., НТА «Порошковая металлургия», 
г. Москва 
В. П. Кузнецов – д.т.н., проф., УрФУ, г. Екатеринбург
С. В. Кузьмин – д.т.н., чл.-корр. РАН, проф., ВолгГТУ, г. Волгоград 
Ю. В. Левинский – д.т.н., проф., ИСМАН, г. Черноголовка
А. Е. Лигачев – д.ф.-м.н., проф., ИОФ РАН, г. Москва
А. А. Лозован – д.т.н., проф., МАИ (НИУ), г. Москва
В. Ю. Лопатин – к.т.н., доц., НИТУ МИСИС, г. Москва
В. И. Лысак – д.т.н., акад. РАН, проф., ВолгГТУ, г. Волгоград
А. В. Макаров – д.т.н., чл.-корр. РАН, ИФМ УрО РАН, УрФУ, 
г. Екатеринбург 
С. А. Оглезнева – д.т.н., проф., ПНИПУ, г. Пермь
И. Б. Пантелеев – д.т.н., проф., СПбГТИ (ТУ), г. Санкт-Петербург
М. И. Петржик – д.т.н., проф., НИТУ МИСИС, г. Москва
Ю. С. Погожев – к.т.н., доц., НИТУ МИСИС, г. Москва
В. В. Поляков – д.ф.-м.н., проф., АлтГУ, г. Барнаул
А. А. Попович – д.т.н., чл.-корр. РАЕН, проф., СПбГПУ,  
г. Санкт-Петербург 

http://powder.misis.ru

Статьи доступны под лицензией Creative Commons 
Attribution Non-Commercial No Derivatives

Свидетельство о регистрации № ФС77-27955 от 12.04.2007 г.
Перерегистрация 25.09.2020 г. ПИ № ФС77-79230

© НИТУ МИСИС, Москва, 2024

С. Е. Порозова – д.т.н., проф., ПНИПУ, г. Пермь
А. А. Ремпель – д.ф.-м.н., акад. РАН, проф., ИМЕТ УрО РАН, 
г. Екатеринбург
А. Н. Тимофеев – д.т.н., АО «Композит», г. Королев 
М. В. Чукин – д.т.н., проф., МГТУ, г. Магнитогорск
С. Д. Шляпин – д.т.н., проф., МАИ (НИУ), г. Москва
Д. В. Штанский – д.ф.-м.н., проф., НИТУ МИСИС, г. Москва
Н. Danninger – Dr. Sci., Prof., Vienna University of Technology, 
Vienna, Austria
B. Derin – Dr. Sci. (Phil.), Assoc. Prof., Istanbul Technical University, 
Maslak, Istanbul, Turkey
Yu. Estrin – Dr. Sci. (Nat.), Prof., Monash University, Clayton, Australia
I. Кonyashin – Dr. Sci. (Econ.), Prof., Element Six GmbH, Burghaun, 
Germany
S. A. Kulinich – PhD (Chem.), Associate Prof., Tokai University, Hiratsuka, 
Kanagawa, Japan
L. L. Mishnaevsky – Dr. Habil. (Eng.), Technical University of Denmark, 
Roskilde, Denmark 
A. S. Mukasyan – Dr. Sci. (Phys.-Math.), Prof., University of Notre Dame,  
Notre Dame, USA
R. Orrù – Dr. Sci. (Eng.), Prof., University of Cagliari, Cagliari, Italy
F. Peizhong – Dr. Sci., Prof., China University of Mining and Technology, 
Xuzhou, P.R. China
C. Pengwan – Dr. Sci., Prof., Beijing Institute of Technology, 
Beijing, P.R. China 
F. Rustichelli – Dr. Sci. (Phys.), Prof., University of Marches, Ancona, Italy
Zheng YongTing – Dr. Sci., Prof., Harbin Institute of Technology, Harbin, 
P.R. China
F. Zhengyi – Dr. Sci., Prof., Wuhan University of Technology, Wuhan, 
P.R. China

ISSN  1997-308Х
         eISSN  2412-8767

https://www.misis.ru
mailto:izv.vuz%40misis.ru?subject=
https://www.misis.ru
https://powder.misis.ru


4

Теория и процессы формования 
и спекания порошковых материалов
Оглезнев Н.Д., Якубаев И.И.,  
Оглезнева С.А., Порозова С.Е.
Влияние солей меди на физико-механические свойства 
композиционных материалов медь–графит ............................. 5

Тугоплавкие, керамические 
и композиционные материалы
Сырнев Б.В., Масленников О.И., 
Семилуцкая О.В.
Отработка теоретических основ прогнозирования 
структурно-морфологических характеристик 
диффузионно-сварных швов композита бериллий–медь ..... 14

Хабиров Р.Р., Черкасова Н.Ю., Гудыма Т.С., 
Крутский Ю.Л., Масс А.В., Огнева Т.С., 
Кузьмин Р.И., Анисимов А.Г.
Фазовый состав, структура и свойства 
B4C–TiB2-керамики, полученной горячим 
прессованием ............................................................................ 23

Пористые материалы и биоматериалы
Смоляниченко А.С., Яковлева Е.В.
Очистка производственных сточных вод от ионов 
тяжелых металлов углеродным сорбентом 
с электромагнитной обработкой (на примере шахтных вод) ... 35

Модифицирование поверхности,  
в том числе пучками заряженных частиц, 
потоками фотонов и плазмы
Николаев А.А., Назаров А.Ю.,  
Варданян Э.Л., Мухамадеев В.Р.
Влияние температуры ионно-плазменной обработки 
алюминиевого покрытия на микроструктуру 
и фазовый состав титанового сплава ВТ6 ............................. 45

Калюжный Д.Г., Палабугин М.В., 
Бурнышев И.Н., Лыс В.Ф., Ладьянов В.И.
Формирование керамического покрытия 
на поверхности алюминиевого сплава ВАЛ10 
при лазерном модифицировании в растворе 
полисиликатов .......................................................................... 53

Материалы и покрытия, получаемые 
методами аддитивных технологий
Марков М.А., Черебыло С.А., Ипполитов Е.В., 
Камаев С.В., Новиков М.М., Внук В.В.
Преобразование стереолитографических 
прототипов в металлические или керамические модели 
замещением полимера порошковым титаном ....................... 61

Theory and Processes of Formation 
and Sintering of Powder Materials
Ogleznev N.D., Yakubaev I.I., 
Oglezneva S.А., Porozova S.Е. 
Influence of copper salts on the physical and mechanical 
properties of copper–graphite composite materials ..................... 5

Refractory, Ceramic, 
and Composite Materials
Syrnev B.V., Maslennikov O.I.,  
Semilutskaya O.V. 
Establishing theoretical foundations for predicting 
the structural and morphological characteristics 
of diffusion-welded joints of the beryllium–copper composite .... 14

Khabirov R.R., Cherkasova N.Yu., Gudyma T.S., 
Krutskii Yu.L., Mass A.V., Ogneva T.S., 
Kuzmin R.I., Anisimov A.G.
Phase composition, structure and properties 
of B4C–TiB2 ceramics produced by hot pressing ....................... 23

Porous Materials and Biomaterials
Smolyanichenko A.S., Yakovleva E.V. 
Removal of heavy metal ions from industrial (mining) 
wastewater using electromagnetically activated 
carbonaceous sorbent .................................................................. 35

Modification of Surface Including 
Charged Particle Beams and Photon 
and Plasma Fluxes
Nikolaev А.А., Nazarov A.Yu., 
Vardanyan E.L., Mukhamadeev V.R. 
Effects of ion-plasma treatment temperature 
of the aluminium coating on the structure 
and phase composition of the VT6 titanium alloy ..................... 45

Kalyuzhnyi D.G., Palabugin M.V., 
Burnyshev I.N., Lys V.F., Ladyanov V.I. 
Formation of ceramic coating on VAL10 
aluminum alloy surface via laser modification 
in polysilicate solution ............................................................... 53

Materials and Coatings Fabricated Using 
the Additive Manufacturing Technologies
Markov M.A., Cherebylo S.A., Ippolitov E.V., 
Kamaev S.V., Novikov M.M., Vnuk  V.V. 
Transforming stereolithographic prototypes 
into metal or ceramic models by polymer substitution 
with titanium powder ................................................................. 61

Contents Содержание

Известия вузов. Порошковая металлургия 
и функциональные покрытия. 2024. Т. 18. № 2

Powder Metallurgy  
аnd Functional Coatings. 2024. Vol. 18. No. 2



5

UDC 621.762

https://doi.org/10.17073/1997-308X-2024-2-5-13

  ogleznevasa@pstu.ru
Аннотация. Исследованы композиционные материалы на основе электролитического порошка меди, содержащие 1 и 5 мас. % 

порошка коллоидного графита, с добавлением в микроколичествах сульфата и ацетата меди. Материалы получали методами 
двойного холодного прессования в пресс-форме при давлении 600 МПа, промежуточного спекания (отжига) в водороде при 
температуре 870 °С и окончательного спекания в вакууме при предплавильной температуре меди. Методами рентгенофазо-
вого анализа, сканирующей электронной микроскопии, испытаний на прочность при трехточечном изгибе и определения 
электросопротивления исследовано влияние солей меди на плотность, пористость, удельное электросопротивление и проч-

  ogleznevasa@pstu.ru
Abstract. We investigated composite materials based on electrolytic copper powder containing 1 and 5 wt. % powder of colloidal 

graphite the addition of trace amounts of copper sulfate and acetate. The materials were obtained through double cold pressing 
in a mold at a pressure of 600 MPa, intermediate sintering (annealing) in hydrogen at a temperature of 870 °C, and final sintering in 
vacuum at the copper premelting temperature. To analyze the influence of copper salts on the density, porosity, electrical resistivity, 
and strength of copper–graphite composite materials, we employed X-ray phase analysis, scanning electron microscopy, conducted 
strength tests in three-point bending, and determined electrical resistivity. We established that higher graphite content results in 
increased porosity and electrical resistivity of composite materials, along with decreased strength. In the materials containing copper 
sulfate, copper is reduced from the salt in the form of nanodispersed particles on the surfaces and inside graphite flakes, leading 
to a decrease in electrical resistivity compared to copper–graphite composites without salt additives. When copper acetate was added 
to the composite material, copper is reduced from the salt mainly on the surfaces of graphite particles in the form of microdispersed 
particles and their aggregations, as the copper acetate solution does not wet the graphite. In this case, the electrical resistivity was 
somewhat higher than that of the composite with sulfate but lower than that of the material without salts. The bending strength of the 
studied materials decreased as salts were introduced due to increased porosity and emerging defects in the crystal structure of graphite 
during its intercalation with copper. 

Keywords: composite material (CM), copper, graphite, copper sulfate, copper acetate, electrical resistivity, porosity, strength, intercalation

For citation: Ogleznev N.D., Yakubaev I.I., Oglezneva S.А., Porozova S.Е. Influence of copper salts on the physical and mechanical 
properties of copper–graphite composite materials. Powder Metallurgy аnd Functional Coatings. 2024;18(2):5–13.
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IntroductionIntroduction
Copper–carbon composites combine the high ther-

mal and electrical conductivity of copper alongside 
the low thermal expansion coefficient, specific mass, 
and high melting point of carbon [1]. Consequently, 
they find extensive application in electrical devices 
and the semiconductor industry, serving as materials 
for thermally conductive bases in the housings of high-
power rectifying and laser diodes, microwave transis-
tors, power amplifiers [2; 3], as well as in electro-ero-
sion machining of metals, heavy-duty power modules, 
and optoelectronic devices such as pantograph sli ders, 
brushes in electric motors, and other machinery compo-
nents [4]. However, the electrical resistivity of graphite 
is two orders of magnitude greater than that of copper, 
leading to a decrease in the overall electrical conduc-
tivity of the composite material (CM) when graphite is 
added in large quantities. 

Intercalation with metal ions, including the formation 
of superconducting structures, can enhance the graphi te 
conductive properties. For example, graphi te inter-
calated with calcium exhibits superconducti vity [5], 
while iron enhances the thermal and electrical con-
ductivity of carbon materials [6]. Copper intercalation 
into graphite [7; 8] and carbon nanotubes (CNTs) [9] 
has also been reported. However, the lack of physico-
chemical interaction between the components, includ-
ing the high surface tension of the metal melt, poses 
challenges to the manufacturing technologies for cop-
per–graphite and copper–CNT systems [10]. Metal 
ions are introduced into graphite, CNTs, and fullerenes 
using salt solutions. For instance, in [9], CNT powder 
was mixed with copper acetate hydrate, and quantum 
copper wires up to 50 nm long were obtained after ther-
mal treatment inside CNTs. The authors in [7; 8] uti-
lized copper chloride for graphite intercalation to pro-
duce superconducting materials [11].

Due to the significant difference in thermal expan-
sion coefficients, conventional preparation methods 
struggle to achieve effective interfacial adhesion 
between the copper matrix and carbon. Even rolling at 
different temperatures with high degrees of deforma-
tion [13] fails to strengthen the phase interface and 
reduce electrical resistivity.

Since graphite lacks physicochemical interaction 
with the copper matrix, carbide-forming elements such 
as boron, chromium, etc. [14] are added to the CM 
to enhance bonding between copper and carbon at 
the phase interface. Additionally, the carbon surface is 
oxidized with acids [15] and salts, resulting in the intro-
duction of ultra-dispersed copper into the material 
pores. This process leads to reduced friction coefficient 
and wear, while improving electrical conductivity and 
mechanical properties [16]. In [17], preliminary chemi-
cal copper-plating of natural flake graphite is utilized 
to enhance the adhesion of graphite to the copper 
matrix, albeit complicating the technological process 
and increasing costs. 

There are documented instances of obtaining inter-
calated structures of graphite without special process-
ing. In [18], graphite was introduced into a copper 
melt at 1200–1250 °C, yielding a copper alloy with 
lower electrical resistivity and higher tensile strength 
compared to existing ones. Authors in [19] conducted 
intercalation by incubating samples of highly oriented 
pyrolytic graphite (HOPG) for 20 min in a 99.99 % 
pure copper melt at 1473 K in vacuum. Analysis 
of the diffraction pattern of graphite containing cop-
per atoms revealed planes with atoms displaced from 
their initial positions within its structure. The authors 
explain these results by the formation of intermediate 
complexes with copper ions in graphite. If the metal 
atom leaves a pair of rings in the plane of the graphite 
grid, the latter instantly establishes “diamond” bonds 
with molecular networks corrugating in the area where 
the metal was located. 

ность композиционных материалов медь–графит. Установлено, что с увеличением содержания графита повышаются пори-
стость и удельное электросопротивление композиционных материалов, а прочность снижается. В материалах, содержащих 
сульфат меди, происходит восстановление меди из соли в виде нанодисперсных частиц на поверхностях и внутри графи-
товых чешуек, что способствует снижению удельного электросопротивления по сравнению с композитами медь–графит 
без добавок солей. При добавлении ацетата меди в композиционный материал восстановление меди из соли происходит 
преимущественно на поверхностях частиц графита в виде микродисперсных частиц и их сростков, так как раствор ацетата 
меди не смачивает графит. Удельное электросопротивление при этом было несколько больше, чем у композита с сульфатом, 
но меньше, чем у материала без солей. Прочность на изгиб исследованных материалов при введении солей понижалась за 
счет повышения пористости и появления дефектов кристаллического строения графита при его интеркалировании медью.  

Ключевые слова: композиционный материал (КМ), медь, графит, сульфат меди, ацетат меди, удельное электросопротивление, 
пористость, прочность, интеркалирование
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The powder metallurgical technique enables to con-
trol the properties of composite materials by adjust-
ing compositions and manufacturing methods across 
a wide range of options. In [20], a copper–graphite 
composite material was fabricated through sintering 
at a pre-melting copper temperature. Additional reflec-
tions identified via X-ray phase analysis of the sintered 
CM of copper and colloidal graphite corresponded 
to those described in [21]. The resulting materials 
exhibited low electrical resistivity and were evalu-
ated as electrodes-tools for electro-erosion machining, 
bene fitting from their high electrical and thermal con-
ductivity properties. 

Considering the method of pretreating graphite 
with acids and subjecting it to high pressure of copper 
vapor, the formation of intercalated compounds with 
copper appears quite feasible [21; 22]. 

The objective of the current study is to investi-
gate the impact of treating graphite with copper salts 
on the physical and mechanical properties of copper–
graphite CMs.

Experimental and research  Experimental and research  
techniquestechniques

To produce copper–graphite samples, we utilized 
PMS-1 copper powder (according to GOST 4960-75), 
S-1 colloidal graphite (per TS 113-08-48-63-90), CuSO4 
(according to GOST 19347–2014), or (CH3COO)2Cu 
salt, which was prepared from copper powder and 
glacial acetic acid. The surface of compacted graphi te 
powder was moistened with 7 %-aqueous solutions 
of salts using the sessile drop method, with the wet-
ting angle being determined based on photographs. 
In some instances, non-ionogenic surfactants were 
added to the salt solutions. 

We mixed S-1 graphite powder with copper salts in 
amounts sufficient to achieve 10 % copper content after 
reduction. Distilled water with or without the required 
amounts of salts and surfactants was added, and 
the powder was dispersed in an ultrasonic bath (USB) 
ST-400S (Russia), then dried at room temperature 
and subsequently reduced in hydrogen at tempera-
tures ranging from 750 to 1000 °C. For the production 
of composite materials (CMs), copper and graphite 
powders were mixed in proportions of 1 or 5 wt. % 
with a non-ionogenic surfactant (with salts added in 
some cases). The mixtures were dispersed in the USB 
(ST-400S) with ethyl alcohol and dried. The result-
ing powders were pressed at a pressure of 600 MPa 
using the P-125 press (manufactured in Russia) and 
annealed in the SGV furnace (manufactured in Russia) 
in a hydrogen atmosphe re at 870 °C for 1 h. After 
annealing, samples were additionally compacted in 

the mold at a pressure of 600 MPa. Finally, the sam-
ples were sintered in a vacuum at temperatures ranging 
from 1070 to 1080 °C for 2 h using the SNVE-1.3.1/16 
furnace (Russia).  

The X-ray phase analysis was conducted using 
the XRD-6000 diffractometer (Shimadzu, Japan) with 
CuKα-radiation. The phase composition was identified 
using the International Center for Diffractographic 
Measurements files, and Crystallographica Search-
Match Version 2.0.3.1 (Oxford Cryosystems Ltd), was 
employed for data processing. The shooting parameters 
included an angle range from 10 to 110° with a step 
of 0.02°. The structure of copper–graphite CM samples 
was examined using a Tescan Vega 3 scanning elect ron 
microscope equipped with an EDX-analyzer (Czech 
Republic).

The properties were tested on 3–10 samp les per 
point. The density and porosity of composite materi-
als were determined using the calculation method 
according to the standard technique (GOST 18898–89). 
The electrical resistivity of the CM was calculated from 
the sample resistance determined by the GOM-802 
device (Russia), using a method based on measuring 
the potential difference across the conductor section. 
The strength at three-point bending of samples without 
cracks was tested using the FP 10/1 machine (Germany), 
following the procedures outlined in GOST 18227–85, 
with a loading speed of 2 mm/min and a distance 
of 40 mm between the supports. 

Results and discussionResults and discussion
The contact angle of wetting the graphite surface 

with copper sulfate solution was significantly smaller 
than that of wetting it with copper acetate solution 
(Fig. 1, a, b). Upon addition of a non-ionogenic sur-
factant to the aqueous solutions of both salts, these 
values decreased further: from 70 to 34° for cop-
per sulfate (Fig. 1, c), indicating wetting according 
to the well-known Thomas Young formula, suggesting 
that the solution with surfactant is close to spreading 
on graphite. However, for copper acetate, the contact 
angle decreased only insignificantly, from 110 to 98°, 
implying nonwettability (Fig. 1, d). 

It is noteworthy that even after several minutes, 
drops of salt solutions continued to spread on the gra-
phite surface, indicating its interaction with the salts. 
The experiment involving the reduction of graphite 
powder treated with salt solutions allowed us to simu-
late the mechanism of forming the structure of copper–
graphite composite material during sintering.

We examined the phase composition after the reduc-
tion of copper salts in mixtures with graphite in hydro-
gen (Table 1). It was observed that copper acetate is 
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reduced to pure copper even at a temperature of 750 °C, 
with a small amount of Cu2O oxidized copper formed 
(Table 1). As the temperature increases to 1000 °C, 
copper oxide is no longer detected, which is consis-
tent with previous data on copper reduction in hydro-
gen at temperatures ranging from 200 to 400 °C [23]. 
At 750 °C, copper sulfate transforms into copper sul-
fide, and as the temperature rises to 1000 °C, the sul-
fide is reduced to copper, in accordance with thermo-
dynamic calculations [24].

SEM images of graphite mixtures after reduction 
with copper salts reveal that in the sample treated with 
copper sulfate, copper particles are distributed both 
on the surfaces and inside the graphite particles and 
the distribution is quite uniform (Fig. 2, а, b). Surface 
particles account for approximately 20 %, with a maxi-
mum of 50 % (Fig. 2, a, Table 1). The copper particles 
reduced from sulfate measure between 0.2 and 1.0 μm 
in size (Fig. 2, b, Table 1). 

In the graphite sample treated with an aqueous 
copper acetate solution and impregnated to a shal-
low depth, the reduced copper particles are pre-
dominantly located on the surfaces of graphite par-
ticles (Fig. 2, c, d) in the form of large crystals, with 
a concentration on the surface reaching 60 % (78 % 
maximum, Table 1). The particles of copper reduced 
from acetate range from 0.1 to 3.0 μm in size. Given 
that the average copper content in both samples was 
approximately 10 wt. % relative to the graphite mass, 
it is evident that the majority of copper reduced from 
acetate is concentrated on the surfaces of graphite par-
ticles, while in the sample treated with copper sulfate, 
copper particles are mostly situated in the interlayer 
spaces of graphite flakes. These results suggest a simi-
lar reduction of copper from salts during CM sintering 
after their addition.

After the final sintering of composite materials 
containing 99–95 % of PMS-1 copper powder and 
1–5 % of colloidal graphite powder (with and without 
addition of salts), SEM images reveal that copper, in 
the form of spheres of varying diameters, is uniformly 
dist ri buted within graphite inclusions (Fig. 3–5).

Table 1. Phase composition of graphite impregnated with salt after reduction 
Таблица 1. Фазовый состав графита, пропитанного солью, после восстановления

Phase composition Copper concentration, wt. % Copper 
particle 
size, µmbefore reduction

after reduction average in the 
mixture (XRF)

on the graphite surface
average/maximum (EDX analysis)750 °С 1000 °С

Powder mix
С + (CH3COO)2Cu

С, Сu, 
Cu2O

Cu, C ~10 60/78 0.1–3.0

Powder mix
C + CuSO4

C, Cu, 
Cu2O, Cu2S

Cu, C ~10 20/50 0.2–1.0

Fig. 1. Determination of the contact angle of wetting  
with aqueous solutions of (CH3COO)2Cu and CuSO4 salts  

on the surface of pressed graphite powder
а – solution CuSO4 without surfactant (θ = 70°)  

b – solution (CH3COO)2Cu without surfactant (θ = 110°)  
c – solution CuSO4 with surfactant (θ = 34°)  

d – solution (CH3COO)2Cu with surfactant (θ = 98°) 

Рис. 1. Определение краевого угла смачивания  
водными растворами солей (CH3COO)2Cu и CuSO4  
на поверхности прессованного порошка графита

а – р-р CuSO4 без ПАВ (θ = 70°) 
b – р-р (CH3COO)2Cu без ПАВ (θ = 110°) 
c – р-р CuSO4 с добавкой ПАВ (θ = 34°)  

d – р-р (CH3COO)2Cu с добавкой ПАВ (θ = 98°)

Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(2):5–13 
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On the fracture surface of the sintered CM sam-
ple with 5 % graphite without the addition of salts 
(Fig. 3, a), dispersed copper particles ranging in size 
from 0.1 to 0.5 µm are observed in small concentra-
tions. These particles are located both inside and on 
the surfaces of graphite particles (Fig. 3, b).

In the SEM images of the sintered sample contain-
ing 1 % graphite with the addition of copper sulfate 
(Fig. 4), copper particles measuring 5–10 μm in size 
are uniformly distributed in large quantities, appear-
ing on both the surfaces of graphite flakes and between 
the layers of particles (Fig. 4, b).

Since the copper acetate solution fails to wet 
the graphite and does not penetrate deeply, the copper 
particles in Fig. 5, а appear as clusters and aggregates 
on the surfaces of graphite particles, with limited pres-
ence between the layers (Fig. 5, b). These copper par-
ticles on graphite flakes measure about 10–20 µm in 
size, notably larger than those observed in materials 
without salts and after treatment with copper sulfate.

Samples containing 1 % graphite exhibit lower 
porosity (П) and consequently, lower electrical resisti-
vity (ρ), while their bending strength (σbend ) surpasses 
that of CM with 5 % graphite (Table 2). Evidently, 
achieving high density and strength is challenging due 
to the elastic nature of graphite and its limited inter-
action with copper; indeed, some samples with high 
graphite content experienced destruction during press-
ing or after sintering.

Fig. 2. SEM image of S-1 graphite powder after impregnation with aqueous salt solutions and reduction
а – CuSO4 , size of research area S = 100 μm, b – CuSO4 , S = 11 μm, c – (CH3COO)2Cu, S = 80 μm,  d – (CH3COO)2Cu, S = 7 μm 

Рис. 2. СЭМ-изображения порошка графита С-1 после пропитки водными растворами солей и восстановления
а – CuSO4 , размер области исследования S = 100 мкм, b – CuSO4 , S = 11 мкм, c – (CH3COO)2Cu, S = 80 мкм, d – (CH3COO)2Cu, S = 7 мкм

Fig. 3. SEM images of a copper-based CM sample  
with 5 % graphite without salts

a – CM fracture, b – graphite phase in CM 

Рис. 3. СЭМ-изображения образца КМ на основе меди  
с 5 % графита без добавки солей
а – излом КМ, b – фаза графита в КМ

Powder Metallurgy аnd Functional Coatings. 2024;18(2):5–13 
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The treatment of graphite with copper salts signifi-
cantly influences the structure, as well as the physical 
and mechanical properties, of the investigated com-
posite materials, a trend clearly observable in samples 
with 1 % graphite. In materials where graphite remains 
untreated, nanodispersed copper particles form in 
low concentrations, resulting in minimal disruption 

to the graphite crystal structure and yielding the stron-
gest CM samples. 

In the structure of graphite treated with copper sul-
fate, the reduced copper particles are larger and their 
concentration in the interlayer spaces of graphite flakes 
is greater higher. Furthermore, after the final sinter-
ing, there is a slight increase in porosity, indicating 
the thermal expansion of the graphite [24; 25]. This 
may also suggest the completion of copper reduction 
from sulfate. Consequently, in this material, the bonds 
in the graphite crystalline lattice are disrupted, defects 
are formed, and interplanar distances increase. Such 
structural changes naturally result in increased porosity 
and decreased strength compared to CM without salts. 
However, the same material with the highest poro sity 
exhibits lower electrical resistivity than pure cop-
per (ρ = (1.75÷1.80)·10–8 mΩм·mm) due to the high 
concentration of conductive copper particles inside 
the graphite particles. 

After treatment with copper acetate, the amount 
of reduced copper particles inside the graphite par-
ticles is lower than that after sulfate treatment, leadin g 

Fig. 4. SEM images of a copper-based CM sample  
with 1 % graphite and addition of copper sulfate

a – CM fracture, b – graphite phase in CM 

Рис. 4. СЭМ-изображение образца КМ на основе меди  
с 1 % графита и добавлением сульфата меди

а – излом КМ, b – фаза графита в КМ 

Fig. 5. SEM images of a copper-based CM sample  
with 5 % graphite and addition of copper acetate

a – CM fracture, b – graphite phase in CM 

Рис. 5. СЭМ-изображение образца КМ на основе меди  
с 5 % графита и добавлением ацетата меди

 а – излом КМ, b – фаза графита в КМ

Table 2. Physical and mechanical properties  
of copper–graphite composite materials 

Таблица 2. Физико-механические свойства  
композиционных материалов медь–графит

Graphite 
content, wt. %

Salt 
added П, % ρ·10–8,  

mΩ·mm
σbend , 
MPa

1 – 2 1.94 ± 0.15 270 ± 19
5 – 8 3.48 ± 0.23 90 ± 11

1 Copper 
acetate 2 1.71 ± 0.13 230 ± 20

5 Copper 
acetate 8 3.30 ± 0.20 75 ± 9

1 Copper 
sulfate 7 1.69 ± 0.13 200 ± 22
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to slightly higher electrical resistivity and strength. 
However, compared to the material containing 
untreated graphite the specific resistance of the copper 
acetate-modified graphite is lower at equal porosity. 
This is attributed to the presence of copper particles 
inside the graphite. Additionally, the lower strength 
value of these samples is a consequence of some dis-
ruption of the crystalline structure of the graphite.

ConclusionsConclusions
The following conclusions were drawn from 

the experimental research results. 
1. An increase in the graphite content from 1 to 5 % 

in copper-based composites, both with and without 
salts, leads to higher porosity. 

2. Copper acetate undergoes reduction at a tempera-
ture of 750 °C during heat treatment in hydrogen, while 
copper sulfate is reduced at 1000 °C. 

3. The copper reduced from copper acetate salt, in 
the form of large particles, is predominantly observed 
on the surfaces of graphite flakes.

4. During the sintering of CM, even without graph-
ite treatment with copper salts, copper vaporizes and 
penetrates inside graphite particles. 

5. The samples treated with copper salts, after 
sintering, exhibit slightly lower strength and reduced 
electrical resistivity compared to CMs without salts. 
The decrease in electrical resistivity may be attributed 
to possible graphite intercalation with copper, while 
the reduction in strength may be due to emerging 
defects in the graphite structure.
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Abstract. The paper presents the results of theoretical and experimental studies regarding the quality of diffusion welding of the beryl-

lium–copper composite. Numerical investigations of the parameters of heterodiffusion of diffusants and the thickness of the Be–Cu 
pair welded joint under varying temperature-time conditions were conducted. The analytical examinations revealed that the thickness 
of the diffusion weld at the Be–Cu joint varies between 26 and 345 µm, with the temperature increasing from 800 to 1000 °C and 
the holding time ranging from 20 to 120 min. The calculated layer thickness during the diffusion welding of a Be–Cu pair at 800 °C 
for 2 h is 65 µm, with 15 µm on the beryllium side and 50 µm on the copper side. Notably, a CuBe3 intermetallic compound zone 
can form in the diffusion weld, which should be considered an adverse factor that reduces the mechanical properties. To theoreti-
cally substantiate the modification of the structure and properties of the diffusion zone, a numerical study of welding was carried out 
using a 10 μm thick nickel foil spacer, which is readily soluble in beryllium. It was demonstrated that after exposure to temperature-
time conditions at 900 °C for 20 min, a 50 µm wide diffusion-bonded joint is formed. Its structure includes two single-phase zones 
of solid solutions based on copper and beryllium, as well as two two-phase regions consisting of solid solutions hardened with 
intermetallic compounds. Since the weld lacks structural zones consisting solely of intermetallic compounds (unlike when welding 
the Be–Cu diffusion pair), there are grounds to anticipate a reduction in the embrittling effect on the weld.  The results obtained from 
the analytical studies can serve as the foundation for a theoretical prediction method for assessing the quality of diffusion welding 
of the beryllium–copper composite. 

Keywords: beryllium, copper, iron, diffusion welding, heterodiffusion, diffusion rate, composite, temperature, time, phase composition, 
mechanical properties, microstructure
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Аннотация. Представлены результаты теоретических и экспериментальных исследований качества диффузионной сварки 

композита бериллий–медь. Проведены численные исследования параметров гетеродиффузии диффузантов и толщины 
сварного шва пары Be–Cu в зависимости от температурно-временных режимов. В результате аналитических исследований 
было установлено, что толщина диффузионного шва в стыке Be–Cu изменяется от 26 до 345 мкм при увеличении темпе-
ратуры с 800 до 1000 °С и времени выдержки – от 20 до 120 мин. Расчетная толщина слоя при диффузионной сварке пары 
Be–Cu при t = 800 °C в течение 2 ч составляет 65 мкм: 15 мкм со стороны бериллия и 50 мкм со стороны меди. Обращает 
на себя внимание вероятность образования в диффузионном шве зоны интерметаллидного соединения CuBe3 , что является 
неблагоприятным фактором, снижающим механические свойства. Для теоретического обоснования модификации струк-
туры и свойств диффузионной зоны проведены численные исследования сварки с использованием фольговой прокладки 
толщиной 10 мкм из материала, хорошо растворимого в бериллии, – никеля. Показано, что после температурно-временной 
экспозиции при t = 900 °С в течение 20 мин формируется диффузионно-сварной шов шириной 50 мкм. Его структура 
состоит из 2 однофазных зон твердых растворов на основе меди и бериллия, а также двух двухфазных зон, представляющих 
собой упрочненные интерметаллидами твердые растворы. Отсутствие в шве структурных зон, состоящих только из интер-
металлидов (как это имело место при сварке диффузионной пары Be–Cu), позволяет ожидать снижения охрупчивающего 
сварной шов эффекта. Полученные результаты аналитических исследований могут служить основой методики теоретиче-
ского прогнозирования качества диффузионной сварки композита бериллий–медь.

Ключевые слова: бериллий, медь, железо, диффузионная сварка, гетеродиффузия, скорость диффузии, композит, температура, 
время, фазовый состав, механические свойства, микроструктура
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IntroductionIntroduction
Energy issues have recently become more pressing. 

The steadily increasing energy consumption has led to a 
drastic surge in the prices of “carbon” fuels such as gas, 
oil, and coal. Meanwhile, aspirations for “green” tech-
nologies are constrained by limitations in hydro, wind, 
solar, and geothermal energy. Concurrently, scientists 
have linked global warming to the use of carbon-based 
fuels, making the introduction of a “carbon” tax a rea-
sonable measure. 

In light of these developments, scientists are redirect-
ing their focus towards new sources of energy, particu-
larly “hydrogen” and “helium”. Overcoming the appre-
hension surrounding radioactivity, they are also consider-
ing the application and further advancement of nuclear 
energy. One promising avenue in this regard is the devel-
opment of the fusion energy industry, which offers sev-
eral key advantages. The process is highly secure, as 
accidental power excursions in the power reactor are vir-
tually impossible. Fuel reserves in the form of hydrogen 

isotopes are nearly limitless, and the energy processes are 
exceptionally eco-friendly compared to traditional ther-
mal and nuclear power plants. International collaborative 
research groups are actively engaged in this field, nota-
bly in the “International Thermonuclear Experimental 
Reactor” project [1; 2]. 

The energy generated by thermonuclear reactions 
between hydrogen isotopes is released in the form 
of neutron energy (14.1 MeV) and helium ions, specifi-
cally alpha particles (3.5 MeV). This energy is absorbed 
by a specialized device surrounding the plasma called 
the “blanket” and subsequently removed by the primary 
coolant. The reactor employs deuterium and lithium 
as fuel, with tritium being produced during the fusion 
reaction through contact with lithium [3; 4]. 

In order to create a fusion reactor, an array of sci-
entific and technical challenges must be addressed. 
Various components of the reactor are manufactured 
from materials with exceptional physical and mechani-
cal properties across a wide range of temperatures and 
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loads. These materials must also exhibit erosion and 
corrosion resistance in diverse environments while 
remaining unaffected by electromagnetic and electric 
fields and radioactive radiation, among other factors. 
Certain grades of steel, heat-resistant alloys, non-fer-
rous metals like copper, aluminum, beryllium, and tung-
sten, along with super-hard alloys and ceramic-metal 
materials, meet these stringent requirements [5–10]. 

Notably, the inner wall of the toroidal working 
chamber, a critical component, is constructed using 
beryllium [11–20]. Physicists involved in the develop-
ment determined the optimal design for the blanket, a 
three-layer composite consisting of beryllium, a copper 
alloy, and stainless steel with an internal channel sys-
tem for water cooling (Fig. 1). The areas where the con-
stituents of the “beryllium – copper alloy – stainless 
steel” composite solidify should exhibit high thermal 
strength and thermal conductivity. Significant progress 
has been achieved in bonding beryllium and copper 
through brazing technology [18–20]. Nevertheless, 
the diffusion welding technique offers certain advan-
tages [21–24] and, according to the authors, holds 
potential for further enhancing the performance prop-
erties of these composites. 

The research aimed to perform numerical studies 
of the diffusion interaction between composite com-
ponents and to establish a theoretical framework for 
predicting the morphology, composition, and structure 
of diffusion-welded joints.

Experimental Experimental 
The mathematical tools developed by the staff 

of the Moscow Engineering Physics Institute under 
the supervision of Dr. Sci. D. Skorov were used to per-
form diffusion calculations for the interaction between 
beryllium and impurities [25]. Principles for shaping 

the structure of contact zones in heterodiffusion [26] 
were applyed, and reference data on numerical patterns 
of diffusion mobility of the elements under investiga-
tion [27] were incorporated. Furthermore, correspond-
ing state diagrams [28] were analyzed to formulate an 
engineering algorithm for both qualitative (structure) 
and quantitative (width of diffusion and structural 
zones) assessments of contact zones within a specific 
beryllium–copper–iron composite. 

The experimental and analytical studies were con-
ducted in two distinct stages:

1) analytical studies focused on heterodiffusion 
parameters (depth and concentration) of elements in 
the contact zone of diffusion pairs, with a particular 
emphasis on their variation under different tempera-
ture-time conditions;

2) the prediction of the phase composition and sizes 
of structural zones as a function of diffusion welding 
modes.

In the analytical study of element heterodiffusion, 
the concentration of the diffusing element C(z) was 
calculated as a function of distance (x) from the ini-
tial boundary of contact between diffusion pairs and 
time (τ) using equation [25]

  (1)

Fig. 1. Model of a fragment of the International Thermonuclear Experimental Reactor first wall 

Рис. 1. Макет фрагмента первой стенки ИТЭР (International Thermonuclear Experimental Reactor) 
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where  ; τ1 and τ2 stand for interac-  
 
tion time at constant and instantaneous diffusion 
sources, respectively; С(0) represents the concentra-
tion of the diffusant element at the contact boundary. 

In order to determine the value of С(0), the logic 
of contact zone formation during the sintering of dis-
similar, mutually soluble materials was followed by 
the researchers [26]. The Be–Cu state diagram revealed 
that heterodiffusion at the junction of the diffusion pair 
at a temperature of 800 °C produced an intermediate 
γ-phase CuBe with a variable composition. This phase 
contained 11.3 wt. % of Be on the copper side and 
86.7 wt. % of Cu on the beryllium side. The specified 
phase, along with its corresponding chemical composi-
tion, was considered as a constant source with concentra-
tion values С(0) of the respective diffusant at the inter-
phase under the studied temperature conditions. 

The temperature-dependent variation of the dif-
fusion coefficient is represented by the conventional 
equation [27]

where D0 is a coefficient that varies depending on 
the nature of the element; Q represents the activa-
tion energy for the process, kJ; R is the gas constant; 
T denotes temperature, K.

The diffusion coefficients were calculated using 
the formulas [27]

            (2)

.          (3)

The procedure for solving equation (1) is outlined 
in tabular form in [25] and was applied to compute 
the concentrations of diffusants as a function of tem-
perature, time, and the distance from the point where 
the components of the composite initially make contact.

Results and discussionResults and discussion
The thickness of the diffusion zone, or weld, was 

determined as a result of heterodiffusion involving 
the elements of Be–Cu model pairs, in relation to tem-
perature and welding time (Fig. 2). Analysis of the dia-
grams reveal that the thickness of the diffusion weld 
at the Be–Cu joint varies from 26 to 345 μm, with 
an increase in temperature from 800 to 1000 °C and 
an extension of the holding time from 20 to 120 min. 
Theoretical prediction of the phase composition during 

diffusion welding (Fig. 3) was determined by compa-
ring the concentrations of the components (diffusant 
and matrix metal) calculated using formulas (1) to (3) 
with the Be–Cu state diagram.

The calculated layer thickness of the Be–Cu pair 
during diffusion welding at 800 °C for 2 h measures 
65 μm: 15 and 50 μm on the beryllium and copper 
sides, respectively. It’s worth noting that the forma-
tion of intermetallic compounds is possible in the dif-
fusion weld. Under the specified welding conditions 
(800 °C for 2 h), the resulting diffusion weld exhi-
bits a multiphase structure, as shown in Fig. 3. At its 
periphery, solid solutions based on beryllium (αBe ) and 
copper (αCu ), are expected to form, while the СuBe3 
intermetallic compound zone and two-phase regions 
αBe + СuBe3 , βCu + CuBe, αCu + βCu  should emerge 
closer to the initial contact boundary. 

Cooling to 20 °C is expected to lead to a reduction 
in the number of phases. The βCu phase will disappear, 
and the regions containing copper- and beryllium-
based solid solutions will contract. At room tempera-
ture, the 65-μm thick diffusion zone, which includes 
СuBe3 and CuBe intermetallic compounds alongside 
solid solutions, will remain intact (see Fig. 3). 

In order to assess the quality of diffusion bond-
ing, an experimental validation was conducted. 
Cylindrical blanks, each 50 mm in height with a diam-
eter of 100 mm, were fabricated using beryllium grade 
TGP-56 and M3 copper. After surface cleaning via 
etching, the Be–Cu cylindrical blocks were assembled. 
Diffusion welding [24] took place in a laboratory hot-
pressing furnace under vacuum conditions (1.33 Pa) 
at temperatures ranging from 700 to 850 °C for 2 h, 
all while subject to uniaxial compression at a pres-

Fig. 2. Dependence of the thickness of the Be–Cu  
diffusion zone on temperature and time during diffusion  

welding (20–120 min) 

Рис. 2. Зависимость толщины диффузионной зоны Be–Cu  
от температуры и времени (20–120 мин)  

диффузионной сварки
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Fig. 4. Mechanical test samples 

Рис. 4. Образцы для механических испытаний

Fig. 3. Predicted quality parameters of Be–Cu diffusion welds at t = 20 and 800 °C,  
including diffusion depth, concentration of elements, phase composition, and dimensions of structural zones 

Рис. 3. Прогнозируемые параметры качества диффузионно-сварных швов Be–Cu  
(глубина диффузии, концентрация элементов, фазовый состав и размеры структурных зон) при t = 20 и 800 °C

Be–Cu diffusion-welded bimetal samples'  
mechanical test results 

Результаты механических испытаний образцов  
из диффузионно-сварного биметаллла Be–Cu

Welding 
temperature, °С

Relative 
elongation, %

Tensile 
strength, 

MPa

Offset yield 
point, MPa

700 The samples were destroyed during 
manufacturing process

750 0.6 185 172

800 – 120 –

850 The samples were destroyed during 
manufacturing process

sure of 10 MPa. The integrity of each blank’s joint was 
evaluated based on the outcomes of mechanical ten-
sile tests performed on three samples (as depicted in 
Fig. 4). The results are provided in the Table below.

The analysis of the data obtained reveals that, 
in all cases, the samples were damaged at the junc-

ture of the ingredients intended for welding, where 
the СuBe3 embrittling intermetallic phase was formed 
during the diffusion interaction (Fig. 5). For this rea-
son, the level of joint’s mechanical properties did not 
surpass 50 % of the values for the matrix metal which 
is beryllium.
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Therefore, the underlying issue with the designed 
composite lies in the fact that the Be–Cu zone, which 
emerges in the weld structure, comprises grains 
of the CuBe3 intermetallic compound exclusively. This 
can result in the embrittlement of the welded joint and 
a subsequent reduction in its mechanical characteristics. 

In order to address this structural flaw, further 
numerical studies were carried out with an aim 
to employ foil spacers made from metals that readily 
dissolve in the materials of the diffusion pair. These 
metals must have a melting point not lower than that 
of copper and should not form structural single-phase 
regions consisting solely of intermetallic compounds. 
The thickness of these spacers is also a critical fac-
tor. During the process of heterodiffusion, the spacer’s 
material should dissolve within the major components 
(beryllium and copper). 

Hence, the decision was made to employ a 10 µm 
thick nickel foil spacer, which was hypothetically posi-
tioned between the beryllium and copper materials. 
Subsequently, numerical studies were conducted based 
on the aforementioned algorithm. To calculate diffu-
sion coefficients [27], using the relationships (2)–(7):

       (4)

       (5)

      (6)

      (7)

heterodiffusion parameters, including depth, concen-
tration, and the thickness of diffusion zones formed 
during welding within the temperature range of 800–
1000 °C for 20–120 min, were determined employing 
equation (1) (Fig. 6). 

Analysis of the diagrams (refer to Fig. 4 and 6) 
reveals that a diffusion zone, similar in thickness 
to the one achieved by Be–Cu welding (at t = 800 °C 
for 2 h), can be attained by welding with a nickel spacer 
at t = 900 °C for 20 min. The predicted concentration 
of elements and the structure of the weld are presented 
in Fig. 7. 

At a welding temperature of 900 °C, the diffu-
sion layer encompasses two zones comprising solid 

Fig. 5. Microstructure (×200) of Be–Cu weld after diffusion welding at t = 800 °C for 2 h 

Рис. 5. Микроструктура (×200) сварного шва Be–Cu после диффузионной сварки при t = 800 °С, 2 ч

Fig. 6. Dependence of the thickness of the Be–Ni–Cu  
diffusion zone on temperature and time during diffusion  

welding (20–120 min) 

Рис. 6. Зависимость толщины диффузионной зоны  
Be–Ni–Cu от температуры и времени (20–120 мин) 

диффузионной сварки
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solutions based on copper αCu and beryllium αBe . 
Additionally, there are two zones with structures rein-
forced by intermetallic compounds, specifically CuBe 
and NiBe. However, upon cooling to room tempera-
ture, the αBe zone disappears, leaving three distinct 
structural zones: αBe + CuBe, αBe + NiBe and αCu (refer 
to Fig. 7).

Notably, what stands out is that the formation 
of single-phase regions consisting solely of interme-
tallic compounds is not anticipated in the structure 
of the diffusion-welded joint. This outcome should 
be considered a positive effect stemming from the uti-
lization of a nickel spacer in Be–Cu diffusion welding. 

ConclusionsConclusions
Based on the numerical studies and theoretical pre-

diction, the following conclusions can be drawn.
1. When diffusion welding the beryllium-copper 

model pair at 800 °C for 2 h, a diffusion solidification 
zone, 65 μm in width, is expected to form. This zone 
will consist of beryllium-based solid solutions αBe and 
copper-based solid solutions αCu , two-phase regions 
αBe + СuBe3 , αCu + CuBe, and a layer of СuBe3 inter-
metallic compound.

2. The presence of a single-phase region composed 
of СuBe3 intermetallic compound in the structure 
of diffusion-welded joint should be considered a detri-

mental factor that makes the weld brittle and reduces 
its overall quality. 

3. The introduction of a 10 µm thick nickel spacer 
between the welded beryllium–copper elements allows 
for the modification of the studied joint by elimina ting 
the single-phase intermetallic region from the weld 
structure.

4. Following additional experimental validation, 
the results obtained from the analytical studies can serve 
as the foundation for a method to theoretically predict 
the structural and morphological quality of beryllium-
copper diffusion-welded joints. This prediction method 
encompasses phase composition and the size of struc-
tural zones within the diffusion welds.
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Abstract. Composite ceramic materials based on B4C with the addition of TiB2 in amounts of 0, 10, 20, 25 and 30 mol. % have been 

studied. Titanium diboride was synthesized from TiO2 powder and nanofibrous carbon using the boron carbide method in an induc-
tion furnace at 1650 °C in an argon atmosphere. The samples were produced by hot pressing at 2100 °C and 25 MPa in an argon 
environment. The phase composition was determined, and the apparent density and open porosity of the experimental materials 
were measured. The microstructure was assessed using optical and scanning electron microscopy. The investigations revealed 
that an increase in the TiB2 content reduces the open porosity while concurrently enhancing the relative density of the boron 
carbide ceramics. For a sample containing 30 mol. % TiB2 , the open porosity and relative theoretical density were 1.6 and 
99 %, respectively. Using XRD and XRS analyses established that the synthesized materials are comprised of two phases: B4C 
and TiB2 . The average grain size of TiB2 was 0.85 ± 0.02 µm for the sample with 10 mol. % TiB2 and 8.90 ± 0.25 µm for the mate-
rial with 30 mol. % TiB2 . It was found that at higher TiB2 concentrations, large clusters of grains are formed. The destruction 
pattern of B4C grains is intragranular, while TiB2 grains are characterized by intergranular destruction. For a sample containing 
30 mol. % TiB2 , the fracture toughness was 4.97 ± 0.23 MPa∙m0.5, and the hardness was 3320 ± 120 HV0.5 . Therefore, the addi-
tion of TiB2 at these specified concentrations facilitated a 30 % enhancement in fracture toughness relative to single-phase B4C 
while preserving a high level of hardness.
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IntroductionIntroduction
Ceramics based on B4C are garnering significant 

interest from the research community due to their dis-
tinct combination of properties, including a high level 
of hardness (50 GPa) and low density (2.52 g/cm3), posi-
tioning them as a promising candidate for the fabrication 
of sandblasting nozzles [1–3]. 

Achieving a density in B4C ceramics that approxi-
mates the theoretical maximum is challenging due 
to the presence of strong covalent B–C bonds, a low 
self-diffusion coefficient, and substantial resistance 
to grain boundary slippage. B4C also presents limita-
tions in terms of its relatively modest fracture tough-
ness (3.1–3.2 MPa∙m0.5) [4] and bending strength 
(475–579 MPa) [5].

Suppressing the growth of B4C grains through 
the establishment of a two-phase structure has been 
shown to enhance sintering conditions, thereby facili-
tating the production of ceramics with a relative den-

sity nearing the theoretical ideal [6; 7]. Furthermore, 
the development of composite materials derived from 
boron carbide impacts the pattern of destruction. 
Introducing dispersed particles that exhibit greater 
plasticity into the B4C matrix promotes the dissipation 
of crack energy within the ceramics [8], culminating in 
an increase in material fracture toughness [9].

Titanium diboride is frequently utilized as an 
additive that favorably influences the characteristics 
of B4C ceramics. The B4C–TiB2 system is character-
ized by an absence of significant mutual solubility, 
with TiB2 establishing a mechanical mixture alongside 
B4C. A composition comprising 75–78 mol. % B4C and 
22–25 mol. % TiB2 aligns with a eutectic point that has 
a melting temperature of 2200 °C [10; 11]. Consequently, 
the sintering process for the B4C–TiB2 composite mate-
rial is executed at a reduced temperature, resulting in 
a structure that features isolated TiB2 grains dispersed 
throughout a polycrystalline B4C matrix [12]. The coef-
ficients of linear thermal expansion for titanium boride 

  xabirov.2016@stud.nstu.ru
Аннотация. Исследованы композиционные керамические материалы на основе B4C с добавлением TiB2 в количестве 0, 10, 

20, 25, 30 мол. %. Диборид титана был синтезирован из порошка TiO2 и нановолокнистого углерода карбидоборным 
методом в индукционной печи при температуре 1650 °С в потоке аргона. Образцы получены методом горячего прессо-
вания при температуре 2100 °С и давлении 25 МПа в атмосфере аргона. Определен фазовый состав и измерены кажу-
щаяся плотность и открытая пористость экспериментальных материалов. Микроструктуру оценивали методами оптиче-
ской и растровой электронной микроскопии. Выявлено, что увеличение содержания TiB2 снижает открытую пористость 
и увеличивает относительную плотность керамики на основе карбида бора. Для образца, содержащего 30 мол. % TiB2 , 
открытая порис тость и относительная от теоретической плотность составили 1,6 % и 99 % соответственно. Методами 
рентгенофазового и микрорентгеноспектрального анализов установлено, что полученные материалы состоят из двух фаз – 
B4C и TiB2 . Средний размер зерен TiB2 составил 0,85 ± 0,02 мкм для образца с 10 мол. % TiB2 и 8,90 ± 0,25 мкм для мате-
риала с 30 мол. % TiB2 . Установлено, что при более высокой концентрации TiB2 образуются крупные скопления зерен. 
Характер разрушения B4C-зерен – внутризеренный, а для TiB2-зерен характерно межзеренное разрушение. Для образца, 
содержащего 30 мол. % TiB2 , трещиностойкость составила 4,97 ± 0,23 МПа∙м0,5, твердость – 3320 ± 120 HV0,5 . Таким 
образом, добавка TiB2 в таком количестве позволила увеличить трещиностойкость на 30 % по сравнению с однофазным 
B4C и сохранить высокий уровень твердости.  

Ключевые слова: композиционная керамика, B4C, TiB2, трещиностойкость, отклонение трещины
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and boron carbide are markedly different (5.5∙10–6 °C–1 
for B4C, 7.8∙10–6 °C–1 for TiB2) [13]. In this regard, in 
such materials, upon cooling after sintering, residual 
stresses arise, which, according to the authors of [14], 
reach 1 GPa. Therefore, upon cooling after sintering, 
residual stresses emerge within the material, which, as 
suggested by [14], can reach up to 1 GPa. Here, not 
only the magnitude but also the distribution of these 
stresses is of critical importance. Tensile stresses and 
microcracks tend to form along the grain boundaries, 
whereas the compressive stresses within B4C crystal-
lites act to inhibit their growth and the subsequent 
development of macrocracks [15]. This stress distribu-
tion significantly contributes to the elevated fracture 
toughness observed in these ceramics [16; 17].

B4C–TiB2 composites produced via hot pressing (HP) 
attain a relative density of 99.8 % and a fracture tough-
ness of 9.4 MPa∙m0.5, albeit with a slight reduction in 
hardness (26 GPa) when contrasted with additive-free 
B4C [5; 14; 18–21]. It has been observed that the in-
situ formation of titanium diboride within the mate-
rial – arising from the synthesis of B4C, TiB2 , and car-
bon during ceramic sintering – contributes to enhanced 
mechanical properties of the sintered composite relative 
to composites incorporating directly added TiB2 pow-
ders [5; 14; 22]. Nevertheless, the mechanisms govern-
ing the evolution of the microstructure of B4C ceramics 
with varying concentrations of TiB2 additive, as well as 
its impact on the properties of the composites, remain 
insufficiently elucidated in the literature.

In the studies reported in [6], the properties and 
microstructure of B4C ceramics were analyzed in cor-
relation with the concentration of the TiB2 additive. 
An increase in fracture toughness was observed with 
an increase in TiB2 content beyond 10 %; however, 
the incorporation of more than 30 mol. % TiB2 resulted 
in diminished hardness and bending strength, attribut-
able to the intrinsically lower strength attributes of TiB2 . 
Additionally, an elevated TiB2 content exceeding 
30 mol. % was correlated with a decrease in the com-
posite’s relative density [12; 23], potentially due to TiB2 
limited sinterability [6].

In the current research, TiB2 was synthesized through 
the boron carbide method using B4C, TiO2 , and a carbo-
naceous agent. Typically, acetylene black with a specific 
surface area (Ssp ) of approximately 50 m2/g is utilized 
as a carbon source in the synthesis of refractory oxy-
gen-free compounds. In this instance, nanofibrous car-
bon, also with an Ssp of around 50 m2/g, was employed. 
The use of carbon materials with an expansive specific 
surface area is known to expedite solid-phase reactions, 
hence their application represents a promising avenue in 
the exploration of methodologies for synthesizing com-
posite ceramics [24].

The objective of this study is to delineate the patterns 
in the formation of phase composition, microstructure, 
and properties of B4C composite ceramics that incorpo-
rate TiB2 synthesized with the aid of nanofibrous carbon. 

Materials and methodsMaterials and methods
Highly dispersed B4C powders (98.5 % purity, 2.1 µm 

particle size), synthesized according to the method given 
in [25], TiO2 (99 %, purity, 1 µm particle size) and nano-
fibrous carbon (99 % purity) were utilized as the initial 
components. The latter consisted of granules 0.4–8.0 mm 
in size, which were composed of intertwined fibers 
with an average diameter of 73 nm, and was produced 
by the catalytic decomposition of natural and hydro-
carbon gases [26]. To enhance reactivity, the nanofi-
brous carbon granules were pre-milled in an AGO-2S 
plane tary mill for 5 min at an acceleration of 15g and 
a ball-to-material weight ratio of 15:1. The drums and 
milling media were made of ZrO2 . The average particle 
size of the nanofibrous carbon granules post-milling was 
3.9 μm. The proportions of the initial powders in the mix-
ture were calculated to facilitate the formation of 10, 20, 
25 and 30 mol. % TiB2 in the sintered ceramics. Samples 
of B4C without additives were also prepared.

The composition of the powder mixtures was deter-
mined based on an analysis published data. Titanium 
diboride was synthesized in a solid phase reaction using 
the boron carbide method [27], according to the follow-
ing reaction [22]

(1 – 0.5x)B4C + xTiO2 + 1.5xC =

= (1 – x)B4C + xTiB2 + 2xCO,

where x is the mole fraction of TiB2 in the mixture.
The mixing of boron carbide, titanium oxide, and 

nanofibrous carbon powders occurred in an AGO-2S 
planetary mill for 5 min at an acceleration of 20g, using 
a ball-to-material weight ratio of 30:1. Only powders 
that had been sieved through a 100 µm mesh were used. 
The synthesis of TiB2 was performed in an indirect 
heating induction furnace under an argon atmosphere 
at 1650 °C, with a dwell time of 20 min. The median 
particle sizes (d50) for the synthesized powders contain-
ing 10, 20, 25 and 30 mol. % TiB2 were 7.4, 8.3, 8.4 and 
13.4 µm, respectively. 

The synthesized powders were employed to fabricate 
samples by hot pressing (HP) at 2100 °C under a pres-
sure of 25 MPa in an argon atmosphere. The HP process 
lasted for 70 min, with a dwell time at the maximum 
temperature of 25 min. The dimensions of the sintered 
samples were 20 mm in diameter and 4 mm in height. 
The HP parameters were chosen with consideration 
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of published findings. For instance, research detailed 
in [28] indicates that a HP temperature of 2100 °C yields 
the highest relative density in ceramics. Other stu-
dies [29; 30] have also conducted hot pressing of B4C 
ceramics at this temperature.

Diffraction patterns were captured using an ARL 
X’TRA diffractometer (Thermo Scientific, Switzerland) 
equipped with a θ–θ goniometer. The end surfaces 
of the samples which had been cleared of any residues 
from the graphite paper used as a separator during the hot 
pressing process, were photographed after a meticulous 
grinding process.

The phase composition was determined utiliz-
ing the corundum number method. A profile analysis 
of the diffraction pattern was carried out in the Fityk 
software package (Poland) to assess the integral inten-
sity of the largest phase peaks. The weight fraction 
of the phases was calculated according to the formula

where  is the integral intensity of the largest peak 
of the given phase, RIRk is the corundum number of that 
phase.

The apparent density and open porosity of the cera-
mics were measured by hydrostatic weighing. The rela-
tive density was determined as the ratio of the apparent 
density to the theoretical value: 

rel

The theoretical density for each composite was cal-
culated using the rule of mixtures, referencing the X-ray 
density values of the components found in the literature 
B4C (2.5 g/cm3) and TiB2 (4.5 g/cm3) [31–33].

The average particle size of the powder was deter-
mined using a MicroSizer 201 VA Instrument laser par-
ticle size analyzer (VA Instalt, Russia). Microstructural 
examination was performed on polished sections and 
fracture surfaces employing EVO 50 optical and scan-
ning electron microscopes (Carl Zeiss, Germany). 
To enhance the electrical conductivity of the samples 
under investigation, a copper layer approximately 20 nm 
in thickness was sputtered onto the polished surfaces. 
The chemical composition of the samples was analyzed 
through energy dispersive X-ray spectroscopy (EDX) 
using the INCA X-ACT system, and maps depicting 
the distribution of chemical elements were generated.

Hardness and fracture resistance measurements were 
conducted utilizing a 402MVD hardness tester (Wolpert 
Group, Germany) equipped with a diamond tetrahedral 
Vickers pyramidal indenter. Hardness was measured 
by the Vickers method under an indenter load of 500 g, 
while fracture toughness tests were administered with 
a load of 5 kg. The values of this index were initially 
computed using various methods, inclusive of equations 
from [34; 35]. The utilization of equations that con-
sider Young’s modulus (E) yields more accurate values 
of the critical stress intensity factor  (KIc ), especially 
when investigating composite materials with significant 
discrepancies in E values. Employing simplified equa-
tions often results in overestimations that deviate sub-
stantially from actual values [36]. Consequently, most 
literature concentrating on the evaluation techniques for 
calculating the critical stress intensity factor use equa-
tions that include Young’s modulus [34; 35]:

where Hv is the hardness, GPa; l is the crack length, 
μm; a is the indentation half diagonal, μm; φ = 3 is 
the constant. 

The Young’s modulus of the experimental materials 
was determined using the rule of mixtures:

where Ei and Ej are the Young’s modulus values of B4C 
and TiB2 , respectively, GPa; mi and mj are their weight 
fractions, %.

For these calculations, the values of Young’s modu-
lus for hot-pressed B4C (450 GPa) and TiB2 (530 GPa) 
were taken from [31–33].

Results and discussionResults and discussion

Open porosity  Open porosity  
and density of composite  and density of composite  

ceramic materialsceramic materials
The study evaluated the impact of varying tita-

nium diboride concentrations on the alteration of (ρrel ) 
and open porosity (P). The findings are illustrated 
in Fig. 1. In the B4C ceramics devoid of additives, 
a high ρrel was observed at 97.66 ± 0.49 %, with 
P = 0.07 ± 0.02 %. These figures confirm the appropri-
ateness of the selected hot pressing parameters, which 
facilitated the production of low-porosity ceramics. 
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Nevertheless, the sample containing 10 mol. % TiB2 
exhibited a lower ρrel and increased P.

With the escalation of TiB2 content to 30 mol. %, 
there was a 15 % increase in relative density and a 42 % 
reduction in open porosity in comparison to the speci-
men with 10 mol. % TiB2 . The resulting material’s 
relative density is on par with that of composite B4C 
ceramics reported in other studies [6; 7; 37]. 

Phase analysisPhase analysis
Fig. 2 presents the X-ray diffraction pattern 

of a composite material consisting of boron carbide and 
30 mol. % titanium diboride, which is characterized by 
the highest relative density. The sample’s composition 
by weight percentage is: 65B4C, 31TiB2 and 4C. 

Graphite paper served as a barrier between the punch 
and the powder during hot pressing. It is possible that 
particles of the graphite penetrated into the more pro-
found pores evident on the sample’s surface. This could 
account for the carbon reflection observed in the dif-
fraction pattern.

The lack of TiO2 reflections in Fig. 2 suggests 
the complete reaction of the starting powder materials. 
Furthermore, the absence of ZrO2 reflections implies 
that there was no significant attrition of the milling 
media during the milling process.

Microsrtructural studyMicrosrtructural study
The microstructure of composite ceramics with 

a 30 mol. % addition of TiB2 comprises a matrix (appea-
ring gray in images) interspersed with light-colored clus-
ters of varying sizes (Fig. 3, a). To elucidate the consti-

Fig. 1. Relative density ( ) and open porosity ( ) of experimental 
materials as a function of the amount of TiB2 additive 

Рис. 1. Относительная от теоретической плотность ( )  
и открытая пористость ( ) экспериментальных материалов  

в зависимости от количества добавки TiB2

Fig. 2. XRD pattern of B4C ceramic sample with 30 mol. % TiB2 

Рис. 2. Рентгеновская дифракционная картина  
образца керамики B4C с 30 мол. % TiB2

Fig. 3. Results of EDX analysis of ceramics  
containing 30 mol. % TiB2

a – general view of the investigated area, b – EDX spectrum 

Рис. 3. Результаты EDX-анализа керамики,  
содержащей 30 мол. % TiB2

а – общий вид исследуемой области,  
b – характеристический рентгеновский спектр
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tuents of the structure, maps detailing the distribution 
of chemical elements were generated, and reflections 
indicative of boron and titanium were observed within 
these light clusters (Fig. 3, b). Consequently, these clus-
ters have been identified as the TiB2 phase. The absence 
of zirconium in the spectral analysis further corroborates 
the lack of significant wear on the grinding media during 
processing.

The material with 10 mol. % TiB2 exhibits a low rela-
tive density and elevated open porosity, which is attributed 
to the large number of pores (Fig. 4, a). TiB2 grains are 
evenly dispersed throughout the B4C matrix. However, an 
increase in TiB2 content is associated with the emergence 
of larger aggregates of this phase (Fig. 4, b).

Fig. 5 provides histograms that portray the distri-
bution of TiB2 grain size across composites of varying 
compositions, while an accompanying table lists their 
mean size (davg) along with the d50 and d90 statistics. 
The grain size distribution curves for the composite 
ceramics exhibit a unimodal configuration with a single 
pronounced peak. A lognormal function was employed 
to model the distribution curve of TiB2 grain sizes in 
the fabricated materials.

With an increment in TiB2 content within the mate-
rial’s composition, there is a corresponding increase in 
the average size of the diboride grains, as well as the for-
mation of large clusters. In the specimen containing 10 
mol. % TiB2 , the largest grain clusters do not exceed 
4.5 µm. The restricted range of size distribution in this 

Average size and parameters  
d50 , d90 of TiB2 grains  

in B4C + TiB2 ceramic samples 
Средний размер и параметры  
d50 , d90 зерен TiB2 в образцах  

композиционной керамики B4C + TiB2

TiB2 , mol. % davg , μm d50 , μm d90 , μm

10 0.85 ± 0.02 0.72 1.37

20 2.05 ± 0.04 1.62 3.47

25 2.40 ± 0.09 1.40 5.26

30 8.90 ± 0.25 1.82 35.89

Fig. 4. Microstructure of B4C samples with 10 mol. % (a) and 20 mol. % (b) TiB2 additions 

Рис. 4. Микроструктура образцов B4C с добавкой TiB2 в количестве 10 мол. % (а) и 20 мол. % (b)

Fig. 5. Histogram plot of TiB2 grain size  
distribution in sintered ceramics:

1 – 10 mol. % TiB2 ; 2 – 20 mol. % TiB2 ;  
3 – 25 mol. % TiB2 ; 4 – 30 mol. % TiB2 

Рис. 5. Участок гистограммы распределения  
размера зерен TiB2 в спеченной керамике:

1 – 10 мол. % TiB2 ; 2 – 20 мол. % TiB2 ;  
3 – 25 мол. % TiB2 ; 4 – 30 мол. % TiB2 
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ceramic suggests a uniform growth of the second phase 
inclusions. Conversely, clusters measuring up to 320 µm 
were identified in the sample with 30 mol. % TiB2 . 
The distribution function graph for the TiB2 grain sizes in 
this sample demonstrates an asymmetrical profile, with 
a considerable presence of coarse grains, as indicated 
by the elevated d90 values. Meanwhile, the d50 para-
meter shows only a minor increase with the rise in TiB2 
concentration. Therefore, the microstructure of the cera-
mics is characterized by a combination of uniformly 
distributed fine TiB2 grains and larger grains and clus-
ters. This phenomenon is likely due to the high degree 
of agglomeration present in the initial powder mixtures 
and the subsequent growth of these agglomerates during 
the TiB2 synthesis process. 

Microstructural images from studies [18; 23] also 
affirm that the size of grain clusters for this phase 
expands as the TiB2 concentration increases. Findings 
by researchers in [38] demonstrate that employing finer 
B4C powder aids in creating fine-grained B4C–TiB2 
ceramics with a more homogeneously distributed TiB2 
phase.

To mitigate the inhomogeneity of the grain structure, 
it is advisable to extend the milling duration of the pow-
der mixtures prior to the synthesis of TiB2 powder, and 
also to perform additional milling of the synthesized 
powder mixture. 

Mechanical propertiesMechanical properties
The incorporation of TiB2, which possesses a lower 

hardness than B4C, results in a decrease in the hardness 
of the B4C–TiB2 composite as depicted in Fig. 6 and 
corroborated by numerous studies [7; 15]. The dimini-
shed fracture toughness observed in samples contain-
ing 10, 20, and 25 mol. % TiB2 additives is attributed 
to their high open porosity and low relative density. 
The presence of large pores within the ceramic matrix 
adversely affects its resistance to crack propagation [39]. 
Nevertheless, enhancing the TiB2 content to 30 mol. % 
yielded improvements in both hardness and fracture 
toughness over materials with lesser additive amounts 
and the pure B4C sample.

Research in [6] reported the fabrication of cera-
mics with 30 mol. % TiB2 from commercial B4C 
and TiB2 powders through spark plasma sinter-
ing (P = 50 MPa, t = 2000 °C). The resultant mate-
rial’s relative density was 97.91 % of theoretical, with 
a hardness of 28.86 ± 0.29 GPa and fracture resistance 
of 4.36 ± 0.1 MPa∙m0.5, figures that are inferior to those 
achieved in the current study. The authors of [6] suggest 
that the decreased performance metrics with TiB2 con-
tents exceeding 5 mol. % are due to TiB2’s limited sinter-
ability. In contrast, our study demonstrates an increase in 

the relative density of ceramics with rising TiB2 concen-
trations, underscoring the enhanced sinterability of tita-
nium diboride synthesized via the boron carbide method 
compared to that of commercial powders.

The research presented in [38] involved synthesiz-
ing ceramics using commercial powders of B4C and 
30 vol. % (37.5 mol. %) TiB2 by hot pressing at 2000 °C 
and 35 MPa. This process produced a material with 
a uniform distribution of TiB2 grains, a theoretical 
relative density of 100 %, and mechanical properties 
(Hv = 30.42 ± 0.79 GPa, KIc = 5.16 ± 0.19 MPa∙m0.5) 
comparable to those observed in the present study, likely 
facilitated by intensive milling for 12 h.

Similarly, [12] describes ceramics with 30 vol. % 
(37.5 mol. %) TiB2 and 100 % relative density, prepared 
from commercial B4C and TiB2 powders subjected 
to 24 h of grinding and subsequently sintered by spark 
plasma sintering at 2000 °C and 60 MPa. This mate-
rial exhibited a hardness of 31 ± 0.5 GPa and a fracture 
toughness of 3.75 ± 0.25 MPa∙m0.5.

These comparative analyses indicate that the mecha-
nical properties of the experimental material developed 
in this work are competitive with those of ceramics fab-
ricated from commercial TiB2 powders. Hence, synthe-
sizing TiB2 from relatively inexpensive starting mate-
rials such as TiO2 , carbon, and B4C emerges as a viable 
strategy to enhance the properties of B4C ceramics.

On the fracture surfaces of the initial B4C sintered 
sample (Fig. 7) and the sample containing 10 mol. % 
TiB2 (Fig. 8, a), transgranular fracture of B4C was 

Fig. 6. Hardness ( ) and fracture toughness ( )  
of composite ceramics as a function of amount  

of TiB2 additive 

Рис. 6. Твердость ( ) и трещиностойкость ( )  
композиционной керамики в зависимости  

от количества добавки TiB2
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Fig. 8. Microstructure of ceramics with addition of 10 mol. % TiB2
a – fracture surface, b – crack deflection on TiB2 grains and agglomerates 

Рис. 8. Микроструктура керамики с добавкой 10 мол. % TiB2
а – поверхность разрушения, b – отклонение трещины на зернах и агломератах TiB2

Fig. 7. Fracture surface of sintered B4C without additives 

Рис. 7. Поверхность разрушения спеченного B4C без добавок
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observed. This indicates a significantly strong cohe-
sive strength among the intergranular bonds. According 
to ceramic materials fracture theory, the dominance 
of a transgranular fracture mechanism positively influ-
ences fracture toughness.

In certain TiB2 grains, a variation in the frac-
ture pattern within the intergranular regions is noted 
(Fig. 8, b). Similar observations were made in pre-
vious studies [15; 22], especially when a crack transi-
tions from B4C to TiB2 . Such variations could stem 
from alterations in the crack’s path as it approaches 
grains possessing a fracture toughness superior to that 
of the B4C matrix. This crack deflection process is likely 
to facilitate the dissipation of energy, thereby enhancing 
the mechanical properties of the composite cera mics [6]. 
In the examined material, such crack deflection was dis-
tinctly visible upon interaction with TiB2 grains (refer 
to Fig. 8, b), accounting for the observed increase in 
fracture toughness in the composite with 30 mol. % TiB2 
in comparison to the additive-free B4C.

ConclusionsConclusions
The investigation has established clear trends in 

the alterations to the microstructure and properties 
of B4C-based composite ceramics as a function of their 
composition.

1. X-ray phase analysis has verified that the sintered 
composite materials are composed of boron carbide and 
titanium diboride. The absence of TiO2 reflections in 
the X-ray diffraction patterns substantiates the complete 
synthesis of TiB2 . 

2. An increment in the TiB2 content results in 
an enlarged average grain size of the diboride, with 
the formation of substantial clusters ranging between 
100–320 μm. This phenomenon may contribute 
to increased anisotropy in the properties of the ceramics. 

3. The prevalent fracture mechanism in B4C is 
observed to be transgranular, while TiB2 exhibits inter-
granular failure. This distinction underscores a modu-
lation in the trajectory of cracks when encountering 
TiB2 particles, where crack deviation is associated with 
the dissipation of energy, thereby enhancing the com-
posite’s fracture toughness.

4. The material incorporating 30 mol. % TiB2 exhi-
bits a synergy of high fracture toughness and hardness. 
This composition is distinguished by its elevated relative 
density, diminished open porosity, and a robust cohesive 
strength among grains.
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Abstract. Mining wastewater, characterized by elevated salt levels, necessitates effective treatment to prevent contamination of under-

ground and surface water. Traditional methods for treating large volumes of mining wastewater with high total dissolved solids 
are expensive, and cost-effective alternatives are limited. In this study, we propose a solution to this challenge: the sorption 
of dissolved substances using a carbonaceous sorbent derived from waste, specifically rice husk biochar. To enhance the sorbent’s 
efficiency, we subjected it to electromagnetic activation, resulting in increased carbon content (from 43.3 to 78.5 % compared 
to the initial biochar), reduced impurities, and particle size reduction to the nanoscale (1–50 nm) with the formation of mesopores 
(mean diameter from the adsorption isotherm is 167 Å) and micropores (4.92 Å). This process contributes to improved composi-
tional homogeneity. The effectiveness of the proposed sorbent was validated through the treatment of wastewater from Kirov Mine 
(Novoshakhtinsk, Rostov Region) under laboratory conditions. The removal rates for dissolved heavy metal ions (iron, zinc, manga-
nese) were found to be 89, 84 and 26 %, respectively. A recommended two-stage sorption treatment involves: (1) static sorption using 
electromagnetically treated rice husk biochar at a concentration of 0.5 g/dm3; (2) subsequent reagent treatment of the suspension 
(SKiF-180 reagent, 1.0 mg/dm3), addition of potassium permanganate for manganese removal, settling for 30 min, and non-pressure 
filtration with a rice husk biochar filter. 

Keywords: mining wastewater, water pollution, static sorption, dynamic sorption, industrial waste, rice husk, electromagnetic treatment, 
activator
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IntroductionIntroduction
Discharge of highly concentrated mining waste-

water into the environment poses a significant hazard 
due its elevated levels of heavy metal ions, including 
iron, manganese, zinc, nickel and others, as well as high 
total dissolved solids (5.0–15.0 g/dm3) [1; 2]. 

Groundwater contamination by heavy metal ions, 
such as soluble Fe2+ and Mn(II) compounds, further 
exacerbates the environmental impact. Russian envi-
ronmental standards specify maximum allowable con-
centrations (MAC) for iron (0.3 mg/dm3) and manga-
nese (0.1 mg/dm3) in drinking water [3; 4]. 

It is essential to recognize that the treatment of mine 
wastewater is a multifaceted process. The initial stage 
involves mechanical treatment, including clarifica-

tion, filtration, and the separation of solid particles 
through centrifugal forces. Subsequent stages encom-
pass chemical processes (coagulation, flocculation, 
sorption, neutralization, decontamination), physi-
cal treatments (ultrasonic, UV, magnetic exposure), 
and biological treatments [5; 6]. A mandatory step in 
the treatment of mine and quarry wastewater involves 
decontamination through chemical methods (ozo-
nation) and physical methods (UV) before discharge 
into the environment [7–9]. 

This study proposes a sorption process for removing 
heavy metal ions dissolved in wastewater. The process 
utilizes a carbonaceous sorbent derived from agro-
industrial waste and subjected to electromagnetic treat-
ment. The suggested solution can be applied in mining 
wastewater treatment plants. 

  arpis­2006@mail.ru
Аннотация. Загрязненная шахтная вода с большим количеством солей делает непригодными для хозяйственно-питьевых 

нужд подземные и поверхностные источники воды. В связи с необходимостью огромных затрат на очистку высокомине-
рализованных вод и недостаточной разработанностью дешевых технологий обезвреживания крупных объемов попытки 
очистить сбрасываемые или стекающие шахтные воды до безопасного уровня оказываются практически безрезультат-
ными. В данной работе предложено одно из решений этой проблемы – сорбция растворенных в воде веществ на углерод-
содержащем сорбенте, полученном из отходов производств. В качестве сорбционного углеродного материала применен 
биоуголь из плодовых оболочек зерен риса (рисовой соломы). Для наиболее эффективного действия сорбента выбран 
способ его подготовки электромагнитным методом в установке активации процессов, что позволило повысить содержание 
углерода в сорбенте с 43,3 до 78,5 % по сравнению с исходным биоуглем, снизить концентрации в нем примесей, а также 
измельчить его до 1–50 нм с образованием мезопор (средний диаметр по десорбции – 167 Å) и микропор (4,92 Å), тем 
самым улучшив однородность состава. Подтверждена эффективность полученного сорбента при обработке им сточных 
вод шахты им. Кирова (г. Новошахтинск, Ростовская обл.) в лабораторных условиях, в частности достигнуто снижение 
количества растворенных ионов тяжелых металлов – железа, цинка, марганца, на 89, 84 и 26 % соответственно. Рекомендо-
вана двухступенчатая сорбционная обработка шахтной воды: (1) сорбция в статических условиях с применением биоугля 
из плодовых оболочек зерен риса с электромагнитной обработкой дозой 0,5 г/дм3; (2) последующая реагентная обработка 
полученной суспензии СКиФ-180 дозой 1,0 мг/дм3, ввод перманганата калия с целью удаления содержащегося марганца, 
затем отстаивание в течение 30 мин в отстойных сооружениях и доочистка фильтрованием через безнапорный фильтр, 
загруженный биоуглем из рисовой соломы. 

Ключевые слова: шахтные сточные воды, загрязнение водоемов, сорбция в статических условиях, сорбция в динамических 
условиях, отходы производств, плодовые оболочки зерен риса (рисовая солома), электромагнитная обработка, установка 
активации процессов
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Materials and methodsMaterials and methods
We utilized biochar derived from rice husks (rice 

straw) as the carbonaceous sorbent. This biochar was 
produced by carbonizing pre-washed rice husks in a 
muffle furnace at 600 °C for 30 min, followed by treat-
ment in an activator (Fig. 1). A portion of the biochar 
was then mixed in distilled water, transferred to a non-
magnetic cylinder containing ferromagnetic particles 
with a weight of m = 200 g, and subjected to a rotat-

ing electromagnetic field for 30 s within the activator. 
Subsequently, it was dried in a desiccator for 4 h at 
t = 105 °С (Fig. 2).

The rotation of ferromagnetic particles in the elec-
tromagnetic field induces a magnetostrictive effect, 
leading to the reduction of oxides on the particle sur-
face. This process results in an increase in the carbon 
content of the sorbent from 43.3 to 78.5 %, as compared 
to the initial biochar, and a reduction in impurities, 
including silicon, from 8.2 to 2.1 % (refer to Table 1).

Table 1. Chemical composition of rice husk biochar samples with and without electromagnetic activation 
Таблица 1. Химический состав полученных образцов биоугля из плодовых оболочек зерен риса  

с электромагнитной обработкой и без нее

Sorbent sample
Content, wt. %

С O Si K Ca Mg Na Cl Fe Al
Original biochar 43.3 42.5 8.2 1.0 1.1 0.9 0.4 0.1 – 2.7

After electromagnetic activation 78.5 18.5 2.1 0.5 0.1 0.1 0.1 – 0.1 –

Fig. 1. The activator
a – general view, b – body 

Рис. 1. Установка активации процессов
а – общий вид, b – рабочий корпус

Fig. 2. The sorbent at each stage of preparation
a – after carbonization of the initial fruit shells of rice grains in a muffle furnace at t = 600 °С;  

b – after processing in the PAU; c – after drying in an oven at t = 105 °С 

Рис. 2. Внешний вид сорбента на разных стадиях подготовки
а – после карбонизации исходных плодовых оболочек зерен риса в муфельной печи при t = 600 °С;  

b – после обработки в УАП; c – после просушивания в сушильном шкафу при t = 105 °С
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The alterations in the chemical composition of bio-
char stem from various processes occurring within 
the activator. The increase in carbon content can be attri-
buted to the disruption of intermolecular bonds [10]. 
Additionally, the interaction of SiO2 with ferromagnetic 
particles leads to the formation of chemical compounds 
on their surface layer, resulting in a reduction in silicon 
content [11]. The activation process not only pulverizes 
the sorbent into the nanoscale range (1–50 nm) but also 
generates mesopores (with a mean diameter of 167 Å) 
and micropores (4.92 Å) while enhancing the homo-
geneity of the composition. Following the preparation 
of the carbonaceous sorbent as described above, we 
assessed its effectiveness for mining wastewater treat-
ment under laboratory conditions.

Table 1 presents the properties of the initial bio-
char derived from rice husks and the biochar following 
electro magnetic activation 1.

We conducted thermogravimetric analysis (TGA) 
of the sorbent, and the summarized results are provided 
below:

Ash content, % . . . . . . . . . . . . . . . . . . . . . 35.8
Moisture content, % . . . . . . . . . . . . . . . . . Not found
Specific surface area, m2/g . . . . . . . . . . . . 7.45
The relative volume of pores 
up to 900 Å in dia., cm3/g . . . . . . . . . . . . . 0.034
Average mesopore diameter 
from the adsorption isotherm, Å . . . . . . . 196
Micropore volume, cm3/g . . . . . . . . . . . . 0.0026
Average micropore diameter, Å . . . . . . . . 4.08
Iodine adsorption, % . . . . . . . . . . . . . . . . . 24
Methylene blue adsorption, % . . . . . . . . . None

The sorbent sample, post-activation, underwent cal-
cination at t = 450 °С for 3 h. During this process, its 
color transitioned from black to brown, and there was 
a slight reduction in volume. The observed 0.7 % loss 
upon heating to 450 °C suggests the potential pres-
ence of a minimal amount of moisture absorbed during 
sample preparation. Given the requirement for a very 
small sample size (less than 20 mg) in thermal analy-
sis, even a minor influence from ambient air moisture 
during sample preparation could impact the results. 
Upon heating to 500 °C, the calcined sample experi-
enced almost negligible weight loss. In the temperature 
range of 500 to 688 °C, a weight loss of approximately 
3.3 % occurred, as indicated by the endothermic effect 
in the DSC curve (Fig. 3). 

The observed process is likely analogous to trans-
formations occurring at t = 620÷685 °C, involving 
the release of chemically bound moisture and some 

organic volatiles. Continued heating to 950 °C led 
to a gradual decline in the rate of weight loss. The resi-
dual weight at 950 °C was determined to be 95.76 %. 
Notably, the TGA curve does not reach a plateau, indi-
cating ongoing decomposition of the sample.

In this study, the wastewater sourced from the 
Kirov mine (Novoshakhtinsk, Rostov Region) was 
employed. The mine generates an estimated daily 
volu me of approximately 40,000 m3 of wastewater, 
which is pumped from the mine and directed to the pri-
mary settling basin for the removal of suspended solids. 
Despite undergoing clarification, the treated wastewa-
ter remains unsuitable for discharge into the environ-
ment, leading to the imposition of environmental pol-
lution penalties. 

An illustration of the mine wastewater composition 
post-treatment at the existing treatment plant is provided 
in Table 2. Notably, this composition does not adhere 
to the stipulated environmental requirements [12; 13].

Our investigation encompassed both the steady-
state and dynamic reduction of dissolved heavy metal 
ion concentrations, specifically iron, manganese, cop-
per, and zinc, under laboratory conditions. In static 
conditions, a fluid element remains stationary rela-
tive to the sorbent particle, indicating that they move 
together. Conversely, in dynamic conditions, the fluid 
element moves relative to the sorbent particle, with 
the absorbed substance present in a mobile liquid phase 
that is filtered through the sorbent layer.

Condition 1. Static sorption conditions: 
– introduction of rice husk biochar, subjected 

to electromagnetic treatment, into the original mine 
wastewater at various amounts (0.1; 0.3; 0.5; 0.7 
and 1.0 g/dm3), followed by mixing in a flocculator 
at 45 rpm for 30 min;

Fig. 3. TGA derivatogram of the sorbent sample 1 

Рис. 3. Дериватограмма термогравиметрического анализа 
образца 1 приготовленного сорбента
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Table 2. Composition of mine wastewater before and after treatment at the existing water treatment plant 
Таблица 2. Состав шахтных вод до и после существующей водоочистки

Mine 
wastewater

Concentration of contaminants, mg/dm3

рН
Total 

hard ness, 
mg eq/L

Susp en-
ded solids

Dissol ved 
oxygen

Chloride 
ions

Sulfate 
ions

Total 
iron

Ca2+ 

ions
Mg(II) 

ions BOD5

Petro-
leum 

products
Original 52 11.58 443 2805 3.5 386 320 17.5 0.06 7.7 40.1

After 
treatment 28 10.63 252 2641 0.95 362 309 2.5 0.04 7.9 40.1

Environ-
mental 
require -
ments*

0.75 4.0 350 500 0.3 3.5 20 20 0.3 6.5–8.5 –

* Standard values for recreational water and water bodies in populated areas [12; 13].

– treatment of the resulting suspension with 
the SKiF-180 reagent, consisting of aluminum poly-
oxychloride as the coagulant and polydiallyldimethyl-
ammonium chloride (PolyDADMAC) as the cationic 
flocculant, at a dosage of 1.0 mg/dm3. This treatment 
involves stirring for 2 min at 200 rpm and an additional 
10 min at 45 rpm;

– allowing the wastewater to settle for 30 min 
to facilitate coagulation;

– filtration through a quartzite pressure filter.
Condition 2. Dynamic sorption conditions (filt    - 

ration):
– treatment of the initial wastewater with the 

SKiF-180 reagent (1.0 mg/dm3) through stirring for 
2 min at 200 rpm and an additional 10 min at 45 rpm;

– settling the wastewater for 30 min to induce 
coa  gulation;

– filtration through a non-pressure filter containing 
rice husk biochar particles sized 1–3 mm.

Results and discussionResults and discussion
All mine drainage samples collected during testing 

were analyzed by a certified laboratory, following stan-
dard test procedures for total iron (PND F 14.1:2:4.50-96), 
manganese (PND F 14.1:2:61-96), copper (PND F 
14.1:2:4.48-96), and zinc (PND F 14.1:2:4.60-96). 
The laboratory employed a UNICO 1201 spectropho-
tometer (UNITED PRODUCTS & INSTRUMENTS, 
USA).

Table 3 presents the concentrations of the men-
tioned chemical elements in mining wastewater after 
static sorption using rice husk biochar (condition 1). 
A notab le reduction in iron ion concentration, ranging 
from 44 to 89 % compared to the initial concentra-
tion, was observed. The optimal treatment efficiency 

was achieved at a sorbent concentration of 0.5 g/dm3. 
The largest decrease in zinc ion content, by 84 %, 
resulted in a concentration of 0.059 mg/dm3. A mar-
ginal drop (4–26 %) in manganese ion concentration 
occurred when 0.3, 0.7 and 1.0 g/dm3 of the sorbent 
were added, while in other cases, the concentration 
increased. Therefore, it is recommended to oxidize 
manganese using potassium permanganate. To remove 
1.0 mg of Mn(II), 1.88 mg of KМnО4 is required. 
As the initial copper ion concentration in the waste-
water is below the rated threshold, evaluating copper 
removal efficiency is not feasible.

Fig. 4 depicts concentration curves illustrating 
the variation of controlled chemical elements (iron, 
manganese, zinc, and copper) in relation to the amount 
of sorbent (rice husk biochar after electromagnetic 
treatment). 

Throughout the tests, we monitored the following 
parameters:

– redox potential, serving as an indicator of the sub-
stance’s ability to accept or donate electrons (oxidation-
reduction capability);

– total dissolved solids, quantifying the amount 
of salts dissolved in water, measured using a TDS-3 
meter, and pH levels. 

The summarized results of these measurements are 
presented in Table 4 and visually represented in Fig. 5. 

It is established that when a certain critical thresh-
old of the hydrogen ion concentration (pH) is reached, 
doubly and triply charged simple and hydrolyzed cati-
ons react to form practically or poorly soluble metal 
hydroxides [14]. However, the measured pH values fall 
within the range of 6.15 to 6.39, indicating a neutral 
environment. The total dissolved solids (TDS) range 
from 258 to 271 mg/dm3, which falls within the cate gory 

Powder Metallurgy аnd Functional Coatings. 2024;18(2):35–44 
Smolyanichenko A.S., Yakovleva E.V. Removal of heavy metal ions from industrial (mining) ...



40

TDS may be necessary to establish a relationship with 
the amount of sorbent. 

Upon introducing the coagulant (SKiF-180 reagent 
with рН = 0.5÷3.0), the redox potential shifts from neg-
ative to positive, signifying a transition from reducing 
to oxidizing water properties. With an increase in sor-
bent quantity, the water’s oxidizing properties intensify. 
However, at a biochar dose of 0.5 mg/dm3, the redox 
potential decreases from +108 to +50 mV. This reduc-
tion is attributed to the decline in iron concentration at 
this specific sorbent quantity (Fig. 5).

Table 4. Results of mining wastewater treatment under Condition 1 
Таблица 4. Результаты контроля параметров среды после обработки в режиме 1

Property Initial mining 
wastewater

Wastewater after sorbent treatment, g/dm3

0 0.1 0.3 0.5 0.7 1.0
pH 6.76 6.35 6.39 6.30 6.35 6.15 6.20

TDS, mg/dm3 267 278 258 262 271 266 262

Table 3. Results of mining wastewater treatment under Condition 1 
Таблица 3. Результаты испытаний обработки шахтных сточных вод в режиме 1

Property Initial mining 
wastewater

Wastewater after sorbent treatment, g/dm3

(Removal efficiency, %)
0 0.1 0.3 0.5 0.7 1.0

Total iron, 
mg/dm3 36.47 ± 3.65 22.82 ± 2.28

(37 %)
20.34 ± 2.03

(44 %)
18.88 ± 1.89

(48 %)
3.99 ± 0.60

(98 %)
17.92 ± 1.79

(51 %)
11.46 ± 1.715

(69 %)
Manga-

nese, 
mg/dm3

5.619 ± 1.124 5.288 ± 1.058
(6 %)

7.356 ± 1.471
(–)

4.150 ± 0.83
(26 %)

6.047 ± 1.209
(–)

4.321 ± 0.864
(23 %)

5.386 ± 1.077
(4 %)

Copper, 
mg/dm3 0.012 ± 0.002 0.007 ± 0.002

(42 %)
0.008 ± 0.002

(33 %)
0.023 ± 0.005

(–)
0.016 ± 0.003

(–)
0.011 ± 0.002

(8 %)
0.012 ± 0.002

(–)
Zinc, 

mg/dm3 0.376 ± 0.128 0.177 ± 0.060
(53 %)

0.064 ± 0.022
(83 %)

0.185 ± 0.063
(51 %)

0.059 ± 0.02
(84 %)

0.147 ± 0.05
(61 %)

0.153 ± 0.052
(59 %)

Fig. 4. Concentrations of iron and manganese (a),  
zinc and copper (b) ions vs. sorbent amount

1 – Fe, 2 – Mn, 3 – Cu, 4 – Zn 

Рис. 4. Зависимости концентрации ионов железа  
и марганца (а), цинка и меди (b) от количества  

введенного сорбента
1 – Fe, 2 – Mn, 3 – Cu, 4 – Zn

of low TDS, resembling potable water conditions [15]. 
Notably, these TDS values exhibit independence from 
the amount of sorbent used. Given these findings, it can 
be inferred that a broader range of values for pH and 

Fig. 5. Redox potential of water vs. sorbent amount 

Рис. 5. Зависимость ОВП обрабатываемой воды  
от количества введенного сорбента
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Table 5. Sorption capacity and iron  
removal efficiency vs. sorbent amount 

Таблица 5. Определение сорбционной емкости  
и эффективности удаления железа  

в зависимости от количества введенного сорбента

Property
Sorbent concentration, g/dm3

0.1 0.3 0.5 0.7 1.0
Sorption capacity, 

mg/g 161.3 58.63 64.96 17.92 11.46

Removal 
efficiency, % 44.23 48.23 89.06 50.87 68.58

Table 6. Results of mining wastewater treatment under Condition 2 
Таблица 6. Результаты испытаний обработки шахтных сточных вод в режиме 2

Property Initial mining 
wastewater

Rated 
concentrations, 

mg/dm3

Coagulation 
(SKiF-180 

reagent)
D = 1.0 mg/dm3

Filtration through the 
sorbent

Removal 
efficiency, %

Total iron, mg/dm3 36.47 ± 3.65 0.3 22.82 ± 2.28 0.60 ± 0.09 98.35
Manganese, mg/dm3 5.619 ± 1.124 0.1 5.288 ± 1.058 2.693 ± 0.539 52.07

Copper, mg/dm3 0.012 ± 0.002 1.0 0.007 ± 0.002 0.020 ± 0.004 –
Zinc, mg/dm3 0.376 ± 0.128 5.0 0.177 ± 0.060 0.181 ± 0.062 50.68

Redox potential –0.07 – +073 +215 –
pH 6.76 – 6.35 8.47 –

TDS, mg/dm3 267 – 278 262 –

Using iron as an example, we calculated its removal 
efficiency (E, %) and the sorption capacity of the sor-
bent (А, mg/g) using the following formulas:

         (1)

where С0 and С are the initial and equivalent concentra-
tions of iron, mg/dm3; V is the volume of the adsorbate 
volume, dm3; m is the weight of the sorbent, g;

      (2)

where С0 and С are the iron concentrations in the initial 
and treated wastewater, mg/dm3.

The results of these calculations are presented in 
Table 5. 

Based on these computations, we generated curves 
illustrating the sorption capacity and iron removal effi-
ciency as functions of the amount of sorbent (Fig. 6). 

The results from tests conducted under Condition 2 
are presented in Table 6. The most effective removal was 
observed for divalent iron, with an efficiency of 98 %, 
leading to a residual concentration of 0.6 mg/dm3. While 
this slightly exceeds the maximum allowable concen-
tration, it suggests that a two-stage sorption process 
may be advisable. Manganese removal efficiency from 
the initial mining wastewater reached 52.07 %, meeting 
the maximum allowable concentration of 5.619 mg/dm3 
(actual concentration: 2.693 mg/dm3). As the cop-
per concentration in the initial wastewater is below 
the threshold, evaluating copper removal efficiency is 
not feasible. 

Analyzing the obtained data, the following observa-
tions can be made. After coagulating the initial waste-
water with the acidic SKiF-180 reagent (pH = 0.5÷3.0), 
the redox potential of the solution changes its sign 

from “–” to “+”, indicating oxidizing properties. The pH 
value of the water experiences a slight change from 6.76 
to 6.35, remaining within the rated range. Following fil-
tration, the redox potential further increases from +73 
to +215, along with a rise in the pH value (8.47), cor-
responding to a slightly alkaline environment.

As previously mentioned, the optimal sorbent 
amount for iron and zinc removal is 0.5 mg/dm3. 

Fig. 6. Sorption capacity (1) and iron  
removal efficiency (2) vs. sorbent amount 

Рис. 6. Зависимости сорбционной емкости (1) 
и эффективности удаления (2) железа 

от количества введенного сорбента
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However, when increased to 0.7 mg/dm3, the efficiency 
of biochar sharply decreases. Iron removal efficiency 
drops from 89.06 to 50.86 % (Fig. 4, a and Fig. 6), and 
zinc removal efficiency drops from 84.31 to 60.9 % 
(Fig. 4, b). A similar drop in zinc removal efficiency 
is observed with increasing sorbent dose in the 0.1 
to 0.3 mg/dm3 range. This phenomenon might be attri-
buted to a reduction in the effective specific surface area 
accessible to metal ions due to overlapping or aggrega-
tion of adsorption centers, thereby increasing the diffu-
sion path length for these ions [16]. This aggregation 
tends to increase with the weight of the sorbent. Another 
plausible explanation is that a higher quantity of sorbent 
provides more active adsorption centers, causing them 
to remain unsaturated after adsorption [17–19]. 

Using equation (2), we estimated the removal effi-
ciency for iron, manganese, copper, and zinc under 
static conditions using rice husk biochar as the sorbent 
in a range of concentrations, followed by electromag-
netic treatment in condition 1 and filtration in condi-
tion 2 (Fig. 7).

ConclusionsConclusions
In summary, the following conclusions can be drawn.
1. The proposed electromagnetic activation of rice 

husk biochar [20] demonstrates efficiency in treating 
mining wastewater under laboratory conditions. 

2. The sorbent exhibits a chemical composition that 
is comparable to activated carbon, widely utilized in 
water treatment, affirming the applicability of the sor-
bent in water treatment plants. 

3. To optimize the efficiency of mining wastewater 
treatment, we recommend a two-stage sorption process: 
static sorption utilizing electromagnetically treated rice 
husk biochar at a concentration of 0.5 g/dm3 (Table 3) 
(Stage 1), followed by reagent treatment of the suspen-
sion (SCiF-180 reagent, 1.0 mg/dm3), addition of potas-
sium permanganate for manganese removal, settling for 
30 min, and non-pressure filtration with a rice husk bio-
char filter (dynamic sorption, Stage 2).

4. Implementation of this process in mining waste-
water treatment facilities is anticipated to reduce 
the concentrations of dissolved heavy metal ions, par-
ticularly iron, zinc, and manganese, below the maxi-
mum allowable concentrations, enabling the discharge 
of treated water into the environment.

References / Список литературыReferences / Список литературы
1. Wright I.A., Paciuszkiewicz K., Belmer N. Increased wa-

ter pollution after closure of Australia’s longest operating 
underground coal mine: a 13-month study of mine drain-
age. Water Chemistry and River Ecology Water. Air Soil 
Pollut. 2018;229(55):1–20.

 https:/doi.org/10.1007/s11270-018-3718-0
2. Phuong T.D., Vu C.D. Mine water treatment in Hongai 

coal mines. E3S Web of Conf. 2018;35(01007):1–5.
 https://doi.org/10.1051/e3sconf/20183501007
3. Arefieva O.D., Shapkin N.P., Gruschakova N.V., Proku-

da N.A. Mine water: Chemical composition and treatment. 
Water Practice and Technology. 2016;11(3):540–546.

 https:/doi.org/10.2166/wpt.2016.060
4. Kulikova A.A., Sergeeva Yu.A., Ovchinnikova T.I., 

Xabarova E.I. Formation of mine water composition and 
analysis of treatment methods. MIAB. Mining informa-
tional and analytical bulletin. 2020;7:135–145. (In Russ.). 
https:/doi.org/10.25018/0236-1493-2020-7-0-135-145 

 Куликова А.А., Сергеева Ю.А., Овчинникова Т.И., 
Хабарова Е.И. Формирование шахтных вод и анализ 
способов их очистки MIAB. Горный информационно-
аналитический бюллетень. 2020;(7):135–145. 

 https:/doi.org/10.25018/0236-1493-2020-7-0-135-145
5. Maksimovich N.G., Pyankov S.V., Khayrulina E.A. En-

vironmental assessment of closeded coal mine territory 
using G1S analysis. Mine Water and Circular Economy 
Mine Water and Circular Economy. 2017;212–217. 

6. Tarasenko I.A., Zin`kov A.V. Assessment of the envi-
ronmental safety of the underground water basin during 

Fig. 7. Removal efficiency at different stages of mining 
wastewater treatment in two treatment conditions

1 – coagulation of SKiF 1.0 mg/dm3 (condition 2);  
2 – dynamic sorption (condition 2);  

3 – static sorption, D = 0.1 mg/dm3 (condition 1);  
4 – static sorption, D = 0.3 mg/dm3 (condition 1);  
5 – static sorption, D = 0.5 mg/dm3 (condition 1);  
6 – static sorption, D = 0.7 mg/dm3 (condition 1);  
7 – static sorption, D = 1.0 mg/dm3 (condition 1) 

Рис. 7. Эффективность удаления химических элементов  
на разных этапах обработки шахтных вод  

в 2 режимах очистки
1 – коагуляция СКиФ 1,0 мг/дм3 (режим 2);  

2 – динамическая сорбция (режим 2);  
3 – статическая сорбция, Д = 0,1 мг/дм3 (режим 1);  
4 – статическая сорбция, Д = 0,3 мг/дм3 (режим 1);  
5 – статическая сорбция, Д = 0,5 мг/дм3 (режим 1);  
6 – статическая сорбция, Д = 0,7 мг/дм3 (режим 1);  
7 – статическая сорбция, Д = 1,0 мг/дм3 (режим 1) 

Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(2):35–44 
Смоляниченко А.С., Яковлева Е.В. Очистка производственных сточных вод от ионов тяжелых металлов ...

https:/doi.org/10.1007/s11270-018-3718-0
https://doi.org/10.1051/e3sconf/20183501007
https:/doi.org/10.2166/wpt.2016.060
https:/doi.org/10.25018/0236-1493-2020-7-0-135-145
https:/doi.org/10.25018/0236-1493-2020-7-0-135-145


43

the closure of the mines of Primorsky Krai (on the examp-
le of the Lipovetskaya mine). Mining informational and 
analytical bulletin. 2013;2:362–373. (In Russ.).

 Тарасенко И.А., Зиньков А.В. Оценка экологической 
безопасности подземного водного бассейна при за-
крытии шахт Приморского края (на примере шахты 
«Липовецкая»). Горный информационно-аналитичес-
кий бюллетень. 2013;2:363–373. 

7. Budykina T.A. Treatment of wastewater resulting from 
iron ore beneficiation. Magazine of Civil Engineering. 
2018;6(82):163–169. (In Russ.).

 https:/doi.org/10.18720/MCE.82.15 
 Будыкина Т.А. Очистка сточных вод обогащения 

железных руд. Инженерно-строительный журнал. 
2018;6(82):163–169. https:/doi.org/10.18720/MCE.82.15

8. Gubina N.A., Ylesin M.A., Karmanovskaya N.V. Ways 
to increase the productivity and quality of mine water 
treatment. Journal of Environmental Management and 
Tou rism. 2018;9(3):423–427.

 https://doi.org/10.14505//jemt.v9.3(27).03
9. Stavitskaya S.S., Goba V.E., Petrenko T.P., Kovtun M.F., 

Kartel’ N.T. Industrial wastewater treatment using modi-
fied anthracite and other carbon sorbents. Khimiya tver-
dogo topliva. 2003;2:56–62. (In Russ.).

 Ставицкая С.С., Гоба В.Е., Петренко Т.П., Ковтун М.Ф., 
Картель Н.Т. Очистка производственных сточных вод 
с использованием модифицированных антрацитов и 
других углеродных сорбентов. Химия твердого то-
плива. 2003;2:56–62. 

10. Rempel’ A.A., Valeeva A.A. Materials and methods 
of nano technology. Yekaterinburg: UrFU, 2015. 136 p. 
(In Russ.).

 Ремпель А.А., Валеева А.А. Материалы и методы нано-
технологий. Екатеринбург: Изд-во УрФУ, 2015. 136 с. 

11. Serzhanov G.M., Shevko V.M., Lavrov B.A., Ama-
nov D.D. Thermodynamic modeling of silicon reduc-
tion from aluminum oxide. Mezhdunarodnyi zhurnal 
prikladnykh i fundamental’nykh issledovanii. 2015;11(2): 
161–166. (In Russ.). https://applied-research.ru/ru/article/
view?id=7698 (accessed: 03.03.2024).

 Сержанов Г.М., Шевко В.М., Лавров Б.А., Аманов Д.Д. 
Термодинамическое моделирование восстановле-
ния кремния из оксида алюминием. Международный 
журнал прикладных и фундаментальных исследова-
ний. 2015;11(2):161–166. https://applied-research.ru/ru/
article/view?id=7698 (дата обращения: 03.03.2024).

12. Sanitary norms and rules 2.1.3684-21 “Sanitary and epi-
demiological requirements for the maintenance of ter-
ritories of urban and rural settlements, for water bodies, 
drinking water and drinking water supply, atmospheric air, 
soils, residential premises, operation of industrial, public 
premises, organization and conduct of sanitary and anti-
epidemic (preventive) measures”, 2021. (In Russ.). URL: 
https://www.rospotrebnadzor.ru/files/news/SP2.1.3684-
21_territorii.pdf (accessed: 01.02.2023).

 СанПиН 2.1.3684-21 «Санитарно-эпидемиологиче-
ские требования к содержанию территорий городских 
и сельских поселений, к водным объектам, питьевой 

воде и питьевому водоснабжению, атмосферному 
воздуху, почвам, жилым помещениям, эксплуатации 
производственных, общественных помещений, орга-
низации и проведению санитарно-противоэпидемиче-
ских (профилактических) мероприятий», 2021. URL: 
https://www.rospotrebnadzor.ru/files/news/SP2.1.3684-
21_territorii.pdf (дата обращения: 01.02.2023).

13. Hygienic standards 2.1.5.1315-03 Maximum permissible 
concentrations (MPC) of chemicals in the water of water 
bodies of economic and drinking and cultural and domes-
tic water use. Moscow: Ministry of Health of Russia, 2003. 
(In Russ.). URL: https://files.stroyinf.ru/Data1/41/41363/
index.htm (accessed: 01.02.2023).

 ГН 2.1.5.1315-03 Предельно допустимые концентра-
ции (ПДК) химических веществ в воде водных объек-
тов хозяйственно-питьевого и культурно-бытового 
водопользования. М.: Минздрав России, 2003. URL: 
https://files.stroyinf.ru/Data1/41/41363/index.htm (дата 
обращения: 01.02.2023).

14. Vigdorovich V.I., Tsygankova L.E., Protasov A.S. Fea-
tures of sorption purification of aqueous solutions from 
heavy metal cations. Message 1. Media with non-hydro-
lyzable anion. Vestnik TGU. 2013;(1):401–404. (In Russ.).

 Вигдорович В.И., Цыганкова Л.Е., Протасов А.С. 
Особенности сорбционной очистки водных раство-
ров от катионов тяжелых металлов. Сообщение 1. 
Среды с негидролизующимся анионом. Вестник ТГУ. 
2013;18(1):401–404. 

15. Sanitary norms and rules 2.1.4.1175-02 Hygienic require-
ments for the quality of non-centralized water supply. 
Sanitary protection of sources, 2003. (In Russ.). URL: 
https://files.stroyinf.ru/Data2/1/4294845/4294845751.pdf 
(accessed: 01.02.2023).

 СанПиН 2.1.4.1175-02 Гигиенические требования к 
качеству воды нецентрализованного водоснабжения. 
Санитарная охрана источников, 2003. URL: https://
files.stroyinf.ru/Data2/1/4294845/4294845751.pdf (дата 
обращения: 01.02.2023).

16. Li Y., Xia B., Zhao Q., Liu F., Zhang P., Du Q., Wang D., 
Li D., Wang Z., Xia Y. Removal of copper ions from aque-
ous solution by calcium alginate immobilized kaolin. 
Journal Environmental Science. 2011;23(3):404–411.

 https://doi.org/10.1016/s1001-0742(10)60442-1
17. Raji C., Anirudhan T.S. Kinetics of Pb (II) adsorption by 

polyacrylamide grafted sawdust. Indian Journal of Chem-
ical Technology. 1997;4:157–162.

18. Hayrapetyan S.S., Hayrapetyan M.S. A Method for 
evaluating the sorption capacity of the sorbents. Interna-
tional Journal of modern engineering research (IJMER). 
2017;7(6):48–55.

19. Naumenko K., Frolova N., Petrusha O., Chepel N. 
The method of determination of the sorption capacity 
of activated carbon by gas chromatography. Eureka: Life 
Sciences. 2017;(1):12–18.

 https://doi.org/10.21303/2504-5695.2017.00290
20. Smolyanichenko A.S. Physical and chemical properties 

of silver-containing nanosorbent obtained from rice straw 
biochar. Agriculture. 2023;13(7):1288.

 https://doi.org/10.3390/agriculture13071288

Powder Metallurgy аnd Functional Coatings. 2024;18(2):35–44 
Smolyanichenko A.S., Yakovleva E.V. Removal of heavy metal ions from industrial (mining) ...

https:/doi.org/10.18720/MCE.82.15
https:/doi.org/10.18720/MCE.82.15
https://doi.org/10.14505//jemt.v9.3(27).03
https://www.rospotrebnadzor.ru/files/news/SP2.1.3684-21_territorii.pdf
https://www.rospotrebnadzor.ru/files/news/SP2.1.3684-21_territorii.pdf
https://www.rospotrebnadzor.ru/files/news/SP2.1.3684-21_territorii.pdf
https://www.rospotrebnadzor.ru/files/news/SP2.1.3684-21_territorii.pdf
https://files.stroyinf.ru/Data1/41/41363/index.htm
https://files.stroyinf.ru/Data1/41/41363/index.htm
https://files.stroyinf.ru/Data1/41/41363/index.htm
https://files.stroyinf.ru/Data2/1/4294845/4294845751.pdf
https://files.stroyinf.ru/Data2/1/4294845/4294845751.pdf
https://files.stroyinf.ru/Data2/1/4294845/4294845751.pdf
https://doi.org/10.1016/s1001-0742(10)60442-1
https://doi.org/10.21303/2504-5695.2017.00290
https://doi.org/10.3390/agriculture13071288


44

Алла Сергеевна Смоляниченко – к.т.н., доцент кафедры 
«Водо снабжение и водоотведение», Донской государственный 
технический университет

 ORCID: 0000­0002­1664­2986
 E-mail: arpis­2006@mail.ru 

Елена Вячеславовна Яковлева – аспирант, ст. преподаватель 
кафедры «Водоснабжение и водоотведение», Донской государ­
ственный технический университет

 ORCID: 0000­0002­5255­1598
 E-mail: ananas199021@yandex.ru

Alla S. Smolyanichenko – Cand. Sci. (Eng.), Associate Professor, Wa­
ter Supply and Disposal Department, Don State Technical University

 ORCID: 0000­0002­1664­2986
 E-mail: arpis­2006@mail.ru 

Elena V. Yakovleva – Postgraduate Student, Senior Lecturer, Water 
Supply and Disposal Department, Don State Technical University

 ORCID: 0000­0002­5255­1598
 E-mail: ananas199021@yandex.ru

А. С. Смоляниченко – руководство исследованием, постановка 
основной концепции, целей и задач исследования, формули­
ровка выводов.
Е. В. Яковлева – сбор данных для исследования, анализ по­
лученных первичных данных, обработка результатов иссле­
дований.

Оба автора в равной степени участвовали в написании руко-
писи, и несут ответственность при обнаружении плагиата, 
самоплагиата или других неэтических проблем.

A. S. Smolyanichenko – research guidance; main concept, goals, and 
objectives; conclusions.

E. V. Yakovleva – data acquisition, primary data analysis and pro­
cessing. 

Both authors contributed equally to the manuscript and are respon-
sible for any plagiarism, self-plagiarism, or other unethical issues.

Received 23.03.2023
Revised 29.05.2023

Accepted 05.06.2023 

Статья поступила 23.03.2023 г.
Доработана 29.05.2023 г.

Принята к публикации 05.06.2023 г.

Information about the Authors Сведения об авторах

Contribution of the Authors Вклад авторов

Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(2):35–44 
Смоляниченко А.С., Яковлева Е.В. Очистка производственных сточных вод от ионов тяжелых металлов ...

https://orcid.org/0000-0002-1664-2986
mailto:arpis-2006@mail.ru
https://orcid.org/0000-0002-5255-1598
mailto:ananas199021@yandex.ru
https://orcid.org/0000-0002-1664-2986
mailto:arpis-2006@mail.ru
https://orcid.org/0000-0002-5255-1598
mailto:ananas199021@yandex.ru


45

UDC 621.793.184

https://doi.org/10.17073/1997-308X-2024-2-45-52

  alex.nkv8@gmail.com
Аннотация. Представлены результаты исследования влияния температуры обработки поверхности алюминиевого покрытия на 

титановом сплаве ВТ6 в плазме дугового разряда низкого давления на микроструктурные и фазовые изменения. Ионно-плаз-
менную обработку проводили в плазме дугового разряда низкого давления при температурах 450 и 500 °С в среде аргона. 
Алюминий наносили вакуумно-дуговым методом, толщина покрытия составляла ~3 мкм. Микроструктурные изменения 

  alex.nkv8@gmail.com
Abstract. In this study, we studied the effects of aluminum coating treatment temperature on the microstructure and phase composition 

when applied to a VT6 titanium alloy substrate within a low-pressure arc discharge plasma environment. The ion-plasma treatment was 
conducted at 450 and 500 °C, employing argon shielding, while the aluminum coating was deposited using the vacuum-arc process, 
resulting in a coating thickness of ~3 μm. Microstructural analysis was performed using a scanning electron microscope, and the struc-
tural and phase composition were examined using X-ray diffraction (XRD) imaging in symmetric imaging mode with CuKα radiation. 
Our findings demonstrate that the application of the aluminum coating initiates the formation of a near-surface α-stabilized layer, 
extending up to 2.5 μm in thickness due to the heat generated during the ion cleaning process. Subsequent ion-plasma treatment further 
results in the development of a TiAl3 intermetallide site, reaching thicknesses of up to 1.5 μm, while the α-stabilized region expands 
to 5.5 μm. Higher temperatures during the treatment process contribute to an increase in the thickness of these aforementioned layers 
and also lead to the emergence of an intermediate TiAl intermetallic layer. 

Keywords: ion-plasma treatment, intermetallide coatings, gradient coatings, titanium alloys
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IntroductionIntroduction
Titanium and its alloys fnd extensive application in 

the aerospace industry and medicine [1–3]. However, 
their wear resistance is low, with most titanium friction 
parts being susceptible to diffusion interaction between 
the contact surfaces and subsequent wear [4; 5]. There 
is a demand to enhance the wear resistance of titanium 
alloys.

One efficient approach to achieve this enhance-
ment is through ion nitriding [6–8] and alloy-
ing [9; 10] of the surface layer, as well as applying 
coa tings [11–13]. In the case of titanium alloys, ion 
nitriding requires high temperatures and extended 
holding periods [14; 15], while the low-temperature 
process [16; 17] proves to be less efficient. The appli-
cation of coatings enables to create super-hard films 
on surfaces based on nitrides, carbides, and oxides 
of transition metal [18–20]. However, these coat-
ings may experience delamination when subjected 
to impacts [21; 22], inevitably leading to accelerated 
surface wear, intensified by detached coating particles. 

Gradient coatings made from alloys with high 
impact resistance and resistance to aggressive media 
show better performance due to the absence of a distinct 
substrate-coating interface. In steel products, a combi-
nation of nitriding and coating (Duplex Treatment) is 
commonly employed [23; 24]. However, the applica-
tion of duplex treatment to titanium alloys does not 
improve performance. In this scenario, the nitrided 
layer exhibits significantly lower hardness and depth 
compared to the same treatment time and temperature. 

Titanium forms intermetallic compounds with 
various metals, and these compounds typically have 
enhanced physical and mechanical properties compared 
to pure titanium and its non-hardened alloys. Ti–Al inter-
metallides have a low specific gra vity (3.3–4.2 g/cm3) 
and show high hardness, heat resistance, oxidation 
resistance, and corrosion resistance. Some aerospace 

applications of this material have been reported by 
Lazurenko D. et al. [25]. Nevertheless, due to the high 
brittleness, particularly the TiAl3 phase, intermetallides 
are unsuitable for manufacturing solid parts. Zhang Y. 
et al. [26], Liu Y. [27], and Parlikar C. [28] have inves-
tigated the application processes and resulting inter-
metallide coatings, reporting a significant increase in 
strength (up to 20 %) and wear resistance for coating 
thicknesses less than 16 µm. 

Currently, primary Ti–Al intermetallic coating tech -
nologies include aluminizing [29], magnetron [30], 
and vacuum-arc [31] sputtering, as well as laser [32] 
and electron-beam [33] surfacing, ion implanta-
tion [34], often combined with subsequent heat treat-
ment [35–37]. It is, however, challenging to control 
the phase composition of the resulting layers during 
coating deposition and ion implantation. When alumi-
num and/or Ti–Al coatings are deposited, followed by 
heat treatment at the aging temperature of the titanium 
alloy, the final coating consists only of the TiAl3 phase. 
Subsequent ion-plasma treatment can intensify the for-
mation of the TiAl and Ti3Al intermetallides, which are 
more ductile compared to TiAl3 . 

Our study focuses on a combination of vacuum-arc 
deposition used to create pure aluminum coatings, fol-
lowed by plasma treatment with low-pressure non-self-
powered arc discharges. The objective of this study 
is to analyze the effects of the ion-plasma treatment 
temperature on the aluminum coating on the structure 
and phase changes of the VT6 titanium alloy surface 
layers.

Materials and methodsMaterials and methods
We prepared samples in the form of 20 mm diame-

ter disks, each measuring 4 mm in thickness, obtained 
from a titanium bar (VT6 alloy). The combined treat-
ment involved two stages. In the initial stage, we depo-
sited a pure aluminum layer, approximately 3 μm thick, 

исследовали с помощью растровой электронной микроскопии. Структурно-фазовый состав определяли по результатам 
расшифровки дифрактограмм, полученных при симметричной съемке в CuKα-излучении. Показано, что после нанесения 
алюминиевого покрытия в результате нагрева при ионной очистке формируется приповерхностный α-стабилизированный 
слой толщиной до 2,5 мкм. Последующая ионно-плазменная обработка приводит к формированию интерметаллидной 
области TiAl3 толщиной до 1,5 мкм, α-стабилизированная область увеличивается до 5,5 мкм. Выявлено, что повышение 
температуры обработки приводит как к увеличению толщины указанных выше областей, так и к появлению промежуточной 
интерметаллидной зоны TiAl. 
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onto the surface of the titanium disk using vacuum arc 
deposition. The sample surface underwent an initial ion 
cleaning process in an Ar plasma (40 A discharge cur-
rent, 800 V bias voltage) for 30 min, raising the surface 
temperature to 450 °С. Then it was exposed to Al plasma 
for 1 min, generated by a 60 A arc evaporator current. 
We monitored the surface temperature using a chromel-
copel thermocouple and an AST250+ IR pyrometer 
(Accurate Sensors Technologies, India). In the second 
stage, the surface was treated in a PINK plasmatron 
with an incandescent cathode (ISE, Russia) [38] for 1 h 
under argon shielding. The bias voltage varied depen-
ding on the temperature, but the discharge current was 
always 50 A. We processed the samples at both 450 
and 500 °С. Then the samples were vacuum-cooled in 
argon atmosphere at 1 Pa.

Following the treatment, we examined polished 
section structure of the samples using a Mira scan-
ning electron microscope (Tescan, Czech Republic) 
operating in the secondary electron mode. For X-ray 

diffraction analysis (XRD), we used an Ultima IV dif-
fractometer (Rigaku, Japan) with CuKα-radiation in 
the symmetrical imaging mode. 

Results and discussionResults and discussion
To investigate the interaction between the alu-

minum coating and the VT6 titanium substrate, we 
examined how the ion-plasma treatment temperature 
influenced changes in the structure and phase compo-
sition of the surface layers. Following the deposition 
of the aluminum coating onto the rough substrate sur-
face (Fig. 1, a, b), an α-stabilized region I, approxi-
mately 2.5 ± 0.5 μm deep, is formed within the near-sur-
face layer of the substrate. This formation results from 
the diffusion of the coating elements during the initial 
stage of deposition when the surface of the titanium 
alloy is still heated to 450–470 °C. The α-stabilized 
region can be distinguished from the substrate due 
to the dissolution of small recrystallized β-particles 

Fig. 1. Polished section structures of the aluminum-coated titanium samples
а, b – initial coating; c–f – after ion-plasma treatment at 450 (c, d) and 500 °C (e, f) 

Рис. 1. Изображения структуры поперечного сечения образцов титана с покрытием из алюминия
а, b – исходное покрытие; c–f – после ионно-плазменной обработки при 450 (c, d) и 500 °С (e, f)
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within the α-grains, a consequence of aluminum diffu-
sion deep into the surface layer, and the α-phase stabili-
zation facilitated by the presence of Al, which is known 
to be an α-stabilizing element. 

The ion-plasma treatment conducted at 450 °C 
(Fig. 1, c, d) also led to the formation of an intermetallic 
site comprising the TiAl3 phase with a high aluminum 
content. The total length of the modified site increased 
to 5 ± 0.5 μm. Plasma etching reduced the thickness 
of the aluminum coating to ~2 μm. The coating became 
brittle, as evidenced from its fracturing during our 
sample section polishing. This brittleness can be attrib-
uted to the presence of the brittle TiAl3 intermetallic 
phase and its large volume concentration in the surface 
layers. Elevating the temperature to 500 °C resulted in 
the emergence of a transition layer between the sub-
strate and layer III (Fig. 1, e, f ). This transition layer, 
as reported by Ramos A. et al. [35] and Garbacz H. 
et al. [36], primarily consists of the TiAl intermetal-

lide. As indicated by the gradient of aluminum concen-
tration, the layer above it consists mainly of the TiAl3 
phase, while the layer below it comprises Ti3Al. 

This assumption finds confirmation in the XRD 
analysis, as depicted in Fig. 2. The surface layers fol-
lowing treatment at 450 °С mostly contain the TiAl3 
intermetallide. No aluminum peaks were detected, 
possibly due to the low Al concentration in the sur-
face layer of the coating. Additionally, aside from 
the intermetallic phases, a solid solution forms as alu-
minum substitutes into the titanium lattice, evidenced 
by the shift of titanium peaks towards larger diffrac-
tion angles, signifing a decrease in the lattice period. 
As the treatment temperature increased to 500 °C, 
the TiAl intermetallide was found in the surface layers, 
while no Ti3Al peaks were observed. The intensity and 
number of the TiAl3 phase grew, which correlates with 
the observed microstructure changes. 

Fig. 2. XRD images of the samples
1 – initial coating; 2 and 3 – after ion-plasma treatment at 450 (2) and 500 °C (3) 

Рис. 2. Дифрактограммы исследуемых образцов
1 – исходное покрытие; 2 и 3 – после ионно-плазменной обработки при 450 (2) и 500 °С (3)
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Given the inherent brittleness of the coatings, we 
intend to explore the impact of ion-plasma treatment 
duration and the thickness of the initial aluminum coat-
ing on the elemental and phase compositions, as well as 
the wear resistance of these coating layers.

ConclusionConclusion
We conducted experimental investigations on inter-

metallic surface layers created through the deposition 
of an aluminum coating onto a titanium substrate, fol-
lowed by low-pressure non-self-sustained gas plasma 
treatment. 

Our findings reveal that such treatment results in 
the development of intermetallic and α-stabilized lay-
ers within the near-surface layer of the VT6 titanium 
alloy. Treatment at 450 °C yields an intermetallic 
layer, approximately 1.5 μm thick, composed only 
of the TiAl3 phase. Raising the temperature to 500 °C 
leads to the formation of an additional TiAl intermetal-
lide layer, measuring 300 nm in thickness, situated 
beneath the 1.8 μm thick TiAl3 layer. Importantly, XRD 
analysis does not detect any Ti3Al peaks. 

The creation of the α-stabilized layer commences 
during the deposition of the aluminum coating itself. 
As the ion-plasma temperature increases, the layer’s 
thickness increases as well, attributed to the accele-
rated diffusion rate of aluminum into the titanium 
substrate.
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Abstract. This article presents the results of an experimental study on the physical and mechanical properties of the surface layer of the 

VAL10 aluminum alloy after pulsed laser treatment, conducted in a bath with an aqueous solution of polysilicates (PS) at various 
concentrations. Ceramic coatings were produced on specimens measuring 10×10×3 mm. The laser processing of aluminum alloy speci-
mens was carried out using an Nd:YAG laser. The study demonstrates that the quality of the resulting surface and its properties can 
vary depending on the laser exposure parameters, the concentration of the polysilicate solution, and the overall processing technique. 
The scattering of radiation by the PS solution layer leads to a significant reduction in surface roughness. In specimens processed in 
ambient air, the crater sizes on the surface exceeded 400 μm, while for specimens processed in a PS solution, they did not exceed 
100 μm. A comparative analysis of the impact of solution concentration on elemental composition was performed. The study also 
included an investigation of friction characteristics and the measurement of microhardness of the modified surface. The research 
revealed that surface hardening processes occur as a result of the treatment, associated with the filling of recesses with high-strength 
oxides. This enabled the creation of a mixture containing silicon carbide and aluminum oxide in the surface layer of the specimens. 
Furthermore, wear tests of the modified surface were conducted using a “ball–specimen” tribological coupling. Specimens subjected 
to laser irradiation in a PS solution demonstrated increased wear resistance (a 40 % reduction in wear) and a 30 % decrease in the fric-
tion coefficient. Additionally, an increase in microhardness was observed. 

Keywords: aluminum alloy, laser modification, polysilicates (PS), ceramic coating, surface structure, microhardness
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aluminum alloy surface via laser modification in polysilicate solution. Powder Metallurgy аnd Functional Coatings. 2024;18(2): 
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IntroductionIntroduction
In modern mechanical engineering, the pursuit 

of reducing the weight of final products while main-
taining high performance properties, such as strength 
and wear resistance, and achieving a high degree 
of process automation, is of major importance [1–3]. In 
this context, the surface hardening of aluminum alloys, 
known for their low density and high specific strength, 
holds great promise [4–9]. Nevertheless, one signifi-
cant drawback of these materials is their low hard-
ness [10; 11]. Surface hardening allows for an increase 
in the overall wear resistance of the part. 

Various methods are currently available for surface 
hardening of metals and alloys [12], including thermal 
and chemical processes, spraying, shot blasting, and 

laser-based techniques [13]. Modern laser systems offer 
advantages such as high processing speed, precision, 
and the ability to finely adjust energy parameters and 
exposure duration within the processing zone [14].

Laser modification technologies for aluminum 
alloy surfaces, particularly laser alloying, have made 
significant progress in enhancing the corrosion resis-
tance, mechanical durability, and resistance to adhe-
sive and abrasive wear of aluminum alloys [15]. Fusion 
of alloying powders with the substrate using laser 
radiation is a promising method for creating protective 
coatings on aluminum alloys [16]. This process may 
involve the incorporation of both metals (e.g., Ni, Cr) 
and non-metals (e.g., B, Si) as dopants, with a binding 
element being introduced into the powder composi-
tion [17]. The resulting mixture is uniformly applied 

  dikdik@mail.ru
Аннотация. Представлены результаты экспериментального исследования физико-механических свойств поверхностного 

слоя алюминиевого сплава ВАЛ10 после лазерного импульсного воздействия на структуру материала, проводимого 
в ванне с водным раствором полисиликатов (ПС) различной концентрации. Покрытия формировались на образцах 
размером 10×10×3 мм. Лазерная обработка образцов алюминиевого сплава была произведена с использованием 
Nd:YAG-лазера. Показано, что качество формируемой поверхности и ее свойства могут меняться в зависимости от 
параметров лазерного воздействия, а также концентрации раствора полисиликатов и технологии процесса обработки 
в целом. Рассеяние излучения слоем раствора ПС приводит к существенному снижению шероховатости поверхности. 
Для образцов, обработанных на воздухе, размеры кратеров на поверхности составили более 400 мкм, а для образцов, 
обработанных в растворе ПС, они не превышали 100 мкм. Проведен сравнительный анализ влияния концентрации 
раствора на элементный состав. Исследованы фрикционные характеристики и измерена микротвердость модифициро-
ванной поверхности. Установлено, что в результате обработки протекают процессы упрочнения поверхности, связанные 
с заполнением углублений высокопрочными оксидами. Это позволило получить в поверхностном слое образцов смесь, 
содержащую карбид кремния и оксид алюминия. Проведены исследования износа модифицированной поверхности в 
трибосопряжении «шарик – образец». Для образцов, подвергнутых лазерному воздействию в растворе ПС, характерны 
повышение износостойкости (величина износа уменьшилась на 40 %) и снижение коэффициента трения на 30 %, также 
установлено увеличение микротвердости.  

Ключевые слова: алюминиевый сплав, лазерное модифицирование, полисиликаты (ПС), керамическое покрытие, структура 
поверхности, микротвердость
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тия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(2):53–60.
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to the substrate, and the surface is subsequently treated 
with a laser [18; 19]. t’s crucial to note that the choice 
of components suitable for inclusion in the aluminum 
alloy’s surface composition is limited, as they must 
have a melting point comparable to that of aluminum 
to ensure high-quality coating [20]. The use of other 
components often leads to a significant decrease in 
coating quality [21]. An alternative approach involves 
the introduction of alloying elements from the liquid 
phase. In this method, the part is immersed in a tech-
nological solution, and laser radiation, forming a vapor 
gas channel in the liquid, is directed onto the part’s 
surface.

Recently, metal-ceramic composite materials with 
an aluminum-based matrix reinforced with refractory 
ceramic particles of silicon carbide (SiC) have been 
used [22]. Composite materials with an aluminum 
matrix are characterized by high specific strength 
combined with low density. Doping with silicon 
carbide particles allows for the creation of a mate-
rial with a low coefficient of friction and high wear 
resistance [23].

The objective of this study is to investigate specific 
changes in the mechanical properties of ceramic coat-
ings on an VAL10 aluminum alloy, produced using 
laser radiation in an aqueous polysilicate (PS) solution 
bath. Furthermore, we aim to determine the process-
ing parameters that can enhance the microhardness 
of the surface layer and its abrasion resistance.

Materials and methods. Materials and methods. 
Results and discussionResults and discussion

The most commonly used non-metallic dopant for 
aluminum alloys is silicon. Doping with silicon allows 
for the creation of a hypereutectic structure on the sur-
face of hypoeutectic alloys while simultaneously 
increasing surface hardness. In this study, coatings 
were applied to 10×10×3 mm specimens of the VAL10 
aluminum alloy. Surface laser processing was per-
formed using a solid-state Nd:YAG laser with a radia-
tion wavelength of 1.06 μm, integrated into the LIS-25 
laser welding system (EIKTL Lagen LLC, Russia). 
Each laser pulse had a maximum energy of 25 J, a pulse 
duration of 5 ms, and a repetition rate of 3 Hz. During 
the processing, the specimen was immersed in a bath 
containing an aqueous solution of (Na2O)n·(SiO2)m 
polysilicate. The concentration of the polysilicate solu-
tion was experimentally determined to be in the range 
of 10–15 %. A higher concentration of polysilicate 
led to the release of gas bubbles from the medium, 
which significantly reduced the efficiency of laser 
radiation delivery to the specimen’s surface and caused 

pronounced splashing of the polysilicate solution. 
On the other hand, a lower concentration resulted in 
a noticeable decrease in the silicon content within 
the coating (Fig. 1).

The layer of the liquid medium above the pro-
cessed specimen’s surface was consistently maintained 
at a 1 mm thickness. Reference specimens were also 
prepared and treated in both air and distilled water. Due 
to the scattering of radiation by the layer of PS solution 
positioned above the specimen’s surface, the surface 
irregularities were significantly reduced. 

As a result, for specimens treated in ambient air, 
crater sizes on the surface exceeded 400 μm, whereas 
when a PS solution was used, the exposure marks did 
not exceed a 100 μm diameter (Fig. 2).

The layer created by laser processing on the metal 
surface enhances the part’s durability and perfor-
mance. Laser processing of the aluminum alloy results 
in the redistribution of chemical elements through-
out the depth of the material. The craters formed on 
the surface become filled with silicon and aluminum 
compounds. The chemical composition of the speci-
mens was analyzed using a JAMP-10 S Auger analyzer 
(JEOL, Japan). The shape of the Auger lines indicated 
that aluminum exists in an oxidized state, while carbon 
and silicon are in the carbide state (Fig. 3).

The size and relative positioning of the surface 
recesses are determined by the processing mode and 
the concentration of the PS solution. The absence 
of crater overlap prevents complete coverage of the sur-
face, leading to discontinuities in the ceramic layer. 
In untreated areas, the base metal remains exposed, 
resulting in a heterogeneous ceramic coating layer. 

Fig. 1. Relationship between the silicon content  
in the coating at a depth of 3 nm and the concentration  

of the polysilicate solution 

Рис. 1. Содержание кремния в покрытии  
на глубине 3 нм в зависимости  

от концентрации раствора полисиликата
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One of the critical operational parameters influenc-
ing the quality of the surface-hardened layer is wear 
resistance. Fretting wear tests were conducted using 
an SRV Testsystem multifunctional testing device 
(Optimol Instruments, GmbH, Germany) at room 
temperature, following the disk-on-ball configura-
tion without lubrication. The counterbody material 
was ShKh15 tool steel after hardening heat treatment. 
The tests were carried out with a vibration ampli-
tude of 3 mm, a frequency of 2 Hz, a load of 10 N 
on the specimen, and a test duration of 10 min. Based 
on the results, it can be concluded that the amount 
of wear on the surface of the VAL10 alloy speci-
men after laser processing in a PS solution was less 
than 40 μm, while the untreated specimen exhibited 
60 μm of wear. During testing, the friction coefficient 
for the treated specimen slightly exceeded 0.8, while 
the original specimen had a noticeably higher friction 
coefficient of over 1 (Fig. 4).

The presence of oxide and carbide compo-
nents in the surface layer after laser processing is 
expected to influence microhardness. Microhardness 
of the surface of a VAL10 aluminum alloy specimen 
with an applied oxide coating was evaluated using 
a LOMO PMT-3M microhardness tester (LOMO, 
Russia). A 4-sided Vickers diamond pyramid served 
as the indenter. The results indicated that the average 
diagonal size of the indentation was 50 μm under a load 
of 0.196 N and a dwell time of 15 s, corresponding 
to a hardness of 14.8 kg/mm2. In comparison, the micro-
hardness of the original specimen was determined 
using the same method and measured 9.1 kg/mm2, rep-
resenting a 62.6 % decrease compared to the modified 
coated specimen. The formation of compounds with 
higher hardness on the surface of the aluminum alloy, 
in contrast to the base material, can also account for 
the reduction in the friction coefficient.

Fig. 2. Surface images of specimens  
treated in air (a) and in a polysilicate solution (b) 

Рис. 2. Изображения поверхности образцов,  
обработанных на воздухе (а) и в растворе ПС (b)

Fig. 3. Element distribution across  
the surface layer at polysilicate solution  
concentrations of 6 % (a) and 12 % (b) 

Рис. 3. Распределение элементов по глубине  
поверхностного слоя при концентрациях раствора  

ПС 6 % (а) и 12 % (b)
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ConclusionsConclusions
Analysis of the modified surface of VAL10 alumi-

num alloy specimens revealed the dependency of sur-
face layer properties on the modification parameters. 
By adjusting laser processing parameters, such as 
pulse repetition rate, surface fill factor, concentration, 
and the thickness of the solution layer above the speci-
men’s surface, it becomes possible to control the extent 
of the impact and, consequently, the chemical composi-
tion of the resulting coating. 

The study conclusively demonstrated that laser 
processing of VAL10 alloy specimens in a polysilicate 
solution has a significant impact on their performance. 
In particular, it enhances surface abrasion resistance 
and promotes surface hardening. 
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Abstract. The presented paper experimentally demonstrates the potential expansion of stereolithographic prototype utilization. 

Two methods for manufacturing plastic prototypes are proposed, enabling the subsequent substitution of the polymer material 
with either metal or ceramics. The first method involves additional actions by the prototype designer during the modeling stage. 
The second method necessitates alterations in the technological processes of model preparation and prototype manufacturing using 
a stereolithography apparatus. Material substitution occurs in two stages. Initially, cavities in the prototype are filled with powder 
material or a mixture of powder and water. Although titanium powder was chosen as the test material, the proposed technology 
permits the utilization of a broad spectrum of powder materials, encompassing both metallic and ceramic options. The subsequent 
stage involves heat treatment, where the polymer is eliminated, and the metal powder is sintered while retaining the original shape 
and dimensions of the prototype. Heat treatment of the acquired prototypes was conducted in both argon and atmospheric air 
environments. The utilization of different gas media might induce chemical transformations in the material filling the prototype. 
The experiments lead to the conclusion that the proposed approaches show promise and merit further development. Additionally, 
we contemplate amalgamating the two methods in the future to attain an optimized final outcome. The data we have gathered could 
significantly contribute to broadening the scope of stereolithography applications, given that this technology presently represents 
one of the most precise, widespread, and accessible additive manufacturing methods. 
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IntroductionIntroduction
Additive manufacturing using various materials finds 

widespread application across diverse fields. The list 
of such technologies and materials continually expands 
with the addition of new items [1–8]. Laser stereolithog-
raphy, employed in photocurable polymers, stands out as 
one of the most extensively used additive technologies 
due to its diverse material options and a wide price range 
for equipment, ranging from costly industrial machines 
to affordable household devices. This equipment demonst-
rates the capability to produce highly accurate objects.

Converting polymer prototypes into metal or 
ceramic components requires specific equipment and 
skilled personnel, such as through methods like mold-
ing or cavityless casting.

In the realm of additive manufacturing for ceramic 
models, several noteworthy technological implemen-
tations exist. These include layer-by-layer sintering 
of powder ceramics, curing of photopolymerizing 
compositions with ceramic fillers, and local extrusion 
of ceramic-filled material [2–6]. Notably, these tech-
nologies involve high-temperature processing stages 
to eliminate the polymer binder, achieve surface 
gloss, conduct additional pore-filling impregnation, 
among other steps. Regarding additive manufacturing 
of metal models, methods encompass layer-by-layer 
sintering of metal powders, layer-by-layer model 
formation via polymerization of filled composi-
tions, and local extrusion of filled material (followed 
by sintering) [4–12].

  Lc250@mail.ru
Аннотация. В работе экспериментально подтверждена возможность расширения области использования стереолитографиче-

ских прототипов. Предложены два способа изготовления пластиковых прототипов, позволяющие впоследствии заместить 
полимерный материал моделей на металл или керамику. Первый из рассмотренных способов предполагает дополнительные 
действия конструктора, проектирующего прототип на стадии моделирования, второй – заключается во внесении изме-
нений в технологические процессы подготовки модели и изготовления прототипа на стереолитографической установке. 
Замещение материала происходит в две стадии. Первая – это холодное заполнение полостей в прототипе порошковым 
материалом или его смесью с водой. В качестве тестового материала был выбран порошок титана, хотя предлагаемая 
технология подразумевает возможность использования широкого спектра порошковых материалов – как металлических, 
так и керамических. Вторая стадия – последующий отжиг. При этом происходят удаление полимера и спекание метал-
лического порошка с сохранением исходной формы и размеров прототипа. Термическая обработка полученных прото-
типов проводилась как в атмосфере аргона, так и при свободном доступе атмосферного воздуха. Использование различных 
газовых сред может приводить к протеканию химических преобразований в составе материала, заполняющего прототип. 
Проведенные эксперименты позволяют сделать вывод о перспективности дальнейшего технологического развития пред-
ставленных подходов. Также не исключается возможность соединения двух рассмотренных способов в один для дости-
жения оптимального конечного результата. Полученные данные могут способствовать расширению области использо-
вания стереолитографических установок – наиболее точных, распространенных и доступных машин на данный момент из 
широкого типоряда аддитивных аналогов.  

Ключевые слова: аддитивные технологии, титановый порошок, 3D-модель, спекание
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This paper explores the potential expansion 
of the application scope for stereolithography equip-
ment that work with photopolymers. It specifically 
examines new possibilities for converting prototypes 
into ceramic or metal parts.

Experimental partExperimental part
In our view, one solution to broaden the applicabi-

lity of stereolithography involves producing polymer 
stereolithographic parts with available free volume. 
Such models could undergo subsequent cold filling 
with ceramic or metal powder, followed by heat treat-
ment to eliminate the polymer component of the model 
(referred to as annealing) and the sintering of metal or 
ceramics (henceforth referred to as “sintering” without 
separately delineating the polymer burnout process).

During sintering, there is potential to synthesize 
a ceramic compound from the substance used to fill 
the model body [13; 14]. The sintering stage in this 
technology shares similarities with the method utili-
zing filled resins.

We have explored two straightforward methods 
to create models suitable for subsequent filling with 
alternate materials. These methods involve produc-
ing a thin-walled inverse fillable model, essentially 
a matrix, and a contourless model exhibiting significant 
free volume uniformly distributed throughout its body.

The process of obtaining the inverse model, or 
matrix, is depicted in Fig. 1. In this developed model, 
a matrix is created by indenting the working surface 
of the model by a specified thickness. The design incor-
porates a port for powder filling and includes a cover-
ing lid as integral parts. 

This alternative approach shares some resemblance 
to sintering within a non-burnable mold [15]. However, 
in our scenario, the mold is combustible, and its intri-
cacy is solely constrained by the designer’s capabili-
ties. In place of matrix models, we suggest employ-
ing original contourless prototypes. When creating 
a typical stereolithographic part, the process involves 
outlining both external and internal contours while fill-
ing the space between them. Additionally, denser outer 
hatching is necessary for horizontal outer surfaces.

To implement the contourless technology in stereo-
lithography, several modifications to the conventional 
process are required, such as:

– eliminating contours;
– removing denser outer hatching;
– using only one coordinate (either Х or Y) on each 

layer; the direction of hatching alternates through 
the layer;

– increasing the hatching step.
The sparse hatching serves as an internal frame 

structure that gets filled with the initial liquid resin dur-
ing manufacturing. By the end of the process, the liquid 
resin naturally flows out from the model or is expelled 
by compressed air.

Fig. 2 illustrates both the conventional method and 
the validated contourless methods for creating a stereo-
lithographic part of a cylinder.

The model produced using this technology adopts 
a cellular polymer structure, openly accessible on all 
sides, containing a uniformly distributed free volu me 
internally. Experimental findings indicate that manipu-
lating technological parameters, such as layer thick-
ness (h) and hatching step (Hs ), within the ranges 

Fig. 1. Stages of part matrix construction for powder 
filling with sintered material

a – initial model, b – hollow matrix (sectional view),  
c – model displaying the matrix with a separated closing lid 

Рис. 1. Построение матрицы модели  
для заполнения ее порошком спекаемого материала
a – исходная модель, b – пустотелая матрица (в разрезе),  

c – модель матрицы с отделенной крышкой

Fig. 2. The models fabricated via conventional  
(contour + X–Y hatching) (a) contourless (alternating X and Y 

hatching layer by layer) (b) stereolithography techniques

Рис. 2. Вид моделей, полученных по традиционной  
стереолитографической технологии  

(контуры + штриховка X–Y) (a) и бесконтурно,  
с чередующейся через слой штриховкой X и Y (b)
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of h = 100 to 200 μm and Hs = 0.5 to 0.9 mm, results in 
varying proportions of free volume within the model, 
ranging from 30 to 80 %. A designer can replicate 
a similar internal hollow structure that fills the model. 
However, in such cases, the model’s complexity sig-
nificantly impacts the file size, potentially increasing it 
by several orders of magnitude. This could pose chal-
lenges for subsequent software processing to prepare 
the model for printing, potentially rendering it difficult 
or even impossible. In contrast, contourless models 
achieve the same effect by simply adjusting the model 
growing technology without burdening the file size 
with excessive complexity.

We opted for titanium powder with particle sizes 
ranging from 15 to 45 μm to explore the replacement 
of prototype material. Titanium is highly sought-after 
in engineering and medical applications. Additionally, 
both titanium and previously used silicon can serve 
as intermediate materials capable of forming ceramic 
compounds (such as nitride, oxide, and carbide) under 
suitable conditions, offering a wide array of structural 
properties [17–19].

The matrix models were dry-filled through the open 
facet, followed by sealing the closing lid with initial 
resin cured under a UV lamp.

For the filling of contourless models, a suspension 
of titanium powder and water was prepared. Filling 
the free volume in the models was conducted within 
an MK-mini vacuum chamber (“MK-Technology,” 
Germany). Experimental findings revealed optimal 
results when the filler constituted approximately 
50 ± 5 vol. % of the suspension.

Subsequently, all samples underwent heat treatment. 
Both matrix and contourless models were sintered 
under similar conditions using an SUOL-0.25.1/12-I1 
furnace (manufactured in Russia). Sintering tempera-
tures ranged from 900 to 1200 °C. The process was 
executed with gas purging (argon, nitrogen) and with 

exposure to atmospheric air. Sintering durations did not 
exceed 10 min.

Experimental resultsExperimental results
Fig. 3 displays photographs of the test contourless 

models captured at various stages of the technological 
process.

The model obtained after sintering remarkably 
retained its original shape and dimensions, showcasing 
the initial color of the titanium powder and exhibiting 
adequate mechanical strength and electrical conduc-
tivity. The furnace utilized in our experimentation is 
well-suited for gas purging (specifically, Ar and N2 in 
our case) and effectively prevents the temperature from 
exceeding 1200 °C. When using Ar purging, a minor 
quantity of weakly sintered metal powder (forming 
a loose layer up to 100 microns thick) was observed 
on the surface of the models. Sintering conducted 
at lower temperatures (1000 and 1100 °C) also yielded 
integral samples, albeit with inferior surface quality. 
Considering that the melting temperature of titanium is 
1670 °C, it can be inferred that elevated temperatures 
might enhance the final model’s quality.

As previously mentioned, the resulting samples 
exhibited the same colour as the original metal powder. 
Sintering the Ti-polymer model in an argon environment 
may instigate a reaction between titanium and the poly-
mer of the initial prototype. Under such conditions, stoi-
chiometric titanium carbide TiC, which conducts electri-
cal current similar to Ti, can be formed, along with sev-
eral non-stoichiometric carbides, such as TixCy [19; 20]. 
According to literature sources, titanium actively reacts 
with atmospheric gases like nitrogen and oxygen at 
high temperatures. This reaction results in the forma-
tion of titanium nitride and titanium oxide, respectively. 
It’s essential to note that not only metallic titanium but 
also its compounds, such as carbi des and nitrides, have 
the potential to interact with oxygen [18–22].

Fig. 3. Contourless samples
а – stereolithographic contourless model; b – the same model filled with titanium-water suspension;  

c – the model after a 10 min sintering at 1200 °C under argon purging 

Рис. 3. Тестовые бесконтурные образцы
а – стереолитографическая бесконтурная модель; b – та же модель, заполненная титановодяной суспензией;  

c – модель после 10 мин спекания при t = 1200 °С с продувкой аргоном
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Sintering the contourless models in a nitrogen envi-
ronment resulted in samples that maintained the origi-
nal shape and dimensions, akin to the experiments 
conducted in argon. These samples exhibited electrical 
conductivity, although at times, surface cleaning was 
necessary to verify this property. Both titanium nitride 
and titanium carbide act as metal-type conductors, 
particularly in the case of stoichiometric TiN or TiC 
compounds, while TiO2 oxide functions as a dielectric 
material [23–25].

Sintering in a nitrogen environment imparted a red-
dish-brown color to the samples, characteristic of tita-
nium nitride TiN (Fig. 4, a). However, upon discon-
tinuing nitrogen purging and before the samples cooled 
completely, a layer of white or yellow color formed on 
their surfaces, typical of titanium oxide TiO2 . Fig. 4, b 
illustrates a sample obtained through heat treatment in 
atmospheric air. Both samples (Fig. 4, a, b) displayed 
a slightly molten surface, which is noticeable when com-
pared with the sample in Fig. 3, c. According to reference 
data [26], the enthalpies of titanium dioxide and nitride 

formation are ΔHf° = –944 ÷ –938 kJ/mol (for different 
modifications) and ΔHf° = –323 kJ/mol, respectively. 
During sintering, after the removal of the polymer, 
the structure of the samples was notably porous, dis-
playing a branched surface. Due to chemical reactions, 
the temperature on their surface increased, resulting in 
localized areas of melted material.

The matrix models underwent a sintering process 
akin to the previously described sintering of contour-
less prototypes. Fig. 5 illustrates the stages of sample 
preparation and the outcome of sintering with argon 
purging.

A layer of orange-colored substance developed on 
the surface of the sintered model, particularly noti-
ceable on the protruding sections. A similar occurrence 
was observed on the contourless models with nitro-
gen purging, albeit in the recessed areas. The models 
generated in this manner, depicted in Fig. 5, c, more 
faithfully replicate the shape of the original model. 
Structurally, they also exhibit strength, and the orange 
layer can be removed from the surface using abrasive 

Fig. 4. Counterless samples following heat treatment at t =1100 °C  
under nitrogen purging (a) and in atmospheric air (b) 

Рис. 4. Тестовые бесконтурные образцы после проведения спекания при t = 1100 °С  
с продувкой азотом (a) и в атмосферном воздухе (b)

Fig. 5. Matrix samples
а – stereolithographic part depicting a component matrix with a lid; b – sealed matrix filled with titanium powder;  

c – the sample after a 10 min sintering at 1200 °C under argon purging 

Рис. 5. Тестовые матричные объекты
а – стереолитографическая модель матрицы объекта с крышкой; b – заклеенная матрица, заполненная титановым порошком;  

c – образец после 10 мин спекания при t = 1200 °С с продувкой аргоном
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materials or tools. Post-removal, the sample adopts 
a grey hue, akin to titanium powder.

Spectroscopy (FTIR) of the substance extracted 
from the surface of matrix models indicated (Fig. 6) 
the closest resemblance to the spectrum of non-
stoichiometric Ti3C2 carbide. Notably, the spectrum 
obtained lacked characteristic lines indicative of Ti–N 
bonds [19; 27–34].

Figs. 7 and 8 depict matrix samples sintered under 
nitrogen purging and in an air environment, respec-
tively. In the case of nitrogen purging, the samples 
sintered in this medium exhibited a more oxidized sur-
face compared to those sintered in an air environment. 
The matrix samples prepared for sintering were densely 
packed with metal powder, as previously described. 
The metal was encapsulated from the surrounding 
medium by the matrix itself, formed by a layer of cured 
polymer. Heating initiated the thermal decomposition 

or combustion of the polymer, prompting the metal 
to react with the resulting decomposition products. 
Previous findings indicated that in an inert argon envi-
ronment, this led to the formation of a layer composed 
of titanium-carbon compounds on the surface. As 
the polymer layer burned out, it gradually thinned and 
became permeable to atmospheric air or other gases, 
initiating competing processes between the forma-
tion of titanium carbide and titanium nitride [35; 36]. 
Titanium nitride reacted with heavier products of poly-
mer thermal decomposition, containing a significant 
oxygen content, and transformed into oxide. It’s note-
worthy that oxidation of titanium nitride commences 
at lower temperatures compared to titanium carbide. 
The simultaneous occurrence of these exothermic reac-
tions on the sample surface induced additional heating 
and surface melting, irrespective of the temperature 
used for heat treatment (refer to Fig. 7).

Fig. 6. FTIR spectrum analysis of substance from outer protruding parts  
of sintered matrix sample surface following 10 min sintering at 1200 °C under argon purging 

Рис. 6. FTIR спектр вещества с внешних выступающих частей поверхности матричного образца  
после 10 мин спекания при t = 1200 °С с продувкой аргоном

Fig. 7. Matrix samples following sintering under nitrogen purging
at t = 1000 °C (a) and 1200 °C (b) 

 Рис. 7. Тестовые матричные образцы после спекания с продувкой азотом 
при t = 1000 °С (a) и 1200 °С (b)
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Samples sintered in atmospheric air (Fig. 8) exhi-
bited distinct differences from those treated with nitro-
gen purge. One notable characteristic was their sensi-
tivity to the sintering temperature: lower temperatures 
(within specific limits) resulted in better retention 
of the sample’s shape and a cleaner surface. Moreover, 
these samples, despite exposure to atmospheric oxygen, 
showed minimal amounts of generated titanium oxide, 
observed only at temperatures surpassing 1100 °С.

We hypothesize that such sintering behavior can be 
elucidated by the fact that in the presence of atmos-
pheric oxygen, the polymer matrix underwent com-
bustion rather than decomposition. The primary com-
bustion products (H2O and CO2 ) were not retained 
on the surface of the sintered sample. Additionally, 
the outflow of hot gaseous combustion products from 
the reaction area hindered the entry of nitrogen and 
oxygen. Combustion of the polymer also resulted in 
a decreased presence of carbide on the titanium sur-
face. Notably, at a sintering temperature of 900 °C, 
the samp les with the cleanest surfaces, in comparison 
to others, were produced.

Results and discussionResults and discussion
Fig. 9 presents cross-sectional photos of the sin-

tered samples purged with argon. The contourless 
sample retained a mesh structure at the edges, inverse 
to that of the original prototype. In the center, there’s 
an area of sintered powder characterized by discontinu-
ous pinpoint metallic luster. The matrix sample exhi-
bited a darker outer layer, while the rest of the sample 
displayed a shiny metal appearance.

These investigations validate the feasibility of pro-
ducing 3D metal models using a stereolithography appa-
ratus, without necessitating foundry technologies. Each 
of the alternative technologies presented here holds dis-
tinct characteristics to be considered during the devel-
opment of a final technological solution. Selecting a 
viable solution should follow a phase of experiments 
and tests evaluating the strength of the model.

All models created using the described methods 
required post-processing to eliminate the outer layer 
of the material. This post-processing step should 
be factored in during the computer modeling phase.

Fig. 8. Matrix samples following sintering in air
at t = 900 °C (а), 1000 °C (b) and 1100 °C (c) 

Рис. 8. Тестовые матричные образцы после спекания на воздухе 
при t = 900 °С (а), 1000 °С (b) и 1100 °С (c)

Fig. 9. Cross-sections of a sample sintered at t = 1000 °C 
a – counterless sample; b – matrix sample 

Рис. 9. Срезы образцов, спеченных при t = 1000 °С 
a – бесконтурный образец; b – матричный образец
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We are intrigued by the prospect of merging con-
tourless and matrix technologies into one by creating 
a contourless matrix (as shown in Fig. 10). The wall 
of such a matrix is anticipated to be filled with a metal-
water suspension, while the inner cavity may be filled 
either with dry powder or the same suspension. 
By selecting an appropriate sintering mode that facili-
tates easy removal of the weakly sintered outer porous 
part, the final model will resemble a sintered powder 
devoid of channels from polymer elements, minimiz-
ing its contact with external media during sintering.

ConclusionsConclusions
Therefore, our experiments have validated the fea-

sibility of transforming stereolithographic prototypes 
into metal or metal-ceramic forms. Through the use 
of titanium as an exemplary material, we have effec-
tively showcased the genuine potential for such a trans-
formation. By employing the described prototypes, we 
expand the utility of stereolithography, enhancing its 
versatility. Notably, the proposed solution does not 
necessitate any alterations to the photopolymer. 

In contrast to additive technologies applied to me tals 
or ceramics, which typically involve the use of signifi-
cantly more expensive equipment, stereolithography 
equipment has consistently stood out as one of the most 
precise and user-friendly types of additive technology. 

Additionally, it’s noteworthy that the methods we 
propose facilitate the manufacturing of models with 
varying degrees of porosity. This aspect holds sig-

nificance in both technical and medical applications 
of such models.
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