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Abstract: Magnesium alloys are considered promising materials for the production of bioresorbable implants. Their 

main disadvantages are low strength and corrosion resistance in biological environment. In the work, the authors studied 

the effect of severe plastic deformation using the equal channel angular pressing (ECAP) method on the structure, mecha-

nical properties, and corrosion resistance of the Mg–8.6Zn–1.2Zr magnesium alloy. It was identified that one ECAP cycle 

at 400 °C leads to a substantial hardening of the Mg–8.6Zn–1.2Zr alloy by ~10 %, up to 330 MPa. Structural studies 

showed that dynamic recrystallisation plays a significant role in the structure transformation. ECAP leads to the formation 

of a bimodal structure with large deformed grains with an average transverse size of 20±4 µm and recrystallised grains 

with an average transverse size of 6±2 µm. It was found that with a decrease in the strain temperature up to 250 °С,  

the process of deformation-induced decay of the supersaturated solid solution takes place. Electrical conductivity of  

a sample after ECAP at 400 °C amounted 29±2 % according to the International Annealed Copper Standard (IACS), while 

second ECAP cycles lead to an increase in the electrical conductivity up to 32±2 % IACS. Using the electrochemical cor-

rosion method, the authors found that one ECAP cycle at 400 °C leads to a slight decrease in the corrosion resistance of the 

alloy under study compared to the initial state. The study showed that the corrosion current increases from 24 to 32 µA/cm2, 

while the subsequent ECAP cycle at 250 °С increases the corrosion current more than twice (up to 57 µA/cm2).  

Keywords: Mg–Zn–Zr system alloys; Mg–8.6Zn–1.2Zr; magnesium alloys; high strength of magnesium alloys; ECAP; 

corrosion resistance; electrical conductivity; dynamic recrystallisation during ECAP. 
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INTRODUCTION 

Currently, magnesium alloys are considered as pro-

mising materials for the development and production of 

biodegradable implants, to use in traumatology and sur-

gery [1–3]. The attention was paid to these alloys for  

a good reason: magnesium has an elastic modulus close 

to human bone; it is non-toxic and biocompatible with 

the human body [4]. However, for the full use of these 

materials, it is necessary to eliminate a number of their 

demerits, first, to increase the strength characteristics. 

Alloying is one of the ways to solve this problem. Mag-

nesium itself has a low capacity for strain hardening, but 

alloying can increase the hardening effect during ther-

momechanical processing. In particular, widespread 

magnesium systems with zinc and zirconium can be se-

lected. Due to solid solution strengthening in Mg–Zn 

systems, the strength increases, and additional alloying 

with zirconium allows increasing ductility [5–7]. For 

magnesium alloys, processes of multi-cycle rolling with 

decreasing temperature are widespread [8]. As a result of 

this processing, products with high strength are produced 

due to the formation of a lineage and partially recrystal-

lised structure. One should, note that the high extent of 

the boundaries of deformed grains, and the high disloca-

tion density in this case can negatively affect the corro-

sion resistance of magnesium alloys [9–11]. 

Researchers have also drawn attention to methods 

based on the principles of severe plastic deformation. It is 

shown in [12–14] that high-pressure torsion can lead to 
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more efficient refinement of the structure of magnesium 

materials compared to rolling, however, this deformation 

method is not scalable. Another approach is equal channel 

angular pressing (ECAP). As a rule, to achieve strength 

above 300 MPa, from 2 to 4 deformation treatment cycles 

are carried out [15–17]. In this case, the effect of sliding 

along the main base plane has been identified, which re-

duces the ECAP effectiveness, and in some cases even 

leads to softening of the material with an increase in  

the number of deformation cycles [18–20]. However, 

thermomechanical processing, including ECAP and car-

ried out according to special technological modes, can 

achieve the required set of properties. 

The purpose of this work is to determine the influence 

of the deformation mode during equal channel angular 

pressing (ECAP) on the features of the structural state for-

mation, corrosion resistance and mechanical characteristics 

of the Mg–Zn–Zr system alloy. 

 

METHODS  

The magnesium Mg–8.6Zn–1.2Zr (wt. %) alloy was 

chosen as the research material. Chemical analysis was 

carried out on a Thermo Scientific ARL Optim'X X-ray 

fluorescence spectrometer. The material as-delivered is  

a strip 20 mm thick, from which samples with a diameter of 

20 mm, and a length of 100 mm were cut along the rolling 

direction on an ARTA-120 spark-cutting mill. 

The initial state was taken to be after prolonged an-

nealing at 400 °C for 24 h. The mode was chosen based on 

literature data [21–23] and state diagrams of the Mg–Zn 

and Mg–Zr systems. Annealing was carried out in air in  

a Snol 8.2/1000 furnace with air cooling. 

Deformation processing using the ECAP method was 

carried out in 2 regimes. 

1. Initial temperature of equipment and blanks is 

400 °C, channel intersection angle is 120°, and deformation 

rate is 1 mm /s, 1 cycle. 

2. Processing according to mode 1, then 1 ECAP cycle 

according to Bc route (the blank was turned around 90° 

relative to the longitudinal axis), at an initial temperature of 

the equipment and blanks of 250 °C, the channel intersec-

tion angle of 90°, the deformation rate of 1 mm/s, in copper 

shell 1.5 mm thick. 

Structural studies were performed using an Olympus 

GX51 light microscope and a JSM6490 scanning electron 

microscope. 

Mechanical tests were carried out in accordance with 

GOST 1497-84. For tensile tests, proportional cylindrical 

samples with a working part diameter of 3 mm and an ini-

tial gauge length of 15 mm were used. Tests were per-

formed on an Instron 5982 electromechanical static test 

system, at room temperature, at a rate of 1 mm/min. 

Electrical conductivity was determined using a VE-

27NTs eddy-current meter, converting the obtained values 

into IACS (International Annealed Copper Standard). 

Electrochemical corrosion tests were carried out using 

an Elins R-5X potentiostat-galvanostat-impedancemeter in 

Ringer’s solution with pH=7.4 in a three-electrode 80 ml 

cell with a silver chloride reference electrode and a plati-

num counter electrode. The tests were carried out at a tem-

perature of 37 °C for 12 h, while during the first 2 h  

the electrode free corrosion potential was measured until  

a steady state was established on the surface of the sample. 

To obtain polarisation curves after establishing a steady 

state, a potential sweep was performed in the range from 

−300 to +300 mV relative to the steady-state value of  

the electrode potential with a scanning velocity of 0.25 mV/s. 

The current and corrosion potential were calculated from 

polarisation curves using Tafel sections [24]. 

 

RESULTS  

In the initial heat-treated state, the Mg–8.6Zn–1.2Zr al-

loy sample has a coarse-grained state with a bimodal grain 

size distribution (Fig. 1). Large grains with an average 

transverse size of 30±10 µm and small recrystallised grains 

with an average transverse size of 4±2 µm are observed. 

The initial state can be additionally characterised by such  

a structure-sensitive parameter as electrical conductivity, 

which helps to assess indirectly, the change in the solid 

solution concentration in the alloy during further defor-

mation processing. In the initial state, the electrical conduc-

tivity was 29±2 % IACS. 

As a result of deformation processing carried out in 

regimes 1 and 2, it was identified that the structure bi-

modal appearance was preserved in the samples (Fig. 2). 

After 1 ECAP cycle, the deformation texture is clearly 

pronounced, coarse grains are turned in the direction of 

shear action in the ECAP focus, their average transverse 

size decreased to 20±4 μm, recrystallised grains have an 

average transverse size of 6±2 μm and are located main-

ly along the boundaries of large deformed grains. This 

indicates the implementation of processes of both grain 

transformation and dynamic recrystallisation. The second 

cycle in regime 2 does not make significant changes to  

the nature of the structure. Coarse deformed grains with 

an average transverse size of 18±4 µm and recrystallised 

grains with an average transverse size of 5±2 µm are 

observed. 

After deformation in regime 1, the electrical conductivi-

ty remained at the level of 29±2 % IACS. After defor-

mation in regime 2, it was 32±2 % IACS. This change is 

most likely explained by temperature conditions. 

The results of mechanical tensile tests indicate an in-

crease in the Mg–8.6Zn–1.2Zr alloy strength after ECAP 

(Fig. 3). After the 1st ECAP cycle, the tensile strength in-

creased from 300±7 to 330±5 MPa; the 2nd cycle did not 

lead to an increase in strength. 

The next important characteristic of the material for  

the production of implants is its corrosion resistance. From 

the analysis of the obtained results of corrosion tests pre-

sented in the form of polarisation curves, the values of  

the corrosion current (icorr) and free corrosion potential 

(Ecorr) were obtained (Table 1). Fig. 4 shows that Tafel re-

gions are observed on the cathode branches of the samples. 

As a result of ECAP treatment in regimes 1 and 2, the sur-

faces of the samples are passivated, as evidenced by  

the lower value of the free corrosion potential Ecorr. Based 

on the results presented in Table 1, the initial sample with 

the minimum corrosion current icorr has the best corrosion 

properties. The displacement of the cathodic branches indi-

cates a change in the surface area available for the cathodic 

reaction.
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Fig. 1. The structure of the Mg–Zn–Zr system alloy after annealing at 400 °C for 24 h. Light microscopy 

Рис. 1. Структура сплава системы Mg–Zn–Zr после отжига при 400 °С в течение 24 ч. Световая микроскопия 

 

 

 

      

 a b 

Fig. 2. The structure of the Mg–Zn–Zr system alloy after ECAP according to regimes 1 (a) and 2 (b) 

Рис. 2. Структура сплава системы Mg–Zn–Zr после РКУП по режиму 1 (a) и 2 (b) 

 

 

 

DISCUSSION 

The strength properties, and corrosion resistance of  

a magnesium alloy are closely related to its structural state. 

Structure refinement can have a dual effect on the corrosion 

resistance of magnesium alloys. With the Mg–Al system, 

grinding will lead to an increase in corrosion resistance 

[25], while for a Mg–Zn–Zr system alloy, the nature of 

the corrosion behaviour may be different, due to the type 

and distribution of the second phase dispersed particles 

along the grain boundaries, and therefore an increase in 

the corrosion rate is possible [26]. The results of measuring 

electrical conductivity can indirectly prove the change in 

the solid solution concentration and the process of pre-

cipitation of the second phase particles. It is known that 

at temperatures above 300 °C, the solubility of both Zn 

and Zr increases. Thus, ECAP at 250 °C leads to the de-

composition of the solid solution of alloying elements.  

It was found that in regime 1, when the temperature was 

400 °C, the electrical conductivity corresponded to  

the value of the annealed state of 29 % IACS. Regime 2 

at a temperature of 250 °C leads to an increase in the 

material electrical conductivity up to 32 % IACS. Thus, 

lowering the deformation processing temperature to 

250 °C will lead to deformation-stimulated decomposi-

tion of the solid solution. 

Electrochemical tests for corrosion resistance indicate 

that the magnesium alloy sample in the annealed state is of 

greatest importance, which is caused by the equilibrium 

state of the grain boundaries [27]. A decrease in the aver-

age transverse size of coarse and recrystallised grains, tex-

turing, and the possible increase in the number of crystal 

lattice defects, as well as a change in the solid solution 

state, lead to an increase in corrosion currents. Moreover, 

after high-temperature deformation processing in regime 1, 
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Fig. 3. Curves of mechanical tests of the Mg–Zn–Zr system alloy after annealing at 400 °C, ECAP according to regimes 1 and 2 

Рис. 3. Кривые механических испытаний сплава системы Mg–Zn–Zr после отжига при 400 °С, РКУП по режимам 1 и 2 

 

 

 
Table 1. Values of corrosion current and free corrosion potential 

Таблица 1. Значения тока коррозии и потенциала свободной коррозии 

 

 

State Icorr, µA /cm2 Ecorr, V 

Initial state (400 °С, 24 h) 24.05±5.46 −1.428±0.013 

ECAP, regime 1 32.06±16.20 −1.382±0.030 

ECAP, regime 2 57.00±6.22 −1.391±0.085 

 

 

 

the increase is ~25 %, and after the 2nd cycle of deformation 

at a lower temperature (250 °C) in accordance with regime 2, 

the corrosion current increases by more than 2 times rela-

tive to the initial state.One should note that on the Mg–

8.6Zn–1.2Zr alloy, it was possible to achieve high values of 

ultimate strength and offset yield strength within just one 

ECAP cycle. Table 2 presents a comparison of the achieved 

strength characteristics with the results of other studies on 

the alloys of similar chemical composition. 

 

CONCLUSIONS  

It was identified that during ECAP deformation pro-

cessing of the Mg–8.6Zn–1.2Zr alloy, temperature 

plays a significant role. Thus, at 400 °C, the main 

mechanism of structure formation during deformation 

is dynamic recrystallisation, while the solid solution 

state is maintained. 

Deformation processing of the Mg–8.6Zn–1.2Zr alloy 

by ECAP, 1 cycle, channel intersection angle 120°, 

400 °C (mode 1), leads to the formation of a structure 

with recrystallised grains with an average transverse size 

of 6±2 μm, and larger deformed grains directed along  

the shear direction, with an average transverse size of 

20±4 µm. Such structural state provides an increase in 

tensile strength relative to the initial one annealed by 

~10 %, up to 330 MPa. 

Electrical conductivity measurements, indirectly indi-

cate that lowering the temperature of ECAP deformation 

processing to 250 °C leads to deformation-induced de-

composition of the supersaturated solid solution. The elec-

trical conductivity after deformation in regime 1 was 

29±2 % IACS, while the final electrical conductivity after 

deformation of the Mg–8.6Zn–1.2Zr alloy in regime 2 

differs from the initial state by 3 % and amounts to 

32±2 % IACS. 
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Table 2. Mechanical characteristics of the Mg–Zn–Zr system alloy after ECAP 

Таблица 2. Механические характеристики сплава системы Mg–Zn–Zr после РКУП 

 

 

Work Mode 
UTS, 

MPa 

YTS, 

MPa 

Percentage elongation, 

% 

Current work 
ECAP, regime 1 330 267 8 

ECAP, regime 2 325 245 12 

[16] 
4 ECAP cycles, Bc route, 220 °C,  

channel intersection angle 90° 
290 231 27 

[28] 

2 ECAP cycles, Bc route,  
channel intersection angle 90° 

341 264 23 

4 ECAP cycles, Bc route, 220 °C,  
channel intersection angle 90° 

334 277 21 

[29] 
2 ECAP cycles, 250 °C,  

channel intersection angle 90° 
326 175 25 

 

 

 

 

 

Fig. 4. Polarisation curves: a – initial state; b – regime 1; c – regime 2 

Рис. 4. Поляризационные кривые: a – исходное состояние; b – режим 1; c – режим 2 

 

 

 

The results of electrochemical corrosion tests indi-

cate that the magnesium alloy sample in the initial an-

nealed state, has the greatest resistance to corrosion.  

1 ECAP cycle at 400 °C leads to an increase in the cor-

rosion current by 25 % (32.06±16.20 μA/cm2), while 

subsequent deformation at 250 °C leads to an increase 

in the corrosion current by more than 2 times (57.00± 

±6.22 µA/cm2). 
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Аннотация: Магниевые сплавы считаются перспективными материалами для изготовления биорезорбируе-

мых имплантатов. Их основные недостатки – низкая прочность и коррозионная стойкость в биологических сре-

дах. В работе изучалось влияние интенсивной пластической деформации методом равноканального углового 

прессования (РКУП) на структуру, механические свойства и коррозионную стойкость магниевого сплава Mg–

8,6Zn–1,2Zr. Установлено, что 1 цикл РКУП при 400 °С ведет к заметному упрочнению сплава Mg–8,6Zn–1,2Zr 

на ~10 %, до 330 МПа. Структурные исследования показали, что в трансформации структуры существенную 

роль играет динамическая рекристаллизация. РКУП ведет к формированию структуры бимодального вида  

с крупными деформированными зернами со средним поперечным размером 20±4 мкм и рекристаллизованными 

зернами со средним поперечным размером 6±2 мкм. Установлено, что с понижением температуры деформации 

до 250 °С происходит процесс деформационно-индуцированного распада пересыщенного твердого раствора. 

Электропроводность образца после РКУП при 400 °С составляла 29±2 % согласно International Annealed Copper 

Standard (IACS), в то время как 2 цикла РКУП при 250 °С ведут к повышению электропроводности до 32±2 % 

IACS. Методом электрохимической коррозии установлено, что 1 цикл РКУП при 400 °С приводит к незначи-

тельному снижению коррозионной стойкости исследуемого сплава по сравнению с исходным состоянием. Пока-

зано, что ток коррозии увеличивается с 24 до 32 мкА/см2, в то время как последующий цикл РКУП при 250 °С 

увеличивает ток коррозии более чем в 2 раза (до 57 мкА/см2). 

Ключевые слова: сплавы системы Mg–Zn–Zr; Mg–8,6Zn–1,2Zr; магниевые сплавы; высокая прочность магние-

вых сплавов; РКУП; коррозионная стойкость; электропроводность; динамическая рекристаллизация при РКУП. 
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Abstract: One of the most effective ways to increase the processing plasticity of advanced superalloys  (heat-resistant 

nickel-based alloys) is the formation of an ultrafine-grained (UFG) microstructure in bulk semi-finished products. Such 

a microstructure is a necessary condition for the manifestation of the structural superplasticity effect in the technological 

processes of manufacturing products from such superalloys. One of the most promising methods for producing UFG 

microstructures is thermomechanical treatment (TMT) according to the multiple isothermal forging scheme .  

It has been shown that the EK79 superalloy after TMT, with a gradual decrease in the processing temperature from 0.88  

to 0.62 Ts (where Ts is the strengthening phase dissolution temperature) leads to the transformation of the initial micro-

duplex fine-grained microstructure into a mixed UFG microstructure. Such a mixed UFG microstructure consists of: 

1) relatively coarse (inherited from the fine-grain microstructure) particles – γ'-phase with a size of 3.0±0.8 μm;  

2) γ-grains, and incoherent γ'-phase particles with a size of 0.3–0.5 μm; 3) strengthening coherent intragranular γ'-phase 

particles with a size of 0.05–0.1 μm, released upon cooling from the TMT temperature to room temperature. During 

uniaxial compression tests, the EK79 superalloy with such microstructure, demonstrates low-temperature superplasti-

city in the temperature range of 800–1000 °C. It has been found that an increase in the deformation temperature up to 

1000 °C, leads to the increase of γ-phase grains to micron size. The maintenance of superplastic properties in the presence of 

relatively coarse incoherent particles in the microstructure of the second phase (γ'-phase) is apparently related to the fact 

that the deformation is localised in the UFG component. 

Keywords: heat-resistant nickel-based superalloy; EK79; strengthening phase; microduplex microstructure; ultrafine-

grained microstructure; low-temperature superplasticity; thermomechanical treatment; uniaxial compression.  
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INTRODUCTION 

Nickel-based superalloys are used for production of 

gas turbines in the aerospace and energy generating indus-

tries, due to their good mechanical properties, such as 

high temperature strength, creep resistance and fatigue life 

capability, and corrosion resistance [1–3]. Such characte-

ristics of mechanical properties are achieved through 

complex alloying of modern superalloys, having a com-

plex chemical composition, including more than 10 alloy-

ing elements [1; 3; 4]. In these alloys, the required values 

of performance (service) characteristics are achieved both 

due to effective solid-solution strengthening, with refrac-

tory alloying elements, and due to the release of a plastic 

matrix γ-phase of coherent particles inside the grains, for 

example, a strengthening γ'-phase based on the Ni3(Al,Ti) 

intermetallide [1; 5; 6]. 

The desire of the developers of superalloys to achieve 

maximum heat-resistant characteristics by complicating,  

the chemical composition and increasing the volume frac-

tion of the strengthening γ'-phase, led to a sharp decrease in 

their technological plasticity, and an increase in the com-

plexity of their deformation processing [5–7]. For example, 

complex alloyed superalloys such as EK79 and EP975,  

the volume fraction of the strengthening γ'-phase of which 

reaches 40 and 55 %, respectively, have low technological 

plasticity. This is due to the fact that in these alloys,  

the strengthening γ'-phase is released from the supersaturat-

ed solid solution of the matrix (γ-phase) almost instantly, in 

the form of nanosized coherent particles of spherical or 

cuboid shape [5; 7]. The release of such particles occurs 

both during thermal and thermomechanical treatment.  

In the latter case, nanosized γ'-phase particles are released 

primarily in the near-surface layers of a hot blank, the outer 

surface of which is intensively cooled during its transfer 

from a high-temperature furnace to a press die and then 

during subsequent deformation. This leads to a sharp de-

crease in technological plasticity, and as a consequence,  
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to the formation of a network of small cracks on the side 

surface of a deformable superalloy blank. During further 

hot stamping, this can lead to the growth of microcracks,  

up to the destruction of the deformed blank. 

Superalloys such as Inconel 718, and its Russian ana-

logue EK61 (KhN58MBYuD), in which strengthening is 

achieved through the release of nanosized γ''-phase (Ni3Nb) 

particles, are more technologically advanced [8]. Expansion 

of technological capabilities when processing hard-to-

deform superalloys (heat-resistant nickel alloys) is possible 

due to the superplasticity (SP) effect, and can be achieved 

as a result of the formation of an ultrafine-grained (UFG) or 

nanocrystalline (NC) microstructure in these materials [9–

11]. The methodological approach patented in [9] consist-

ing in carrying out thermomechanical treatment (TMT), 

with a step-by-step decrease in temperature, allows ensur-

ing a step-by-step transformation of the initial coarse-

grained microstructure into a fine-grained microduplex mi-

crostructure. With a subsequent decrease in the processing 

temperature, the microstructure is refined to the UFG state 

and further up to the nano-crystalline state. This methodo-

logical approach turned out to be very effective when pro-

cessing other alloys, based on aluminium, magnesium, tita-

nium, and even intermetallic compounds based on the latter 

[10]. It should also be noted that in the paper [10], the prin-

ciples of the method of multi-axial isothermal forging 

(MIF) are formulated, which makes it possible to obtain 

homogeneous bulk nanostructured semi-finished products 

of metals and alloys, including heat-resistant and interme-

tallic ones. 

One of the most promising methods for microstructure 

refinement in superalloy is thermomechanical treatment 

[11–13], during which the use of a scheme (MIF) is effec-

tive [10; 14]. Thus, in the previous work [15], using  

the example of the EP975 superalloy with the same type of 

strengthening phase, it was shown that TMT with a gradual 

decrease in the processing temperature, leads to the produc-

tion of a mixed UFG microstructure, and during uniaxial 

tensile tests, an superalloy with such a microstructure 

demonstrates maximum superplasticity characteristics 

(δ=1320 %; m=0.5) achieved at a temperature of 1000 °C 

and a strain rate of έ=10−3 s−1. 

To evaluate the characteristics of superplastic proper-

ties, the method of isothermal deformation, according to  

the uniaxial tension scheme is traditionally used [16–18].  

In the case of using superplastic deformation in traditional 

technological processes (stamping, forging), which are car-

ried out mainly according to the scheme of uniaxial com-

pression, when producing a complex-profile part, a com-

plex stress-strain state will arise in it, characterised by  

the action of both tensile and compressive stresses [15; 19; 20]. 

In particular, during traditional stamping of a part, com-

pressive stresses will predominantly act in its central zone, 

and tensile stresses will act on the periphery in the tangen-

tial direction [21; 22]. Therefore, when using the effect of 

superplasticity in practice in the technological process of 

manufacturing parts from a specific hard-to-deform super-

alloy, it is important both to determine the optimal modes 

for producing UFG microstructure semi-finished products 

from the selected material and to identify the features of 

microstructural changes during subsequent deformation 

according to the uniaxial compression scheme. 

The purpose of this work is to study the influence of 

thermomechanical treatment on the formation of a mixed 

ultrafine-grained microstructure in the EK79 superalloy, as 

well as to evaluate the mechanical properties of such a mi-

crostructure, when tested according to a uniaxial compres-

sion scheme. 

 

METHODS 

The studies were carried out on the EK79 heat-resistant 

nickel superalloy. In this superalloy, strengthening is 

achieved due to the precipitation of intragranular coherent 

particles of the γ'-phase, based on the Ni3(Al,Ti) intermetal-

lic compound. The chemical composition of the studied 

EK79 superalloy is presented in Table 1, and corresponds 

to GOST 5632-2014. For the EK79 superalloy, the well-

known Utimet 520 superalloy is the closest in chemical 

composition. 

The original material was a deformed blank with a di-

ameter of 400 mm and a thickness of 40 mm, with a homo-

geneous fine-grained microduplex microstructure, from 

which samples measuring 40×50×70 mm3 were cut. To 

obtain the UFG microstructure, TMT of the samples was 

carried out using the MIF scheme developed by the Institute 

for Metals Superplasticity Problems of the Russian Acade-

my of Sciences [15]. TMT was carried out on a hydraulic 

press equipped with an isothermal stamping block, with  

a force of 6.3 MN, in the temperature range of (0.88–

0.62) Tγ' (Tγ' is the γ'-phase dissolution temperature).  

The strain rate was έ=10−2–10−3 s−1. 

The microstructure was studied using a TESCAN 

MIRA 3 LMH scanning electron microscope, and a JEM-

2000EX transmission electron microscope. To carry out 

electron backscatter diffraction (EBSD) analysis at various 

structural levels, several EBSD maps were obtained, with  

a scanning step from 0.06 to 5 μm, depending on the struc-

tural state. Due to the peculiarity of the EBSD method, all 

low-angle grain boundaries with misorientation less than 2°  

 

 

 
Table 1. Chemical composition of the EK79 heat-resistant nickel-based superalloy  

Таблица 1. Химический состав жаропрочного никелевого сплава ЭК79  

 

 

Super-

alloy 

Component content, wt. % 

С Cr Со V W Mo Nb Al Ti B Si Mn La 

EK79 0.06 11 14 0.5 2.5 4.5 2.7 3 2.6 ≤0.01 ≤0.30 ≤0.04 ≤0.08 
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were excluded from consideration. Compression tests were 

carried out on a Schenck RMS-100 universal dynamometer. 

For mechanical uniaxial compression tests, cylindrical 

samples with a diameter of 10 mm, and a height of 15 mm 

were used. 

 

RESULTS 

Formation of a mixed UFG microstructure in  

the EK79 superalloy during TMT 

The initial microstructure of the EK79 superalloy, with 

an average γ-phase grain size of 8–9 μm and large incohe-

rent particles, – strengthening γ'-phase grains with a size of 

3.0±0.8 μm is shown in Fig. 1. Using scanning and trans-

mission electron microscopy, it was found that the superal-

loy contains dispersed (0.2–0.3 μm) coherent γ'-phase parti-

cles inside the γ-phase grains, which are usually released 

upon cooling from the stamping temperature to room tem-

perature (Fig. 1 a, 1 b). According to EBSD analysis, it was 

found that in the initial fine-grained microstructure, all 

grains have different orientations in space, and the micro-

structure itself is homogeneous (Fig. 1 c). 

Low-temperature TMT in the temperature range of 

(0.88–0.62) Тγ', using the MIF scheme, led to the for-

mation of a mixed UFG microstructure from an UFG com-

ponent, which is a mixture of incoherent γ'-phase particles, 

and γ-phase grains with a size of 0.3–0.5 µm. The volume 

fraction of the UFG component exceeds 80 %. Moreover, 

in the UFG microstructure, individual coarse particles – 

globular-shape γ'-phase grains with a size of 3.0±0.8 μm 

are relatively evenly distributed (Fig. 1 d, 1 f). These 

coarse particles are well identified on the results of EBSD 

analysis (Fig. 1 f). Probably, they were formed earlier  

at the high-temperature TMT stage, during which the ini-

tial fine-grained duplex microstructure was formed. The 

proportion of relatively large γ'-phase precipitates in the 

EK79 superalloy is 10 %. When cooling from the pro-

cessing temperature, coherent nanosized γ'-phase particles 

with a size of 0.05–0.1 μm are revealed in the body of  

the γ-phase grains. 

It should be noted that in the EK79 superalloy under 

study, the matrix γ-phase and the strengthening γ'-phase 

have the same type of crystal lattice – a face-centred cubic 

lattice, and the lattice mismatch parameters are very small 

(less than 1 %). Therefore, the applied EBSD analysis 

method, does not allow distinguishing between phases and 

perceives (represents them) on EBSD maps as one phase. 

Based on the results of the analysis of such maps (Fig. 1 c, 

1 f), it is clear that all small γ-phase grains and incoherent 

γ'-phase particles-grains less than 1 μm in size are separated 

by high-angle grain boundaries (γ/γ), with a grain-boundary 

angle of more than 15°, and interphase (γ/γ') boundaries, 

and are also coloured in different colours indicating their 

different crystallographic orientations. Noteworthy is the 

fact that in large (“inherited” from the microduplex micro-

structure) γ'-phase particles, a colour gradient is revealed, 

i. e., the colour within one grain changes contrast, and in 

the place where the contrast change occurs, subboundaries 

exhibiting an increased proportion of low-angle boundaries 

(LABs) are revealed (Fig. 1 f). Apparently, during low-

temperature TMT, local deformation of coarse γ'-phase 

particles occurs, along individual crystallographic planes, 

which leads to a change in the shape of coarse particles:  

the initial round shape takes on an irregular contour, in  

the form of individual protrusions. Probably, simultaneous-

ly with the recrystallisation process, which resulted in  

the UFG microstructure formation (EBSD maps show re-

crystallised small grains, many of which are free from dis-

locations, which is confirmed by transmission electron mi-

croscopy data), deformation of coarse incoherent γ'-phase 

particles-grains is observed. It has been found that the share 

of LABs in the EK79 superalloy, with a mixed UFG micro-

structure is 25 %. 

In contrast to coarse γ'-phase particles, in the UFG com-

ponent (0.3–0.5 μm in size), during deformation, the reten-

tion of the equiaxial shape of the γ-phase grains, and inco-

herent γ'-phase particles, as well as a lower fraction of 

LABs, is observed. This apparently indicates the partial 

development of superplastic deformation mechanisms at  

the final stage of low-temperature TMT, in particular  

the main mechanism – grain boundary sliding. 

Superplastic deformation of EK79 superalloy with  

a UFG microstructure under uniaxial compression 

The results of mechanical tests, for uniaxial compres-

sion, of the EK79 superalloy with a UFG microstructure are 

shown in Fig. 2. It can be observed that even at the initial 

stage of deformation (5–10 %) under conditions of relative-

ly low temperatures, flow stress peaks are not detected. 

With increasing degree of deformation, a weak monotonic 

flow stress growth is observed. A more intense increase in 

the flow stress values at deformation degrees of more than 

40 %, is apparently determined by an increase in contact 

friction on the end surfaces, between the deformed blank 

and the strikers. 

Microstructural studies of samples after testing   

according to the uniaxial compression scheme 

Microstructural studies of samples after testing under 

the uniaxial compression scheme are presented in Fig. 3. 

Analysis of microstructural changes after deformation 

of the EK79 superalloy with a pre-prepared UFG micro-

structure indicates that, during low-temperature superplastic 

deformation, retention of the mixed UFG microstructure is 

observed. Deformed grains are free of dislocations, and 

twins are also detected in many γ-phase grains. At the same 

time, the equiaxial shape of the grains is retained, which 

indicates the development of the main mechanism of super-

plastic deformation – grain boundary sliding (Fig. 3). 

Microstructural analysis showed that in the EK79 su-

peralloy, as a result of deformation according to the uniaxial 

compression scheme at a temperature of 950 °C, the super-

alloy microstructure is stable. An increase in the defor-

mation temperature to 1000 °C leads to the coarsening of 

the γ-phase grains, which is associated with the partial dis-

solution of smaller (less than 1 μm) γ'-phase particles, i. e., 

the microstructure is transformed into a fine-grained duplex 

microstructure. The EBSD maps (Fig. 3) show that the mi-

crostructure is characterised by a uniformly equiaxial grain 

shape. Maintaining equiaxiality is a sign that deformation 

occurs under superplastic conditions. 

Various areas of the samples were studied: those in 

which intensive development of deformation occurs, and 
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Fig. 1. Microstructure of the EK79 superalloy: a–c – the initial state; d–f – after TMT 

Рис. 1. Микроструктура сплава ЭК79: а–с – исходная; d–f – после ДТО 

 

 

 

those in which there is practically no deformation (Fig. 4). 

It has been found that in the zones of the samples involved 

in deformation (the centre of the sample), the increase in 

grain size is associated with both thermal influence, and 

stimulation by deformation, as a result of which the coar-

sening of grains occurs more intensively. In the stagnant 

zone during upset, where there is practically no defor-

mation, grain growth is caused by the influence of high 

temperature, as a result of which partial γ'-phase dissolu-

tion occurs. 
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Fig. 2. Mechanical properties of EP975 and EK79 nickel-based superalloys 

 tested at a rate of έ=10−3 s−1 (EP975 [Repr. from: 15, p. 83]) 

Рис. 2. Механические свойства образцов из никелевых сплавов ЭП975 и ЭК79,  

испытанных при скорости έ=10−3 с−1 (ЭП975 [Привод. по: 15, с. 83]) 
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Fig. 3. Microstructure of the EK79 superalloy with the mixed-type UFG microstructure after superplastic deformation  

according to the uniaxial compression scheme at έ=10−3 s−1and temperatures of: a – 900 °C; b – 950 °C; c, d – 1000 °C 

Рис. 3. Микроструктура суперсплава ЭК79 с УМЗ структурой смешанного типа после сверхпластического деформирования 

 по схеме одноосного сжатия при έ=10−3 с−1 и температуре: a – 900 °C; b – 950 °C; c, d – 1000 °C 
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Fig. 4. Microstructure of the EK79 superalloy with the mixed-type UFG microstructure after superplastic deformation according  

to the uniaxial compression scheme at έ=10−3 s−1 and T=1000 °C: a – central part of the specimen; b – stagnant zone of the specimen 
Рис. 4. Микроструктура сплава ЭК79 с УМЗ структурой смешанного типа после сверхпластического деформирования  

по схеме одноосного сжатия при έ=10−3 с−1 и Т=1000 °С: а – центральная часть образца; b – застойная зона образца 

 

 

 

DISCUSSION 

Analysis of the results obtained indicates that in the pro-

cess of low-temperature TMT in forgings made of EK79 

superalloy, a mixed UFG microstructure is formed, in 

which three types of the γ'-phase particle sizes, can be dis-

tinguished: 1) relatively coarse (size of 3.0±0.8 μm) – obvi-

ously “inherited” from the original fine-grained microdu-

plex microstructure; 2) UFG component – γ-phase grains 

and incoherent γ'-phase particles with a size of 0.3–0.5 μm; 

3) strengthening intragranular γ'-phase particles with a size 

of 0.05–0.1 μm, released upon cooling, from the TMT tem-

perature to room temperature. 

The formation of a mixed UFG microstructure in  

the EK79 superalloy, during low-temperature TMT, is appa-

rently determined by the following circumstances. The pro-

cessing temperature is quite low, and the deformation  

degree, and the time during which the UFG microstructure 

is formed, are insufficient to ensure the development of 

recrystallisation in the γ'-phase particles, that are larger 

and stronger than the matrix γ-phase and were inherited 

from the duplex microstructure. Therefore, in the process 

of TMT according to the selected modes, the recrystallisa-

tion development occurs mainly in small grains of the plas-

tic γ-phase, with an initial microduplex microstructure,  

in which coagulated γ'-phase particles were additionally 

distinguished. 

A comparative analysis of the mechanical properties 

(Fig. 2) of the EP975 superalloy given in the paper [15], 

and the EK79 superalloy studied in this work, showed that 

after deformation, according to the uniaxial compression 

scheme, there is a significant difference in the level of flow 

stresses, and in the dependence of the flow stress on  

the degree of deformation. In the EP975 superalloy, at  

the initial stage of deformation (2–5 %), a peak in flow 

stress and a subsequent decrease are observed. This type of 

dependence may indicate the development of dynamic re-

crystallisation processes during superplastic deformation, 

and as a consequence, may lead to the formation of a more 

fine-grained microstructure. At the same time, such a peak 

is not observed in the EK79 superalloy in the studied tem-

perature-rate strain range. Under the same temperature rate 

strain conditions, the level of flow stress in the more doped 

and more heat-resistant EP975 superalloy is almost an order 

of magnitude higher. 

According to the known ideas about the UFG micro-

structure formation in the superalloy presented in [7; 12],  

at each stage, microstructure refinement is achieved step  

by step: by transforming the initial coarse-grained micro-

structure into a fine-grained duplex one at the high-

temperature TMT stage, and then into an UFG microstruc-

ture at the subsequent low-temperature TMT stage. In this 

case, the initial fine-grained microduplex microstructure in 

the superalloy, under study, should have been transformed 

into a completely homogeneous UFG microstructure. How-

ever, in this work, as noted above, a mixed UFG micro-

structure was formed in the EK79 superalloy. It is obvious 

that during the TMT process, recrystallisation occurred 

predominantly in the more plastic γ-phase. 

Compared to the EP975 superalloy [15], blanks made 

from the more plastic and less heat-resistant EK79 superal-

loy, were subjected to more intense TMT (the temperature 

range was wider than in the EP975 superalloy, and the tem-

perature of TMT end was 150 °C lower). This fact probably 

determines the formation of a more fine-grained micro-

structure in the EK79 superalloy, since more intense TMT 

at lower temperatures leads to the formation of new recrys-

tallisation centres in the form of fragments and subgrains 

with LABs. 

A significant volume fraction of the UFG component 

(80 %), obviously plays a decisive role in the implementa-

tion of the effect of low-temperature superplasticity in  

the EK79 superalloy with a mixed UFG microstructure.  

As is known [11; 16], alloys with a UFG microstructure are 

characterised by a large proportion of grain boundaries, 

which leads to activation of the main mechanism of super-

plastic deformation – grain boundary sliding. Moreover, an 

increase in the extension of grain boundaries promotes 

the activation of another mechanism of superplastic 
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deformation – diffusion creep. Therefore, the presence in 

the UFG microstructure of a small amount of relatively 

coarse γ'-phase particles-grains, apparently, does not have 

a significant influence on the manifestation of the effect of 

low-temperature superplasticity in the material under study. 

CONCLUSIONS 

1. Low-temperature thermomechanical treatment of

the EK79 heat-resistant nickel superalloy leads, to the trans-

formation of a fine-grained duplex microstructure into 

an ultrafine-grained mixed microstructure. 

2. The ultrafine-grained mixed microstructure in the EK79

superalloy consists of γ-phase grains and γ'-phase incohe-

rent particles of 0.3–0.5 μm in size, along with which there 

are relatively coarse γ'-phase particles of up to 3.8 μm in 

size. In this case, the share of coarse particles is about 

10 %, and the share of the UFG component exceeds 80 %, 

which plays a decisive role in the implementation of the low-

temperature superplasticity effect. 

3. The EK79 superalloy with a mixed UFG microstruc-

ture has thermal stability at deformation temperatures not 

higher than 950 °C, which provides the necessary condi-

tions for the implementation of the low-temperature super-

plasticity effect in the superalloy under study even at tem-

peratures of 800–850 °C corresponding to the ageing tem-

perature range. The analysis of microstructural changes in 

the samples deformed under uniaxial compression showed 

that the equiaxial shape of γ-phase grains, and incoherent 

γ'-phase particles less than 1 μm in size is retained. 

The latter indicates the development of the main mecha-

nism of superplastic deformation – grain boundary sliding. 

4. An increase in the deformation temperature to

1000 °C leads to the UFG microstructure transformation 

into a fine-grained duplex microstructure. 
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Аннотация: Одним из наиболее эффективных способов повышения технологической пластичности современ-

ных суперсплавов – жаропрочных никелевых сплавов – является формирование в объемных полуфабрикатах уль-

трамелкозернистой (УМЗ) структуры, которая является необходимым условием для реализации эффекта структур-

ной сверхпластичности в технологических процессах изготовления изделий из таких сплавов. Одним из наиболее 

перспективных методов получения УМЗ структуры является деформационно-термическая обработка (ДТО) по схеме 

всесторонней изотермической ковки. Показано, что ДТО сплава ЭК79 c постепенным снижением температуры обра-

ботки с 0,88 до 0,62 Тs (где Тs – температура растворения упрочняющей фазы) приводит к трансформации исходной 

мелкозернистой структуры типа микродуплекс в УМЗ структуру смешанного типа. Такая смешанная УМЗ микро-

структура состоит из: 1) относительно крупных (наследственных от мелкозернистой структуры) частиц γ'-фазы раз-

мером 3,0±0,8 мкм; 2) зерна γ-фазы и некогерентных частиц γ'-фазы размером 0,3–0,5 мкм; 3) упрочняющих коге-

рентных внутризеренных частиц γ'-фазы размером 0,05–0,1 мкм, выделяющихся при охлаждении с температуры 

ДТО до комнатной температуры. Сплав ЭК79, имеющий такую микроструктуру, при испытаниях на одноосное сжа-

тие демонстрирует низкотемпературную сверхпластичность в диапазоне температур 800–1000 °С. Установлено, что 

повышение температуры деформации до 1000 °С приводит к укрупнению зерен γ-фазы до микронного размера. Со-

хранение сверхпластических свойств при наличии в структуре сравнительно крупных некогерентных частиц второй 

фазы (γ'-фазы), по-видимому, связано с тем, что деформация локализована в УМЗ компоненте. 

Ключевые слова: жаропрочный никелевый сплав; ЭК79; упрочняющая фаза; микродуплексная структура; уль-

трамелкозернистая структура; низкотемпературная сверхпластичность; деформационно-термическая обработка; 

одноосное сжатие.  
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Abstract: The purpose of the work is to study the influence of hafnium additives on the mechanical properties and 

thermal stability of particles at elevated temperature during heat treatment of aluminum alloys with a high magnesium con-
tent. Two modifications of 1570 alloy were chosen for the study: without hafnium content and with its addition of 0.5 % 
by weight. Both alloys were subjected to homogenizing annealing at a temperature of 440 °C with different exposure 
modes, which ranged from 2 to 100 h. Microhardness was studied for various heat treatment modes, and the fine micro-
structure was studied as well using transmission microscopy. As a result, it was possible to identify that during annealing 
at a short exposure time (2–8 h), the alloy with the hafnium addition has higher microhardness values exceeding those of 
1570 alloy by an average of 20 HV units. This is associated with the fact that in 1570 alloy with hafnium additives, during 
heat treatment, the number of precipitated particles increases while their average size decreases compared to the base al-
loy. At the same time, in 1570 alloy without hafnium content, when annealed at a temperature of 440 °C, there is no in-
crease in microhardness. This is caused by the fact that in 1570 alloy without hafnium content, when cooled after casting, 
discontinuous decomposition occurs, which resulted in the fact that most of the scandium precipitates from the supersatu-
rated solid solution in the form of dispersoids. This phenomenon is not observed in the alloy with hafnium additives, 
which indicates its ability to stop discontinuous decomposition during cooling the ingot after casting. 

Keywords: aluminum alloys; transition metals; scandium; hafnium; heat treatment; strengthening nanoparticles. 
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INTRODUCTION 

Aluminum alloys are currently among the most desira-

ble materials in many industries. One of the most popular 

additives to aluminum alloys is magnesium, alloying with 

which leads to a significant increase in strength properties 

due to solid solution strengthening. Another common addi-

tive, that increases the mechanical properties of aluminum 

alloys is scandium [1]. Its use leads to a significant refine-

ment of the grain structure during casting [2–4]. Moreover, 

it promotes an increase in strength, due to the formation of 

coherent strengthening Al3Sc nanoparticles with the L12 

structure [5–7]. Considering the above, it is not surprising 

that magnesium-scandium joint doping is very common in 

modern industry. 

At the same time, the use of scandium as an alloying  

element has certain disadvantages: firstly, it is very expen-

sive, and secondly, due to the high rate of its diffusion in 

aluminum, Al3Sc nanoparticles have low thermal stability 

and quickly coagulate when heated [8; 9]. To increase their 

thermal stability, zirconium is added to the alloys, which 

creates a shell around Al3Sc preventing the transition of L12 

to D023 and the decomposition of the supersaturated scandi-

um solution [10; 11]. Moreover, zirconium reduces  

the amount of scandium required for effective modification 

of the cast structure [7; 12]. 
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It is the principle of joint scandium-zirconium doping 

that was used to develop a number of aluminum alloys, 

with a high magnesium content. One of them is 1570 alloy, 

which is very popular in modern industry. Hafnium addi-

tives could further increase the effectiveness of strengthen-

ing particles. This element is also an effective grain refiner 

[13]. Moreover, like zirconium, it creates a shell around 

Al3Sc particles preventing further diffusion of scandium, 

i. e., thermally stabilizes them [10; 14]. 

Recent studies [15; 16] showed that hafnium additions 

to 1570 alloy significantly slow down the decomposition of 

the supersaturated solid solution. Thus, in [16] it was found 

that when adding 0.5 % of hafnium to 1570 alloy, the dis-

continuous decomposition of the supersaturated solid solu-

tion in it completely stops. The study [15] showed that add-

ing hafnium to 1570 alloy reduces the number of nanoparti-

cles precipitated from it during annealing at a temperature 

of 370 °C and an exposure time of 4 h. This also indicates  

a slowdown in the decomposition of the supersaturated so-

lid solution. It is worth noting that inhibiting the decompo-

sition of a supersaturated solid solution at a temperature of 

370 °C will not provide advantages, since due to a decrease 

in the number of nanoparticles, the strength characteristics 

of the alloy will also decrease. However, slowing down  

the rate of decomposition of a supersaturated solid solution 

of scandium in aluminum can be useful at higher tempera-

tures, when the particles in the 1570 alloy begin to coagu-

late and coalesce, thereby losing their strengthening effect. 

At the same time, hafnium additives allow thermally stabi-

lizing nanoparticles, thereby increasing their strength pro-

perties. Note, that increasing the thermal stability of parti-

cles is very important, since it will allow increasing the hot 

deformation temperature. This, in turn, will increase  

the ductility of the material and improve the energy effi-

ciency of hot rolling [17]. 

The purpose of the work is to study the influence of 

hafnium additives on the mechanical properties and thermal 

stability of Al3Sc particles at elevated temperature of heat 

treatment of high-magnesium aluminum alloys. 

 

METHODS 

To study the influence of hafnium on the formation of 

microstructure and mechanical properties during high-

temperature annealing of rolled samples from aluminum 

alloys with a high magnesium content, 1570 and 1570 

(+0.5 wt. % Hf) alloys were cast. To cast ingots of the 

studied alloys, a medium-frequency induction furnace was 

used; ingots with dimensions of 20×40×400 mm and  

a mass of 5 kg were cast into a steel mold, followed by 

cooling in water. 

The following materials were used as charging materials 

for the alloy: aluminum of A85 grade, magnesium of MG90 

grade, alloying composition of Al–Sc2, Al–Zr5, Al–Hf2 

grades, and alloying tablets of Mn90Al10 grade. First, alumi-

num was loaded and melted. After the aluminum melted 

and the temperature reached 730 °C, slag was removed 

from the melt surface. Next, the melt was heated to a tem-

perature of 770–790 °C and AlSc2, AlZr5, Al–Hf2 alloying 

compositions were added in portions weighing no more 

than 300 g, followed by stirring and holding the melt for 

5 min. After introducing the above-mentioned alloying 

compositions, the melt was cooled to a temperature of 

750 °C, after which new alloying components (Mg, Mn) 

were added. Next, the melt was stirred for 3 min, followed 

by heating the melt to a temperature of 740 °C and taking  

a sample for express analysis of the melt chemical composi-

tion. The chemical composition of the alloys (Table 1) was 

determined by the spectral method on an ARL 3460 atomic 

emission spectrometer (GOST 25086, GOST 7727, GOST 

3221, ASTM E 716, ASTM E 1251). The Hf content was 

determined by calculation due to the absence of standard 

samples. Before pouring the molten metal into the mold,  

it was refined with carnallite flux introduced at the rate of 

5 g per 1 kg of charging material. After this, slag was re-

moved from the surface of the molten metal, and the metal 

was poured into a steel casting mold at a uniform pouring 

time of 20–30 s at a melt temperature of 730–750 °C. After 

solidification, the ingot was removed from the chill mold 

and cooled in water. 

The ingots were annealed in an electric muffle furnace 

at a temperature of 440 °C and held for 2, 4, 8, 16, 24, 48, 

72, and 100 h, followed by quenching in water to fix  

the supersaturated solid solution. 

The microhardness of the studied alloy was measured 

using a Wolpert 402MVD automatic microhardness test-

er in accordance with GOST 9450–76 at a load of 0.2 N 

and a holding time of 10 s. Before testing began, one of 

the surfaces of the plane-parallel sample was ground and 

polished. 

Using transmission microscopy on a JEM-2100 micro-

scope (JEOL, Japan) equipped with an INCA energy dis-

persive analysis attachment (Oxford Instruments, UK), 

samples for both alloys considered in the work were studied 

after 4 h of holding at temperatures of 370 and 440 °C. 

Sample preparation for transmission electron microscopy 

was carried out in several stages. At the first stage, using  

a Sodick electroerosion machine (Sodick Co., Ltd, Japan), 

 

 

 
Table 1. Chemical composition of the studied alloys 

Таблица 1. Химический состав исследуемых сплавов 

 

 

Alloy Al Si Fe Mn Mg Ti Zr Sc Hf 

1570 Base 0.13 0.21 0.44 6.25 0.02 0.06 0.25 – 

1570–0.5Hf Base 0.12 0.22 0.45 6.29 0.04 0.06 0.25 0.5 
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two blanks were cut for foils with a thickness of 500 µm. 

The indicated thickness is determined by possible defor-

mation and bending of the foils during cutting, due to  

the possible presence of internal stresses in the samples. 

Next, the resulting blanks were mechanically thinned to  

a thickness of ~120 μm using Grid 2000 abrasive wheels 

(Struers, Denmark). Using a special punch, disks with  

a diameter of 3 mm were extruded from the resulting blanks 

and placed in a TenuPol-5 electrolytic thinning installation 

(Struers, Denmark). Thinning was carried out at a tempera-

ture of −30 °C in an electrolyte of the following composi-

tion: 75 % of CH3OH, 25 % of HNO3. As a result, at least 

5 foil samples for TEM were produced from each of  

the 6 states. The fine structure of the samples was studied 

on a JEM-2100 TEM transmission electron microscope 

(JEOL, Japan), with an accelerating voltage of 200 kV 

equipped with an INCA EDX-analysis attachment (Oxford 

Instruments, UK). The resulting foils were immediately 

placed in a bi-inclined TEM holder with the ability to in-

cline by ±30° along two axes. Due to the small size of  

the particles (5–10 nm), the shooting was carried out at  

a magnification of ×200,000 and a long exposure time 

(about 1 min), which made it possible to reliably record 

even such small coherent particles. In the resulting images, 

the number of particles and their chemical composition 

were considered using an EDX-detector. 

 

RESULTS 

The changes in the microhardness of the studied alloys 

are given below. According to Fig. 1, the mechanical cha-

racteristics of 1570 alloy generally remain unchanged and 

are in the range of 82–89 HV units. This points to the fact 

that all strengthening Al3(Sc,Zr) particles, which have  

a coherent L12 structure, precipitate during discontinuous 

decomposition, and their formation does not occur at sub-

sequent stages of heat treatment. 

At the same time, the alloy doped with hafnium shows 

the greatest increase in microhardness in the range of 2–

8 h. This is associated with the fact that in the indicated 

time intervals, the active decomposition of the supersatu-

rated solid solution begins and the precipitation of 

strengthening particles of the Al3Sc type begins. After 

16 h of holding, the alloy with the hafnium addition ex-

hibits a decrease in microhardness, which is likely associ-

ated with the onset of loss of coherence and coalescence 

of particles of the Al3Sc type. 

Using transmission microscopy after annealing at 

440 °C for 4 h, the fine structure in both alloys was 

studied. This annealing mode was chosen because, ac-

cording to microhardness data (Fig. 1), its greatest in-

crease was observed in the range from 2 to 8 h. There-

fore, it is under these heat treatment modes, that the pre-

cipitation of the largest amount of strengthening nano-

particles is expected. 

Fig. 2 presents the results of transmission electron mi-

croscopy for 1570 alloy after annealing at 440 °C for 4 h. 

Superstructure L12 reflections in 1570 alloy are visible 

quite clearly, which indicates the presence of Al3Sc nano-

particles coherent with the aluminum matrix. Shown in 

Fig. 2 b data indicate the presence of large (about 1 μm) 

particles precipitated in the alloy structure. These particles 

are close in their chemical composition to Al6(Mn,Fe) 

(Fig. 3) and, like Al3Sc, appear during the decomposition of 

a supersaturated solid solution, since this alloy contains Mn 

and Fe. One should note that iron in aluminum alloys is an 

unavoidable impurity. 

Al3Sc nanoparticles are also observed in 1570 alloy, 

when it is heated to a temperature of 440 °C. Fig. 2 b shows 

a predominance of particles with sizes in the range from 1.6 

to 13.3 nm in 1570 alloy. This indicates a predominantly 

finely dispersed phase in this sample, however, bigger par-

ticles, larger than 25 nm, are also observed. In general, the 

average particle size is 11.4 nm, and their average density is 

2.2∙1010 cm−2. It should be noted that the particles in the 

grain volume are distributed very unevenly, which is ob-

served in Fig. 2 c, 2 d. One can assume that this is a conse-

quence of discontinuous decomposition in this alloy during 

cooling of the cast blank. 

In the presented state (Fig. 4), superstructural reflections 

are not visible so clearly, but they are present, which is asso-

ciated with a decrease in the coefficient of diffusion of scan-

dium in aluminum when doping the alloys with hafnium.  

A rather large number of relatively coarse particles can be 

observed (Fig. 4 b). These particles are also close in chemical 

composition to Al6(Mn,Fe) (Fig. 3 and Table 2) and are ex-

plained by the presence of manganese and iron in the alloy. 

In the 1570–0.5Hf alloy, particles with sizes ranging 

from 5.2 to 14.5 nm prevail (Fig. 4 b). At the same time, 

dark-field images also show the precipitation of particles 

larger than 25 nm. The average particle size in this alloy is 

10.5 nm, and the distribution density is 2.6×1010 cm−2.  

In this case, the uneven distribution of particles in the grain 

volume is somewhat reduced. 

 

DISCUSSION 

It should be noted that a comparison of the average par-

ticle size observed in 1570 alloy after casting in [18] and 

obtained in this study after heating at a temperature of 

440 °C with a holding time of 4 h indicates that heat treat-

ment practically does not change the number and size of 

particles. In both cases, their size is around 10 nm. This 

leads to the fact that the microhardness of this alloy does 

not change over time. The latter occurs because the major 

share of scandium precipitates during the continuous de-

composition of a supersaturated solid solution when cooling 

the ingot during casting, as well as during the formation of 

primary intermetallides at the crystallization of this alloy 

[16]. Therefore, for the process of continuous decomposi-

tion of a supersaturated solid solution when heating a given 

alloy, there is no longer enough scandium and the number 

of particles does not change. One can assume that zirconi-

um still quite actively blocks the growth of particles when 

annealed at 440 °C for 4 h, which does not contradict  

the data [19]. 

It is worth noting that the particles formed during de-

composition can also be coherent and make a rather large 

contribution to strengthening [8]. In this case, their 

strengthening effect is confirmed by the fact that the micro-

hardness after casting is significantly higher in 1570 alloy 

containing nanoparticles formed as a result of discontinuous 

decomposition, than in 1570 alloy with a 0.5 % hafnium 

content, in which they are absent in this state [10]. 

A sharp increase in microhardness during heat treatment 

of 1570 alloy with a 0.5 % hafnium content is explained 
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Fig. 1. Change in microhardness during 440 °C annealing  

Рис. 1. Изменение микротвердости при отжиге 440 °С  
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c      d 

Fig. 2. Fine structure of 1570 alloy during 440 °С annealing with a duration of 4 h: 

a – microdifraction in the zone axis [001]α; b – bright field, ×20,000; c, d – dark field, ×200,000 

Рис. 2. Тонкая структура сплава 1570 при отжиге при 440 °С длительностью 4 ч:  

а – микродифракция в оси зоны [001]α; b – светлое поле, ×20 000; c, d – темное поле ×200 000 
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Fig. 3. Areas of analysis of local chemical composition in a sample of 1570 alloy during 440 °С annealing with a duration of 4 h 

Рис. 3. Участки анализа локального химического состава в образце сплава 1570 при отжиге 440 °С длительностью 4 ч 
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 c d 

Fig. 4. Fine structure of 1570–0.5Hf alloy during 440 °С annealing with a duration of 4 h: 

a – microdifraction in the zone axis [001]α; b – bright field, ×20,000; c, d – dark field, ×200,000 
Рис. 4. Тонкая структура сплава 1570–0,5Hf при отжиге при 440 °С длительностью 4 ч: 

а – микродифракция в оси зоны [001]α; b – светлое поле, ×20 000; c, d – темное поле, ×200 000 
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Table 2. Local chemical composition of the particles in the 1570 alloy sample during 440 °С annealing with a duration of 4 h, at. % 

Таблица 2. Локальный химический состав частиц в образце сплава 1570 при отжиге 440 °С длительностью 4 ч, ат. % 

 

 

Chemical elements Al Mn Fe 

Studied spectra 77.84 10.6 11.4 

 

 

 

by the fact that active processes of precipitation of Al3Sc 

particles from a supersaturated solid solution begin in it. 

This occurs because, unlike 1570 alloy, it retains enough 

scandium for continuous decomposition. Note that there are 

several possible reasons for suppressing the discontinuous 

decomposition of a supersaturated solid solution with  

the help of hafnium [16]. Not dwelling on the hypotheses in 

detail, one can state that the absence of discontinuous de-

composition in alloys when doped with hafnium allows 

activating the formation of Al3Sc nanoparticles, which as  

a result leads to an increase in microhardness. The higher 

properties of the 1570–0.5Hf alloy are generally explained 

by a larger number of nanoparticles and their more even 

precipitation. A more finely dispersed distribution of nano-

particles, in principle, distinguishes a solid solution with 

continuous decomposition from a discontinuous one [8]. 

With further heating for several hours, the microhardness 

remains at the same level, which means that the nanoparti-

cles retain their size and number. However, after holding 

for more than 8 hours, the microhardness begins to de-

crease, which indicates a coagulation process. Then its de-

crease slows down significantly, which indicates the inhibi-

tion of coagulation processes. The lower microhardness 

values in 1570–0.5Hf alloy during long holding can be ex-

plained by the fact that a larger number of particles are 

available for the coalescence process in it than in 1570 al-

loy. Thus, hafnium additives make it possible to provide  

a significant advantage in strength properties during the 

first 8–10 h of heating, however, and then it is lost. It 

should also be noted that further study of the influence of 

hafnium additions on the thermal stability of Al3Sc particles 

should be carried out in low-alloyed aluminum alloys (pos-

sibly with a lower scandium and zirconium content), which 

allow dissolving the discontinuous decomposition products. 

This will make it possible to distinguish the influence of an 

increase in strength properties resulting from the inhibition 

of discontinuous decomposition during the recrystallization 

process from the effect obtained by increasing the thermal 

stability of Al3Sc nanoparticles. 

 

CONCLUSIONS 

1. Hafnium additives have a positive effect on the pro-

perties of 1570 alloy during heat treatment. Hafnium pre-

vents the process of discontinuous decomposition of a su-

persaturated solid solution both during the ingot cooling 

after crystallization and during subsequent heat treatment.  

2. It was found that in 1570 alloy with hafnium addi-

tives, during heat treatment, the total fraction of particles 

increases while their average size decreases in comparison 

with the original 1570 alloy. 

3. Time intervals of 2–8 h are the most successful an-

nealing mode for alloys with hafnium additives at a tempe-

rature of 440 °C. This is associated with the precipitation of 

strengthening Al3Sc particles from the supersaturated solid 

solution; while for 1570 alloy, microhardness indicators 

remain unchanged, due to the fact that all nanosized disper-

soids precipitate during the discontinuous decomposition of 

the solid solution. 
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Аннотация: Целью работы является изучение влияния добавок гафния на механические свойства и термоста-

бильность частиц при повышенной температуре термической обработки алюминиевых сплавов с высоким содер-

жанием магния. Для изучения был выбран сплав 1570 в двух модификациях: без содержания гафния и с его добав-

кой 0,5 % по массе. Оба сплава были подвергнуты гомогенизационному отжигу при температуре 440 °С с различ-

ными режимами выдержки, которые составили от 2 до 100 ч. Для различных режимов термической обработки 

изучалась микротвердость, а также с помощью просвечивающей микроскопии исследовалась тонкая микрострук-

тура. В результате удалось установить, что в процессе отжига при малом времени выдержки (2–8 ч) сплав с добав-

кой гафния имеет более высокие показатели микротвердости, превосходя показатели сплава 1570 в среднем на 

20 HV. Это связано с тем, что в сплаве 1570 с добавками гафния при термообработке увеличивается количество 

выделяющихся частиц при одновременном уменьшении их среднего размера по сравнению с базовым сплавом.  

В то же время в сплаве 1570 без содержания гафния при его отжиге при температуре 440 °С роста микротвердости 

не происходит. Это обусловлено тем, что в сплаве 1570 без содержания гафния при остывании после литья проис-

ходит прерывистый распад, в результате которого большая часть скандия выделяется из пересыщенного твердого 

раствора в виде дисперсоидов. В сплаве с добавками гафния такого явления не наблюдается, что свидетельствует 

о его способности останавливать прерывистый распад в процессе охлаждения слитка после литья. 

Ключевые слова: алюминиевые сплавы; переходные металлы; скандий; гафний; термообработка; упрочняю-

щие наночастицы. 
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Abstract: Biocompatibility makes magnesium alloys attractive functional materials in terms of their use as biodegrada-

ble implants. However, the technologies for manufacturing semi-finished products carry a possible diversity of the local 

strain rate and temperature within a rather wide range, which affects the processed material structure and properties.  

The purpose of this study is to determine the range of temperatures and resistance to deformation, at which there is no ne-

gative effect on the main structural characteristics of the processed material, using the example of a medical purposes alloy 

of the Mg–Zn–Y alloying system. The authors carried out mechanical tests of a biodegradable Mg–1Zn–2.9Y magnesium 

alloy at various temperatures and strain rates. The influence of temperatures in the range of 20...400 °C on the structure 

and properties of the Mg–Zn–Y system alloy is disclosed. Starting from a temperature of 350 °C, the process of dynamic 

recrystallisation is accompanied both by the complete restoration (return) of the original microstructure and by coarsening 

of the grain size, which can adversely affect the material functional characteristics. The high thermal stability of the biode-

gradable Mg–1Zn–2.9Y magnesium alloy is revealed, which probably results from the presence of the LPSO phase in it. 

The study shows that the deformation process is accompanied by twinning. At a strain rate of 2∙10−2 s−1 over the entire 

temperature range, the grain size distribution slightly narrows and shifts towards smaller diameters. The application of  

the obtained results in technological processes for manufacturing medical semi-finished products will help to solve  

the issue of microstructure instability at the stage of transition from a semi-finished product to a finished product during 

subsequent thermomechanical treatments. 

Keywords: medical purpose magnesium alloys; biodegradable magnesium alloys; Mg–1Zn–2.9Y; temperature-speed 

deformation; medical purpose alloy; magnesium alloys; dynamic recrystallisation; microstructure evolution. 
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INTRODUCTION 

Recently, biodegradable magnesium alloys have 

drawn the attention of developers of medical materials 

due to their attractive properties, including osteointegra-

tion [1; 2]. In fact, they formed a separate class of new 

generation biodegradable metal materials. Compared to 

other metal materials used as orthopaedic implants, such 

as titanium, titanium alloys, and stainless steels, the elas-

tic modulus of magnesium alloys is closest in value 
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to that of human bone tissue [3]. Moreover, magnesium 

and its alloys are already used as temporary implants that 

are completely degradable in a biological environment  

(in vivo), and are replaced by newly formed bone, which 

eliminates the necessity of repeated surgical interference 

to remove the implant. Many studies have proven that 

magnesium alloys are safe, and effective materials for 

medical implants [3–5]. Magnesium ions released from 

the alloy showed good biological activity [6–8]. The mag-

nesium alloy implanted in the human body is gradually 

destroyed (dissolved) and absorbed [9], and excess mag-

nesium ions are removed from the human body due to 

metabolism. The absence of the necessity of repeated 

operations to remove implants significantly reduces mor-

bidity and the risk of injury. This feature makes them 

extremely attractive to the market of biodegradable metal 

implants designed to restore bones that require temporary 

support. 

Despite all the advantages, magnesium and its alloys are 

characterised by relatively low strength and corrosion re-

sistance. Many studies have been carried out to improve 

their mechanical properties and corrosion resistance by 

alloying [10; 11]. For example, the addition of rare-earth 

metals promotes dynamic recrystallisation of magnesium 

alloys and increases tensile strength without loss of ductili-

ty [12; 13]. The addition of yttrium (Y) can simultaneously 

improve both ductility [14] and corrosion resistance [15] of 

a magnesium alloy. Moreover, a significant improvement in 

the properties of magnesium alloys is possible due to sur-

face modification [16]. 

At present, much attention is paid to the hardening of 

magnesium and its alloys by methods based on severe 

plastic deformation (SPD), in particular, multi-axial 

isothermal forging [17]. Magnesium and its alloys are 

poorly deformed, since they have a hexagonal close-

packed lattice, and only two primary slip systems: 

(0001)<1120> and (1010)<1120> [18]. To increase the 

number of possible slip systems, it is usually necessary 

to increase the deformation processing temperature, 

which naturally negatively affects the final properties of 

the material [19]. 

The modern technology for manufacturing macro-

scopic products from magnesium and its alloys is quite 

well deveoped, however, for most medical products, 

semi-finished products of small sizes in one or two di-

mensions (foil, thin-walled tubes, wire, etc.) are re-

quired. The manufacture of such semi-finished products 

is associated with the application of large deformation 

technologies (drawing, rolling, and extrusion). The de-

velopment of a technology for the production of medical 

devices is impossible without knowing the temperature-

velocity behaviour of alloys in the process of active de-

formation. At the same time, the ultimate goal is both to 

develop a technology for manufacturing thin-walled 

semi-finished products and to form the required func-

tional properties, which are largely determined by the mi-

crostructure characteristics. 

Since the microstructure of metals and alloys is 

formed as a result of dynamic rearrangements of a defec-

tive ensemble, and acoustic emission (AE) arising during 

their deformation is a unique phenomenon capable of 

precisely reflecting defect dynamics [20], in this work, 

we will use AE as an experimental method of controlling 

and diagnosing the evolution of a defective ensemble  

in situ, including for monitoring possible recrystallisa-

tion processes. 

The purpose of this work is to determine the influence 

of temperature-velocity factors on possible recrystallisation 

processes and microstructure parameters of a medical pur-

pose alloy of the Mg–Zn–Y alloying system. 

 

METHODS 

Material and test samples 

To carry out the research, a low alloy with a nominal 

composition of Mg–1Zn–2.9Y (at. %) was selected, which 

was manufactured based on Mg95V pig magnesium at 

SOMZ LLC (Solikamsk). 

The chemical composition of the produced alloy was 

determined using an ARL 4460-1632 high-precision optical 

emission spectrometer. The results of the chemical compo-

sition analysis are shown in Table 1. 

End sections containing casting defects were cut off 

from the resulting castings, and to remove surface defects, 

the castings were machined on a lathe. After mechanical 

treatment, the blanks were subjected to homogenising at 

430 °C for 24 h. 

Multi-axial isothermal forging (MIF) was carried out 

at the production base of the IMSP RAS (Ufa). When 

performing each forging cycle, the total degree of de-

formation ε was about 1.4. MIF was implemented using 

a PA2638 hydraulic press (630 tf) equipped with  

a UIShB 510 isothermal die block with flat dies and an 

induction heater. In total, the blank underwent 16 forg-

ing cycles in the temperature range of 325...400 °C.  

At the final stage, to obtain plates, the blank was upset 

on a press at 325 °C. 

The mechanical properties of the resulting material 

were evaluated using two types of cylindrical specimens 

made according to the drawings (Fig. 1). For mass test-

ing, the samples had a working part with a diameter of 

5 mm and a length of 25 mm (Fig. 1 a), and for tests with 

AE registration, the samples were more massive: 8 mm 

in diameter, 40 mm long, and with a flat for installing an 

AE sensor (Fig. 1 b). The longitudinal axis of the sam-

ples corresponded to the expanding direction (RD) after 

upsetting. 

Experimental technique 

Samples were tested for uniaxial tension on an In-

stron 8802 universal servohydraulic testing system (Eng-

land) with nominal strain rates: 5∙10−4, 5∙10−3, 2∙10−2 s−1, 

using an Instron 3119-406 climate chamber at temperatures: 

20, 100, 150, 200, 250, 300, and 400 °C (heating uniformity 

was controlled using thermocouples). 

Additional tests were carried out: 

1) the alloy in the initial state was kept in a furnace at 

400 °C (the holding time was chosen to be equal to the 

time of testing the sample with a strain rate of 5∙10−3 s−1 

by 8 %); 

2) the alloy in the initial state was deformed by 8 % 

with a strain rate of 5∙10−3 s−1 at room temperature, and then 

kept in a furnace at 400 °C (the holding time was chosen to 

be equal to the time of testing the sample with a strain rate 

of 5∙10−3 s−1 by 8 %). 
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Table 1. Chemical composition of the Mg–Zn–Y system alloy 

Таблица 1. Химический состав сплава системы Mg–Zn–Y 

 

 

Name of alloy 
Alloying elements, at. % 

Mg Zn Y Zr* Other elements’ amount 

Mg–1Zn–2.9Y Base 0.8 2.2 0.076 0.1 
 

Note. *Zirconium is added to a melt to reduce the content of iron impurities and grain refinement. 

Примечание. *Цирконий добавляется в расплав для снижения содержания примесей железа и измельчения зерна. 

 

 

 

          

 a b 

Fig. 1. Specimens for mechanical tests: a – for mass temperature-speed tests; 

b – with a flat for tests with simultaneous recording of an acoustic emission signal 
Рис. 1. Образцы для механических испытаний: a – для массовых температурно-скоростных испытаний;  

b – с лыской для испытаний с одновременной регистрацией сигнала акустической эмиссии 

 

 

 

Deformation was measured using an Epsilon 3448 ex-

tensometer (item 3, Fig. 2). 

To record the AE signal, the authors used the equipment 

consisting of a MSAE-1300WB broadband piezoelectric 

transducer (Microsensors, Sarov) with an operating frequen-

cy range of 50...1300 kHz; a PAC 2/4/6 low-noise preampli-

fier (USA) with a bandwidth of 10...1200 kHz and an ampli-

fication of +60 dB; a PAC PCI-2 low-noise registration sys-

tem, which allows recording a signal into the computer 

memory in streaming mode (stream) with a resolution of 

16 bits and a signal sampling frequency of 2 MHz, input fil-

ter bandwidth of 100...1000 kHz, and additional amplifica-

tion of +6 dB. After testing, the recorded stream was sequen-

tially divided into frames with a duration of 4096 samples, 

for each of which the energy (E) and median frequency (fm) 

(the frequency dividing the area under the spectral density 

power curve into two equal parts) were calculated and syn-

chronized with the deformation curve. The AE technique is 

described in more detail in our earlier work [20]. 

The microstructure study was carried out on cross-

sectional tensile specimens (TD) in the middle of 

the working base. Microstructure analysis was per-

formed using the EBSD method. The metallographic 

specimens were prepared by grinding on a sandpaper of 

different grain sizes, polishing using a diamond suspen-

sion (with a particle size ranging from 9 µm to 

0.25 µm) and Hitachi IM4000 Plus finishing ion polish-

ing (Japan) (the inclination of 3° to the surface, acceleration 

of 6 kV and discharge of 1.5 kV, argon gas 0.1 cm3/min 

and 25 rpm 1–2 h). 

To estimate the microstructure parameter, the authors 

used a Zeiss Sigma scanning electron microscope (Carl 

Zeiss, Germany) equipped with a TFE cathode and  

an EDAX/TSL backscattered electron diffraction detec-

tor (EDAX, Mahwa, New Jersey, USA). Microstructure 

scanning was carried out with a step of 250...350 nm,  

the structural element reliability criterion was 6÷8 points, 

with a codirectional orientation within 5°. Based on  

the obtained structure maps, histograms of grain-

boundary angles and grain sizes were constructed. The 

diameter of a circle with an equivalent area was chosen 

as the grain size estimate. 
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RESULTS 

The initial microstructure of the Mg–1Zn–2.9Y alloy 
(Fig. 3 a) consists of fine grains (average diameter is 
(1.5±0.7) µm) slightly elongated as a result of alloy upset-
ting after MIF. The grain size distribution is lognormal 
(Fig. 3 b), and the histogram of grain-boundary angles 
(Fig. 3 c) reveals a maximum around a 30° angle. 

As an example, Fig. 4 shows mechanical diagrams for 
uniaxial tensile tests of specimens at temperatures of 20 
(Fig. 4 a) and 200 °C (Fig. 4 b) with three strain rates. 

Due to the fact that the level of AE signals turned out to 

be very low even at room temperature, it was possible to 

carry out correct tests only for the highest strain rate 

(2∙10−2 s−1). As an example, Fig. 5 shows diagrams of  

the AE parameters combined with the uniaxial tension 

curve in the test temperature range of 20–250 °C and at  

a strain rate of 2∙10−2 s−1. 

At elevated temperatures of mechanical tests, the pre-

sented diagrams (Fig. 5 b–d) show a sharp transition to 

plastic deformation resembling a yield tooth, which is not 

observed in tests at room temperature. The presence of two 

kinks is also visible in the diagram. In this interval (from 

the “yield tooth” to the last “kink”), the deformation is ac-

companied by a rather powerful AE. 

The study of the microstructure in specimens tested at  

a maximum strain rate of 2∙10−2 s−1 at temperatures of 150, 

200, 250, and 300 °C was carried out after loading was 

stopped at a total strain of 4, 8, and 16 %. As an example,  

a view of the microstructure (Fig. 6 a) is shown, as well as 

the histograms of grain size distributions (Fig. 6 b) and 

grain-boundary angles (Fig. 6 c) after tests at a temperature 

of 250 °C and with a degree of deformation of 16 %. 

According to the results of the studies, no significant 

changes in the structure compared to the initial state (Fig. 3) 

at all temperatures and degrees of deformation were re-

vealed. The investigated alloy has a high thermal stability, 

which is probably related to the presence of the LPSO 

phase in it. 

Since no significant changes occurred in the structure in 

the temperature range of 20–300 °C, to find the boundary of 

such “insensitivity”, it was decided to additionally test  

the specimens with a strain rate of 5∙10–3 s–1 up to a strain 

of 8 % at 350 and 400 °C. As can be seen, in these cases, 

the microstructure (Fig. 7, 8) consists of larger grains and 

the peak in the histogram of distribution of grain boundaries 

over the grain-boundary angles shifted closer to ~90°. 

To identify the reasons for the growth of average grain 

size, which may be associated with dynamic or static re-

crystallisation, the authors carried out additional studies. 

Fig. 9 and 10 show the microstructures of the samples, as 

well as the grain size distributions and distributions of 

grain-boundary angles after soaking at 400 °C (Fig. 9) and 

after soaking at 400 °C of the Mg–1Zn–2.9Y alloy pre-

deformed by 8 % at room temperature with a strain rate  

of 5∙10−3 s−1 (Fig. 10). 

 

DISCUSSION 

At the highest temperature of tests with AE registration 

(250 °C), the dependence of the median frequency on time 

(of strain) is of oscillatory character (Fig. 5 d). According 

to our hypothesis, this may be related to the recrystallisa-

tion nature, in particular, to the fact that, the dynamic re-

crystallisation process in the Mg–1Zn–2.9Y alloy proceeds 

continuously (does not coincide in time in spatially separat-

ed regions of the metal) due to the presence of the LPSO 

phase in it. 

The study of the microstructure in samples tested at  

a maximum strain rate of 2∙10−2 s−1 at temperatures of 

150, 200, 250, and 300 °C of testing carried out after  

the loading was stopped, and at a total strain of 4, 8, and 

16 % (Fig. 6) showed no significant changes compared 

to the initial state (Fig. 3). The investigated alloy has  

a high thermal stability, which is probably related to  

the presence of the LPSO phase in it. However, the fol-

lowing peculiarities were identified: 

1) in all cases, except for the initial state, the histograms 

of the grain-boundary angles show a high-angle component 

(a peak near 90°) associated with twin boundaries 

(Fig. 6 c), i. e., mechanical twinning was present in all   

the cases studied; 

2) at the highest strain rate at all temperatures, the grain 

size distribution narrows and shifts towards smaller diame-

ters in relation to the initial state, which has a positive ef-

fect on the material functional characteristics. 

Comparing the results of action of a temperature  

of 400 °C on a material in the static state (in the initial 

(Fig. 9) and deformed by 8 % (Fig. 10) states) with the 

result of exposure to the same temperature, but in the 

dynamic mode (at active deformation (Fig. 8)) demon-

strates fundamental changes. If in the dynamic mode at  

a temperature of 400 °C, compared to lower tempera-

tures, the average grain size grows, but at a low grain 

size nonhomogeneity (Fig. 8 a, 8 b), then in the static 

mode at a temperature of 400 °C, the process of inhomo-

geneous recrystallisation occurs with the formation of 

interlayers of large grains (Fig. 9 a, 9 b), which is even 

more pronounced after a preliminary deformation of 8 % 

(Fig. 10 a, 10 b). 

Thus, starting from a temperature of 350 °C, the process 

of dynamic recrystallisation in the alloy under study is ac-

companied both by the complete restoration (return) of  

the initial microstructure and by coarsening of the grain 

size, which can adversely affect the Mg–1Zn–2.9Y alloy 

functional parameters. 

 

CONCLUSIONS 

Based on the results of mechanical tests of a medical 

purpose magnesium alloy of the Mg–Zn–Y alloying sys-

tem, it was found that in the range of test temperature 

(150÷300) °С and rate (5∙10−4÷2∙10−2) s−1, no significant 

changes occur in the structure compared to the initial state 

(after multi-axial isothermal forging). The investigated al-

loy has a high thermal stability, which is obviously attribut-

ed to the presence of the LPSO phase in it. The formation 

of a peak near the 90° angle on the histograms of the distri-

bution of grain-boundary angles indicates a significant role 

of the twinning process in the overall deformation process. 

Moreover, at the highest strain rate over the entire tempera-

ture range, the grain size distribution narrows slightly and 

shifts towards smaller diameters, which positively affects 

the Mg–1Zn–2.9Y alloy microstructure and the material 

functional characteristics. 

Starting from a temperature of 350 °C, the process 

of dynamic recrystallisation is accompanied both by 
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Fig. 2. A unit for uniaxial tensile tests of specimens: 

1 – specimen; 2 – jaws; 3 – extensometer; 4 – acoustic emission sensor 

Рис. 2. Установка для испытаний на одноосное растяжение образцов: 

1 – образец; 2 – захваты; 3 – экстензометр; 4 – датчик акустической эмиссии 

 

 

 

  

a 

          

 b c 

Fig. 3. Microstructure (a), grain size distribution (b), and grain-boundary angle distribution (c)  

of the Mg–1Zn–2.9Y alloy in the initial state 

Рис. 3. Микроструктура (a), распределение зерен по размерам (b) и распределение по углам разориентировки (c)  

сплава Mg–1Zn–2,9Y в исходном состоянии 
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 a b 

Fig. 4. Diagrams of mechanical tests in the “stress – strain” coordinates  

for three rates of deformation at temperatures of 20 °C (a) and 200 °C (b) 

Рис. 4. Диаграммы механических испытаний в координатах «напряжение – деформация»  

для трех скоростей деформации при температурах 20 °C (a) и 200 °C (b) 

 

 

 

 

 

         

 a b 

         

 c d 

Fig. 5. Diagrams of acoustic emission signal parameters brought in coincidence with the curve of uniaxial tension  

at test temperatures of 20 °C (a), 150 °С (b), 200 °С (c), and 250 °С (d) and deformation rate of 2∙10−2 s−1 
Рис. 5. Диаграммы параметров сигнала акустической эмиссии, совмещенные с кривой одноосного растяжения  

при температурах испытаний 20 °C (a), 150 °С (b), 200 °С (c) и 250 °С (d) и скоростью деформирования 2∙10−2 с−1 
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 a b c 

Fig. 6. Microstructure (a), grain size distribution (b), and grain-boundary angle distribution (c)  

of the Mg–1Zn–2.9Y alloy after temperature tests at 250 °C with a deformation rate of 2∙10−2 s−1 and deformation degree of 16 % 

Рис. 6. Микроструктура (a), распределение зерен по размерам (b) и распределение по углам разориентировки (c)  

сплава Mg–1Zn–2,9Y после температурных испытаний при 250 °C  

со скоростью деформации 2∙10−2 с−1 и степенью деформации 16 % 

 

 

 

           

 a b c 

Fig. 7. Microstructure (a), grain size distribution (b), and grain-boundary angle distribution (c)  

of the Mg–1Zn–2.9Y alloy after temperature tests at 350 °C with a deformation rate of 5∙10−3 s−1 and deformation degree of 8 % 

Рис. 7. Микроструктура (a), распределение зерен по размерам (b) и распределение по углам разориентировки (c)  

сплава Mg–1Zn–2,9Y после температурных испытаний при 350 °C  

со скоростью деформации 5∙10−3 с−1 и степенью деформации 8 % 

 

 

 

           

 a b c 

Fig. 8. Microstructure (a), grain size distribution (b), and grain-boundary angle distribution (c)  

of the Mg–1Zn–2.9Y alloy after temperature tests at 400 °C with a deformation rate of 5∙10−3 s−1 and deformation degree of 8 % 

Рис. 8. Микроструктура (a), распределение зерен по размерам (b) и распределение по углам разориентировки (c)  

сплава Mg–1Zn–2,9Y после температурных испытаний при 400 °C  

со скоростью деформации 5∙10−3 с−1 и степенью деформации 8 % 
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 a b c 

Fig. 9. Microstructure (a), grain size distribution (b), and grain-boundary angle distribution (c)  

of the Mg–1Zn–2.9Y alloy after soaking at a temperature of 400 °C 

Рис. 9. Микроструктура (a), распределение зерен по размерам (b) и распределение по углам разориентировки (c)  

сплава Mg–1Zn–2,9Y после выдержки при температуре 400 °C 

 

 

 

           

 a b c 

Fig. 10. Microstructure (a), grain size distribution (b), and grain-boundary angle distribution (c)  

of the Mg–1Zn–2.9Y alloy after 8 % deformation at room temperature  

with a deformation rate of 5∙10−3 s−1 and further soaking at 400 °C 

Рис. 10. Микроструктура (a), распределение зерен по размерам (b) и распределение по углам разориентировки (c)  

сплава Mg–1Zn–2,9Y после деформации 8 % при комнатной температуре  

со скоростью деформации 5∙10−3 с−1 и дальнейшей выдержке при 400 °C 

 

 

 

the complete restoration (return) of the original micro-

structure and by coarsening of the grain size, which can 

adversely affect the material functional characteristics 

and is unacceptable with regard to the variability of 

technological parameters. 

Thus, the Mg–1Zn–2.9Y alloy in the state after multi-

axial isothermal forging has a thermally stable fine-grained 

structure, which allows leveling the negative effect of pos-

sible fluctuations in the technological parameters of shaping 

in the range of strain temperature (150÷300) °C and rates 

(5∙10−4÷2∙10−2) s−1. 
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Аннотация: Биосовместимость делает сплавы магния привлекательными функциональными материалами  

с точки зрения их использования в качестве биорезорбируемых имплантатов. Однако технологии изготовления 

полуфабрикатов несут в себе возможное варьирование локальной скорости деформации и температуры в доста-

точно широком диапазоне, что сказывается на структуре и свойствах обрабатываемого материала. Цель исследо-

вания состоит в определении диапазона температур и стойкостей деформации, при которых не происходит  
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отрицательного влияния на основные структурные характеристики обрабатываемого материала, на примере  

сплава медицинского назначения системы легирования Mg–Zn–Y. Проведены механические испытания биоразла-

гаемого магниевого сплава Mg–1Zn–2,9Y при различных температурах и скоростях деформации. Раскрыто влия-

ние температур в диапазоне 20…400 °C на структуру и свойства сплава системы Mg–Zn–Y. Начиная с температу-

ры 350 °C, процесс динамической рекристаллизации сопровождается не только полным восстановлением (возвра-

том) исходной микроструктуры, но и укрупнением размеров зерна, что может негативно сказаться на функцио-

нальных характеристиках материала. Выявлена высокая термостабильность биоразлагаемого магниевого сплава 

Mg–1Zn–2,9Y, что, вероятно, объясняется наличием в нем LPSO-фазы. Показано, что деформационный процесс 

сопровождается двойникованием. При скорости деформации 2∙10−2 с−1 во всем температурном диапазоне распре-

деление зерен по размерам несколько сужается и смещается в сторону меньших диаметров. Использование полу-

ченных результатов в технологических процессах изготовления полуфабрикатов медицинского назначения помо-

жет решить проблему нестабильности микроструктуры на стадии перехода от полуфабриката в изделие при  

последующих термомеханических обработках. 

Ключевые слова: магниевые сплавы медицинского назначения; биоразлагаемые магниевые сплавы; Mg–1Zn–

2,9Y; температурно-скоростная деформация; сплав медицинского назначения; магниевые сплавы; динамическая 

рекристаллизация; эволюция микроструктуры. 
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Abstract: Unsatisfactory quality of the surface layer of additive products, in particular increased surface roughness, 

prevents the widespread use of electron beam powder bed fusion (EBPBF). Electrospark treatment (EST) is one of  

the methods for smoothing and hardening the surface layer. The work shows the possibility of modifying the surface of 

additive VT6 alloy samples by reactive EST with multicomponent electrodes. For this purpose, the authors used electrodes 

made of the Fe48Cr15Mo14Y2C15B6 bulk metallic glass forming alloy and the FeCoCrNi2 high-entropy alloy. Based on  

the results of scanning electron microscopy, it was identified that after EST, both modified layers have a thickness of about 

16 μm. X-ray diffraction phase analysis showed that in the case of treatment with an amorphous electrode they contain 

carboborides of the Ti(B,C) type, and in the case of treatment with a high-entropy electrode – intermetallic of  

the Ti2(Fe,Ni) type. The modified layers have average hardness values of 19 and 10 GPa and elastic modulus of 234 and 

157 GPa, respectively, which significantly exceeds the values of these parameters for the EBPBF-grown VT6 alloy. Elec-

tric discharge modification of the surface with multicomponent electrodes led to a decrease in roughness by 8...11 times 

due to the melting of the protrusions and filling of the dimples with the melt to a depth of more than 50 μm. A comparative 

analysis of the results of tribological tests showed a change in the wear mechanism as a result of EST of the additive VT6 

alloy. Wear resistance increased by 4 and 3 orders of magnitude when using electrodes made of a bulk metallic glass and 

high-entropy alloy, respectively. 

Keywords: titanium alloy; electron beam powder bed fusion; surface roughness; smoothing; hardening; wear re-

sistance; electrospark treatment; bulk metallic glass forming alloy; high-entropy alloys. 
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INTRODUCTION 

Poor surface quality is one of the main factors limiting 

the development of additive technologies (AT) [1; 2]. Elec-

tron beam powder bed fusion (EBPBF), used to grow tita-

nium products allows obtaining good properties in bulk, 

however, defects (unmelted particles, pores, cracks) are 

formed on their surface, which reduces surface-sensitive 

properties, such as wear resistance [3; 4]. Taken together, 

surface defects determine increased roughness [5; 6], which 

has a critical impact on the service life and reliability of 

manufactured products [7]. Currently, to improve the quali-

ty of additive surfaces, various post-processing methods are 

used, which are divided into processing with [8–10], and 

without [11–13] surface layer removal. 

The first group includes methods of mechanical pro-

cessing and electrochemical processing, which allow ob-

taining rather smooth surfaces with a roughness of less 

than 0.5 μm. The latter includes laser processing, and sur-

face modification by deposition of coatings. In particular, 

in [13], the possibility of using laser polishing of the In-

conel 718 nickel alloy was demonstrated, which allows 

reducing the surface roughness Ra from 7.5 to 1 μm.  

It was shown that laser exposure led to a decrease in grain 
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size and an increase in microhardness from 345  

to 440 HV. The main disadvantage of such methods is 

uncontrolled heating of the blank part, which leads to bulk 

recrystallization [14; 15]. The application of electrospark 

treatment (EST) of EBPBF-grown products is free of this 

disadvantage, since the supplied energy leads to insignifi-

cant heating [16; 17]. 

The application of electrodes made of multicomponent 

alloys, such as bulk metallic glass forming alloys (BMG), 

and so-called high-entropy alloys (HEA), in the reactive 

EST technology is of particular interest. 

Bulk metallic glass forming alloys are based on near-

eutectic compositions of multicomponent systems, in 

which the melt solidifies during deep supercooling with 

the formation of amorphous or metastable phases [18]. 

The advantage of these electrodes is their chemical and 

structural homogeneity, characteristic of metallic glass-

es, and the near-eutectic composition of low-melting 

electrodes ensures deep supercooling of the melt, formed 

during local melting of the electrode, spreading of melt 

drops over the substrate surface, filling of dimples and 

obtaining modified surfaces with an amorphous/nano-

crystalline structure. 

The prospects of using in EST technology of multi-

component cast electrodes with high glass-forming 

ability produced by vacuum metallurgy, were experi-

mentally shown in [18; 19]. In particular, in [18], 

Fe48Cr15Mo14Y2C15B6 and Fe61Ni4Cr3Nb8Mn4Si2B18 

cast electrodes were used to perform EST of substrates 

made of carbon steel, and VT20 grade titanium alloy 

(Ti–6.5Al–V–Mo–2Zr). EST with amorphous elec-

trodes allowed increasing the hardness of the VT20 

titanium alloy by 3 times, and increasing the wear re-

sistance by 3 orders of magnitude. In [19], as a result of 

vacuum EST of an AISI 420S steel substrate using  

a Fe41Co7Cr15Mo14C15B6Y2 electrode, a surface with  

an amorphous structure was obtained. It was noted that 

the low roughness of the electric discharge surfaces was 

ensured, due to the formation of melt drops that spread 

over the substrate surface. 

Due to the high configurational entropy of mixing com-

ponents, HEAs [20] tend to form a structure of a single so-

lid solution. However, it is metastable, and when heated by 

an electric spark discharge, it experiences decomposition, 

the products of which, interacting with the substrate ele-

ments, can form a modified layer strengthened by interme-

tallic compounds. 

The studies discussed above show that the application of 

multicomponent electrodes in the EST technology to im-

prove the quality of additive surfaces is promising, but re-

quires additional study. 

The purpose of this study is to test multicomponent al-

loys with high glass-forming ability, and high mixing en-

tropy as electrodes for the reactive EST of the additive VT6 

titanium alloy. 

 

METHODS 

EBPBF-grown VT6 alloy (Ti–6Al–4V) was used as 

substrates (cathodes). Table 1 presents the chemical com-

position of the alloy. 

Rod electrodes (anodes), with a diameter of 3 mm made 

of bulk metallic glass forming Fe48Cr15Mo14Y2C15B6 alloy, 

were produced by induction melting followed by casting 

the melt into a copper mold at an argon pressure of 0.2 atm. 

Multicomponent electrodes made of high-entropy 

FeCoCrNi2 alloy powder were produced, by hot pressing 

(HP) on a DSP-515 SA press (Dr. Fritsch, Germany) in  

a vacuum, at a temperature of 950 °C, a pressure of 

35 MPa, and an isobaric holding for 3 min. 

Electrospark treatment was carried out on an Alier-

Metal 303 machine in an argon environment, using a vibrat-

ing anode holder according to the following mode: current 

strength – 120 A; pulse duration – 20 µs; voltage – 20 V; 

pulse energy – 48 mJ; pulse frequency – 3200 Hz. 

The kinetics of mass transfer of multicomponent elec-

trodes onto a titanium substrate during EST (specific anode 

erosion Ai and specific weight gain of the cathode Кi), 

was measured by the gravimetric method for 5 min on  

a KERN 770 analytical balance (KERN, Germany) with  

an accuracy of 10−5 g. Measuring of the cathode and anode 

mass was carried out every minute after EST on an Alier-

Metal 303 machine. 

X-ray diffraction (XRD) phase analysis was carried out 

using spectra obtained on a D2 PHASER diffractometer 

(Bruker AXS, Germany) in monochromatic Cu-Kα 

(λKα=0.15418 nm) radiation in the 2θ angle range from 10° 

to 120°. Microstructural studies were performed on  

an S-3400N scanning electron microscope (SEM) (Hitachi 

High-Technology Corporation, Japan), equipped with  

a NORAN System 7 X-ray energy-dispersive spectrometer 

(Thermo Scientific, USA). 

Tribological tests were carried out on a Tribometer fric-

tion machine (CSM Instruments, Switzerland), at room 

temperature with reciprocating motion according to the “pin – 

plate” scheme. A fixed ball with a diameter of 3 mm made 

of 100Cr6 grade steel (analogous to ShH15) was used as  

a counterbody. Test conditions: track length is 4 mm, ap-

plied load is 1 and 2 N, maximum speed is 5 cm/s. Obser-

vation of counterbody wear spot was carried out using  

an AXIOVERT CA25 optical microscope (ZEISS, Germany) 

at ×100 magnification. Wear tracks and surface roughness

 

 

 
Table 1. Composition of the VT6 titanium alloy (Ti–6Al–4V) according to GOST 19807–91 

Таблица 1. Состав титанового сплава ВТ6 (Ti–6Al–4V) по ГОСТ 19807–91 

 

 

Concentration, at. % 

Ti Al V O Si Fe Zr 

83.74 10.98 4.08 0.57 0.24 0.24 0.15 
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were studied using a WYKO NT1100 optical profilometer 
(Veeco, USA). Mechanical properties (hardness and elastic 
modulus), were studied using a Nano-HardnessTester in-
strument (CSM Instruments, Switzerland) at a maximum 
load of 10 mN. 

 

RESULTS  

The surface of the substrates was characterized by  
a “loose” relief (Fig. 1 a), which was formed by unmelted 
spherical particles of the original powder with a size of 
70...90 μm representing typical defects for EBPBF technology. 

The substrate structure was two-phase, and consisted of 
α and β phases of titanium with lattice parameter of 0.2913 
and 0.3152 nm, respectively (Fig. 1 b). 

The curves of mass transfer kinetics for both types of 
electrodes presented in Fig. 2 indicate an increase in  
the thickness of the electric spark layer throughout the en-
tire duration of treatment (5 min/cm2). The curves of mass 
increase of titanium alloy substrates, described by a power 
function, indicate a low contribution of reverse transfer. 
The greatest weight gain (ΔK5=5.0·10−4 g) is observed dur-
ing treatment with a BMG-electrode. At the same time,  
the HEA-electrode erosion during treatment of the titanium 
substrate additive surface was more intense. 

Fig. 3 shows images of microstructure of cross-section 
of the EBPBF-titanium alloy after treatment with a BMG-
electrode. The modified layer, about 16 µm thick, has  
a gradient structure with pronounced dark inclusions. 

According to energy dispersive X-ray spectroscopy 
(EDX) data presented in Table 2, these inclusions are TiC 
carbide particles. As the distance from the surface increas-
es, the size of the carbide particles increases from 100 to 
300 nm. Dark region 3 (Fig. 3 b) at the boundary of  
the modified layer, and the substrate contains several ele-
ments (Ti, Fe, Cr, Mo, Al, Y, C) with a predominance of Ti 
(51.0 at. %) and corresponds to the zone of primary interac-
tion between the electrode and the substrate. 

Images of the titanium substrate microstructure, after 
treatment with a HEA-electrode are shown in Fig. 4. 
Treatment of the titanium alloy additive surface with  
a HEA-electrode also led to the formation of a modified 
layer 16 μm thick (Fig. 4 a). One can observe that the modi-
fied layer has a structure without inclusions compared to 
the layer formed by a BMG-electrode. This layer is charac-
terized by a high Ti content (60...75 at. %) throughout  
the entire thickness. EDX (Table 3) showed that the con-
centration of elements in the surface layer (region 1) and 
the melt-filled dimples (region 3) is almost the same, which 
indicates a uniform distribution of elements throughout  
the entire thickness. 

Fig. 4 b shows that, due to the action of electric spark 
pulses, local melting of both the electrode and the substrate 
occurred. The resulting melt filled the surface dimples of 
the substrate. The depth of filling of the dimples with  
the melt is in the range of 52.3±1.8 μm. 

Fig. 5 and Table 4 show the results of XRD phase ana-
lysis of modified layers, formed during EST with 

 
 
 

 
a 

 
b 

Fig. 1. Cross-section image (а) and diffraction pattern (b) of a VT6 EBPBF sample in the initial state 
Рис. 1. Изображение поперечного шлифа (а) и дифрактограмма (b) СЭЛС-образца ВТ6 в исходном состоянии 
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Fig. 2. Cathode weight gain and anode erosion during EST of a titanium alloy with BMG and HEA electrodes:  

solid line is substrate weight gain, dashed line is electrode erosion 

Рис. 2. Привес катода и эрозия анода при ЭИО титанового сплава ОАС- и ВЭС-электродами:  

сплошная линия – привес массы подложки, пунктирная линия – эрозия электрода 

 

 

 

     

 a b 

Fig. 3. SEM image in the backscattered electron (BSE) mode of the cross-section of the VT6 EBPBF sample  

after EST with a BMG-electrode (a); EDX analysis area (inset contains a magnified image of the selected area) (b) 

Рис. 3. РЭМ-изображение в режиме обратно отраженных электронов (BSE) поперечного шлифа СЭЛС-образца ВТ6  

после ЭИО ОАС-электродом (a); области ЭДС-анализа (на вставке увеличенное изображение выделенной области) (b) 

 

 

 
Table 2. EDX analysis results of areas shown at Fig. 3 b 

Таблица 2. Результаты ЭДС-анализа областей, показанных на рис. 3 b 

 

 

No. 
Concentration, at. % 

Fe C Ti Cr Mo Al V Y 

1 33.4 24.4 19.6 10.7 8.0 2.7 0.9 0.4 

2 32.7 25.5 19.0 10.5 9.1 2.0 0.8 0.4 

3 15.6 19.3 51.0 5.4 4.3 4.0 – 0.4 

4 16.1 35.4 34.1 6.0 5.8 1.3 – – 
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 a b 

Fig. 4. SEM images in the backscattered electron (BSE) mode:  

modified layer of the VT6 EBPBF sample after EST with a HEA-electrode 

 (insert contains a magnified image of the selected area) (a); a deep dimple filled with the melt during EST (b) 

Рис. 4. РЭМ-изображения в режиме обратно отраженных электронов (BSE): 

модифицированный слой СЭЛС-образца ВТ6 после ЭИО ВЭС-электродом  

(на вставке увеличенное изображение выделенной области) (a); глубокая впадина, заполненная расплавом при ЭИО (b) 

 

 

 
Table 3. EDX analysis results of areas shown at Fig. 4 b 

Таблица 3. Результаты ЭДС-анализа областей, показанных на рис. 4 b 

 

 

No. 
Concentration, at. % 

Ti Ni Fe Al Cr Co V 

1 59.4 10.8 8.3 7.1 6.1 5.5 2.8 

2 74.5 4.7 4.0 8.7 2.4 2.2 3.6 

3 65.0 8.9 6.8 7.8 4.3 4.2 3.0 

4 86.3 – – 9.5 – – 4.2 

 

 

 

 

 

Fig. 5. X-ray diffraction pattern of the VT6 EBPBF sample after EST with an electrode: 

1 – Fe48Cr15Mo14Y2C15B6 BMG-electrode; 2 – FeCoCrNi2 HEA-electrode 

Рис. 5. Дифрактограмма СЭЛС-образца ВТ6 после ЭИО электродом: 

1 – ОАС-электрод Fe48Cr15Mo14Y2C15B6; 2 – ВЭС-электрод FeCoCrNi2 
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Table 4. Phase composition of samples subjected to EST 

Таблица 4. Фазовый состав образцов, подвергнутых ЭИО 

 

 

Electrode used at EST Phase Portion, wt. % 
Lattice parameter, nm 

(а) (b) (c) 

Fe48Cr15Mo14Y2C15B6 

Ti(B,C) 44.8 0.8558 – – 

Ti(FeAl)2 27.5 0.4920 – 0.7988 

(Ti,V)C 14.6 0.2904 – 0.4640 

TiFe 13.1 0.3153 – – 

FeCoCrNi2 
Ti2(Fe,Ni) 60.1 1.1296 – – 

TiNi 39.9 0.3039 – – 

 
 

 

multicomponent electrodes. At processing with a BMG-

electrode, chemically active titanium interacted with  

the electrode elements resulting in the formation of cubic 

phases: carbides and intermetallics. According to the EDX 

data (Table 2), the carbide particles contain Ti and C. Con-

sidering that the EDX resolution does not allow identifying 

boron contained in the BMG-electrode, these particles 

(Fig. 3 b) are probably carboborides of the Ti(B,C) type. 

The interaction of the Al and V substrate elements with  

the electrode leading to the formation of hexagonal 

Ti(FeAl)2 and (Ti,V)C phases was also discovered. 

The structure of the layer modified by the HEA-

electrode consists of two phases; the diffraction peaks in  

the diffraction pattern can be attributed to the Ti2(Fe,Ni) 

and TiNi cubic phases. One should note that there is a halo 

in both diffraction patterns, confirming the formation of an 

amorphous phase during EST, as was found in [18], which 

is more pronounced for the sample treated with a BMG-

electrode. 

Table 5 presents the results of studying the surface to-

pography of the modified layers. The initial titanium sam-

ple additive surface was characterized by a high roughness 

(Ra) of 38.75±3.00 μm. One can see that treatment with 

multicomponent electrodes noticeably reduces the values 

of the arithmetic average of profile height deviations (Ra) 

and maximum peak to valley height of the profile (Rz) 

compared to the additive surface of the original titanium 

alloy. The minimum surface roughness of 3.53±0.31 μm is 

observed when processed with a BMG-electrode, and is 

probably determined by the high fluidity of the electrode 

material. 

The effect of the titanium alloy EST, with multicompo-

nent electrodes on the tribological and mechanical proper-

ties can be traced in Fig. 6 and 7. As one can see in Fig. 6 a, 

the starting friction coefficient (FC) for the titanium sub-

strate is 0.23, and it increases monotonically to 0.33 at  

the end of the test. When the counterbody slides over the 

layer formed by a BMG-electrode, three stages can be seen:  

up to 1000 cycles, a low FC (0.09...0.12) remains un-

changed; during the breaking-in period (up to 1500 cycles), 

a FC monotonically increases from 0.15 to 0.32, and  

the steady-state friction coefficient reaches 0.36. Increasing 

the applied load from 1 to 2 N on the steel ball led to  

an increase in FC up to 0.39. When testing a layer formed 

by a HEA-electrode, the starting FC is the highest (0.25), 

and after 500 cycles, a more significant increase in FC  

up to 0.48 is observed. 

The results of measuring mechanical properties 

(Fig. 6 b, Table 6) showed that EST leads to an increase in 

both hardness (4 times for BMG and 2 times for HEA) and 

elastic modulus (1.7 times for BMG and 1.2 times for 

HEA) of the titanium alloy. The average hardness values of 

the layers formed by the BMG- and HEA-electrodes were 

18.7±2.5 and 10.0±0.9 GPa, respectively. 

To study the nature of wear of the samples, the areas of 

tribocontact on the counterbody, and the sample were stu-

died (Fig. 7). Fig. 7 a–c shows the wear spot of the steel 

ball. The adhering of wear debris to the ball, while main-

taining its spherical shape, confirms the higher hardness of  

the counterbody compared to the titanium alloy. 

The presence of deep grooves in the counterbody wear 

spot (Fig. 7 b, 7 c) indicates a greater hardness of the layer 

formed on VT6, during processing with multicomponent 

electrodes compared to the counterbody material. 

The reduced wear of the untreated titanium alloy is  

the highest (10−3 mm3/(N·m)). After treating the titanium 

alloy with a BMG-electrode, no wear groove was detected 

at a load of 1 N, which corresponds to a reduced wear value 

of less than 10−7 mm3/(N·m). Therefore, to test samples 

with a modified layer, the load was increased up to 2 N. 

With an increase in the applied load from 1 to 2 N  

(Table 6), the wear of the steel counterbody increased from 

3.18 to 3.84·10−5 mm3/(N·m), while the wear of the modi-

fied layer did not change (<10−7 mm3/(N·m)). 

 

DISCUSSION  

As known [21], erosion of electrodes during an electric 

spark discharge depends on a number of factors: density, 

heat capacity, specific heat of fusion, thermal coefficient of 

electrical resistance, etc. Their porosity has a great influ-

ence on the erosion resistance of electrodes. Previously 

[22], to increase erosion and accelerate mass transfer during 

EST, electrodes with increased porosity (5–10 %) produced 

by powder metallurgy methods were used. In this study, 

HEA-electrodes were produced using HP technology, 

54 Frontier Materials & Technologies. 2024. No. 1



Mukanov S.K., Loginov P.A., Petrzhik M.I. et al.   “Electrospark modification of the surface of additive VT6 alloy…” 

 

Table 5. Surface roughness of the VT6 alloy EBPBF samples before and after EST 

Таблица 5. Шероховатость поверхности СЭЛС-образцов сплава ВТ6 до и после ЭИО 

 

 

Sample Ra, µm Rz, µm 

EBPBF of the VT6 alloy 38.75±3.00 221.72±38.00 

EST with a BMG-electrode 3.53±0.31 36.19±5.00 

EST with a HEA-electrode 4.66±0.28 37.26±3.98 

 

 

 
Table 6. Tribological and mechanical properties of samples 

Таблица 6. Трибологические и механические свойства образцов 

 

 

Sample 
I, 10−5·mm3/(N·m) 

FC (final) H, GPa Е, GPa 
of a sample of a counterbody 

EBPBF of the VT6 alloy 159.60 sticking 0.33 4.7±0.3 136±7 

+ EST with a BMG-electrode <10−7 3.18 0.36 
18.7±2.5 234±32 

+ EST with a BMG-electrode* <10−7 3.84 0.39 

+ EST with a HEA-electrode* 3.24 3.33 0.48 10.0±0.9 157±15 
 

Note. *Applied load is 2 N. 

Примечание. *Приложенная нагрузка – 2 Н. 

 

 

 

     

 a  b 

Fig. 6. Experimental dependences of the friction coefficient on the number of cycles (а) and nanoindentation curves (b) 

Рис. 6. Экспериментальные зависимости коэффициента трения от количества циклов (а) и кривые наноиндентирования (b) 

 

 

 

so large erosion values (Fig. 2) can be explained by the 

presence of pores in them (porosity is 3.8±0.2 %). The in-

crease in the cathode weight gain (ΔK5=5.0·10−4 g) during 

treatment with a BMG-electrode, can be explained by  

a lower melting point, higher ability melt to undercooling 

(∆T=38 °С) and better fluidity [18]. 

Modified layers, formed during EST with multicompo-

nent electrodes, have a gradient or layered structure. Proba-

bly, such a structure is associated with the mixing of melt 

droplets, containing substrate and electrode elements, as  

a result of repeated exposure to pulsed electric spark dis-

charges. During EST, spark pulses with a duration of 20 μs, 

cause local heating and melting of the anode and cathode, 

ensuring their chemical and diffusion interaction leading to 

reaction phase formation. Heat removal by the metal sub-

strate provides a high quenching rate of melt (105–107) K/s 

[18; 23], which leads to surface layer hardening. 

The modified layer produced by EST, with an amor-

phous Fe48Cr15Mo14Y2C15B6 electrode significantly dif-

fers in structure from the layer produced by EST with  
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 a b с 

Fig. 7. Micrographs of counterbodies and 3D-images of wear tracks after tribotestins of samples: 

the VT6 alloy tested at the load of 1 N (a); of modified layers formed with BMG-electrode (b);  

HEA-electrode (c) (both tested at 2 N) 

Рис. 7. Микрофотографии контртел и 3D-изображения дорожек износа образцов после трибоиспытаний:  

исходный сплав ВТ6 (при нагрузке 1 Н) (a); модифицированные слои, сформированные: ОАС-электродом (b);  

ВЭС-электродом (c) (оба при нагрузке 2 Н) 

 

 

 

a FeCoCrNi2 electrode. A characteristic feature of the first 

one (Fig. 3) is its gradient structure; the size of Ti(B,C) 

carboboride particles varies within 100...500 nm, with larg-

er particles located further from the surface. When treated 

with a FeCoCrNi2 electrode, a layer is formed with a pre-

dominant proportion of the Ti2(Fe,Ni) intermetallic.  

The increased Ti content (Table 3) in this modified layer is 

caused by the processing electrode composition. The amor-

phous electrode composition, in contrast to HEA, contains 

active metalloids (carbon, boron), which react with Ti 

forming new phases (in particular, Ti(B,C)). 

As can be observed from Table 5, the roughness of 

modified layers, just as the starting FC (Fig. 6 a), was much 

lower than that of the additive surface of the original 

EBPBF VT6. 

As shown in Fig. 7 b, 7 c, in the area of contact of  

the counterbody with the modified layers, the wear mecha-

nism changes. It is observed not the adhering of wear pro-

ducts, but the formation of deep grooves, which is more 

pronounced after testing a sample treated with a BMG-

electrode, the structure of which contains TiC carbide parti-

cles (Fig. 3). This indicates that the counterbody is scrat-

ched by solid particles crumbled from the modified layer of 

the sample at the initial stage of testing, where the abrasive 

wear mechanism may predominate. Wear of a sample treat-

ed with a HEA-electrode, occurs both through crumbling at 

the beginning of the test and through further grinding of 

particles of the solid and brittle Ti2(Fe,Ni) phase, which 

leads to smoothing of the counterbody central part by wear 

products. In this case, the monotonic increase in the friction 

coefficient up to 0.48, with sliding counterbody occurs due 

to an increase in the contact area. 

Based on the comprehensive tribological study, Fig. 8 

shows a schematic representation of the wear mechanism of 

the original titanium alloy, and samples with modified lay-

ers. Reduced FC (0.33) when the counterbody slides along 

the untreated sample surface is probably caused by the oc-

currence of a solid-phase reaction of chemically active Ti, 

with the counterbody ShH15 steel (100Cr6) material. As  

a result of this sliding of the ball, wear products adhere to 

its surface (Fig. 7 a). Compaction of wear products under 

the load, leads to the tribolayer formation in the contact 

zone providing a reduced friction coefficient. 

Increasing the load up to 2 N, when testing a layer after 

treatment with a BMG-electrode, practically, does not lead 

to a change in the final friction coefficient (Table 6). This 

indicates that the wear of this layer during the entire test 

occurred according to the same mechanism. In this case,  

an increase in the counterbody wear is observed, but the 

wear of the modified layer remains unchanged. 

Comparing the XRD results with tribological tests, one 

can conclude that the increase in the wear resistance of  

the titanium sample treated with a BMG-electrode by  

4 orders of magnitude is caused by the formation of Ti(B,C) 

carboboride. In the case of treatment with a HEA-electrode, 

despite the high volume fraction of Ti2(Fe,Ni), the modi-

fied layer has a rather high reduced wear value of 

3.24·10−5 mm3/(N·m) compared to the surface treated with 
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Fig. 8. Schematic diagram of the wear mechanism of samples before and after EST 

Рис. 8. Схематическое изображение механизма износа образцов до и после ЭИО 

 

 

 

 

 

Fig. 9. Scheme and 3D-image of the surface of the VT6 EBPBF sample after EST with multicomponent electrodes 

Рис. 9. Схема и 3D-изображение поверхности СЭЛС-образца ВТ6 после ЭИО многокомпонентными электродами 

 

 

 

a BMG-electrode. Thus, the phase composition and micro-

structure of the modified layers correlate with mechanical 

and tribological characteristics. The presence of high-

hardness phases (Ti(B,C), Ti2(Fe,Ni)) in the modified lay-

ers, in combination with a fine-crystalline structure, led to  

a significant increase in hardness and elastic modulus com-

pared to the VT6 alloy. 

Fig. 9 presents the scheme for smoothing the additive 

surface of a titanium alloy (substrate). Based on the study 

of the structure and morphology of the additive sample 

surface before (Fig. 1) and after EST (Fig. 3, 4), one can 

assume that when processing the EBPBF sample with 

multicomponent electrodes, local melting of the protrusions 

on their surface occurs with the formation of a melt 

consisting of electrode and substrate elements. This melt 

spreads over the surface and fills dimples more than 50 µm 

deep. Thus, the shown in table 5 decrease in the average 

surface roughness Ra by 8 and 11 times for the HEA and 

BMG electrodes, respectively, can be explained. 

 

CONCLUSIONS 

1. Electrospark treatment of additive surface of the titani-

um alloy with electrodes made of multicomponent alloys, led 

to the formation of modified layers about 16 μm thick with  

a submicron structure. When treated with an amorphous elec-

trode, a gradient structure layer is formed, the size of Ti(B,C) 

carboboride particles varies within 100...500 nm with larger 

particles located further from the surface.  

2. The results of comparative tribological tests of  

an EBPBF sample with modified layers showed that EST 

with multicomponent electrodes allows increasing the wear 

resistance of a titanium alloy. It has been found that an in-

crease by 4 orders of magnitude in the wear resistance of 

EBPBF samples of titanium alloy, treated with an amor-

phous electrode, is associated with the formation of Ti(B,C) 

carboboride in the surface layer due to the interaction of  

the chemically active melt with the substrate. 

3. The results of studying the mechanical properties 

showed, that EST leads to an increase in both the hardness 

(2 and 4 times) and the elastic modulus (1.2 and 1.7 times) 

of the VT6 alloy when treated with high-entropy, and 

amorphous electrodes, respectively. The quenching of melt 

droplets with the formation of hard and wear-resistant in-

termetallics or carboborides plays a key role in the harden-

ing of modified layers during EST. 

4. It has been demonstrated that during EST with 

multicomponent electrodes, a melt is formed, which 

spreads over the titanium alloy surface filling dimples 

more than 50 μm deep, which leads to a decrease in sur-

face roughness by 8 and 11 times for the HEA and BMG 

electrodes, respectively. 
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Аннотация: Неудовлетворительное качество поверхностного слоя аддитивных изделий, в частности повы-

шенная шероховатость поверхности, препятствует широкому применению селективного электронно-лучевого 

сплавления (СЭЛС). Одним из способов выглаживания, а также упрочнения поверхностного слоя является элек-

троискровая обработка (ЭИО). В работе показана возможность модифицирования поверхности аддитивных образ-

цов из сплава ВТ6 путем реакционной ЭИО многокомпонентными электродами. Для этого были использованы 

электроды из объемноаморфизуемого сплава Fe48Cr15Mo14Y2C15B6 и высокоэнтропийного сплава FeCoCrNi2. По 

результатам растровой электронной микроскопии установлено, что после ЭИО оба модифицированных слоя име-

ют толщину около 16 мкм. Рентгеноструктурный фазовый анализ показал, что в случае обработки аморфным 

электродом они содержат карбобориды типа Ti(B,C), а в случае обработки высокоэнтропийным электродом – ин-

терметаллиды типа Ti2(Fe,Ni). Модифицированные слои имеют средние значения твердости 19 и 10 ГПа и модуля 

упругости 234 и 157 ГПа соответственно, что значительно превышает значения этих параметров для сплава ВТ6, 

выращенного СЭЛС. Электроискровое модифицирование поверхности многокомпонентными электродами приве-

ло к уменьшению шероховатости в 8…11 раз за счет оплавления выступов и заполнения впадин расплавом на глу-

бину более 50 мкм. Сравнительный анализ результатов трибологических испытаний показал изменение механизма 

износа в результате ЭИО аддитивного сплава ВТ6. Износостойкость повысилась на 4 и 3 порядка величины при 

применении электродов из объемноаморфизуемого и высокоэнтропийного сплава соответственно. 

Ключевые слова: титановый сплав; селективное электронно-лучевое сплавление; шероховатость поверхности; 

выглаживание; упрочнение; износостойкость; электроискровая обработка; объемноаморфизуемые сплавы; высо-

коэнтропийные сплавы. 
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Abstract: The paper presents the results of the study of the end milling temperature of low-alloy steel depending on 

the cutting modes and the type of crystalline structure. The experiment was carried out on a PROMA FHV-50PD uni-

versal milling machine. The blanks were processed using a 12-12D-30C-75L-4F HRC55 carbide milling cutter.  

No cooling was used during processing. The obtained data were statistically analyzed to identify the dependence of  

the end milling temperature of low-alloy steel on the processing modes and the steel crystalline structure. When creat-

ing a mathematical model of cutting temperature, the authors carried out a bootstrap analysis to identify the significance 

of the parameters of the processing modes. The mathematical model was chosen using the Akaike informative criterion. 

It was found that mathematical models of the temperature dependence on processing modes for both types of crystalline 

structure include the cutting depth in the second power. At the same time, for steel in an ultrafine -grained state, both  

the cutting depth and the feed are statistically significant. It was not possible to detect the influence of cutting speed on  

temperature in the studied range of processing modes. Thus, when milling this group of materials, the force component 

primarily determined by the cutting depth exerts the predominant influence on the temperature regime. The level of 

cutting temperature when processing steel in an ultrafine-grained state is generally higher than when processing steel in 

a coarse-grained state, which should be associated with the increased physical and mechanical properties of steel with 

an ultrafine-grained crystalline structure. 

Keywords: material cutting; coarse-grained (CG) and ultrafine-grained (UFG) structure; low-alloy steel; cutting tem-

perature; end milling. 
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INTRODUCTION 

The study of the properties of bulk nanostructured 

metal materials with an ultrafine-grained (UFG) structure 

is one of the most promising areas of modern materials 

science [1; 2]. However, despite the growing interest in 

such materials on the part of researchers and engineers, 

there is insufficient data on the cutting machinability of 

materials with a UFG structure. There is data on the sur-

face roughness dependence on the type of crystalline 

structure of the material being processed when milling 

B95 aluminum alloy [3]. It follows from the results of the 

study [3] that when processing an alloy with a UFG struc-

ture, the surface quality is higher as compared to an alloy 

with a coarse-grained (CG) structure. Similar studies were 

carried out for turning 12H18N10T stainless steel [4].  

The paper also notes a significant decrease in roughness 

parameters when processing materials with a UFG struc-

ture. It follows from work [5], that the microhardness and 

microstructure of the near-surface layer of the blank, after 

milling, differ for steel with coarse and fine grains.  

In work [6] dealing with the study of end milling of mi-

crochannels in a UFG low-carbon steel blank, a decrease 

in surface roughness parameters when processing UFG 

material is also observed. 

The work [7] proposes a convenient and effective me-

thod to determine the constants of the Johnson – Cook model 

for UFG titanium. The authors subsequently, used the ob-

tained values of the constants, to calculate the cutting forces 

when processing UFG titanium [8]. The work [9] describes 

a fast and accurate algorithm for calculating the tempera-

ture when cutting UFG titanium, and notes that the cutting 

temperature of the VT6 titanium alloy, with an UFG struc-

ture, is significantly lower than the cutting temperature of 

an alloy with a CG structure. The authors of [10] note  

an increase in cutting force when processing UFG VT6 
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titanium alloy, as well as a decrease in the size of burrs 

compared to CG titanium. In [11], based on a study of the 

chip parameters, and thermal conductivity of CG and UFG 

titanium, the authors concluded on a potential increase in 

cutting machinability, and reduction in cutting tool wear 

when changing to a structure with fine grains. 

At the same time, there is no data on the influence of 

steel structure, and processing modes, on cutting tempe-

rature. Cutting temperature is an important factor that 

must be taken into account by a technologist, when de-

signing operations for mechanical machining of materi-

als [12]. Cutting temperature affects the cutting tool du-

rability, the machined surface roughness, the dimensio-

nal accuracy of processing, and many other parameters 

of the cutting process [13; 14]. Moreover, cutting tem-

perature can be used as one of the main diagnostic sig-

nals along with cutting force [15; 16]. The use of cutting 

temperature, as a feedback signal when developing auto-

matic control systems for the treatment process, is worth 

noting individually [17; 18]. 

The purpose of this work is to study the influence of  

the coarse-grained, and ultrafine-grained crystalline struc-

ture of 09G2S steel, and its processing modes on the cutting 

temperature during end milling. 

 

METHODS 

09G2S low-carbon low-alloy steel, GOST 19281-2014 

(Table 1) was chosen as the material for the study. 

Two samples with dimensions of 40×15×10 mm each 

in one of two states were studied: as-delivered state with 

a CG structure, and after equal channel angular pressing 

(ECAP) according to the Conform scheme (ECAP-C) 

with a UFG structure. The ECAP-C technology included: 

homogenizing annealing of steel at 820 °C followed by 

quenching in water + tempering at 350 °C + cold ECAP-C, 

4 passes along the Vs (Вс) route + additional anneal-

ing at 350 °C, with a holding time of 10 min. The pro-

duction technology and properties of the UFG steel are 

given in more detail in [19; 20]. Table 2 gives the me-

chanical properties of 09G2S steel before and after 

ECAP-C. 

The experiment was carried out on a PROMA FHV-

50PD universal milling machine. The blanks were processed 

using a 12-12D-30C-75L-4F HRC55 carbide milling cutter. 

No cooling was used during processing. The cutting tempera-

ture was recorded using a Seek Thermal Compact XR ther-

mal imager. Thermal imager characteristics: temperature 

range is from −40 °C to +330 °C, viewing angle is 20°, reso-

lution is 412×312 pixels, and frame refresh rate is 9 Hz. 

When creating a model using a limited amount of da-

ta, bootstrap analysis was used. By creating multiple 

random samples with replacement from the original 

sample, a test statistic is created to find confidence in-

tervals. Bootstrap analysis was carried out for a confi-

dence interval of 0.95, with a number of samples of 999, 

the type of confidence intervals is BCa (corrected per-

centile), and the sampling method is sample of objects. 

All calculations were carried out in the R programming 

environment. 

To search for the best structure of the mathematical 

model of cutting temperature, the method of automatic 

processing of models and discarding insignificant pa-

rameters, was used. The selection of the regression mo-

del was carried out, using the technique of stepwise for-

ward/backward search, assessing the effectiveness of  

the model, according to the AIC criterion, and discarding 

insignificant parameters. The Akaike Informative Crite-

rion (commonly called AIC), is a criterion for choosing 

between statistical models. The informative criterion 

considers the fit of the model to the data, taking into ac-

count the number of model parameters. When evaluat-

ing, preference is given to the model with the minimum 

criterion value. 

 

 

 
Table 1. Chemical composition of the 09G2S steel (wt. %) 

Таблица 1. Химический состав стали 09Г2С (мас. %) 

 

 

Steel C Si Mn  Р S Ni Cr Al Cu Fe 

09G2S 0.09 0.64 1.26 0.007 <0.003 0.1 0.08 0.02 0.14 the rest 

 

 

 
Table 2. Average grain size (dav) and mechanical properties of the 09G2S steel in different states 

Таблица 2. Средний размер зерна (dav) и механические свойства стали 09Г2С в различных состояниях 

 

 

Steel state dav, µm НВ σв, MPa σ0.2, MPa δ, % 

Initial (CG state)  20.00 143 485±3 354±11 25±1.8 

After ECAP-C (UFG state) 0.45 331 838±12 655±44 10±1.5 
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RESULTS 

The results of measuring the cutting temperature for  

the 09G2S steel with CG and UFG structure, are given in 

Tables 3, 4. It can be observed, that the cutting temperature 

depends on both the modes and the type of crystalline struc-

ture, of the alloy. 

Fig. 1 shows distribution graphs (box plot) of cutting 

temperature for the 09G2S steel in CG and UFG states. In  

the graphs, one can see the extreme values (range), outliers, 

quartile boundaries, and a median. The graph for steel in the 

CG state shows the cutting temperature distribution, with 

possible outliers for experiments No. 3 and 5 (Fig. 1 a). For 

steel in the UFG state, no outliers were detected (Fig. 1 b). 

Fig. 1 shows that the interquartile range (rectangle height) for 

UFG steel is 2 times larger, and the median is significantly 

higher. Thus, the temperatures when processing 09G2S steel 

in the UFG state, are generally higher, than when processing 

09G2S steel in the CG state. 

Fig. 2, 3 show bootstrap analysis graphs. Bootstrap 

analysis displays an assessment of the significance of pro-

cessing parameters when calculating cutting temperature. 

Thus, for steel in the CG state, the cutter rotation speed n 

and the feed s are insignificant, as can be observed from 

Fig. 2 b, 2 c (the abscissa of the peak value of the graph is 

near zero for n and s). Therefore, for steel in the coarse-

grained state, the only significant parameter of the model is 

the cutting depth t. For the model of the cutting temperature 

of steel in the UFG state, the feed s (Fig. 3 c), as well as  

the depth of cut in the first and second degrees (Fig. 3 b, 

3 d) are significant. 

The model of the cutting temperature dependence, on 

processing modes, for 09G2S steel in the CG state is expressed 

by the formula 
2tdtckT  , 

 

where T is temperature, °С;  

t is cutting depth, mm;  

k, c, d are adjustable model parameters. 

Fig. 4 shows a diagram of the model parameters with 

residuals for CG steel. The graphs represent the conver-

gence of the model for all parameters. This is evident from 

the closeness of the values with residuals (solid line) and 

the model values (dashed line). 

The model of the cutting temperature dependence on 

processing modes for 09G2S steel in the UFG state is ex-

pressed by the formula 
2tIstT  , 

 

where I is the model parameter. 

Fig. 5 shows a diagram of model parameters with resi-

duals for UFG steel. High model convergence is observed. 

While studying the influence of processing modes on 

the temperature during end milling of blanks made of 

09G2S steel in the CG and UFG states, the authors obtained 

the following results: for steel in the CG state,  

the cutting depth t has the greatest influence on the cutting 

temperature; for steel in the UFG state – the cutting depth t 

and feed s. In both cases, the dependence of temperature on 

cutting depth is described by a second-degree polynomial. 

DISCUSSION 

The experimental data analysis showed a different 

nature of the cutting temperature dependence on pro-

cessing modes for steel in CG and UFG states. Probably, 

the higher temperature when processing steel in the UFG 

state can be explained by the increased level of physical 

and mechanical properties of this steel. This result is 

opposite to that obtained in [7] for the cutting tempera-

ture of titanium. 

Apparently, to answer fully the question about the in-

fluence of the type of alloy crystalline structure on the 

cutting temperature, it is necessary to take into account 

the complex of physical and mechanical properties of the 

material. Thus, the 09G2S steel studied in this work is 

characterized by a significant increase in mechanical 

properties with grain refinement. This is most evident 

from the increase in the strength of the 09G2S steel, 

which increases by 1.7 times (from 485 to 838 MPa) 

during ECAP, as well as from the increase in the yield 

strength of steel by 1.85 times (from 354 to 655 MPa). 

At the same time, the thermal conductivity of steel is 

higher than that of titanium. Therefore, one can expect 

different patterns of temperature distribution, when cut-

ting steel and titanium. The process of end milling of 

09G2S steel, in the CG and UFG states is characterized 

by the absence of influence of the cutting speed on  

the temperature, in the studied range of processing 

modes. Thus, when milling this group of materials,  

the force component primarily determined by the cutting 

depth, exerts the predominant influence on the tempera-

ture regime. Further research could be aimed at investi-

gating the milling temperature of steel, with different 

types of crystalline structure, within a wider range of 

cutting speeds. In this case, to carry out experiments, one 

may need both higher-speed machining equipment, and  

a thermal imager with a wider temperature measurement 

range, since the cutting temperature increases with in-

creasing cutting speed. 

The research is also complicated by the fact that at 

present, blanks from alloys with a UFG structure for 

cutting experiments, are produced in single-piece quan-

tities. The shortage of processed material greatly limits 

the range of research carried out. Therefore, one can 

expect that in the near future, a lack of experimental 

data on the cutting processing of alloys with a UFG 

structure will continue to be. Partially, mathematical 

modeling of experimental results, with a small number 

of experiments, helps to find a way out of the situation. 

Statistical methods similar to the bootstrap analysis, 

used in this work, allow identifying the significance of 

factors, and formulating analytical dependencies for 

processing parameters, based on a relatively small sam-

ple of experimental data. Thus, the approach proposed 

in this study will help, in the future, to continue re-

search into the cutting of alloys with different types of 

a crystalline structure. These studies will be necessary 

to design technological processes, for the production of 

parts from alloys, with an ultrafine-grained crystalline 

structure. 
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Table 3. Milling temperature of the 09G2S steel in the initial state 

Таблица 3. Температура фрезерования стали 09Г2С в исходном состоянии 

 

 

No.  

of experiment 

Spindle speed  

n, rpm 

Feed 

s, mm/min 

Cutting depth 

t, mm 

Cutting temperature,  

T, °С 

1 720 65 0.6 91.3 

2 875 65 0.8 84.5 

3 720 65 1.0 198.0 

4 720 100 0.6 94.0 

5 875 100 1.0 259.0* 

6 720 470 0.6 90.0 

7 720 470 1.0 130.3 

8 875 470 0.8 126.3 

9 875 185 0.6 115.5 

10 720 65 0.8 110.3 
 

Note. *A higher temperature value is possible, since the obtained value is close to the upper limit of the instrument measurement 

range (300 °С). 

Примечание. *Возможно большее значение температуры, поскольку полученное значение близко к верхней границе диапа-

зона измерения прибора (300 °С). 

 

 

 

 
Table 4. Milling temperature of the 09G2S steel after ECAP-C 

Таблица 4. Температура фрезерования стали 09Г2С после РКУП-К 

 

 

No.  

of experiment 

Spindle speed  

n, rpm 

Feed 

s, mm/min 

Cutting depth 

t, mm 

Cutting temperature,  

T, °С 

1 720 65 0.6 95.5 

2 875 65 0.8 97.3 

3 720 65 1.0 163.0 

4 720 100 0.6 94.3 

5 875 100 0.8 109.5 

6 875 100 1.0 195.3 

7 720 185 0.6 168.8 

8 875 185 0.8 170.3 

9 875 185 1.0 258.3* 
 

Note. *A higher temperature value is possible, since the obtained value is close to the upper limit of the instrument measurement 

range (300 °С). 

Примечание. *Возможно большее значение температуры, поскольку полученное значение близко к верхней границе диапа-

зона измерения прибора (300 °С).  
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 a b 

Fig. 1. Box plots for cutting temperature of the 09G2S steel in CG and UFG states.  

The rectangle shows the boundaries of the lower and upper quartiles, the median is indicated by a dash: 

a – for CG state; b – for UFG state 
Рис. 1. Графики распределения температуры резания для стали 09Г2С в КЗ и УМЗ состояниях.  

Прямоугольник отображает границы нижнего и верхнего квартилей, чертой обозначена медиана: 

a – для КЗ состояния; b – для УМЗ состояния 

 

 

 

 

 

         

 a b 

         

 c d 

Fig. 2. Bootstrap-analysis graphs for CG steel:  

a – bias; b – n, rev/min; c – s, mm/min; d – t, mm 

Рис. 2. Графики бутстреп-анализа для КЗ стали:  

a – смещение; b – n, об/мин; c – s, мм/мин; d – t, мм 
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 a b 

         

 c d 

Fig. 3. Bootstrap-analysis graphs for UFG steel:  

a – bias; b – t, mm; c – s, mm/min; d – I(t, mm2) 

Рис. 3. Графики бутстреп-анализа для УМЗ стали:  

a – смещение; b – t, мм; c – s, мм/мин; d – I(t, мм2) 

 

 

 

 

 

         

 

Fig. 4. Diagram of the model parameters with residuals for CG steel 

Рис. 4. Диаграмма параметров модели с остатками для КЗ стали 
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Fig. 5. Diagram of the model parameters with residuals for UFG steel 

Рис. 5. Диаграмма параметров модели с остатками для УМЗ стали 

 

 

 

CONCLUSIONS 

The main factor influencing the end milling temperature 

of 09G2S steel in coarse-grained and ultrafine-grained 

states, is the cutting depth. For steel in the ultrafine-grained 

state, a significant factor in calculating the cutting tempera-

ture, aside from the cutting depth, is the feed, and its cutting 

temperature level is generally higher than that of steel in  

the coarse-grained state. 
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Аннотация: Представлены результаты исследования температуры концевого фрезерования низколегированной 

стали в зависимости от режимов резания и типа кристаллической структуры. Эксперимент проводился на универ-

сальном фрезерном станке PROMA FHV-50PD. Обработку заготовок осуществляли твердосплавной фрезой 12-12D-

30C-75L-4F HRC55. В ходе обработки охлаждение не использовалось. Полученные данные подвергались статисти-

ческому анализу с целью выявления зависимости температуры концевого фрезерования низколегированной стали от 

режимов обработки и кристаллической структуры стали. При создании математической модели температуры реза-

ния проводился бутстреп-анализ для определения значимости параметров режимов обработки. Выбор математиче-

ской модели производился с использованием информационного критерия Акаике. Обнаружено, что математические 

модели зависимости температуры от режимов обработки для обоих типов кристаллической структуры включают 

глубину резания во второй степени. При этом для стали в ультрамелкозернистом состоянии статистически значима 

не только глубина резания, но и подача. Влияния скорости резания на температуру в исследуемом диапазоне режи-

мов обработки обнаружить не удалось. Таким образом, при обработке фрезерованием данной группы материалов 

преобладающее влияние на температурный режим оказывает силовая составляющая, в первую очередь определяемая 

глубиной резания. Уровень температуры резания при обработке стали в ультрамелкозернистом состоянии в целом 

выше, чем при обработке стали в крупнозернистом состоянии, что должно быть связано с повышенными физико-

механическими свойствами стали с ультрамелкозернистой кристаллической структурой. 

Ключевые слова: резание материалов; крупнозернистая (КЗ) и ультрамелкозернистая (УМЗ) структура; низко-

легированная сталь; температура резания; концевое фрезерование. 
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Abstract: The scale of heterogeneity of the structures of steels and alloys can be rather large both within one sample 

and within a product. The procedure adopted in practice for determining the integral values of crack resistance characteris-

tics cannot always reflect this circumstance. In this regard, it is necessary to develop methods for assessing the crack re-

sistance of a medium with a heterogeneous structure. In this work, the authors determined the crack resistance of large 

forgings made of heat-hardenable 38KhN3MFA-Sh steel (0.38%C–Cr–3%Ni–Mo–V) based on the critical crack opening 

δс and the J-integral. The presence of critical stages in the development of a ductile crack during testing was assessed  

by acoustic emission measurements. In combination with the obtained methods of digital fractography of 3D images of 

fractures, this allowed relating the shape and position of the leading edge of each crack jump to the load-displacement dia-

gram. Measuring the crack opening geometry during the test showed the possibility of determining directly the coefficient 

of crack face rotation when estimating δс. In general, this allowed constructing a map of the distribution of parameter δс 

values over the thickness of the sample and estimating the scale of the scatter in crack resistance within one sample –  

up to 30 %. Such a localization of measurements, primarily of the δc parameter, is comparable to the scale of heterogeneity 

in the morphology of various types of structures, which was assessed based on the measurement of digital images of  

the dendritic structure, the Bauman sulfur print, non-metallic inclusions on an unetched section, and ferrite-pearlite band-

ing in the microstructure. This makes it possible to link local crack resistance values to various fracture mechanisms  

and their accompanying structural components. 

Keywords: heterogeneity of structures; crack resistance; acoustic emission; fractography; quality prediction in metal-

lurgy; critical crack opening; Cherepanov–Rice integral; nonlinear fracture mechanics. 

Acknowledgments: The paper was written on the reports of the participants of the XI International School of Physical 

Materials Science (SPM-2023), Togliatti, September 11–15, 2023. 

For citation: Sergeyev M.I., Pogorelov E.V., Dudarev A.A., Sokolovskaya E.A., Kudrya A.V. On the possibility of lo-

cal measurement of crack resistance of structural steels taking into account the structure. Frontier Materials & Technolo-

gies, 2024, no. 1, pp. 71–81. DOI: 10.18323/2782-4039-2024-1-67-7. 

 

INTRODUCTION 

The production of materials, in particular steels, is cha-

racterized by technological heredity – a mechanism for  

the evolution of structure and defects determined by the tech-

nological process trajectory [1; 2]. Within the tolerance 

limit of standard technology, a wide range of technological 

process trajectories is usually observed, the implementation 

of which leads to the formation of various structures in  

the material, nominally identical, but differing in the geo-

metry of their structure [3; 4]. This is the reason for the scatter 

in properties, primarily viscosity (material’s resistance to 

crack propagation), often significant [3; 5]. 

Within the current GOST 25.506-85, BS 7448-Part 1, 

and ASTM E1290 standards, it is assumed that the force 

criterion K1c should be determined under the conditions of 

plane deformation, the deformation criterion – critical crack 

opening δс and the energy criterion – J-integral should be 

determined under conditions of developed plastic defor-

mation and ductile crack undergrowth. All of them give 

crack resistance values when testing a sample with a pre-

induced fatigue crack. It is obvious that in the presence of  

a heterogeneous structure, the integral value of crack re-

sistance is the result of the “addition” of the crack re-

sistance values of individual structural components,  

the level of which is determined, among other things, by  

the size, shape of similar structural elements, and their spa-

tial configuration. In this regard, the determination of crack 

resistance should provide for the possibility of linking it to 

the structure, the heterogeneity of its structure, for example, 

as was implemented within the local assessment of cold 

brittleness on samples whose dimensions are comparable to 

the scale of individual structural components [3]. The up-

dating of regulatory documents related to the determination 

of crack resistance on massive samples has actually main-

tained the approaches to its assessment proposed several 
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decades ago. Until recently, the solution to this problem 

was complicated by difficulties associated with the correct 

description of the topography of fractures, in particular, its 

labor intensity, which makes their assessment qualitative 

[6; 7]. Therefore, for example, it is impossible to identify 

objectively the positions of the leading front of a growing 

crack in a fracture at the time of its successive jumps. Un-

derstanding this is necessary to identify the patterns of duc-

tile crack propagation kinetics, in particular, in connection 

with the need to determine the critical stages of its deve-

lopment [7; 8]. Due to the morphology diversity of similar 

structures, which determines differences in the mechanisms 

and, consequently, in the crack propagation kinetics, it is 

not always clear to what extent the use of the maximum 

load value during testing as a critical value recommended 

by regulatory documents corresponds to reality [3; 6].  

The use of acoustic emission (AE) for this purpose is not 

always accompanied by a comparison with direct results of 

measuring the topography of fractures, which complicates 

the interpretation of the results obtained [9; 10]. It is obvi-

ous that the development of digital methods for measuring 

structures and fractures can allow progressing in this direc-

tion, but a number of issues related to their metrological 

support still remain unresolved, which complicates the as-

sessment of the reproducibility and comparability of  

the results obtained [3; 11]. However, the consistent deve-

lopment and application of methods for digitalization of 

measurements in crack resistance tests should provide  

a deeper understanding of the patterns of crack opening and 

propagation, which will allow developing refined appro-

aches to determining fracture toughness, including as-

sessing the possibility of linking the results to the structure 

heterogeneity. This is important for developing justified 

technology solutions aimed at increasing the consistent 

quality of metal [3; 5; 12]. 

The purpose of this work is to clarify the methods for 

determining criteria for nonlinear fracture mechanics based 

on measuring the crack geometry and opening, and to as-

sess the possibility of linking crack resistance values to  

the structure heterogeneity. 

 

METHODS 

The metal of large forgings made of heat-hardenable 

steels of 38KhN3MFA-Sh (0.38%C–Cr–3%Ni–Mo–V) and 

15Kh2NMFA (0.15%C–2%Cr–Ni–Mo–V) types with vary-

ing degrees of preserved cast structure and 09G2S 

(0.09%C–2%Mn–Si) sheet steel (Table 1) produced accord-

ing to current industrial technologies was used as research 

objects. 

Deep etching in a 50 % aqueous HCl solution  

(for ~30 min), 3 % HNO3 solution (up to 3–5 s) was 

used to identify the dendritic structure and microstruc-

ture, respectively, and the Bauman method was used to 

obtain a sulfur print. 

Digital images (in 256 shades of gray) of microstruc-

tures and non-metallic inclusions (NMI) on unetched sec-

tions were obtained using light microscopy (Axio Observer 

D1m Carl Zeiss class in the magnification range of 50–

1000 times). To convert the images of macrostructures and 

the sulfur print into digital form, the authors also used an 

AGFA 1280 digital camera with a CCD matrix and  

a DUOSCAN T1200 scanner at a resolution of 500 dpi 

(film negatives at a magnification of ×0.5, the sulfur print at 

the sample scale). 

To measure the geometry of structures and fractures, 

their primary digital 2D images (in 256 shades of gray) 

were converted into a “1-0” matrix (black and white) based 

on an analysis of the image brightness field. The illumina-

tion unevenness in the field of view was eliminated by sub-

tracting an optimal degree polynomial; noise (not definitely 

identifiable small objects) was removed by filtration (taking 

into account the nature of the object’s structure, usually ≤5–

10 μm2) [11]. 

Assessment of the heterogeneity of the placement of 

dark spots of sulfur prints was carried out by dividing the 

image into Voronoi polyhedra – polygons, in each of which 

all points are closer to its center than the points in neighbor-

ing polyhedra. In this case, the distribution of distances 

between neighboring polyhedra will objectively reflect  

the location of the sulfur print dark spots [3]. The difference 

in measurement results was assessed based on the non-

parametric Smirnov criterion [13]. 

Digital three-dimensional images of fractures were ob-

tained at the sample scale using the component module for 

the “Optofract – 5M” optical microscope (Russia), as well 

as optical units of the MBS-9 microscope (Russia) and  

a Nikon J1 digital system camera, resolution 10.1 mega-

pixels. The method resolution was 5–10 μm for each of  

the three coordinates, the total analyzed volume corre-

sponded to the fracture area in plan (taking into account 

measurements in the third direction) [15]. 

A digital three-dimensional triangulation model based 

on the obtained series of photographs was created using the 

OpenMVG, OpenMVS software packages and specially 

developed service modules in the C++ and Python pro-

gramming languages. As a result of software reconstruction 

of the surface, non-textured triangulation models were ob-

tained in the Stanford PLY and Wavefront OBJ formats. 

Visualization and editing (surfaces and point clouds) were 

carried out using MeshLab and CloudCompare software, 

the main 3D relief characteristics were calculated using 

Gwyddion software [1]. 

Fracture toughness tests were carried out using a three-

point bending scheme in accordance with the GOST 

25.506-85 standard on an Instron 150LX testing machine 

(USA) using rectangular specimens of type 4 (with dimen-

sions of 15×20×120 mm) with a notch and a pre-grown fa-

tigue crack, at loading speed of not more than 0.2 mm/min  

at room test temperature. 

The force (KIC) and energy (J-integral) crack resistance 

criteria were assessed in accordance with the GOST 25.506 

standard. The value of the critical crack opening δc was also 

determined based on the concept that assumes that crack 

opening occurs by rotating its edges around a certain center 

(axis) [15, p. 86]: 

 

lB

zl
n

Vcc





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1

1
, 

 

where Vc is the sensor displacement at critical load;  

l is the crack length;  

n is the rotation coefficient;  
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z is the distance from the displacement sensor location to 

the sample;  

В is the height of the sample. 

The coefficient n was determined experimentally based 

on finding the position of the center of rotation of the crack 

edges along the sample height (L) [14]: 
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The kinetics of stepped crack propagation was studied 

using the AE method and quantitative analysis of fractures. 

With a large number N>>1 of small AE pulses, informative 

emission signals corresponding to crack jumps, linked to 

the “Bending load (P) – Displacement (V)” diagram, were 

separated from the cumulative distribution N(A) – the total 

number of pulses N with amplitude less than A [16]. 

The values of the critical crack opening δc and  

the J-integral were determined for each of the first 

crack jumps, δc – also for individual points of the lead-

ing crack edge. 

 

RESULTS 

The presence of different-scale structures in materials, 

from dendritic patterns of different geometries to micro-

structures of different morphologies, leads to a significant 

scatter in properties due to the influence of heterogeneity of 

structures on fracture mechanisms. Heterogeneity of struc-

tures at all scale observation levels was also present in the 

steels under study. It was observed both within one sample 

and from sample to sample. For example, a pair-wise com-

parison of samples of the results of measuring the NMI 

areas (at least 2000 pieces per option) at a 100-fold increase 

in four equal areas (not less than 80 mm2 each) of the sur-

face of an unetched section (total area ~340 mm2) made of 

38KhN3MFA-Sh (0.38%C–Cr–3%Ni–Mo–V) steel based 

on the Smirnov D criterion identified a significant diffe-

rence with a risk of 0.05 (with a table value of D0.05=1.361) 

(Table 2). 

The difference in the criterion experimental values re-

flects the difference in the statistics of the distribution of 

non-metallic inclusions areas in the studied parts of  

the section, which, in turn, is a consequence of the hetero-

geneity of the forging dendritic structure. This heterogenei-

ty in the geometry of inclusions may be one of the reasons 

for the scatter in fracture toughness values. 

The Bauman sulfur print morphology evidences the exi-

stence of NMI heterogeneity of a different scale in the same 

forgings associated with the presence in their structure of 

separate dendritic liquation zones (Fig. 1): columnar dend-

rites reflecting the heat removal direction to the surface of 

the forging (peripheral zone), a mixture of equiaxial small 

dendrites in the intermediate zone and coarse equiaxial 

dendrites in the central one (Fig. 2 a). 

For the development of ductile fracture, both the size of 

sulfides and their placement on the surface of the polished 

section are important: their close location to each other fa-

                                                            
1 Bolshev L.N., Smirnov N.V. Mathematical Statistics Tables. 

Nauka, 1965. 464 p. 

cilitates the ductile fracture initiation, and an increase in 

their sparseness promotes the development of plastic de-

formation. The selection of the nearest neighbors on  

the plane was obtained based on partitioning the sulfur 

print image into Voronoi polyhedra (Fig. 2 b, 2 c). Parti-

tioning the image into Voronoi polyhedra showed that  

the average distances between the centers of the polyhedra 

for different liquation zones (peripheral, intermediate 

and central) were close and amounted to 3.70±0.02; 

3.70±0.01; 3.39±0.02 mm, respectively. The heterogeneity 

of the placement of the sulfur print dark spots of the forging 

of 38KhN3MFA-Sh (0.38%C–Cr–3%Ni–Mo–V) steel is 

evidenced, in particular, by the distribution of distances 

between their centers for forging areas corresponding to 

different zones of liquation (peripheral, intermediate and 

central) reflecting differences in the dendritic pattern mor-

phology (Table 3). 

With a similar distribution of distances between spots in 

each of the areas of the forgings, as evidenced by the values 

of the skewness and kurtosis coefficients (Table 4), differ-

ences are observed between the samples related to the re-

sults of measuring the distances between dark neighboring 

spots. This may be one of the reasons for the scatter of 

properties over the forging cross-section. The reason for 

such heterogeneity in the distribution of sulfides (sulfur 

print dark spots) was most likely liquation. A comparison 

of samples – the results of measuring the pitch of dendrites, 

for example, in the central and intermediate regions of  

the forging according to the Smirnov criterion, revealed 

their significant difference (Dexp=1.121 ˃ D0.118=1.19)2.  

The dendrite pitch varied from 60 to 3820 μm. 

The remote consequences of liquation were also reflect-

ed in the microstructure of 38KhN3MFA-Sh (0.38%C–Cr–

3%Ni–Mo–V) steel (a mixture of ferrite and bainite), in 

which large ferrite areas were observed. Their diameter 

varied from 95 to 386 μm. 

The presence of a dendritic structure in forgings made 

of 15Kh2NMFA (0.15%C–2%Cr–Ni–Mo–V) steel also 

contributed to the formation of uneven distribution of sulfur 

print dark spots and the appearance of different grain sizes 

in the structure. Etching of samples selected at random re-

vealed austenite grains in the structure differing in the range 

of maximum diameter D values (=Dmax−Dmin): 250 and 

90 μm, respectively. 

Heterogeneity of microstructures is characteristic not 

only of steels with a remained cast structure – its remote 

consequences can be observed, for example, in rolled pro-

ducts. The result of this may be differences in the scale of 

banding in the microstructure over the cross section of an 

impact sample made of sheet 09G2S (0.09%C–2%Mn–Si) 

steel (Fig. 3). Comparison of samples of the results of 

measuring the pitch of pearlite bands in two fields cut out 

from a panoramic image (along the cross section of an im-

pact sample) using the Smirnov criterion showed that they 

differ with a risk of 0.05 (Dexp=1.37 ˃ D0.05=1.36). 

Thus, it is obvious that the scale of heterogeneity of dif-

ferent-scale structures can be very large; this is typical 

when producing the materials, primarily the most wide-

spread – steels. In this regard, assessing the viscosity of  

a medium with a heterogeneous structure, which allows 

                                                            
2 See 1. 
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Table 1. Chemical compositions of steels under study 

Таблица 1. Химические составы исследуемых сталей 

 

 

Steel 
Weight fraction of elements, % 

C Mn Si P S Cr Ni Mo V Cu 

38KhN3MFA 

(0.38%С–Cr–3%Ni–Mo–V) 
0.41 0.22 0.22 0.02 0.02 0.87 3.32 0.58 0.14 0.03 

09G2S 

(0.09%С–2%Mn–Si) 
0.12 1.3 0.5 0.04 0.04 0.3 0.3 – – 0.3 

15Kh2NMFA 

(0.15%С–2%Cr–Ni–Mo–V) 
0.13 0.3 0.17 0.02 0.02 1.8 1.0 0.5 0.01 0.03 

 

 

 

 
Table 2. Experimental values of the Smirnov criterion when comparing the results of measuring non-metallic inclusions areas  

on four equal-area sections of 38KhN3MFA-Sh (0.38%C–Cr–3%Ni–Mo–V) steel 

Таблица 2. Экспериментальные значения критерия Смирнова при сравнении результатов измерения  

площадей неметаллических включений на четырех равных по площади участках шлифа  

из стали 38ХН3МФА-Ш (0,38%С–Cr–3%Ni–Mo–V) 

 

 

Panorama section 1 2 3 4 

1 – 5.57 2.52 1.85 

2 5.57 – 7.18 4.39 

3 2.52 7.18 – 3.28 

4 1.85 4.39 3.28 – 

 

 

 

 

 

 

Fig. 1. Morphology of the dendritic pattern of forging made of 38KhN3MFA-Sh (0.38%C–Cr–3%Ni–Mo–V) steel  

and its structure in the central and intermediate regions of the forging  

Рис. 1. Морфология дендритного рисунка поковки из стали 38ХН3МФА-Ш (0,38%С–Cr–3%Ni–Mo–V)  

и его строение в центральной и промежуточной областях поковки  
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 a b 

 

c 

Fig. 2. Sulfur print image decomposition (a) into Voronoi polyhedra (b) using the example of the central region  

of a forging made of tempered 38KhN3MFA-Sh steel (0.38% C–Cr–3% Ni–Mo–V) and the distribution of distances  

between the centers of gravity of the nearest dark spots (c) 

Рис. 2. Разбиение изображения серного отпечатка (a) на полиэдры Вороного (b)  

на примере центральной области поковки из улучшаемой стали 38ХН3МФА-Ш (0,38%С–Cr–3%Ni–Mo–V)  

и распределение расстояний между центрами тяжести ближайших темных пятен (c) 

 

 

 
Table 3. Experimental values of the Smirnov criterion obtained when comparing the distribution of the number  

of the nearest dark neighbor spots and the distances between their centers for different fragments  

of the sulfur print image of the forging made of 38KhN3MFA-Sh (0.38%С–Cr–3%Ni–Mo–V) steel  

Таблица 3. Экспериментальные значения критерия Смирнова, полученные при сравнении распределений числа ближайших  

темных пятен-соседей и расстояний между их центрами, для различных фрагментов изображения  

серного отпечатка поковки из стали 38ХН3МФА-Ш (0,38%С–Cr–3%Ni–Mo–V)  

 

 

Forging area under study Peripheral  Central  Intermediate  

Peripheral  – 
0.724 (0.6) 

7.361 (0.05) 

0.629 (0.8) 

2.307 (0.05) 

Central  
0.724 (0.6) 

7.361 (0.05) 
– 

0.588 (0.9) 

9.356 (0.05) 

Intermediate 
0.629 (0.8) 

2.307 (0.05) 

0.588 (0.9) 

9.356 (0.05) 
– 

 

Note. The numerator and denominator indicate the experimental values of the Smirnov criterion for the distribution of the number  

of the nearest dark spots of the sulfur print and the distance between their centers, respectively. The risks of the hypothesis about their 

differences are indicated in parentheses. 

Примечание. В числителе и знаменателе указаны экспериментальные значения критерия Смирнова для распределения чис-

ла ближайших темных пятен серного отпечатка и расстояния между их центрами соответственно. В скобках указаны рис-

ки гипотезы об их отличии. 
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Table 4. Values of the coefficients of skewness and kurtosis of the distributions of the number of neighbors  

of the nearest sulfur print dark spots and the distances between them in different areas along the cross-section  

of a forging made of 38KhN3MFA-Sh (0.38%С–Cr–3%Ni–Mo–V) steel 

Таблица 4. Значения коэффициентов асимметрии и эксцесса распределений числа соседей ближайших  

темных пятен серного отпечатка и расстояний между ними в различных областях по сечению поковки  

из стали 38ХН3МФА-Ш (0,38%С–Cr–3%Ni–Mo–V) 

 

 

Parameter Coefficient of Peripheral region Central region Intermediate region 

Number of neighbors 
skewness 0.456 0.329 0.410 

kurtosis 0.167 −0.045 0.183 

Distance between the centers  

of the nearest dark spots of sulfur print 

skewness 0.719 0.737 0.674 

kurtosis 0.421 0.518 0.379 

 

 

 

 

 

a 

 

b 

Fig. 3. The observed difference in the scale of banding in the microstructure along the cross-section of an impact sample  

made of sheet 09G2S (0.09%C–2%Mn–Si) steel in the panorama as a whole and in its different sections (left and right) (a)  

and the corresponding distribution of values of a pitch of perlite strips (b) 

Рис. 3. Наблюдаемое различие в масштабах полосчатости в микроструктуре по сечению ударного образца  

из листовой стали 09Г2С (0,09%С–2%Mn–Si) на панораме в целом и на отдельных ее участках (левом и правом) (а)  

и соответствующее им распределение значений шага полос перлита (b) 
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determining the influence of heterogeneity on the fracture 

resistance, becomes relevant. 

When determining fracture toughness based on the J-in-

tegral and δc, the authors assessed the crack propagation 

kinetics using AE, which made it possible to record pulses 

during the fracture process (Fig. 4 a). Most of the recorded 

pulses were of a noise nature. Filtering of AE signals al-

lowed separating signals corresponding to crack jumps 

(with reference to the “P – V” diagram, Fig. 4 b). 

The obtained results allowed identifying the scale of dif-

ferences in crack resistance values (critical crack opening) 

both within each sample and from forging to forging, in-

cluding the result of crack resistance calculation according to  

GOST: Δδc=δc
max−δc

min; Δ1
δc=|δc

GOST−δc1|; Δmax
δc=|δc

GOST−δc
max|; 

Δmin
δc=|δc

GOST−δc
min| (Table 5). 

The difference between the δс values calculated in ac-

cordance with GOST within one sample compared to 

the CCO value determined experimentally (δс
max) varied 

from 3 to 40 % for 38KhN3MFA-Sh (0.38%C–Cr–3%Ni–

Mo–V) steel, from 15 to 17 % for 15Kh2NMFA (0.15%C–

2%Cr–Ni–Mo–V) steel; it reached 22 and 43 %, respective-

ly, compared to the δс
min minimum opening value. 

The J-integral values were also determined for each of 

the first five crack jumps, taking into account its under-

growth. The obtained results allowed identifying the scale 

of differences in the J-integral values both within each 

sample and from sample to sample, including with  

GOST: ΔJ=Jmax−Jmin; Δ1
J=|JGOST−J1|; Δmax

J=|JGOST−Jmax|; 

Δmax
J=|JGOST−Jmax|; Δmin

J=|JGOST−Jmin| (Table 6). 

To assess the crack resistance heterogeneity over  

the sample section, a map of the distribution of critical 

crack opening values for the second – fourth jumps along 

the contours of the crack leading edge was compiled 

(Fig. 5). The first jump from a fatigue crack was not taken 

into account, since the fracture relief was measured only at 

the stage of static crack undergrowth. 

Therefore, the use of a refined technique for local as-

sessment of the critical crack opening allowed determining 

the values of crack resistance δс over the cross section of 

the sample. 

 

 

 

 

a 

 

b 

Fig. 4. Loading – displacement diagram and AE signals during the destruction of a sample  

made of 38KhN3MFA-Sh (0.38%С–Cr–3%Ni–Mo–V) steel before (a) and after (b) filtration 

Рис. 4. Диаграмма «нагрузка – смещение» и сигналы АЭ при разрушении образца  

из стали 38ХН3МФА-Ш (0,38%С–Cr–3%Ni–Mo–V) до (a) и после (b) фильтрации 
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Table 5. Scale of heterogeneity of δc values (mm) of metal forgings with a heterogeneous structure  

made of 38KhN3MFA-Sh (0.38%С–Cr–3%Ni–Mo–V) and 15Kh2NMFA (0.15%С–2%Cr–Ni–Mo–V) steels 

Таблица 5. Масштаб неоднородности значений δс (мм) металла поковок с неоднородной структурой  

из стали 38ХН3МФА-Ш (0,38%С–Cr–3%Ni–Mo–V) и 15Х2НМФА (0,15%С–2%Cr–Ni–Mo–V) 

 

 

Steel 
Sample  

number 
Δ1

δc δс
max δс

min Δδc Δmax
δc Δmin

δc 

38KhN3MFA-Sh 

(0.38%С–Cr–3%Ni–Mo–V) 

1 0.005 0.108 0.079 0.029 0.031 0.002 

2 0.016 0.098 0.077 0.021 0.016 0.005 

3 0.031 0.121 0.091 0.030 0.031 0.001 

4 0.002 0.065 0.052 0.013 0.002 0.015 

5 0.007 0.093 0.068 0.025 0.007 0.018 

15Kh2NMFA 

(0,15%С–2%Cr–Ni–Mo–V) 

6 0.023 0.347 0.298 0.049 0.051 0.002 

7 0.089 0.228 0.152 0.076 0.040 0.116 

 

 

 
Table 6. Scale of heterogeneity of J-интеграла values (MJ/m2) of 38KhN3MFA-Sh (0.38%С–Cr–3%Ni–Mo–V)  

and 15Kh2NMFA (0.15%С–2%Cr–Ni–Mo–V) steels 

Таблица 6. Масштаб неоднородности значений J-интеграла (МДж/м2) сталей 38ХН3МФА-Ш (0,38%С–Cr–3%Ni–Mo–V)  

и 15Х2НМФА (0,15%С–2%Cr–Ni–Mo–V) 

 

 

 

Steel Sample 

number 
JGOST Jmax J 

min ΔJ Δ1
J Δmax

J
 Δmin

J 

38KhN3MFA-Sh 

(0.38%С–Cr–3%Ni–Mo–V) 

1 0.057 0.097 0.066 0.031 0.009 0.040 0.009 

2 0.099 0.081 0.047 0.034 0.044 0.018 0.052 

3 0.070 0.135 0.083 0.052 0.025 0.065 0.013 

4 0.062 0.102 0.079 0.023 0.026 0.040 0.017 

5 0.067 0.064 0.039 0.025 0.028 0.003 0.028 

15Kh2NMFA 

(0,15%С–2%Cr–Ni–Mo–V) 

6 0.298 0.587 0.336 0.251 0.038 0.289 0.038 

7 0.274 0.189 0.122 0.067 0.106 0.085 0.152 

 

 

 

DISCUSSION 

The observed difference in crack resistance values with-
in one sample and between samples showed that taking into 
account crack undergrowth, including shape restoration of 
its leading edge (according to AE measurements and frac-
ture topography), provides a wider range of crack resistance 
values, both the critical crack opening δс and the Che-
repanov–Rice integral (compared to GOST 25.506). This is 
significant, since for large forgings made of heat-
hardenable 38KhN3MFA-Sh (0.38%C–Cr–3%Ni–Mo–V) 
and 15Kh2NMFA (0.15%C–2%Cr–Ni–Mo–V) steels,  
it was shown that the δс values within one sample varied 

from 25 to 37 % and from 16 to 50 %, respectively.  
At the same time, the values determined in accordance with 
GOST 25.506 differed from 3 to 34 % for 38KhN3MFA-Sh 
(0.38%C–Cr–3%Ni–Mo–V) steel and from 8 to 33 % for 
15Kh2NMFA (0.15%C–2%Cr–Ni–Mo–V) steel compared 
to the δс values characteristic of the first static crack jump 
(according to AE measurements). 

The J-integral value gives the integral value of the frac-

ture energy for each crack jump. It was shown that the J-in-

tegral values within one sample varied from 29 to 72 % and 

from 55 to 75 %, respectively. The study revealed a signifi-

cant difference between the values of the Cherepanov–Rice 
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Fig. 5. Map of the heterogeneity of crack resistance distribution (δс values) based on measurements  

at the bottom of a macrobrittle square for the second – fourth jumps of a ductile crack  

(the first jump from a fatigue crack was not taken into account), 38KhN3MFA-Sh (0.38%С–Cr–3%Ni–Mo–V) 

Рис. 5. Карта неоднородности распределения трещиностойкости (значений δс)  

по измерениям на дне макрохрупкого квадрата для второго – четвертого скачков вязкой трещины  

(первый скачок от усталостной трещины не учитывался), сталь 38ХН3МФА-Ш (0,38%С–Cr–3%Ni–Mo–V) 

 

 

 

integral determined in accordance with GOST 25.506 and 

the J-integral values characteristic of the first static crack 

jump (according to AE measurements). It was 16–44 % for 

38KhN3MFA-Sh (0.38%C–Cr–3%Ni–Mo–V) steel, 13–

39 % for 15Kh2NMFA (0.15%C–2%Cr–Ni–Mo–V) 

steel. This means that using maximum load values as 

critical values when determining fracture toughness is 

not always valid. 

It is important to note that critical crack opening has  

the advantage of being able to actually pinpoint the crack 

opening within each of the leading edges of a growing 

crack (taking into account their curvature and irregular 

shape). Hence, the possibility of linking δc values to one 

or another destruction mechanism, which is determined 

by the type of structure or the features of its local struc-

ture. This is important when identifying the causes of  

the scatter in viscosity, determining its structural and 

metallurgical factors, and it will allow improving  

the objectivity of the prediction of metal destruction as  

a whole. Identifying critical elements of structures is 

also necessary for managing the quality of metal pro-

ducts, including in real time, changing from selecting 

structures for given properties to designing structures of 

optimal configuration [17; 18]. 

 

CONCLUSIONS 

Direct measurements of images of heterogeneous struc-

tures in large forgings made of 38KhN3MFA-Sh (0.38%C–

Cr–3%Ni–Mo–V), 15Kh2NMFA (0.15%С–2%Cr–Ni–Mo–V) 

steels and sheet of 09G2S (0.09%C–2%Mn–Si) steel were 

used to assess the degree of heterogeneity of their structure, 

the scale of which should definitely be taken into account 

when determining their crack resistance. The boundaries of 

effective application of the criteria of nonlinear fracture 

mechanics are compared: deformation criterion – critical 

crack opening δс and energy criterion – J-integral.  

The study showed that, in the case the geometry and kine-

tics of ductile crack development are measured during frac-

ture toughness testing, it is possible to expand the range of 

values of crack resistance characteristics (for each crack 

jump on one sample), which is essential for a more com-

plete description of the viscosity reserve of a medium with  

a heterogeneous structure. The advantage of critical crack 

opening δс – the possibility of relating crack resistance 

values to the structure – has been identified when as-

sessing structural steels with different-scale structural 

heterogeneity. 

 

REFERENCES  

1. Shtremel M.A. Razrushenie. Razrushenie materiala 

[Destruction. Rupture of material]. Moscow, MISiS 

Publ., 2015. Kn. 1, 975 p. 

2. Shtremel M.A. Razrushenie. Razrushenie struktur [De-

struction. Rupture of structures]. Moscow, MISiS Publ., 

2015. Kn. 2, 975 p. 

3. Kudrya A.V., Sokolovskaya E.A., Tang V.F. Possibility 

of predicting the destruction of metal materials with  

a heterogeneous structure. Russian metallurgy (Metal-

ly), 2022, vol. 2022, no. 10, pp. 1318–1331. DOI: 10. 

1134/S0036029522100160. 

4. Kazakov A.A., Kiselev D.V., Kazakova E.I. Quantita-

tive methods for assessing the microstructure of steel 

0

0,5

1

1,5

2

2,5

3

3,5

4

4,5

0 0,25 0,5 0,75 1 1,25 1,5 1,75 2 2,25 2,5 2,75 3 3,25 3,5 3,75 4 4,25 4,5 4,75

C
ra

ck
 u

n
d

e
rg

ro
w

th
, m

m

Sample width, mm

δс от 0,020 до 0,029 δс от 0,018 до 0,020 δс от 0,018 до 0,013δс from 0.020 to 0.029 δс from 0.018 to 0.020 δс from 0.018 to 0.013 

Frontier Materials & Technologies. 2024. No. 1 79

http://dx.doi.org/10.1134/S0036029522100160
http://dx.doi.org/10.1134/S0036029522100160


Sergeyev M.I., Pogorelov E.V., Dudarev A.A. еt al.   “On the possibility of local measurement of crack resistance…” 

 

and alloys for revising outdated GOST standards. Lite 

i metallurgiya, 2021, no. 2, pp. 42–48. DOI: 10.21122/ 

1683-6065-2021-2-42-48. 

5. Kudrya A.V., Nikulin S.A., Nikolaev Y.A., Arsenkin A.M., 

Sokolovskaya E.A., Skorodumov S.V., Chernobaeva A.A., 

Kuzko E.I., Khoreva E.G. Nonuniformity of the ductility 

of 15X2HMFA low-alloy steel. Steel in Translation, 2009, 

vol. 39, no. 9, pp. 742–747. EDN: QCKREZ. 

6. Tan Long, Li Songyang, Zhao Liangyin, Wang Lulu, 

Zhao Xiuxiu. The effect of mechanical inhomogeneity 

in microzones of welded joints on CTOD fracture 

toughness of nuclear thick-walled steel. Nuclear Engi-

neering and Technology, 2023, vol. 55, no. 11, 

pp. 4112–4119. DOI: 10.1016/j.net.2023.07.031. 

7. Li Ai, Soltangharaei V., Greer B., Bayat M., Ziehl P. 

Structural health monitoring of stainless-steel nuclear 

fuel storage canister using acoustic emission. Develop-

ments in the Built Environment, 2024, vol. 17, article 

number 100294. DOI: 10.1016/j.dibe.2023.100294. 

8. Xu Jie, Sun Tong, Xu Yantao, Han Qinghua. Fracture 

toughness research of G20Mn5QT cast steel based on 

the acoustic emission technique. Construction and 

Building Materials, 2020, vol. 230, article number 

116904. DOI: 10.1016/j.conbuildmat.2019.116904. 

9. Vorontsov V.B., Pershin V.K. Correlation between 

Acoustic Emission and the Local Structural Restructur-

ing in the Nonequilibrium Aluminum Melt. Russian 

Metallurgy (Metally), 2020, vol. 2020, no. 2, pp. 92–

101. DOI: 10.1134/S0036029520020160. 

10. Botvina L.R., Tyutin M.R., Bolotnikov A.I., Petersen T.B. 

effect of preliminary cycling on the acoustic emission 

characteristics of structural 15Kh2GMF steel. Russian 

Metallurgy (Metally), 2021, vol. 2021, no. 1, pp. 32–41. 

EDN: INTJOA. 

11. Sokolovskaya E.A., Kudrya A.V., Kodirov D.F., Ser-

geev M.I., Budanova E.S., Samoshina M.E. On the reli-

ability of the results of digital measurements of images 

of structures in metal science. Metallurg, 2024, no. 1, 

pp. 36–39. EDN: DGYMXQ. 

12. Makhutov N.A. Evolution of laboratory researches and 

diagnostics of materials. Zavodskaya laboratoriya. Di-

agnostika materialov, 2022, vol. 88, no. 1-1, pp. 5–13. 

DOI: 10.26896/1028-6861-2022-88-1-I-5-13. 

13. Nikitin Y. Asymptotic efficiency of nonparametric tests. 

New York, Cambridge University Press Publ., 1995. 

274 p. 

14. Kudrya A.V., Sokolovskaya E.A., Ngo Kh.N., Kuzko E.I., 

Kotishevskiy G.V. Fracture forecasting of large-size 

forged pieces with multi-scale structure. Russian metal-

lurgy (metally), 2019, vol. 12, no. 12, pp. 1304–1308. 

DOI: 10.1134/S0036029519120115. 

15. Rabotnov Yu.N., ed. Novye metody otsenki sopro-

tivleniya metallov khrupkomu razrusheniyu [New me-

thods for assessing the resistance of metals to brittle 

fracture]. Moscow, Mir Publ., 1972. 438 p. 

16. Khanzhin V.G., Shtremel M.A. Quantitative information 

on fracture processes obtained by measurement of acoustic 

emission. Metal Science and Heat Treatment, 2009, 

vol. 51, no. 5-6, pp. 250–255. DOI: 10.1007/s11041-

009-9146-4. 

17. Shtremel M.A., Karabasova L.V., Chizhikov V.I., 

Vodeniktov S.I. About optimal alloying of high-

vanadium high-speed steel. Metal Science and Heat 

Treatment, 1999, vol. 41, no. 3-4, pp. 146–150. DOI: 10. 

1007/bf02465798. 

18. Shtremel M.L., Belomyttsev M.Yu., Medvedev V.V., 

Mochalov B.V., Chernukha L.G. The structure and fea-

tures of composite materials having web structure on  

the base of NiAl intermetallide. Izvestiya. Ferrous me-

tallurgy, 2006, no. 1, pp. 40–44. EDN: HTDWRB. 

 

СПИСОК ЛИТЕРАТУРЫ 

1. Штремель М.А. Разрушение. В 2 кн. Кн. 1: Разру-

шение материала. М.: МИСиС, 2015. 975 с. 

2. Штремель М.А. Разрушение. В 2 кн. Кн. 2: Разру-

шение структур. М.: МИСиС, 2015. 975 с. 

3. Кудря А.В., Соколовская Э.А., Танг В.Ф. Возможность 

прогноза разрушения металлических материалов с не-

однородной структурой // Деформация и разрушение 

материалов. 2022. № 6. С. 2–19. EDN: BSVQQW. 

4. Казаков А.А., Киселев Д.В., Казакова Е.И. Количе-

ственные методы оценки микроструктуры стали  

и сплавов для пересмотра устаревших ГОСТ // Ли-

тье и металлургия. 2021. № 2. С. 42–48. DOI: 10. 

21122/1683-6065-2021-2-42-48. 

5. Кудря А.В., Никулин С.А., Николаев Ю.А., Арсен-

кин А.М., Соколовская Э.А., Скородумов С.В., Чер-

нобаева А.А., Кузько Е.И., Хорева Е.Г. Факторы не-

однородности вязкости низколегированной стали 

15Х2НМФА // Известия высших учебных заведе-

ний. Черная металлургия. 2009. № 9. С. 23–28.  

EDN: QCKREZ. 

6. Tan Long, Li Songyang, Zhao Liangyin, Wang Lulu, 

Zhao Xiuxiu. The effect of mechanical inhomogeneity 

in microzones of welded joints on CTOD fracture 

toughness of nuclear thick-walled steel // Nuclear Engi-

neering and Technology. 2023. Vol. 55. № 11. P. 4112–

4119. DOI: 10.1016/j.net.2023.07.031. 

7. Li Ai, Soltangharaei V., Greer B., Bayat M., Ziehl P. 

Structural health monitoring of stainless-steel nuclear 

fuel storage canister using acoustic emission // Deve-

lopments in the Built Environment. 2024. Vol. 17. Ar-

ticle number 100294. DOI: 10.1016/j.dibe.2023.100294. 

8. Xu Jie, Sun Tong, Xu Yantao, Han Qinghua. Fracture 

toughness research of G20Mn5QT cast steel based on 

the acoustic emission technique // Construction and 

Building Materials. 2020. Vol. 230. Article number 

116904. DOI: 10.1016/j.conbuildmat.2019.116904. 

9. Vorontsov V.B., Pershin V.K. Correlation between 

Acoustic Emission and the Local Structural Restructur-

ing in the Nonequilibrium Aluminum Melt // Russian 

Metallurgy (Metally). 2020. Vol. 2020. № 2. P. 92–101. 

DOI: 10.1134/S0036029520020160. 

10. Ботвина Л.Р., Тютин М.Р., Болотников А.И., Петер-

сен Т.Б. Влияние предварительного циклирования 

на характеристики акустической эмиссии конструк-

ционной стали 15Х2ГМФ // Металлы. 2021. № 1. 

С. 32–41. EDN: KYXDHW. 

11. Соколовская Э.А., Кудря А.В., Кодиров Д.Ф., Сер-

геев М.И., Буданова Е.С., Самошина М.Е. О досто-

верности результатов цифровых измерений изобра-

жений структур в металловедении // Металлург. 

2024. № 1. С. 36–39. EDN: DGYMXQ. 

12. Махутов Н.А. Развитие лабораторных исследований 

и диагностики материалов // Заводская лаборатория. 

80 Frontier Materials & Technologies. 2024. No. 1

https://doi.org/10.21122/1683-6065-2021-2-42-48
https://doi.org/10.21122/1683-6065-2021-2-42-48
https://elibrary.ru/qckrez
https://doi.org/10.1016/j.net.2023.07.031
https://doi.org/10.1016/j.dibe.2023.100294
https://doi.org/10.1016/j.conbuildmat.2019.116904
https://doi.org/10.1134/S0036029520020160
https://elibrary.ru/intjoa
https://elibrary.ru/dgymxq
https://doi.org/10.26896/1028-6861-2022-88-1-I-5-13
https://doi.org/10.1134/S0036029519120115
http://dx.doi.org/10.1007/s11041-009-9146-4
http://dx.doi.org/10.1007/s11041-009-9146-4
https://doi.org/10.1007/bf02465798
https://doi.org/10.1007/bf02465798
https://elibrary.ru/htdwrb
https://elibrary.ru/bsvqqw
https://doi.org/10.21122/1683-6065-2021-2-42-48
https://doi.org/10.21122/1683-6065-2021-2-42-48
https://elibrary.ru/qckrez
https://doi.org/10.1016/j.net.2023.07.031
https://doi.org/10.1016/j.dibe.2023.100294
https://doi.org/10.1016/j.conbuildmat.2019.116904
https://doi.org/10.1134/S0036029520020160
https://elibrary.ru/kyxdhw
https://elibrary.ru/dgymxq


Sergeyev M.I., Pogorelov E.V., Dudarev A.A. еt al.   “On the possibility of local measurement of crack resistance…” 

 

Диагностика материалов. 2022. Т. 88. № 1-1. С. 5–13. 

DOI: 10.26896/1028-6861-2022-88-1-I-5-13. 

13. Nikitin Y. Asymptotic efficiency of nonparametric 

tests. New York: Cambridge University Press, 1995. 

274 p. 

14. Кудря А.В., Соколовская Э.А., Нго Х.Н., Кузько Е.И., 

Котишевский Г.В. Прогноз разрушения крупных по-

ковок с неоднородной структурой // Электрометаллур-

гия. 2019. № 6. С. 33–39. EDN: XLIBHK. 

15. Новые методы оценки сопротивления металлов 

хрупкому разрушению / под ред. Ю.Н. Работнова. 

М.: Мир, 1972. 438 с. 

16. Ханжин В.Г., Штремель М.А. Количественная ин-

формация о процессах разрушения, получаемая при 

измерениях акустической эмиссии // Металловеде-

ние и термическая обработка металлов. 2009. № 5. 

C. 53–59. EDN: JTSNZB. 

17. Shtremel M.A., Karabasova L.V., Chizhikov V.I., 

Vodeniktov S.I. About optimal alloying of high-

vanadium high-speed steel // Металловедение и тер-

мическая обработка металлов. 1999. № 4. С. 16–20. 

EDN: MPCVSV. 

18. Штремель М.Л., Беломытцев М.Ю., Медведев В.В., 

Мочалов Б.В., Чернуха Л.Г. Структура и свойства 

композиционных материалов на основе интерме-

таллида NiAl // Известия высших учебных заведе-

ний. Черная металлургия. 2006. № 1. С. 40–44.  

EDN: HTDWRB. 

 

О возможности локального измерения трещиностойкости  

конструкционных сталей с привязкой к структуре 
© 2024 

Сергеев Максим Иванович*, аспирант 

Погорелов Егор Васильевич1, аспирант 

Дударев Артемий Александрович, магистр 

Соколовская Элина Александровна2, кандидат технических наук, доцент,  

доцент кафедры металловедения и физики прочности 

Кудря Александр Викторович, доктор технических наук, профессор,  

профессор кафедры металловедения и физики прочности 

Университет науки и технологий МИСИС, Москва (Россия) 

 
*E-mail: m1600219@edu.misis.ru 1ORCID: https://orcid.org/0000-0002-6768-5038 

2ORCID: https://orcid.org/0000-0001-9381-9223 

 

 
Поступила в редакцию 27.06.2023          Принята к публикации 04.03.2024 

 

Аннотация: Масштаб неоднородности структур сталей и сплавов может быть достаточно велик в пределах как 

одного образца, так и изделия. Принятая на практике процедура определения интегральных значений характеристик 

трещиностойкости не всегда может отразить это обстоятельство. В этой связи необходимо развитие методов оценки 

трещиностойкости среды с неоднородной структурой. В работе трещиностойкость крупных поковок из улучшаемой 

стали 38ХН3МФА-Ш (0,38%C–Cr–3%Ni–Mo–V) определяли на основе критического раскрытия трещины δс  

и J-интеграла. Наличие критических этапов в развитии вязкой трещины при испытании оценивали по измерениям 

акустической эмиссии. В сочетании с полученными методами цифровой фрактографии 3D-изображениями изломов 

это позволило привязать форму и положение переднего фронта каждого скачка трещины к диаграмме «нагрузка – 

смещение». Измерение геометрии раскрытия трещины в процессе испытания показало возможность прямого опре-

деления коэффициента вращения берегов трещины при оценке δс. В целом это позволило построить карту распреде-

ления значений параметра δс по толщине образца и оценить масштаб разброса трещиностойкости в пределах одного 

образца – до 30 %. Такая локализация измерений, в первую очередь параметра δс, сопоставима с масштабом неодно-

родности строения морфологии различных типов структур, который был оценен на основе измерения цифровых 

изображений дендритной структуры, серного отпечатка по Бауману, неметаллических включений на нетравленом 

шлифе, феррито-перлитной полосчатости в микроструктуре. Это дает возможность для привязки локальных значе-

ний трещиностойкости к различным механизмам разрушения и сопутствующим им структурным составляющим. 

Ключевые слова: неоднородность структур; трещиностойкость; акустическая эмиссия; фрактография; прогноз ка-

чества в металлургии; критическое раскрытие трещины; интеграл Черепанова – Райса; нелинейная механика разрушения. 
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Abstract: A coating based on a single-phase medium-entropy CrFeNi alloy with a face centered cubic (fcc) struc-

ture has good ductility, relatively high anti-corrosion properties, low cost, but insufficient strength for its widespread 

use. It is assumed that adding strengthening particles in the form of tungsten carbides and borides to the CrFeNi 

equiatomic coating will lead to an increase in its mechanical properties. This work studies the influence of tungsten 

carbide and boride additives on the structure and microhardness of a CrFeNi equiatomic coating. The coatings were 

formed by layer-by-layer short-pulse laser cladding with preplaced powder on a multifunctional laser installation 

equipped with a solid-state laser with a lamp pump based on an Nd:YAG crystal. The change in phase composition 

when adding strengthening particles was detected using X-ray diffraction analysis and transmission electron micro-

scopy (TEM). Both methods confirmed the precipitation of Cr23C6 chromium carbide in the deposited coatings. TEM 

photographs indicate that the precipitated phase is distributed along the grain boundaries of the  -solid solution.  

The study found that the addition of 6 wt. % WC and 3 wt. % WB increases the level of microhardness of the CrFeNi 

coating by 26 % (from 340±6 to 430±12 HV 0.025). This occurs due to the presence of Cr23C6, WC particles in  

the structure and possible microdistortions of the crystal lattice of the -phase as a result of doping with tungsten 

atoms released during the dissolution of tungsten borides and carbides in the process of high -temperature short-pulse 

laser heating. 

Keywords: CrFeNi coating; medium-entropy alloys; tungsten carbides/borides; short-pulse laser cladding; equiatomic 

coatings; microhardness. 
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INTRODUCTION 

One of the most rapidly developing areas of modern 

metal science is associated with the development of  

a new class of materials – high-entropy alloys (HEAs). 

These alloys appeared relatively recently, in 2004, usual-

ly contain at least five elements, and the amount of each 

of them should not be less than 5 at. % [1; 2]. Due to 
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significant differences in the processes of structure and 

phase formation, HEAs are classified as a separate group 

of materials, that have mechanical and functional proper-

ties, as well as thermal stability, different from traditio-

nal alloys (the main element as a matrix and a set of al-

loying elements). As a result, HEAs can have unique 

strength, tribological and corrosion properties in a wide 

temperature range [3–5]. 

Medium-entropy alloys (MEAs) consist of three or 

more main elements with approximately equal atomic 

percentages, and their configuration entropy is in  

the range of 1–1.5 R (R is the universal gas constant) [6]. 

Due to the high mixing entropy associated with a disor-

dered solution of several elements, both MEAs and 

HEAs can form stable single-phase solid solutions in 

which, in an ideal situation, atoms of different sizes are 

uniformly distributed. 

Most industrial equipment is exposed to aggressive ex-

ternal influence, such as high thermal and mechanical 

loads. To ensure long-term operability, and stability of this 

equipment, a functional surface layer (coating) with high 

mechanical, anti-corrosion and other properties is required. 

It is the surface layers, in which the processes of wear, cor-

rosion, cavitation damage and the initiation of fatigue 

cracks develop, which are the main reasons for the failure 

of the bulk of parts and mechanisms. Therefore, the use of 

expensive HEAs and MEAs, in the form of thin laser coat-

ings, and not in the form of an entirely manufactured part, 

will provide a significant economic effect due to material 

saving [7]. 

At the same time, the technology of laser surfacing, 

using short-pulse radiation, has a number of significant 

advantages. These include the possibility of producing  

a homogeneous, and dense layer of coating material of  

a specified thickness with a good metallurgical bonding, 

with the substrate material [8], as well as the possibility 

of forming nonequilibrium microstructures with unique 

physical, and mechanical properties [9]. Due to high en-

ergy densities, the thermal effect on the substrate is mi-

nimized [9; 10]. The continuous development of laser 

technologies makes them attractive for use, due to rela-

tive ease of operation, low cost, and high processing ef-

ficiency. 

The system of Cr–Fe–Ni components is the basis for  

a large number of MEAs and HEAs. Taken together, these 

components form a medium-entropy equiatomic alloy with 

relatively high anti-corrosion, mechanical and wear-

resistant properties, as well as low cost compared to other 

multicomponent alloys. 

Generally, single-phase face centered cubic (fcc) struc-

ture HEAs and MEAs have good ductility, but low strength 

[11]. Therefore, the development of ways to improve  

the mechanical properties of these alloys is an up-to-date 

area for further research. The strength of multicomponent 

alloys can be increased through solid solution strengthen-

ing, by adding elements with a large atomic radius.  

The second phase precipitation in the fcc matrix can also 

improve the mechanical properties of the alloy [12]. 

To increase the hardness of traditional alloys, additives 

of various strengthening particles are used – carbides, bo-

rides, etc. Tungsten carbide WC is well known for its high 

hardness, high chemical stability and oxidation resistance, 

which makes it possible to use it as a reinforcing phase in 

composite coatings to increase wear resistance [13–15]. It is 

known that tungsten borides have good chemical inertness, 

high wear resistance and hardness, as well as a high fusion 

temperature [16; 17]. Based on this, it can be assumed that 

the addition of strengthening particles in the form of tung-

sten carbides and borides during short-pulse laser cladding 

of the CrFeNi alloy can be an effective way to increase its 

strength characteristics. 

The purpose of this work is to study changes in  

the structural-phase state and microhardness of a coating 

based on an equiatomic CrFeNi alloy, formed by short-

pulse laser cladding with the addition of tungsten car-

bides and borides. 

 

METHODS 

Multicomponent coatings, based on medium-entropy al-

loys, were formed by layer-by-layer short-pulse laser clad-

ding, with preplaced powder on a LRS AU multifunctional 

laser system (manufactured by the “OKB BULAT”), 

equipped with a solid-state Nd:YAG laser (wavelength is 

1.065 μm). 

The substrate material, was plates of AISI 1035 (che-

mical composition: Fe–C0.38–Si0.34–Mn0.65–Cr0.13–

Ni0.06–Cu0.09 wt. %; as-delivered state), with dimen-

sions of 45×45×10 mm3. Before applying the coating, 

the surface of the plates was cleaned from oxides using 

sandpaper. As the base coating material, an equiatomic 

alloy of the Cr–Fe–Ni system was used in the form of  

a spherical powder, with a fraction of 50–150 μm (sup-

plied by PJSC “Ashinsky Metallurgical Plant”, Asha, 

Russia), the chemical composition of which is given in 

Table 1. To strengthen the CrFeNi matrix of the coating, 

GP10BN powder (60 % WC + 30 % WB + 10 % Co) 

with the fraction of 10–30 μm was used produced by 

Luoyang Golden Egret Geotools Co., Ltd (China). The sur-

facing material of the multicomponent coating was ob-

tained by mechanically mixing CrFeNi alloy powder, 

and the GP10BN powder in amounts of 3 and 10 wt. %. 

Consequently, CrFeNi + 1.8 % WC + 0.9 % WB + 0.3 % Co 

and CrFeNi + 6 % WC + 3 % WB + 1 % Co coatings were 

obtained (wt. %). A coating without adding the alloying 

elements (CrFeNi), acted as a base coating to compare 

the resulting structural features and micromechanical 

properties. 

Laser cladding with preplaced powder was used to 

apply the coating. A preplaced layer of the material was 

produced by applying a suspension (10 g of a mixture of 

CrFeNi powder and alloying additive (GP10BN powder); 

2 ml of alcohol-rosin solution) and subsequent levelling 

with a special device (“knife”) to achieve a uniform 

thickness (~200 μm) of the layer over the entire deposited 

area. Then, the plate with the applied layer of suspension 

was dried with a heat gun for 15–20 s. After this,  

the plate was placed in a chamber with continuous inert 

gas (argon) purging. Laser scanning of the deposited lay-

er of the material was carried out according to the scheme 

shown in Fig. 1 a. 

The following laser cladding parameters were used: 

pulse duration – 3.5 ms; pulse frequency – 20 Hz; pulse 

energy – 8.3 J; distance between scanning lines – 0.8 mm; 
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Table 1. Chemical composition of CrFeNi powder, wt. % 

Таблица 1. Химический состав порошка CrFeNi, мас. % 

 

 

Fe Ni Cr C S P Si 

Base 35.6 29.8 0.37 <0.001 0.008 1.62 

 

 

 

the diameter of the laser spot in the focal plane was ~1 mm. 

After this, the deposited coating was re-exposed to laser 

action, but with a greater degree of laser defocusing in or-

der to obtain a surface with less roughness. To reduce the 

effect of mixing the coating material with the substrate ma-

terial, the coating was applied in three layers. 

Measurements of Vickers microhardness (HV) of coat-

ings, as well as the construction of 2D maps of its distribu-

tion, were carried out on a cross-section using a Q10A+ 

automated microhardness tester (Qness, Austria). The load 

on the Vickers indenter was 0.245 N (25 gf), and the hold-

ing time was 10 s. The measurement error was determined 

by the standard deviation with a confidence level of p=0.95. 

The presence of an optical system, with magnifying lenses, 

made it possible to use this equipment for studying  

the macrostructure. 

X-ray diffraction analysis (XRD) was performed using  

a XRD-7000 diffractometer (Shimadzu, Japan) in Cu–K 

radiation, using a graphite monochromator. X-ray tube 

voltage U=40 kV, current I=30 mA, focus size 110 mm2, 

external standard is silicon powder. The diffraction spec-

trum was recorded in the angular range of 2=30–120°, in 

a step-by-step mode with a scanning step of =0.03° and  

a pulse accumulation duration of 2 s. Phase identification 

was carried out using the PDF-2 database of the Interna-

tional Centre for Diffraction Data (ICDD). The ICDD data 

bank also contains a program of quantitative analysis using 

the corundum number method, which was applied to deter-

mine the relative content of the phases. Corundum numbers 

(the ratio of the intensities of the maximum lines of phases, 

and the reference phase of corundum (-Al2O3) in a 1:1 

mixture), are accumulated in the ICDD data bank along 

with X-ray phase standards. This method is a semi-

quantitative estimation. 

Measurements of the half-width (full width at half 

maximum) of diffraction lines, were performed using  

the “New_profile” software package (free distribution). 

The package includes a set of means for preliminary pro-

cessing of diffraction spectra, (background separation, 

elimination of the Kα2 component of the doublet). Back-

ground separation was carried out using the least squares 

method (LSM); to determine the single maxima parame-

ters, the Lorentz quadratic function was used. The soft-

ware package uses the residual value as a criterion for 

the quality of fitting. In the process of fitting the Lorentz 

function to the experimental profiles of single maxima, 

data on the position of these maxima were obtained, 

which were then used to calculate the elementary cell 

parameters of the detected phases. 

Since the X-ray diffraction spectrum contained broad-

ened diffraction maxima, we analysed the line broadening 

using the Williamson–Hall method, which assumes that  

the broadening is caused by the small sizes of coherent 

scattering regions (CSR) and microdistortions (ε) of crystal-

line structure (type II residual stress). The method is based 

on the following relation: 
 






cos
tan4

D
, 

 
where β is the physical broadening, rad.; 

ε is an average value of microstrains (dimensionless value); 

Θ is Bragg angle; 

 is the radiation wavelength (for Cu–Kα =1.54051 Å); 

D is the CSR size, nm. 

Electron microscopy studies were carried out using  

a JEM-200CX transmission electron microscope (JEOL, 

Japan). Samples (~300 µm thick) for the production of thin 

foils were cut out on an electric spark machine, followed by 

grinding to a thickness of 50–70 µm. Then, they were sub-

jected to double-sided thinning by electropolishing. 

 

RESULTS 

Fig. 2 shows a cross-section of a CrFeNi + 6 % WC + 

+ 3 % WB + 1 % Co (wt. %) medium-entropy alloy coat-

ing obtained by optical microscopy. As can be seen,  

the coating thickness value after three-layer laser clad-

ding varies from approximately 620 to 710 μm. The ma-

crostructure of the studied sample shown in Fig. 2 con-

firms that during the laser cladding, a relatively dense, 

uniform coating is formed without large defects in  

the form of cracks. The coating contains isolated conti-

nuity defects in the form of pores, which are predomi-

nantly round-shaped. It is also worth noting that during 

laser cladding, an almost defect-free transition zone was 

formed, between the coating material and the substrate 

material: there are no peelings of the coating, only iso-

lated elongated pores are observed. 

The Vickers microhardness test results indicate an in-

crease in the microhardness of coatings up to 26 %, with 

the addition of strengthening additives in the form of 

tungsten carbides and borides. As can be seen from  

Table 2 and the graph presented in Fig. 3, the average 

microhardness of the CrFeNi coating formed by laser 

cladding is 340±6 HV 0.025. 

An increase in the mass fraction of WC and WB in coat-

ings, leads to an increase in the microhardness level. The aver-

age microhardness level of the CrFeNi + 1.8 % WC + 

+ 0.9 % WB + 0.3 % Co sample is approximately 

380±11 HV 0.025, while this feature for the CrFeNi + 

+ 6 % WC + 3 % WB + 1 % Co sample is 430±12 HV 0.025, 

which is 12 and 26 %, respectively, higher than that of  

the original sample without strengthening additives. 
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 a b 

Fig. 1. Scheme of laser scanning of pre-applied powder (a) and appearance of a steel sample with a fused coating (b) 

Рис. 1. Схема лазерного сканирования предварительно нанесенного порошка (a)  

и внешний вид стального образца с наплавленным покрытием (b) 

 

 

 

 
 

Fig. 2. Macrostructure of a fused coating based on CrFeNi + 6 % WC + 3 % WB + 1 % Co medium-entropy alloy  
in the cross-section plane 

Рис. 2. Макроструктура наплавленного покрытия на основе  
среднеэнтропийного сплава CrFeNi + 6 % WC + 3 % WB + 1 % Co в плоскости поперечного сечения 

 

 

 

Fig. 4 shows 2D maps of microhardness distribution in 

the cross-sectional plane of the studied samples, where are-

as with high microhardness values (465–500 HV 0.025 and 

above) are marked in red, and areas with the lowest micro-

hardness values (150–200 HV 0.025) are marked in blue. 

As can be seen, the CrFeNi sample is characterised by  

a relatively uniform microhardness distribution, in the cross-

sectional plane (Fig. 4 a). Slight deviations in the microhard-

ness distribution are observed in the CrFeNi + 1.8 % WC + 

+ 0.9 % WB + 0.3 % Co coating (Fig. 4 b): areas of the coat-

ing near the “coating – steel” transition zone have a slightly 

higher microhardness level. 

Fig. 5 presents the XRD results for the CrFeNi + 

+ 6 % WC + 3 % WB + 1 % Co sample. Phase analysis 

showed, that the sample contains three phases: -phase 

(CrFeNi-based solid solution), chromium carbide Cr23C6 
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Table 2. The results of measuring microhardness of the studied samples 

Таблица 2. Результаты измерения микротвердости исследованных образцов 

 

 

Coating 
Average value,  

HV 

RMS deviation σ,  

HV 

Range R,  

HV 

Coefficient  

of variation Vσ, % 

CrFeNi 340±6 37 175 10.6 

CrFeNi + 1.8 % WC +  

+ 0.9 % WB + 0.3 % Co 
380±11 51 263 13.4 

CrFeNi + 6 % WC +  

+ 3 % WB + 1 % Co 
430±12 61 328 14.2 

 

 

 

 
 

Fig. 3. Graph of changes in microhardness of samples with deposited coatings  

depending on the distance from the surface 

Рис. 3. График изменения микротвердости образцов с наплавленными покрытиями в зависимости  

от расстояния от поверхности 

 

 

 

(Fm-3m space group), and WC tungsten carbide. The ratio of 

the diffraction maxima indicates that the -phase has a distinct 

texture with the [200] zone axis. Analysis of the diffraction 

peak profiles, showed that their width significantly exceeds 

the instrumental width. As a result of the calculations, it was 

found that the average size of the -phase CSR is 59 nm, and 

the average value of microstrains (<ε>) was 0.26 %. 

The elementary cell parameters calculated using  

the least squares method (RTP 32 programme), and the quan-

titative composition are shown in Table 3. It can be observed 

that the lattice parameter of the CrFeNi-based -solid solu-

tion practically did not change, when adding the tungsten 

carbides and borides (a=3.598 Å and a=3.599 Å, respective-

ly). The presented quantitative analysis results for the 

CrFeNi + 6 % WC + 3 % WB + 1 % Co coating (~86 wt. % 

of , ~13 wt. % of Cr23C6, ~1 wt. % of WC), are estimating 

due to the presence of the -phase crystallite texture. 

The TEM method was used to study the structure of  

a CrFeNi alloy formed by short-pulse laser cladding. 

Fig. 6 a, 6 b show the sample microstructure features. 

Elongated subgrains are observed, inside of which there 

are individual dislocations or dislocation cells. The sub-

grain boundaries are wide, consisting of clusters of dislo-

cations. The reflections in the microdiffraction image 

(Fig. 6 a) belong only to the -phase, which is also con-

firmed by the obtained results in [18; 19]. In general,  

the sample structure is characteristic of samples obtained 

by selective laser melting and is single-phase. 

Fig. 7 shows the structural features of the CrFeNi + 

+ 6 % WC + 3 % WB + 1 % Co sample. In Fig. 7 a, 7 c, fcc 

grains of 1–2 µm in size, with an elongated or rounded 

shape are visible. There are a small number of dislocations 

inside the grains. The Me23C6 phase precipitated along  

the grain boundaries. In the microdiffraction patterns, ex-

cept for the fcc reflections of the solid solution, there is  

a network of Me23C6 reflections (Fig. 7 b). In the dark-field 

image (Fig. 7 d), precipitates of the Me23C6 phase glow 

along the grain boundaries. 
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 b c 

Fig. 4. 2D distribution maps of microhardness of deposited coatings in the cross-sectional plane of the samples:  

a – CrFeNi; b – CrFeNi + 1.8 % WC + 0.9 % WB + 0.3 % Co; c – CrFeNi + 6 % WC + 3 % WB + 1 % Co 

Рис. 4. 2D-карты распределения микротвердости наплавленных покрытий в плоскости поперечного сечения образцов: 

a – CrFeNi; b – CrFeNi + 1,8 % WC + 0,9 % WB + 0,3 % Co; c – CrFeNi + 6 % WC + 3 % WB + 1 % Co 

 

 

 

 

 

Fig. 5. X-ray diffraction pattern of the CrFeNi + 6 % WC + 3 % WB + 1 % Co sample 

Рис. 5. Рентгеновская дифрактограмма образца CrFeNi + 6 % WC + 3 % WB + 1 % Co 
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Table 3. Phase composition, elementary cell parameters of the studied samples 
Таблица 3. Фазовый состав, параметры элементарной ячейки исследованных образцов 

 
 

Phase Content, wt. % 
Elementary cell parameters, Å 

a V 

CrFeNi coating 

-phase, Fm-3m 100.0 3.598 46.58 

CrFeNi + 6 % WC + 3 % WB + 1 % Co coating 

-phase, Fm-3m 86.2 3.599 46.62 

Cr23C6, Fm-3m 12.7 10.660 1 214.20 

WC 1.0 – – 

 

 

 

     
 a b 

Fig. 6. Structure of the CrFeNi sample: 
 a – bright-field image; in the insert – microdiffraction pattern, [130]γ zone axis;  

b – dark-field image in the 200  reflection  

Рис. 6. Структура образца CrFeNi:  
a – светлопольное изображение; на вкладке – картина микродифракции, ось зоны [130]γ;  

b – темнопольное изображение в рефлексе 
200  

 

 

 

DISCUSSION 

It is important to emphasise that the results of this work 

confirm the fundamental possibility of using a CrFeNi 

equiatomic alloy as a surface layer formed by laser clad-

ding. This allows saving expensive material. Moreover, to 

produce a dense coating and a transition zone (from the 

coating to the steel substrate), without continuity defects 

(pores), a more careful selection of surfacing technological 

modes is apparently required. 

The microhardness of the CrFeNi alloy depends on  

the manufacturing technology. For comparison, technologies 

for producing CrFeNi alloy, not using laser radiation, are cha-

racterised by lower microhardness values. Thus, in [18],  

the CrFeNi alloy produced by the spark plasma sintering tech-

nology had an average microhardness of 267 HV. The mi-

crohardness of CrFeNi samples produced by vacuum-arc 

melting in an argon atmosphere was approximately 200 HV 

[19], while the microhardness of the CrFeNi coating formed 

by laser cladding is on average 340±6 HV 0.025. 

During this work, it was identified that the addition of 

tungsten carbides and borides has a positive influence on 

the microhardness values of deposited coatings. A similar 

approach, to increasing the strength properties of a CrFeNi 

alloy by adding particles, is mentioned in [20]: adding 

1 wt. % of yttrium oxide Y2O3 and 1 wt. % of zirconium Zr 

to the CrFeNi alloy, leads to an increase in microhardness 

to 474 HV. 

Based on the results of the study of the structure and 

phase composition, one can assume that this strengthening 

effect is caused by the precipitates of special Cr23C6 chro-

mium carbide formed along the grain boundaries of  

the -solid solution. The hardness of Cr23C6 carbide is 

1000–1150 HV [21]. The X-ray method did not reveal the 

presence of WB tungsten borides in the deposited coating, 

which in an amount of 3 wt. % was added to the CrFeNi 

equiatomic alloy powder. However, the XRD method iden-

tified a small amount (1 wt. %) of WC tungsten carbide in 

the coating (Fig. 5, Table 3), which, along with chromium 
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a  b 

     
 c d 

Fig. 7. Structure of the CrFeNi + 6 % WC + 3 % WB + 1 % Co sample:  

a – bright-field image; b – microdiffraction pattern, axis of [110]γ and 
623CMe[110]  zones;  

c – dark-field image in the γ111  reflection; d – dark-field image in the
 623CMe222

 
reflection 

Рис. 7. Структура образца CrFeNi + 6 % WC + 3 % WB + 1 % Co:  

a – светлопольное изображение; b – картина микродифракции, оси зон 
y[110]  и 

623CMe[110] ;  

c – темнопольное изображение в рефлексе γ111 ; d – темнопольное изображение в рефлексе
 623CMe222

 
 

 

 

 

carbides, causes dispersion strengthening of the coating. 

From these data, it follows that tungsten boride complete-

ly dissolved during laser cladding of the coating, and 

tungsten carbide dissolved only partially. This is facilitat-

ed by the larger amount of added WC carbide (6 wt. %), 

as well as the higher melting point of tungsten carbide 

(TmeltWC=2870 °C), than that of tungsten boride 

(TmeltWB=2660 °C). 

To form Cr23C6 chromium carbide, the presence of free 

carbon is necessary. Despite the fact that the CrFeNi pow-

der for surfacing contains 0.37 wt. % of C, when surfacing 

the CrFeNi coating without additives, a single-phase struc-

ture of a -solid solution is formed. Precipitates of Cr23C6 

chromium carbide were found only in coatings with addi-

tives. This may lead to the assumption, that part of the WC 

tungsten carbides (possibly significant) dissolved due to 

high instantaneous power values during the process of 

short-pulse laser cladding. In addition, during the crystalli-

zation process, carbon formed compounds with chromium, 

as a more active chemical element. 

When WC and WB particles dissolve, as a result of la-

ser cladding, tungsten atoms move into a -solid solution 

based on the Cr–Fe–Ni alloying system, replacing individu-

al chromium, iron or nickel atoms at the crystal lattice sites. 

This leads to microdistortions of the lattice and correspond-

ing additional coating strengthening. 

 

CONCLUSIONS  

This study demonstrated the fundamental possibility of 

producing relatively high-quality coatings (with the pres-

ence of isolated pores) based on a CrFeNi equiatomic alloy 

with a thickness of 600–700 μm using short-pulse laser 

cladding with preplaced powder. 

TEM method identified that the coating formed from  

the CrFeNi alloy without strengthening additives using 

short-pulse laser cladding, is characterised by a single-

phase structure (-solid solution), with a grain size of 1–

2 μm. The addition of strengthening particles in the form of 

tungsten carbides and borides (WC and WB) to the CrFeNi 

matrix, leads to the Me23C6 second phase precipitation in  

the laser coating along the grain boundaries. The results of 

X-ray diffraction phase analysis confirm the presence of  

the Cr23C6 phase, in the CrFeNi + 6 % WC+3 % WB + 

+ 1 % Co coating, complete dissolution of WB boride and 

partial dissolution of WC carbide during laser cladding. 

According to approximate calculations (due to the presence 

of texture in the -phase), the content of the Cr23C6 phase 

y[110]  и 
623CMe[110] ; 

y[110]  and 
623CMe[110] zones; 
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precipitated during crystallization is 12.7 wt. %. The ele-

mentary cell parameter of the -phase does not change sig-

nificantly, when adding strengthening particles to  

the CrFeNi-based coating. In both cases it is (3.598–

3.599) Å. 

The results of Vickers microhardness test indicate that 

the microhardness in the cross-sectional plane of the sam-

ples is characterised by relative homogeneity. Only in the 

CrFeNi + 6 % WC + 3 % WB + 1 % Co coating, individual 

areas with an increased microhardness level are observed. 

The obtained results indicate the strengthening of CrFeNi-

based coatings by adding tungsten carbides and borides. 

The CrFeNi + 1.8 % WC + 0.9 % WB + 0.3 % Co sample 

has an average microhardness of 380±11 HV 0.025, which 

is 12 % higher than the initial value. The average micro-

hardness of the CrFeNi + 6 % WC + 3 % WB + 1 % Co 

sample is 430±12 HV 0.025, which is 26 % higher than  

the average microhardness level of the CrFeNi coating 

(340±6 HV 0.025) without strengthening additives. 

The strengthening of the CrFeNi + 6 % WC + 3 % WB + 

+ 1 % Co coating is caused by the presence of chromium 

carbides (Cr23C6), and tungsten carbides (WC) particles in 

the laser coating structure, as well as, apparently,  

the occurrence of microdistortions of the crystalline lattice 

of the -solid CrFeNi-based solution due to its doping with 

tungsten atoms precipitated during the dissolution of tung-

sten borides, and carbides in the process of high-

temperature short-pulse laser heating. 
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Аннотация: Покрытие на основе однофазного среднеэнтропийного сплава CrFeNi с гранецентрированной ку-

бической (ГЦК) структурой обладает хорошей пластичностью, относительно высокими антикоррозионными свой-

ствами, низкой стоимостью, но недостаточной прочностью для его широкого применения. Предполагается, что 

добавление упрочняющих частиц в виде карбидов и боридов вольфрама в эквиатомное CrFeNi-покрытие приведет 

к повышению его механических свойств. В работе изучено влияние добавок карбида и борида вольфрама на 

структуру и микротвердость эквиатомного CrFeNi-покрытия. Формирование покрытий осуществлялось путем 

послойного короткоимпульсного лазерного оплавления предварительно нанесенного порошка на многофункцио-

нальной лазерной установке, оснащенной твердотельным лазером с ламповой накачкой на основе кристалла 

Nd:YAG. Изменение фазового состава при добавлении упрочняющих частиц выявлялось с помощью методов 

рентгеновского дифракционного анализа и просвечивающей электронной микроскопии (ПЭМ). Оба метода под-

твердили выделение в наплавленных покрытиях карбида хрома Cr23C6. Фотографии, полученные при помощи 

ПЭМ, указывают на то, что выделяемая фаза распределена по границам зерен -твердого раствора. Установлено, 

что добавление 6 мас. % WC и 3 мас. % WB повышает уровень микротвердости CrFeNi-покрытия на 26 % (с 340±6 

до 430±12 HV 0,025) вследствие наличия в структуре частиц Cr23C6, WC и возможных микроискажений кристал-

лической решетки -фазы в результате легирования атомами вольфрама, высвободившимися при растворении бо-

ридов и карбидов вольфрама в процессе высокотемпературного короткоимпульсного лазерного нагрева. 

Ключевые слова: CrFeNi-покрытие; среднеэнтропийные сплавы; карбиды/бориды вольфрама; короткоимпуль-

сная лазерная наплавка; эквиатомные покрытия; микротвердость. 
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Abstract: The experience of many-year research has shown that optimizing the steel chemical composition and micro-

structural characteristics, as well as reducing its contamination with non-metallic inclusions (NMI), it is possible to signifi-

cantly increase the corrosion resistance of oilfield pipeline steels and increase the time of their trouble-free operation.  

The influence of complex NMIs on the steel corrosion resistance is determined by both the chemical composition of NMIs 

and their quantitative ratios. Therefore, obtaining metal products of the required quality is possible only when using  

the “control by structure” principle. In the work, based on the analysis of brightness fields of images (on a sample scale) in 

256 shades of gray, the authors proposed digital, metrologically supported procedures for measuring the NMI heterogenei-

ty of low-carbon oilfield steels: eliminating the heterogeneity of field illumination, justifying the criteria for binarization 

and noise filtering. For low-carbon steels of various types of melting, the authors identified the key role of dispersed non-

metallic inclusions ranging in size from 5–10 μm2 to 2 nm2 in the formation of the corrosion resistance of steels. This may 

explain why, in some cases, there is no interrelation between the corrosion rate and the fracture resistance of steels,  

the formation of which is determined by larger particles. When representing the NMI as a set of random points on  

the plane, the distribution of distances between the nearest ones is estimated based on Voronoi polyhedra statistics.  

The study shows that an increase in the kurtosis coefficient of distributions of polyhedra areas is accompanied by an in-

crease in the corrosion rate of the steels under study. This indicates the negative impact of heterogeneity in the arrange-

ment of dispersed NMIs on the corrosion resistance of steels. 

Keywords: digital measurements of structures; quality management by structure; non-metallic inclusions in steel; cor-

rosion resistance of oilfield pipes. 
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INTRODUCTION 

Producing high-quality steel is possible only when con-

trolling the non-metallic inclusions (NMI) present in it, 

which are an inevitable product of the technological process 

[1; 2]. The size of inclusions in steel depends on their origin 

and can vary from 0.01 microns to 10 mm. Due to their 

small volume fraction, NMIs primarily affect the destruc-

tion processes, but each size group affects in its own way 

[1]. Large inclusions visible to an unaided eye contribute to 

the formation of areas of destruction or corrosion. Small 

inclusions (less than 1 mm) can lead to the formation of 

fatigue failure sites. Dispersed inclusions can affect  

the plastic properties, and susceptibility to the austenite 

grain growth [3]. The quality of the metal is determined 

both by the NMI volume fraction, and size and by their 

shape and heterogeneity of location. In turn, analysis of  

the NMI chemical and phase composition, makes it possible 

to diagnose their origin for further elimination of the nega-

tive impact. The works [4–6] reflect the peculiarities of  

the influence of the size, shape and type of inclusions, on 

the mechanical properties of structural steels. NMI conta-

mination is one of the main reasons for the rapid failure of 

oil pipes [7]. The corrosion activity of complex Nis, present 

in modern steels, depends on their chemical and phase 

composition, the optimization of which can prevent the ne-

gative impact of NMIs on the corrosion resistance of steels, 

under service conditions of oilfield pipelines [8]. 

Due to the significant influence of NMIs on the proper-

ties of steel, various methods are used to analyze them.  

To study the chemical composition of single NMIs, scan-

ning electron microscopy, with the possibility of performing 
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X-ray spectral microanalysis is used. To determine the size 

and shape of inclusions, and estimate the distance between 

them, the extreme value method, Spark-DAT, thermody-

namic calculations, etc. are used [9–11]. However, the rank-

ing of structures based on comparison of their images, ob-

tained by the light microscopy methods with reference 

scales is the most common. The GOST 1778, 5639 and 

3443 reference scales have an empirical nature; this indi-

cator is complex, and difficult to formalize. The statistical 

nature of images of “score” structures is often not taken 

into account; therefore, there are difficulties when deter-

mining a one-to-one correspondence between GOST 

“scores” and the quantitative characteristics of the geo-

metric elements of their images. Digitalization makes it 

possible to document quickly measurements of structures, 

which allows collecting measurement statistics, and for-

mulating recommendations on product quality manage-

ment based on it [12]. 

Through digitalization, it became possible to provide 

mass measurements and obtain statistical estimates of  

the geometric parameters of structural elements, which was 

previously difficult to achieve due to the large amount of 

manual work. The obtained representative volume of measu-

rement results, allows evaluating the influence of structural 

heterogeneity on the properties of steels, taking into ac-

count their different scales. An assessment of the variation 

in contamination of the 38KhN3MFA steel (from large 

forgings) with NMIs, showed that the scale of observation 

is of great importance, and affects the reproducibility of  

the measurement results of the NMI geometry [13]. 

Segmentation, i. e., dividing an image into its constitu-

ent areas or objects, is one of the important stages of quan-

titative analysis. Non-trivial image segmentation is one of 

the most challenging image processing problems. Most 

existing image segmentation algorithms are based on one of 

two basic properties of the luminance signal: discontinuity 

and uniformity. In the first case, the approach consists in 

the image partition based on sudden changes in the signal, 

such as luminance differences in the image. The second 

category of methods uses dividing the image into areas that 

are homogeneous in terms of pre-selected criteria. Thresh-

old processing (binarization) is an example of such methods 

[14]. In the standards existing today (ASTM E45–18a and 

DIN EN 10247:2017-09), it is recommended to use the 

flicker method as a binarization method for quantitative 

assessment of NMIs, but it is manual, and as a conse-

quence, subjective. In turn, most image analyzers have 

built-in global methods. The use of global binarization 

methods when processing panoramas of NMI images, can 

lead to the binary image distortion. The reasons for this are 

the small size, and number of objects to study, and the fea-

ture of automatic “stitching” of image panoramas, leading 

to illumination heterogeneity. Therefore, it remains relevant 

to develop physically justified binarization methods that 

allow identifying objectively the informative objects in 

images of structures. 

The practice of developing digital procedures for mea-

suring structures and fractures shows that considering  

the physical laws of the formation of the brightness field of 

their images, when identifying binarization and filtering 

criteria, and a reasonable choice of the measurement object 

representative volumes. Taking into account their statistical 

nature, can provide virtually the only trajectory for prepar-

ing images for their subsequent measurement. Conse-

quently, one cannot expect significant differences from the 

results of measurements of the geometry of structural  

elements, obtained in different laboratories, on the same 

metallographic specimens [15]. It is obvious that digital 

metallography using image analyzers that have undergone 

interlaboratory round-robin comparisons, will significantly 

simplify acceptance tests, between the supplier and con-

sumer of metal products [16]. 

The purpose of this study is to develop a methodology 

for quantitative analysis of non-metallic inclusions on a thin 

section scale, to identify patterns of their influence on the 

corrosion resistance of oilfield pipe metal. 

 

METHODS 

Sheets of five low-carbon steels of various melts 

were the objects of the study. The sheets intended for 

oilfield pipes were produced using standard technology. 

Table 1 presents the chemical composition of the steels 

under study. 

The chemical composition of steels was determined us-

ing an OBLF QSN 750 automatic analyzer and complied 

with the requirements of regulatory documents. The micro-

structure was studied on longitudinal samples cut from 

sheets in the as-delivered condition. The cut samples were 

hot pressed into resin using a CitoPress-5 automatic electro-

hydraulic press. Grinding and polishing were carried out on 

an AutoMet 250 Buehler machine. For the structure metal-

lographic examination, the authors used an Axio Observer 

D1m Carl Zeiss optical microscope. 

To assess the steel contamination with NMIs in our 

study, panoramas were obtained on the scale of a metallo-

graphic specimen (the studied area for all samples was at 

least 170 mm2). Image panoramas of non-metallic inclu-

sions were obtained on unetched metallographic specimens, 

using Thixomet software at a magnification of ×50.  

The chemical composition of complex NMIs was deter-

mined using a JSM-6610LV scanning electron micro-

scope at a magnification of ×500 (the analyzed area was 

at least 3.5 mm2 on the sample scale). Nanosized precipi-

tates of carbide (carbonitride) excess phases were stu-

died by transmission electron microscopy using a JEM-

200CX microscope. 

Tensile tests to determine strength and plastic characte-

ristics were carried out in accordance with GOST 1497-84. 

Electrochemical studies to determine corrosion characteris-

tics and subsequent calculations were carried out in accord-

ance with ASTM G3, G5, G59, G102, ISO 17475:2005, and 

GOST 9.912-89 standards. 

Image panoramas were processed in prepared software 

using C#. The color image was converted to shades of gray 

(from 0 to 255) using the formula: 

 

I=0.299R+0.587G+0.114B, 

 

where R, G and B are the intensity values of red, green and 

blue colors, respectively [17]. 

To process image panoramas, a complex algorithm was 

developed, which includes the elimination of illumination 
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Table 1. Chemical composition of the steels under study  

Таблица 1. Химический состав исследуемых сталей 

 

 

Steel 
Element content, mass fraction, % 

C Mn Si S P Cr Ni Mo V Nb N 

1 0.052 0.466 0.150 0.002 0.005 0.054 0.091 0.009 0.099 0.002 0.022 

2 0.054 0.653 0.214 0.001 0.005 0.067 0.104 0.009 0.044 0.024 0.007 

3 0.049 1.090 0.248 0.001 0.005 0.244 0.076 0.095 0.002 0.033 0.008 

4 0.049 0.920 0.230 0.001 0.004 0.651 0.071 0.008 0.004 0.040 0.007 

5 0.044 0.635 0.258 0.001 0.003 0.538 0.070 0.009 0.044 0.025 0.007 

 

 

 

heterogeneity of various natures and subsequent analysis of 

the brightness field to determine the binarization threshold. 

Illumination heterogeneity was eliminated using a method 

based on subtracting the 1st or 2nd degree surface from  

the original 3D distribution of image luminance intensities. 

The binarization algorithm included the construction of 

distribution histograms of intensities of the halftone image 

pixels f(x,y). Dark objects were identified against a light 

background by determining the value of T threshold, which 

delimits the brightness distribution modes. Any point in  

the image with coordinates xi and yi, at which f(xi,yi)>T, was 

called the background, points with lower brightness were 

called the object. Geometric parameters were calculated 

according to the four-connection principle; boundary ob-

jects were not taken into account. 

The authors calculated the following NMI parameters: 

density, volume fraction and average area, as well as  

the skewness and kurtosis coefficients of area distribution. 

To identify the “object – noise” threshold value, the authors 

relied on the parameters of the equipment used, and  

the nature of the object. For this purpose, in particular,  

the filtering threshold was varied, sequentially removing 

from the primary image the inclusions with an area of less 

than 5, 10, 25, 50, 75, and 100 μm2, respectively. To assess 

the NMI location heterogeneity, the construction of Voronoi 

polyhedra [18] based on the method of perpendicular bisec-

tors was proposed. After constructing the polyhedra and 

determining the nearest neighbors, the distances between 

the centers of objects (NMI), the areas of the polyhedra and 

the number of their nearest neighbors, as well as the kurto-

sis and skewness coefficients, of the distributions of  

the obtained values were calculated. 

 

RESULTS  

The variation of the threshold filter led to the following 

changes in the values of the NMI geometry parameters:  

a natural decrease in the density and volume fraction of 

particles, an increase in the average values of their area for 

the five steels under study (Fig. 1). It was identified that at 

high filter values, the difference in the density of the NMIs 

of the studied samples is leveled out. The difference in  

the density of large inclusions (from 100 µm2 and above) 

for all samples was minimal – 29 pcs/mm2, and for all in-

clusions (without filtering) – 218 pcs/mm2. 

The results of the NMI quantitative analysis were 

compared to the acceptance properties of steels. The re-

sults of tensile and corrosion resistance tests are given in 

Table 2. 

The sheets studied corresponded to K52 and K55 

strength classes, the scatter of strength and plastic parame-

ters was insignificant. However, the corrosion resistance of 

the samples differed by a factor of 3. Fig. 2 shows the rela-

tionship between the NMI density, and the corrosion re-

sistance of the steels under study, taking into account dif-

ferent levels of noise filtration. 

Fig. 3 shows the dependences of Voronoi polyhedra pa-

rameters on the corrosion resistance values of the samples 

under study, from which it follows that these characteristics 

significantly correlate with each other. 

Steels 4 and 5 have the lowest density and more uniform 

distribution of NMIs, and as a consequence, the best corro-

sion resistance. In turn, for steels 1, 2 and 3, the statistics of 

Voronoi polyhedra do not differ, but for steels 2 and 3, a cor-

relation with the NMI density was revealed. For steel 1, no 

significant relationship was found between the NMI density 

and corrosion resistance. 

Table 3 presents the results of the quantitative assess-

ment and chemical composition of NMI using scanning 

microscopy. 

Fig. 4 shows images of nanosized particles obtained us-

ing transmission microscopy. 

 

DISCUSSION 

The change in the characteristics of steel contamination 

with inclusions with increasing filtration threshold (Fig. 1), 

is associated with the removal of small objects, the number 

of which prevails over large ones. Fig. 2 shows that the 

greatest strength of the relationship between corrosion re-

sistance and NMI density (correlation coefficient is 0.95),  

is observed in the absence of their filtration. Increasing  

the filtration threshold and the accompanying screening out 

of small inclusions leads to a decrease in the correlation 

coefficient. This indicates that corrosion resistance is main-

ly affected by small inclusions (<10 µm2). One should 
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a 

 

b 

 
c 

Fig. 1. Statistical parameters of NMIs of the steels under study at different filtration levels: 
a – density; b – volume fraction; c – average area 

Рис. 1. Статистические параметры НВ изучаемых сталей при разных уровнях фильтрации:  
a – плотность; b – объемная доля; c – средняя площадь 

 
 
 

Table 2. Mechanical and corrosive properties of the steels under study 
Таблица 2. Механические и коррозионные свойства исследуемых сталей 

 
 

Steel 
Yield strength,  

MPa 

Tensile strength,  

MPa 

Ultimate elongation,  

% 

Corrosion rate,  

mm/year 

1 441.0 510.9 24.9 1.67 

2 413.8 504.4 25.9 1.35 

3 469.8 547.4 21.5 1.57 

4 454.0 556.2 21.5 0.59 

5 445.7 524.7 26.3 0.75 
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Fig. 2. Correlation of NMI density and corrosion rate in the steels under study  

when varying the inclusion filtration level (by their area) 

Рис. 2. Соотношение плотности НВ и скорости коррозии в исследуемых сталях  

при вариации уровня фильтрации включений (по величине их площади) 

 

 

 

consider this fact during “noise – object” filtering, since an 

incorrect choice of threshold can lead to the loss of a signi-

ficant part of the information. Despite the fact that the vo-

lume fraction of small NMIs is low, they have a higher den-

sity compared to large ones. In this regard, there is an in-

creased likelihood that small inclusions will form clusters, 

which, in turn, will contribute to a decrease in the corrosion 

resistance of steels. 

It is unlikely that the absence of a significant relation-

ship between the NMI density and corrosion resistance for 

steel 1 may be associated with the chemical composition 

of inclusions and the release of nanosized particles. There-

fore, further analysis of the contamination of steels with 

NMIs was carried out using scanning and transmission 

microscopy. Microanalysis of inclusions using SEM 

showed that, unlike other steels under study, steel 1 is dis-

tinguished by a high density of complex NMIs based on 

aluminum-magnesium spinel and a high Al/(Mg+Ca) ra-

tio. It is known [19] that with an increase in the proportion 

of the Al2O3 phase in a complex NMI, the tendency to  

the appearance of microfractures around the NMIs in-

creases, which leads to a decrease in the corrosion re-

sistance of steel. In turn, modifying steel with calcium 

allows giving a globular shape to such inclusions and 

thereby reduce their negative impact [20]. 

Transmission electron microscopy showed that steel 1 

contains a large number of nanosized carbonitride particles. 

The belonging of particles to one type or another was as-

sessed by the nature of the mutual arrangement of the parti-

cles, the presence of a regular orientation correspondence 

between the particles, and the ferrite matrix, and by  

the shape of reflections of the particles in the micro-

diffraction patterns. Nanoparticles were detected in almost 

all areas of the sample tested for their presence. Particles 

of all known types were observed, most of all particles 

were of the interphase/mixed type; their volume density 

was high (Fig. 4). Thus, the presence in steel 1 of nanopar-

ticles of a different (than in steels 2–5) nature, determined 

the deviation from the found general patterns reflecting  

the relationship between the NMI density and corrosion 

resistance. 

The results of the work showed the importance of an in-

tegrated approach to the study of the morphology of non-

metallic inclusions. This involves the combination of  

a physically supported image-processing algorithm to get 

ideas about the geometry of inclusions, and the patterns of 

their arrangement in the volume of metal with an analysis 

of their composition using transmission and scanning mi-

croscopy, including submicroscopic and nanoscale observa-

tions. It appears to be essential for understanding the diffe-

rences in corrosion resistance of oilfield steels. 

 

CONCLUSIONS  

1. The authors proposed a method for processing pano-

ramic images of NMIs (on a metallographic specimen) 

based on an analysis of the patterns of their brightness 

fields (in 256 shades of gray) to compile reasonable algo-

rithms for illumination, equalization and binarization of 

images, which is necessary to obtain metrologically assured 

results. The study shows the importance of justifying  

the choice of filtering threshold for objects of noise nature, 

to obtain significant results. 

2. The study shows the effectiveness of using the statis-

tics of Voronoi polyhedra to assess the heterogeneity of 

NMIs location, which includes obtaining statistical esti-

mates of the type of distribution of parameter values. 

3. Comparing the results of corrosion tests, and quanti-

tative assessment of the NMIs of samples of the steels un-

der study, the influence of density, values of the polyhedron 

area distribution kurtosis coefficient, and the average dis-

tance between the centers of inclusions (in the size range 

from 2 nm2 to 10 μm2) on corrosion resistance was discovered. 

The coefficients of determination of linear dependencies 
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a 

 

b 

 

c 

Fig. 3. Correlation of the results of determining the NMI geometry  

(according to the Voronoi polyhedra statistics) and the corrosion rate:  

a – average distance between centers; b – average area of polyhedra;  

c – kurtosis coefficient of the distribution of polyhedra areas 

Рис. 3. Соотношение результатов определения геометрии НВ  

(по статистике полиэдров Вороного) и скорости коррозии:  

a – среднее расстояние между центрами; b – средняя площадь полиэдров;  

c – коэффициент эксцесса распределения площадей полиэдров 
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Table 3. The results of NMI analysis using scanning microscopy 

Таблица 3. Результаты анализа НВ методом сканирующей микроскопии 

 

 

Steel 

Area of analyzed 

surface  

of a metallographic  

specimen, mm2 

NMI density, 

pcs/mm2 

Chemical element average content in inclusions, wt. % 

Al/(Mg+Ca) 
Mg Al S Ca 

1 3.79 51 3.75 10.60 2.95 6.04 1.18 

2 4.54 37 6.73 6.95 2.73 7.14 0.53 

3 3.57 48 3.40 3.11 1.32 8.38 0.32 

4 3.90 35 4.03 7.92 5.48 4.60 0.97 

5 3.82 43 4.17 3.00 3.11 9.19 0.35 

 

 

 

     

 a b 

Fig. 4. Nanosize particles of carbonitrides in the steel 1: 

a – formed according to the interphase mechanism; b – formed in ferrite 

Рис. 4. Наноразмерные частицы карбонитридов в стали 1: 

a – сформировавшиеся по межфазному механизму; b – образовавшиеся в феррите 

 

 

 

were 0.91, 0.74, and 0.74, respectively. At the same time, 

the influence of inclusions on the fracture resistance was 

not revealed, which can be explained by the absence of 

differences in the contamination of steels with larger NMIs 

playing a decisive role in fracture. 

4. Using SEM methods, the composition of the NMIs 

was revealed – predominantly aluminum-magnesium spi-

nel; using TEM methods, the authors identified the pre-

sence of a large number of nanosized particles having  

a significant impact on the development of the corrosion 

rate of the steels under study. 
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Аннотация: Опыт многолетних исследований показал, что существенно повысить коррозионную стойкость 

сталей нефтепромысловых трубопроводов и увеличить сроки их безаварийной эксплуатации можно, оптимизируя 

химический состав и микроструктурные особенности стали, а также понижая ее загрязненность неметаллически-

ми включениями (НВ). Влияние комплексных НВ на коррозионную стойкость стали обусловлено как химическим 

составом НВ, так и их количественных соотношением. Поэтому получение металлопродукции требуемого каче-

ства возможно только с применением принципа «управления по структуре». В работе на основе анализа полей яр-

кости изображений (в масштабе образцов) в 256 оттенках серого предложены цифровые метрологически обеспе-

ченные процедуры измерения неоднородности НВ низкоуглеродистых сталей нефтепромыслового назначения, 

такие как устранение неоднородности освещения поля зрения, обоснование критериев бинаризации и фильтрации 

шумов. Для низкоуглеродистых сталей различной выплавки выявлена ключевая роль дисперсных неметалличе-

ских включений размером от 5–10 мкм2 до 2 нм2 в формировании коррозионной стойкости сталей. Это может объ-

яснить, почему в ряде случаев отсутствует взаимосвязь между скоростью коррозии и сопротивлением сталей раз-

рушению, в формировании которого определяющее влияние оказывают частицы большего размера. В представле-

нии НВ как множества случайных точек на плоскости распределение расстояний между ближайшими из них оце-

нено на основе статистики полиэдров Вороного. Показано, что повышению коэффициента эксцесса распределений 

площадей полиэдров сопутствует увеличение скорости коррозии исследуемых сталей. Это указывает на отрица-

тельное влияние неоднородности в размещении дисперсных НВ на коррозионную стойкость сталей. 

Ключевые слова: цифровые измерения структур; управление качеством по структуре; неметаллические вклю-

чения в стали; коррозионная стойкость нефтепромысловых труб. 
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Abstract: Dispersion-strengthened composite materials belong to the group of promising structural materials characte-

rised by a diverse combination of properties. The paper considers examples of the creation and heat treatment of composite 

materials based on aluminium alloys strengthened by the titanium carbide dispersed phase characterised by high hardness, 

elastic modulus, and good melt wettability. At present, self-propagating high-temperature synthesis (SHS) is the most ac-

cessible, inexpensive and effective way to obtain them. The authors substantiate the expediency and show their successful 

experience of the formation in the composition of the AMg2 and AMg6 industrial alloys of a titanium carbide dispersed 

phase with a particle size of 130 nm in an amount of up to 10 wt. % using the SHS method, which makes it possible to 

increase the hardness of the alloys. Additional heating of the AMg2–10%TiC and AMg6–10%TiC samples after synthesis 

also contributes to the further increase in hardness. The complex of studies of physical, mechanical and operational charac-

teristics presented in the paper was carried out to compare the properties of the work-hardened matrix alloys and the sam-

ples of composite materials before and after heating. The test results showed that heat treatment reduces the porosity of  

the composites and significantly increases their hardness and microhardness. A slight decrease in compressive strength at  

a significant increase in wear resistance is observed. It was found that composite materials are characterised by high corro-

sion resistance to carbon dioxide and hydrogen sulfide corrosion corresponding to the level of matrix alloys. The results 

obtained allow recommending the developed materials for the production of parts of the connecting rod and piston group, 

bearings and other wear-resistant parts of friction units. 

Keywords: composite material; AMg2–10%TiC; AMg6–10%TiC; titanium carbide; heat treatment; self-propagating 

high-temperature synthesis. 
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INTRODUCTION 

One of the most promising ways to improve the me-

chanical characteristics of conventional aluminium alloys, 

is to introduce dispersed particles of an additional phase 

into their composition, for which ceramic compounds – 

oxides, carbides, nitrides, borides, etc. are most often used 

[1; 2]. However, in the case of an aluminium matrix,  

the most suitable phase for reinforcement is the titanium 

carbide phase, which has crystal lattice parameters as close 

as possible to aluminium, and possesses high hardness, 

elastic modulus, low density, and good wettability [3; 4]. 

The most common way to produce such composite materi-

als is the method of mechanical mixing of particles into an 

aluminium melt, however, this approach excludes the pos-

sibility of obtaining a highly dispersed titanium carbide 

phase, since the introduced particles are prone to agglome-

ration, and often contain impurity adsorbed compounds, that 

prevent the complete assimilation of particles in the melt.  

In this regard, the most appropriate option is the formation 

of dispersed particles of titanium carbide directly in the melt 

from the initial elemental powders of titanium and carbon 

or their compounds [5–7]. 

This technology based on the method of self-propa-

gating high-temperature synthesis (SHS) was developed 

and used at the Chair “Metal Science, Powder Metallurgy, 

Nanomaterials” of Samara State Technical University. Ac-

cording to the results of the studies, the possibility of suc-

cessful synthesis of composite materials of the Al–10%TiC, 

Al–5%Cu–10%TiC, Al–5%Cu–2%Mn–10%TiC, etc. com-

positions characterised by increased mechanical characte-

ristics has already been shown [8; 9]. 

A review of current publications showed a steady ten-

dency towards reinforcement of industrial alloys, that 

have long been developed and actively used with the tita-

nium carbide phase [10]. For example, in the study [11], 

the Al–10%TiC addition alloy was introduced into  

the composition of the 2014 aluminium matrix alloy, 

which allowed increasing the strength from 118 to 

147 MPa, and the hardness from 61 to 94 HV. In [12], 
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based on the AA 6063 alloy (analogue of AD 31), hybrid-

reinforced samples were produced using the SHS method, 

including 5 vol. % Al2O3 and 5 vol. % TiC. Then, since 

the matrix alloy is a thermally hardenable one, the result-

ing composite was subjected to T6 treatment in the form 

of quenching at 530 °C and artificial ageing at 175 °C.  

It was found that composite material samples demonstrat-

ed acceleration in aging kinetics. To achieve a maximum 

hardness of 78 HB after ageing, they required 2–4 h, 

whereas for an unreinforced alloy, this time was 6–8 h, 

and the material hardness did not exceed 65 HB. The authors 

explain the observed accelerated aging by an increase in 

the dislocation density near dispersed particles. This is 

associated with a large difference in the thermal expansion 

coefficient of these particles and the matrix alloy (Al2O3 

and TiC particles have a TLEC of 8·10−6/K−1, Al – 

23·10−6/К−1), as well as accelerated diffusion of dissolved 

atoms and modification of the base alloy. It is obvious that 

the presence of additional phase dispersed particles affects 

the order and intensity of structural transformations in the 

composition of conventional alloys. On the other hand, in 

addition to this, completely new effects may arise that are 

not typical for matrix alloys. 

Thus, in the work [13], a composite material based on 

the AMg1 alloy containing 5 wt. % SiC was obtained by 

the mechanical mixing method, and then the possibility of 

its thermal hardening was shown for the first time. In par-

ticular, it was found that quenching at a temperature of 

550 °C and subsequent ageing at a temperature of 160 °C 

leads to an increase in hardness from 770 to 1000 HB and 

strength to 152 MPa, and in combination with subsequent 

rolling, it leads to an increase in hardness to 1530 HB and 

strength up to 236 MPa. 

Such an increase in the strength characteristics of 

aluminum-magnesium alloys is extremely important, 

since they are widespread due to their low cost, good 

deformability, corrosion resistance, and weldability; 

however, they are not good in strength [14]. The alloys 

under consideration contain microadditives of alloying 

elements (Fe, Si, Mn, Ti, etc.), which contribute to solid 

solution strengthening, but their quantity is too small to 

significantly increase the strength characteristics, so  

the alloys are additionally hardened by plastic defor-

mation. However, the use of cold hardening leads to  

a decrease in ductility, so annealing is the final stage 

after plastic deformation, during which partial or com-

plete removal of strain hardening occurs, which leads to 

a decrease in strength [15; 16]. 

Previously, studies on the production of AMg2–

10%TiC and AMg6–10%TiC composite materials by SHS 

method were carried out, which showed that in both cases, 

an active and rapid SHS reaction was observed, and the 

fractures of the samples were characterised by a uniform 

grey colour without the remains of unreacted charging 

material [17]. After synthesis, according to X-ray micro-

analysis and X-ray phase analysis, the composition of the 

composites contained the target phase of titanium carbide 

(with a particle size of 130 nm), as well as magnesium, 

apparently in the precipitated β-phase (Al3Mg2), which 

was not detected due to its small amount. Hardness measu-

rements showed an increase in the values for the AMg2 

base from 59.4 to 64.4 HB, for the AMg6 base – from 83 

to 90.9 HB. Then the samples were additionally heated 

with following cooling in air. It was found that heating  

at 150 °C and holding for 2 h leads to an increase in  

the hardness of AMg2–10%TiC to 67.6 HB, and heating 

at 230 °C and holding for 3 h of the AMg6–10%TiC sam-

ple leads to the hardness of 93 HB. Using phase analysis 

of the samples, the β-phase was detected in both cases, 

which indicates its additional precipitation after heating 

[17]. However, other properties than hardness of the ob-

tained samples were not studied. 

The purpose of the work is to study and compare  

the basic physical, mechanical and operational characteris-

tics, of the AMg2–10%TiC and AMg6–10%TiC composite 

materials before and after heat treatment. 

 

METHODS 

To compare the results, all tests were carried out on ma-

trix alloys in a cold-worked state (AMg2N and AMg6N) 

and composite materials based on them. AMg2 and AMg6 

alloys were used as a matrix for creating melts with digital 

markings of these alloys as 1520 and 1560, respectively, 

according to GOST 4784-2019 (Table 1). 

To obtain a charge mixture, titanium powders (grade 

TPP-7, TU1715-449-05785388) and carbon (P-701, 

GOST 7585-86), taken in a stoichiometric ratio, were 

mixed with 5 % by weight of the Na2TiF6 salt charge 

(GOST 10561-80). The resulting composition was divid-

ed into 3 equal portions, each of which was alternately 

introduced into AMg2 or AMg6 melts heated to a tem-

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

melting furnace, then synthesised and poured into a steel 

casting mold. Thermal treatment of the samples was car-

ried out in a laboratory chamber furnace SNOL, with  

an operating temperature of up to 1300 °C. The experi-

mental determination of the density of the samples was 

carried out using hydrostatic weighing in accordance 

with GOST 20018-74. The theoretical maximum possi-

ble density of a nonporous casting composite was calcu-

lated using the formula 
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where ρT is theoretical density, kg/m3;  

ρ1 is crystalline aluminium density, kg/m3;  

ρ2 is second phase (titanium carbide) density, kg/m3;  

n is titanium carbide mass content in the composite.  

The calculation of actual porosity was carried out using 

the formula 
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where ρe is experimentally measured density, kg/m3;  

Р is porosity, %.  

When calculating, the density of aluminium was taken 

to be 2700 kg/m3, the density of the titanium carbide phase 

was 4920 kg/m3, n=0.1. 

The hardness of the obtained experimental samples 

was determined using a TSh-2М hardness tester according 

to GOST 9012-59. The microhardness of the samples was 

studied using a PTM-3 standard microhardness tester  

106 Frontier Materials & Technologies. 2024. No. 1



Sherina Yu.V., Luts A.R.   “The study of the effect of heat treatment on the properties of the AMg2–10%TiC and AMg6–10%TiC…” 

 

according to GOST 9450-76 by indentation of a diamond 

pyramid 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 on the III type samples, 

with a diameter of 20 mm according to GOST 25.503-97.  

The moment of appearance of the first cracks was deter-

mined visually. Corrosion resistance was tested accord-

ing to GOST 13819–68 in the Coat Test 3.3.150.150  

autoclave complex under the following conditions: 

aqueous solution of 5%NaCl; gas phase 1 MPa CO2, 

0.5 MPa H2S, 3.5 MPa N2 at a temperature of 80 °C; 

duration is 240 h; total pressure is 5 MPa. Corrosion 

resistance parameters were calculated, according to 

GOST 9.908-85. Tribological tests were carried out us-

ing the “Universal-1B” universal tribological complex, 

according to the ring–plane test scheme; counterbody 

material – steel 40Х; normal contact load is 380 N; 

counterbody rotation speed – 600 rpm; test duration is 

30 min or until complete setting occurs. 

 

RESULTS 

As a result of determining the physical properties  

(Table 2) of the AMg2N, AMg6N alloys, and the AMg2–

10%TiC and AMg6–10%TiC composite materials, it was 

identified that the density of the composite materials is 

higher than the density of the matrix alloys, which is obvi-

ously related to the presence of a reinforcing ceramic phase 

of titanium carbide. Test results show, that additional heat-

ing leads to a decrease in the porosity of composite materi-

als, due to an improvement in the adhesive bond between 

the matrix and the filler. 

The study of mechanical characteristics (Table 3) 

showed that the ceramic phase reinforcement of matrix al-

loys leads to an increase in their hardness and microhard-

ness. Additional heating of the AMg2–10%TiC and AMg6–

10%TiC composite materials promotes an increase in hard-

ness by 13 and 12 %, respectively, and microhardness  

by 22 and 7 %, respectively. Reinforcement, with a highly 

dispersed titanium carbide phase in combination with heat 

treatment does not have a strong negative effect on  

the yield strength and relative strain. 

The results of determining the tribological characteris-

tics (Table 4) of the AMg2N, AMg6N alloys and AMg2–

10%TiC, AMg6–10%TiC composite materials before and 

after heat treatment, showed that reinforcement in combina-

tion with heat treatment leads to a significant decrease in 

the friction ratio and wear rate. The lowest tribological 

properties are observed in the original AMg2N and AMg6N 

alloys: they showed wear during setting and abrasive

 

 

 
Table 1. Chemical composition of the AMg2 and AMg6 alloys 

Таблица 1. Химический состав сплавов AMг2 и AMг6 

 

 

Alloy 
Element content, % 

Al Mg Fe Si Mn Cu Ti 

AMg2 95.3–98.00 1.8–2.8 <0.4 <0.4 0.2–0.6 <0.1 <0.1 

AMg6 91.1–93.68 5.6–6.8 <0.4 <0.4 0.5–0.8 <0.1 <0.1 

 

 

 
Table 2. Physical properties of the AMg2, AMg6 alloys and AMg2–10%TiC, AMg6–10%TiC composite materials  

before and after heat treatment 
Таблица 2. Физические свойства сплавов АМг2, АМг6 и композиционных материалов АМг2–10%TiC, АМг6–10%TiC  

до и после термической обработки 

 

 

Alloys and composite materials  

on their base 

Theoretical density, ρT,  

g/cm3 

Experimental density,  

ρe, g/cm3 

Porosity,  

P, % 

AMg2N 2.690 – – 

AMg2–10%TiC, without HT 2.820 2.797±0.05 0.82 

AMg2–10%TiC, after HT 2.820 2.820±0.03 0.00 

AMg6N 2.640 – – 

AMg6–10%TiC, without HT 2.768 2.739±0.06 1.00 

AMg6–10%TiC, after HT 2.768 2.768±0.04 0.00 
 

Note. HT (heat treatment) is heating at T=150 °C for 3 h. 

Примечание. HT (термическая обработка) – нагрев при Т=150 °С в течение 3 ч. 
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wear, which led to rapid surface layer destruction; high 

values of the friction ratio and wear rate indicate unac-

ceptable processes occurring in the friction zone. AMg2–

10%TiC and AMg6–10%TiC samples showed significantly 

better tribological characteristics compared to the matrix 

alloy, however, they had scuff marks, on which friction was 

established with a ratio of about 0.1. The same samples, 

after additional heating according to the recommended con-

ditions, showed the lowest values of the friction ratio, low 

wear rate and good conformability. 

Table 5 shows that the titanium carbide ceramic phase 

reinforcement of the AMg2 and AMg6 alloys leads to  

a decrease in the corrosion resistance level. 

 

DISCUSSION 

Since composite materials, especially those obtained by 

the SHS method, are characterised by increased porosity, 

which has a significant impact on their properties, the den-

sity and porosity of the resulting materials were initially 

determined. The study of the porosity of the samples  

(Table 2) showed that after synthesis, the deviation from 

the calculated value does not exceed 1 %, and after heat 

treatment, it decreases to zero, which may be caused by  

a change in the composition and structure of the interphase 

boundaries and an improvement in the quality of the “ma-

trix – filler” bond. 

The titanium carbide phase is characterised by in-

creased hardness, and, accordingly, low ductility, there-

fore, the main mechanical characteristic of composite 

materials containing it, as a rule, is compressive 

strength. However, since complete destruction of such 

samples does not occur, the yield strength value was 

used as an evaluation criterion, which corresponds to  

the temporary fracture resistance upon the occurrence  

of the first cracks. The obtained values of the strength, of 

the as-cast material (Table 3) comparable to the values 

after cold hardening, are obviously caused by the follow-

ing factors. The first is the action of the Hall – Petch 

mechanism determined by the role of dispersed particles 

as the alloy crystallisation centres. The second is  

the Orowan mechanism, the essence of which is that  

the resistance to motion of dislocations, increases with 

decreasing distance between particles. The third is  

the emergence of difficulties for the motion of disloca-

tions due to the formation of additional dislocations 

caused by the mismatch of the coefficients of thermal 

expansion and elastic modulus of the matrix material and 

the reinforcing phase particles. The study [18] showed 

that the introduction of reinforcing TiC particles with  

a size of 40–100 μm, into the AK12M2MgN aluminium 

alloy, using the mechanical mixing method, leads to  

a decrease in the compressive deformation degree  

from 17.01 to 12.65 %, and the ultimate compressive 

strength from 489 to 470 MPa, while the hardness in-

creases by 30–50 HB. One can conclude that the pre-

sence of the carbide phase does not lead to an increase in 

the strength characteristics, but does contribute to an 

increase in hardness. 

Since it was found that the presence of carbide phase 

particles contributes to an overall increase in the hardness 

of the resulting materials, it was assumed that this could 

have a positive effect on their wear resistance, so the tribo-

logical properties were further investigated. Low values of 

the friction ratio, low wear rate and good conformability of 

AMg2–10%TiC and AMg6–10%TiC composite materials 

after the optimal heat treatment mode, are obviously related 

to an increase in the quality of the interfacial bond, as well 

as additional precipitation of the solid intermetallic β-phase 

(Al3Mg2) [19]. 

One of the main advantages of aluminum-magnesium 

alloys is their high corrosion resistance. The study of this 

characteristic in an environment of CO2 and H2S gases at an 

elevated temperature of 80 °C, showed that the samples

 

 

 
Table 3. Mechanical characteristics of the AMg2, AMg6 alloys and AMg2–10%TiC, AMg6–10%TiC composite materials  

before and after heat treatment 

Таблица 3. Механические характеристики сплавов АМг2, АМг6 и композиционных материалов АМг2–10%TiC,  

АМг6–10%TiC до и после термической обработки 

 

 

Alloys and composite materials  

on their base 

Uniaxial compressive strength test 
Hardness 

НВ 

Microhardness 

HV, MPa 
σт

с
 , MPa ε, % 

AMg2N 290±10 69.19 59.4±20 608±10 

AMg2–10%TiC, without HT 271±13 59.70 59.4±20 736±15 

AMg2–10%TiC, after HT 298±10 61.50 67.6±20 745±18 

AMg6N 449±15 32.00 83.0±19 991±21 

AMg6–10%TiC, without HT 403±18 19.00 90.9±19 1020±20 

AMg6–10%TiC, after HT 395±19 14.00 93.0±19 1069±19 
 

Note. HТ (heat treatment) is heating at T=150 °C for 3 h. 

Примечание. HТ (термическая обработка) – нагрев при Т=150 °С в течение 3 ч. 
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Table 4. Tribotechnical properties of the AMg2, AMg6 alloys and AMg2–10%TiC, AMg6–10%TiC composite materials  

before and after heat treatment 

Таблица 4. Триботехнические свойства сплавов АМг2, АМг6 и композиционных материалов АМг2–10%TiC, АМг6–10%TiC  

до и после термической обработки 

 

 

Alloys and composite materials  

on their base 

Wear rate,  

µm/h 
Friction ratio 

Self-heating  

temperature, °С 

AMg2N 37.6±5.2 <0.3 71 

AMg2–10%TiC, without HT 6.4±1.6 0.11…0.12 65 

AMg2–10%TiC, after HT 4.0±1.3 0.07…0.08 56 

AMg6N 15.5±4.1 0.13...0.15 70 

AMg6–10%TiC, without HT 3.5±0.6 0.07…0.09 59 

AMg6–10%TiC, after HT 4.2±1.2 0.08…0.10 66 
 

Note. HТ (heat treatment) is heating at T=150 °C for 3 h. 

Примечание. HТ (термическая обработка) – нагрев при Т=150 °С в течение 3 ч. 

 

 

 
Table 5. Corrosion resistance of the AMg2, AMg6 alloys and AMg2–10%TiC, AMg6–10%TiC composite materials  

before and after heat treatment 

Таблица 5. Коррозионная стойкость сплавов АМг2, АМг6 и композиционных материалов АМг2–10%TiC, АМг6–10%TiC  

до и после термической обработки 

 

 

Alloys and composite materials  

on their base 

Factor  

Weight loss  

per unit area,  

∆m, kg/m2 

Corrosion rate,  

V, g/(m2·h) 

Corrosion depth index,  

π, mm/year 

AMg2N 0.160 0.666±0.04 0.0021 

AMg2–10%TiC, without HT 0.095 0.416±0.02 0.0014 

AMg2–10%TiC, after HT 0.108 0.450±0.03 0.0014 

AMg6N 0.231 0.962±0.06 0.0030 

AMg6–10%TiC, without HT 0.151 0.627±0.04 0.0021 

AMg6–10%TiC, after HT 0.208 0.868±0.02 0.0027 
 

Note. HТ (heat treatment) is heating at T=150 °C for 3 h. 

Примечание. HТ (термическая обработка) – нагрев при Т=150 °С в течение 3 ч. 

 

 

 

both of matrix alloys and of composite materials, before 

and after heating, have a depth corrosion rate at the level of 

0.001–0.005 mm/year (Table 5). This indicates the high 

corrosion resistance of the AMg2–10%TiC and AMg6–

10%TiC composite materials and allows classifying them 

as rather resistant metals [20]. 

 

CONCLUSIONS  

According to the results of a set of studies of properties, 

the developed composite materials AMg2–10%TiC and 

AMg6–10%TiC produced by the SHS method and subject-

ed to additional heating showed, a higher level of hardness, 

microhardness, wear and corrosion resistance compared to 

the matrix alloys AMg2 and AMg6 in the cold hardening 

state. Thus, reinforcement with a highly dispersed phase of 

titanium carbide in combination with heat treatment, is an 

appropriate way to increase mechanical and operational 

characteristics, as it helps to avoid the labour-intensive ope-

ration of cold strain hardening (cold hardening). Based on 

the data obtained, composite materials can be recommend-

ed to produce connecting rod and piston group parts, bear-

ings, and other wear-resistant parts of friction units. 
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Аннотация: Дисперсно-упрочненные композиционные материалы относятся к группе перспективных конструк-

ционных материалов, отличающихся разнообразным сочетанием свойств. В работе рассмотрены примеры создания  

и термической обработки композиционных материалов на основе алюминиевых сплавов, упрочненных дисперсной 

фазой карбида титана, для которой характерны высокая твердость, модуль упругости и хорошая смачиваемость рас-

плавом. В настоящее время наиболее доступным, недорогим и эффективным способом получения этих материалов 

является самораспространяющийся высокотемпературный синтез (СВС). Обоснована целесообразность и показан 

собственный успешный опыт формирования в составе промышленных сплавов АМг2 и АМг6 дисперсной фазы кар-

бида титана с размером частиц от 130 нм в количестве до 10 мас. % методом СВС, что позволяет увеличить твер-

дость сплавов. Проведение после синтеза дополнительного нагрева образцов АМг2–10%TiC и АМг6–10%TiC также 

способствует последующему повышению твердости. Представленный в статье комплекс исследований физических, 

механических и эксплуатационных характеристик выполнен с целью сравнения свойств матричных сплавов в нагар-

тованном состоянии и образцов композиционных материалов до и после нагрева. Результаты испытаний показали, 

что проведение термической обработки способствует снижению пористости композитов и значительному повыше-

нию их твердости и микротвердости. Наблюдается также незначительное снижение прочности на сжатие при суще-

ственном повышении износостойкости. Установлено, что композиционные материалы характеризуются высокой 

коррозионной стойкостью к углекислотной и сероводородной коррозии, соответствующей уровню матричных спла-

вов. Полученные результаты позволяют рекомендовать разработанные материалы для изготовления деталей шатун-

но-поршневой группы, подшипников и других износостойких деталей узлов трения. 

Ключевые слова: композиционный материал; АМг2–10%TiC; АМг6–10%TiC; карбид титана; термическая об-

работка; самораспространяющийся высокотемпературный синтез. 
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On the cover: Image of the structure of the Mg–8.6Zn–1.2Zr alloy subjected to prolonged annealing in air at a tem-

perature of 400 °С for 24 h. Light microscopy. Author of the photo: M.A. Shishkunova, postgraduate student (Ufa University 

of Science and Technology, Ufa, Russia). 

На обложке: Изображение структуры сплава Mg–8,6Zn–1,2Zr, подвергнутого длительному отжигу в воздуш-

ной среде при температуре 400 °С в течение 24 ч. Световая микроскопия. Автор фото: Шишкунова М.А., аспирант 

(Уфимский университет науки и технологий, Уфа, Россия). 
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