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Лавриненко А.А., Кузнецова И.Н., Гольберг Г.Ю., Лусинян О.Г. Совместное применение жидкого стекла и полисахаридов при флотации...

MINERAL PROCESSING OF NON-FERROUS METALS / ОБОГАЩЕНИЕ РУД ЦВЕТНЫХ МЕТАЛЛОВ

UDC 622.765

https://doi.org/10.17073/0021-3438-2024-2-5-15

Research article

Научная статья

©  2024  A.A. Lavrinenko, I.N. Kuznetsova, G.Yu. Golberg, O.G. Lusinyan

Joint use of sodium silicate 
and polysaccharides in the flotation 
of talcose copper-nickel ores
A.A. Lavrinenko, I.N. Kuznetsova, G.Yu. Golberg, O.G. Lusinyan

Institute of Comprehensive Exploitation of Mineral Resources n.a. Academician N.V. Melnikov 
of the Russian Academy of Sciences

4 Kryukovskiy impasse, Moscow 111020, Russia

  Anatoliy A. Lavrinenko (lavrin_a@mail.ru)

Abstract: The paper considers the combined effect of polysaccharides (carboxymethyl cellulose and carboxymethyl starch) with sodium 

silicate in the f lotation of talcose copper-nickel ore. The analysis of the f lotation results and the assessment of hydrophobicity and 

surface charge of minerals showed that the composition of carboxymethylated polysaccharides and sodium silicate hydrophilizes the 

talc surface more effectively than each of the reagents separately. Moreover, sodium silicate alone hardly depresses the talc surface at all. 

The depression of f lotation-active silicates is effective when polysaccharide and sodium silicate are sequentially supplied. Under these 

conditions, sodium silicate makes a significant contribution to increasing the negative charge on the talc particles surface. The effect 

is more pronounced for compositions with starch, characterized by a lower degree of substitution compared to cellulose. It results in a 

significantly reduced recovery of f lotation-active magnesium-containing silicates and a slight decrease in sulfide recovery. To determine 

the features of the mechanism of talc and sulfide minerals depression in f lotation, we performed calculations using the extended DLVO 

theory based on the obtained values of the zeta potential and force of detachment. We established that sulfide minerals have no potential 

barrier preventing their interaction with an air bubble, regardless of the compositions of the studied depressants used. We propose the 

following interaction mechanism: when sodium silicate is supplied first, the talc basal surface is very insignificantly hydrophilized 

as SiO(OH)3
– ions are not easy to fix. On the contrary, when the carboxymethylated polysaccharide is supplied first, significant 

hydrophilization of the talc surface with carboxyl groups occurs due to the hydrophobic interaction between the corresponding regions 

of the macromolecule and the talc basal surface.

Keywords: f lotation, hydrophobicity, zeta potential, talc, sodium silicate, carboxymethyl cellulose, carboxymethyl starch, copper-nickel ore.

For citation: Lavrinenko A.A., Kuznetsova I.N., Golberg G.Yu., Lusinyan O.G. Joint use of sodium silicate and polysaccharides in the flotation 

of talcose copper-nickel ores. Izvestiya. Non-Ferrous Metallurgy. 2024;30(2):5–15. 

https://doi.org/10.17073/0021-3438-2024-2-5-15

Совместное применение жидкого стекла 
и полисахаридов при флотации 
оталькованных медно-никелевых руд
А.А. Лавриненко, И.Н. Кузнецова, Г.Ю. Гольберг, О.Г. Лусинян

Институт проблем комплексного освоения недр им. академика Н.В. Мельникова Российской академии наук
Россия, 111020, г. Москва, Крюковский тупик, 4

  Анатолий Афанасьевич Лавриненко  (lavrin_a@mail.ru)

Аннотация: Рассмотрено совместное действие полисахаридов (карбоксиметилированной целлюлозы и карбоксиметилирован-

ного крахмала) с жидким стеклом при флотации оталькованной медно-никелевой руды. На основании анализа результатов фло-
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тации, оценки гидрофобности и поверхностного заряда минералов показано, что композиция карбоксиметилированных поли-

сахаридов и жидкого стекла гидрофилизирует поверхность талька более эффективно, чем каждый из реагентов по отдельности. 

При этом одно жидкое стекло почти не депрессирует поверхность талька. Эффективная депрессия флотоактивных силикатов 

достигается при последовательной подаче полисахарида и жидкого стекла. В этих условиях жидкое стекло вносит существенный 

вклад в увеличение отрицательного заряда поверхности частиц талька. Эффект проявляется в большей мере для композиции с 

крахмалом, имеющим более низкую степень замещения по сравнению с целлюлозой. В результате существенно падает извлече-

ние флотоактивных магнийсодержащих силикатов при небольшом снижении извлечения сульфидов. С целью определения осо-

бенностей механизма депрессии талька и сульфидных минералов при флотации на основании полученных данных по значениям 

электрокинетического потенциала и силы отрыва были выполнены расчеты по расширенной теории ДЛФО. Установлено, что 

для сульфидных минералов потенциальный барьер их взаимодействия с пузырьком воздуха отсутствует при применении любых 

композиций исследованных депрессоров. Предложен следующий механизм взаимодействия: в случае, если в первую очередь по-

дается жидкое стекло, то гидрофилизация базальной поверхности талька весьма незначительна по причине затруднения закре-

пления ионов SiO(OH)3
–; напротив, когда сначала вводится карбоксиметилированный полисахарид, происходит существенная 

гидрофилизация поверхности талька карбоксильными группами вследствие гидрофобного взаимодействия между соответству-

ющими участками макромолекулы и базальной поверхности талька.

Ключевые слова: флотация, гидрофобность, электрокинетический потенциал, тальк, жидкое стекло, карбоксиметилированная 

целлюлоза, карбоксиметилированный крахмал, медно-никелевая руда.

Для цитирования: Лавриненко А.А., Кузнецова И.Н., Гольберг Г.Ю., Лусинян О.Г. Совместное применение жидкого стекла 
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Introduction

Efficient depression of rock minerals is crucial 

in the f lotation of copper nickel ores since naturally 

hydrophobic talc and other f lotation-active magnesi-

um-containing silicates may easily be recovered into 

the f lotation concentrate, increasing the costs of fur-

ther pyrometallurgical processing. Plant-based po-

lysaccharides are widely used for talc depression [1]. 

Earlier research focused on various talc depressants, 

including the most effective one — carboxymethyl 

cellulose (CMC) [2]. The main difficulty in applying 

polysaccharides is their selectivity. With an increased 

molecular weight of the reagent, depressing ability 

improves, but the sulfides recovery in the concentrate 

deteriorates [3—7]. Therefore, it is important to look 

for ways to boost selectivity and reduce recovery of 

magnesium-containing silicates in the concentrate 

when using depressants of f lotation-active rock min-

erals.

An analysis of literature data on the use of reagent 

complexes and their mechanism of action in the f lo-

tation of talcose copper-nickel ores proved the viabi-

lity of using compositions of sodium silicate (SS) with 

carboxymethylated polysaccharides [8—12]. Accord-

ing to [13], the sequential supply of acidified sodium 

silicate (SS) and CMC enhances the efficiency of f lo-

tation separation of chalcopyrite and talc due to the 

hydrophilization of talc basal surfaces by polymeric 

silicic acid formed during SS acidification. Thus, in 

the f lotation with a CMC concentration of 500 mg/L, 

the recovery of chalcopyrite and talc in the concen-

trate amounted to 16 % and 45 % respectively, against 

95 % and 90 % without a depressant. Moreover, the 

addition of acidified SS only during the f lotation had 

practically no impact on the recovery of these minerals 

in the concentrate. 

However, researchers in [14] note that the addition 

of sodium silicate acidified with oxalic or hydrochlo-

ric acids reduces the f loatability of silicates. At the 

same time, the sequential supply of these depressants 

with an SS concentration of 250 mg/L and a CMC 

concentration of 300 mg/L ensured, respectively, 28 % 

and 43 % recovery of talc and chalcopyrite in the con-

centrate. The paper [15] showed that in the talc f lota-

tion with the pH medium increasing from 8.6 to 10.5 

and the non-acidified SS concentration surging from 

0 to 300 mg/l, the recovery of talc in the concentrate 

rises from 70 % to 78 %. However, with a further in-

crease in pH and SS consumption, it drops, which, 

in our opinion, can be attributed to the enhanced 

concentration of double-charged anions SiO2(OH)2
2– 

at pH above 10.5. It is also indicated that the use of 

CMC in combination with SS causes a reduction of 

roughly 7 % in the talc recovery in the concentrate. 

At the same time, it remains unclear how the order 

of feeding non-acidified SS and polysaccharides af-

fects the surface properties of talc, sulfide minerals, 

and, in general, the results of talcose copper-nickel 

ore f lotation.
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Many researchers [12; 15; 16 et al.] attribute the de-

pressing effect of sodium silicate to the hindrance of the 

collector’s sorption on the mineral surface. Non-acidi-

fied SS is known to have a depressing effect on quartz in 

a weakly alkaline medium as SiO(OH)3
– ions are fixed 

on its surface [17]. It also affects flotation-active fors-

terite (forming a chemical compound with magnesium 

[18]) and serpentine in a strongly alkaline medium, as 

the positive surface charge of these minerals is compen-

sated by SiO2(OH)2
2– anions [19]. Thus, SS impacts sil-

icate minerals through different mechanisms of depres-

sion.

The literature data on the properties of SS solutions 

(e.g., [20]) indicate that the molecular form H4SiO4 

predominates in a slightly alkaline medium at pH =

= 7.0÷9.4, with single-charged anions SiO(OH)3
– are 

also present in relatively small amounts. Considering 

that about 90 % of the surface of talc particles is rep-

resented by basal areas characterized by very high hy-

drophobicity due to relatively low-polarity Si—O bonds 

prevailing [21], there are reasons to believe that the ad-

sorption value of Si(OH)4 and SiO(OH)3
– in a weakly 

alkaline medium is relatively small. This is probably 

why these compounds do not contribute to talc hydro-

philization or an increase in the absolute value of the 

negative ζ-potential of the surface. The findings of [15] 

also support this assumption. 

The purpose of this work is to determine, using the 

example of flotation of out-of-balance copper-nickel ore, 

the conditions under which compositions of non-acidi-

fied sodium silicate and polysaccharide depressants have 

a potent depressing effect on flotation-active silicates. 

The objective of the research was to find out how de-

pressants should be applied to reduce the concentrate 

yield while maintaining acceptable copper and nickel 

recovery.

Materials and methods

The research aims to study the depressing effect of 

depressant compositions on talc and other flotation-ac-

tive silicates in the flotation of talcose copper-nickel ore.

For flotation experiments, we used the ore compris-

ing the following major elements, %:

Cu ........................................................0.12

Ni .......................................................... 0.2

Co ........................................................0.01

S ............................................................ 0.8

Fe .......................................................... 1.9

Mg ....................................................... 0.94

SiO2 ..................................................... 50.5

Its mineral composition includes the following ele-

ments, wt.%:

Chalcopyrite .......................................... 0.3

Pentlandite ............................................ 0.6

Pyrrhotite .............................................. 0.2

Pyrite ...................................................0.14

Pyroxene ................................................ 58

Talc ........................................................ 12

Amphiboles .............................................. 8

Magnesite .............................................3.75

Plagioclases .............................................. 1

By the content of valuable components, the ore is 

classified as out-of-balance.

The scheme shown in Fig. 1 was used to conduct 

f lotation of the ore crushed to a size of 84 % grade 

–71 μm, at pH = 7 (generated by the f lotation medi-

um). In the main f lotation, the silicate depressant was 

fed first, to be followed by the collector — butyl xan-

thogenate 50 g/t. Methylisobutylcarbinol (MIBC), 

with consumption of 20 g/t, was used as a foaming 

agent. Reagent consumption in the control f lotation 

amounted to 40 % of that in the main f lotation. The 

concentrates from the main and control f lotations 

were then combined. The following reagents were 

used as talc depressants:

— sodium silicate;

— carboxymethyl starch CMS-BUR (JSC NPO 

“Polycell”, Russia), with 0.4 degree of substitution 

of hydroxyl groups by carboxyl ones and 60 % con-

tent of the active substance;

— carboxymethyl cellulose (polyanionic cellulose) 

PAC-N (JSC NPO “Polycell”) with a 0.9 deg-

ree of substitution at 45 % of active sub-

stance. 

Depressants concentrations and consumption were 

recalculated taking into account the content of the ac-

tive ingredient in the reagent. 

The changes in the minerals hydrophobicity 

caused by depressants were evaluated by determining 

the force of air bubble detachment from the mineral 

surface using a torsion balances. Sections of natu-

ral samples of pyrrhotite, pentlandite, and talc were 

measured [22]. NaOH was used to provide a pH = 7 

solution.

The zeta potential of the minerals was determined 

using a ZETA-check PMX 500 device (“Particle Met-

rix”, USA). A 0.2 g sample of finely ground mineral was 

placed in a 50 ml cell. The measurement principle is 

based on the evaluation of the flow potential.
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Results and discussion

Figure 2 shows the findings of f lotation studies of 

copper-nickel ore with sodium silicate, carboxymethyl 

starch, and carboxymethyl cellulose, as well as combi-

nations of SS + CMS-BUR and SS + PAC-N. Based 

on the analysis, we came to the following conclusions: 

sodium silicate does not significantly depress rock 

minerals; the concentrate yield decreased by 10 % from 

52.9 % to 42.8 %, at an SS consumption of 5.6 kg/t. 

The PAC-N reagent demonstrates better depressing 

properties compared to CMS-BUR. At the same con-

sumption of 700 g/t, the use of CMS-BUR reduced the 

concentrate yield from 52.9 % to 40.9 %, PAC-N re-

duced it to 22.6 %. The combinations of depressants in 

the compositions of SS + CMS-BUR and SS + PAC-N 

showed stronger depressant properties compared to 

each reagent separately. When the combination of 

SS + CMS-BUR is used, the order of feeding the de-

pressant is important. When SS is introduced first, 

followed by CMS-BUR, the concentrate yield drops 

to 27.9 %, However, if SS is fed after starch, the yield 

plummets to 18.8 % (see Fig. 2, a). Therefore, it is rec-

ommended to feed SS after CMS-BUR. The combined 

use of PAC-N and SS also enhances the depressing 

effect in the f lotation (see Fig. 2, b), but the order of 

feeding reagents does not significantly affect the re-

sult. With an SS consumption of 5.6 kg/t and PAC-N 

consumption of 700 g/t, the concentrate yield de-

creases from 52.9 % to 15.9 %. For the composition 

CMS-BUR + SS, the minimum required depressant 

consumption is 280 g/t of starch and 1.4 kg/t of SS, 

and its further increase does not affect depression (see 

Fig. 2, а). When PAC-N + SS is used, the concen-

trate yield gradually declines with increasing reagent 

consumption (see Fig. 2, b). 1.4 kg/t of SS; further in-

creases do not affect depression (see Fig. 2, a). When 

PAC-N + SS is used, the concentrate yield gradual-

ly declines with increasing reagent consumption (see 

Fig. 2, b). 

Figure 3 shows the results of copper and nickel re-

covery into the concentrate using compositions of SS +

+ CMS-BUR and SS + PAC-N depressants. With an SS 

consumption of 5.6 kg/t and polysaccharide consump-

tion of 700 g/t, CMS-BUR showed slightly better selec-

tivity for nickel: nickel recovery was 58.6 %, while with 

PAC-N, this value was 54.4 %.

The results of measurements of the air bubble de-

tachment force from the talc surface showed that the 

combined use of depressants (Fig. 4, a, curves 4 and 5) 

increases the hydrophilization of the mineral sur-

face compared to each depressant used individually. 

For pentlandite and pyrrhotite (Fig. 4, b and c), the 

compositions reduce the hydrophobicity of sulfides, 

but to a lesser extent than for talc. Thus, for talc 

with the maximum concentration of each depressant 

(600 mg/L), the detachment force drops from 300 μN 

to 50 μN, while for sulfides under the same conditions, 

it decreases by 50—60 μN to 280—290 μN. It was 

found that the different order of feeding depressants 

barely affects the force of air bubble detachment from 

the mineral surface.

The zeta ζ-potential of talc shifts more in the pres-

ence of different depressants (Fig. 5, a) when sodium 

silicate is added. With its content of 250 mg/L, the value 

of ζ-potential is –48 mV, while with the same concen-

tration of CMS-BUR and PAC-N, it is about –35 mV. 

The effect of SS addition to polysaccharides is most pro-

Fig. 1. Scheme of flotation experiments

Рис. 1. Схема флотационных опытов
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nounced with its content of 100 mg/L. When the con-

centration of polysaccharide was increased to 250 mg/L, 

the value of ζ-potential was close to that in the presence 

of one SS. 

For chalcopyrite, the shift of ζ-potential was almost 

the same regardless of the depressant (Fig. 5, b). The 

value of zeta potential of chalcopyrite without reagents 

is –4 mV, while in the presence of CMS-BUR and 

PAC-N, the concentration of each being 250 mg/L, 

it reaches –8.5 mV, and when SS is added, this value 

amounts to about –10 mV. The combination of depres-

sants, with 100 mg/L SS concentration and 250 mg/L 

polysaccharide concentration, shifts the potential to 

–10 mV.

The zeta potential of pyrrhotite without reagents 

reaches –8.8 mV (Fig. 5, c), and it shifts more when so-

dium silicate is added. The combination of depressants 

shifts the potential toward negative values by 1—2 mV 

up to 11 mV. 

Thus, when depressants affect talc at a concentra-

tion of 250 mg/L, the zeta potential shifts from the in-

itial value by 16—28 mV to the values of –36...–48 mV 

depending on the depressant. For sulfides (pyrrhotite 

and chalcopyrite) ζ-potential is –8...–10 mV with a 

shift from the initial one by 1—2 mV towards negative 

values.

To determine the features of the mechanism of talc 

and sulfide minerals depression in the f lotation based 

Fig. 2. Impact of the composition of depressants CMС-BUR with SS (a) and PAC-N with SS (b) on the concentrate yield 

in the flotation of copper nickel ore

а: 1 – SS, 2 – CMS-BUR, 3 – SS + CMS-BUR, 4 – CMS-BUR + SS

b: 1 – SS, 2 – PAC-N, 3 – SS+ PAC-N, 4 – PAC-N + SS

Рис. 2. Влияние сочетания депрессоров КМК-БУР с ЖС (а) и ПАЦ-Н с ЖС (b) на выход концентрата 

при флотации медно-никелевой руды

а: 1 – ЖС, 2 – КМК-БУР, 3 – ЖС + КМК-БУР, 4 – КМК-БУР + ЖС

b: 1 – ЖС, 2 – ПАЦ-Н, 3 – ЖС + ПАЦ-Н, 4 – ПАЦ-Н + ЖС

Fig. 3. Impact of the composition of depressants CMS-BUR + SS (a) and PAC-N + SS (b) on the recovery of Cu (1) and Ni (2) 

in the flotation of copper nickel ore

Рис. 3. Влияние композиции депрессоров КМК-БУР + ЖС (а) и ПАЦ-Н + ЖС (b) на извлечение Cu (1) и Ni (2) 

при флотации медно-никелевой руды
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on the obtained values of the zeta potential and detach-

ment force, we made calculations using the extended 

DLVO theory, taking into account the components 

of the potential energy of interaction between a min-

eral particle and an air bubble: electrostatic (UE with 

the “+” sign), molecular (UM with the “–” sign) and 

hydrophobic (UH with the “–” sign). The calcula-

tion method based on this theory for talc depression 

is described in [23]. According to [24], if the curve 

showing dependence of the total potential energy (U ) 

of the particle interaction with a bubble on the dis-

tance between the surfaces of these objects (h) has a 

barrier with a height of minimum 10 kT (where k =

= 1.38·10–23 J/K — Boltzmann constant; T — abso-

lute temperature, K), the interaction of these objects is 

hampered. When the barrier is lower or non-existent, 

the interaction is unimpeded.

Considering the literature data, the following pa-

rameter values included in the equation of the extended 

DLVO theory were used in the calculations:

— ionic strength of the dispersion medium — 

0.04 mol/L;

— Hamaker constants for talc particles and air bub-

bles are 1.7·10–20 and 3.7·10–20 J, respectively;

— the surface potential (ϕ) of air bubbles in the aque-

ous medium at pH = 7, according to various data, ranges 

from –0.037 to –0.265 V.

Figures 6 and 7 features the calculated curves 

of U dependence on h at pH = 7. The presented da-

ta demonstrates that in the absence of reagents the 

calculated curve is entirely in the region of negative 

U values, since talc particles, due to their natural 

hydrophobicity, freely interact with air bubbles. In 

the presence of individual reagents, including SS, 

CMS-BUR and PAC-N, maxima emerge on the 

curves corresponding to the value of h ~ 2÷3 nm. They 

are located above the curve for the reagentless mode, 

but still entirely within the region of negative values, 

even when the consumption of investigated reagents is 

at its maximum.

Figure 6 also shows that curve 4 corresponding 

to SS is located above curves 2 and 3 for PAC-N and 

CMS-BUR. We attribute this to the fact that some part 

of carboxyl groups does not participate in forming the 

Fig. 4. Force of detachment of an air bubble from 

the surface of talc (a), pentlandite (b) 

and pyrrhotite (c) at рН = 7

1 – SS, 2 – CMS-BUR, 3 – PAC-N, 

4 – SS + CMS-BUR, 5 – SS + PAC-N

Рис. 4. Сила отрыва пузырька воздуха 

от поверхностей талька (а), пентландита (b) 

и пирротина (c) при рН = 7 в зависимости 

от концентрации реагента

1 – ЖС, 2 – КМК-БУР, 3 – ПАЦ-Н, 

4 – ЖС + КМК-БУР, 5 – ЖС + ПАЦ-Н
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negative charge of the talc surface due to steric hin-

drances and incomplete dissociation. At the same time, 

silicic acid ions are characterized by a denser arrange-

ment on the talc surface, which causes a greater negative 

charge and, consequently, a greater value of the electro-

static component.

Figure 7 shows that the use of PAC-N composi-

tion with SS creates a potential barrier of interaction 

between the particle and the bubble with an ordinate 

of about 10 kT. This is presumably due to the fact that 

PAC-H hydrophilizes the talc surface with carboxyl 

groups. This, in turn, creates favorable conditions for 

additional hydrophilization of talc by SiO(OH)3
– ions 

and increase in the negative charge of the surface. At 

the same time, compared to the mode without reagent 

supply at the point corresponding to the maximum 

height of the potential barrier (h = 1.7 nm), the value 

of UE is 4.5 times higher, and that of UH is 1.4 times 

lower. This gives reasons to suggest that the electrostat-

ic component makes the most significant contribution 

to the barrier formation due to the increased number 

of negatively charged groups on the talc surface. This 

effect is the greatest for PAC-H, for which the degree 

of substitution is 0.9. At the same time, CMS-BUR, 

characterized by a much lower degree of substitution 

(0.4), cannot create a potential barrier under the same 

conditions. 

Also, the calculations revealed that for sulfide min-

erals, there was no potential barrier in their interaction 

with an air bubble no matter what compositions of inves-

tigated depressants were used.

Based on the above, the following mechanism of talc 

depression by the compositions of polysaccharides and 

SS seems feasible. If SS is fed first, the hydrophilization 

of the basal surface of talc is insignificant as SiO(OH)3
– 

ions are not easy to fix. On the contrary, when the car-

boxymethylated polysaccharide is fed first, according 

to the detachment force measurement data, the talc 

surface is substantially hydrophilized by the carbox-

yl groups due to hydrophobic interactions between the 

corresponding sites of the macromolecule and the talc 

basal surface. This, in turn, creates favorable conditions 

for additional hydrophilization of talc by SiO(OH)3
– 

ions, and their contribution to the increase in the neg-

ative charge of the surface is more noticeable for the 

СMC-BUR reagent with a 0.4 degree of substitution 

compared to PAC-N, for which this parameter is 0.9. 

Thus, the depressant reagents decrease the hydro-

phobic component and increase the electrostatic one due 

to their negative charge.

Fig. 5. ζ-potential of talc (a), chalcopyrite (b) 

and pyrrhotite (c) with different depressants at pH= 7

1 – CMS-BUR, 2 – PAC-N, 3 – SS, 

4 – SS (100 mg/l) + CMS-BUR, 

5 – SS (100 mg/l) + PAC-N

Рис. 5. ζ-потенциал талька (а), халькопирита (b) 

и пирротина (c) с разными депрессорами 

при рН = 7 в зависимости от концентрации 

реагента

1 – КМК-БУР, 2 – ПАЦ-Н, 3 – ЖС, 

4 – ЖС (100 мг/л) + КМК-БУР, 

5 – ЖС (100 мг/л) + ПАЦ-Н
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Conclusion

The investigation of the flotation of talcose cop-

per-nickel ore, along with the assessment of the hydro-

phobicity and surface charge of minerals, revealed that 

the combination of carboxymethylated polysaccharides 

and sodium silicate hydrophilizes the talc surface more 

effectively than each of the reagents separately. However, 

sodium silicate alone hardly depresses the talc surface at 

all. The depression of flotation-active silicates is effective 

when polysaccharide and sodium silicate are sequential-

ly supplied. Under these conditions, SS contributes sig-

nificantly to the increase in the negative charge on the 

talc particle surfaces. This effect is more pronounced for 

compositions with starch characterized by a lower degree 

of substitution compared to cellulose.

The combined use of carboxymethylated polysaccha-

ride and sodium silicate considerably reduces the yield 

of concentrate due to the depression of flotation-active 

magnesium-containing silicates, with a slight decrease 

in the recovery of sulfides. This subsequently creates 

conditions for enhancing the efficiency of the concen-

trate’s pyrometallurgical processing.
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Abstract: Using keyhole plasma arc welding, welded joints of a Ti2AlNb-based alloy, VTI-4, were obtained, and their structure and me-

chanical properties were studied. It has been established that the dynamic effect of a keyhole arc had a positive effect on the quality of the 

welded joint; namely, lack of penetration, porosity, and microcracks were eliminated. The welded joint consisted of a fusion zone (FZ), 

a heat-affected zone (HAZ), and a base metal (BM). Depending on the phase composition and morphology of the obtained phases, the HAZ 

can be divided into four zones: HAZ1 with large β-phase grains near the melting line, HAZ2 with large β-phase grains + α2, HAZ3 with 

more fragmented β-phase grains retaining more α2-phase, and HAZ4 with the phase composition β + α2 + O. Subsequent heat treatment 

(HT: quenching at 920 °C for 2 h, cooling in air, followed by aging at 800 °C for 6 h, cooling in air) preserved the zone structure of the weld 

but led to the formation of the O-phase within β-grains. The microhardness of the weld in the zone corresponds to 360±15 HV0.2, but after 

HT, it increased to 382±20 HV0.2. The strength properties of the welded joint after HT were above 90 % of the base metal (σucs = 1120 MPa, 

σ0.2 = 1090 MPa), while elongation to failure is close to the initial condition (δ = 2.1 %).
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Аннотация: Методом плазменной сварки проникающей дугой заготовок из сплава ВТИ-4 на основе орторомбического алюми-

нида титана Ti2AlNb получены сварные соединения и исследованы их структура и механические свойства. Установлено, что ди-

намическое воздействие проникающей дуги оказывает положительное влияние на качество сварного соединения: исключаются 

непровар, возникновение пористости и микротрещин, а также формируется благоприятная форма корня шва. Обнаружено, что 

сварное соединение состоит из зоны плавления (ЗП), зоны термического влияния (ЗТВ) и основного металла (ОМ). В зависи-

мости от фазового состава и морфологии фаз ЗТВ можно разделить на 4 области: ЗТВ1 из крупных зерен β-фазы вблизи линии 

сплавления, ЗТВ2 из крупных зерен β-фазы + α2, ЗТВ3 с более фрагментированными зернами β-фазы с сохранением большего 

количества α2-фазы и ЗТВ4, имеющей фазовый состав β + α2 + О. Последующая термическая обработка (ТО: закалка при темпе-

ратуре 920 °С с выдержкой 2 ч и охлаждением на воздухе с последующей выдержкой 6 ч при 800 °С и дальнейшим охлаждением 

на воздухе) обеспечивает сохранение зонной структуры сварного шва, но приводит к формированию во всех зонах внутри β-зе-

рен частиц O-фазы. Микротвердость сварного шва в зоне плавления соответствует 360±15 HV0,2, а после ТО она возрастает до 

382±20 HV0,2. Прочностные свойства сварного соединения после ТО находятся на уровне выше 90 % от показателей исходной 

кованой заготовки (σв = 1120 МПа, σ0,2 = 1090 МПа), а пластичность близка к исходному состоянию (δ = 2,1 %).

Ключевые слова: сплав ВТИ-4 на основе орторомбического алюминида титана, Ti2AlNb, плазменная сварка проникающей ду-

гой, сварной шов, BSE-анализ, EBSD-анализ, механические свойства, микротвердость.
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Introduction

Titanium alloys based on orthorhombic titanium 

aluminide (Ti2AlNb alloys) are considered as a poten-

tial replacement for Ni-based superalloys in the aero-

space industry [1]. The interest in these materials is 

due to their high creep resistance and burn resistance 

compared to conventional titanium alloys, allowing 

their use at temperatures up to 650 °C [2]. Addition-

ally, they have higher ductility and crack resistance 

compared to γ-TiAl- and α2-Ti3Al-based alloys and 

lower density (ρ = 5÷6 gm/cm3) compared to Ni-based 

superalloys [3—6].

One of the main obstacles to the widespread use of 

Ti2AlNb alloys is the difficulty in obtaining high-qua-

lity weld joints due to low thermal conductivity, high 

residual stresses, and a cascade of phase transforma-

tions during cooling. These characteristics require the 

selection of welding parameters to achieve the optimal 

structure of the weld joint for the desired mechani-

cal properties. Technologies for creating non-dis-

mountable joints have been proposed to manufacture 

high-quality structures, expanding the application 

range of Ti2AlNb alloys [7]: tungsten inert gas weld-

ing (TIG) [8; 9], diffusion bonding [10; 11], friction stir 

welding [12; 13], laser beam welding [14—16], electron 

beam welding [17—19], etc. Among the welding me-

thods for titanium alloys, TIG welding is the most 

widely used in the industry [20].

Common problems when using TIG welding with 

Ti2AlNb alloys include low productivity, porosity of the 

weld joint, and the formation of a coarse dendritic struc-

ture of the β-phase in the fusion zone. Additionally, when 

welding thick (>4 mm) products, it is necessary to use 

filler material with a corresponding chemical composi-

tion, which requires the manufacturing of such consum-

ables [21]. Moreover, multi-pass welding leads to repeat-

ed overheating of the weld joint, resulting in significant 

grain growth and consequently low ductility. On the oth-

er hand, keyhole plasma arc welding (K-PAW) can serve 

as the most technologically advanced alternative among 

arc welding methods for obtaining non-dismountable 

joints, allowing for defect-free welds of titanium alloys 

over a wide range of thicknesses. This method has not 

been used to obtain non-dismountable joints from Ti2Al-

Nb alloys, requiring research on the influence of welding 

parameters on the quality of the weld joint, its structure, 

and mechanical properties.

Thus, the aim of this study was to develop K-PAW 

parameters and determine the influence of the optimal 

welding regime and subsequent heat treatment on the 

structure and properties of welded joints made from the 

VTi-4 alloy based on orthorhombic titanium alumini-

de (Ti2AlNb).

Materials and research methods

The study utilized plates made from the VTi-4 alloy, 

the chemical composition of which is provided below, 

in at.%:

Ti........................................................ Base

Al ........................................................... 23

Nb .......................................................... 23

V ............................................................ 1.4

Zr .......................................................... 0.8

Mo ........................................................ 0.4

Si ........................................................... 0.4

The investigated alloy in its initial forged state pos-

sesses the following mechanical properties: ultimate 

tensile strength (σucs) = 1230 MPa, yield strength (σys) =

= 1190 MPa, elongation to failure (δ) = 3.5 %, micro-

hardness 420±15 HV0.2.

The microstructure of the initial billet in the form of a 

hot-rolled plate is shown in Fig. 1. It exhibits large β-grains 

with a size of 300±50 μm, with globular α2-phase grains 

of 10±5 μm located along the grain boundaries. Addi-

tionally, uniformly distributed within the volume of the 

β-grains, there are needle-like ω-phase precipitates with 

a length of 8±3 μm and a thickness of 1—3 μm.

K-PAW was performed using the PMI-350 AC/

DC TL power source (SBI, Austria) on an automated 

gantry-type console [22]. Fixing plates were weld-

ed to the welding locations to secure the workpieces 

Fig. 1. Microstructure of forged plate of the VTI-4 alloy

Рис. 1. Микроструктура горячекованой плиты 

из сплава ВТИ-4
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in the fixture, allowing for the delivery of shielding 

gas to the root of the weld joint and ensuring uni-

form movement of the plasma torch with the shield-

ing block. Samples for K-PAW with dimensions of 

50 × 25 × 4  mm were cut from the forged plate. Pri-

or to welding, the entire surface of the samples was 

ground with abrasive paper with a grain size of 68 μm 

FEPA P № 220, and the mating surface at the joint 

was ground with grinding wheels with a grain size of 

18 μm FEPA P № 1000.

Welding of 4 mm thick plates made from the VTi-4 

alloy was performed end-to-end without gaps or filler 

material. The melting current required to form a hole 

at the root of the weld (keyhole) was set at 150—160 A 

and applied for 0.5 sec. As a result of the melting, the 

welding process transitions to the keyhole mode, and 

part of the arc energy is dissipated. The main weld-

ing current in this process is reduced to 140—150 A, 

the arc voltage is 21—22 V, welding speed is 20 m/h, 

and the current at the end of welding (at the moment 

of exiting the fixating plates) drops to 15—20 A. Since 

non-consumable (copper) fixating plates were used, 

the welding process was completed at minimal cur-

rents. The plasma-forming gas f low rate was 3 L/min, 

the shielding gas f low rate was 3 L/min, and the ad-

ditional shielding gas f low rate for the shielding block 

was 8 L/min. Argon grade 5.0 (99.999 % Ar) was used 

as the plasma-forming gas.

The interaction of the compressed arc with the weld 

pool occurs in the formed crater cavity.

The magnitude and nature of the distribution of the 

compressive arc’s force impact in the weld pool largely 

determine the characteristics of the melting front abla-

tion process, molten metal movement, bath retention, 

and the quality of weld root formation.

Welded joints underwent heat treatment in a split-

type folding tube furnace RS80/300/13 (“Nabertherm”, 

Germany) according to the quenching + aging: quench-

ing at a temperature of 920 °C for 2 h followed by air 

cooling and subsequent aging for 6 h at 800 °C with fur-

ther air cooling. Prior to loading the samples into the 

furnace, they were subjected to a 3-cycle argon purging 

and vacuum evacuation. Heating was performed in an 

argon atmosphere with excess pressure.

Samples for mechanical testing and microstructural 

analysis were cut using a Sodick VL400Q wire EDM ma-

chine (China). The surfaces of the samples were ground 

using Struers SiC FEPA P № 220-2000 abrasive mate-

rials (from 68 to 10 μm) on Metrotest (Russia), Baipol 

Metco (India), and LaboPol-5 (“Struers”, Denmark) 

equipment. Subsequent surface polishing was carried 

out using Struers MD Chem suspension with OP-S 

NonDry suspension. Samples for further microstructu-

ral analysis were cleaned of organic matter, suspension 

particles, or abrasive in an ultrasonic bath model 3404 

(“Sapphire”, Russia) with acetone for 15 minutes.

The microstructure was examined using a Q600 3D 

electron microscope (FEI, Czech Republic) equipped 

with a standard Everhart-Thornley secondary and 

scattered electron (SEM) and detector of backscat-

Fig. 2. Samples for uniaxial tensile tests: from VTI-4 plates after K-PAW (а); area for measuring microhardness in the cross 

section of a welded joint of the VTI-4 alloy (b)

The dimensions are specified in millimeters

Рис. 2. Образцы для испытаний на одноосное растяжение из пластин ВТИ-4 после плазменной сварки (а) 

и область измерения микротвердости в поперечном сечении сварного соединения (b)

Размеры указаны в мм

a b
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tered electron (BSE) at an accelerating voltage of 

20—30 kV. EBSD analysis was performed in backs-

cattered electron diffraction mode with grain orien-

tation mapping. Samples for BSE analysis were fixed 

on an instrument table with a 45° tilt using carbon 

conductive adhesive 502 (EMS, USA) or clamps, 

while NEM TAPE carbon tape (“Nisshin”, Japan) 

was used for ETD analysis. The sample, additionally 

tilted at a 25° angle (total angle of 70° to the horizon-

tal), was scanned with a 3 μm step. Data processing 

and analysis were carried out using OIM Analysis 9 

software (EDAX, USA).

Tensile tests on welded joints were conducted using 

a “5882 testing machine” (Instron, UK) at room tem-

perature with a deformation rate of 10–4 s–1. Control 

and data collection were performed using “Bluehill 2” 

software (Instron, UK). The scheme and dimensions of 

the samples for tensile testing are shown in Fig. 2, a. For 

testing, at least two samples of the base material, welded 

joints before and after heat treatment, were used.

Microhardness was determined on microgrinds 

in the cross-section of welded joints using a Vickers 

402MVD microhardness tester (Netherlands) with a 

load of 200 g and an indentation time of 10 sec (HV0.2) 

with a 0.2 mm step. Microhardness in the cross-section 

of the weld joint was evaluated at 3 points: in the area 

closer to the weld bead, in the middle of the weld joint, 

and closer to the weld root (Fig. 2, b). Control and da-

ta collection were performed using “Hardtest Wolpert 

Group” software (Netherlands).

Research results

The results of the study are presented in Table 1, 

which shows the tested parameters of keyhole plasma 

arc welding (K-PAW) for 4 mm thick plates made of the 

VTI-4 alloy. The selection of optimal K-PAW condi-

tions was carried out on a control sample. It was found 

that at low currents, a melting channel is not formed, 

leading to disruption of the keyhole plasma arc weld-

ing process. Preliminary investigations showed that a 

high-quality welded joint was obtained with K-PAW in 

mode 4 (Table 2): the melting current of the keyhole 

was set at 160 A, the main welding current was 150 A, 

and the current at the end of welding was 20 A. In this 

case, the width of the weld bead is 6.0 mm, and the 

root of the weld is 3.0 mm. No external defects such as 

pores and cracks were observed in the resulting welded 

joints (Fig. 3). Thus, welded joints obtained in mode 4 

were used for subsequent research.

Technological plates used for fixture fixation leave 

traces on the edges of the welded joint (Fig. 3). At the be-

ginning of the weld, there is a zone with a buildup where 

through melting is formed, and at its end, a zone with 

edge melting is detected, formed as a result of the dis-

placement of liquid metal to the newly melted weld pool. 

All detected defects are of a technological nature, which 

can be eliminated using fixating plates at the beginning 

and end of welding.

The cross-sectional structure of the welded joint, as 

determined by BSE-SEM analysis, is shown in Fig. 4. 

It exhibits an hourglass shape. Interestingly, the bound-

ary of the fusion zone is less curved compared to weld-

ed joints after laser and electron beam welding (Fig. 4). 

This difference can be attributed to the plasma arc pass-

ing from top to bottom, resulting in a more evenly dis-

tributed heat across the cross-section of the central and 

root parts of the weld.

In the welded joint, three main zones can be dis-

tinguished: the weld zone or fusion zone (FZ), the 

heat-affected zone (HAZ), and the base metal (BM) 

(see Fig. 4—6). The fusion zone consists of large co-

lumnar β-phase dendrites oriented perpendicular 

to the fusion line (FL), with an average length of ap-

proximately ~750 μm (Fig. 6, a). According to EBSD 

analysis, large equiaxed crystals with a diameter of 

350±50 μm were found in the middle of the weld, attri-

buted to the larger volume of the liquid pool and reduced 

heat dissipation rate from the central part of the weld 

[23]. Due to the increased cooling rate, no formation of 

Table 1. The modes of keyhole plasma arc welding of the VTI-4 alloy plates with a thickness of 4 mm

Таблица 1. Режимы плазменной сварки проникающей дугой пластин из сплава ВТИ-4 толщиной 4 мм

Mode 

number

Melting point 

of the lock bore, 

A

Main welding 

current, 

A

Current 

at the end 

of welding, A

Consumption 

of plasma-forming/protective gases, 

L/min

1 150 140 15 3/3

2 160 140 15 3/3

3 150 150 20 3/3

4 160 150 20 3/3
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O- or α2-phases occurs in the FZ [24]. Additionally, the 

high Nb content also contributes to the stabilization of 

the β-phase [25]. Internal pores were not detected in 

both the FZ and at the fusion line boundary (Fig. 5, 

a, b). In the near-fusion zone, large globular β-grains 

with an average size of 160±100 μm are formed 

along the fusion line. In the HAZ at a distance of 

3.5±0.5 mm from the center of the weld, smaller equia-

xed grains with an average size of 100±40 μm are ob-

served (zone HAZ3, Fig. 6, b).

The structure of the HAZ after K-PAW can be di-

vided into 4 zones depending on the phase composi-

tion and morphology. In the HAZ1 zone, close to the 

fusion line, large β-phase grains with diameters of 

60—260 μm are observed (Fig. 5, c). Here, α2- and 

Table 2. Phase composition of the zones of the welded 
joint of the VTI-4 alloy obtained by K-PAW 
with subsequent heat treatment

Таблица 2. Фазовый состав зон сварного соединения 

из сплава ВТИ-4, полученного плазменной сваркой 

проникающей дугой с последующей термической 

обработкой

Phases
Contentment, %

FZ HAZ1 HAZ2 HAZ3 HAZ4 BM

α2 – <1 6.5 7.8 9.0 10.3

O 46.0 43.0 44.0 44.0 45.0 46.0

β 54.0 57.0 49.5 48.2 46.0 43.7

Fig. 3. Appearance of a welded joint of the VTI-4 alloy produced by K-PAW according to mode 4

a – weld bead; b – root of the weld

Рис. 3. Внешний вид сварного соединения из сплава ВТИ-4, полученного плазменной сваркой проникающей дугой 

по режиму 4

а – валик сварного шва; b – корень сварного шва

Fig. 4. Cross-section of a weld of the VTI-4 alloy produced by K-PAW with marking of areas for BSE and EBSD 

microstructural analysis, which are presented in Fig. 5 and 6, respectively

Рис. 4. Поперечное сечение сварного шва сплава ВТИ-4, полученного плазменной сваркой проникающей дугой, 

с разметкой областей съемки BSE- и EBSD-анализов (см. рис. 5 и 6) 

a b
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O-phases completely dissolved during the heating 

process of welding, and no reverse transformation oc-

curred during cooling. In the HAZ2 and HAZ3 zones, 

the globular α2-phase is partially preserved, as higher 

temperatures are required to complete the α2→β trans-

formation [25]. At the same time, large β-phase grains 

have sizes ranging from 40—160 μm (Fig. 5, d, e). 

HAZ4 consists of β-, O-, and α2-phases (Fig. 5, f ). 

Fig. 6. EBSD analysis of a welded joint of VTI-4 alloy in the cross section of the weld obtained by K-PAW

a – center of the weld; b – from the fusion zone to the base metal

Рис. 6. EBSD-карты сварного соединения из сплава ВТИ-4 в поперечном сечении сварного шва, 

полученного плазменной сваркой проникающей дугой

а – центр сварного шва; b – участок от зоны плавления до основного металла

Fig. 5. BSE analysis of the microstructure in the cross section of the welded joint of the VTI-4 alloy produced 

by K-PAW

a – fusion zone (FZ); b – fusion line (FL); c – HAZ1; d – HAZ2; e – HAZ3; f – HAZ4 and base material (BM)

Рис. 5. Результаты BSE-анализа микроструктуры в поперечном сечении сварного соединения из сплава ВТИ-4, 

полученного плазменной сваркой проникающей дугой

а – зона плавления (ЗП); b – линия сплавления (ЛС); c – ЗТВ1; d – ЗТВ2; e – ЗТВ3; f – ЗТВ4 и основной материал (ОМ)

a

a

d fe
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Unlike the BM, in HAZ4, during heating, the O-pha-

se partially transforms into the β-phase, while the 

α2-phase mainly remains.

The transition from HAZ2 to HAZ3 and HAZ4 

is gradual and accompanied by the appearance of the 

α2-phase and an increase in its proportion in the struc-

ture. During the transition from HAZ4 to BM, an in-

crease in the O-phase content is observed. Zones of 

thermal influence with phase composition, morphology, 

and size similar to those described above were also ob-

served in previous studies [25—27].

During the heat treatment process, within the fu-

sion zone (FZ), needle-like O-phase particles with 

lengths ranging from 1.1—2.9 μm and thicknesses 

of 0.21±0.15 μm were precipitated (Fig. 7, a). In the 

HAZ1, precipitations of α2-phase with sizes of 0.6±

±0.2 μm formed along the boundaries of large β-grains, 

with an overall volume fraction not exceeding 1 %. In-

side the β-grains, particles of the O-phase with lengths 

ranging from 0.8—2.1 μm were observed (Fig. 7, b). In 

the HAZ2, needle-like O-phase and α2-phase precipi-

tations were observed inside and along the boundaries of 

β-grains, respectively. Additionally, globular α2-phase 

particles were found inside the β-grains (Fig. 7, c, d). 

In the HAZ4, particles of α2-phase close to equiaxed 

shape with diameters of 0.7—3.5 μm, located along the 

boundaries of β-grains, and needle-like particles of the 

O-phase with lengths of 1.1—2.4 μm inside the β-grains 

were also observed (Fig. 7, e). In the base metal (BM) 

zone, a large number of globular α2-phase particles 

with sizes ranging from 1.2—4.5 μm were present, pre-

dominantly along the boundaries of primary β-grains 

(Fig. 7, f). The BM zone differs from HAZ4 in its low-

er content of β-phase and higher content of O- and 

α2-phases: 43.7 %, 46.0 %, and 10.3 %, respectively, 

compared to 46.0 %, 45.0 %, and 9.0 % in HAZ4.

The distribution of microhardness across the trans-

verse section of the weld is shown in Fig. 8. The width 

of the fusion zone (FZ) ranges from 3 to 6 mm and is 

within the range of –3 to 3 mm on the graphs, with a 

microhardness of 360±15 HV0.2. The heat-affected zone 

(HAZ) extends several millimeters on both sides, and 

the microhardness approaches the values of the base 

metal (BM) (420±15 HV0.2). Thus, the width of the 

HAZ is 4—5 mm.

It is noteworthy that the microhardness profile at dif-

Fig. 7. The results of the BSE analysis of the microstructure in the cross-section of the welded joint of the VTI-4 alloy, 

obtained by K-PAW followed by heat treatment

a – fusion zone (FZ); b – HAZ1; c – HAZ2; d – HAZ3; e – HAZ4; f – base metal (BM)

Рис. 7. Результаты BSE-анализа микроструктуры в поперечном сечении сварного соединения из сплава ВТИ-4, 

полученного плазменной сваркой проникающей дугой с последующей термической обработкой

а – зона плавления (ЗП); b – ЗТВ1; c – ЗТВ2; d – ЗТВ3; e – ЗТВ4; f – основной металл (ОМ)
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ferent levels of the weld remains nearly the same. It is 

known [28] that for Ti2AlNb alloys, dispersion strength-

ening of the O-phase is the main strengthening mecha-

nism. Therefore, due to the absence of the O-phase, the 

microhardness is lowest in the FZ and HAZ1 immedi-

ately after welding. However, as the transition from the 

FZ to the BM occurs, it increases [29].

After heat treatment (quenching + aging), the micro-

hardness level slightly increases in the FZ and HAZ1 to 

382±20 HV0.2 (Fig. 8). At the same time, a decrease in 

microhardness to 310—380 HV0.2 is observed in HAZ3 

and the BM. The hardness profile is closely related to 

the structural state in each zone. The increase in micro-

hardness in the FZ is primarily associated with the pre-

cipitation of fine O-phase during heat treatment [24; 28]. 

However, a noticeable decrease in microhardness was 

observed in the BM and HAZ4, which can be explained 

by the softening effect of static recovery and recrystalli-

zation [30].

The tensile test diagrams of samples cut from the 

original forged blank, as well as the welded joint be-

fore and after heat treatment (HT), are presented in 

Fig. 9. The mechanical properties of the welded joint 

without HT are at a level higher than 80 % of the pa-

rameters of the original blank (σucs = 1020 MPа, σys =

= 1010 MPа); however, elongation to failure of the 

weld is substantially lower (0.5 %), which may be at-

tributed to the formation of large dendrites of the 

β-phase in the fusion zone (FZ) [31]. The mechanical 

properties of the welded joint after HT reach a level 

exceeding 90 % of the initial state (σucs = 1120 MPа, 

σys = 1090 MPа). Thus, heat treatment contributes to 

an increase in mechanical properties by approximately 

10 % compared to welded joints obtained under plas-

ma welding conditions without subsequent heat treat-

ment. At the same time, elongation to failure of the 

welded joint reached 2.1 %.

Fracture of the base metal after tensile testing mostly 

exhibits a ductile relief; however, zones of ductile failure 

with the formation of dimples and quasi-brittle cleavage 

facets are identified, explaining the higher ductility of 

the material (Fig. 10, c, d). In the welded joint, failure 

occurs through the FZ, and a ductile relief is observed 

on the fracture surface (Fig. 10, a, b). Microcracks and 

pores, which could have opened up or become place of 

failure, were not detected.

The observed fracture is characteristic of welds 

with a β-phase structure [24; 25], where fracture in-

volves the splitting of the crack at the base of the duc-

tile pattern. In this case, transgranular brittle fracture 

explains the low ductility of the material [31]. Weld-

ed joints after HT fail through a mixed mechanism 

of inter- and transgranular fracture (Fig. 10, e—h). 

Fig. 8. Microhardness of the initial plate (HV0.2 BM) and welded joints of the VTI-4 alloy in the cross section 

of the weld obtained by K-PAW (HV0.2 K-PAW) with subsequent heat treatment (HV0.2 K-PAW + HT) 

[K-PAW – keyhole plasma arc welding, HT – heat treatment]

Рис. 8. Усредненные значения микротвердости исходной заготовки (OM) и сварных соединений из сплава ВТИ-4 

в поперечном сечении сварного шва, полученных плазменной сваркой проникающей дугой (ПС) 

с последующей термической обработкой (ПС + ТО)

Fig. 9. Tensile diagram of the base metal (BM), welded joint 

(K-PAW) of the VTI-4 alloy with subsequent heat treatment 

(K-PAW + HT) obtained by K-PAW

Рис. 9. Диаграммы растяжения основного металла 

(ОМ), сварного соединения (ПС) из сплава ВТИ-4, 

полученного плазменной сваркой с последующей 

термической обработкой (ПС + ТО)
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The fracture occurs at the boundary (fusion line) be-

tween the weld and the HAZ1. Obviously, the preci-

pitation of the O-phase in the FZ contributed to the 

strengthening of the weld, and failure occurred at the 

FZ/HAZ1 interface. Cracks along the boundaries of 

large β-phase grains are observed on the fracture sur-

face (Fig. 10, g, h), as well as facets of transgranular 

fracture.

Thus, compared to TIG welding of Ti2AlNb-based 

alloys [8; 32], keyhole plasma arc welding maintains 

a large dendritic structure in the weld, but due to the 

increased thickness of the welded metal and welding 

speed, the productivity of the process for producing 

non-detachable joints significantly increases. Further-

more, after heat treatment (HT), the mechanical prop-

erties of the welded joints reach levels close to those of 

the base metal (>90 %).

In comparison to laser beam welding of VT1-4 ti-

tanium aluminide-based alloys, which are similar in 

structure and properties to the original blanks [15], 

Fig. 10. Morphology of fracture surface of samples after tensile tests: a – general view of the fracture of the welded joint (WJ); 

b – morphology of the fracture surface of the WJ; c – general view of the fracture of the base metal (BM); d – morphology 

of the fracture surface of the BM; e – general view of the fracture of the WJ after heat treatment (HT); f–h– morphology 

of the fracture surface of the WJ after HT

Рис. 10. Поверхности разрушения образцов после испытаний на растяжение: общий вид и микростроение 

изломов сварного соединения (а, b), основного металла (c, d) и сварного соединения 

после термообработки (e–h)

a

d

f
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K-PAW ensures the absence of porosity in the weld due 

to the specific dynamic impact of the plasma arc dur-

ing welding. Despite the large dendritic structure of 

the weld after K-PAW (~750 μm), the level of mechan-

ical properties of such dense, defect-free (no porosity) 

welded joints is close to that of welds obtained by pulsed 

laser beam welding [15].

Conclusion

Within the scope of this study, the keyhole plasma 

arc welding (K-PAW) mode for 4 mm thick plates made 

of VT1-4 alloy was determined to achieve defect-free 

welded joints, consisting of the fusion zone, heat-af-

fected zone, and base metal. The HAZ structure af-

ter welding, depending on the phase composition and 

morphology of the phases, can be divided into the fol-

lowing zones: HAZ1 — zone of large β-phase grains 

near the fusion line; HAZ2 — zone of large β-phase 

grains with α2-phase particles; HAZ3 — zone with 

more fragmented β-phase grains with a large amount 

of α2-phase preserved; HAZ4 — zone containing β-, 

α2-, and O-phases.

The microhardness of the weld in the FZ corre-

sponds to 360±15 HV0.2, and after heat treatment 

(HT) (quenching at t = 920 °C, holding for 2 h, air 

cooling, aging at 800 °C, τ = 6 h, air cooling), it in-

creases to 382±20 HV0.2 due to strengthening from 

the precipitation of fine O-phase particles. The me-

chanical properties of the welded joint after HT are 

above 90 % of the parameters of the original forged 

blank (σucs = 1120 MPа, σys = 1090 MPа), with elon-

gation to failure approaching the original state (δ = 

= 2.1 %).
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Abstract: The composite materials based on the Al–Si system alloys, strengthened with a highly dispersed titanium carbide phase, possess 

improved characteristics and belong to the group of promising structural materials. Currently, self-propagating high-temperature synthesis 

(SHS) based on the exothermic interaction, wherein titanium and carbon precursors directly involve in the melt, is the most accessible and 

effective method to obtain them. This paper proves the feasibility and demonstrates the successful synthesis of a 10 wt.% titanium carbide 

phase in the melt of the AK10M2N alloy, resulting in the AK10M2H-10% TiC composite material. Samples of the matrix alloy and the 

composite material were subjected to heat treatment according to the T6 mode, with various temperature-time parameters for hardening and 

aging operations. Based on the results, optimal heat treatment modes were selected to ensure maximum hardness. We studied the macro- and 

microstructure of the obtained samples and performed micro X-ray spectral and X-ray diffraction phase analyses. Different groups of properties 

underwent comparative tests. It was established that the density of AK10M2N–10%TiC samples before and after heat treatment, according to 

optimal modes, is close to the calculated value. We showed that the combination of reinforcement and heat treatment significantly increases 

hardness, microhardness, and compressive strength, with a slight decrease in ductility. Additionally, it maintains the values of the coefficient 

of thermal linear expansion, high-temperature strength, and resistance to carbon dioxide and hydrogen sulfide corrosion at the level of the 

original alloy. The greatest effect was observed during the investigation of tribological characteristics: heat treatment of the composite material 

according to the recommended mode significantly reduces the wear rate and friction coefficient, eliminates seizure and tearing, and prevents 

temperature rise due to friction heating.

Keywords: composite material, aluminum, melt, titanium carbide, self-propagating high-temperature synthesis (SHS), heat treatment.
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Introduction

The Al—Si system alloys, commongly known as si-

lumins, are among the most common cast aluminum 

alloys. They are characterized by high casting proper-

ties, satisfactory weldability, and corrosion resistance, 

making them suitable for manufacturing medium 

and large critical duty cast parts such as compressor 

housings, crankcases, cylinder heads, pistons, and more. 

Special alloys, which contain additional alloying 

components besides silicon, such as Cu, Mg, Mn, Ti, 

and less frequently Ni, Zr, Cr, etc., are the most com-

Выбор термической обработки и исследование 
ее влияния на структуру и свойства 
композиционного материала АК10М2Н–10%TiC, 
полученного методом СВС в расплаве

А.Р. Луц, Ю.В. Шерина, А.П. Амосов, Е.А. Минаков, И.Д. Ибатуллин

Самарский государственный технический университет
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Аннотация: Композиционные материалы на основе сплавов системы Al–Si, упрочненные высокодисперсной фазой карби-

да титана, характеризуются улучшенными свойствами и относятся к группе перспективных конструкционных материалов. 

В настоящее время наиболее доступным и эффективным способом их получения является самораспространяющийся высо-

котемпературный синтез (СВС), основанный на экзотермическом взаимодействии прекурсоров титана и углерода непосред-

ственно в расплаве. В работе обоснована целесообразность и показан успешный опыт синтеза 10 мас.% фазы карбида титана 

в расплаве сплава АК10М2Н и получения композиционного материала АК10М2Н–10%TiC. На образцах матричного сплава и 

полученного на его основе композиционного материала реализована термическая обработка по режиму Т6 с различными тем-

пературно-временными параметрами операций закалки и старения, по результатам которых выбраны оптимальные условия 

термообработки, обеспечивающие получение максимальной твердости. Исследована макро- и микроструктура, проведены 

микрорентгеноспектральный и рентгенофазовый анализы полученных образцов. Выполнен комплекс сравнительных испы-

таний разных групп свойств. Установлено, что образцы АК10М2Н–10%TiC до и после проведения термической обработки по 

оптимальным режимам имеют плотность, близкую к расчетному значению. Показано, что совместное проведение армиро-

вания и термообработки способствует существенному повышению показателей твердости, микротвердости и прочности на 

сжатие при незначительном уменьшении пластичности, а также позволяет сохранить значения коэффициента термическо-

го линейного расширения, жаропрочности и стойкости к углекислотной и сероводородной коррозии на уровне исходного 

сплава. Наибольший эффект отмечен при исследовании трибологических характеристик: проведение термической обработки 

композиционного материала по рекомендованному режиму способствует существенному снижению скорости изнашивания 

и коэффициента трения, позволяет исключить схватывание и появление задиров, а также не допустить повышения темпера-

туры вследствие разогрева при трении.

Ключевые слова: композиционный материал, алюминий, расплав, карбид титана, самораспространяющийся высокотемпера-

турный синтез (СВС), термическая обработка.
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mon. The introduction of such additives enhances the 

strength characteristics of silumins, and the presence 

of copper and magnesium allows for heat treatment 

according to the T6 mode, which includes harden-

ing followed by artificial aging to achieve additional 

strengthening. However, it remains important to find 

ways to further enhance the mechanical properties of 

silumins, as even after alloying and heat treatment, 

their properties remain lower than those of duralu-

mins [1].
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One of the most promising approaches is creat-

ing casting composite materials based on silumins by 

combining a matrix alloy with a dispersed phase con-

stituted of particles of silicon or titanium carbides [2; 

3]. Silicon carbide is produced in large volumes and 

is more affordable. However, it can react with the SiC 

filler and the matrix, forming the hexagonal lamellar 

Al4C3 phase, which leads to instability in physical 

and mechanical properties and a decrease in corrosion 

resistance [4]. Titanium carbide reinforcement is less 

common but is a better choice: firstly, unlike the SiC 

hexagonal lattice, titanium carbide has a FCC lattice 

close in size to the lattice of matrix aluminum, so dis-

persed particles of this compound can effectively act 

as crystallization centers. Secondly, titanium carbide 

is characterized by higher physical and mechanical 

properties, such as a melting point of Tmelt = 3433 K 

(compared to 2873—2970 K for SiC); Young’s mo-

dulus E = 440 ·109 N/m2 (3350 ·109 N/m2); hardness 

HV = 32·109 N/m2 (24÷28·109 N/m2); strength σucs =

= 1.2÷1.54·109 N/m2 (0.4÷1,7·109 N/m2) [5]. 

The final characteristics of composite material 

reinforced with dispersed carbide phases are largely 

determined by its production method [6; 7]. In terms 

of technological availability and cost-effectiveness, 

liquid-phase methods are preferable. These methods 

are subdivided into ex situ, where reinforcing particles 

are prepared in advance outside the matrix and later 

introduced into the melt, and in situ, where reinforc-

ing particles are synthesized by chemical reactions di-

rectly in the matrix alloy during composite fabrication 

[8]. The most common method from the first group is 

mechanical mixing, which often leads to contamina-

tion with oxides and impurity elements and excludes 

the possibility of obtaining a highly dispersed rein-

forcing phase, as the particles tend to agglomerate [9]. 

The more promising method from the second group, 

self-propagating high-temperature synthesis (SHS), 

does not have these disadvantages. It can be imple-

mented on standard foundry equipment, is character-

ized by low energy consumption due to the short du-

ration of the process, and most importantly, it enables 

the synthesis of the titanium carbide phase from initial 

powders of carbon and titanium (or their compounds) 

with particle sizes from 100 nm in a wide range of con-

centrations [10].

A number of studies on liquid-phase reinforcement 

of silumins with carbide phases have been conducted 

in Russia. The study in [11] shows that mechanically 

mixing SiC particles into AK12, AK9, and AL25 alloys 

contributes to a deterioration of the castings’ dendritic 

parameter and an increase in the modulus of elasticity, 

hardness, and bearing capacity. In [5; 12], researchers 

compared antifriction compositions based on the AK12 

and AK12M2MgN alloys reinforced with dispersed SiC 

or TiC particles in amounts of 5 or 10 wt.%, with and 

without intermetallic phases (Al3Me type compounds). 

It was found that the optimal filler is a titanium carbide 

phase in the amount of 10 wt.%, as this increased wear 

resistance up to 10 times and reduced the coefficient of 

friction by 60 %.

There are also several publications on heat treat-

ment of silumin-based composites [13—16]. The paper 

[14] showed that the AK12M2MgN alloy, reinforced 

with endogenous (formed in the melt) AlTi, Al3Ti, 

Al3Ni, etc. phases and exogenous (introduced from 

outside) SiC and Al2O3 nano- and microparticles in 

the amount of 0.1 wt.%, exhibits a hardness increase 

of 50 MPa at t = 20 °C and 30 MPa at 300 °C. After 

heat treatment (holding at 515 °C, quenching in water, 

and aging at 210 °C), the hardness increased by 110—

160 MPa and 60—80 MPa, respectively. Similar results 

were obtained in [15; 16], where mechanical stirring 

of SiC dispersed phase up to 15 wt.% into the AK9h, 

AK12MMrN, and A359 alloys with subsequent T6 heat 

treatment accelerated the aging process and increased 

hardness overall. The authors attributed this to the en-

hanced density of dislocations in the composites and 

the difference in elastic moduli between the matrix and 

the reinforcing phase.

These studies provide convincing evidence that 

producing and thermally treating composites based 

on silumins is promising. However, it is also clear that 

domestic developments mainly focus on obtaining 

composites through mechanical stirring and primar-

ily use silicon carbide as the filler. In contrast, foreign 

studies cover a wider range of production methods and 

composite structures. For instance, foreign research-

ers show significant interest in titanium carbide, both 

introduced from the outside and formed in the melt 

of silumins by the SHS method [17—20]. In [20], re-

searchers added an Al + Si powder mixture in amounts 

of 0—40 % to a charge of titanium and graphite, then 

mixed, pressed in an argon atmosphere, and intro-

duced it into the Al—Si eutectic melt heated to 900 °C. 

X-ray phase analysis showed that at any content of Al 

and Si powders, the final composite structure includ-

ed only Al, Si, and TiC phases, confirming that SHS 

of the carbide phase can be conducted directly in the 

silumin melt.

Care must be taken when selecting the tempera-

ture modes for creating and heat treating such com-

posites, as several studies indicate that the titanium 

carbide phase becomes thermally unstable at high 
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temperatures and long holding periods in the presence 

of silicon [21—24]. In [22], 10 wt.% TiC particles were 

introduced into the Al—7%Si melt heated to 700 °C. 

After crystallization, the samples were oven-exposed 

at temperatures ranging from 500 to 1000 °C for 6 

hours. It was found that in the range of 600—800 °C, 

titanium carbide decomposes, forming Ti—Al—Si 

ternary phase and Al4C3 intermetallic phase, while at 

temperatures above 800 °C, the reverse process occurs, 

and the carbide phase content nearly restores to the 

initial level. However, [23] demonstrated that during 

a 20-minute holding at 800 °C of the Al—12Si/TiC 

composite, titanium carbide decomposes completely 

and irretrievably because silicon atoms diffuse into the 

lattice of titanium carbide. 

A similar conclusion was made in [24]. At tem-

peratures of 750 and 800 °C, TiC particles decompose 

to form Al4C3 and TiAlxSiy phases, and at 900 and 

1000 °C, they form Al4C3 and TiAlxSiy phases, and at 

t = 900 and 1000 °C, to form Al4C3 and Ti3SiC2. 

All authors agree that the carbide phase can degrade 

at high temperatures of the silumin melt and during 

prolonged holding times. Therefore, the SHS method is 

particularly relevant, as it requires minimal time and the 

entire cycle of obtaining the composite material, from 

charge input to crystallization of the finished product, 

lasts no more than 10 minutes, which is insufficient for 

carbide phase decomposition.

Another important issue is phase formation in the 

presence of other alloying elements and carbide phase 

particles. The study [25] explores the influence of 1 % Fe 

on the structure and properties of the Al—12%Si—

1%Fe—(0.4—0.8)%TiC composite obtained by the SHS 

method. It was found that with increasing titanium 

carbide content, α-Al8Fe2Si of favorable morphology 

forms instead of the sharp-angled β-Al5FeSi phase, en-

hancing the tensile strength from 148.2 to 198.7 MPa, 

the yield strength from 84.7 to 93.5 MPa, and the rela-

tive elongation from 2.3 to 4.93 %.

Several studies have focused on the addition of 

magnesium, with varying findings. The authors of 

[26] mixed 10 wt.% TiC into the silumin composi-

tion Al—14.2%Si—0.3%Mg, additionally introduced 

1 wt.% Mg, and subjected the mixture to heat treat-

ment (holding at 525 °C, quenching in cold water, and 

aging at 151—155 °C). They attributed the significant 

increase in wear resistance to the uniform carbide 

phase distribution, decreased surface tension, and in-

creased wettability caused by the presence of magnesi-

um. However, in [27], which studied phase formation 

in an Al—Mg—Si alloy reinforced with 2 % TiC du-

ring aging at 160 °C, it was found that the carbide phase 

prevents the formation of Guinier—Preston zones and 

the release of strengthening metastable Mg—Si pha-

ses in the aluminum matrix. As a result, after heat 

treatment, the maximum hardness of the compo-

site (75.8 HV) was lower than that of the matrix alloy 

(123 HV). The role of magnesium is also negatively 

evaluated in [28], where the Al—3.5vol.%TiC alloy 

obtained by the SHS method was introduced into the 

Al—10%Si melt at 850 °C to form 2 vol.% TiC, with 

0.2—0.4 wt.% Mg added to some samples. After syn-

thesis, the samples were subjected to heat treatment 

(holding at 540 °C, quenching in cold water, and ag-

ing at 160 °C). Based on the microstructure analy-

sis, the authors concluded that the Mg2Si compound 

forms but segregates near TiC particles and facilitates 

the interaction between carbide particles and silicon. 

This leads to the formation of complex phases such as 

Al3TiSixCy and Al3Ti, which slightly enhance hard-

ness and strength but significantly reduce the mate-

rial’s ductility.

Thus, the process of structure formation in compos-

ites based on special silumins is not entirely clear, but 

it is evident that their aging kinetics differ significantly 

from those of initial silumins, and the phase compo-

sition can undergo significant changes. However, all 

studies indicate that the presence of a carbide phase 

contributes to enhanced hardness and wear resistance 

[29; 30]. This suggests that such reinforcement is most 

appropriate for tribological materials requiring this 

complex of properties, such as heat-resistant piston 

aluminum alloys. In this group, the most widespread 

materials are special silumins with nickel, particular-

ly the AK10M2N alloy, which is extensively used to 

manufacture piston castings for internal combustion 

engines. Previous studies conducted by Samara State 

Technical University demonstrated the feasibility of 

conducting SHS with АК10М2Н silumin containing 

10 wt.% TiC. This process reduced the friction coeffi-

cient of the composite material by three times without 

subsequent heat treatment, while increasing the sei-

zure load by at least 1.5 times compared to the matrix 

alloy [31].

To further enhance the material’s characteristics, 

we conducted this study to select the optimal heat treat-

ment mode and investigate its effect on the structure and 

properties of the AK10M2N-10%TiC composite materi-

al obtained via SHS in the melt.

Research methodology

The AK10M2N alloy produced by “Sammet” LLC 

(Russia) according to GOST 30620-98, was used as 
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a matrix for the melt. To obtain a charge mixture, 

powders of titanium (TPP-7, TS 1715-449-05785388) 

and carbon (P-701, GOST 7585-86), taken in a stoi-

chiometric ratio for the SHS reaction Ti + C = TiC, 

were mixed with salt Na2TiF6 (GOST 10561-80) in 

the amount of 5 % of the charge mass. The resulting 

composition was then divided into 3 equal portions, 

wrapped in aluminum foil and alternately introduced 

into the silumin melt heated to a temperature of 

900 °C in a graphite crucible of a PS-20/12 melting 

furnace (Russia) for conducting SHS reaction and ob-

taining composites. 

To study the microstructure, the samples were etched 

with a solution of 50%HF + 50%HNO3 for 10—15 s. 

Metallographic analysis was carried out on a JSM-6390A 

scanning electron microscope (“Jeol”, Japan) equipped 

with a JSM-2200 module for micro X-ray spectral ana-

lysis (MXSA). 

The phase composition was determined by X-ray 

diffraction (XRD) phase analysis. X-ray spectra were 

recorded on an ARL X’trA automated diffractometer 

(“Thermo Scientific”, Switzerland) using CuKα-radi-

ation with continuous scanning in the range of angles 

2θ = 20°÷80° at a speed of 2 degrees/min. HighScore 

Plus software (PANalytical B.V., the Netherlands) was 

used to analyze the diffractograms.

The samples were subjected to thermal treatment in 

a SNOL laboratory chamber furnace with an operating 

temperature reaching 1300 °С. 

The density of experimental samples was determined 

by hydrostatic weighing on VK-300 scales (Russia) of the 

4th accuracy class according to GOST 20018-74. 

The method based on measuring the elongation of 

cylindrical rods, 60 mm long and 7 mm in diameter, 

during heating was used to estimate the coefficient of 

thermal linear expansion (CTLE). The CTLE value was 

measured on a mechanical dilatometer under the follow-

ing conditions: TXA thermocouple, type K; duration — 

5 h; temperature limit value — 300 °C; the measurement 

interval — 25 °C. CTLE was calculated according to the 

formula

where α is the temperature coefficient of linear expan-

sion, К–1; t1 and t2 are initial and final test temperatu-

res, K; l1 and l2 are sample lengths corresponding to t1 

and t2, mm.

Hardness of samples was determined on TSH-2M 

hardness tester (Russia) according to GOST 9012-59, 

after which the impression diameter was assessed on 

a Motic DM-111 microscope (Russia) and analyzed 

using the Motic Educator software. The microhard-

ness of the samples was measured on a standard 

PTM-3 microhardness tester (Russia) according 

to GOST 9450-76 using a diamond-pyramid hard-

ness test with a square base and an interface angle 

at the apex of 136°; the weight on the indenter was 

100 g. Compression tests were carried out according to 

GOST 25.503-97 on type III samples with the diame-

ter d0 = 20 mm under a load up to 300 kN. To evaluate 

the heat resistance, compression tests were performed 

at temperatures of 150 and 250 °C using an Instron 

8802 universal machine (USA) with a 3119-406 ther-

mal chamber at a load of 100 kN; the thermocouple 

was mounted directly on the sample; the traverse speed 

reached 1 mm/min.

Corrosion resistance was evaluated according to 

GOST 13819-68 in the Coat Test 3.3.150.150 auto-

clave complex under the following conditions: an aque-

ous solution of 5 % NaCl; gas phase CO2 (1 Pa) + H2S 

(0.5 MPa) + N2 (3.5 MPa) at 80 °C; duration — 240 h; 

total pressure — 5 MPa. Corrosion resistance parame-

ters were calculated according to GOST 9.908-85. 

Tribological tests were carried out using the “Univer-

sal-1B” universal tribological complex (Russia), accord-

ing to the ring-plane test scheme, which simulates the 

operating conditions of friction surfaces “piston — pis-

ton pin” in the internal combustion engine in the follow-

ing mode: normal contact load — 400 N; counterbody 

rotation speed — 600 rpm (average linear velocity in the 

contact zone is 0.157 m/s); test duration — 60 min (or 

until complete seizure).

Results and discussion

During the TiC synthesis, an active and rapid 

SHS reaction with bright flashes was observed in the 

AK10M2N melt. The fractures of AK10M2N-10%TiC 

samples obtained after solidification were characterized 

by homogeneous gray color, had neither foreign inclu-

sions nor residues of unreacted charge.

The AK10M2N alloy belongs to the group of spe-

cial piston silumins with nickel addition. The T1 mode, 

that includes artificial aging only, can be used for its 

heat treatment aimed at enhancing its strength charac-

teristics. Moreover, the material partially hardens du-

ring cooling in the casting mold, but in this case hard-

ening will not be significant. More frequently the T6 

mode is used. It includes hardening within the range of 

515—535 °С and artificial aging in the interval of 160—

190 °С [32—34]. Based on the review of the recom-

mended modes, the following were selected as expe-

rimental ones:
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1) heating for hardening at t = 515 °C for 1—2 h 

with cooling in cold water and aging at t = 190 °C for 

1—6 h;

2) heating for hardening at t = 535 °C for 1—2 h 

with cooling in cold water and aging at t = 160 °C for 

1—6 h. 

Hardness was used as a quantitative criterion to eval-

uate the heating effect. 

The analysis of the obtained results showed that the 

maximum hardness values are achieved by heating for 

hardening at t = 515 °C followed by artificial aging at 

t = 190 °C for 2 h, but with different periods of hold-

ing for hardening: for the AK10M2N matrix alloy the 

maximum hardness of 152 НВ was observed after 2 h 

of holding, while for the AK10M2N—10%TiC sample, 

the hardness of 171 НВ was registered after 1 h of hold-

ing (Fig. 1). The highly dispersed particles of titanium 

carbide obviously contribute to the increase in vacancy 

concentration, dislocation density, grain refinement, 

which, in combination, intensify structural transforma-

tions. The above modes were found to be optimal, and 

further studies were performed after these types of heat 

treatment. 

The microstructural study of the samples after heat 

treatment revealed that many rounded particles, their 

sizes ranging from 180 nm to 2 μm, were present in the 

composite (Fig. 2). MXSA that was conducted further 

(Fig. 3) indicates the presence of Ti and C in the com-

posite structure, which confirms their assimilation in 

the melt, as well as other elements (Si, Cu, Mg, Ni, and 

Fe) included in the initial AK10M2N alloy.

According to the sources [1; 32], after heat treat-

ment of piston silumins, magnesium is usually pre-

sent in their structure in an amount of about 1% in the 

form of eutectic inclusions of the Mg2Si phase, but it 

can also form other Mg-containing compounds. Cop-

per in alloys with nickel forms the main strengthening 

phases Al2Cu and Al5Cu2Mg8Si6, as well as ternary 

compounds Al7Cu4Ni and Al3CuNi. Nickel with iron 

can form the Al9FeNi compound, eutectic inclusions 

of which are undesirable due to rough morphology. 

However, the following phases are most likely to form: 

Al3Ni, Al6Cu3Ni and Al3(Ni,Cu)2. The XRD analysis 

was performed to clarify the obtained phase composi-

tion, which revealed the presence of Al2Cu and Al3Ni 

intermetallic phases in the matrix alloy and TiC ce-

ramic phase (9 wt.%) in the composite, which is quite 

an acceptable level, taking into account some inho-

mogeneity of its distribution, as well as the presence 

of the same Al2Cu, Al3Ni phases (Fig. 4). We can also 

assume the presence of other phases from the above- 

mentioned list in too small an amount to be detected by 

the XRD method.

Investigation of properties 
of the AK10M2N alloy 
and the AK10M2N—10%TiC 
composite material after heat treatment

We conducted comparative studies of the samples of 

the initial alloy and the AK10M2N—10%TiC composite 

material before and after heat treatment according to the 

recommended modes.

Initially, the density and porosity of the samples were 

determined. The obtained data are presented in Table 1. 

The comparison of theoretical (ρt) and experimental (ρe) 

density revealed that these values are very close and the 

porosity is 0. This phenomenon is not typical for pro-

Fig. 1. The hardness change of the AK10M2N alloy and the AK10M2N–10%TiC composite material after heating 

for hardening with holding for 1 h (a) and 2 h (b) at t = 515 °C, cooling in cold water and artificial aging at a temperature 

of t = 190 °C for 1–6 h

Рис. 1. Изменение твердости сплава АК10М2Н и композиционного материала АК10М2Н–10%TiC после нагрева 

под закалку с выдержкой 1 ч (а) и 2 ч (b) при t = 515 °С, охлаждения в холодной воде и искусственного старения 

при t = 190 °С в течение 1–6 ч
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Fig. 2. Microstructure (×500) of the AK10M2N alloy (a) and the AK10M2N–10%TiC composite material (b) 

after heat treatment according to optimal modes

Рис. 2. Микроструктуры (×500) сплава АК10М2Н (а) и композиционного материала АК10М2Н–10%TiC (b) 

после термической обработки по оптимальному режиму

Marker 

number

Element content, wt.%

Al Si Ti C Ni Cu Fe

38 0.44 0.13 79.98 19.45 – – –

39 57.71 12.84 28.09 1.36 – – –

40 14.78 0.30 58.02 23.15 1.96 1.23 0.57

41 64.47 2.79 – 5.58 14.04 8.96 4.15

Marker 

number

Element content, wt.%

Al Si Ni Cu Mg

12 45.86 1.93 23.00 28.24 0.96

13 41.56 3.26 28.65 26.53 –

14 28.01 70.89 1.10 – –

15 97.15 0.97 – 1.72 0.17

Fig.3. MXSA analysis of the AK10M2N alloy (a) and the AK10M2N–10%TiC composite material (b) after heat treatment 

according to the optimal mode

Рис. 3. Результаты МРСА сплава АК10М2Н (а) и композиционного материала АК10М2Н–10%TiC (b) 

после термической обработки по оптимальному режиму

a

a

b

b
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ducts obtained by SHS, but in this case it may indicate a 

high level of adhesive bonding at the interfaces.

For piston silumins, which include the AK10M2N 

alloy, the coefficient of thermal linear expansion 

(CTLE) is an important parameter [35; 36]. Figure 5 

presents the results obtained at temperatures ranging 

from 30 to 300 °C. The maximum CTLE values were 

29.6·10–6 К–1 and 25.1·10–6 К–1 for the AK10M2N 

sample and 27.8·10–6 К–1 and 26.1·10–6 К–1 for 

AK10M2N—10%TiC before and after heat treatment, 

respectively. The obtained values are close and after 

heat treatment in both cases slightly decrease, but the 

main conclusion is that reinforcement does not low-

er this index. This is especially important if we keep 

in mind that the titanium carbide compound’s own 

CTLE is higher than, for example, that of silicon carbide 

(6.52÷7.15·10–6 К–1 and 4.63÷4.7·10–6 К–1, respec-

tively). 

It should be noted that the obtained results are not 

consistent with the conclusions given in [37]. The lat-

ter study proves that CTLE of the composite material 

based on the aluminum alloy of the Al—Cu—Mg sys-

tem reinforced with 60 vol.% SiC using the compres-

sion impregnation method depends on the size of re-

inforcing particles. It was also found that as the size of 

silicon carbide particles increase (from 50 to 320 μm), 

the CTLE value decreases by 15—20 % at t = 20 °C 

due to the shrinking proportion of interfacial bound-

aries with an unstable structure. In our case, there are 

highly dispersed particles that obviously form a signi-

ficant number of interfacial boundaries, however, no 

increase in CTLE is registered. This can probably be 

attributed to the high degree of the particles coherence 

with the aluminum matrix as crystal lattice parameters 

are quite similar. 

To evaluate the mechanical properties, we investigat-

ed the flow stress under uniaxial compression (until the 

first crack emerges), relative strain, hardness and micro-

hardness (Table 2). 

The results obtained showed that reinforcement 

with TiC particles to be followed by heat treatment 

can significantly enhance the strength and hardness 

values while maintaining sufficient plasticity reserve. 

These results are particularly noteworthy in view of 

Tablе 1. Density and porosity of the AK10M2N alloy and the AK10M2N–10%TiC composite material

Таблица 1. Плотность и пористость образцов АК10М2Н и АК10М2Н–10%TiC

Composition ρt, g/cm3 ρe, g/cm3 P, %

AK10M2N without HT 2.720 – –

AK10M2N after HT 

(hardening t = 515 °C, τ = 2 h + aging 190 °C, 2 h)
2.720 – –

AK10M2N–10%TiC without HT 2.847 2.831 0

AK10M2N–10%TiC after HT 

(hardening 515 °C, 1 h + aging 190 °C, 2 h)
2.847 2.840 0

Fig. 4. X-ray diffraction patterns of the AK10M2N alloy (a) and the AK10M2N–10%TiC composite material (b) 

after heat treatment according to the optimal mode

Рис. 4. Дифрактограммы сплава АК10М2Н (а) и композиционного материала АК10М2Н–10%TiC (b) 

после термической обработки по оптимальному режиму

a б
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the fact that, according to [5], the introduction of 

10 wt.% of reinforcing TiC particles, 40—100 μm in 

size, into the AK12M2MgN aluminum alloy leads 

to a decrease in compressive strength from 489 to 

470 MPa, and that of the deformation degree from 

17.01 to 12.65 %. Obviously, the increased strength in 

our study can be attributed to the higher dispersion 

of the reinforcing phase and, consequently, its good 

wettability and adhesion. 

The AK10M2N alloy belongs to the group of 

heat-resistant alloys, therefore, the compressive 

strength was further evaluated at elevated tempera-

tures of 150 and 250 °C under a constant load of 100 kN 

(Fig. 6). 

The analysis of the obtained data indicates that the 

values of the flow stress of both the matrix alloy and the 

composite material do not change throughout the tem-

perature range.

Table 3 presents the results of evaluating the rein-

forcement and heat treatment impact on the samples 

corrosion resistance. The composites had a slightly 

higher corrosion depth index. However, in general, as 

Fig. 5. Change in CTLE of the AK10M2N alloy 

and the AK10M2N–10%TiC composite material 

as a function of temperature

Рис. 5. Изменение КТЛР сплава АК10М2Н 

и композиционного материала АК10М2Н–10%TiC 

в зависимости от температуры

Tablе 2. Mechanical and technological properties of the AK10M2N alloy and the AK10M2N–10%TiC 
composite material

Таблица 2. Механические свойства сплава АК10М2Н и композиционного материала АК10М2Н–10%TiC

Sample composition
Hardness, 

HB

Micro-hardness

HV, MPa

Compression tests

σs,  MPa ε, %

AK10M2N without HT 1100 1135 464 24

AK10M2N after HT 

(hardening 515 °C, 2 h + aging 190 °C, 2 h) 1360 1363 558 33

AK10M2N–10%TiC without HT 1520 1502 447 22

AK10M2N–10%TiC after HT 

(hardening 515 °C, 1 h + aging 190 °C, 2 h) 1710 1779 587 20

Tablе 3. Corrosion parameters of the AK10M2N alloy and the AK10M2N–10%TiC composite material

Таблица 3. Коррозионные показатели сплава АК10М2Н и композиционного материала АК10М2Н–10%TiC

Sample composition
Mass loss, 

g

Mass loss 

per unit area, 

kg/m2

Change 

in sample 

thickness, m

Corrosion 

rate, 

g/(m2·h)

Corrosion 

depth index, 

mm/year

AK10M2N without HT 0.0009 0.0003 0.0001 0.0012 0.000004

AK10M2N after HT 

(hardening 515 °C, 2 h + aging 190 °C, 2 h) 0.0038 0.0012 0.0004 0.0050 0.000020

AK10M2N–10%TiC without HT 0.0238 0.0076 0.0027 0.0316 0.000009

AK10M2N–10%TiC after HT 

(hardening 515 °C, 1 h + aging 190 °C, 2 h) 0.2193 0.0698 0.0245 0.2910 0.000090
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it is the case with the matrix alloy, it does not exceed 

0.001 mm/year, so we can state that the obtained mate-

rials are quite resistant to corrosion [38]. 

For the final analysis of tribological characteristics 

of prototypes, the conditions for operating friction sur-

faces “piston-piston pin” in the internal combustion 

engine were modeled (Table 4). 

During the tests, the AK10M2H sample showed a 

tendency for seizure at friction and deep grooves were 

detected along the direction of friction, characteristic 

of abrasive wear. Heat treatment of the AK10M2N alloy 

significantly reduced the rate of wear and tearing, but 

the friction coefficient also increased by the end of the 

test. Reinforcement of the matrix alloy with the titani-

um carbide phase led to a significant improvement of 

tribological characteristics of the AK10M2N—10%TiC 

composite, however, it is heat treatment that enables to 

achieve the minimum values of wear rate and friction 

coefficient. 

Conclusion

The conducted studies showed that heat treatment 

of composite materials with a silumin AK10M2N 

matrix reinforced with a highly dispersed titani-

um carbide phase is an effective way to control their 

structure and properties. The study established that 

SHS of the AK10M2N-10%TiC composite, followed 

by hardening at 515 °C and aging at 190 °C, produc-

es a practically non-porous material and increases 

hardness by 35 HB, microhardness by 416 MPa, and 

compression yield stress by 29 MPa. Additionally, it 

reduces the wear rate by 17 times and the friction co-

efficient by 4 times, while maintaining the values of 

the coefficient of thermal linear expansion, corrosion 

resistance, and heat resistance at levels typical for the 

matrix alloy.
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Abstract: As part of the study, the influence of yttrium content on the properties of particles during controlled precipitation and after thermal 

treatment was investigated. Precipitation was carried out at a constant pH of 5 from nitric acid solutions, where the concentration of zirconium was 

1 mole/dm3 and the yttrium content ranged from 0 to 30 % based on their oxides. The drying and calcination temperatures of the precipitates were 

40 °C and 1000 °C, respectively. It was shown that with a yttrium content of up to 15 %, there was a consistent increase in the average diameter of 

zirconium hydroxide particles during deposition. When the yttrium concentration was increased to 30 %, the average particle size increased during 

the first 10 minutes of deposition, followed by a gradual decrease. The largest particle diameter was observed in the specimen with 7 % yttrium. 

In all cases, the formation of spherical aggregates was observed. With an increasing yttrium content, the boundaries between particles became 

smoother, and the degree of co-deposition of yttrium during synthesis decreased from 80 % to 60 %. Depending on the yttrium concentration, 

different modifications of stabilized zirconium dioxide powders were obtained: tetragonal ZrO2 for 2–7 % yttrium, and cubic ZrO2 for 15–30 % 

yttrium. Therefore, the results obtained during the study can be useful for the development of technology for the production of powdered materials 

for various applications.
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Аннотация: В рамках работы проведено изучение влияния содержания иттрия на изменение свойств частиц как в ходе контро-

лируемого осаждения, так и после термообработки. Осаждение проводили при постоянном значении pH = 5 из азотно-кис-
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Introduction

Stabilized zirconium dioxide is used in many in-

dustrial fields, including the creation of thermal barrier 

coatings [1—3], the manufacturing of ceramic products 

for medical applications [4—6], and the production of 

solid oxide electrolytes for electrochemical devices [7—

9]. It has low thermal conductivity [10], high chemical 

and corrosion resistance [11], good oxygen conductivity, 

and biological compatibility with human tissues [12].

To generate thermal barrier coatings on gas turbine 

engine components, the atmospheric plasma spraying 

(APS) method is often used, utilizing yttria-stabilized 

zirconia (YSZ) powders [13—15]. YSZ powder should 

have high bulk density, low specific surface area, sphe-

roidal particle shape ranging from 20 to 100 μm, and 

high flowability [16]. Coatings obtained using APS 

technology reduce part erosion rates and increase adhe-

sion and corrosion resistance during thermal cycling at 

high temperatures [17].

YSZ powders are also used in the production of in-

gots for vacuum electron beam evaporation [18]. These 

ingots are used to form columnar-structured thermal 

barrier coatings on gas turbine engine blades [19—21]. 

Compared to APS coatings, columnar coatings have 

higher adhesion resistance, lower elastic modulus, and 

surface roughness [22].

Common methods for obtaining stabilized zirconi-

um dioxide in industry include direct and reverse pre-

cipitation of zirconium hydroxides [23], the sol-gel pro-

cess [24], and spray pyrolysis [25]. However, all these 

methods do not allow for the control of the properties of 

precipitates and, therefore, the final powder materials. 

It is known that when using precipitation methods, the 

properties of hydroxide precipitates strongly depend on 

pH [26].

лых растворов, где концентрация циркония составляла 1 моль/дм3, а содержание иттрия – от 0 до 30 % в пересчете на их окси-

ды. Температуры сушки и обжига осадков составляли 40 и 1000 °C соответственно. Показано, что при содержании Y вплоть до 

15 % происходит постоянное увеличение среднего диаметра частиц гидроксида циркония в процессе осаждения, при повыше-

нии концентрации Y до 30 % средний размер частиц возрастает в течение первых 10 мин осаждения, после чего происходит его 

плавное снижение. Наибольший диаметр частиц наблюдался у образца с 7 % Y. Во всех случаях отмечено формирование сферо-

идальных агрегатов. При этом с повышением содержания Y происходят сглаживание границ между частицами и снижение сте-

пени соосаждения Y в процессе синтеза с 80 до 60 %. В зависимости от концентрации иттрия получены различные модификации 

порошков стабилизированного диоксида циркония: при 2–7 % Y – тетрагональный ZrO2, а при 15–30 % Y – кубический ZrO2. 

Таким образом, полученные в ходе исследований результаты могут быть полезны для разработки технологии производства по-

рошковых материалов для различного применения. 

Ключевые слова: стабилизированный диоксид циркония, осаждение, агрегация, термобарьерные покрытия.

Для цитирования: Буйначев С.В., Домашенков М.А., Машковцев М.А., Поливода Д.О., Жиренкина Н.В. Синтез и исследование 

свойств порошков диоксида циркония с различным содержанием иттрия. Известия вузов. Цветная металлургия. 2024;30(2):44–54. 
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Direct and reverse precipitation usually result in 

fragmented particle shapes and wide size distribution. 

The sol-gel method is often used to synthesize fine-dis-

persed powders using organic binders and solvents, 

which complicates the technology and scaling process. 

Spray pyrolysis can produce particles with a spheroidal 

shape ranging from several nanometers to several mic-

rometers. However, obtaining coarse particles with a 

diameter of 20 to 100 μm is practically impossible. The 

method is quite complex in technical implementation, 

requiring high temperatures and posing scaling chal-

lenges.

Authors [27] have shown that by varying the pH value 

during controlled precipitation, it is possible to obtain 

zirconium hydroxide with different properties, such as 

average particle diameter and shape, specific surface 

area, and porosity. It has also been found that the addi-

tion of yttrium during this process leads to further mod-

ification of these properties.

Thus, precipitation under controlled conditions can 

be a promising method for synthesizing hydroxide mate-

rials with required properties for use in various industrial 

fields.

In this study, the influence of yttrium content dur-

ing controlled precipitation at a constant pH of 5 on 

the properties of zirconium and yttrium hydroxide pre-

cipitates, as well as the resulting powders after thermal 

treatment, was investigated. Specimens of zirconium 

oxide with yttrium content up to 30 % were obtained. 

An analysis of particle size distribution and shape was 

performed during precipitation and after annealing. 

The degree of yttrium co-precipitation and the phase 

composition of the powders after annealing were also 

studied.
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Materials and methods

The synthesis of zirconium hydroxide with varying 

yttrium content was carried out by the controlled pre-

cipitation method at aa constant pH of 5. The initial 

solutions of zirconium and yttrium nitrates were pre-

pared by dissolving zirconium carbonate and yttrium 

oxide in nitric acid. A 10 % ammonia solution was used 

as the precipitant. Before each precipitation, a solution 

containing 123 g of zirconium in terms of oxide and the 

calculated amount of yttrium to achieve concentrations 

of 0, 2, 4, 7, 15, and 30 % in terms of oxide in the fi-

nal powder (referred to as specimens 0%Y, 2%Y, 4%Y, 

7%Y, 15%Y, and 30%Y, respectively) was prepared.

The precipitation was carried out in a 3-liter glass 

beaker with constant stirring using an overhead stirrer. 

The combined solution of zirconium and yttrium nitrates 

was dosed into the reactor using a peristaltic pump at a 

rate of 5 mL/min. The precipitant solution was intro-

duced using another peristaltic pump, which was con-

nected to a pH meter through a relay control system to 

control the dosing of ammonia and maintain constant 

pH. The precipitation process was carried out for 200 mi-

nutes, after which yttrium was further precipitated by 

raising the pH to 8 for specimens with yttrium addition. 

The suspension was then filtered using a vacuum Buch-

ner filter, dried at 40 °C for 24 h, and fired at 1000 °C.

The average particle diameter and their size distri-

bution were determined using laser diffraction on an 

Analysette 22 instrument (“Fritch”, Germany) in the 

measurement range of 0.08 to 2000 μm using green and 

infrared lasers. Suspension specimens were taken from 

the reactor at different stages during the precipitation for 

this purpose. The particle shape was evaluated using an 

optical microscope GX71 (“OLYMPUS”, Japan). The 

yttrium concentration in the mother solution was deter-

mined by complexometric titration using Trilon B. X-ray 

diffraction patterns of the specimens were obtained us-

ing an X’Pert Pro MPD diffractometer (“PANalytical 

B.V.”, Netherlands) with a solid-state pixel detector in 

CuKα radiation with a β-filter. The phase composition 

and lattice parameters were determined by full-profile 

Rietveld analysis, and the areas of coherent scattering 

(ACS) were determined using the Sherer method based 

on the most intense reflections at small scattering angles 

(shape factor K = 0.9) using the X’Pert High Score Plus 

software (Netherlands).

Results and discussion

Figure 1 shows the change in average particle dia-

meter (d) and size dispersion as a function of precipita-

tion duration (τ). It is shown that in the 0%Y speci-

men, the value of d increased starting from the 5th 

minute of the precipitation process and reached 

33 μm by the 200th minute. The addition of 2 % and 

4 % yttrium led to a significant increase in this pa-

rameter throughout the precipitation process, reach-

ing 38 μm by the 200th minute. In the 7%Y specimen, 

an even greater increase in particle size was observed, 

reaching 40 μm by the end of the deposition. Add-

ing 15% Y resulted in a substantial increase in the 

average particle diameter to 39 μm during the first 

100 minutes of deposition, after which it remained 

almost unchanged. For the 30%Y specimen, a sharp 

increase in the value of d was recorded by the 20th 

minute of deposition, reaching 28 μm, after which 

it gradually decreased to 23 μm by the completion of 

the process.

The size dispersion parameter for the 0%Y spec-

imen decreased throughout the precipitation pro-

cess, reaching 1.08 by the 200th minute. For speci-

mens with yttrium content ranging from 2 % to 15 %, 

the values of this parameter decreased by the 70th 

minute of deposition, after which they started to in-

crease, ending the process in the range of 1.2 to 1.28. 

For the 30%Y specimen, the size dispersion value 

was consistently higher throughout the precipitation 

compared to the other specimens, reaching 1.3 by the 

200th minute.

Figure 2 illustrates the mass size distribution of par-

ticles as a function of precipitation time and yttrium 

addition. For specimens with yttrium content ranging 

from 0 to 15 %, a peak in the range of τ = 15÷20 μm 

with an arm in the range of d = 1÷5 μm formed du-

ring the first 10 minutes of deposition. As the precipita-

tion time increases, this peak disappears, and a peak at 

d ~ 1 μm with a mass fraction of less than 1 % emer-

ges. Simultaneously, the main peak shifts uniformly 

towards larger sizes, indicating an increase in the av-

erage particle diameter. The peak at d ~ 1 μm remains 

relatively unchanged in its position. For the 30%Y 

specimen, a peak in the range of d ~ 30 μm with an arm 

in the range of d = 1÷5 μm is formed by the 10th min-

ute of deposition. With increasing precipitation time, 

the main peak shifts towards smaller sizes, and the arm 

transforms into a separate peak with a maximum in the 

range of d = 1÷2 μm.

It is likely that the formation of two populations of 

particles during precipitation leads to an increase in 

their average diameter due to layer-by-layer aggregation. 

Apparently, conducting hydrolysis at constant pH results 

in the formation of similarly charged primary nuclei, 

which aggregate upon collision to form larger particles, 
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followed by a change in charge on the surface due to ola-

tion processes.

Thus, the simultaneous occurrence of nucleation 

with one charge and the appearance of larger particles 

with the opposite charge serve as the basis for the me-

chanism of aggregation processes. The addition of yttri-

um during precipitation appears to significantly affect 

the progress of olation and oxolation processes. It can 

Fig. 1. Average particle size (a) and dispersion of sizes (b) as a function of precipitation duration

1 – sample 0%Y; 2 – 2%Y; 3 – 4%Y; 4 – 7%Y; 5 – 15%Y; 6 – 30%Y

Рис. 1. Изменение среднего диаметра частиц (а) и дисперсии размеров (b) в зависимости от длительности осаждения 

1 – образец 0%Y; 2 – 2%Y; 3 – 4%Y; 4 – 7%Y; 5 – 15%Y; 6 – 30%Y

Fig. 2. Mass distribution of particle sizes as a function of precipitation duration

Рис. 2. Массовое распределение частиц по размерам в зависимости от длительности осаждения 

исследуемых образцов
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be assumed that its presence leads to an increase in 

the surface charge of primary particles, which hinders 

their aggregation with each other. These nuclei pre-

dominantly begin to accumulate on the formed large 

aggregates with the opposite charge, resulting in a 

significant increase in the average particle diameter 

when yttrium is added. However, at a yttrium con-

tent of 30 %, the layer-by-layer aggregation process 

is hindered, and the large aggregates stop increasing 

in size, leading to an increase in the fraction of small 

particles. Presumably, the high yttrium content al-

most completely suppresses the olation processes and 

neutralizes the charge on the surface of large aggre-

gates, resulting in an increase in the size of particles 

in those aggregates where the charge has not yet been 

neutralized.

Figure 3 illustrates optical images of particles at the 

200th minute of sedimentation for specimens with dif-

ferent yttrium content. It is shown that in the specimen 

without the addition of Y, the formation of spheroi-

dal aggregates with well-defined but rough boundaries 

occurs. A gradual increase in yttrium content leads to 

the formation of spheroidal aggregates with smoother 

boundaries. It has been found that the introduction of 

yttrium up to 15 % results in an increase in particle and 

aggregate sizes, while increasing its content to 30 % 

leads to a decrease, which is consistent with laser dif-

fraction results.

The influence of yttrium addition on the shape of 

particles can be explained by the same approach used in 

the analysis of particle size changes, based on the dif-

ference in their charges. As mentioned earlier, the addi-

tion of yttrium hinders aggregation of primary particles, 

leading primarily to increased collisions between very 

small primary particles and larger ones, thereby con-

tributing to the formation of smooth boundaries on the 

surface.

Figure 4 shows the change in the concentration of 

yttrium cations (Y3+) in the suspension during precip-

itation and the rate of co-precipitation of yttrium with 

zirconium hydroxide as a function of process time. 

It is shown that for specimens with 2%Y, 4%Y, 7%Y, 

and 15%Y, there is a gradual increase in Y3+ concen-

tration with increasing sedimentation time, reaching 

0.3, 3.0, 5.5, and 15 g/dm3, respectively, by the end of 

the process. For the 30%Y specimen, there is a sharp 

increase in Y3+ content to 60 g/dm3 by the 100th mi-

nute of the process, after which it remains nearly con-

stant. At the same time, the rate of yttrium co-preci-

pitation with zirconium hydroxide reaches 80 % by the 

200th minute for the 2%Y, 4%Y, and 7%Y specimens, 

and 72 % and 60 % for the 15%Y and 30%Y specimens, 

respectively.

Thus, despite the low pH value of the sedimentation 

process, a significant portion of yttrium is captured by 

the zirconium hydroxide precipitate. This is likely due to 

Fig. 3. Optical images of particles of the investigated specimens by the 200th minute of deposition

Рис. 3. Оптические изображения частиц исследуемых образцов к 200-й минуте осаждения
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the high (excessive) concentration of OH– groups on the 

surface of the hydroxide, which bind to the Zr4+ cations 

during the formation of zirconium hydroxide.

Figure 5 shows the change in the average parti-

cle diameter and size dispersion as a function of the 

synthesis stage for the specimens. It is shown that the 

values of d decrease stepwise after drying at t = 40 °C 

and annealing at 1000 °C. After annealing, the av-

erage particle size for the 0%Y specimen was 22 μm, 

for the 2%Y—15%Y specimens it remained at around 

25 μm, and for the 30%Y specimen it was 17 μm. The 

size dispersion values after annealing for specimens 

with yttrium content up to 15 % are practically at the 

same level, around 1.1, and for the 30%Y specimen 

they are around 1.4.

Figure 6 illustrates the particle size distribution as a 

function of the stage of specimen synthesis. For spec-

imens with yttrium content up to 15 %, after anneal-

ing at 1000 °C, a narrow, high peak is observed, which, 

compared to the suspension and drying stages, has sig-

nificantly shifted to the left, indicating smaller particle 

sizes. At the same time, the shape of the peak has not 

changed significantly, suggesting that neither destruc-

tion nor additional aggregation occurs during heat treat-

ment. For the specimen with 30 % yttrium, the particle 

size distribution after annealing looks similar, but the 

distribution peak is wider and lower compared to the 

other specimens. This may be due to the fact that even at 

the precipitation stage, large aggregates hardly changed 

in size, while a large number of new aggregates were 

formed.

Figure 7 shows optical images of particles after 

annealing at 1000 °C for specimens with different yt-

trium contents. It is shown that for all of them, af-

ter annealing, the particles retain a spheroidal shape. 

Specimens with 0%Y, 2%Y, and 4%Y exhibit parti-

cles with uneven boundaries, while specimens with 

7%Y, 15%Y, and 30%Y display particles with smooth-

er boundaries.

It is known that zirconium dioxide can exist in 

three different crystalline modifications depending 

on temperature: monoclinic at room temperature, 

tetragonal at t > 1170 °C, and cubic at t > 2370 °C. To 

increase its thermal stability, stabilizing components 

are introduced, with yttrium oxide being the most 

common. The similarity of the ionic radii of Zr and Y, 

as well as the isomorphism of their structures, allows 

for the formation of a solid solution when Y is intro-

duced into the crystal lattice of ZrO2. Stabilization of 

zirconium dioxide with low-valent cations can lead 

to the stabilization of the tetragonal or cubic phase at 

lower temperatures, even at room temperature. This is 

due to the generation of oxygen vacancies in the lat-

tice, which in turn reduces the stress caused by the 

energetically unfavorable 8-coordinated configura-

tion [28].

Depending on the yttrium content, three structural 

modifications of zirconia oxide were obtained after an-

nealing at 1000 °C. The data from X-ray phase analysis 

are presented in Table 1. Zirconium oxide without yttri-

um addition has a monoclinic structural modification, 

with a crystallite size of 48 nm. Specimens with 2 %, 

Fig. 4. Concentration (a) and co-deposition rate (b) of yttrium cations in slurry as a function of precipitation duration

Рис. 4. Изменение концентрации (а) и степени соосаждения (b) катионов иттрия в суспензии в зависимости 

от длительности осаждения 
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4 %, and 7 % Y content are characterized by a tetrago-

nal modification. This is confirmed by the smaller va-

lues of edge lengths compared to the monoclinic mo-

dification. The crystallite size decreases with increa-

sing yttrium content, which is consistent with literature 

data [29], and ranges from 40 to 60 nm. At the same 

time, zirconium dioxide with 15 % and 30 % Y addi-

tions undergoes the formation of a cubic modification, 

as evidenced by the similar edge length parameters. 

The crystallite sizes are 28 and 42 nm, respectively. 

The X-ray diffraction patterns of all yttrium-modified 

specimens do not show peaks corresponding to pure 

Fig. 5. Average particle size (a) and dispersion of sizes (b) at various stages of synthesis of the considered specimens

Рис. 5. Значения среднего диаметра частиц (а) и дисперсии размеров (b) на разных этапах синтеза 

исследуемых образцов

Fig. 6. Particle size distribution at various stages of synthesis of the considered specimens

Рис. 6. Распределение частиц по размерам на разных этапах синтеза исследуемых образцов 
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yttrium oxide, indicating that it is uniformly distrib-

uted in zirconium dioxide, forming a solid substitution 

solution.

Conclusions

The specimens of zirconium dioxide with varying 

yttrium content were produced in this study through 

controlled precipitation at constant pH. The influence 

of yttrium addition on the average particle diameter, 

size dispersion, particle size distribution, shape, de-

gree of yttrium deposition, and phase composition of 

the final powders was investigated. A mechanism for 

the aggregation of zirconium hydroxide during pre-

cipitation at a constant pH value was proposed, and 

the influence of yttrium addition on this process was 

examined.

Fig. 7. Optical images of particles after annealing at 1000 °C

Рис. 7. Оптические изображения частиц после обжига при 1000 °С исследуемых образцов

X-ray phase analysis of zirconium dioxide with various content of yttrium

Результаты рентгенофазового анализа образцов диоксида циркония с различным содержанием иттрия

Specimen Crystallite size, nm Modification type
Lattice constants, Å

а b c

0%Y 48 Monoclinic 5.147 5.202 5.312

2%Y 60 Tetragonal 3.595 3.595 5.175

4%Y 51 Tetragonal 3.603 3.603 5.170

7%Y 42 Tetragonal 3.614 3.614 5.153

15%Y 28 Cubic 5.127 5.127 5.127

30%Y 42 Cubic 5.142 5.142 5.142

Fig. 8. X-ray patterns of the considered specimens 

after annealing at t = 1000 °C

Рис. 8. Рентгенограммы исследуемых образцов 

после обжига при t = 1000 °С
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It was found that the yttrium content significant-

ly influenced the particle size during deposition: in 

specimens without yttrium, the average particle dia-

meter was 33 μm, while with 7 % yttrium addition, it 

increased to 40 μm. It was also observed that yttrium 

co-deposited with zirconium hydroxide at a pH of 5 

during the precipitation process, with the degree of yt-

trium precipitation ranging from 60 % to 80 % depend-

ing on its content.

After thermal treatment, there was no destruc-

tion or additional aggregation of particles, and the 

spherical shape of the particles was preserved, with 

low size dispersion observed in all specimens. Dif-

ferent modifications of zirconium dioxide were ob-

tained depending on the yttrium content: monoclin-

ic for specimens without yttrium, tetragonal for 2—7 

% yttrium addition, and cubic for over 15 % yttrium 

addition.

Therefore, the obtained results can be useful in the 

development of powder production technology for va-

rious industrial applications, particularly for the forma-

tion of thermal barrier coatings using atmospheric plas-

ma spraying.
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Fabrication of high speed steel electrodes 
with MoSi2–MoB–HfB2 ceramic additives 
for electrospark deposition on die steel
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Abstract: The electrodes for electrospark deposition (ESD) were fabricated from hot-pressed blanks composed of a mechanically alloyed 

powder mixture of R6M5K5 high speed steel. This mixture was enriched with a 40 % addition of heat-resistant MoSi2–MoB–HfB2 ceramics, 

produces through the self-propagating high-temperature synthesis method (resulting in the R6M5K5-K electrode), as well as variant without 

any ceramic addition (resulting in the R6M5K5 electrode). We examined both the composition and structure of the electrode materials and 

the coatings derived from them, identifying the characteristics of mass transfer from hot-pressed electrodes to substrates of 5KhNM die steel 

under various frequencies and energy conditions during processing. The R6M5K5 electrode consists of an α-Fe-based matrix incorporating 

dissolved alloying elements and contains discrete particles of ferrovanadium, tungsten carbide, and molybdenum. The R6M5K5-K electrode, 

in addition to the α-Fe-based matrix, includes borides and carbides, as well as hafnium oxide. The use of the R6M5K5 electrode resulted in 

a consistent weight increase in the cathode throughout the entire 10-minute processing period. In contrast, the application of the ceramic-

enhanced electrode led to weight gain only during the initial 3 min of processing. Subsequently, ESD produced coatings of 22 and 50 μm 

thickness on the surface of 5KhNM steel using R6M5K5 and R6M5K5-K electrodes, respectively. The introduction of SHS ceramics escalated 

the roughness (Ra) of the surface layers from 6 to 13 μm and the hardness from 9.1 to 15.8 GPa. The coating from the R6M5K5 electrode was 

composed of austenite (γ-Fe) and exhibited high uniformity. Conversely, the coating from the R6M5K5-K electrode consisted of a diverse 

matrix with both crystalline and amorphous iron, an amorphous phase rooted in the Fe–B alloy, and scattered phases of HfO2, HfSiO4, 

Fe3Si, and Fe3B. High-temperature tribological testing at 500 °C in an air atmosphere showed that the coatings possess a friction coefficient 

of 0.55–0.57 when coupled with a counterbody of AISI 440C steel. The integration of heat-resistant ceramics notably enhanced the coating's 

wear resistance, increasing it by a factor of 13.5.

Keywords: electrospark deposition, powder high speed steel, tool steel, ceramics, silicides, borides, oxides, self-propagating high-temperature 

synthesis, wear resistance.
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Introduction

During operation, die tools subjected to high tem-

peratures face rapid wear and crack propagation due to 

thermal effects, friction, adhesion, and micro-cracks, 

among other causes [1—4]. Consequently, tools require 

frequent replacement, leading to workflow disruptions 

and significant economic costs.

Electrospark deposition (ESD) of wear-resistant 

coatings using various electrode materials has proven 

to be an effective method to restrain rapid wear and ex-

tend the service life of die tools [5; 6]. These materials 

include graphite [7; 8], metals [9; 10], alloys [11; 12], 

ceramics [13; 14], and hard alloys [15; 16]. The broad 

spectrum of electrode materials available allows for the 

selection of an appropriate composition to tailor the 

coating for a specific functional requirement. Further-

more, the application of high-energy modes expands 

the capabilities of the method, facilitating the restora-

tion of worn tool surfaces [17]. The production of elec-

Получение электрода из быстрорежущей стали 
с керамической добавкой MoSi2–MoB–HfB2 
для электроискровой обработки штамповой стали

А. Ахметов1, Ж.В. Еремеева1, А.Е. Кудряшов1, П.А. Логинов1, С.Д. Шляпин2,1, 

М.Е. Самошина1, Е.А. Левашов1

1 Национальный исследовательский технологический университет «МИСИС»
Россия, 119049, г. Москва, Ленинский пр-т, 4, стр. 1

2 Московский авиационный институт (национальный исследовательский университет)
Россия, 125993, г. Москва, Волоколамское шоссе, 4 

  Аманкельды Ахметов (aman1aotero@gmail.com)

Аннотация: Получены электроды для электроискровой обработки (ЭИО) из горячепрессованных заготовок механически леги-

рованной порошковой смеси быстрорежущей стали марки Р6М5К5 с 40 %-ной добавкой жаростойкой керамики MoSi2–MoB–

HfB2, полученной методом самораспространяющегося высокотемпературного синтеза (электрод марки Р6М5К5-К), и без добав-

ки (электрод Р6М5К5). Изучены состав и структура электродных материалов и сформированных из них покрытий. Определены 

особенности массопереноса горячепрессованных электродов на подложках из штамповой стали 5ХНМ при варьировании ча-

стотно-энергетических режимов обработки. Электрод Р6М5К5 состоит из матрицы на основе α-Fe, в которой растворены ле-

гирующие элементы, и нерастворенных частиц феррованадия, карбида вольфрама и молибдена. Электрод Р6М5К5-К содержит 

матрицу на основе α-Fe, бориды и карбид, а также оксид гафния. При использовании электрода Р6М5К5 наблюдался устойчи-

вый привес на катоде за все 10 мин обработки. В случае электрода с добавкой керамики привес отмечался в первые 3 мин леги-

рования. В результате ЭИО на поверхности стали 5ХНМ были сформированы покрытия толщиной до 22 и 50 мкм для Р6М5К5 

и Р6М5К5-К соответственно. Введение СВС-керамики способствовало росту шероховатости (Ra) поверхностных слоев с 6 до 

13 мкм и твердости с 9,1 до 15,8 ГПа. Покрытие из электрода Р6М5К5 состояло из аустенита (γ-Fe) и характеризовалось высокой 

однородностью. Покрытие из электрода Р6М5К5-К представляло собой гетерогенную матрицу на основе кристаллического и 

аморфного железа, аморфной фазы на основе сплава Fe–B и дисперсных фаз HfO2, HfSiO4, Fe3Si и Fe3B. Высокотемпературными 

трибологическими испытаниями при температуре 500 °C на воздухе выявлено, что покрытия обладают коэффициентом трения 

0,55–0,57 в паре с контртелом из стали AISI 440С, а введение добавки жаростойкой керамики способствовало увеличению изно-

состойкости покрытия в 13,5 раза. 

Ключевые слова: электроискровая обработка, легирование, порошковая быстрорежущая сталь, инструментальная сталь, кера-

мика, силициды, бориды, оксиды, самораспространяющийся высокотемпературный синтез, износостойкость.
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trodes by consolidating powdered components enables 

the incorporation of the aforementioned materials, 

which are often runoff products, thereby significant-

ly improving the prospects for industrial application 

[18—21]. 

Wear-resistant and heat-resistant electrode materials 

are essential for hardening the surfaces of dies operating 

at elevated temperatures. In this context, heterophase 

ceramic composite MoSi2—MoB—HfB2, derived from 

self-propagating high-temperature synthesis (SHS), 

merits particular attention due to its highly homoge-

neous component distribution within the mixture [22; 

23]. Although electrospark coatings produced from 

this ceramic are extremely hard and heat-resistant—an 

important attribute for hardening high-temperature 

tools—they are also characterized by a low deposition 

rate and inadequate wear resistance in high-tempera-

ture tribological tests [23]. To improve mass transfer in 

the discharge arc and to bolster the wear resistance of 

the coatings, cermet electrodes, comprising a metallic 

binder and a refractory component, are employed. High 

speed steel (HSS), known for its red-hardness (the abi-

lity to maintain hardness at elevated temperatures) and 

high wear resistance, is a suitable choice for the binder 

[24; 25]. Additionally, the use of HSS not only enhanc-

es wear resistance at high temperatures but also reduces 

costs and streamlines the electrode production process 

by lowering the sintering temperature.

The aim of this study was to fabricate electrodes from 

hot-pressed blanks of mechanically alloyed powder mix-

ture of R6M5K5 high speed steel with MoSi2—MoB—

HfB2 ceramics, and to investigate the characteristics of 

electrospark coating formation on 5KhNM die steel.

Materials and methods

The widely used R6M5K5 steel was selected as the 

binder. It was fabricated in the Activator-4M planetary 

ball mill (PBM) (CJSC “Activator”, Novosibirsk) from 

elemental powders by mixing Fe, W, Mo, Co, Cr, C, and 

ferrovanadium FVd50U0.5 (FVd) with the following ra-

tio, wt.%: 6.0 W; 5.0 Mo; 5.0 Co; 4.0 Cr; 0.9 C; 4.0 FVd 

(2.0 V); with the remainder being Fe. The characteristics 

of the powders are presented in Table 1.

The components were mixed for 30 minutes with the 

drums rotating at a rate of 800 rpm. The main fraction 

of finished HSS mixture exhibited a grain size of 3—

20 μm, with an average particle size of 10 μm.

Heterophase ceramics with a composition of 60 % 

(90%MoSi2—10%MoB) plus 40 % HfB2 were synthe-

sized using the method outlined in [22]. The SHS sin-

tered material was pulverized in a rotary ball mill to 

produce a powder with a particle size of less than 40 μm. 

This powder, constituting 40 % of the mix, was com-

bined with the HSS powder in a PBM Pulverisette 5/2 

(“Fritsch”, Germany) for 60 minutes, with the drums 

rotating at a speed of 300 rpm.

The final composition of the powder mixture was 

as follows, wt.%: 3.6 W; 3.0 Mo; 3.0 Co; 2.4 Cr; 0.54 C; 

1.2 V; 21.6 MoSi2; 2,4 MoB; 16.0 HfB2; the remainder 

being Fe.

Blanks made of R6M5K5 steel (R6M5K5 elect-

rode) and the HSS mixture with heterophase ceramics 

(R6M5K5-K electrode) were produced by hot press-

ing (HP) at a temperature of 1000 °C, under a pressure 

of 50 MPa, with a holding time of 3 minutes using the 

DSP-515 SA press (“Dr. Fritsch Sondermaschinen 

GmbH”, Germany) in a graphite mold of 50 mm di-

ameter. Electrodes measuring 20—50 mm in length 

and having a cross-section of 5×5 mm were fashioned 

by wire electrical discharge machining of the hot-

pressed blanks on the ARTA 200-2 EDM machine 

(JSC “Scientific Industrial Corporation Delta-Test”, 

Fryazino).

The ESD process was performed using Alier-Metal 

30 and Alier-Metal G53 setups (SPA “Metal” LLC — 

Table 1. Characteristics of powders used in the preparation of the R6M5K5 powder mixture

Таблица 1. Характеристики порошков, использованных для получения порошковой смеси Р6М5К5

Powder brand Element GOST/TS Particle size, μm Purity, %

PZhRV 2.200.26 Fe ТS 14-5365-98 <120 99.24

PVCh W ТS 48-19-57-91 1–5 99.99

PMCh Mo ТS 14-22-160-2002 40–60 99.90

PК-1 Co GOST 9721-79 <50 99.95

ERKh-1 Cr GOST 5905-2004 <50 99.99

FVd50U0.5 V GOST 27130-94 <50 99.00

P-803 C GOST 7885-86 <20 99.90
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SCINTI S.R.L., Russia — Moldova) under varying fre-

quency and energy treatment conditions, the specifics of 

which are detailed in Table 2.

The deposition of the coating was achieved through 

the alternating localized impact of pulsed discharge on 

all areas of the processing surface of 5KhNM steel sam-

ples. This was done by having the anode repeatedly pass 

over the same cathode area in an argon environment.

The kinetics of mass transfer — specifically, the 

anode erosion (ΔAi) and the cathode’s specific weight 

gain (ΔKi) — for the R6M5K5 and R6M5K5-K elec-

trodes was determined using a gravimetric method on a 

KERN 770 analytical balance (KERN, Germany) with 

an accuracy of 10–5 g. The electrodes were weighed 

after treating an area of 1 cm2 for 1 minute, with the 

treatment continuing for a total of 10 minutes. The to-

tal cathode weight gain, SDKi, was calculated using 

the formula [26]:

ΣΔКi = ΔК1 + ΔК2 + … + ΔК10, (1)

where ΔКi is the cathode weight gain for the i-th minute 

of alloying, g; i = 1, 2, ..., 10.

The total anode erosion ΣΔАi was calculated simi-

larly.

The microstructure of the fabricated electrodes and 

coatings was examined using a S-3400N scanning elec-

tron microscope (SEM) (“Hitachi High-Technologies 

Corporation”, Japan), equipped with a NORAN System 

7 energy-dispersive spectrometer for X-ray microanaly-

sis (“Thermo Scientific”, USA). 

X-ray diffractometric (XRD) phase analysis of the 

electrodes was conducted using a DRON-4 diffractom-

eter (Research and Production Enterprise “Bourevest-

nik”, St. Petersburg) with CoKα radiation. For the XRD 

analysis of electrospark coatings, a D2 PHASER dif-

fractometer (“Bruker AXS GmbH”, Germany) with 

monochromatic CoKα radiation was utilized. 

The surface topography of the coatings and the pro-

files of the wear tracks were analyzed using a WYKO NT 

1100 optical profilometer (VEECO, USA).

Hardness measurements on cross-sections were 

performed using the method of instrumented indenta-

tion with a NanoHardness Tester (“CSM Instruments”, 

Switzerland), in accordance with GOST R 8.748-2011 

(ISO 14577).

Tribological testing of the coatings was carried out 

in accordance with the ASTM G 99 standard, employ-

ing a pin-on-disk configuration on a High-Temperature 

Tribometer (“CSM Instruments”, Switzerland). A 6 mm 

diameter ball made of AISI 440C steel (equivalent to 

95X18) served as the counterbody. The test conditions 

were as follows: temperature at 500 °C, load at 5N, linear 

velocity at 10 cm/s, counterbody path length at 500 m, 

and track length at 3.76 cm. 

Wear resistance (W) was calculated using the formu-

la:

W = SL/(Hl), (2)

where S is the cross-sectional area of the groove wear, 

mm2; L is the track length, mm; H is the load, N; 

and l is the friction path, m.

The microstructure of the lamella from the coating 

deposited by the R6M5K5-K electrode was examined 

using a JEM-2100 microscope (“Jeol”, Japan) employ-

ing high-resolution transmission electron microscopy 

(HR TEM). The lamella samples were prepared using 

a focused ion beam tool (Quanta 200 3D FIB Instru-

ment, FEI Company, USA). In situ observations were 

also conducted within the transmission electron micro-

scope column at a temperature of 500 °C.

Results and discussion

Characteristics of electrodes

The outcomes of the XRD analysis for the 

R6M5K5-K electrode are detailed in Table 3. Analy-

sis reveals that the electrode comprises an α-Fe-based 

matrix, borides including (Mo,W)2FeB2, Mo3CoB3, and 

HfB, Mo6Fe6C carbide, and hafnium oxide. A notable 

decrease in the lattice constant of the α-Fe phase was 

Table 2. ESD process parameters

Таблица 2. Параметры процесса ЭИО

Mode Setup

Pulsed 

discharge 

current rate, A

Recurrence 

rate, 

Hz

Pulse 

duration, 

μs

Single-pulse 

energy, 

J

Total energy

ΣЕ, 

kJ ·min

1 Alier-Metal 30 170 1500 25 0.1 7.65

2 Alier-Metal 30 170 3000 25 0.1 15.30

3 Alier Metal G53* 200 400 100 0.4 9.60

* Auxiliary generator.
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observed, indicative of silicon dissolution. This disso-

lution is likely to significantly reduce the α-Fe lattice 

constant [27], a finding that aligns with the elemental 

distribution maps shown in Fig. 1. 

According to the SEM and EDS data (Table 4) for 

the R6M5K5-K electrode, the identified structur-

al components include HfB hafnium monoboride; an 

iron-based phase (α-Fe) containing dissolved alloying 

elements from the HSS itself as well as silicon from the 

heterophase ceramics; and a complex carbide of iron and 

molybdenum, Mo6Fe6C. 

Figure 2 displays the SEM image showing the micro-

structure of the electrode composed of HSS R6M5K5, 

alongside the element distribution map. The image re-

veals that the Fe-based matrix is made up of grains rang-

ing from 1 to 2 μm, within which alloying elements (Co 

and Cr) are uniformly dissolved. The matrix contains 

particles of different colors; based on the EDS data and 

the element distribution map, it’s determined that the 

lighter particles are tungsten carbide (WC), produced 

through mechanical alloying, whereas the darker par-

Fig. 1. SEM image of the microstructure of R6M5K5-K electrode (а) and the element distribution map: 

Fe (b), W (c), Mo (d), Si (e), and Hf ( f )

Рис. 1. РЭМ-изображение микроструктуры электрода Р6М5К5-К (а) и карта распределения элементов: 

Fe (b), W (c), Mo (d), Si (e) и Hf ( f )

Table 4. Chemical composition (at.%) of structural components in the R6M5K5-K electrode 

Таблица 4. Химический состав (ат.%) структурных составляющих электрода Р6М5К5-К

Phase C O Si V Cr Co Fe Mo Hf W

HfB* – – 0.4 3.3 0.5 – 11.4 15.4 69.0 –

α-Fe – 6.2 20.9 1.6 1.3 3.3 62.5 3.6 – 0.6

Mo6Fe6C 47.9 – 9.4 1.5 1.7 1.7 22.1 15.2 – 0.2

* The phase was determined based on the XRF results.

Table 3. Phase composition of R6M5K5-K electrode

Таблица 3. Фазовый состав электрода Р6М5К5-К

Phase
Content Lattice 

constant, nmvol.% wt.%

α-Fe 48.4 44.8 a = 0.2844

(Mo,W)2FeB2 23.9 23.9 a = 0.55731

c = 0.3136

Mo6Fe6C 17.2 18.3 a = 1.1022

Mo3CoB3 2.6 2.7 –

HfO2 5.2 6.1 –

HfB 2.2 3.3 a = 0.4568

a

c d

b

e f
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ticles are identified as ferrovanadium (FVd). Both WC 

particles and the undissolved FVd include molybdenum, 

which is known to form a continuous range of solid 

solutions with tungsten (W) and vanadium, suggesting 

a complex interplay of these elements within the elec-

trode’s microstructure [28; 29]. 

Preparation and properties 
of electrospark coatings

Figure 3 illustrates the effect of the ESD duration 

using R6M5K5 and R6M5K5-K electrodes on both 

cathode weight gain and anode erosion. The use of 

the R6M5K5 electrode leads to a consistent increase 

in cathode weight alongside similar rates of electrode 

erosion. A significant correlation was found between 

the increase in total pulse energy and the weight gain 

of the substrate, making mode 2 (ΣЕ = 15.30 kJ·min) 

the preferred option for the R6M5K5 electrode due to 

it resulting in the greatest weight gain over a 10-minute 

deposition period.

Conversely, for the R6M5K5-K electrode, all tes-

ted modes yield nearly identical cathode weight gains, 

which plateau after the first 3 minutes of deposition. 

The limitation in coating thickness can be attributed to 

the buildup of internal stresses, a decrease in the ther-

mal resistance of the coating, and the development of an 

ultra-dispersed structure within it [26].

For the purpose of visually examining the surface 

topography, the surface roughness (Ra) of the coat-

ings deposited over 3 minutes for each of the three 

modes was measured. Figure 4 presents 3D images 

of these surfaces along with their Ra values. It is ev-

ident that the use of the R6M5K5 electrode results 

in a slightly lower surface roughness compared to the 

R6M5K5-K electrode. The analysis of mass trans-

fer and roughness kinetics indicates that mode 2 is 

the most favorable. This mode achieves the lowest 

roughness while ensuring high mass transfer for the 

R6M5K5 electrode and moderate mass transfer for 

the R6M5K5-K electrode.

The coatings applied using mode 2 were examined 

via scanning electron microscopy (SEM). Figures 5 and 

6 illustrate the surface topography and the cross-sec-

tional structure of the coating-substrate interface, re-

spectively. 

Figure 5 demonstrates that the coating deposited 

from R6M5K5 electrode without ceramics represents 

overlaying of spreading drips of melt formed in the 

pulsed discharge arc. There are almost no cracks in the 

coating and micropores are detected in the surface layer. 

The coating is 20—22 μm thick and the transition layer 

is 5—6 μm. According to the XRD data, along with EDS 

(Table 5), the coating deposited from R6M5K5 electrode 

consists of γ-Fe. Austenite (γ-Fe) is formed due to high 

rates of melt crystallization from the electrode material, 

which is practically a hardening operation [17]. Ni, Si 

and Mn are present in the transition layer and form part 

of the substrate.

Based on the XRD data, the coating deposited 

from the R6M5K5-K electrode is composed of var-

ious phases: α-Fe, HfO2, HfSiO4, Fe3Si, and Fe3B. 

It is suggested that hafnium silicate HfSiO4 forms 

in the discharge arc, a result of the reaction between 

hafnium oxide (present in the electrode) and silicon 

Fig. 2. SEM image of the microstructure of R6M5K5 

electrode (а) and the element distribution map: 

Fe (b), W (c), Mo (d), Co (e), V ( f) and Cr (g)

Рис. 2. РЭМ-изображение микроструктуры 

электрода Р6М5К5 (а) и карта распределения 

элементов: Fe (b), W (c), Mo (d), Co (e), V ( f) и Cr (g)

a c

d

f g

b

e
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oxide SiO2. The silicon oxide likely forms from the 

oxidation of silicon by impurity oxygen present in the 

environment.

The use of the R6M5K5-K metal-ceramic electrode 

leads to increased surface roughness and heterogenei-

ty in the coating’s structure. According to the results 

Fig. 4. Surface topography and roughness of coatings deposited from R6M5K5 (а–c) and R6M5K5-K (d–f ) electrodes 

in ESD modes 1 (а, d), 2 (b, e), and 3 (c, f )

Рис. 4. Топография поверхности и шероховатость покрытий из электродов Р6М5К5 (а–c) и Р6М5К5-К (d–f ) 

на ЭИО-режимах 1 (а, d), 2 (b, e), 3 (c, f )

Fig. 3. Dependence of the mass gain of the cathode (ΔΣKi) and the erosion of the anode (ΔΣAi) on the duration of ESD 

of 5KhNM steel with R6M5K5 (a) and R6M5K5-K (b) electrodes

Рис. 3. Зависимости привеса массы катода (ΔΣKi) и эрозии анода (ΔΣAi) 

от длительности электроискровой обработки стали 5ХНМ электродами Р6М5К5 (а) и Р6М5К5-К (b)

a c

d f

b

e
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of EDS analysis presented in Table 6, which analyzed 

different areas of the coating as marked in Fig. 6, b, 

the thickness of the coating varies between 20 and 

30 μm, with some areas reaching up to 50 μm. Under 

high magnification, a fine-grained microstructure is 

visible, with grain sizes ranging from 0.3 to 0.6 μm. 

Additionally, a dendritic structure, reminiscent of eu-

tectics, is also observed alongside dispersed inclusions 

smaller than 0.1 μm. The iron-based matrix incorpo-

rates dissolved alloying elements from both the steel 

and the ceramic additive.

The submicron and nanosized structural compo-

nents of the coating were analyzed using the transmis-

sion electron microscopy method (TEM). Figure 7 

showcases SEM images of the lamella before (Fig. 7, a) 

and after (Fig. 7, c) heating to 500 °C. Additionally, 

diffraction patterns of sections of the α-Fe-based ma-

trix (Fig. 7, b) and the Fe—B-based amorphous phase 

(Fig. 7, d) are displayed. The specific area from which 

the lamella was extracted is indicated in Fig. 6, b. 

Using SEM (Fig. 7) and EDS analysis (Table 7) we 

characterized the composition of an α-Fe-based crys-

talline matrix interspersed with amorphous inclusions 

of a similar composition. These amorphous inclusions 

arose both from the rapid cooling associated with the 

ESD process and the presence of amorphizing elements 

such as boron and silicon [30; 31]. Furthermore, we iden-

tified an Fe—B amorphous phase containing inclusions 

of Fe3B iron boride nanoparticles. These nanoparticles 

are released upon heating as the amorphous matrix seg-

regates into Fe3B and α-Fe [32]. Distributed through-

out the matrix volume are nanoparticles of HfO2, mea-

suring 30—50 nm, and iron silicide Fe3Si, which are 

15—20 nm in size.

Table 5. Chemical composition (at.%) of various areas within the coating deposited from R6M5K5 electrode

Таблица 5. Химический состав (ат.%) областей покрытия, полученного электродом Р6М5К5

Area of analysis C Si V Cr Mn Fe Co Ni Mo W

Coating 15.0 – 2.2 2.0 – 74.5 3.0 – 1.8 1.4

Transition layer 9.4 0.6 – 0.7 1.0 86.8 0.0 1.6 – 0.1

Substrate 10.3 0.6 – 0.8 0.7 86.1 0.0 1.4 – –

Table 6. Chemical composition (at.%) of the coating areas marked in Fig. 6, b 

Таблица 6. Химический состав (ат.%) областей покрытия, отмеченных на рис. 6, b

Area C O Si V Cr Mn Fe Ni Mo Hf

1 – 66.3 – – – – 1.9 – – 31.8

2 16.2 – 13.9 1.4 1.5 – 59.0 – 6.4 1.5

3 23.8 34.1 5.5 1.2 1.4 – 25.8 – 6.8 1.4

4 24.4 40.8 4.5 0.7 – 0.4 25.7 – 3.3 0.2

5 11.6 – 0.8 – 0.5 0.8 84.7 1.5 – –

Fig. 5. SEM images of the topography (a) and structure (b) of the coating (mode 2) deposited from R6M5K5 electrode

Рис. 5. РЭМ-изображения топографии (а) и структуры (b) покрытия (режим 2) из электрода Р6М5К5

a b
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The results from nanoindentation measurements 

of electrospark coatings deposited from R6M5K5 and 

R6M5K5-K electrodes were analyzed, and hardness 

distributions across the coating thickness are illustra-

ted in Fig. 8. It is noticeable that the hardness of the 

coating deposited from the R6M5K5-K electrode is 

15.8±0.4 GPa, which is significantly higher than the 

9.1±0.4 GPa hardness of the coating deposited from the 

R6M5K5 electrode. This increase in hardness is attri-

buted to the inclusion of hardening phases such as HfO2, 

HfSiO4, Fe3B, Fe3Si within the coating.

High-temperature tribological tests

A critical attribute for tools used in isothermal forging 

is their wear resistance under conditions of high-tem-

perature friction. While tribological tests conducted 

according to standard methodologies may not perfect-

ly replicate the actual operating conditions of dies, the 

results are nevertheless indicative of the impact of the 

coatings on wear resistance.

Figure 9 illustrates the relationship between the 

friction coefficient of 5KhNM steel samples with 

Fig. 6. SEM images of the surface topography (a) and the microstructure (b–d) of the coating deposited 

from R6M5K5-K electrode

Рис. 6. РЭМ-изображения топографии поверхности (а) и микроструктуры (b–d) покрытия, 

полученного из электрода Р6М5К5-К

Table 7. Chemical composition (at.%) of the areas marked in Fig. 7, a 

Таблица 7. Химический состав (ат.%) областей, отмеченных на рис. 7, а

Area Component Fe W Mo Hf Si Cr V Co O

1 Crystal matrix 84.7 1.2 4.0 – 4.8 1.4 0.5 2.0 –

2 Amorphous matrix 87.5 1.0 4.0 – 4.2 1.4 0.5 1.4 –

3 Particle based on HfO2 4.6 – – 31.0 – – – – 64.4

4 Fe–B amorphous phase* 21.7 – – – – – – – 78.3

* The phase was determined based on the diffraction pattern.

a

c d

b
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coatings and the counterbody path length at a tem-

perature of 500 °C, along with 2D images of wear 

track profiles.

Although the friction coefficients for both coat-

ings are similar, ranging from 0.55 to 0.57, the val-

ues of reduced wear show significant differences: 

38.24·10–5 mm3/N/m for the coating from R6M5K5 

electrode and 2.82·10–5 mm3/N/m for the coating 

from R6M5K5-K electrode. This disparity signifies a 

substantial increase in wear resistance by 13.5 times 

for the coating containing hardening phases HfO2, 

HfSiO4, Fe3B, and Fe3Si.

However, a minor f luctuation in the initial path 

section (20—150 m) for coatings deposited from the 

R6M5K5-K electrode can be attributed to the coun-

terbody wearing in and the removal of protruding ar-

eas of the rough surface (Ra = 13 μm). Additionally, 

Fig. 7. TEM images of the coating deposited from R6M5K5-K electrode before (a) and after (c) heating the lamella to 500 °C, 

diffraction pattern of α-Fe-based matrix (b) and Fe–B-based amorphous phase after heating (d)

Рис. 7. ПЭМ- изображения покрытия из электрода Р6М5К5-К до (а) и после (c) нагрева ламели до 500 °С, 

а также дифракционная картина матрицы на основе α-Fe (b) и аморфной фазы Fe–B после нагрева (d)

Fig. 8. Hardness distribution over the thickness 

of electrospark coatings deposited with R6M5K5 

and R6M5K5-K electrodes

Рис. 8. Распределение твердости 

по толщине электроискровых покрытий 

из электродов Р6М5К5 и Р6М5К5-К

a

c d

b
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the chipping of HfO2 particles during the tests, as 

confirmed by their presence in the wear products (il-

lustrated in Fig. 10 and Table 8), contributes to this 

f luctuation.

Oxidation of the components is observed in 

both coating formulations. As the coating deposit-

ed from the R6M5K5 electrode wears off, layers of 

the coating that are less oxidized become exposed 

and emerge on the surface. In contrast, the coating 

deposited from the R6M5K5-K electrode remains 

quite homogeneous, exhibiting less pronounced 

wear traces.

Conclusions

1. Electrode materials suitable for the electro-

spark deposition on die steel were sourced from a 

powdered mixture of R6M5K5 high speed steel and a 

powdered mixture of R6M5K5 high speed steel with 

40 % boride-silicide ceramics (MoSi2—MoB—HfB2). 

Through the examination of mass transfer and 

roughness kinetics, the optimal processing mode for 

5KhNM die steel was identified, which ensures the 

lowest surface roughness while maintaining acceptable 

mass transfer rates.

Fig. 9. Dependence of the friction coefficient of electrospark coatings deposited from R6M5K5 and R6M5K5-K electrodes 

on the sliding distance of the counterbody at 500 °C (а) and 2D profiles of wear tracks (b)

Рис. 9. Зависимость коэффициента трения электроискровых покрытий из электродов Р6М5К5 и Р6М5К5-К 

от длины пробега контртела при температуре 500 °C (а) и 2D-профили дорожек износа (b)

Fig. 10. SEM images of tracks (а, b) and wear products (c, d) during the tests of electrospark coatings deposited 

from R6M5K5 (а, c) and R6M5K5-K (b, d) electrodes

Рис. 10. РЭМ-изображения дорожек (а, b) и продуктов износа (c, d) при испытаниях электроискровых покрытий, 

полученных из электродов Р6М5К5 (а, c) и Р6М5К5-К (b, d)

a

c d

b
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2. The coating applied from R6M5K5 electrode, 

consisting of austenite, measures 20—22 μm in thick-

ness and is noted for its high uniformity, with a hardness 

of approximately 9.1±0.4 GPa. On the other hand, the 

coating from the R6M5K5-K electrode, which incorpo-

rates ceramics, features a uniform distribution of hard-

ening phases such as HfO2, HfSiO4, Fe3Si, and Fe3B, 

and varies in thickness from 20 to 30 μm, achieving a 

hardness of 15.8±0.4 GPa. The dispersed HfO2 parti-

cles are sized between 30—50 nm, while Fe3Si particles 

range from 15—20 nm. 

3. High-temperature tribological testing revealed 

that the coating from the R6M5K5-K electrode ex-

hibits significantly enhanced wear resistance, being 

13.5 times greater than that of the coating from the 

R6M5K5 electrode. The reduced wear rate for the ce-

ramic-enhanced coating was measured at 2.82·10–5 

mm3/N/m, attributed to the presence of hardening 

phases within the coating’s structure, compared to 

38,24·10–5 mm3/N/m for the austenite-based coating. 
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Influence of manganese alloying on the structure 
and properties of electrospark coatings 
of EP741NP heat-resistant nickel LPBF alloy
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Abstract: The paper investigates the impact of Mn content (Mn = 0; 0.5; 0.6; 1; 1.5 at.%) in the composition of the electrodes of the 

Al–Ca–Mn system on the structure and properties of electrospark coatings formed on LPBF substrates made of EP741NP alloy. It was found 

that the highest weight gain of the substrate (5.8·10–4 g) was recorded when the Al–7%Ca–1%Mn electrode with a low degree of super-

cooling of the melt (Δt = 5 °C) was subject to electrospark treatment (EST). EST with this electrode with a fine eutectic structure enables the 

formation of coatings with minimal surface roughness (Ra = 3.51±0.14 μm). The nanocrystalline structure of the coatings was confirmed 

by transmission electron microscopy, including HRTEM. Comparative tribological tests revealed that the coating with maximum hardness 

(10.7±0.8 GPa) formed during EST with an electrode containing 1.5 at.% Mn had the minimal wear rate (1.86 ·10–5 mm3/(N·m)). We proved 

that EST with Al–Ca–Mn electrodes enables to reduce the specific weight gain of the LPBF EP741NP alloy during isothermal (t = 1000 °C) 

curing in air due to in situ formation of a complex thermal barrier layer consisting of oxides (α-Al2O3, CaMoO4) and intermetallides (γ ′-Ni3Al 

and β-NiAl). We determined the concentration limit of Mn (1.0 at.%) in the electrode, at which the barrier layer retains its integrity and func-

tionality.

Keywords: heat-resistant nickel alloy, laser powder bed fusion (LPBF), electrospark treatment, wear resistance, oxidation resistance, thermal 

barrier layer.
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Влияние легирования марганцем на структуру 
и свойства электроискровых покрытий 
на никелевом жаропрочном СЛС-сплаве ЭП741НП

С.К. Муканов, М.И. Петржик, П.А. Логинов, Е.А. Левашов
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Аннотация: Исследовано влияние содержания марганца (Mn = 0; 0,5; 0,6; 1; 1,5 ат.%) в составе электродов системы Al–Ca–Mn 

на структуру и свойства электроискровых покрытий, сформированных на СЛС-подложках из сплава ЭП741НП. Обнаруже-



Известия вузов. Цветная металлургия  •  2024  •  Т. 30  •  № 2 •  С. 70–84

71

Муканов С.К., Петржик М.И., Логинов П.А., Левашов Е.А. Влияние легирования марганцем на структуру и свойства электроискровых...

Introduction

Gas turbine components play a key role in the op-

eration of power generators [1; 2]. Nowadays, steam 

pressure is increased to 35 MPa and temperature — to 

750 °C [3] (there are plans to raise it to 1000 °C in the 

future) to enhance efficiency and environmental pro-

tection in the working zone of power plants. For this 

reason, gas turbine blades [3] are made of nickel-based 

heat-resistant alloys (Inconel, GTD, MGA, etc.) that 

can function under severe conditions of high tempe-

ratures and centrifugal loads. The structure of classi-

cal nickel superalloys includes the face-centered cubic 

(FCC) matrix and strengthening γ ′-phases [5]. Rea-

sonable alloying of such a structure ensures excellent 

mechanical properties and creep resistance at elevated 

temperatures up to 1150 °С [6; 7].

However, temperature and vibration gradients, as 

well as the ingress of various kinds of abrasive into the 

working zone can lead to critical wear and premature 

turbine failure [8—10]. Therefore, improving the wear 

resistance of nickel superalloy parts is crucial for ensur-

ing the reliability and durability of gas turbine blades. 

Various methods of deposition of coatings and/or mo-

dification of surfaces of item are used to achieve this 

objective. Deposition/synthesis of refractory phases 

(NiAl intermetallides, NiB borides [11], and Al2O3, 

Y2O3, ZrO2 oxides [6; 12]) responsible for wear and oxi-

dation resistance of coatings in various gas environments 

at elevated temperatures are used to prevent premature 

wear. One traditional method of surface hardening is 

plasma spraying of Tribaloy T-800 coatings [13] coatings 

onto the contact surface of casings. These coatings are 

based on a Co—Cr—Mo alloy system and structurally 

reinforced with Laves phases. However, such coatings 

are unstable due to difference in thermal expansion 

но, что наибольший привес массы подложки (5,8·10–4 г) зафиксирован при электроискровой обработке (ЭИО) электродом 

Al–7%Ca–1%Mn, имеющим низкую степень переохлаждения расплава (Δt = 5 °С). Процесс ЭИО данным электродом с тонкой 

эвтектической структурой позволяет формировать покрытия с минимальной шероховатостью поверхности (Ra = 3,51±0,14 мкм). 

Нанокристаллическая структура покрытий была подтверждена методами просвечивающей электронной микроскопии, в том 

числе с высоким разрешением. По результатам сравнительных трибологических испытаний обнаружено, что наилучшей изно-

состойкостью (1,86 ·10–5·мм3/(Н·м)) обладает покрытие с максимальной твердостью (10,7±0,8 ГПа), сформированное в процессе 

ЭИО электродом с содержанием 1,5 ат.% Mn. Показано, что ЭИО электродами Al–Ca–Mn позволяет снизить удельный привес 

СЛС-сплава ЭП741НП при изотермической (t = 1000 °C) выдержке на воздухе благодаря in situ формированию комплексного 

термобарьерного слоя, состоящего из оксидов (α-Al2O3, CaMoO4) и интерметаллидов (γ ′-Ni3Al, β-NiAl) . Установлен предел кон-

центрации Mn (1,0 ат.%) в электроде, при которой барьерный слой сохраняет свои целостность и функциональность. 

Ключевые слова: жаропрочный никелевый сплав, селективное лазерное сплавление, электроискровая обработка, износостой-

кость, стойкость к окислению, термобарьерный слой.
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coefficients of the microstructural constituents, which 

leads to cracks generation. 

In addition, there is an issue of mutual diffusion of 

alloying elements at the interface between the coating 

and superalloy at high temperatures. It is solved by us-

ing thermal barrier coatings with increased oxidation 

resistance. They typically consist of an outer ceramic 

layer containing a basic oxide (ZrO2 or Al2O3) stabilized 

with yttrium (6—9 wt.% Y2O3) so called YSZ [14] and 

are characterized with a porosity of 10—25 % and a low 

thermal conductivity (1.5—3.0 W·m–1·K–1) [15]. Mo-

dern thermal barrier coatings [16] have a gradient mic-

rostructure in which each layer is obtained using diffe-

rent techniques. 

The technique of electron-beam deposition of ther-

mal barrier coatings is used to extend the service life of 

parts and assemblies made of superalloys. It also has its 

disadvantages due to low adhesion of the coating to the 

substrate [17]. 

The surface also can be protected from wear and oxi-

dation by means of electrospark treatment (EST) 

with fusible Al−based electrodes. It is due to in-situ 

reaction finished by synthesis of intermetallides. This 

was found in [18] when Al—Si, Al—Ca—Si, Al—Ca—

Mn electrodes were used for EST of EP741NP alloy 

obtained by laser powder bed fusion (LPBF). It was 

shown that during EST with these electrodes NiAl, 

Ni3Al, NiAl3 hard intermetallics have been formed, 

increasing the wear resistance of EP741NP alloy by 

4.5 times. In addition, the coating formed by the 

Al—Ca—Mn electrode showed excellent resistance to 

oxidation in air at t = 870 °C, as dense and homo-

geneous CaAl2O4 barrier layer was formed and the 

proportion of β-NiAl increased. When the annealing 
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temperature reached 1000 °C for 30 h, the investigat-

ed coating was found to change the oxidation kinetics 

from a linear law which is typical for SLM superalloy 

to a parabolic law. This effect is caused by the forma-

tion of a two-layer Al2O3 /CaMoO4 protective barrier 

on the surface, which reduces the oxidation rate by 

16 times.

When manganese has been added to aluminum al-

loys it leads to a positive impact on their mechanical 

properties and heat resistance. However, as its content 

exceeds 1.5 wt.%, coarse inclusions of the AlxMn phase 

in microstructure are released, significantly deteriorat-

ing casting properties [19; 20]. Therefore, it is extremely 

important to investigate the influence of Mn in compo-

sition of the electrode on the properties of electrospark 

coatings.

The purpose of the work was to study how Mn con-

tent within the Al—Ca—Mn electrode affects the struc-

ture and properties of coatings formed by electrospark 

treatment of SLM substrates made of EP741NP alloy.

Materials and methods

As substrates we used parallelepiped-shaped samples 

with the size of 4 × 5 × 15 mm obtained by laser powder 

bed fusion from EP741NP alloy of the following compo-

sition, at.%:

Ni ..................... 55.38

Co .....................15.49

Al ..................... 10.84

Cr ......................10.03

Mo ..................... 2.29

Ti ....................... 2.18

W.........................1.75

Nb ...................... 1.62

C ........................ 0.19

Hf ....................... 0.08

B ........................ 0.08

Mg ..................... 0.05

Cr ......................0.017

Ce .................... 0.003

Electrospark treatment of the nickel alloy additive 

surfaces was performed at the rotary motion of the elec-

trode according to the scheme “electrode — cathode, 

substrate — anode” in the argon medium (99.998 %) at 

constant values of frequency, duration and pulse energy: 

1920 Hz, 25 μs and 48 mJ, respectively.

The composition of near-eutectic electrodes was 

chosen based on the analysis of the Al—Ca—Mn phase 

diagram [20]. The charge was melted in an electric fur-

nace GF1100N2D (Graficarbo, Italy) using high pu-

rity materials (A99; Ca 99.99) and addition alloy Al—

20 wt.% Mn. Core electrodes with a diameter of 3—4 mm, 

the composition of which is presented in Table 1, were 

prepared by sucking the melt into a quartz tube.

The kinetics of mass transfer during EST was inves-

tigated by the gravimetric method on a KERN 770 pre-

cision balance (Germany) with an accuracy of 10–5 g. 

Differential scanning calorimetry (DSC) at a rate of 

20 °K/min in a protective argon atmosphere was per-

formed according to the scheme 25—700—25 (°C) on 

a DSC 404 C Pegasus calorimeter (“Netzsch”, Ger-

many).

The microstructure and composition were studied 

on a S-3400N scanning electron microscope (“Hi-

tachi”, Japan) equipped with a NORAN System 7 X-ray 

Microanalysis System spectrometer (“Thermo Scien-

tific”, USA). The fine structure was analyzed using a 

JEM-2100 transmission electron microscope (TEM) 

(Jeol, Japan). The samples (lamellae) for TEM were 

cut by the focused ion beam (FIB) method on a Quan-

ta 200 3D FIB instrument (“FEI Company”, USA). 

The X-ray diffraction (XRD) phase analysis was per-

formed based on the spectra obtained on an automated 

DRON-4 diffractometer (“Burevestnik”, Russia) using 

monochromatic CoKα-radiation in the range of angles 

2θ from 10° to 130°.

Comparative tribological tests were performed using 

a reciprocating movement according to the “rod—plate” 

scheme on an automated Tribometer friction machine 

(“CSM Instruments”, Switzerland) in compliance with 

ASTM G 99-17 at room temperature. The ball with 

a diameter of 3 mm made of 100Cr6 steel (analog of 

ShKh15) was used as a counterbody. The following test 

conditions were met: the track length was 4 mm, the ap-

plied load was 2 N, and maximum speed was 5 cm/s. 

Surface roughness and wear track profiles were studied 

on a WYKO NT1100 optical profilometer (“Veeco”, 

USA). Mechanical properties (hardness and elastic 

modulus) were investigated on a Nano—HardnessTester 

(“CSM Instruments”, Switzerland) at a maximum load 

of 10 mN.

The resistance to high-temperature oxidation of 

electrospark coatings was evaluated by the sample 

weight gain after isothermal annealing at 1000 °C for 

Table 1. Composition of rod electrodes 
of the Al–Ca–Mn system

Таблица 1. Состав стержневых электродов 

системы Al–Ca–Mn

Designation 
Concentration of elements, at.%

Al Ca Mn

Al–5Ca 94.82 5.18 –

Al–7.5Ca–0.5Mn 92.00 7.5 0.50

Al–5.7Ca–0.6Mn 93.68 5.71 0.61

Al–7Ca–1Mn 92.00 7.00 1.00

Al–6.5Ca–1.5Mn 92.00 6.50 1.50
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30 h in air. Oxidation annealing of the samples was 

conducted in a SNOL 7.2/1200 muff le electric fur-

nace. After annealing with a duration of 0.25, 0.5, 

0.75, 1, 2, 3, 4, 5 and then every 5 h samples were 

weighed at room temperature on ALC-210d4 Acculab 

analytical scales (USA) with an accuracy of 10–5 g. 

Specific weight gain was calculated according to the 

formula

K = Δm/S0,   (1)

where Δm is the difference between the masses of the 

sample before the test and after oxidation, mg; S0 is the 

total surface area of the sample before the test, cm2.

Results and discussion

The rod electrodes were studied using the DSC 

method (Fig. 1) to determine the temperatures of melt-

ing (tM) and solidification (tS). Melting proceeds in a 

single endothermal peak for all compositions, and when 

alloys containing more than 6.5 at.% Ca solidify, small 

exothermic effects associated with the precipitation of 

Al10CaMn2 primary crystals from the melt are noti-

ceable at temperatures higher than the main solidifica-

tion exopeak. 

The microstructure of quenched electrodes is 

highly dependent on the material composition. Fig. 

1 and Table 2 demonstrate that Mn addition to the 

Al—Ca base electrode correlates with the formation of 

primary Al4Ca crystals (Fig. 2). Solidification of the 

Al—5%Ca electrode starts with the formation of Al 

dendrites, 20—30 μm in size, around which a double 

eutectic with a composition of Al94Ca6 crystallizes. 

Other electrode (Al—5.7%Ca—0.6%Mn) alloyed with 

manganese, solidifies with the formation of primary 

Al4Ca crystals in the form of plates of the same size, 

as well as the Al10CaMn2 phase and triple eutectics 

Al94.1Ca5.3Mn0.6.

The microstructure of the Al—7.5Ca—0.5Mn elec-

trode with the increased calcium content also contains 

primary Al4Ca crystals in the form of plates, but their 

portion is higher, while the composition of the ternary 

eutectic is the same — Al94.2Ca5.2Mn0.6. Comparing 

the compositions of electrodes and eutectics, we can 

conclude that manganese is not found in the primary 

crystals of the Al—7.5Ca—0.5Mn electrode and is part 

of eutectic. The microstructure of the Al—7Ca—1Mn 

electrode contains plates of primary Al4Ca crystals, 

Al10CaMn2 particles, and eutectic with a composition 

of Al94.3Ca5.3Mn0.4. The Al—6.5Ca—1.5Mn electrode 

has the same microstructure, only with a higher volume 

Fig. 1. Thermograms of Al–Ca–Mn rod electrodes

a – melting curves, b – solidification curves

Рис. 1. Термограммы стержневых электродов Al–Ca–Mn

а – кривые плавления, b – кривые затвердевания

Tablе 2. Composition and DSC results of Al–Ca–Mn 
electrodes

Таблица 2. Состав и результаты ДСК 

электродов Al–Ca–Mn

Electrode tM, °С tS, °С Δt = tM – tS, °С

Al–5Ca 622 609 13

Al–5.7Ca–0.6Mn 620 607 13

Al–7.5Ca–0.5Mn 619 612 7

Al–7Ca–1Mn 616 611 5

Al–6.5Ca–1.5Mn 617 606 11



74

Izvestiya. Non-Ferrous Metallurgy  •  2024  •  Vol. 30  •  No. 2 •  P. 70–84 

Mukanov S.K., Petrzhik M.I., Loginov P.A., Levashov E.A. Influence of manganese alloying on the structure and properties of electrospark...

fraction of Al10CaMn2 particles and coarser ternary 

eutectic.

The kinetic curves of mass transfer during EST 

of EP741NP alloy with electrodes with different Mn 

content are presented in Fig. 2, f. All of them are of 

an extreme nature. The highest substrate weight gain 

(ΔK = 5.8·10–4 g) was recorded after 2 minutes of 

treatment using the near-eutectic Al—7Ca—1Mn 

electrode that contains small Al10CaMn2 particles in 

its microstructure (see Fig. 2, d) and has a low degree 

of supercooling (Δt = 5 °C) (see Table 2). The elec-

trode erosion (ΔA) is slightly higher (Fig. 2, f ) than 

the cathode weight gain (ΔK ). There is no clear cor-

relation between these parameters, which indicates 

a significant dispersion of erosion products (molten 

metal) in the interelectrode gap.

Figure 3 presents images of the microstructure of 

electrospark coatings on cross sections. The coatings 

formed during EST with electrodes, their Mn content 

(at.%) amounting to 0, 0.5, and 0.6, consist of submicron 

spherical particles. Near the coating surface, their size 

is less than 1 μm and it increases towards the substrate 

(Fig. 3, a—c). The submicron structure of the electro-

spark layers indicates that after local melting when 

exposed to electric discharges, the melt cooling rate 

reaches 105—106 K/s [21].

The thickness of the investigated electrospark coat-

ings depends on the electrode composition and varies 

from 11 to 22 μm. After treatment with an electrode 

containing 1.5 at.% Mn (Fig. 3, d), the coating has a 

layered structure. The near-surface layer of this sam-

ple, as well as other ones (Fig. 3, a—c), consists of 

well-connected particles smaller than 1 μm. The bot-

tom layer, however, is formed of columnar crystals ori-

ented along the direction of heat removal. The ratio of 

Ni to Al in the electrospark coating varies with depth: 

closer to the surface, Al content is higher and as the 

substrate nears, the amount of Ni increases. According 

to the EDS data, the highest Mn concentrations (0.9—

1.0 at.%) along with Ca (3.4—3.9 at.%) were found in 

the dark coating areas, whereas the light areas corre-

spond to β-NiAl.

Figure 4 shows the structural constituents of the coat-

ing formed during EST with the Al—7%Ca—1%Mn fu-

sible electrode. Its thickness, as well as that of the coating 

formed with the Al—7.5Ca—0.5Mn electrode (Fig. 3, c), 

is within ~15 μm, and the microstructure includes the 

regions (Fig. 4, a, zone I) formed as a result of concen-

tration stratification of the melt. This structure feature 

is characteristic of the coatings formed by the electrodes 

with low degree of supercooling — Al—7.5Ca—0.5Mn 

(7 °C) and Al—7Ca—1Mn (5 °C).

Fig. 2. SEM images of the electrode structure Al–5Ca (а), Al–7.5Ca–0.5Mn (b), Al–5.7Ca–0.6Mn (c), 

Al–7Ca–1Mn (d), Al–6.5Ca–1.5Mn (e) and kinetic curves of electrode mass transfer on Ni substrate ( f )

Рис. 2. РЭМ-изображения структуры электродов Al–5Ca (а), Al–7,5Ca–0,5Mn (b), Al–5,7Ca–0,6Mn (c), 

Al–7Ca–1Mn (d), Al–6,5Ca–1,5Mn (e), кинетические кривые массопереноса электродов на Ni-подложку ( f )

c

d
f

b

e

a
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Figure 4, b shows that the electrode made of Al—

7Ca—1Mn alloy is used to form a coating with a layered 

structure, which can be divided into two characteristic 

zones. Zone I consists of crystallites with a transverse 

grain size of 1.0—1.5 μm. Fig. 4, c demonstrates that the 

grains contain spherical nanoscale particles distributed 

in interlayers (indicated by white arrows). The average 

thickness of interlayers (strips) in which nanoparticles 

are found is less than 10 nm. According to the EDS da-

ta, their elemental composition does not differ from that 

of the matrix and they possibly represent shear strips. 

These interlayers are mostly oriented along the direction 

of heat removal (perpendicular to the substrate). The 

HRTEM image (inset A) shows that the particles have 

a diameter of about ~20 nm. The Fourier transform of 

the particles’ images along the zone axis [011] (Fig. 4, 

inset B) revealed that the particles are isostructural to 

calcium oxide CaO.

In zone II, the grains are ~3.5 μm long and have an 

elongated shape. The direction of the columnar crys-

tallite growth coincides with that of heat removal. In-

creased concentrations of Al (53.2 at.%), Ca (1.4 at.%) 

and Mn (0.5 at.%) are observed in this region, but Ni 

content shrinks (28.3 at.%). According to the TEM 

diffraction pattern in region II (insert C), the values 

of interplane distances (1.99 nm and 2.82 nm) corre-

spond to Ni2Al3 trigonal syngony with the P3
–

m1 space 

group. 

According to the linear EDS analysis data ob-

tained in the mode of scanning transmission electron 

microscope, the particles are enriched with calcium 

(Fig. 5), while the concentrations of all other ele-

ments (Al, Ni, Co, Cr) sharply drop. The Ca content 

reaches 30 at.% and that of oxygen — 19.4 at.%. This 

is consistent with the HRTEM findings (Fig. 4, in-

set B) indicating that the particles are a complex oxide 

of the (CaMe)O type. The formation of these parti-

cles during EST may be attributed to the reduction of 

metal oxides by calcium, which has a high affinity for 

oxygen [22].

Figure 6 shows that manganese alloying also leads to 

an increase in hardness (from 7.6±0.5 to 10.7±0.8 GPa) 

and elastic modulus (from 152±41 to 181±16 GPa). 

The results of comparative tribological tests pre-

sented in Fig. 6, b, c and Table 3 prove that Mn intro-

duction into the electrode significantly enhances the 

wear resistance of electrospark coatings, but hardly 

affects the coefficient of friction, the average value of 

Fig. 3. SEM images of the microstructure of electrospark coatings obtained during EST with electrodes Al–5Ca (а), 

Al–5.7Ca–0.6Mn (b), Al–7.5Ca–0.5Mn (c) and Al–6.5Ca–1.5Mn (d)

Рис. 3. РЭМ-изображения микроструктуры электроискровых покрытий, полученных при ЭИО электродами 

Al–5Ca (а), Al–5,7Ca–0,6Mn (b), Al–7,5Ca–0,5Mn (c) и Al–6,5Ca–1,5Mn (d)

c d

ba
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Fig. 4. Microstructure (a); TEM image of the lamella (b) and enlarged images of the corresponding coating zones (c, d) formed 

by the Al–7Ca–1Mn electrode 

А – HRTEM of (CaMe)O nanoparticles in the NiAl matrix; В and С – TEM diffraction patterns of the corresponding regions

Рис. 4. Микроструктура (а), ПЭМ-изображение ламели (b) и увеличенные изображения соответствующих зон 

покрытия (c, d), сформированного электродом Al–7Ca–1Mn 

А – ПЭМ ВР наночастиц (CaMe)O в NiAl-матрице; В и С – дифракционные картины ПЭМ соответствующих областей 

Fig. 5. TEM EDS spectra and the map of elemental distribution of (CaMe)O nanoparticle in the NiAl matrix

Рис. 5. ПЭМ ЭДС-спектры и карта распределения элементов наночастицы (CaMe)O в NiAl-матрице

c d

ba
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which correlates with the surface roughness. Its va-

lue was the lowest (0.27) when the electrospark coat-

ing was tested with minimal surface roughness (Ra =

= 3.51±0.14 μm), which was formed during EST with 

the Al—7Ca—1Mn electrode with a thin eutectic 

structure (see Fig. 2, d).

Figure 6, b, c shows that wear resistance of samples 

subjected to EST significantly improves with an increase 

in the Mn content in the electrode from 0.5 to 1 at.% 

Mn. However, the increase in Mn concentration by 

more than 1 at.% does not result in a considerable surge 

of this indicator. 

Figure 7 demonstrates the oxidation kinetic curves 

of the samples with electrospark coatings. We can see 

that EST enables to reduce the specific weight gain of 

EP741NP SLM alloy, which indicates a decreased oxi-

dation rate. The kinetic curves of oxidation of the sam-

ple with 1.5 at.% Mn show a sharp increase in the mass 

after 10 h of isothermal curing. This is attributed to the 

violation of the oxidized coating integrity and unim-

peded diffusion of oxygen into the substrate. The kinet-

ic curves of oxidation of electrospark surfaces obtained 

during EST with Al—Ca—Mn electrodes, the Mn con-

tent amounting to 0, 0.5 and 1.0 at.%, present parabolic 

dependence [23; 24]:

(Δm/S)n = kt,  (2)

where Δm/S is the mass gain per unit area, mg/cm2; 

k is the oxidation reaction rate constant; n is the oxida-

tion reaction index; t is the oxidation time, h. 

Fig. 6. Influence of the Mn content in the Al–Ca–Mn electrode composition on mechanical (a) and tribological (b, c) 

properties of electrospark coatings 

Рис. 6. Влияние содержания Mn в составе Al–Ca–Mn-электрода на механические (а) и трибологические (b, c) 

свойства электроискровых покрытий 

c
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To confirm the validity of the parabolic law of oxi-

dation and to find the constants of equation (2), we 

used the approximation of oxidation curves, the re-

sults of which are presented in Table 4. The regression 

analysis of kinetic curves showed that treatment with 

electrodes, the Mn content ranging from 0 to 1.0 at.%, 

changes the oxidation mechanism from linear to para-

bolic. The analysis validity is confirmed by the values 

of the approximation coefficient which are close to uni-

ty: 0.9604—0.9846. 

X-ray phase analysis was only performed on the sam-

ples which oxide layer was not destroyed during oxida-

tion annealing (Table 5). Electrospark coatings subject-

ed to isothermal oxidation annealing include the same 

phases. As the Mn content in the electrode increases, so 

does the proportion of calcium molybdate CaMoO4 in 

them. However, the predominant phase in the surface 

layers of samples treated with electrodes without Mn 

and with 0.5 % Mn is Ni3Al, whereas the oxidized layer 

of the coating obtained using an electrode with 1 % Mn 

is characterized by a large proportion of α-Al2O3 and 

CaMoO4. This can be attributed to the smaller thickness 

of the oxide layers of the first two samples, which re-

sulted in an increased relative intensity of the X-ray re-

flections from the substrate. 

The surface layers of the above coatings also contain 

NiAl2O4 phases and insignificant amounts of NiO. The 

formation of NiAl2O4 spinel and the reduced share of 

α-Al2O3 on the surface of these samples can be put down 

to the interaction of aluminum oxide and nickel follow-

ing the chemical reaction

NiO(т) + Al2O3(т) → NiAl2O4(т).  (3)

Figure 8 shows the microstructures of cross sections 

of coatings oxidized at t = 1000 °C during isothermal 

annealing for 30 h. The surface of all samples had a thin 

layer of variable thickness of 2.0—3.5 μm of tetragonal 

CaMoO4 phase grains, the layer thickness not depend-

ing on the Mn content. Below is a layer of α-Al2O3, 

the thickness varying from 12.5 to 15.0 μm, in which 

CaMoO4 regions are distributed, and light gray inclu-

sions are found that have the following components, 

at.%: O — 71.1, Al — 8.0, Ti — 10.6, Nb — 4.6, Cr — 3.1, 

Ni — 1.4 and Co — 1.1.

Under the α-Al2O3 layer, in the heat affected zone 

of the substrate, an oxygen-free region consisting of 

γ ′-Ni3Al and β-NiAl is located, which is consistent with 

the XRD results. Beneath it, a band of white elongated 

precipitations is visible at a distance of 30—50 μm from 

the surface. EDS-analysis of fragments of this band 

showed an increased content of refractory elements, 

at.%: Co — 16.4, Cr — 14.9, Mo — 12.9 and W — 11.1. 

Such structures are characteristic of oxidized nickel 

alloys [25] and are called “topologically close packed” 

(TCP) phases. 

It was not possible to correctly estimate the thickness 

of the oxide layer of the sample treated with an electrode 

with 1.5 % Mn due to its delamination (see inset B in 

Fig. 7). As a result of delamination, the thickness de-

creased (Fig. 8, d) and the integrity of the protective 

layer was violated causing unimpeded diffusion of ox-

ygen deep into the nickel substrate, which is confirmed 

by the linear nature of oxidation (see Fig. 7). A distinc-

tive feature of the initial electrospark coating (Fig. 8, d) 

formed with the electrode with 1.5 % Mn is a layered 

structure. As a result of the preferential grain boundary 

oxygen diffusion during annealing, fracture is registered 

at the interface boundaries between layers. The longitu-

dinal crack along which the oxide layer delaminated is 

highlighted by blue arrows. According to the EDS data, 

delamination is most frequent in the regions with low 

aluminum content. This can probably be attributed to 

the low cohesion of the formed electrospark coating (see 

Fig. 3, d) due to its structural defects. Its distinctive fea-

ture is the increased the Mn content (up to 1.0 at.%), 

while in other samples it did not exceed 0.5 at.%. 

Tablе 3. Tribological characteristics and surface roughness of samples with coatings obtained during EST 
with Al–Ca–Mn electrodes

Таблица 3. Трибологические характеристики и шероховатость поверхности образцов с покрытиями, 

полученными при ЭИО электродами Al–Ca–Mn

Mn content in the 

electrode, at.%

Adjusted wear, 

10–5 mm3/(N·m)

Friction coefficient 
Ra, μm

Init. Max. Av. Final

0 11.95 0.27 0.45 0.29 0.28 4.38±0.57

0.5 11.37 0.15 0.46 0.30 0.27 4.33±0.17

0.6 8.78 0.07 0.52 0.31 0.31 4.87±0.87

1.0 1.93 0.09 0.40 0.27 0.28 3.51±0.14

1.5 1.86 0.37 0.47 0.29 0.28 4.04±0.15
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To thoroughly study the structure of oxide layers by 

the focused ion beam method, a lamella was cut from 

the cross section of the sample treated with the 1 % 

Mn electrode. Fig. 9 shows that the coating consisting 

of γ ′- and β-phase grains with inclusions of spherical 

nanoparticles of (CaMe)O type was preserved under 

the oxide layer. In addition, at the grain boundaries 

there are conglomerates of particles, which, accord-

ing to TEM data, are enriched with refractory ele-

ments, their composition corresponding to the formula 

Ni23.4Co21.7Cr17W16.2Mo12.4Al9.3. 

The outer layer of the oxidized surface consists of 

large grains with interplanar distances (d101 = 0.48 

nm; d224 = 0.15 nm), which corresponds to the scheel-

ite-type CaMoO4 phase with tetragonal crystal lattice 

I41/a (Fig. 9, e). According to the works [26; 27], this 

structure exhibits excellent thermal stability and ul-

tra-low thermal conductivity (0.6—1.2 W·m–1·K–1) at 

Tablе 4. Parameters of the equation of kinetic oxidation curves regression at 1000 °С temperature of the coatings 
formed by Al–Ca–Mn electrodes

Таблица 4. Параметры уравнения регрессии кинетических кривых окисления при температуре 1000 °С покрытий, 

сформированных электродами Al–Ca–Mn 

Mn content 

in the electrode, 

at.%

Time 

interval, h
Regression equation

Confidence 

coefficient 

of approximation

Oxidation rate, 

10–4 mg/(cm2·s)

Substrate (EP741NP) 0 < τ < 5 Δm/S = 0.278τ0.5 0.9814 3.2

Substrate (EP741NP) 5  τ  30 Δm/S = 1.2176τ – 1.8144 0.9970 3.2

0 0  τ  30 Δm/S = 0.5022τ0.5 0.9846 0.3

0.5 0  τ  30 Δm/S = 0.3803τ0.5 0.9604 0.2

0.6 0  τ  30 Δm/S = 0.3863τ0.5 0.9875 0.2

1.0 0 < τ  30 Δm/S = 0.5621τ0.5 0.9805 0.3

1.5 0 < τ < 5 Δm/S = 0.4535τ0.5 0.9506 3.1

1.5 15  τ  30 Δm/S = 0.278τ0.5 0.9635 3.1

Tablе 5. Phase composition of oxide layers of the coatings formed after 30 h of isothermal curing at t = 1000 °C in air

Таблица 5. Фазовый состав оксидных слоев покрытий, сформированных после 30 ч изотермической выдержки 

при t = 1000 °С на воздухе

Mn content 

in the electrode, 

at.%

Phase Structural type Content, wt.%

Lattice period, nm

a с

0

Ni3Al cF4/1 39.4 0.3582 –

α-Al2O3 hR10/1 21.6 0.4779 1.3005

NiAl2O4 cF56/2 18.9 0.8130 –

CaMoO4 tI24/16 15.3 0.5232 1.1427

NiO cF8/2 4.8 0.4184 –

0.5

Ni3Al cF4/1 34.8 0.3582 –

α-Al2O3 hR10/1 20.9 0.4777 1.3019

CaMoO4 tI24/16 20.2 0.5230 1.1426

NiAl2O4 cF56/2 18.3 0.8122 –

NiO cF8/2 5.8 0.4191 –

1.0

α-Al2O3 hR10/1 44.9 0.4752 1.2937

CaMoO4 tI24/16 43.3 0.5203 1.1382

Ni3Al cF4/1 9.6 0.3585 –

NiAl cP2/1 2.2 0.2860 –
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T = 400÷1000 K, which is lower than that of thermal in-

sulating layers for thermal barrier coatings such as YSZ 

(1.5—3 W·m–1·K–1). 

The inner oxide layer in the sample subjected to EST 

with an electrode with 1 at.% Mn consists of equiaxed 

α-Al2O3 grains, about 400 nm in size. Nanoparticles up 

to 60 nm in size were found inside and at the periphery 

of the grains (Fig. 9, b, d). Based on the analysis of the 

HRTEM images, it can be assumed that they are nano-

particles of the Mn2AlO4 phase. The inset to Fig. 9, d 

shows the image of particles after Fourier transform. It can 

be seen that these particles with the R3
–

m space group are 

coherent to the matrix of the α-Al2O3 (R3
–

С) oxide layer.

The delamination of the oxide layer of the sample treat-

ed with an electrode with 1.5 at.% Mn can be attributed 

either to the formation of particles in the matrix, in which 

the Mn content is higher than in the Mn2AlO4 phase, or 

to the supersaturation of this phase with manganese. The 

paper [28] confirms the first assumption. It shows that the 

presence of 1 at.% Mn in the electrode adversely affects 

the oxidation resistance of Ni—22Cr—14W—2Mo alloy as 

MnO particles form and reduce the strength of adhesion 

Fig. 8. SEM images of cross-sections of the samples with coatings obtained during EST with electrodes without Mn (a), 

and with the ones containing 0.5% Mn (b), 0.6% Mn (c), and 1.5% Mn (d), after 30 h of isothermal curing 

at t = 1000 °С

Рис. 8. РЭМ-изображения поперечных шлифов образцов с покрытиями, полученными при ЭИО электродами 

без Mn (а) и содержащими 0,5 % Mn (b), 0,6 % Mn (c) и 1,5 % Mn (d), после 30 ч изотермической выдержки 

при t = 1000 °С

Fig. 7. Oxidation kinetic curves of the samples with coatings

The insets show the appearance of the samples obtained during EST 

with electrodes with 0.6 %Mn (A) and 1.5 % Mn (B)

Рис. 7. Кинетические кривые окисления образцов 

с покрытиями

На вставках показан внешний вид образцов, полученных 

при ЭИО электродами с 0,6 % Mn (А) и 1,5 % Mn (В)

c d

ba
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between the Cr2O3 layer and the substrate. In the second 

case, manganese supersaturation of the Mn2AlO4 phase 

formed during annealing results in a change in the lattice 

parameter and accumulation of residual stresses at the in-

terface [29] due to the dimensional mismatch between the 

crystal lattices of the phases causing loss of coherence and 

destruction of the oxide layer.

Conclusions

1. The study of mass transfer kinetics during elec-

trospark treatment of SLM samples made of EP741NP 

alloy with electrodes with different Mn content showed 

that the highest substrate mass gain (5.8·10–4 g) was re-

corded when the near-eutectic Al—7%Ca—1%Mn al-

loy with a low degree of melt supercooling (Δt = 5 °C) 

was used. During EST with the Al—6.5%Ca—1.5%Mn 

electrode, structural defects are formed and the Mn con-

centration in the coating reaches 1.0 at.%. For the other 

studied coatings, it did not exceed 0.5 at.%.

2. The results of tests revealed that wear resistance, 

hardness and modulus of elasticity enhance with in-

creasing manganese content in the coating. Increasing 

the mechanical properties start at manganese content of 

0.5 at.% and its further growth up to 1.0 at.% leads also to 

a significant increase in wear resistance (adjusted wear 

of 1.86·10–5 mm3/(N·m)). 

3. Electrospark treatment of EP741NP alloy with 

Al—Ca—Mn electrodes changes the oxidation kinet-

ics from linear to parabolic. As the Mn content in the 

oxide layer increases, so does the volume fraction of 

calcium molybdate (CaMoO4) in the oxidative anneal-

ing process. However, as the manganese content in the 

electrode reaches 1.5 at.%, oxidation proceeds by a 

mixed mechanism and is accompanied by violation of 

the oxide layer integrity and unimpeded diffusion of 

oxygen deep into the nickel substrate. This can proba-

bly be put down to MnO particles forming in the oxide 

matrix and reducing the bonding strength of the oxide 

layer. Another explanation is that residual stresses ac-

cumulate due to the mismatch of the phases crystal lat-

tice parameters and coherence is lost between α-Al2O3 

and Mn2AlO4 nanoscale particles supersaturated with 

manganese.

Fig. 9. TEM image of the structure of the 1 % Mn sample after 30 h of isothermal curing

a – boundary between the electrospark coating and α-Al2O3; b – boundary between oxide layers of α-Al2O3 and CaMoO4; 

c – diffraction pattern; d, e – HRTEM of the corresponding regions

Рис. 9. ПЭМ-изображение структуры образца, обработанного электродом с 1 % Mn, после 30 ч изотермической 

выдержки

а – граница между электроискровым покрытием и α-Al2O3; b – граница между оксидными слоями α-Al2O3 и CaMoO4; 

c – дифракционная картина; d, e – ПЭМ ВР-изображения соответствующих областей

c d

b

e

a
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