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Abstract: The application of a circuit with a common pulse current source for surfacing with two electrode wires in-

creases the energy efficiency of the arc process and the welding arc technological properties, but requires a more detailed 

study of the influence of the mode parameters on its stability. In this regard, this paper focuses on studying the dynamics of 

formation and transfer of metal drops under various modes of pulsed power supply of the welding arc. Using high-speed 

video filming of the welding arc and synchronized recording of current and voltage signals, a mode was set (average cur-

rent value was 250 A, maximum current value in pulse was 600 A, arc voltage was ~30 V), which ensured a stable process 

of transfer of electrode metal by a drop common to two wires without short circuits. It was found that the common drop 

under the action of electrodynamic forces acquires centripetal acceleration, which contributes to its directed transfer to 

the weld pool and allows minimizing the amount of spatter on the surface of the base metal. Using mathematical modeling, 

the nature of the interaction of welding arcs on two wires was confirmed and it was found that even at the stage of the cur-

rent pulse “hot” phase (600 A, t=0.8 s), the arc pressure on the plate surface is less than when welding with one wire at 

direct current. The identified effect is associated with a change in the direction of the plasma flow to perpendicular to 

 the wire axis due to an increase in the electrodynamic attractive force of the magnetic fields around the two wire conduc-

tors. Together with a decrease in the arc temperature and pressure on the plate surface during the “heat input control” phase 

of the current pulse (180 A, t=1.4 s), this should help to reduce the heat input and the depth of penetration of the base 

metal, and, consequently, reduce the degree of dilution of the deposited alloy by the substrate metal. The latter is especially 

relevant when solving problems of creating a technology for surfacing of relatively thin layers of corrosion-resistant 

alloys, in particular, on the surface of petrochemical equipment products. 
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INTRODUCTION 

The quality and service reliability of products in 

the metallurgical and mechanical engineering industries 

are largely determined by the level of development of 

technological processes of welding and surfacing. As 

a result, the priority task is the continuous improvement 

of welding technologies aimed at developing methods to 

increase the productivity of these processes and improve 

the properties of welded joints and deposited metal. One 

of these methods is double-electrode welding and surfac-

ing, when the wire electrodes are connected to a common 

power source [1; 2]. It is widely used both for welding 

thick-walled structures and for forming a layer of high-

tin bronze on steel [3] and corrosion-resistant deposited 

coatings [4], which expands the technological capabili-

ties of welding production. 

Using mathematical modeling methods, it was found 

that the plasma temperature of a double-electrode arc is 

generally lower compared to a single-electrode process, 

its maximum temperature and arc pressure on the surface 

of the weld pool are also lower [5]. At the same time, 

the average temperature of the electrode metal is lower 

[6]. In the case of double-electrode surfacing, the heat 

flow into the product is reduced [7], which helps to re-

duce the deformation of the surfacing product. A similar 

result can be achieved by applying current pulses to 

the arc using special control algorithms [8–10], which is 

currently widely implemented in serially produced semi-
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automatic machines and has actually become the basic 

solution for single-electrode mechanized welding and 

surfacing in shielding gases. Existing equipment for us-

ing pulse current with two electrode wires has been 

industrially mastered for the process of two-arc welding 

“tandem”, when each wire is connected to a separate 

power source [11–13]. 

The use of a circuit with a common power supply for 

two electrode wires [14] increases both the energy efficien-

cy of the arc process and its manufacturability, since its 

implementation does not require equipping each electrode 

wire with a feed mechanism and additional equipment.  

The existing positive experience of using double-electrode 

surfacing to form corrosion-resistant cladding coatings is 

based on the use of relatively low arc voltage values, which 

ensures the transfer of electrode metal in the mode of form-

ing a so-called “common” drop for two melting electrode 

wires and minimizes the share of the base metal in the de-

posit one to 30 % [15]. 

The use of a common pulse current source for surfacing 

with two electrode wires is of interest, which will make it 

possible to develop the advantages of the double-electrode 

scheme in improving the technological properties of the arc 

(the quality of the transfer of electrode metal in the arc, heat 

input into the base metal, etc.). For this reason, it is neces-

sary to study the influence of both the main parameters of 

the mode and the pulse current on the arc. 

The relevance of this topic is also caused by the necessi-

ty of improving the quality of welding and surfacing pro-

cesses when assimilating new products at petrochemical 

engineering enterprises and solving the problems they face 

in technological advancement. This will improve the quality 

of deposited coatings, reduce costs and increase the effi-

ciency of production processes. 

The aim of this work is to determine the optimal mode 

of pulsed power supply of the welding arc during double-

electrode surfacing, ensuring the formation of a common 

drop and its directed transfer into the weld pool without 

short-circuiting the arc gap.  

 

METHODS 

Modernization of welding equipment 

For the experimental studies, the Lorch S8 Pulse XT 

semiautomatic pulse welding machine (Germany) was re-

trofitted with a pair of rollers (manufactured using FDM 

printing) with two identical V-shaped grooves for use in  

the feed mechanism of two wires with a diameter of 1.6 mm 

at the same time, which were fed through a fluoroplastic 

flexible tube into an external current-supplying unit 

equipped with a water-cooled nozzle. The “Pulse” program 

was selected in the semiautomatic machine settings. 

Experimental facility and measurements 

The scheme of arc surfacing process study (Fig. 1) in-

cluded an iSpeedy 50MT13M-SE high-speed photography 

system (China) and a LA-20USB multichannel analog-to-

digital converter (Russia) for monitoring voltage and cur-

rent changes over time with a sampling frequency of 5 kHz. 

The obtained oscillograms were processed in specialized 

PowerGraph 3.3 Pro software. 

The high-speed photography system included a camera 

connected to a laptop via a 10 Gbps Ethernet interface and 

specialized iSpeedyPro software, which was used to con-

figure the camera operating mode parameters and perform 

primary processing of the obtained video signal. The ca-

mera has an extended high-speed memory of 64 GB. A spe-

cial housing was used to protect the camera and the front 

lens from welding spatter. Video recording of the welding 

arc zone was performed at a speed of 5000 frames per se-

cond. The shooting direction was perpendicular to the con-

necting line between the two welding wires. High-speed arc 

frames were synchronized with the recording of electrical 

signals, which made it possible to compare the dynamics of 

drop formation and transfer in the arc with changes in cur-

rent and voltage in it. 

Surfacing parameters 

Surfacing was performed on St3sp plates of 

200×100×10 mm in size moved at a surfacing speed of 

13 m/h by a special mechanism relative to a stationary 

welding head. Surfacing in pulse mode was performed  

at a current of I=280 A and a voltage of Uarc=24 V with 

a center-to-center distance of b=6 mm. An AG ER-347Si 

(Sv-08H19N10G2B) welding wire with a diameter of 

1.6 mm and a mixture of argon and carbon dioxide 

(97.5 % + 2.5 %) were used. The gas mixture flow rate 

was 25–30 l/min. 

Arc mathematical modeling 

For a more visual and comprehensive assessment of  

the electro- and thermal-physical processes occurring in  

the welding arc under the influence of pulse current, mathe-

matical modeling was performed in the Comsol Multi-

physics software package. The approach to creating a weld-

ing arc model used in the work is based on a system of in-

terrelated equations describing the complex interaction of 

hydrodynamic, electromagnetic and thermal processes in  

a plasma discharge, as well as on the fundamental laws of 

conservation of mass, momentum and energy, supplement-

ed by the equations of electrodynamics for a conducting 

medium
1
. The hydrodynamic part of the model considers 

plasma as a viscous electrically conductive liquid,  

the movement of which is determined by the balance of  

the forces of pressure, viscosity and electromagnetic action. 

Electromagnetic processes are described taking into ac-

count the generation of a magnetic field by the arc current 

and its reverse effect on the distribution of charged parti-

cles. Thermal effects include Joule heating, convective and 

conductive heat transfer, and radiation energy losses.  

The arc length was set in the model according to high-speed 

video footage (larc=6 mm).  
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Fig. 1. Scheme of the study of the welding arc reaction zone in the process of double-electrode pulsed surfacing: 

1 – welding arc; 2 – deposited plate; 3 – shielding gas supply nozzle;  

4 – shielding gas flow; 5 – semiautomatic welding machine; 6 – feed mechanism; 7 – welding wires;  

8 – high-speed camera; 9 – protective camera housing; 10 – analog-to-digital converter;  

11 – computer; 12 – plate movement direction 

Рис. 1. Схема исследования реакционной зоны сварочной дуги в процессе двухэлектродной импульсной наплавки: 

1 – сварочная дуга; 2 – наплавляемая пластина; 3 – сопло подачи защитного газа;  

4 – поток защитного газа; 5 – сварочный полуавтомат; 6 – подающий механизм; 7 – сварочные проволоки;  

8 – высокоскоростная камера; 9 – защитный корпус камеры; 10 – аналого-цифровой преобразователь;  

11 – компьютер; 12 – направление перемещения пластины 

 

 

 

The model is based on a number of reasonable assump-

tions, including the assumption of local thermodynamic 

equilibrium of the plasma, the laminar nature of the flow, 

and neglect of phase transition processes in electrode mate-

rials. The relationship between the equations was ensured 

through the constitutive relations for the thermophysical 

and electrodynamic properties of the plasma, which made it 

possible to create a closed system for the numerical solu-

tion. This approach allowed studying the influence of vari-

ous welding arc parameters on the temperature distribution, 

pressure, and flow rates in its plasma column. 

 

RESULTS  

Analysis of the modulated current oscillogram obtained 

at a welding wire feed rate of 2 m/min shows that the aver-

age welding current was 280 A at a modulation frequency 

of ~333 Hz (Fig. 2). 

Large droplets are simultaneously formed at the ends of 

the welding wires (Fig. 3, frame a), which are held by sur-

face tension forces and attracted by the action of 

electrodynamic force (Fig. 3, frames b, c). At the moment 

of frame d, the droplets at the ends of the wires merge, one 

of the droplets flows to the other. The resulting common 

drop of electrode metal closes on the surface of the weld 

pool and passes into it (Fig. 3, frame e). 

A further increase in current to 280 A disrupts the stabi-

lity of the drop transfer process and the formation of  

a common drop, which is pushed toward the current-

carrying tip (Fig. 4). 

When using the pulse welding mode at a wire feed 

speed of 2 m/min and an arc voltage of 24 V, the average 

current value reached 280 A. In this mode, the Lorch S8 

Pulse XT current source generates a complex-shaped 

pulse signal (Fig. 5). At the beginning of each pulse,  

the current strength sharply increases to 620 A and is 

maintained at this level for 3 ms. Then, smoothly de-

creasing over 5 ms, it reaches 200 A, after which it de-

creases at the same speed to the base value of 60 A. The 

pulse repetition frequency is 105 Hz, ensuring the stabi-

lity of the welding process. 

During the analysis of the obtained frames of the arc 

zone with its pulsed power supply, it was found that at  

the moment of the current pulse, the detachment of welding 

droplets from the electrode does not occur (Fig. 6, frame b), 

unlike the single-electrode process. Instead, the pulse ener-

gy is spent on the formation of large droplets, which, as 

they grow, merge into a common drop. The transition of the 

common drop occurs through a short circuit (Fig. 6, 

frame d), which is similar to the nature of drop transfer 

when using direct current. 

The obtained results do not allow revealing fully the ca-

pabilities of the pulsed power supply of the welding arc due 

to the preservation of the mode of drop transfer through 

their short circuits on the surface of the weld pool. To pre-

vent this, it is possible to increase the arc length by setting 
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Fig. 2. External appearance of the oscillogram of the modulated current of the Lorch S8 Pulse XT power supply 

Рис. 2. Внешний вид осциллограммы модулированного тока источника питания Lorch S8 Pulse XT 

 

 

 

 

 

Fig. 3. External appearance of the oscillogram of the direct current and voltage  

and high-speed video footage (I=280 А; Uarc=23 V) 

Рис. 3. Внешний вид осциллограммы постоянного тока и напряжения,  

а также кадры высокоскоростной видеосъемки (I=280 А; Uд=23 В) 

 

 

 

 

 

Fig. 4. Displacement of the common drop to the upper part of the arc reaction zone 

Рис. 4. Оттеснение общей капли в верхнюю часть реакционной зоны дуги 
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Fig. 5. External appearance of the oscillogram of the pulse current of the Lorch S8 Pulse XT power supply 

Рис. 5. Внешний вид осциллограммы импульсного тока источника питания Lorch S8 Pulse XT 

 

 

 

 

 

Fig. 6. External appearance of the oscillogram of the pulse current  

and voltage and high-speed video footage (I=280 А; Uarc=24 V) 

Рис. 6. Внешний вид осциллограммы импульсного тока и напряжения,  

а также кадры высокоскоростной видеосъемки (I=280 А; Uд=24 В) 

 

 

 

an increased voltage value (for example, up to 30 V) on 

the welding semiautomatic device. In this case, the drop 

transfer process begins with the alternating existence of 

the arc on the ends of the welding wires (Fig. 7, frames a, b). 

The arc movement frequency is on average 150 Hz, which 

corresponds to the current pulses generated by  

the power source. As the droplets grow (Fig. 7, frames c, d), 

after about 100 ms, the arc switches to the mode of simul-

taneous melting of the wires, and as the volume of  

the droplets increases, they merge into a common drop 

after 50 ms. After that, a large common drop flows to  

the end of one of the wires and goes into the weld pool. 

The duration of the overall cycle of drop formation and 

transfer is approximately 300 ms. The transition of  

the drop into the weld pool differs from the transition dur-

ing direct current welding: at the moment of detachment,  

a powerful current pulse imparts additional centripetal 

acceleration to the drop (Fig. 7, frame e). This mode is 

characterized by the absence of short circuits of the com-

mon drop, which allows minimizing the amount of spatter 

on the base metal surface. Therefore, this surfacing mode 

is the most promising. A further increase in the current 

strength to 350 A in the welding current source, according 

to the obtained oscillogram, occurs due to an increase in 

the pulse frequency to 166 Hz and an increase in the base 

current strength to 120 A. 

ms 

I (
kA

) 

U
 (

V
) 

I (
A

) 

t (s) 

t (s) 

Frontier Materials & Technologies. 2025. No. 2 13



Elsukov S.K., Zorin I.V., Nesin D.S.   “The influence of pulse current on drop transfer during double-electrode gas surfacing” 

 

 
 

Fig. 7. External appearance of the oscillogram of the pulse current  
and voltage and high-speed video footage (I=280 А; Uarc=30 V) 

Рис. 7. Внешний вид осциллограммы импульсного тока и напряжения,  
а также кадры высокоскоростной видеосъемки (I=280 А; Uд=30 В) 

 
 
 

An increase in the current strength leads to an increase 

in the electrodynamic force, which tends to attract the drop-

lets to each other. The resulting force at the moment of  

the pulse swings them, due to which the drops vibrate on 

the end of the electrode and detach asynchronously. This 

leads to the fact that at the moment when the droplet shifts 

to the axis of symmetry of the electrode, under the action of 

the pinch effect, the current pulse detaches it, imparting  

a rotational motion. When colliding into a common drop, 

they break up due to their high speed, which disrupts  

the drop transfer process (Fig. 8). 

It follows from the simulation results that a typical cur-

rent pulse begins with a smooth linear increase from 85 to 

600 A in 1.5 ms. At this point, the maximum temperature 

region moves up the electrode axis, as the intersection point 

of the opposing flows does, while their intensity increases 

(Fig. 9, frame a). The pressure distribution in the pulse cur-

rent arc differs from that in the direct current arc. As  

the pulse increases, two zones of maximum pressure are 

formed: in the anode spot region – 620 Pa and in the zone 

of intersection of flows at an angle of ≈130° – 517 Pa 

(Fig. 9, frame e). 

After the current stabilizes for 0.8 ms at 600 A  

(the “hot” pulse phase), the plasma flow acquires a perpen-

dicular direction relative to the wire axis due to an increase 

in the electrodynamic attractive force. The temperature near 

the anode spot reaches its maximum – 24,987 K (Fig. 9, 

frame b). The increased density of current vector lines is 

also observed in this area. The pressure on the surface of 

the model plate is 826 Pa (Fig. 9, frame f), which is lower
2
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than the arc pressure value during single-wire welding with 

direct current (about 1000 Pa). 

Then the current value decreases linearly to 180 A in 

0.7 ms (the “heat input control” phase) and is maintained at 

this level for 1.4 ms. At this stage, the arc temperature de-

creases, and the zone of maximum heating shifts closer to 

the surface of the plate (15,209 K) (Fig. 9, frame c).  

The plasma flow stops deviating to the upper part of  

the arc. The pressure on the surface of the plate decreases to 

329 Pa (Fig. 9, frame g). 

The final phase is a pause of 3.3 ms at a current value of 

85 A (the “cold” phase). At this point, the minimum pres-

sure is recorded – 76 Pa, and the temperature field retains  

a structure (Fig. 9, frames d, h) similar to the previous 

phase. Then the cycle repeats. 

 

DISCUSSION 

Analyzing the obtained results, it can be concluded that 

the nature of drop transfer in the modulated current mode is 

generally similar to the transfer during surfacing with direct 

current of reverse polarity. The average time of electrode 

drop transfer was 320 ms, which is comparable with previ-

ously obtained data [15]; therefore, there is no advantage of 

arc supply with modulated current over direct current. 

Assessing the results obtained when supplying the arc 

with pulse current, one should note an interesting feature of 

the transition of the total drop into the weld pool with cen-

tripetal acceleration under the influence of the pinch effect 

that occurs at the moment of reaching the highest power of 

the current pulse (at 600 A). As a result, the drop, rotating, 

enters the weld pool exactly along the axis of the welding 

wire. This allows avoiding a common defect – crystallized 

splashes and drops of electrode metal on the surface of 

the product both in double-electrode welding in a shield-

ing gas and in single-electrode welding [16]. A further 

increase in current (up to 350 A) disrupts the stability of 
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Fig. 8. Cross-movement of electrode drops with drop transfer disruption (I=350 А; Uarc=30 V) 

Рис. 8. Перекрестное перемещение электродных капель с нарушением каплепереноса (I=350 А; Uд=30 В) 

 

 

 

 

 

Fig. 9. Distribution of temperature in the model arc, direction and plasma flow rate (a–d);  

distribution of arc pressure, current density vector (blue arrows)  

and Lorentz force vector (black triangles) (e–h) depending on the phase of the current pulse cycle 

Рис. 9. Распределение температуры в модельной дуге, направления и скорости плазменного потока (a–d);  

распределение давления дуги, вектора плотности тока (синие стрелки)  

и вектора силы Лоренца (черные треугольники) (e–h) в зависимости от фазы цикла импульса тока 
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the formation of a common drop, which was also observed 

when using carbon dioxide as a shielding gas [17]. There-

fore, the use of this mode for surfacing is impractical. 

Mathematical modeling confirmed the nature of the in-

teraction of welding arcs on two wires and found that even 

at the stage of the “hot” phase of the current pulse (600 A, 

t=0.8 s), the arc pressure on the plate surface is less than 

when welding with one wire at direct current. The identified 

effect is associated with a change in the flow direction to 

perpendicular to the wire axis due to an increase in  

the electrodynamic force of attraction of magnetic fields 

around two wire conductors. Together with a decrease in 

the arc temperature and pressure on the plate surface in  

the “cold” phase of the current pulse (180 A, t=1.4 s), this 

should help to reduce heat input and the depth of penetra-

tion of the base metal, and, consequently, reduce the degree 

of dilution of the deposited alloy by the substrate metal. 

The latter is especially relevant when solving problems 

related to the creation of a technology for surfacing rela-

tively thin layers of corrosion-resistant alloys, in particular, 

on the surface of petrochemical equipment products. 

One of the prospects for developing the method under 

consideration is more precise control of heat input into  

the product by changing the pulse frequency or using the 

“double pulse” program [18]. Both in the case of using di-

rect current and when using the pulse mode, the anode-to-

cathode distance has a significant influence on the process 

of double-electrode surfacing, which also requires further 

study. 

 

CONCLUSIONS 

It has been found that the use of pulse current in double-

electrode surfacing makes it possible to expand the area of 

existence of electrode metal transfer by common drops 

from 24 to 30 V in the absence of arc gap short circuits.  

At the moment of drop detachment, a powerful current 

pulse (~600 A) imparts additional centripetal acceleration to 

the drop directed toward the surface of the weld pool, 

which virtually eliminates metal spatter. 

The conducted mathematical modeling of pulse arc sur-

facing with a consumable electrode allowed identifying  

the dynamics of temperature and pressure changes in vari-

ous pulse phases, which is important for further optimiza-

tion of the process. 
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Аннотация: Применение для наплавки двумя электродными проволоками схемы с общим источником импульс-

ного тока повышает энергоэффективность дугового процесса и технологические свойства сварочной дуги, но требует 

более детального изучения влияния параметров режима на ее стабильность. В связи с этим в данной работе основное 

внимание уделено изучению динамики формирования и переноса металлических капель при различных режимах 

импульсного питания сварочной дуги. С использованием скоростной видеосъемки сварочной дуги и синхронизиро-

ванной записи сигналов тока и напряжения установлен режим (среднее значение тока 250 А, максимальное в импуль-

се 600 А, напряжение на дуге ~30 В), который обеспечивает стабильный процесс переноса электродного металла об-

щей для двух проволок каплей без образования коротких замыканий. Обнаружено, что общая капля под действием 

электродинамических сил приобретает центростремительное ускорение, что способствует ее направленному перено-

су в сварочную ванну и позволяет максимально снизить количество брызг на поверхности основного металла. С ис-

пользованием математического моделирования был подтвержден характер взаимодействия сварочных дуг на двух 

проволоках и установлено, что даже на стадии «горячей» фазы импульса тока (600 А, t=0,8 с) давление дуги на по-

верхность пластины меньше, чем при сварке одной проволокой на постоянном токе. Выявленный эффект связан  

с изменением направления плазменного потока на перпендикулярное к оси проволоки вследствие увеличения элек-

тродинамической силы притяжения магнитных полей вокруг двух проволочных проводников. В совокупности со 

снижением температуры дуги и давления на поверхность пластины в фазе «контроля тепловложения» импульса тока 

(180 А, t=1,4 с) это должно способствовать уменьшению тепловложения и глубины проплавления основного металла, 

а следовательно, уменьшить степень разбавления наплавляемого сплава металлом подложки. Последнее особенно 

востребовано при решении задач по созданию технологии наплавки относительно тонких слоев из коррозионностой-

ких сплавов, в частности, на поверхности изделий нефтехимического оборудования. 

Ключевые слова: двухэлектродная наплавка; импульсно-дуговой процесс; сварочная дуга; каплеперенос; чис-

ленное моделирование. 
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Abstract: The relevance of this work stems from the growing interest in magnesium alloys with long period ordered 

structure (LPSO) due to their unique mechanical properties. Investigating the effect of extrusion on Young’s modulus 

and internal friction of such alloys provides a deeper understanding of their mechanical behaviour, which is important 

for the development of new materials with improved performance properties. This research explores the effect of warm 

extrusion on the structure, dynamic Young’s modulus and internal friction of magnesium alloys containing varying 

amounts of LPSO phases. Alloys in the Mg–Zn–Y system with estimated LPSO phase contents of 0, 50 and 100 % vol. 

were analysed using the composite piezoelectric oscillator technique at 100 kHz. The results demonstrate that  

the Young’s modulus increases with higher LPSO content, driven by the enhanced stiffness and strong interatomic 

bonding of the LPSO phases. Extrusion leads to a 3 % decrease in Young’s modulus along the direction parallel to its 

axis for all samples. This effect is explained by the formation of an elongated texture and an increase in the dislocation 

density. Internal friction measurements revealed a rise in amplitude-independent internal friction post-extrusion, sug-

gesting higher dislocation density, while the critical strain amplitude decreased in alloys with higher LPSO content. 

Additionally, Young’s modulus softening was reduced after extrusion, primarily due to dislocation -induced hardening. 

These findings shed light on the mechanical properties of Mg–Zn–Y alloys with LPSO structures, emphasising the ef-

fects of extrusion and phase content on their dynamic behaviour. 

Keywords: magnesium alloys; long-period stacking-ordered structure; LPSO; internal friction; Young’s modulus; mi-

croplasticity. 

Acknowledgements: The authors are grateful to Professor Alexey Vinogradov (Magnesium Research Center, Kuma-

moto University) for meaningful discussions and assistance in interpreting the results of the study. The research was sup-

ported by the Russian Science Foundation grant No. 24-72-00073, https://rscf.ru/en/project/24-72-00073/. 

For citation: Kaminskii V.V., Kalganov D.A., Dorogov M.V., Philippov S.A., Romanov A.E. Effects of extrusion on 

Young’s modulus and internal friction of magnesium alloys with various long period ordered structure content. Frontier 

Materials & Technologies, 2025, no. 2, pp. 19–27. DOI: 10.18323/2782-4039-2025-2-72-2. 

 

INTRODUCTION 

Magnesium alloys with a long-period stacking ordered 

(LPSO) structure represent a unique class of materials that 

have attracted the attention of researchers and engineers 

due to their outstanding mechanical properties. Yosihito 

Kawamura first proposed the characteristics of the constitu-

ents and methods for preparation of LPSO magnesium ter-

nary alloys [1]. Team of authors from the Magnesium Re-

search Center is the most active in the development of these 

nanostructured materials and the publication of new
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papers to date. These alloys combine the lightness of mag-

nesium with increased strength, creep resistance, and im-

proved damping characteristics [1–3]. The most studied 

materials in this category are alloys based on Mg–Zn–Y, 

the LPSO structure in them is characterised by a periodic 

alternation of layers with different atomic stacking se-

quence. Mg–Zn–Y ternary compounds crystallise in diffe-

rent phases depending on the Zn–Y ratio and solidification 

methods [4]. Common types of LPSO phases in these alloys 

are 18R (rhombohedral structure with a period of 18 layers) 

and 14H (hexagonal structure with a period of 14 layers). 

These phases in the Mg–Zn–Y system are formed by adding 

a few atomic percent of zinc and yttrium (Zn/Y ratio of ~1) 

to magnesium alloy by rapid solidification [1]. LPSO 

phases significantly increase the strength of Mg–Zn–Y al-

loys due to an ordered structure that impedes the movement 

of dislocations, creates barriers at interfaces, promotes dis-

persion hardening and grain size reduction, and suppresses 

strain twinning. Of particular interest is the fracture mecha-

nism of these alloys, which differs significantly from that of 

classical alloys due to the formation of so-called “kink 

bands” [5]. 

Magnesium alloys with LPSO structure are hardened af-

ter extrusion [6]. For example, in a study [7], a cast alloy 

with 88 % LPSO content (Mg88Zn4Y7) had a low tensile 

strength (yield strength) of about 140 MPa at room tempera-

ture. After extrusion, the strength increased significantly. At 

an extrusion ratio of 10:1, the strength reached 460 MPa at 

room temperature, which is more than three times higher 

than that of the cast alloy. The strengthening occurs because 

the extrusion aligns the LPSO phase along the extrusion di-

rection, preventing basal slip and increasing strength. In addi-

tion, the kink bands formed during extrusion create addi-

tional boundaries that effectively prevent dislocation move-

ment, further contributing to the strength improvement. Al-

though it is known that the LPSO phase increases  

the strength of the alloy and extrusion further enhances this 

strengthening, the exact mechanisms (e. g., dislocation inter-

action with the LPSO phase) require further clarification. 

Typically, the mechanical properties of magnesium al-

loys with LPSO structures are studied using standard me-

thods (tensile, fatigue and hardness tests) [8] as well as 

more specialised methods (acoustic emission, in situ obser-

vations) [9]. These methods provide comprehensive infor-

mation on the strength, ductility, fatigue characteristics and 

microstructure of alloys. A relatively new avenue of re-

search of alloys containing LPSO has been the investigation 

of the high-frequency damping and the effective elastic 

modulus [10].  

The aim of our work is to investigate the effect of extru-

sion on the mechanical properties of magnesium alloys with 

LPSO structures using a composite piezoelectric oscillator 

method at a frequency of 100 kHz. 

 

METHODS 

Composite piezoelectric oscillator method 

The main method of investigation in this work is  

the composite piezoelectric oscillator (CPO) technique 

[11]. The CPO method is based on measuring the reso-

nant frequencies of a material sample excited by a piezo-

electric transducer. The composite oscillator consists of 

two parts: a piezoelectric element (quartz) and the sample 

under study, which are mechanically connected using  

a cyanoacrylate adhesive. When an alternating voltage is 

applied to the piezoelectric element, mechanical vibra-

tions are generated and transmitted to the sample. Analy-

sis of the resonant frequencies and damping of oscilla-

tions (internal friction (IF), decrement) of the CPO  

allows for the determination of the Young’s modulus 

(modulus of elasticity at low-amplitude vibrational de-

formation) and IF of the sample based on the following 

relationships: 
 

ssqqoscosc mmm  ; 

(1) 

ssqqoscosc fmfmfm  , 

 

where mosc is mass of the entire oscillator;  

mq is mass of the quartz;  

ms is mass of the sample;  

δosc is damping of oscillations of the entire oscillator;  

δq is damping of oscillations of the quartz;  

δs is damping of oscillations of the sample;  

fosc is oscillation frequency of the entire oscillator;  

fq is oscillation frequency of the quartz;  

fs is oscillation frequency of the sample.  

The equation for determining the Young’s modulus: 

 
224 sflE                                  , (2) 

 

where ρ is density of the material under study;  

l is length of the sample. 

By measuring the change in resonant frequency,  

the Young’s modulus and IF of the material can be deter-

mined at various temperatures and loads (strain ampli-

tudes). The strain amplitude in the experiments varied from 

2×10
−7

 to 2×10
−4

, and the temperature ranged from 80 to 

320 K with a heating/cooling rate of 2 K/min. It should be 

noted that IF characterises the material’s ability to dissipate 

mechanical vibration energy. It manifests as a damping of 

the oscillation amplitude and is expressed through the 

damping decrement or logarithmic decrement. The loga-

rithmic decrement δ (defined as δ=ΔW/2W, where ΔW is 

the energy dissipated per cycle; W is the maximum stored 

oscillation energy) served as a measure of internal friction. 

Young’s modulus characterises the ratio of stress to strain 

in the approximation of uniaxial tension or compression. 

Studying both of these characteristics simultaneously at 

various strain amplitudes over a wide temperature range 

provides integrated information on the mechanical pro-

cesses occurring in the samples. 

The Young’s modulus softening was measured based on 

the dynamic modulus at the amplitude-independent stage 

Ei, and modulus on strain dependency at the high amplitude 

stage E(ε), as given by equation:  

 

 

i

i

E

EE

E

E 



.                              (3) 
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The study of internal friction and dislocation modulus 

softening in metals by CPO method is considered in detail 

in the works by Lebedev et al. [12–14]. 

Research materials and supporting methods 

The objects of study in this work were a set of polycrys-

talline samples of Mg–Zn–Y-based alloys, both before and 

after extrusion, with varying LPSO content: 0, 50, and 

100 % (volume fraction). These alloys were obtained from 

Kumamoto University, Japan. Their nominal chemical 

compositions (in at. %), confirmed by inductively coupled 

plasma spectroscopy, are as follows: Mg99.2Zn0.2Y0.6 

(LPSO-0 %), Mg93Zn2.5Y4.5 (LPSO-50 %), and 

Mg85Zn6Y9 (LPSO-100 %). Using a diamond saw,  

the samples were shaped into parallelepipeds with dimen-

sions of 2×3×24.5 mm
3
. For all extruded samples, the long-

est direction coincided with the extrusion direction. This 

shape was chosen based on formula (2) to ensure resonance 

in the quartz-sample system.  

As a complementary method, scanning electron micros-

copy (SEM) (MIRA III Tescan), optical microscopy (MET-

5t Altami), and X-ray powder diffraction (MD-10 Radikon) 

were used to investigate the microstructure. SEM images 

and X-ray diffraction pattern were obtained from an or-

thogonal (smallest) cross-section of the parallelepiped sam-

ple. The sample surfaces were polished in isopropyl alcohol 

using sandpaper up to 1 µm grit. X-ray diffraction (XRD) 

data were obtained by rotating the samples around ω at  

a speed of 10 min
−1

, using monochromatized by LiF(200) 

CrKaα radiation. 

 

RESULTS 

The obtained X-ray diffractograms (Fig. 1 a, 1 b) are 

satisfactorily described within the framework of three struc-

tures with different parameters: distorted hexagonal lattice 

of alpha magnesium (P63/mmc a=3.19 c=5.18), cubic  

W-phase and hexagonal phase. All samples are characte-

rised by a complex diffraction pattern of the indicated struc-

tures in the region of 30–40 deg. The sample of LPSO-0 % 

as-cast alloy shows increased intensity in the direction 

0 0 0 2 (2θ=34.59°) and the sample of LPSO-50 % as-cast 

alloy shows increased intensity in the direction 1 1 −2 0 

(2θ=58.36°). 

The main feature of extruded samples vs cast ones is 

the pronounced texture in the basal planes of the mag-

nesium hexagonal lattice, which corresponds to  

the 1 0 −1 0 peak in Fig. 1 b. It can also be observed that 

the LPSO-0 % and LPSO-50 % samples, reoriented with 

an extinction of 0 0 0 2 and 1 1 −2 0 peaks correspond-

ingly (Fig. 1 b).  

SEM micro-images of as-cast and extruded samples 

show the presence of blocks of different contrast in  

the backscattered electron mode for LPSO-50 % and 

LPSO-100 % (Fig. 2). The LPSO-50 % sample includes at 

least three different types of grains in terms of contrast. 

As a result of the work, the temperature dependencies 

of the Young’s modulus of Mg-Zn-Y alloys with varying 

LPSO content, both before and after extrusion, were de-

termined (Fig. 3). It can be observed that the Young’s 

modulus of the samples after extrusion decreases by  

an average of 3 % for 0 %, 50 %, and 100 % LPSO con-

tent. Despite the fact that the measurement error for 

Young’s modulus is 0.001 % (this is true for the already 

fixed sample), it can reach 1 % when the sample is re-

glued. We tried to increase the accuracy by repeatedly 

repeating the experiment on different samples. The va-

lues of Young’s modulus at room temperature were as 

follows: for 0 % LPSO before extrusion is 44.2 GPa, 

after is 42.6 GPa; for 50 % LPSO before extrusion is 

49.8 GPa, after is 48.5 GPa; for 100 % LPSO before ex-

trusion is 57.2 GPa, after is 55.6 GPa. Young’s modulus 

increases with decreasing temperature.  

Fig. 4 shows the amplitude dependences of internal 

friction for samples before and after extrusion. It is pos-

sible to see the increase of internal friction in the samples

 

 

 

     
 a b 

Fig. 1. X-ray diffraction patterns on as-cast (a) and extruded (b) LPSO samples 

Рис. 1. Рентгеновские дифракционные картины на литых (a) и экструдированных (b) ДПС образцах 
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 c d 

     

 e f 

Fig. 2. SEM microimages for as-cast (a, c, e) and extruded (b, d, f) LPSO samples obtained  
in backscattered electron contrast mode 

Рис. 2. РЭМ микроизображения для литых (a, c, e) и экструдированных (b, d, f) ДПС образцов,  
полученные в режиме сопоставления отраженных электронов 
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Fig. 3. Temperature dependence of Young’s modulus of magnesium alloys  
with different content of LPSO structures before and after extrusion 

Рис. 3. Температурная зависимость модуля Юнга магниевых сплавов  
с различным содержанием ДПС структур до и после экструзии 

 

 

 

after extrusion, the increase of internal friction is also 

observed with the increase of the content of LPSO 

phases in the alloy. The amplitude dependent (ADIF) 

and amplitude independent (AIIF) part of internal fric-

tion is clearly visible in these relationships, for under-

standing the inset in Fig. 4 is presented. AIIF increases 

with increase in LPSO content but more increase occurs 

after extrusion. ADIF behaves differently without a pro-

nounced pattern. In samples with LPSO content of 50 % 

and 100 %, a significant decrease in the critical strain 

amplitude can be observed, εс. 

In Fig. 5 shows the amplitude dependences of Young’s 

modulus softening, before and after extrusion. After extru-

sion, the modulus softening decreased significantly. Before 

extrusion, one can observe an increase in Young’s modulus 

softening with increasing LPSO content of phases. 

 

DISCUSSION 

The X-ray diffraction peaks of the samples (Fig. 1) in 

the investigated range correspond to known crystal struc-

tures [4]. The texture of the samples corresponding to 

the phase-contrast images (Fig. 2 a, c, e) is preserved in 

the plane normal to the extrusion direction (Fig. 2 b, d, f). 

However, for all phases, the orientation of the crystal 

structure under shear deformation is observed (Fig. 1 b, 

1 0 −1 0 peak). 

The results show that the Young’s modulus of mag-

nesium alloys with LPSO structures increases with 

higher LPSO content (Fig. 3). Young’s modulus values 

at a fixed strain amplitude grow with increasing volume 

fraction of the LPSO phase. This occurs because LPSO 

phases have strong interatomic bonds and increase  

the stiffness of the alloy. The reasons for the decrease in 

Young’s modulus after extrusion are varied. For example, 

during extrusion, a texture is formed in the material  

where most crystallites are oriented in a specific manner 

(e. g., basal planes (0001) align parallel to the extrusion 

direction), as confirmed by X-ray results (Fig. 1). In  

the direction parallel to the extrusion axis, the Young’s 

modulus may decrease due to the predominant orienta-

tion of basal planes, which have a lower E modulus 

along the c-axis [15]. In the perpendicular direction,  

the Young’s modulus may, conversely, increase. In our 

case, texture may play a key role since measurements are 

conducted parallel to the extrusion axis.  

In alloys with LPSO structures, extrusion can also lead 

to partial destruction or changes in the shape of LPSO 

phases [16]. These phases play a crucial role in strengthen-

ing the material, and their degradation can reduce the over-

all Young’s modulus. In our experiments, the SEM results 

(Fig. 2) show changes in the shape of the blocks containing 

LPSO structures. Extrusion also induces significant plastic 

deformation, resulting in the accumulation of dislocations 

and the formation of kink band [17]. These defects reduce 

the elastic properties of the material as they create regions 

with reduced stiffness. The increase of AIIF (Fig. 4) just 

indirectly indicates the increase of dislocation density. Ex-

trusion typically leads to grain refinement through dynamic 

recrystallisation [18]. Although grain size reduction in-

creases strength and plasticity, it can reduce the Young’s 

modulus due to the increased volume of grain boundaries, 

which have lower elasticity than the bulk crystallites [19]. 

The amplitude dependences of internal friction were 

taken at room temperature, Fig. 4. Based on classical works 

[20], the amplitude dependence of internal friction is related 
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Fig. 4. Amplitude dependence of internal friction in the Mg–Y–Zn alloy  

with different content of LPSO structures (LPSO – 0 %, LPSO – 50 %, LPSO – 100 %) before and after extrusion.  

Consequent loading cycles with increasing εm are marked in red, green and black, respectively.  

The curve for 0 % LPSO after extrusion is highlighted in blue. Inset – schematic illustration of the amplitude –  

independent internal friction (AIIF) and amplitude – dependent friction (ADIF).  

εс is the critical strain amplitude delineating these two regimes.  

The arrows indicate the direction of the forward and backward run in the global loading cycle 

Рис. 4. Амплитудная зависимость внутреннего трения в сплаве Mg–Y–Zn  

с различным содержанием ДПС структур (ДПС – 0 %, ДПС – 50 %, ДПС – 100 %) до и после экструзии.  

Последовательные циклы нагружения с ростом εm обозначены красным, зеленым и черным цветом соответственно.  

Кривая для содержания ДПС 0 % после экструзии выделена синим цветом. Вставка – схематическое изображение  

амплитудно-независимого внутреннего трения (AIIF) и амплитудно-зависимого трения (ADIF).  

εс – критическая амплитуда деформации, разграничивающая эти два режима.  

Стрелки указывают направление прямого и обратного хода в глобальном цикле нагружения 

 

 

 

to the movement of dislocations in the material, where AIIF 

reflects the density of dislocations, ADIF reflects  

the movement of dislocation segments, and εс is related to 

the detachment of dislocations (their segments) from  

the anchoring points. It should be noted that AIIF increases 

with increasing LPSO content, but to a greater extent  

the increase occurs after extrusion, which is associated with 

an increase in dislocation density. ADIF behaves differently 

and a precise interpretation of the observed phenomenon 

requires a more detailed study. Also in the present work, we 

will only emphasize the observed phenomenon of the de-

crease of the critical strain amplitude in samples with high 

content of LPSO phases further this phenomenon should be 

discussed more fully. 

In Fig. 5 it can be seen that the Young’s modulus sof-

tening over a wide range of amplitudes is smaller for  

the samples after extrusion. This can be explained by 

several reasons, but the main one is hardening due to 

dislocations. During extrusion, the material undergoes 

significant plastic deformation, which leads to an in-

crease in dislocation density, as evidenced by the in-

crease in AIIF in the post-extrusion samples. The high 

dislocation density may make it difficult for dislocations 

to move during subsequent loading, which reduces  

the contribution of dislocation mechanisms to Young’s 

modulus softening. The effect of LPSO phase changes 

on the decrease in Young’s modulus softening after ex-

trusion is not significant, which can be confirmed by  

the changes in Young’s modulus softening in samples 

with 0 % LPSO phase content. In summary, the main 

reason for the decrease in Young’s modulus softening 

after extrusion is the increase in dislocation density.  

 

CONCLUSIONS 

The study demonstrates that the Young’s modulus of 

Mg–Zn–Y alloys increases with higher LPSO content due 

to the strong interatomic bonds of LPSO phases. However, 

extrusion reduces the Young’s modulus by approximately 

3 %, attributed to texture formation, partial degradation of 

LPSO phases, and increased dislocation density. Internal 

friction measurements reveal a rise in amplitude-

independent internal friction after extrusion, indicating 

higher dislocation density, while the critical strain ampli-

tude decreases in alloys with higher LPSO content. Extru-

sion also reduces Young’s modulus softening, primarily 
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Fig. 5. Amplitude dependence of the softening of Young’s modulus for alloys  

with different LPSO content before and after extrusion.  

Green line samples with 0 % LPSO, black line with 50 % LPSO, red-dashed line with 100 % LPSO 

Рис. 5. Амплитудная зависимость дефекта модуля Юнга для сплавов  

с различным содержанием ДПС до и после экструзии.  

Зеленая линия – образцы с 0 % ДПС, черная линия – с 50 % ДПС, красная пунктирная линия – со 100 % ДПС 

 

 

 

due to dislocation-induced hardening. Microstructural changes, 

such as grain refinement and kink band formation, further in-

fluence the mechanical properties. These findings underscore 

the importance of LPSO content and extrusion processes in 

optimising the mechanical behaviour of magnesium alloys. 
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Аннотация: Проведение исследования обусловлено растущим прикладным интересом к получению и исследова-

нию механических свойств новых магниевых сплавов, содержащих длиннопериодную слоистую структуру (ДПС). Ис-
следование влияния обработки теплой экструзией на модуль Юнга и внутреннее трение позволит в большей мере по-
нять поведение данных материалов под действием различных механических напряжений, что важно для улучшения их 
функциональных характеристик. Представлены результаты влияния теплой экструзии на структуру, эффективный мо-
дуль Юнга и внутреннее трение в сплавах с различным содержанием фазы ДПС. Сплавы в системе Mg–Zn–Y с содер-
жанием ДПС 0, 50 и 100 % об. были изучены с использованием пьезоэлектрического составного вибратора на частотах, 
близких к 100 кГц. Полученные результаты показали увеличение модуля Юнга с ростом содержания ДПС, обусловлен-
ное большей жесткостью и сильной межатомной связью в этой структуре. Экструзия вызвала уменьшение модуля Юн-
га на 3 % вдоль направления обработки. Этот эффект объясняется формированием удлиненной микротекстуры, пре-
имущественной ориентацией в фазах альфа-магния и ДПС, а также возрастанием плотности подвижных дислокаций. 
Нелинейная часть внутреннего трения возрастала в результате экструзии благодаря увеличению плотности вовлечен-
ных дислокаций. В то же время критическая амплитуда деформации уменьшалась с увеличением доли ДПС. Кроме 
того, выявлено снижение дефекта модуля Юнга после экструзии, что объясняется преимущественно дислокационным 
упрочнением. Полученные данные позволяют с большим пониманием взглянуть на деформационное поведение спла-
вов Mg–Zn–Y с ДПС, а также на влияние на него обработки теплой экструзией. 

Ключевые слова: сплавы магния; длиннопериодная слоистая структура; ДПС; внутреннее трение; модуль Юнга; 
микропластичность. 
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Abstract: The research status on such functional properties, as bending capability, wrapping capability and ductility 

of conductive Al–Fe and Al–Fe–Cu alloys wires is uncertain. Bending and wrapping capability is determined by  

the industrial standards while no attempts were made to study the relation between them and ductility of the Al alloys 

wires, paying even less attention to the ultrafine-grained Al-based wires, produced by electromagnetic casting and 

equal-channel angular pressing. In this study alloys with two different chemical compositions (Al–0.5 wt. % Fe and  

Al–0.5 wt. % Fe–0.3 wt. % Cu) and two different casting methods (casting into electromagnetic mold and continuous 

casting and rolling) were used. Part of the wires for the study was prepared by cold drawing (CD), the other part –  

by the combination of the equal-channel angular pressing by the Conform scheme and cold drawing (ECAP-C+CD)  

to obtain coarse grained (CG) and ultrafine grained (UFG) structures, respectively. Annealing at 230  °C for 1 h was 

carried out to evaluate the thermal stability of the wires. It was shown that the correlation between ductility (elongation 

to failure), number of wraps and number of bends (both before the first crack and before complete failure of  

the specimen) may differ depending on the deformation value, deformation scheme, and amount of alloying elements of 

the alloy wire, as well as ability to form solid solutions.  

Keywords: Al alloy; Al–Fe; Al–Fe–Cu; electromagnetic casting; continuous casting and rolling; equal-channel angular 

pressing; cold drawing; elongation to failure; ductility; wire bending; wire wrapping; fracture analysis.  
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INTRODUCTION 

Aluminium and aluminium alloys are among the most 

widespread materials in different areas of industry.  

The increased use of the aluminium and its alloys is dic-

tated by their increasing competitiveness with copper 

alloys. Low cost, high availability, sufficient mechanical 

strength and electrical conductivity, coupled with high 

ductility and corrosion resistance ensure the growing 

presence of these alloys in different areas of industrial 

complex [1].  

Aluminium and its alloys possess a few properties, 

and their importance and acceptable levels depend on 
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their application. Hence, for electrical wires and cables 

the electrical conductivity, mechanical strength, and duc-

tility are the most important [2]. Electrical conductivity 

is the primary factor here since it determines the ability 

to transfer electrical current, thus the most important 

property for the electrical wire. Mechanical strength is 

important in applications that involve any notable value 

of stress applied to the wire or cable, such as the over-

head powerlines. The ductility determines the level of 

deformation that wire, or cable can endure before crack-

ing or failure, thus meaning how flexible it is for diffe-

rent ways of mount.  

Most often research papers only present the ductility of 

the studied material, which is insufficient for complex eva-

luation of the material functional properties. It is true that 

wires and cables used in the electrical industry in most cas-

es are subjected to static load schemes, meaning tensile 

tests are the fastest way to obtain the experimental data that 

would be enough for most of the applications. However, in 

some real-life application cases such parameters, as fatigue 

[3], number of bends [4], winding capability [5] and fretting 

resistance [6] do matter. In terms of practical application, 

every important parameter should be evaluated, since there 

is no direct correlation of the different properties between 

each other.  

For the overhead powerlines and other applications that 

withstand cyclic loads, fatigue tests are required. The fa-

tigue tests are expensive and time-consuming, so they are 

not implemented in cases when the wire or cable has only 

static loads, or is only deformed once (for example, during 

mounting). For these cases, the ability to withstand bending 

and wrapping has higher importance [7].  

The research on the matter of bending and wrapping ca-

pabilities of conductive aluminium alloys is very scarce. 

The values of these parameters are most often dictated by 

standards, such as ISO 7801:1984 “Wire. Bending test 

method” or ISO 7802:2013 “Metallic materials. Wire. 

Wrapping test”. These standards determine the minimal 

amount of bends or wraps that the material should with-

stand in order to pass the bar, with no regard to the ductility 

of the material. However, as it was mentioned in the previ-

ous paragraph, the relationship between these parameters is 

of high interest.  

Of particular interest are the alloys with an ultrafine-

grained (UFG) structure formed in conductive materials by 

severe plastic deformation (SPD) methods. These materials 

usually demonstrate a very favorable “strength – electrical 

conductivity” combination, but ductility does not always 

exceed that of analogs produced by conventional methods 

[8]. In this regard, the study of the behavior of wires with  

a UFG structure, which have high strength and good elec-

trical conductivity along with acceptable wrapping and 

bending abilities is very important for assessing their fur-

ther use to produce conductors with a new level of proper-

ties, as well as the suitability of such conductors for instal-

lation. According to the results of our recent studies, Al–Fe 

aluminium alloys with the UFG structure demonstrate  

a combination of “strength-electrical conductivity-heat re-

sistance” that is not competed by aluminum alloys of other 

alloying systems as Al–Mg–Si and Al–Zr etc., widely used 

in the cable industry [9].  

The purpose of this study is to establish the relation  

(or absence of it) between ductility (total elongation to fail-

ure), bending and wrapping capabilities of the electrically 

conductive wires made of Al–Fe and Al–Fe–Cu aluminium 

alloys in both coarse-grained and ultrafine-grained states.  

 

METHODS 

Two different alloys – Al–0.5 wt. % Fe and Al–

0.5 wt. % Fe–0.3 wt. % Cu – were picked for the study. 

These alloys have chemical composition similar to that of 

commercial 8176 [10] and 8030 alloy [11], respectively. 

The alloys were produced via casting into electromagnetic 

mold (electromagnetic casting, EMC) for the purpose of 

fine chemical composition control and identical casting 

conditions. For the comparison part of the Al–0.5 wt. % Fe 

alloy samples were produced via continuous casting and 

rolling method (CCR), conventionally used for aluminium 

alloys. The chemical composition of the alloys is presented 

in Table 1. CCR alloy was chosen as a one to be compared 

with, since it is produced by the conventional technique, 

contrary to Al–0.5Fe (EMC) and Al–0.5Fe–0.3Cu (EMCM) 

alloys, produced via relatively new method of casting into 

electromagnetic mold. As established by the authors in the 

course of their previous studies, although the addition of 

0.3 % Cu adds mechanical strength and thermal stability to 

the alloy, it also requires a very careful approach in terms 

of obtaining and processing, thus the EMC method was 

applied to it [12]. 

 

 

 
Table 1. Chemical composition of alloys of the Al–Fe system, wt. % 
Таблица 1. Химический состав сплавов системы Al–Fe, вес. % 

 

 

Alloy Alloy designation Si Fe Cu Ʃ(Mg, Zn, V) Al 

Al–0.5Fe EMC 0.04 0.50 0.01 0.01 Rem 

Al–0.5Fe CCR 0.06 0.48 0.01 0.20 Rem 

Al–0.5Fe–0.3Cu EMCM 0.02 0.50 0.30 0.01 Rem 
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Samples of the alloys studied were subjected to two 

different deformation treatments: cold drawing (CD) 

and combination of the equal-channel angular pressing 

(by the Conform scheme [13]) and cold drawing.  

The ECAP by the Conform scheme (ECAP-C) includes 

placing a wire rod of 11 mm in diameter into a pressing 

channel comprised of a running wheel die with the pres-

sure arranged along working surfaces. Friction re-

sistance forces a wire rod going from a running wheel 

die into a channel formed by a pressure arrangement and 

a gauge, coupling at a certain angle ψ with a wheel die. 

Shear straining occurs at an intersection of these chan-

nels (deformation zone). An intersection angle of chan-

nels ψ constituted 120° with four processing cycles.  

A wire rod was rotated around the axis by +90° after 

each ECAP-C cycle (route Вс), at room temperature 

(RT). As a result of ECAP-C processing, samples with  

a cross section of 10×10 mm and a length of at least 

100 mm were obtained. 

During the CD the samples were subjected to cold de-

formation on a laboratory drawing machine with a drawing 

ratio of 13.5 (relative compression ~75 %). As a result of 

the CD, wire samples with a diameter of 3 mm were ob-

tained. Samples of the original wire rod were also subjected 

to CD using similar conditions. 

Annealing at 230 °C for 1 h was carried out in an at-

mosphere Nabertherm B180 (Germany) furnace according 

to the IEC 62641:2023.  

JEOL JSM 6940LV (Japan) was used to perform scan-

ning electron microscopy. Additional fracture analysis was 

conducted in order to provide insight into the fracture be-

havior of the EMCM alloy. 

To obtain statistically reliable results, tensile tests were 

carried out on three samples for each state on a universal 

tensile testing machine Instron 5982 (USA) at RT. The 

strain rate of 100 mm/min (for wire samples after cold 

drawing according to ASTM A931-96). Based on the test 

results, the values of elongation to failure (δ) were deter-

mined. The tensile tests were carried out on the samples 

after cold drawing (CD), after ECAP-C and cold drawing 

(ECAP-C+CD), as well as after annealing.  

The bending tests were conducted according to 

ISO 7801:1984. For each state at least 3 samples were test-

ed. On the special testing rig each sample was tested, and 

the number of bends until first crack (C) and until complete 

failure (F) was recorded.  

The wrapping tests were conducted according to 

ISO 7802-2013. The requirements of the GOST 10447-

93 were also noted. At least one sample was tested for 

each state. Wire samples of 3 mm in diameter were tight-

ly wrapped around steel rod of 3 mm in diameter with 

the rate of no more than 1 s
−1

. For passing the test each 

sample should withstand at least 5 turns, where 1 turn is 

equivalent for the 360° rotation. Different standards have 

different regulations for the acceptable number of wraps, 

from 5 (according to GOST 10447-93) up to 16 (accord-

ing to ISO 7802:2013). Authors have made the conclu-

sion based on the test results, that in case of 5 successful 

wraps, further wrapping goes unobstructed, until some 

major microdefect is presented, or the experimenter runs 

out of testing material. In this study authors took  

the regulations presented in GOST 10447-93.  

 

RESULTS 

Wrapping, bending and tensile tests assessment 

Fig. 1 demonstrates the view of the samples after bend-

ing and wrapping tests. It may be noted that the fracture of 

the bending sample occurs not in the region of the bending, 

but at the periphery of it. Surface of the samples after both 

types of tests contains no visible defects. 

Table 2 contains the results of the tensile, bending 

and wrapping tests of all studied materials: EMC, CCR 

and EMCM. Cold drawing provides the ductility (elon-

gation to failure) of about 5 % on average in all alloys’ 

samples, except for the EMCM alloy, where its average 

level is 2 %. According to IEC 62641:2023 the minimum 

elongation to failure of aluminium wires is 1.7 % for the 

cold-drawn state and 3.5 % for the annealed state. All 

the alloys studied have passed the 2 % elongation to 

failure mark. Some of the alloys surpass even the re-

quirements for the annealed wires.  

Combined ECAP-C+CD in low-Fe alloy, such as EMC 

and CCR, results in decreased, relatively to CD, level of 

ductility. Since these alloys could be considered as techni-

cally pure aluminium, they act like one, and an increase in 

the deformation value leads to the aforementioned results. 

 

 

 

 

 a b 

Fig. 1. Samples after bending (a) and wrapping (b) tests.  

Both samples are made of wire of 3 mm diameter  

Рис. 1. Внешний вид образца после испытаний на перегибы (a) и навивы (b).  

Оба образца изготовлены из проволоки диаметром 3 мм  
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Table 2. Results of the wrapping, bending and tensile tests 

Таблица 2. Результаты испытаний на навивы, перегибы и растяжение 

 

 

Alloy State 

Wrapping Bending Ductility 

Total  

number 

Meeting  

requirements  

of GOST 10447-93 

Meeting  

requirements  

of ISO 7802:2013 

Until  

the first  

crack, C 

Until  

complete  

failure, F 

Elongation  

to failure,  

% 

EMC 

CD >16 yes yes 8–9 11–13 4.9±0.4 

CD+230 °C >16 yes yes 7–8 12–13 3.8±0.7 

ECAP-C+CD >16 yes yes 9 12 2.8±0.2 

ECAP-C+CD+230 °C >16 yes yes 7 10–11 2.5±0.3 

CCR 

CD >16 yes yes 8–11 9–15 5.6±0.4 

CD+230 °C >16 yes yes 6–11 14–16 3.2±0.5 

ECAP-C+CD >16 yes yes 9–10 12–14 2.7±0.2 

ECAP-C+CD+230 °C >16 yes yes 8 11–14 2.2±0.7 

EMCM 

CD >16 yes yes 6–9 7–10 2.3±0.4 

CD+230 °C >16 yes yes 9 11–13 3.1±0.3 

ECAP-C+CD 0 no no 1 1 2.7±0.5 

ECAP-C+CD+230 °C >16 yes yes 10–12 14–30 7.2±3.7 

 

 

 

The most notable difference between CD and ECAP-

C+CD is observed in the EMCM sample. The introduction 

of the ECAP-C stage significantly increases the elongation 

to failure, but at a level that lies within the error value. Still, 

the total elongation to failure of the EMCM samples is 

higher than 2 %, which is considered to be sufficient for 

practical applications according to IEC 62641:2023.  

In EMC and CCR alloys, contrary to the EMCM, the an-

nealing at 230 °C after CD and ECAP-C+CD results in  

a small, but notable decrease in ductility. 

Table 2 contains, in addition to ductility data, results 

of the wrapping tests of the studied alloys. The only ex-

ception for the successful wrapping tests passage  

(the minimum amount of wraps is 5 according to  

the GOST 10447-93) was demonstrated by the EMCM 

alloy in the ECAP-C+CD state. Not a single wrap was 

possible to make since the wire was fracturing upon 

wrapping. In the CD state, however, the wire made of 

EMCM alloy demonstrated the sufficient number of 

wraps. Although elongation to failure of the EMCM al-

loy sample in the ECAP-C+CD state is relatively high, it 

has no direct correlation with the wrapping ability.  

The EMCM alloy in ECAP-C+CD state after annealing 

does pass the wrapping test. However, the first wraps 

were partially cracked, and only after a couple of wraps 

did the test continue smoothly.  

Table 2 shows the number of bends before the first 

crack (C) and before complete failure (F). The values 

related to the elongation to failure of these wires are also 

given. It is more reasonable to assess the ability of  

the wire to bends by the number of bends C, and not F – 

if the spread of C values is insignificant, then the spread 

of parameter F can reach several tens of units, especially 

in the annealed state.  

Most of the wires in the studied states meet this criteri-

on, except for EMCM alloy in the ECAP-C+CD state –  

the wire in this state is so brittle that it fails already at  

the first bend on each of the studied samples. 

With the increase of the parameters C and F, in most 

cases the parameter δ (ductility) also increases, especial-

ly in the annealed states. However, this correlation is not 

straightforward. The most striking illustration is  

the ECAP-C+CD state of the EMCM alloy – despite the 

acceptable level of δ of 2.7±0.5 %, the wire in this state 

does not withstand even one bend. At the same time,  

the EMCM wire in the CD state, characterized by similar 

values of δ (2.3±0.4%), not only surpasses the ECAP-C+CD 

state in the parameters C and F, but also successfully 

meets the requirements of ISO 7801:1984 and 

IEC 62641:2023.  

Fracture analysis of the EMC and EMCM alloys 

The fracture surface of the EMC alloy in the CD state 

(Fig. 2) has clearly a ductile nature. Surface has a break line 

across the fracture surface (Fig. 2 a, b). On one side of  

the break line there are round dimples, characteristic for  

the ductile fracture (Fig. 2 c), on the other – lamellar pat-

terns (Fig. 2 d). These patterns formed as a result of com-

pression of the parts of the sample during the last cycles of 

the bending test, when the crack has already formed and 
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developed, and parts of the sample were freely moving 

against each other. 

The fracture surfaces of the EMCM alloy in a CD 

state, as well as EMC alloy in the ECAP-C+CD state 

are similar in nature (which is expected given these 

states have similar F value (Table 2), thus they are not 

presented in the study. 

The bending sample of the EMCM alloy after ECAP-

C and CD, however, has different fracture behavior, ima-

ges of which are presented in Fig. 3. The sample was 

barely able to withstand one bend (Table 2), cracking 

during it and completely fracturing upon the second 

bend. Three areas of the fracture surface (Fig. 3 a) corre-

spond to the first crack (1), fracture area (2) and the 

break area (3). Judging from the number of bends one 

would expect the fragile nature of the fracture, but the 

fracture analysis indicates the opposite – the fracture 

surface consists of dimples (Fig. 3 c, d), although they 

much shallower than that of the other samples (Fig. 2). 

Process, similar to one in cold-drawn EMC alloy sample 

(Fig. 2 d), occurs in the fracture area – two parts of the 

sample compressed against each other, crumpling and 

smoothing the dimpled surface (Fig. 3 d). 

 

DISCUSSION 

The research literature on the subject is very scarce, 

making this study somewhat unique. The general require-

ments for the wires are given in standards (ISO 7801:1984, 

IEC 62641:2023, ISO 7802-2013, GOST 10447-93), but 

they operate independently, having no connections with 

each other. However, it would be useful to find out if there 
 

 

 

     

 a b 

     

 c d 

Fig. 2. Fracture surface of the bending tests sample of the EMC alloy in the CD state, SEM: 

a – overview of the fracture surface; 

b – the border between the last and second-to-last fracture areas; 

c – magnified image of the actual fracture surface, dimples are visible; 

d – magnified image of the second-to-last fracture surface, dimples are smoothened by the smashing of the parts of the bending sample  

Рис. 2. Поверхность излома образца из сплава ЭМК в состоянии ХВ после испытаний на перегибы, СЭМ: 

a – обзор поверхности излома; 

b – граница между последней и предпоследней зонами излома; 

c – увеличенное изображение фактической поверхности излома, видны ямки; 

d – увеличенное изображение предпоследней поверхности излома, ямки сглажены за счет сминания частей образца  
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 a b 

     

 c d 

Fig. 3. Fracture surface of the bending tests sample of the EMCM alloy in the ECAP-C+CD state, SEM: 

a – fracture surface overview, where 1 – first crack zone, 2 – fracture area zone, 3 – break area zone;  

b – border between zones 1 and 2; 

c – the enlarged section of zone 1, as well as even further magnified image of the surface, illustrating the ductile nature of the fracture;  

d – the enlarged section of the zone 2, it demonstrates smaller, relatively to zone 1, size of the fracture dimples 

Рис. 3. Поверхность излома образца сплава ЭМКМ в состоянии РКУП-К+ХВ после испытаний на перегибы, СЭМ: 

a – общий вид поверхности разрушения, где 1 – зона первой трещины, 2 – зона разрушения, 3 – зона отрыва; 

b – граница между зонами 1 и 2; 

c – увеличенный участок зоны 1, а также еще более увеличенное изображение поверхности,  

иллюстрирующее вязкий характер разрушения; 

d – увеличенный участок зоны 2, на нем видны меньшие относительно зоны 1 размеры ямок 
 

 

 

is a correlation between ductility, bending and wrap-

ping capabilities, since it would allow us to predict  

the behaviorof aluminium materials with higher precision. 

Thus, the further discussion will be based on the aforemen-

tioned standards. The results of tests (Table 2) were visua-

lized in a point plots, presented in Fig. 4. 

Fig. 4 shows notable correlation between bending (and 

wrapping) and tensile tests. The C value (Fig. 4 a) demon-

strates a certain trend of increasing with the increase of the 

sample’s ductility. Increased ductility of the sample pro-

vides the means for the material to accumulate higher 

amount of deformation thus increasing the deformation that 

the sample can withstand until the first crack. However, in 

the area of relatively low ductility (below 3 %), the C values  

of the studied alloys almost merge, showing little to no  

difference. It should be noted that the F value in most cases 

has higher error value, showing that the accumulation of the 

deformation during the bending tests goes uneven 

(Fig. 4 b). It also means that the surface defects have  

a greater role in F value compared to C value.  

The dependance of the F value from the ductility is notable, 

contrary to C, in the area of lower ductility (below 3 %), 

where increase in elongation to failure correlates with  

the increase of F value. In the area of higher ductility, how-

ever, such correlation cannot be observed.  

The tests, applied to materials studied represent three 

types of static stresses to which materials can be subjected: 

tensile, compressive, and shear. The tensile tests involve 

only tensile stress, while bending tests involve both tensile 

and compressive stress, simultaneously occurring in the 

contrary areas of the sample [14]. During the bending and 

wrapping tests failure usually occurs because the ultimate 
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a 

 

b 

Fig. 4. Number-of-bends and to elongation-to-failure plot: 

a – until the first crack, C; b – until complete failure, F. 

Red markers – EMC state, yellow markers – CCR state, green markers – EMCM state.  

Circle markers – alloys in CD state, triangle markers – alloys in CD and annealing at 230 °C for 1 h state,  

square markers – alloys in ECAP-C+CD state, diamond markers – alloys in ECAP-C+CD and annealing at 230 °C for 1 h state 

[The error bars show the error values in multiple samples within one state. Gray dotted lines show the thresholds according  

to IEC 62641:2023 and ISO 7801-1984]  

Рис. 4. Соотношение количества перегибов  и величины удлинения до разрушения: 

a – до первой трещины, Т; b – до полного разрушения, Р. 

Красные маркеры – состояние ЭМК, желтые маркеры – состояние НЛиП, зеленые маркеры – состояние ЭМКМ. 

Круглые маркеры – сплавы в состоянии ХВ, треугольные маркеры – сплавы в состоянии ХВ после отжига при 230 °C  

в течение 1 ч, квадратные маркеры – сплавы в состоянии РКУП-К+ХВ,  

ромбовидные маркеры – сплавы в состоянии РКУП-К+ХВ после отжига при 230 °C в течение 1 ч  

[Планки погрешностей показывают значения в нескольких образцах в пределах одного состояния. Серые пунктирные линии 

показывают пороговые значения согласно IEC 62641:2023 и ISO 7801-1984] 

 

 

 

tensile strength of the outer areas of the specimen has been 

exceeded. This results in cleavage, or a first crack C, in 

which separation rather than slip occurs along certain crys-

tallographic planes [15].  

Thus, there is a difference in the loading schemes (sim-

ple vs complex) and even loading type (dynamic vs static) 

of bending (and wrapping) and tensile tests. This drastic 

difference doesn’t allow to analytically evaluate the rela-

tionship between them, meaning that for the complex as-

sessment of the wires behavior all three tests should be 

made, making the established correlation strictly experi-

mental.  

Despite the noted correlation, a certain anomaly was de-

tected, and it is the behavior of the EMCM alloy. It may be 

noted that the majority of the specimens meet the require-

ments of minimum number of bends, equal to 7 (according 
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to ISO 7801:1984) (Fig. 4), with one exception, being 

EMCM alloy in ECAP-C+CD state. Interestingly, none of 

the EMC or CCR samples demonstrated such low C and F 

values, even in the ECAP-C+CD state (Table 2). It should 

be noted that the EMCM sample in the ECAP-C+CD state 

have also failed to meet the wrapping criteria (Table 2). 

It would appear that EMCM alloy in the UFG state 

(provided by the combined ECAP-C and CD treatments) 

accumulates deformation much quicker than the other stu-

died materials and states. Since the fracture of the EMCM 

sample is not fragile, the reason why the samples of  

the EMCM alloy accumulate significantly higher amount of 

structural defects lays within their chemical composition: 

EMCM alloy contains Cu, capable of forming solid solu-

tion, clusters, intermetallic particles and grain boundaries 

segregations. The Cu ions in the EMCM alloy find their 

way into solid solution and/or grain boundary segregation 

(similar to one observed in Cu-containing aluminium alloy 

under similar treatment) during the deformation. In the [16] 

it was demonstrated that similar deformation treatment can 

force Cu atoms into grain boundaries, leading to formation 

of the nano-sized AlxCuy precipitates and significantly re-

ducing the ductile properties of the material. Similar effect 

was also observed in Al alloys with insoluble alloying ele-

ments, such as Fe [17]. Though the exact nature of this oc-

currence is unknown, it is observed regularly. In the [9] it 

was shown that combined ECAP-C+CD forms in EMCM 

alloy structural features, that are not presented in the same 

alloy in CD state. 

Thus, the detected discrepancy between the number of 

bends and the level of ductility of wire samples during  

the tensile tests made of the EMCM alloy of the Al–Fe 

system, additionally alloyed with copper, is most likely 

due to the migration of the Cu ions into the grain bounda-

ry regions. This effect can also explain the distinctive ina-

bility of the EMCM alloy wire in ECAP-C+CD state with-

stand the wraps.  

 

CONCLUSIONS 

In this study the analysis of the ductility, bending and 

wrapping ability of the wires made of Al–Fe and Al–Fe–Cu 

systems alloys in CD and ECAP-C+CD states were analyzed.  

1. For the first time the wires made of Al–0.5 wt. % Fe and 

Al–0.5 wt. % Fe–0.3 wt. % Cu aluminium alloy, produced 

using severe plastic deformation methods, subjected to bend-

ing and wrapping of tests, were studied. The correspondence 

of ductility and ability to bend/wrap was established.  

2. It was demonstrated that for the low-alloyed alumini-

um alloys, such as Al–0.5 Fe, the ductility will correlate 

with the deformation value. In the alloys of higher alloying 

elements concentration, the chemical composition will have 

the major role in determining ductile properties. Alloys 

with soluble elements, such as Cu, will demonstrate  

the decrease of ductility and maximum number of bends 

and wraps upon increasing the deformation value.  

3. The samples studied demonstrated correlative increase 

in elongation to failure and maximum number of bends (until 

the first crack in the high-ductility area and until complete 

failure in the low-ductility area), thus it is important to study 

each characteristic of the material separately, considering  

the potential application of the produced wires. 

4. The presence of the Cu in Al–Fe alloys accelerates 

the deformation build-up, causing faster failure of the sam-

ples in bending and wrapping tests, especially after defor-

mation treatment including ECAP-C. However, thermal 

treatment allows this effect to diminish.  
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Аннотация: В исследованиях таких функциональных свойств сплавов Al–Fe и Al–Fe–Cu, как способность к пере-

гибам и навивам, а также пластичность проводов из этих сплавов, имеет место значительная степень неопределенно-

сти. Способность к перегибам и навивам определяется промышленными стандартами, однако попыток изучить связь 

между ними и пластичностью проводов из алюминиевых сплавов не предпринималось. Еще меньше внимания уделе-

но проводам с ультрамелкозернистой структурой на основе алюминия, полученным электромагнитным литьем и рав-

ноканальным угловым прессованием. В данном исследовании использовались сплавы с двумя различными химиче-

скими составами (Al–0,5 вес. % Fe и Al–0,5 вес. % Fe–0,3 вес. % Cu) и двумя различными способами литья (литье  

в электромагнитный кристаллизатор и непрерывное литье и прокатка). Часть проводов для исследования была изго-

товлена методом холодного волочения (ХВ), другая – комбинацией равноканального углового прессования по схеме 

«Конформ» и холодного волочения (РКУП-К+ХВ) для получения крупнозернистой и ультрамелкозернистой структур 

соответственно. Для оценки термической стабильности проволок проводили отжиг при температуре 230 °С в течение 

1 ч. Показано, что соотношение между пластичностью (удлинением до разрушения), числом навивов и числом пере-

гибов (как до первой трещины, так и до полного разрушения образца) может различаться в зависимости от схемы де-

формации, типа и количества легирующих элементов в сплаве, а также способности образовывать твердые растворы.  

Ключевые слова: алюминиевый сплав; Al–Fe; Al–Fe–Cu; электромагнитное литье; непрерывное литье и про-

катка; равноканальное угловое прессование; холодное волочение; удлинение до разрушения; пластичность; тех-

нологические перегибы; технологические навивы; фрактографический анализ. 
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Abstract: Magnesium and its alloys are promising materials for medical use due to their ability to dissolve safely in 

the human body. However, the rate of dissolution of bioresorbable implants should be in a narrow enough range.  

The difficulty in ensuring this condition is that the corrosion process in magnesium alloys is influenced by many fac-

tors, including natural (single-crystal) and technological (production scheme) anisotropy. By carrying out technological 

operations on thermomechanical treatment, it is possible to control the process of formation of the semi-finished pro-

duct texture and to create artificially a preferred orientation of crystallites in the structure of magnesium alloys and thus  

control their corrosion resistance. This requires precise knowledge of the relationship between corrosion processes and 

certain crystallographic directions, which can be most reliably obtained in experiments on single crystals. In this work, 

mechanical (compression and tension) and corrosion tests were carried out for the first time on the same magnesium 

single crystal on samples with different crystallographic orientations. The Kearns coefficients calculated from the X -ray 

diffraction patterns of the single crystal specimen faces by the inverse pole figure method were used as a quantitative 

criterion of the natural texture. The specimens were subjected to compression tests in the       ,         and 

        directions, and to tension tests in the        direction. The specimen surfaces with orientations close to 

the       ,        ,         , and         crystallographic planes were subjected to corrosion testing. It was found that 

the Young’s modulus and the Kearns coefficient for the basal and pyramidal faces were 48.6  GPa and 0.81; 45.3 GPa 

and 0.04, respectively. The shape of the stress curves depended significantly on the sample orientation and was dete r-

mined by the degree of involvement of various mechanisms in the overall plastic deformation process. The rate of co r-

rosion in a physiological aqueous solution of 0.9 % NaCl on a 72-h basis for the       ,        ,         , and 

        surfaces was 0.51, 0.76, 0.71 and 0.98 mm/year, respectively. In this case, the          plane experienced only 

uniform corrosion, the (0001) plane experienced uniform corrosion with minor localised corrosion; the most intense 

localised corrosion is observed in the         direction, and the maximum intensity of the combination of localised and 

uniform corrosion is in the <     > direction. 

Keywords: magnesium single crystal; crystallographic directions; anisotropy; Kearns coefficient; mechanical diagrams; 

corrosion rate. 

 

© Merson D.L., Betsofen S.Ya., Merson E.D., Poluyanov V.A., Myagkikh P.N.,  
Danyuk A.V., Danilov V.A., Maksimenko E.I., Brilevskiy A.I. 2025 

 

Frontier Materials & Technologies. 2025. No. 2 39

https://orcid.org/0000-0001-5006-4115
https://orcid.org/0000-0003-0931-2839
https://orcid.org/0000-0002-7063-088X
https://orcid.org/0000-0002-0570-2584
https://orcid.org/0000-0002-7530-9518
https://orcid.org/0000-0002-7352-9947
https://orcid.org/0000-0001-5099-6940
https://orcid.org/0000-0001-5099-6940
https://orcid.org/0000-0002-5780-6094


Merson D.L., Betsofen S.Ya., Merson E.D. et al.   “Mechanical and corrosion anisotropy of magnesium single crystal” 

 

Acknowledgements: The work was supported by the Russian Science Foundation, project No. 23-19-00636 

(https://rscf.ru/project/23-19-00636/).  

For citation: Merson D.L., Betsofen S.Ya., Merson E.D., Poluyanov V.A., Myagkikh P.N., Danyuk A.V., Danilov V.A., 

Maksimenko E.I., Brilevskiy A.I. Mechanical and corrosion anisotropy of magnesium single crystal. Frontier Materials  

& Technologies, 2025, no. 2, pp. 39–52. 10.18323/2782-4039-2025-2-72-4. 

 

INTRODUCTION 

The study and design of magnesium alloys is one of  

the up-to-date areas of modern materials science, since 

these materials have a set of unique properties, such as the 

best strength-to-weight ratio and excellent biocompatibility: 

pure magnesium is absorbed by a living organism with  

a minimal risk of negative effects [1; 2]. One of the main 

problems when using magnesium alloys is their low corro-

sion resistance that has a galvanic nature [3], and often 

manifests itself in the form of localised corrosion [4], which 

can be significantly affected by the composition and struc-

tural state of the material. It is well known that Mg and its 

alloys are characterised by significant anisotropy of me-

chanical properties due to the features of the deformation 

mechanism and the formation of an intense basal texture in 

sheet semi-finished products, and an intense prismatic tex-

ture in extruded rods [5; 6]. 

Understanding the nature of the corrosion anisotropy 

of magnesium and its alloys will help determine  

the structural and textural factors affecting the rate and 

uniformity of the corrosion process. Consequently, 

knowledge of the target structure and texture of the ma-

terial will allow choosing the method of deformation 

treatment of the product (semi-finished product), or its 

surface at the final stage of manufacture to produce 

a material with high-quality and guaranteed parameters 

of the corrosion process. The rate and uniformity of cor-

rosion are understood as quality parameters. The use of 

magnesium alloys as a material for the manufacture of 

temporary implants capable of self-absorbing after ful-

filling their intended service is currently a relevant up-

to-date sector at the junction of materials science and 

medicine. Therefore, understanding the corrosion process 

of magnesium materials and managing it is extremely  

important for the creation of bioresorbable medical ma-

terials with an accurately predictable service life.  

The same applies to structural magnesium alloys used to 

manufacture power elements in the aviation and automo-

tive industries. Such elements are made in most cases 

from semi-finished products manufactured by various 

methods of metal pressure processing (extrusion, rolling, 

methods of severe plastic deformation, etc.), the conse-

quence of which is the inevitable formation of a corre-

sponding texture in the processed metal, the parameters 

of which can significantly affect the corrosion processes. 

In other words, the corrosion resistance of products 

made from a material with identical chemical and even 

phase composition may differ essentially depending on 

the production technology. Therefore, understanding  

the cause-and-effect relationships between the structural 

and textural parameters of magnesium alloys and corrosion 

processes is of great scientific and applied importance. 

However, studies of the effect of texture on the corro-

sion properties of magnesium alloys have not received due 

attention in the literature for a long time. Only after 2010, 

a pronounced trend towards conducting such studies 

emerged [7–10]. In the work [7], the microstructure, tex-

ture, mechanical properties and corrosion behaviour of 

extruded Mg–4Zn alloy were studied. Samples with an 

orientation close to the basis showed lower corrosion rates 

compared to the orientation of samples with a predomi-

nance of prismatic planes. In [8–10], similar results were 

obtained for the AZ31 alloy. Corrosion anisotropy has 

been experimentally found both in pure magnesium [11] 

and in deformable magnesium alloys. For example, work 

[12] presents the results of corrosion rate assessment in 

various technological directions after rolling of AZ80 al-

loy, and shows that the corrosion rate determined by  

the mass method can differ by 1.7 times in the normal 

direction (ND) and in the extrusion direction (ED). Such  

a difference in corrosion rate is quite significant and must 

be taken into account, especially when creating bioresorb-

able structures for medical purposes. 

It is generally accepted that corrosion anisotropy asso-

ciated with crystallographic orientation is determined by 

the surface atomic-binding energy and the packing density 

of atoms [13]. Obviously, such a binding can be most cor-

rectly revealed during corrosion tests of single crystals. 

Surprisingly few such studies have been performed on 

single crystals of metals with a hexagonal close-packed 

(hcp) lattice, especially on magnesium. In the earliest 

work [14], it was found for magnesium single crystals that 

in a chlorine-containing environment, the (0001) basal 

plane exhibits the lowest corrosion resistance, and  

the corrosion itself has a filiform, i. e. it spreads in a di-

rection rather than chaotically, and this direction is deter-

mined largely by the crystallographic orientation. In [15], 

where the corrosion process was studied on single-crystal 

magnesium planes with the widest possible range of direc-

tions, the (0001) orientation, on the contrary, showed  

the highest corrosion resistance. It should be noted that in 

most known cases it is the (0001) basal plane that exhibits 

maximum resistance to corrosion, for example, such  

a conclusion was made in [11] using the example of a study 

of a polycrystal of pure magnesium with a large grain. 

Along with corrosion anisotropy, magnesium and its al-

loys are even more characterised by mechanical anisotropy, 

which is expressed in sharply different mechanical beha-

viour depending on the crystallographic direction of loading. 

It is worth noting that there are only a few more experimen-

tal studies of mechanical anisotropy performed on magne-

sium single crystals than studies that cover corrosion ani-

sotropy. The earliest ones include studies [16; 17], in which 

magnesium single crystals were tested for compression in 

various directions and only the initial region including  

the transition from the elastic to the plastic stage was studied. 

Perhaps the most interesting study of the mechanical beha-

viour of magnesium single crystals also under compression, 
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but up to failure, was conducted in [18]. This work con-

vincingly demonstrated the fundamental difference in the 

compression diagrams of single crystals tested in different 

crystallographic directions, which is explained by the dif-

ferent combination of twinning and slip deformation 

mechanisms under starting stresses. 

Note that we are not aware of any work in which 

mechanical and corrosion anisotropy would be simulta-

neously studied on samples of the same magnesium 

single crystal. 

The purpose of the study is to evaluate and compare 

corrosion and mechanical anisotropy performed on  

the same magnesium single crystal. 

 

METHODS 

A magnesium single crystal with 99.98 % purity and 

dimensions of 30×19×62 mm was produced at the Magne-

sium Technology Innovation Center, School of Materials 

Science and Engineering, Seoul National University, using 

the Bridgman method. 

The following samples were prepared from the mag-

nesium single crystal by the electrical discharge machin-

ing (EDM) using a Sodick AG400L LN2W electric spark 

wire-cutting machine: (1) in the form of parallelepipeds 

with dimensions of 6.5×6.0×5.5 mm for compression 

testing and (2) in the form of specimens of a dog bone 

shape with cross-section dimensions of 4.0×3.0 mm and 

a gauge part length of 9.0 mm for tensile testing. Due to 

the small size of the original single crystal, tensile 

specimens were prepared for only one <     > orienta-

tion. The drawing and orientation of the tensile speci-

mens are shown in Fig. 1. 

The orientation of the samples was determined using  

a SIGMA scanning electron microscope (Zeiss) equipped 

with an electron backscatter diffraction detector (EBSD). 

The mechanical tests of magnesium samples were car-

ried out at room temperature using a miniature Kammrath 

& Weiss testing machine with a strain rate of 0.83·10
−3

 s
−1

 

for both compression and tension. 

The texture was studied by the X-ray diffraction method 

using a SHIMADZU XRD-6000 vertical 2Θ-Θ X-ray dif-

fractometer (Japan) in monochromatic copper radiation. 

The texture was estimated by the method of inverse pole 

figures (IPF) obtained from X-ray patterns for the faces of 

the specimens parallel to the basal planes, using normalisa-

tion that takes into account the uneven distribution of re-

flections on the projection sphere using the Ai coefficients. 

The values of the pole densities Pi for reflections i=hkl 

were determined by the relation 
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where Ai is the ratio of the surface area of the stereographic 

triangle around the normal (i=hkl) limited by large circles 

dividing in half the angular distances between adjacent 

normals; 

n is the number of experimental reflections (n=17); 

Ii and Ri are the intensities of reflections i=hkl of textured 

and textureless specimens. 

As a quantitative criterion of texture, the Kearns coeffi-

cients (f-factors) were used, which are usually used as 

 

 

 

       

 a b c 

Fig. 1. Drawing of single crystal magnesium tensile specimens (a),  

steriographic projection of the <0001> crystallographic direction (b)  

and lattice orientation against the longitudinal axis (c) 
Рис. 1. Чертеж образцов монокристалла магния на растяжение (a),  

стериографическая проекция кристаллографического направления <0001> (b)  

и ориентация решетки по отношению к продольной оси (c) 
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texture parameters in relation to Zr and Ti [19] alloys.  

The Kearns coefficients are estimated from the inverse pole 

figures for the X direction of the specimen: 
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where i=hkl;  

γi is the angle between the normal to (hkl) and the c-axis of 

the hcp magnesium lattice.  

The Kearns coefficient (fi) varies from zero for any di-

rections in the basal plane to unity for the normal to  

the basal plane (c-axis). 

Moreover, the data on texture obtained as an inverse 

pole figure were used to calculate the Young’s modulus in 

the direction for which this pole figure was obtained, taking 

into account the reference values of single-crystal moduli of 

the material. Young’s moduli for hcp of crystals depend 

only on the γ angle with the c-axis: 
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Then the value of Young’s modulus in an arbitrary x di-

rection can be determined from the relation 

 

ii

n

i

x
ix EAPE 





1

.                               (4) 

 

The values of single-crystal compliance moduli for Mg 

are given in Table 1 [20]. 

To study the relationship between corrosion processes and 

the crystallographic directions of the magnesium crystal 

lattice, parallelepiped-shaped samples were cut from a single 

crystal using EDM cutting. The orientation of certain faces of 

the parallelepipeds was close to the orientations of the (0001), 

(     ), (      ), and (     ) crystallographic planes, respec-

tively, for samples numbered 1, 2, 3, and 4. Before testing,  

the working faces of the samples were polished sequentially 

using alcohol diamond suspensions with particle sizes of 3, 1, 

and 0.25 μm, and then subjected to ion polishing in a flow of 

ionised argon using a Hitachi IM4000 Plus machine (Japan). 

After that, using EBSD method, the crystallographic orienta-

tion of the working surface of the samples was precisely de-

termined (shown in the inverse pole figure in Fig. 2). 

Corrosion tests of samples 1–4 of the magnesium single 

crystal were carried out using an original corrosion unit 

[21] for 72 h. During the test, only the area of the sample 

working surface limited by a sealing ring with an internal 

diameter of 4 mm was in contact with the corrosion solu-

tion. A physiological aqueous solution of 0.9 % NaCl was 

used as the corrosion medium. Maintaining the temperature 

in the cell at the level of 37±0.2 °C, as well as mixing  

the liquid, was ensured by circulating the corrosion solution 

using a peristaltic pump and a glass heat exchanger im-

mersed in a thermostat tank with distilled water.  

After testing, corrosion products were removed from  

the sample surface by immersing the sample for 2 min in  

a standard aqueous solution of 20 % CrO3 + 1 % AgNO3. 

Then, the samples were washed with alcohol, dried with 

compressed air, and the surface of the single-crystal sam-

ples damaged by corrosion was examined using a LEXT 

OLS4000 confocal laser scanning microscope (CLSM) 

(Olympus, Japan). Imaging was performed at a magnifica-

tion of 400× with a scanning step along the Z-axis of 

0.8 μm. A panoramic image of 6×6 frames was built for  

the entire sample. The size of one frame was 640×640 μm. 

In order to remove optical noise after imaging, a digital

 

 

 
Table 1. Values of the ductility moduli of Mg [21] 

Таблица 1. Значения модулей податливости Mg [21] 

 

 

Unit of measurement / direction S11 S12 S13 S33 S44 

10−2 GPa−1 2.21 −0.78 −0.49 1.99 6.03 

 

 

 

 

 

Fig. 2. Inverse pole figure indicating the crystallographic orientation  

of the working surface of magnesium single crystal samples 1–4 
Рис. 2. Обратная полюсная фигура с указанием кристаллографической ориентации  

рабочей поверхности образцов монокристалла магния 1–4 
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pre-measurement filter built into the microscope software 

was applied to all the obtained images. After filtering, tak-

ing the surface of the sample that was not in contact with 

the corrosive environment as the base reference point, the 

volume of metal lost in the area of the sample damaged by 

corrosion was measured. The corrosion rate was determined 

by formula using CLSM data [22]: 

 

tS

V
P


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 (mm/year), (5) 

 

where V is the volume of lost metal; 

S is the area of the sample; 

t is the test time. 

 

RESULTS  

Texture study 

Fig. 3 a, 3 b show X-ray diffraction patterns of a mag-

nesium single crystal indicating that it is indeed a single 

crystal. Additional confirmation of this is provided by the 

results of recording rocking curves (Fig. 3 c), according to 

which the block misorientation value Δα is 0.8 and 1.8°, 

indicating very low fragmentation of the subgrain structure. 

Tables 2 and 3 show the results of texture intensity as-

sessment for the single crystal, which correspond to the X-ray 

diffraction patterns obtained for the basal and prismatic 

faces (Fig. 3 a and 3 b), respectively. 

The Kearns coefficient for normals to the basal face is 

0.81, which is impossible to obtain on polycrystals.  

The Young’s modulus is 48.6 GPa (Table 2), which, ac-

cording to equation (3), is achieved at angles with the c-axis 

of 15°. For the lateral prismatic plane (     ) (Fig. 3 b),  

the Young’s modulus is 45.3 GPa, the Kearns coefficient is 

0.04, which corresponds to this orientation. The Kearns 

coefficient is zero for the prismatic plane. 

Mechanical tests 

Compression test 

The compression test of parallelepiped-shaped magne-

sium single crystal samples was carried out in three mutu-

ally perpendicular orientation directions: <0001>, <     >, 

and <     >. The choice and sequence of the crystallo-

graphic direction of external stress application were made 

in the order from suppression to gradual activation of de-

formation systems (slip and twinning) with the lowest shear 

stresses. For the <0001> direction, the easy slip systems in 

the basal plane are completely blocked, and slip along 

 

 

 

       

 a b 

 

c 

Fig. 3. X-ray diffraction patterns of faces parallel to: a – basal (0001) and b – prismatic (     ) planes;  

с – ω-scans of a face parallel to the (0001) basal plane  

Рис. 3. Рентгенограммы граней, параллельных: a – базисной (0001) и b – призматической (     ) плоскости;  

с – ω-сканирования грани, параллельной базисной плоскости (0001) 

Frontier Materials & Technologies. 2025. No. 2 43

Merson D.L., Betsofen S.Ya., Merson E.D. et al. Mechanical and corrosion anisotropy of magnesium single crystal“ ”



Merson D.L., Betsofen S.Ya., Merson E.D. et al.   “Mechanical and corrosion anisotropy of magnesium single crystal” 

 

Table 2. Scheme for calculating the Young’s modulus and the Kearns coefficient (f-factor) for the basal face 

Таблица 2. Схема расчета модуля Юнга и коэффициента Кернса (f-фактор) для базисной грани 

 

 

hkl γ, degree Ehkl, GPa f Phkl Ahkl PhklхАxEhkl Phklxfhkl 

100 90.0 45.2 0.00 1.29 0.044 2.6 0.00 

002 0.0 50.3 1.00 48.33 0.016 38.9 0.77 

101 61.9 43.3 0.22 0.11 0.044 0.2 0.00 

102 43.2 43.4 0.53 0.00 0.059 0.0 0.00 

110 90.0 45.2 0.00 0.00 0.027 0.0 0.00 

103 32.0 45.0 0.72 0.00 0.048 0.0 0.00 

112 58.4 43.1 0.27 0.42 0.039 0.7 0.00 

201 75.1 44.5 0.07 0.51 0.058 1.3 0.00 

104 25.1 46.4 0.82 0.00 0.042 0.0 0.00 

203 51.3 43.0 0.39 0.00 0.050 0.0 0.00 

120 90.0 45.2 0.00 0.00 0.051 0.0 0.00 

121 78.6 44.8 0.04 0.00 0.120 0.0 0.00 

114 39.1 43.8 0.60 0.00 0.096 0.0 0.00 

122 68.1 43.8 0.14 0.00 0.103 0.0 0.00 

105 20.6 47.4 0.88 0.00 0.062 0.0 0.00 

123 58.8 43.1 0.27 1.11 0.104 5.0 0.030 

302 70.4 44.1 0.11 0.00 0.039 0.0 0.00 

    
  END=48.6 GPa FND=0.81 

Note. hkℓ is Miller index describing the planes of the crystal lattice; 

γ is an angle between the normal to (hkl) and the c-axis of the hpc magnesium lattice; 

ƒ is Kearns coefficient; 

Ehkl is Young’s modulus in the hkl direction; 

Phkl is pole density of reflections; 

Аhkl is the ratio of the surface area of a stereographic triangle around the normal (i=hkl) limited by large circles dividing in half the 

angular distances between adjacent normals; 

END is Young’s modulus in the direction of the normal to the rolling plane; 

FND is Kearns coefficient in the direction of the normal to the rolling plane. 

 

 

 

Table 3. Calculation scheme for Young’s modulus and Kearns coefficient (f-factor) for a prismatic face 

Таблица 3. Схема расчета модуля Юнга и коэффициента Кернса (f-фактор) для призматической грани 

 

 

hkl γ, degree Ehkl, GPa f Phkl Ahkl PhklхАxEhkl Phklxfhkl 

100 90.0 45.2 0.00 21.71 0.044 43.2 0.00 

002 0.0 50.3 1.00 2.48 0.016 2.0 0.04 

101 61.9 43.3 0.22 0.04 0.044 0.1 0.00 

102 43.2 43.4 0.53 0.00 0.059 0.0 0.00 

110 90.0 45.2 0.00 0.00 0.027 0.0 0.00 

103 32.0 45.0 0.72 0.00 0.048 0.0 0.00 
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Continue of table 3 

 

112 58.4 43.1 0.27 0.00 0.039 0.0 0.00 

201 75.1 44.5 0.07 0.00 0.058 0.0 0.00 

104 25.1 46.4 0.82 0.00 0.042 0.0 0.00 

203 51.3 43.0 0.39 0.00 0.050 0.0 0.00 

120 90.0 45.2 0.00 0.00 0.051 0.0 0.00 

121 78.6 44.8 0.04 0.00 0.120 0.0 0.00 

114 39.1 43.8 0.60 0.00 0.096 0.0 0.00 

122 68.1 43.8 0.14 0.00 0.103 0.0 0.00 

105 20.6 47.4 0.88 0.00 0.062 0.0 0.00 

123 58.8 43.1 0.27 0.00 0.104 0.0 0.00 

302 70.4 44.1 0.11 0.00 0.039 0.0 0.00 

      
END=45.3 GPa FND=0.04 

Note. hkℓ is Miller index describing the planes of the crystal lattice; 

γ is an angle between the normal to (hkl) and the c-axis of the hpc magnesium lattice; 

ƒ is Kearns coefficient; 

Ehkl is Young’s modulus in the hkl direction; 

Phkl is pole density of reflections; 

Аhkl is the ratio of the surface area of a stereographic triangle around the normal (i=hkl) limited by large circles dividing in half the 

angular distances between adjacent normals; 

END is Young’s modulus in the direction of the normal to the rolling plane; 

FND is Kearns coefficient in the direction of the normal to the rolling plane. 

 

 

 

a limited number of pyramidal systems outside the basal 

plane is greatly hindered. The <     > and <     > con-

figurations are close to each other in the implementation of 

slip of prismatic and pyramidal planes in the directions ly-

ing in the basal plane and twinning of the “stretching” type, 

but differ in their more favourable arrangement for activa-

tion for the <     > direction. Fig. 4 shows three diagrams 

of compression tests (one for each orientation) in  

the “Stress (engineering) – Strain (engineering)” coordi-

nates, where the compressive stresses are conventionally 

given in the positive direction. 

Analysis of the diagrams displayed in Fig. 4 shows that, as 

expected, the orientation of the single crystal to the direction of 

the applied uniaxial load has a decisive influence on the type 

of diagrams, or more precisely, on the mechanisms of plastic 

deformation realised in certain crystallographic directions. 

This influence has been well studied in [16–18], so here we 

will only note the following. When testing samples in all three 

directions, the Schmid factor for basal slip is zero, so deforma-

tion can be carried out by twinning or <c+a> slip. 

When testing samples in the <0001> direction,  

the {     }<     > light tensile twinning cannot act, while 

the maximum possible strain hardening and rapid exhaus-

tion of the possibility of plastic deformation occur. A simi-

lar effect for this orientation was observed in [18] and in-

terpreted as <c+a> slip. 

When testing samples in the <     > direction, first 

there is a stage of deformation with low strain hardening, 

after which the loading curve rushes sharply upward, and 

its appearance becomes completely identical to the previous 

case. This can be easily explained by the action of 

{     }<     > slight tensile twinning, which for this ori-

entation produces a transfer of the orientation of the single 

crystal to an orientation located 3° from the c-axis. In ac-

cordance with the magnitude of the shear for this type of 

twinning, a deformation of ~6 % is required for complete 

re-twinning of all grains, which is observed for the stage 

with low strain hardening (Fig. 4). After this, compression 

occurs in the <0001> direction, respectively, similar to  

the previous case. 

When testing samples in the <     > direction, 

{     }<     > light tensile twinning is also active, but 

unlike the previous case, the orientation of the twinned single 

crystal is characterized by a deviation from the c-axis  

by an angle of ~30°. Such an orientation is favourable for 

basal slip, which for magnesium has a minimum value of 

the critical shear stress. However, a high level of plasticity 

is realized stimulating the formation of a texture that coin-

cides with the slip plane for compression, i. e., a basal tex-

ture is formed. Therefore, with increasing deformation,  

the compression axis approaches the c-axis, which reduces 

the Schmid factor for basal slip and, accordingly, increases 

the flow stress. 

The mechanical properties of a single crystal of pure 

magnesium found during compression testing in different 

directions are given in Table 4. 
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Fig. 4. Diagrams of compression test of samples of pure magnesium single crystal for three orientations 

Рис. 4. Диаграммы испытаний образцов монокристалла чистого магния  

на сжатие для трех ориентаций 

 

 

 

Tension test 

The diagram of the tensile test of a magnesium single 

crystal in the <     > direction is shown in Fig. 5. This 

direction of loading the single crystal by activation of 

the deformation systems of the hcp crystal lattice is 

characterised by high activity of basal slip and “tensile” 

twinning and, to a lesser extent, slip in prismatic and 

pyramidal planes. The initial strengthening occurs due to 

the system of the easiest basal slip for an hcp crystal, 

which is interrupted by the activation of the “tensile” 

twinning system at a stress of 32.5 MPa and 2 % de-

formation, forming a “tooth” in the diagram. The sub-

sequent sharp drop in stress is probably associated with  

the reorientation of the lattice during twinning to easy 

slip, i. e. the Schmid factor for basal slip increases, due 

to which the subsequent deformation occurs at a lower 

stress. In the range of deformation from 4 to 11 %,  

a slight strain hardening supported by slight sliding oc-

curs, but after 12 % deformation, a stepwise decrease in 

strength is observed, which is caused by filling the vo-

lume of the sample with intersecting secondary twins 

with the formation of macrodefects (cracks) at the inter-

section boundaries. In contrast to compression tests, this 

direction demonstrates significantly greater plasticity. 

Certain standard mechanical properties are given in 

Table 4. 

Corrosion tests 

The study of the surface of single crystal samples da-

maged by corrosion was carried out using CLSM with  

the reconstruction of surface profiles based on the areas 

most damaged by corrosion (Fig. 6).  

Analysis of the obtained images and profile diagrams 

indicates, firstly, that the nature of corrosion damage really 

strongly depends on the crystallographic orientation of the 

working surface of the single crystal, and secondly, that the 

(0001) (Fig. 6 a, 6 b) and (      ) (Fig. 6 e, 6 f) planes are 

characterised by uniform corrosion, which is evidenced by

 

 

 
Table 4. Mechanical properties of magnesium single crystal 

Таблица 4. Механические характеристики монокристалла магния 

 

 

No. 
Direction of application  

of load 

Offset yield stress,  

MPa 

Ultimate tensile strength,  

MPa 

Percentage elongation  

(compression), % 

1 <0001> compression 2.55±0.05 170±4 7.5±0.5 

2 <     > compression 2.6±0.05 175±5 12.5±0.8 

3 <     > compression 2.65±0.05 145±4 42±5 

4 <     > tension 8.8±0.2 33±4 34±3 
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Fig. 5. Diagram of the test of a pure magnesium single crystal sample for uniaxial tension in the <     > direction 

Рис. 5. Диаграмма испытания образца монокристалла чистого магния  

на одноосное растяжение в направлении <     > 

 

 

 

significant depth fluctuations along the entire length of  

the profile diagrams, while the (     ) (Fig. 6 c, 6 d) and 

(     ) (Fig. 6 g, 6 h) planes, on the contrary, are characte-

rised by localised corrosion with a pit depth of up to 30 μm 

with minimal damage to the surface between the pits.  

According to confocal microscopy data, the corrosion 

rate based on 72-hour tests was 0.51±0.04, 0.76±0.08, 

0.71±0.07, and 0.98±0.10 mm/year for (0001), (     ), 

(      ), and (     ) planes, respectively. 

 

DISCUSSION 

According to the obtained results (Table 2), the Young’s 

modulus for the basal plane is 48.6 GPa, which is achieved 

at angles with the c-axis of 15°, which is slightly greater 

than the Young’s modulus for the lateral prismatic plane 

(     ) – 45.3 GPa.  

When testing samples in the <0001> direction,  

the maximum possible strain hardening occurs, which is 

associated with the action of <c+a> slip. Compression in 

the <     > direction is characterised by low strain hard-

ening at the initial stage as a result of the action of slight 

tensile {     }<     > twinning, which for this orienta-

tion transfers the single crystal orientation of all grains 

into an orientation spaced away from the c-axis by 3°. 

This requires a deformation of ~6 %, which is observed 

experimentally. After this, compression occurs in the <0001> 

direction. Under compression in <     >, slight tensile 

{     }<     > twinning is also active, but the orienta-

tion of the twinned single crystal is characterised by  

a deviation from the c-axis by an angle of ~30°, and such 

an orientation is favourable for basal slip, which pro-

vides high plasticity. With increasing deformation,  

the compression axis approaches the c-axis, which re-

duces the Schmid factor for basal slip and, accordingly, 

increases the flow stress. 

The corrosion process on the surface of magnesium single 

crystals can be conditionally divided into two components: 

uniform and localised. The first involves complete disso-

lution of the surface layer to a certain depth, and  

the second is the formation of local pits. It is illustrated by 

the profile diagrams of the corroded surface of differently 

oriented surfaces of a magnesium single crystal, shown in 

Fig. 6. Since part of the working surface of the sample was 

not in contact with the corrosive environment, it was taken 

as the zero corrosion level (indicated by a dotted line in 

Fig. 6 b, 6 d, 6 f, 6 h). The dashed line in Fig. 6 b, 6 d, 6 f, 

6 h conventionally denotes the maximum depth of uniform 

corrosion. From Fig. 6, it follows that the minimum depth 

hun (rate) of uniform corrosion corresponds to the (0001) 

plane (~6.5 μm, Fig. 6 b), for all the others, it has close va-

lues: ~10, 12.5 and 11.5 μm for the (     ), (      ), and 

(     ) planes, respectively (Fig. 6 d, 6 f, 6 h). In this case, 

the maximum pit depth hloc took values of 25, 35, 10, and 

22 µm for the (0001), (     ), (      ), and (     ) planes, 

respectively. According to these results, it becomes obvi-

ous that in a magnesium single crystal, the (     ) plane 

has the greatest tendency to pitting (localised) corrosion 

(Fig. 6 d), and the (      ) plane has the least tendency 

(Fig. 6 f). A theoretical explanation for this phenomenon 

has yet to be found. 

Based on the above, the previously given values of cor-

rosion rates of 0.51±0.04, 0.76±0.08, 0.71±0.07, and 

0.98±0.10 mm/year for the working (0001), (     ), 

(      ), and (     ) surfaces, respectively, are the result of 

superposition of uniform and local corrosion rates. 
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Fig. 6. Image of corroded surface (a, c, e, g) and corresponding profile diagrams (b, d, f, h)  

for working (0001) (a, b), (     ) (c, d), (      ) (e, f), and (     ) (g, h) surfaces according to CLSM data. 

Dotted line – zero level; dashed line – maximum level of uniform corrosion 

Рис. 6. Изображение прокорродированной поверхности (a, c, e, g) и соответствующие им профилограммы (b, d, f, h)  

для рабочих поверхностей (0001) (a, b), (     ) (c, d), (      ) (e, f) и (     ) (g, h) по данным КЛСМ. 

Мелкий пунктир – нулевой уровень; средний пунктир – максимальный уровень равномерной коррозии 
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It should be noted that, according to the obtained data, 

the (0001) plane has the lowest average corrosion rate, 

which is in good agreement with the results of most works 

by other researchers [11; 15]. At the same time, a detailed 

analysis of the surface relief shows that the low value of  

the average corrosion rate of this plane is primarily caused 

by the low rate of uniform corrosion, while the depth of 

local corrosion damage in this plane is higher than, for ex-

ample, in the (      ) and (     ) planes. Thus, at a signifi-

cantly lower average corrosion rate, the (0001) plane has  

a rather high tendency to local corrosion compared to other 

crystallographic planes. It should be considered when de-

signing the microstructure and crystallographic texture of 

semi-finished and finished products made of magnesium 

alloys that are planned to be used in contact with aggressive 

environments. Local corrosion is one of the most dangerous 

forms of degradation of metallic materials in an aggressive 

environment, since it can lead to a rapid local decrease in 

the cross-section of a part and even the occurrence of 

through damage in thin-walled products. Moreover, corro-

sion pits formed as a result of the development of this type 

of corrosion can serve as crack nuclei in stress corrosion 

cracking. At the same time, until now, corrosion studies on 

magnesium single crystals have provided data only on  

the integral assessment of the corrosion rate, which, as 

shown in this paper, do not always provide a sufficiently 

complete view of the corrosion resistance of a particular 

crystallographic plane. 

 

CONCLUSIONS 

1. The anisotropy of the elastic properties of a magne-

sium single crystal is insignificant: Young’s moduli for  

the basal and pyramidal directions are 48.6 and 45.3 GPa, 

respectively, i. e. they differ by less than 7 %. At the same 

time, the Kearns coefficient, which is a quantitative crite-

rion of texture, is 20 times higher for the basal plane (0.81) 

than for the pyramidal plane (0.04). 

2. The strong anisotropy of the mechanical properties 

of a pure magnesium single crystal is caused by the struc-

ture of the hcp crystal lattice and a complex combination 

of the work of crystalline deformation systems of slip and 

twinning, which differ in configuration. Pure single-

crystal magnesium demonstrates a wide range of me-

chanical parameters: yield strength by 3.5 times, ultimate 

strength by 5 times, and plasticity by 5.6 times with varia-

tions in the direction of application of load to a pure mag-

nesium single crystal.  

3. The corrosion rate in an aqueous solution of 0.9 % 

NaCl on a 72-h basis for the (0001), (     ), (      ), and 

(     ) surfaces of magnesium single crystals was 

0.51±0.04, 0.76±0.08, 0.71±0.07, and 0.98±0.10 mm/year, 

respectively. At the same time, the (      ) plane experi-

ences only uniform corrosion, and the (0001) plane experi-

ences uniform corrosion with minor localised corrosion; 

localised corrosion is most intense in the <     > direction, 

and the maximum intensity of the combination of localised 

and uniform corrosion is in the <     > direction. 
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Аннотация: Магний и его сплавы относятся к перспективным материалам для применения в медицине в связи с их 

способностью безопасно растворяться в организме человека. Однако скорость растворения биорезорбируемых имплан-

татов должна находиться в достаточно узком диапазоне. Сложность обеспечения этого условия состоит в том, что на 

коррозионный процесс в магниевых сплавах оказывают влияние очень многие факторы, в том числе естественная (мо-

нокристальная) и технологическая (схема получения) анизотропия. Путем проведения технологических операций по 

термомеханической обработке можно контролировать процесс формирования текстуры полуфабриката и искусственно 

создавать преимущественную ориентацию кристаллитов в структуре магниевых сплавов и таким образом управлять их 

коррозионной стойкостью. Для этого нужны точные знания о связи коррозионных процессов с определенными кри-

сталлографическими направлениями, которые наиболее надежно можно получить в экспериментах на монокристаллах. 

В настоящей работе впервые на одном и том же монокристалле магния проведены механические (на сжатие и растяже-

ние) и коррозионные испытания на образцах, имеющих различную кристаллографическую ориентацию. В качестве 

количественного критерия естественной текстуры использовали коэффициенты Кернса, рассчитанные по рентгено-

граммам граней образцов монокристалла по методу обратных полюсных фигур. Испытания образцов на сжатие прово-

дили в направлениях       ,         и        , а на растяжение –       . Коррозионному испытанию 

подвергали поверхности образцов, близкие по ориентации к кристаллографическим плоскостям       ,        , 

         и        . Установлено, что модуль Юнга и коэффициент Кернса для базисной и пирамидальной граней со-
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ставляют 48,6 ГПа и 0,81; 45,3 ГПа и 0,04 соответственно. Вид кривых напряжения существенно зависит от ориентации 

образцов и определяется степенью вовлеченности различных механизмов в общий процесс пластической деформации. 

Скорость коррозии в физиологическом водном растворе состава 0,9 % NaCl на базе 72 ч для поверхностей       , 

       ,          и         составила 0,51; 0,76; 0,71 и 0,98 мм/год соответственно, при этом плоскости          присуща 

только равномерная коррозия, плоскости (0001) – равномерная с незначительной локальной; наиболее интенсивно ло-

кальная коррозия идет в направлении        , а максимальная интенсивность сочетания локальной и равномерной –  

в направлении <     >. 

Ключевые слова: монокристалл магния; кристаллографические направления; анизотропия; коэффициент 

Кернса; механические диаграммы; скорость коррозии. 

Благодарности: Работа выполнена при поддержке Российского научного фонда, проект № 23-19-00636 

(https://rscf.ru/project/23-19-00636/). 

Для цитирования: Мерсон Д.Л., Бецофен С.Я., Мерсон Е.Д., Полуянов В.А., Мягких П.Н., Данюк А.В., Дани-

лов В.А., Максименко Е.И., Брилевский А.И. Механическая и коррозионная анизотропия монокристалла магния // 

Frontier Materials & Technologies. 2025. № 2. С. 39–52. 10.18323/2782-4039-2025-2-72-4. 

52 Frontier Materials & Technologies. 2025. No. 2



Permyakova I.E., Dyuzheva-Maltseva E.V.   “Effect of ultrasonic treatment on structural transformations and mechanical behaviour...” 

 

doi: 10.18323/2782-4039-2025-2-72-5 

 

Effect of ultrasonic treatment on structural transformations  

and mechanical behaviour of amorphous alloys (REVIEW) 
 

Inga E. Permyakova*
1
, Doctor of Science (Physics and Mathematics), Professor,  

senior researcher of the Laboratory of Physicochemistry and Mechanics of Metallic Materials 

Elena V. Dyuzheva-Maltseva
2
, postgraduate student 

Baikov Institute of Metallurgy and Materials Science of RAS, Moscow (Russia) 

 
*E-mail: inga_perm@mail.ru 1ORCID: https://orcid.org/0000-0002-1163-3888 

2ORCID: https://orcid.org/0000-0002-7199-487X 

 

 
Received 17.03.2025 Revised 03.04.2025 Accepted 27.05.2025 

 

Abstract: The wide application of amorphous alloys is complicated by a narrow range of their thermal stability, embrit-

tlement at elevated temperatures, difficult machinability, and low tensile plasticity. Ultrasonic treatment is an innovative 

method for solving these problems. Integration of ultrasonic technology into the technological chain can contribute to  

the improvement of the operational property of amorphous alloys, the manufacture of parts from them at different scale 

levels, and high-quality joining with other materials. The effect of ultrasonic vibrations on structural transformations and 

mechanical behaviour of amorphous alloys is not completely understood. The lack of an integrated scientific basis for  

the physical processes and accompanying effects in amorphous alloys under ultrasonic excitation prevents the develop-

ment of the corresponding technology and optimization of its modes. Over the past decade, researchers have proposed 

various methods of ultrasonic treatment of amorphous alloys to improve their formability, achieve a balance of plasticity 

and strength, and consolidate with each other and with metals. In addition, certain ideas have been developed about their 

structure rejuvenation and the possibilities of transformation them to a partially nanocrystalline state under the action of 

ultrasound. To summarise these developments, the systematic discussion on features, parameters, and modes of ultrasonic 

treatment applied to ribbon and bulk amorphous alloys to improve their structure-sensitive properties are provided in this 

review. On this basis, the limitations of current study are discussed. The most promising applications of ultrasonic tech-

nologies for rapidly melt-quenched alloys in the near future include: their additive manufacturing, creation of hybrid com-

posites by ultrasonic welding, ultrasonic forming for manufacturing products of complex shapes and geometries, complex 

multi-stage processing to obtain a unique combination of properties (e.g., melt quenching → laser irradiation → ultrasonic 

stimulation). This review enhances the existing knowledge on ultrasonic control of the properties and structure of amor-

phous alloys and facilitates a fast references on this topic for researchers. 
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INTRODUCTION 

Amorphous alloys (AAs) produced by rapid melt 

quenching or by casting in a copper casting-mold  

(in the case of bulk amorphous alloys) have unique physical 

properties, which makes them very promising for many 

applications in such areas as energy production, electronics, 

catalysis, medicine, and the aerospace industry [1–3]. Due 

to their unusual structure with the absence of long-range 

order and structural defects such as dislocations and grain 

boundaries, amorphous alloys, compared to their crystalline 

counterparts, are characterised by an increased elastic limit, 

high strength, hardness, corrosion and wear resistance, cata-

lytic activity, and some of them – by biocompatibility [4–

6]. However, as a kind of metastable material, AAs trans-

form into a more stable energy state under the action of 

applied stresses, high temperatures, or even under natural  

conditions. The phenomenon of “aging” of the structure 

may be accompanied by deterioration of properties. More-

over, amorphous alloys demonstrate almost zero tensile 

plasticity due to the propagation of main highly localised 

shear bands, which prevents their use as a structural mate-

rial [7; 8]. In this regard, the close attention of material sci-

entists is focused on the development of strategies for  

the structural rejuvenation of AAs, which will contribute to 

greater disordering of the amorphous matrix and, thus,  

effective softening [9]. On the other hand, the balance of 

strength and plasticity can be achieved by forming an opti-

mal proportion of nanocrystals in the volume of AAs, 

which can prevent crack propagation and initiate an in-

crease in the number of shear bands, due to which plastic 

deformation in amorphous alloys is realised [10–12]. Nu-

merous approaches are used to modify the structure of AAs, 
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overcome embrittlement, and improve their thermal sta-

bility: annealing and thermal cycling [13–15], electro-

static compression [16; 17], ion irradiation [18; 19], cold 

rolling [20; 21], and high-pressure torsion [22; 23]. 

However, these methods usually require a lot of experi-

mental time and high costs, and some have limitations in 

sample size, which makes their application in production 

processes quite difficult. Therefore, there is an urgent 

need to develop an innovative, one-step, convenient ap-

proach to the processing of amorphous alloys.  

The method based on the use of ultrasonic (US) vibration 

energy with a frequency above 20 kHz is one of  

the promising methods for processing materials, charac-

terised by ease of control and a fast response time [24–

27]. It can directly introduce high energy into the glassy 

matrix, affecting the response of properties and complex 

physical processes, including glass transition, structural 

relaxation, crystallization, strengthening and plasticiza-

tion mechanisms. 

The purpose of this work is to analyse the world experi-

ence of using ultrasonic processing to control the structure 

and improve the properties of amorphous alloys, as well as 

to carry out technological operations with them. 

 

METHODS 

The search for relevant scientific papers related to 

the review topic covered the period from the moment of 

the first publication to the present day. The selection 

was carried out among papers of peer-reviewed jour-

nals, books, conference materials from reliable interna-

tional abstracting and indexing databases Web of Sci-

ence and Scopus. Moreover, in order to track current 

studies, the resources of the Russian Science Citation 

Index (RSCI) and the patent database of the Russian 

Federation were used. 

The ranking of the found materials was carried out de-

pending on the characteristics of the physical processes and 

phenomena occurring during ultrasonic treatment, as well 

as the achievement of specific practical goals. In accor-

dance with this, three areas of research on amorphous  

alloys during ultrasonic modification were identified: 

1) study of the processes of rejuvenation of their struc-

ture for the implementation of forming; 

2) study of the processes of nanocrystallization of 

amorphous alloys for the best combination of strength and 

plasticity; 

3) development of the methodology of ultrasonic solder-

ing/welding for effective rapid connection of amorphous 

alloys with each other or with crystalline materials. 

 

RESULTS 

1. Retrospective analysis 

When analysing literary sources in retrospect, it is 

important to note an important fact: the first publications 

on the use of ultrasonic excitation on amorphous alloys 

appeared in Russia. In 1992, scientists O.M. Smirnov 

and A.M. Glezer from the I.P. Bardin Central Research 

Institute of Ferrous Metallurgy in their paper [28], and  

a year later in their author’s certificate [29], noted  

the effectiveness of ultrasonic treatment for improving 

the mechanical properties of Fe–Cr–B amorphous alloys 

ribbon. Only almost a decade later, in 2003, full-scale 

studies in this area were launched at the Universities of 

Osaka and Kagawa [30; 31]. At first, the response  

of elastic and inelastic properties of bulk zirconium-

based Zr55Cu30Ni5Al10 AA under ultrasonic vibrations  

was studied, and the experiments were carried out in  

a very wide frequency range of 300–1500 kHz [30].  

In 2005, the features of Pd42.5Ni7.5Cu30P20 AA crys- 

tallization were studied at frequencies of 0.35 MHz [31]. 

Then, Japanese researchers decided to test the possibility 

of joining amorphous alloys with each other using ultra-

sonic welding and in 2008 reported successful consolida-

tion of Zr55Cu30Ni5Al10 using a combination of ultrasonic 

welding and slight heating (below the glass transition 

temperature) [32]. Several publications were enough to 

arouse interest in China and to seize the initiative in 

conducting fundamental research on the effect of ultra-

sonic stimulation on the structure and properties of 

amorphous alloys. Currently, Chinese research groups 

are the absolute leaders in this area. Attempts to study 

ultrasonic technologies as applied to amorphous alloys 

were also made in the USA [33], Belarus [34], Germany 

[35], and Ukraine [36–39], but only sporadically. 

2. Structural rejuvenation 

2.1. The problem of embrittlement and its solutions 

It was found that metallic materials undergo signifi-

cant softening accompanied by a decrease in strength 

under the influence of ultrasound (acoustoplasticity ef-

fect, or Blaha effect) [40; 41]. Based on these characte-

ristics, the forming technology using ultrasonic vibration 

was developed. Brittleness remains one of the main dis-

advantages of amorphous alloys, preventing their wider 

application. During labour-intensive processes (irradia-

tion, elastostatic loading, cryothermal cycling) when 

combating the loss of plasticity in AA, reverse relaxation 

inevitably intervenes, which weakens the effect of struc-

tural rejuvenation. Moreover, the rejuvenation mecha-

nism itself is not completely clear. In order to find suit-

able solutions to the embrittlement problem, in studies in 

recent years, ultrasonic vibrations have been combined 

with the process of forming amorphous alloys. 

In [42; 43], a significant improvement in the thermo-

plastic formability of bulk Zr35Ti30Be26.75Cu8.25 amorphous 

alloys was found when using ultrasonic vibrations and its 

positive correlation with the ultrasound amplitude. In [44], 

a method of compression using ultrasonic vibration was 

proposed. By the example of Zr52.5Cu17.9Ni14.6Al10Ti5 alloy, 

it was shown that this method can achieve rapid (in 10 s) 

structural rejuvenation, and the alloy itself becomes more 

heterogeneous with better ability to plastic deformation. 

Moreover, under ultrasonic compression, plastic deforma-

tion occurs on the fracture surface of the alloy, indicating 

that as the ultrasound amplitude gradually increases, the 

yield strength of the alloy decreases and the plasticity in-

creases, which can significantly simplify the formability of 

the alloy at room temperature. 
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2.2. Physical aspects of the rejuvenation process and  

the accompanying response of mechanical properties 

Fig. 1 shows schematically a multilevel landscape of 

potential energy illustrating the evolution of possible struc-

tural states of amorphous alloy. Energy wells and barriers 

control the thermodynamic stability of the material. The 

deepest minimum of energy corresponds to stable crystal-

line phases, and other energy minima represent some me-

tastable glassy states (Fig. 1 a). 

Rejuvenation is accompanied by an increase in poten-

tial energy and an increase in the free volume concentra-

tion. In turn, structural relaxation leads to a decrease in 

potential energy and a lower free volume content com-

pared to the initial state of amorphous alloy (under con-

ditions of ultrafast cooling during their production) [45]. 

Annihilation of free volume or loose packing regions 

during aging leads to the fact that AAs become even 

more brittle. However, when energy is introduced into 

amorphous alloy using ultrasonic vibrations at certain 

values of amplitude and exposure time, they are able to 

rejuvenate, since they acquire additional free volume and 

greater plasticity. During ultrasonic treatment, the com-

bined effect of external applied elastic stress, internal 

converted heat and ultrasonic resonance of atoms can 

stimulate the movement of loosely packed atoms in the 

AA to a high-energy state, thereby causing the formation 

of other regions with free volume and rheological units 

to improve formability [44; 46]. 

 

 

 

 

а 

       

 b  c  d  e 

Fig. 1. Schematic illustrations of the energy states of atoms in the potential landscape (а)  

and the structure evolution of amorphous alloys in initial state (b), during aging (c),  

during ultrasonic rejuvenation (d) and afterwards (e) 

Рис. 1. Схематические иллюстрации энергетических состояний атомов в потенциальном ландшафте (a)  

и эволюции структуры аморфных сплавов в исходном состоянии (b),  

при старении (c), в процессе УЗ омоложения (d) и после него (e) 
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In as-cast and melt-quenched amorphous alloys, re-

versible and irreversible β-relaxations can occur [47], the 

behaviour of which can be judged by the configurations of 

white and grey atoms in Fig. 1 b, respectively. With in-

creasing aging time, the grey regions gradually become 

black, and the white ones are significantly compressed 

(Fig. 1 c). Under ultrasonic loading, the structure again be-

comes loosely packed (Fig. 1 d), so the set of highly mobile 

white atoms increases, and zones with grey atoms appear 

again after exposure to ultrasound (Fig. 1 e). 

In [48], using atomistic modelling and evaluation of  

the nanomechanical characteristics of bulk La55Al25Ni5Cu10Co5, 

Pd40Cu30P20Ni10 and Zr35Ti30Cu8.25Be26.75 amorphous 

alloys, evidence was provided that their significant 

plastic flow below the glass transition temperature un-

der ultrasonic exposure is explained by dynamic inho-

mogeneity and cyclically induced atomic-scale expan-

sions (liquefaction) in the amorphous alloys. This leads 

to significant rejuvenation and final “collapse” of  

the solid-like amorphous structure. 

In [36; 37], the influence of preliminary ultrasonic 

treatment on the mechanical properties and structural 

features of bulk Zr52.5Ti5Cu17.9Ni14.6Al10 and 

Zr46.25Cu45.25Al7.5Er1 amorphous alloys was studied us-

ing the acoustic emission method under uniaxial com-

pression. The research results were interpreted within  

a polycluster model of the AA structure. The analysis  

of the obtained data allowed substantiating the mecha-

nism of structural changes and a decrease in the strength 

of amorphous alloys as a result of alternating mechani-

cal loading with an ultrasonic frequency of 20 kHz.  

The authors substantiated that the resistance to plastic 

deformation of amorphous alloys is determined by  

the strength of the intercluster boundaries, which are 

restructured and “softened” under the action of ultra-

sonic mechanical loading. 

In [49; 50], the mechanical behaviour of Pd40Cu30P20Ni10 

and La55Al25Ni5Cu10Co5 amorphous alloys after ultra- 

sonic vibrations was studied by the nanoindentation 

method. A noticeable softening after ultrasonic treatment 

was expressed as a decrease in hardness and elastic 

modulus – by ~25 and 40 %, respectively. It was found 

that flow defects with a shorter characteristic relaxation 

time, activated under loading with ultrasonic cycling, 

promote rapid diffusion of atoms with a low energy bar-

rier. Ultimately, this leads to a noticeable creep dis-

placement and, thus, to greater formability at ambient 

temperature. 

A method for producing amorphous alloys was pro-

posed, which included melting a metal blank in a cru-

cible, melt quenching the on a rapidly rotating disk, but 

the nuance was that in order to increase the temperature 

range of plasticity, immediately after removing the rib-

bon, it was additionally subjected to ultrasonic treatment 

with an amplitude of alternating stresses [29]. In this 

case, the ratio of the amplitude of alternating stresses to 

the Young’s modulus of the processed material should be 

within the range of (0.135–0.48)×10
−3

. This range was 

chosen so that the applied alternating stresses of ultra-

sonic frequency did not exceed the yield strength of  

the studied amorphous alloys, did not provoke their sub-

sequent destruction, but contributed to the effective 

preservation of plasticity and a shift in the embrittlement 

threshold towards higher temperatures. 

In the work [28], using the example of the Fe70Cr15B15 

AA, it was shown that, depending on the ultrasonic impact 

parameters, the critical temperature of amorphous alloy 

embrittlement can shift either upward or downward depend-

ing on the amplitude of the ultrasonic vibrations used. 

The results of dilatometric studies in the work [38] 

show an increase in the temperature of crystallization of 

the Fe76Ni4Si14B6 AA by 30–50 K after different modes 

of ultrasonic treatment and the microhardness of the 

amorphous alloy decreases by 15 %. This indirectly con-

firms the fact that the percentage content of the crystal-

line phase in the alloy decreases due to a decrease  

in the size or dissolution of frozen crystallization centres 

in the amorphous alloy. 

2.3. Ultrasonic assisted shear punching 

Ma J. et al. used high-frequency vibrations for shear 

punching of templates, products from bulk and ribbon 

amorphous alloys of the following systems: Zr–Ti–Cu–Be, 

Fe–Si–B, La–Al–Ni–Cu–Co, La–Ni–Al, and Cu–Zr [51–

53]. Fig. 2 shows a schematic representation of the experi-

mental assembly for this technology. 

Under the action of ultrasonic vibration of the punch, 

the plastic powder melts due to frictional heat generation 

and viscoelastic thermal effect and continues to flow 

downwards under the action of the extrusion of the ultra-

sonic head, plastically deforming the amorphous ribbon 

or plate. The disordered structure of the amorphous al-

loys helps them to soften in a localised area during high-

frequency vibrations, which leads to low-stress deforma-

tions. For example, using ultrasonic vibrations and  

a molten plastic viscous medium, various forms of AA in 

the shape of the letters “B”, “M”, “G” and Chinese cha-

racters 工, 大 were produced on an area of 5 mm
2
 [51].  

In [54], to increase the plasticity of amorphous alloys,  

a method for their forming using ultrasonic vibrations in 

liquid media (fresh and sea water, alcohol) was pro-

posed. In the process of this treatment, at low stress 

(300 MPa) and temperatures significantly below the glass 

transition temperature Tg, complex structures such as 

lattices, gear wheels and hexagons about 5 mm in size 

were successfully produced from AA in 1 s. 

These fast ultrasonic forming methods (from millise-

conds to several seconds) help to preserve the amorphous 

nature. They largely allow avoiding time-dependent crystal-

lization and oxidation processes and thereby bypassing tra-

ditional heat treatment, as well as the risk of crystal growth. 

In order to prevent the AA relaxation, it is possible to adjust 

the ultrasonic thermal effect by controlling the amplitude 

and time under compression with ultrasonic vibration, and 

thereby effectively improve the mechanical properties of 

amorphous alloys. 

Promising ultrasonic methods to improve the plasticity 

of amorphous alloys at room temperature (ultrasonic as-

sisted shear punching and ultrasonic extrusion forming) can 

be applied to the rapid manufacture of macro-, micro-, 
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Fig. 2. Schematic diagram of the ultrasonic assisted micro-shear punching set-up:  

1 – punch; 2 – polymer powder (e.g., ethylene vinyl acetate);  

3 – amorphous alloy; 4 – mold cavity;  

5 – softening zones in amorphous alloy (highlighted by dotted line) 

Рис. 2. Принципиальная схема установки для УЗ сдвиговой штамповки: 

1 – пуансон; 2 – полимерный порошок (например, этиленвинилацетат); 

3 – аморфный сплав; 4 – пресс-форма с полостью;  

5 – зоны размягчения в аморфном сплаве (выделены пунктиром) 

 

 

 

nanoproducts and devices from amorphous alloys on  

the surface of metal materials. Forming of AA in liquids 

opens up exciting opportunities for application in aero-

space, energy and marine engineering: in situ repair of 

ships and containers, polar construction, deep-sea explora-

tion, providing valuable information and paving the way for 

future advances in underwater processing techniques. 

3. Nanocrystallization 

3.1. Methods for creating an amorphous- 

nanocrystalline state 

When stretched, amorphous alloys demonstrate poor 

macroscopic plastic deformation at ambient temperature, 

which is a result of the formation of highly localised 

shear bands, as well as surface softening, which limits 

their wide application as construction materials [7; 8]. 

To solve this problem, methods have been proposed 

aimed at increasing the heterogeneity of AAs or creating 

a small number of micrometre-sized [55; 56] and 

nanosized crystals [57; 58] embedded in amorphous ma-

trices: composition development [59], annealing treat-

ment [60], nitrogen additives [61], and severe plastic 

deformation [62]. The scientific concept of the listed 

technologies is to activate the nucleation of shear bands 

or prevent the propagation of shear bands. Ultrasound 

induces strong forced vibration action of atoms and/or 

molecules and nonlinear effects such as acoustic cavita-

tion and acoustic flow, which change the microstructure 

and properties of various materials. In particular,  

the introduction of ultrasonic energy into AAs can in-

crease their heterogeneity in atomic rearrangement and 

even lead to the formation of crystallites. Ultrasonic 

resonance can modulate the inhomogeneity of AAs and 

improve the mechanical properties of rejuvenated zones 

[63]. Ultrasonic vibrations of MHz frequency lead to 

partial crystallization of bulk Pd-based AA when it is 

annealed below the glass transition temperature [31]. In 

[33], the ultrasonic surface modification method was 

used to treat Zr44Ti11Cu10Ni10Be10 amorphous alloy and it 

was shown that its fracture strength and deformation 

were enhanced in a three-point bending experiment. 

3.2. Balance of strength and plasticity 

An urgent issue arises: can ultrasound overcome the di-

lemma of compromise between strength and plasticity in 

amorphous alloys? The introduction of a significant amount 

of free volume and a small amount of dispersed nanocrys-

tals into AA by means of ultrasonic vibrations can effec-

tively prevent the propagation and expansion of cracks dur-

ing fracture, thereby improving their strength and plasticity 

at room temperature [64; 65]. The authors of [65] used in-

termittent high-frequency vibration loading to control  

the behaviour of shear deformation and atomic arrangement 

in bulk Zr41.2Ti13.8Cu12.5Ni10Be22.5 AA. It was found that this 

method allowed increasing very quickly (in 4 s) the plasti-

city of the alloy (up to 5.3 %) and its strength (up  

to 2240 MPa) by increasing the content of free volume and 

forming CuZr2 nanocrystals in the amorphous matrix. 

However, it was noted that with excess ultrasonic energy, 

there is a risk of transition from the plastic state   

to the brittle state if the volume fraction of nanocrystals 

exceeds the critical limit. 

In work [64], amorphous Cu-based composites at room 

temperature were subjected to elastic preload from 250 to 

1000 N and ultrasonic treatment with ultrasound amplitudes 

from 15 to 50 μm. It was shown that at low values of ampli-

tudes and preloads, the free volume dominates, and 

nanocrystals do not precipitate. At low amplitudes / me-

dium preloads or at medium amplitudes / low preloads,  

the free volume and nanocrystals coexist together as inte-

gral parts of the structure. At high values of amplitudes and 
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loads, nanocrystals prevail, and the free volume content 

decreases sharply. Increasing the amplitude and decreas-

ing the preload improves the efficiency of ultrasonic 

transmission. 

In the work [66], 20 kHz ultrasonic excitation was ap-

plied to bulk Zr46.75Cu46.75Al6.5 amorphous alloy and its in-

fluence on the microstructure evolution and mechanical 

properties was studied. It is found that Cu10Zr7 nanocrystals 

can be formed after ultrasonic vibrations. The evolution of 

nanocrystalline particles leads to an increase in plasticity 

during compression at room temperature in combination 

with an increase in the yield strength. 

Currently, the construction of gradient structures has 

become a successful strategy in the development of ad-

vanced metallic materials with excellent performance pro-

perties. By ultrasonic vibration treatment, it was possible to 

form a gradient amorphous-nanocrystalline structure in 

Zr46Cu46Al8 bulk amorphous alloy [67]. Using 20 kHz ul-

trasonic cyclic loading in the elastic mode, it is possible to 

obtain gradient structures with different volume fractions of 

crystallised substance in less than 2 s by adjusting the input 

ultrasonic energy. This innovative approach has clear ad-

vantages: it is extremely fast, requires minimal stress, and 

allows adjusting easily the degree of structural gradients by 

fine adjustment of the processing parameters. Nanoindenta-

tion tests show higher hardness near the impact surface, 

which is explained by a higher degree of nanocrystal forma-

tion, which gradually decreases with depth. As a result of 

the gradient dispersion of nanocrystals after ultrasonic 

treatment, increased plasticity of Zr46Cu46Al8 AA was 

found, characterised by the formation of multiple shear 

bands. Microstructural studies show that nanocrystallization 

induced by ultrasonic treatment occurs due to local atomic 

rearrangements in phase-separated regions rich in Cu with 

high diffusion mobility. 

The study of the effect of ultrasonic mechanical activa-

tion on the structural-phase transformations of Ti50Ni25Cu25 

AA carried out by the authors of [34] using differential 

scanning calorimetry (DSC) showed that this method of 

action affects the crystallization parameters and marten-

sitic transitions. Temperatures and energies of crystalli-

zation increase after processing of amorphous ribbons in 

a longitudinal vibration waveguide. In turn, after pro-

cessing of AA ribbons in an ultrasonic anvil, crystalliza-

tion temperatures increase, and the crystallization energy 

decreases. The study of martensitic transformations 

showed that processing in an ultrasonic anvil leads to  

a decrease in characteristic temperatures and the magni-

tude of thermal effects, which may indicate a decrease in 

the grain size of the crystalline phase. 

Using ultrasonic vibrations, a method for producing  

a series of composites from La-based amorphous alloys 

is proposed [68]. By modulating the amplitude and time 

of ultrasonic action, controlling the input energy of high-

frequency vibrations, such composites with different 

proportions of the crystalline phase can be produced  

easily and accurately in seconds at low pressure and 

room temperature. By varying the degree of crystallinity, 

reduced hardness and better plasticity of AA composites 

are achieved compared to samples in the cast state. 

Combining two technologies (ultrasonic treatment with 

multiple rolling) as applied to Fe78Si13B9 and Al87Ni8Gd5 

AAs promotes an increase in the amount of free volume in 

the amorphous phase and leads to a significant acceleration 

of the AA crystallization processes [69; 70]. 

In [39], changes in the surface morphology and struc-

ture of the Fe73.6Si15.8B7.2Cu1.0Nb2.4 ribbon AA (Finemet) as 

a result of severe deformation using ultrasonic impact 

treatment at room temperature in air were studied. The AA 

surface morphology after ultrasonic impact treatment is 

 the result of localised plastic deformation occurring 

through the formation of a large number of shear bands. 

The effect of structural-phase transformation in the volume 

of the Finemet ribbon during ultrasonic impact treatment is 

caused by an increase in atomic mobility during deforma-

tion, which can be sufficient for the formation of nanocrys-

tals by the diffusion mechanism and their uniform distribu-

tion in the amorphous matrix. 

4. Ultrasonic material joining technologies 

4.1. Alternative consolidation methods 

One of the reasons limiting the large-scale application 

of ribbon and bulk amorphous alloys is their geometric di-

mensions. The thickness of commercial rapidly melt-

quenched AA ribbons typically ranges from 20 to 30 μm, 

and the width – from 1 to 100 mm. The diameter/thickness 

of massive amorphous metal rods or plates can vary from 1 

to 50 mm, and their length is usually no more than 80 mm. 

Moreover, AA often needs to be joined with other crystal-

line alloys in technical applications. Therefore, the deve-

lopment of AA/AA, AA/metal, AA/crystalline alloy joining 

methods has attracted much attention from researchers. 

Amorphous alloy can become brittle due to crystallization 

upon heating [1; 7]. Considering this fact, joining tempera-

tures should be maintained below the glass transition tem-

perature of amorphous alloy. Attempts have been made to 

use various methods for AA/AA and AA/crystal joining. In 

particular, spark welding was used to join Zr55Al10Ni5Cu30 AA 

and crystallization in the joint was successfully avoided 

[71]. The results showed that the tensile strength of the pro-

duced joints was equal to the strength of the original AA.  

In similar experiments, electron beam welding was used 

to consolidate the Zr41Be23Ti14Cu12Ni10 AA plate with 

metallic nickel [72]. In [73], friction welding was tested 

to join Pd40Ni40P20 / Pd40Cu30P20Ni10, Zr55Cu30Al10Ni5 /  

Zr41Be23Ti14Cu12Ni10 together. It was shown that amorphous 

alloys could be joined at temperatures approximately 50 K 

below the glass transition temperature without demonstrat-

ing crystallization at the interface. 

4.2. Ultrasonic soldering 

Ultrasonic soldering is a flux-free method that can ope-

rate in air. Ultrasonic vibrations help to improve the initial 

wetting conditions at the solder/substrate interface [74; 75]. 

In this context, ultrasonic soldering can be used to join 

some materials that are difficult to wet. Moreover, this type 

of soldering can realise a connection through the low-

temperature eutectic solder/substrate phase [75; 76]. Thus, 

ultrasonic soldering serves as an effective method for  
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joining amorphous alloys at temperatures significantly be-

low their crystallization temperatures. 

Melt-quenched iron-based amorphous foils are among 

the superior soft magnetic materials used in amorphous 

motors. Producing a strong connection between them is  

a complex technical task when assembling amorphous sta-

tors with aluminium shells. The use of ultrasound with  

a resonant frequency of 27 kHz and a vibration amplitude 

of 15 μm in the soldering process, it was possible to join 

qualitatively the Fe77Si14B9 amorphous alloy with an alu-

minium sheet at temperatures of 250–350 °C for 10 s [77]. 

Sn–Zn filler was used as a welding filler material. A FeZn13 

compound was found at the filler metal/amorphous alloy 

interface. The results showed that the initial wetting of  

the interface and the refinement of the microstructure were 

improved under the action of ultrasonic vibrations.  

The characteristics of wetting the Zr55Al10Cu30Ni5 

amorphous alloy using Sn–Cu–Ni solder were studied 

using 40 kHz ultrasonic vibrations in open air at 528 K 

for 90 s [78]. It was found that wetting mainly depends 

on the collapse of cavitation bubbles on the AA surface, 

initiating erosion. Such cavitation erosion is effective for 

immediate removal of the passivation film from the AA 

surface. The sono-capillary effect, which is also caused 

by ultrasonic vibration, improves the adhesive properties 

of the solder. 

In [79], the behaviour of wetting pure tin with respect to 

the Zr50.7Cu28Ni9Al12.3 amorphous alloy was studied under 

ultrasonic treatment (20 kHz) and a pressure of 0.2 MPa. 

Heating to 300 °C without ultrasound showed a non-

wetting state of Sn for the amorphous alloy. Ultrasonic vi-

bration promoted the wetting of Sn. Before ultrasonic 

treatment for 30 s, only physical adsorption was observed at 

the Sn/AA interface. Increasing the ultrasonic treatment 

time led to a change in the bonding at the Sn/AA interface 

from a point contact to a local surface contact and a diffu-

sion layer. Two bonding modes were found at the Sn/AA 

interface. In the order-order bonding mode, slight crystalli-

zation occurred inside the amorphous alloy near the inter-

face. The filler metal was bonded to the amorphous alloy 

through an ordered structure. In the order-disorder bonding 

mode, the filler metal and the amorphous alloy retained 

their original structures. The interface was characterised by 

stepped layers. The Cu content was higher than that of other 

elements near the bonding boundary. Longer diffusion dis-

tances of Sn in the amorphous alloy were obtained at high 

ultrasound power, high temperature (up to 400 °C), and 

large immersion depth (up to 3 mm). 

4.3. Ultrasonic powder consolidation 

The work [80] reports the successful production of two-

phase composites of Zr55Cu30Ni5Al10 and Al-6061 alumi-

nium alloy using ultrasonic powder consolidation at low 

temperatures and stresses. A wide range of composites with 

individual compressive strength and plasticity were ob-

tained by optimizing the mass ratios of Zr55Cu30Ni5Al10 and 

Al-6061 powders. Mechanical tests showed that increasing 

the aluminium content improved plasticity while maintain-

ing significant strength. In particular, the composite with  

a mass ratio of 5:5 demonstrated the best balance of me-

chanical properties, excellent compaction, homogeneity 

without visible defects, and a relative density in the range 

from 92 to 99 %. Microstructural analysis revealed the for-

mation of a tightly bonded interface with the diffusion 

layer. This confirms that high-quality bonding was facili-

tated by ultrasonic vibration. Moreover, the ultrasonic pow-

der consolidation process has successfully produced com-

plex shapes from materials (star-shaped, toothed). This in-

novative approach is promising in the development of high-

quality lightweight composites to meet the requirements of 

advanced manufacturing applications. 

4.4. Ultrasonic welding 

There are reports of successful production of “sand-

wich” composites from Zr35Ti30Cu8.25Be26.75 ribbon amor-

phous alloy and Al80Li5Mg5Zn5Cu5 high-entropy alloy 

(HEA) [81], as well as from La55Al25Ni5Cu10Co5 amor-

phous alloy and Co20Cr20Fe20Ni20Mn20 HEA [82] using ul-

trasonic excitation. The ribbons were first folded together 

using a clamping force and then subjected to high-

frequency (20 kHz) vibrations of an ultrasonic sonotrode 

that lasted for several seconds. During this process,  

the amorphous alloys softened and bonded into a bulk mass 

with the HEA ribbons. This low-temperature low-stress 

method allowed creating composites that combine the pro-

perties of both amorphous and crystalline components.  

Microscopic studies and computed tomography show good 

bonding quality without pores and cracks in the composites 

of AA and HEA. Due to the unique structure combining 

soft and solid phases, the composite has improved me-

chanical properties compared to those obtained from a pure 

single phase. 

In the process of ultrasonic welding when joining AAs 

to each other or to other materials, crystallization of  

the amorphous structure can be prevented due to the weak 

thermal effect and the quickness of the process. Other ad-

vantages of this technology include energy efficiency and 

the absence of the need for welding consumables. An im-

portant feature is also the ability to join materials with dif-

ferent melting temperatures, since the process occurs in  

the solid state. 

Ultrasonic welding was used to join a sheet of commer-

cial forged aluminium alloy (AA5754) 1 mm thick and  

a strips of Zr59.3Cu28.8Al10.4Nb1.5 commercial bulk amorphous 

alloy (AMZ4) 0.4 mm thick [35]. The following process pa-

rameters were proposed: welding energy was 2000 W·s, dis-

placement amplitude was 41 μm, and welding force was 

740 N. The results showed that the AA retains its amorphous 

structure in the joint, and the joint strength is higher than the 

strength of the Al sheet. In [83], a technology was considered 

in which, using a normal pressure of 80 N, a vibration time 

of 1 s, and a frequency of 20 kHz, three-dimensional plates 

of Cu54Zr22Ti18Ni6 AA with a thickness of 1 mm were suc-

cessfully “welded” without any signs of crystallization.  

In [32], it was similarly shown that ultrasonic welding could 

be used to consolidate Zr55Cu30Ni5Al10 amorphous alloys 

with each other, maintaining the bonding zone in an amor-

phous state. The joint area can be increased by using the glu-

ing condition with external heating to a temperature of 423 K 

(below the glass transition temperature). 
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Using ultrasonic welding, joints of bulk Zr62Cu33Al4Ti 

AAs with hypoeutectic Zn–3Al filler metal were produced 

[84]. A thick wavy layer consisting of alternating 

Zn50Al25Zr25/Zn22Zr sublayers was formed on the surface of 

the Zr-based AA substrate, which provided a shear strength 

of about 100 MPa for the welded samples. 

It should be separately noted that a method for produc-

ing multilayer AA ribbons using ultrasonic welding has 

been developed. This method can be used as an ultrasonic 

additive manufacturing process, such as 3D printing, in 

which thin metal strips are laid layer by layer to obtain 

thicker metal samples. It can be imagined that if the AA 

ribbons can be infinitely superimposed on each other under 

the action of ultrasonic vibrations, then the glass-forming 

capacity limitation on the AA dimensions will no longer 

exist. Fig. 3 schematically shows the principle of consoli-

dating samples using ultrasonic welding. 

Using ultrasonic welding technology, 4–5 pieces of Fe–

Si–B AA ribbons with a joint area of up to 8×8 mm
2
 (each 

layer thickness was 25 μm) were successfully and quickly 

(in 220 ms) joined [85]. The operating frequency, ultra-

sound amplitude, and maximum output power of the ultrasonic 

welding equipment were 20 kHz, 35 μm, and 4000 W, respec-

tively. Similarly, multilayer Ni82.2Cr7B3Si4.8Fe3 AA ribbons 

were joined using ultrasonic welding, which were laid in 3–

4 layers (each layer thickness was 40 μm) [86]. Moreover, 

ultrasonic welding was used to prepare composite samples 

in which two crystalline Al and Cu ribbons were joined 

with Ni82.2Cr7B3Si4.8Fe3 AA ribbons [87]. However, the 

laminated AA and metal-AA composites produced in the 

above-mentioned works can be welded only in several lay-

ers, and the alternate, unlimited stacking, as in 3D printing, 

has not yet been achieved [88]. 

It should be noted that, taking into account the morphology 

of the joints and the phase stability, ultrasonic welding treat-

ment demonstrates powerful capabilities for consolidating 

amorphous alloys both in air and in liquid media. In [89], bulk 

La55Al25Ni5Cu10Co5, Zr55Cu30Al10Ni5 amorphous alloys and 

high-entropy Ti–Zr–Hf–Be–Ni amorphous alloy were se-

lected for ultrasonic joining in fresh and sea water, in al-

cohol, and in liquid nitrogen. It was shown that the tech-

nology using ultrasonic vibration eliminates high tempera-

ture and problems associated with high current (as in  

the case of conventional underwater joining methods). 

Moreover, the samples from the studied amorphous alloys 

both had no obvious defects in the joined interface and 

demonstrated excellent mechanical properties and corro-

sion resistance. This approach both provides an effective 

underwater joining method for on-the-shelf and marine 

applications and ensures a feasible joining strategy in ex-

treme conditions such as flammable environments in oil, 

gas, organic solvents and cryogenic conditions in space. 

 

 

 

 

 

Fig. 3. Schematic diagram of ultrasonic vibration welding: 

1 – sonotrode; 2 – fixture; 3, 4, 5 – layers of amorphous alloys 
Рис. 3. Схема УЗ вибрационной сварки: 

1 – сонотрод; 2 – установочная плита; 3, 4, 5 – слои аморфных сплавов 
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DISCUSSION 

In most publications on ultrasonic processing, the object 

of study is massive amorphous alloys produced in the form 

of rods, bars, plates. Increased interest clearly implies ex-

panding the boundaries of their use both as a functional and 

as a construction material. Currently, bulk AAs are inte-

grated into jewellery, sports equipment (for example, golf 

clubs and tennis rackets), used for the production of bio-

compatible implants, mobile phone cases, and applied for 

reinforcement [3; 5; 6]. Ultrasonic forming has broad pros-

pects for overcoming the size limitations of cast amorphous 

alloys, synthesizing new composites based on them. Nano-, 

micro- and miniature products of complex shapes currently 

produced in laboratory conditions using ultrasonic stimula-

tion of bulk AAs will later be able to compete with similar 

products made of traditional metals and alloys. Moreover, 

the US and Japan are developing defence industry products, 

in particular, for the creation of lightweight and durable 

composite armour plates based on ceramics and bulk AAs, as 

well as for the replacement of the core material in anti-tank 

armour-piercing shells with composites made of AAs due to 

their similar density and performance properties [90]. 

However, in Russia, bulk amorphous alloys have not yet 

found their large-scale application due to their difficult ma-

chinability; they are cast exclusively for research purposes 

for fundamental science. Therefore, it is reasonable to adopt 

the accumulated world experience in the use of ultrasonic 

technology. Being an effective and convenient method of 

subsequent processing to improve the final plasticity of 

bulk AAs, ultrasonic modification will be of great impor-

tance for their further development and commercialization 

in Russia. 

In turn, amorphous, amorphous-nanocrystalline ribbons 

and microwires are manufactured on an industrial scale in 

Russia. PJSC Ashinsky Metallurgical Plant (Asha), PJSC 

M-STATOR (Borovichi), and R&D Company GAMMA-

MET (Yekaterinburg) are the largest and most well-known 

manufacturers in the market. Their rapidly melt-quenchered 

ribbons are best known primarily for a high level of mag-

netic and corrosion properties and are used in electrical 

products, transformers, magnetic screens, and as compo-

nents for protective coatings. In this regard, it is extremely 

important to continue studying the effect of ultrasound on 

amorphous alloys with an emphasis on the behaviour of 

their magnetic and chemical properties. Judging by the lite-

rature, it is here that an obvious gap is noticeable. Most of 

the studies conducted were focused on improving the me-

chanical response of AAs after ultrasonic vibrations, and 

the study of corrosion resistance, magnetic behaviour, and 

catalytic activity was not given due attention. Meanwhile, 

the use of ultrasonic energy can provide saturation mag-

netization significantly higher than that achieved with con-

ventional annealing, along with a low coercive force. For 

manufactured iron-based amorphous alloys, the use of ul-

trasonic vibrations can promote the balanced formation of 

uniformly distributed ferromagnetic nanoclusters, which 

will reduce anisotropy and, thus, increase the soft magnetic 

properties of the ribbons. Moreover, the effect of ultrasonic 

vibrations is quite capable of improving the corrosion resis-

tance of AAs in aggressive environments. It should be un-

derstood that the corrosion resistance of amorphous alloys 

both depends on the alloying elements and is closely related 

to their metastable amorphous structure. As practice has 

shown, ultrasonic treatment of AAs can produce an amor-

phous-nanocrystalline state [64; 65; 67], which is characte-

rised by a decrease in the average atomic distance. A more 

stable structure will lead to some decrease in the chemical 

potential and will contribute to an increase in corrosion 

resistance. Thus, it is advisable to initiate scientific studies 

of the susceptibility of amorphous alloys to chemical action 

after ultrasonic modification. 

Selective ultrasonic stimulation has great potential for 

adaptation of local nano-, microstructure and properties of 

amorphous alloys: it is possible to achieve simultaneously 

rejuvenation in areas of close packing of atoms with a de-

crease in the elastic modulus and relaxation in areas of 

loose packing, suppressing the nucleation of the first shear 

bands. In addition, the size, length and pattern of rejuve-

nated zones can be adjusted as needed. 

Introduction of free volume and a small amount of dis-

persed nanocrystals into amorphous alloys due to ultra-

sound treatment allows improving their complex characte-

ristics (increasing plasticity and strength). However, it is 

important to learn how to obtain controllably the optimal 

ratio of amorphous and crystalline components, adjusting 

the efficiency of ultrasound transmission and avoiding  

the transition from plasticity to brittleness, by controlling 

the ultrasound amplitude and preliminary loads. The nature 

of embrittlement and attenuation of ultrasonic waves in 

such a structural state is not completely clear. 

To date, published data on ultrasonic excitation 

modes as applied to amorphous alloys are not complete, 

few in number and scattered. It is necessary to accumu-

late and expand this experimental knowledge for various 

chemical compositions of both bulk and, to a greater 

extent, AAs ribbons. Nevertheless, we have attempted to 

collect the information of interest on the main parame-

ters, distributing it in accordance with the ultimate goal 

of ultrasonic processing, which the researchers set in 

their experiments: rejuvenation and forming of amor-

phous alloys, nanocrystallization from an amorphous 

state or joining the material by ultrasonic weld-

ing/soldering (Table 1). Analysing the obtained data, we 

can conclude the following. 

1. Bulk amorphous alloys are studied more inten-

sively than ribbon ones, and it is expected that there is 

more information on the main parameters of their ultra-

sonic excitation.  

2. There are two generalised methods of ultrasonic 

modification of amorphous alloys: a noncontact method, 

when high-frequency vibrations are transmitted through  

a liquid medium in an ultrasonic bath, and a contact 

method, i.e. using an ultrasonic sonotrode directly adjacent 

to the AA. In most cases, researchers use the second 

method, since it has proven itself to be faster and more ef-

fective in its influence on the AA structure. 

3. To implement softening and structural renewal of 

amorphous alloys, the frequency of ultrasonic treatment f is 

20 kHz, the time of exposure t is very short – from 80 to 

950 ms, the amplitude A varies from 19 to 44.4 μm. 
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Table 1. Modes of ultrasonic treatment for ribbon and bulk amorphous alloys 

Таблица 1. Режимы УЗ обработки для ленточных и объемных аморфных сплавов 

 

 

Chemical composition of amorphous 

alloys, at. % 

Ultrasonic treatment parameters 
Source 

f, kHz A, µm t, s E, J W, W 

Structural rejuvenation and forming 

La60Ni15Al25 20 40 – – – [45] 

La55Al25Ni5Cu10Co5 

Al86Ni9La5 

La60Al20Ni20 

Cu50Zr50 

Pd40Cu30P20Ni10 

Zr35Ti30Cu8.25Be26.75 

Fe78Si9B13 ribbons 

20 40–44.4 1 – – 

[51] 

[52] 

[48] 

La55Al25Ni5Cu10Co5 20 – 0.08–0.24 5–30 – [91] 

Zr52.5Cu17.9Ni14.6Al10Ti5 20 19–36 – – – [44] 

Zr46Cu46Al8 20 40 0.6–0.95 50–400 83–205 [67] 

Partial nanocrystallization 

Cu52.71Ti28.06Zr11.59Ni7.54 – ZnB 

amorphous composite 
20 15–50 – – – [64] 

Zr44Ti11Cu10Ni10Be25 20 24 – – – [33] 

Zr46.75Cu46.75Al6.5 20 15 7200 – – [66] 

Ti50Ni25Cu25 ribbons 22 10 720–1800 – – [34] 

La64Al14Cu22 20 4–14 – 100–700 – [68] 

Fe78Si13B9 ribbons 

Al87Ni8Gd5 ribbons 
37 – 720–1800 – 100 

[69] 

[70] 

Fe73.6Si15.8B7.2Cu1.0Nb2.4 ribbons 21 25 10–60 – 600 [39] 

Joining via ultrasonic welding/soldering 

La55Al25Ni5Cu10Co5 / Zr55Cu30Al10Ni5 / 

TiZrHfBeNi 
20 44.4 – 300–700 2500 [89] 

AA5754 aluminum alloy / 

Zr59.3Cu28.8Al10.4Nb1.5 
20 41 – 2000 – [82] 

Al / Fe77Si14B9 ribbons 27 15 10 – – [77] 

Sn–Cu–Ni / Zr55Al10Cu30Ni5 40 5.1–7.4 90 – – [78] 

Sn / Zr50.7Cu28Ni9Al12.3 20 – 5–3600 – – [79] 

Fe78Si9B13 ribbons to each other 20 35 0.22 – 4000 [85] 

Al / Cu / Ni82.2Cr7B3Si4.8Fe3 ribbons 35 – – – 800 [86] 

Note. A is the amplitude of ultrasonic vibrations;  

f is the frequency of ultrasonic vibrations;  

t is the ultrasonic exposure time;  

W is the power;  

E is the energy of ultrasonic equipment. 

Примечание. A – амплитуда УЗ колебаний;  

f – частота УЗ колебаний;  

t – время УЗ воздействия;  

W – мощность УЗ установки;  

E – ее энергия. 
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At lower amplitudes, AAs usually pass into a state with 

lower potential energy, similar to the aging effect. 

4. To transfer amorphous alloy into a partially nanocrys-

talline state, a longer ultrasonic treatment is required than 

for rejuvenation (from 10 s to 2 h). In this case, the fre-

quency range is expanded (f=20–37 kHz) along with  

the amplitude range (A=4–50 µm). 

5. During ultrasonic welding/soldering of amorphous al-

loys, the following ranges of ultrasonic characteristics can 

be noted: f=20–40 kHz, A=5.1–44.4 µm. As for the time of 

ultrasonic action, for joining micron AAs ribbons with each 

other or with another material, it is necessary from 220 ms 

to 10 s, and for bulk AAs with a thickness of several centi-

metres, it will take up to 1 h. 

6. The highest values of energy E and power W of ultra-

sonic devices are noted during ultrasonic welding (E=300–

2000 J, W=800–4000 W), average values – during partial 

nanocrystallization (E=100–700 J, W=100–600 W), and  

the lowest – during structural rejuvenation and forming of 

AAs (E=5–400 J, W=83–205 W). 

An interesting and attractive idea is to build extreme ef-

fects, including ultrasonic modification, into one integral 

technological chain [1]. This can lead to qualitative changes 

in the nature of the final structure and, consequently, to  

the possibility of obtaining unique properties of metallic 

materials subjected to complex effects. With regard to 

amorphous alloys, individual links of the chain are already 

successfully implemented: for example, melt quenching 

(MQ), during which AAs are created, and their subsequent 

severe plastic deformation (SPD) in a Bridgman chamber, 

or MQ + laser irradiation (LI), or MQ + ultrasonic treat-

ment (UST), or MQ + cryogenic deformation (CD). For  

the successful implementation of systemic multi-stage 

treatment, for example MQ → SPD → CD → LI → UST,  

it is necessary to “synchronise” the parameters for the mate-

rial to obtain new structures and structure-sensitive proper-

ties. This research layout is innovative, but has not yet been 

sufficiently reflected in the scientific literature. 

 

CONCLUSIONS 

Processing of amorphous alloys into desired shapes and 

structures is a prerequisite and basis for their successful 

commercial application. A promising method of influencing 

AAs (non-destructive, environmentally friendly and inex-

pensive) both from a fundamental and from practical point 

of view is the use of high-frequency ultrasonic vibrations. 

However, to date, many aspects concerning the physical 

nature of structure formation in amorphous alloys,  

the mechanisms of their plastic deformation, crystallization, 

and the response of physicochemical properties during ul-

trasonic processing remain unclear.  

It is important to continue identifying in detail the re-

lationships between the sequence of structural-phase 

transformations in amorphous alloys and the parameters 

of ultrasonic processing. This will expand the existing 

scientific knowledge in the physics of disordered and 

nonequilibrium systems, and will allow for a compre-

hensive formulation of conditions and accurate determi-

nation of modes that promote: 

– the structure rejuvenation with softening and improve-

ment of thermal stability while maintaining amorphousness; 

– partial devitrification of AAs with an optimal combi-

nation of the proportion of amorphous and nanocrystalline 

phases, a compromise balance of strength and plasticity, as 

well as the preservation of soft magnetic properties; 

– cold welding of layers of amorphous alloys different 

in compositions and properties with high-quality adhesion, 

i. e. the creation of hybrid materials. 

Understanding the scientific principles of these processes 

using ultrasound is extremely important for the effective 

management of properties of amorphous alloys and the crea-

tion of innovative multifunctional materials based on them. 

Studying the influence of ultrasonic treatment on  

the thermal stability of AAs will allow expanding the tem-

perature ranges of their operation without embrittlement. 

Shear punching of amorphous alloys under the influence 

of high-frequency vibrations is an innovative method of 

their forming. The method is not limited to the punch pro-

file, and it is possible to manufacture more target products 

with different shapes. Such advantages as low cost, fast 

operation speed and good product quality make the process 

of forming AAs an energy-saving and effective technology 

with wide application prospects. 

The study of the influence of ultrasonic mechanical ac-

tivation on the structure will help to understand the mecha-

nisms of structural rearrangements, activation of defects in 

amorphous alloys under the action of ultrasonic vibrations. 

This, in particular, helps to identify the physical causes of 

superplastic flow in a glassy system using cold ultrasonic 

treatment. Ultrasonic forming using the phenomenon of 

superplasticity of amorphous alloys in a supercooled liquid 

state can become an advanced method for manufacturing 

circuits, relief images, parts from AAs with sizes from 

nanometres to centimetres. This opens up inviting prospects 

in engineering applications, for example, in microelectro-

nics and nanotechnology, for the creation of components, 

integrated circuits, chips, printed circuit boards. 

The results of cold welding of dissimilar amorphous al-

loys stimulate further development of high-tech manual de-

sign and manufacture of intelligent materials containing se-

veral phases and compositions. Ultrasonic forming of AAs 

will provide a new method for manufacturing structures and 

large-sized AAs with great potential for future developments. 

Ultrasonic processing can be used when creating high-speed 

devices, planar mechanisms, for example, to create actuators 

in microelectromechanical systems based on crystallization 

using ultrasonic vibrations of TiNi amorphous thin films with 

shape memory. The advantage of this method is that the 

shape memory properties can be spatially distributed taking 

into account the specified requirements. 
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Аннотация: Широкое применение аморфных сплавов осложнено узким диапазоном их термической стабиль-

ности, охрупчиванием при повышенных температурах, труднообрабатываемостью, низкой пластичностью при 

растяжении. Ультразвуковая обработка является инновационным методом для решения этих проблем. Встраива-

ние в технологическую цепочку ультразвуковой технологии может способствовать совершенствованию эксплуа-

тационных характеристик аморфных сплавов, изготовлению из них деталей на разных масштабных уровнях,  

а также качественному соединению с другими материалами. Влияние ультразвуковых вибраций на структурные пре-

вращения и механическое поведение аморфных сплавов изучено не в полной мере. Отсутствие целостного научного 

обоснования физических процессов и сопутствующих эффектов в аморфных сплавах при ультразвуковом возбужде-

нии препятствует развитию соответствующей технологии и оптимизации ее режимов. За последнее десятилетие ис-

следователи предложили различные методики ультразвуковой обработки аморфных сплавов для улучшения их фор-

муемости, достижения баланса пластичности и прочности, консолидирования друг с другом и с металлами. Кроме 

того, развиты определенные представления об омоложении их структуры, о возможностях перевода в частично на-

нокристаллическое состояние под действием ультразвука. Чтобы подвести итог этим разработкам, приводится 

систематическое обсуждение особенностей, параметров и режимов ультразвуковой обработки применительно  

к ленточным и объемным аморфным сплавам для улучшения их структурочувствительных свойств. На этой основе 

рассматриваются ограничения текущих исследований. К наиболее перспективным применениям ультразвуковых 

технологий для быстрозакаленных сплавов в ближайшем будущем следует отнести: их аддитивное производство, 

создание гибридных композитов за счет ультразвуковой сварки, ультразвуковое формование для изготовления 

изделий сложных форм и геометрии, комплексную многоэтапную обработку для получения уникального сочета-

ния свойств (например, закалка из расплава → лазерное облучение → ультразвуковое стимулирование). Настоя-

щий обзор расширяет существующие знания об ультразвуковом управлении свойствами, структурой аморфных 

сплавов и облегчает исследователям быстрый поиск ссылок по данной тематике. 

Ключевые слова: аморфный сплав; ультразвуковая обработка; структурные превращения; механическое пове-

дение; нанокристалл; омоложение структуры; композит; пластичность; формование. 
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Abstract: This paper covers the assessment of the influence of the morphological features of the microstructure of me-

dium-carbon alloyed steels, formed at different forces in the process of rotary friction welding (RFW), on the impact 

toughness of their interface. The paper presents the results of an experimental study of a joint produced by welding tubular 

billets of 32HGMA and 40HN2MA steels with an outer diameter of 73 mm and a wall thickness of 9 mm with a change in 

force at the stage of friction (heating) of the billets. The studies of the microstructure, microhardness and impact toughness 

on samples with a V-notch of welded joints were carried out in the initial state after welding and after tempering at a tem-

perature of 550 °C. Macro- and microfractographic analysis of the destroyed samples was carried out. The study shows 

that the friction force affects the kinetics of phase transformations, phase composition and microstructure homogeneity in 

the steel junction zone. With a decrease in this parameter of rotational friction welding, the microstructure heterogeneity 

associated with the occurrence of upper bainite areas with uneven precipitation of large carbide particles increases, which 

has a negative effect on the viscosity of the steel interface both in the initial state and after tempering; the fracture mecha-

nism is quasi-cleavage. At higher values of the friction force, the density of high-angle boundaries and the dispersion of 

the bainite microstructure increase, which ensures higher viscosity and energy capacity of destruction with the formation 

of a pitted microrelief. The obtained results open up space for regulating the visco-plastic properties of welded joints even 

at the welding stage without subsequent recrystallisation of the weld zone. 

Keywords: rotary friction welding; medium-carbon alloyed steels; welded joint interface; martensite; bainite; impact 

toughness. 

Acknowledgements: The study was supported by the grant of the Russian Science Foundation No. 23-79-01311, 

https://rscf.ru/project/23-79-01311. 

Electron microscope investigations using the electron backscatter diffraction method were carried out at the Center for 

Collective Use “Testing Center for Nanotechnologies of Advanced Materials” of the Institute of Metal Physics of the Ural 

Branch of the Russian Academy of Sciences. 

Studies using the Tescan Mira 3 scanning electron microscope were carried out at the Center for Collective Use of  

the Center for Identification and Support of Gifted Children “Gagarin” (Orenburg Region). 

For citation: Priymak E.Yu., Atamashkin A.S., Yakovleva I.L., Fot A.P. Interrelation between the microstructure and 

impact toughness of the interface of welded joints of 32HGMA and 40HN2MA steels produced by rotary friction welding. 

Frontier Materials & Technologies, 2025, no. 2, pp. 73–85. DOI: 10.18323/2782-4039-2025-2-72-6. 

 

 

 

 

© Priymak E.Yu., Atamashkin A.S.,  

Yakovleva I.L., Fot A.P., 2025 

 

Frontier Materials & Technologies. 2025. No. 2 73

https://orcid.org/0000-0002-4571-2410
https://orcid.org/0000-0003-3727-8738
https://orcid.org/0000-0001-8918-3066
https://orcid.org/0000-0002-2971-7908
https://rscf.ru/project/23-79-01311/


Priymak E.Yu., Atamashkin A.S., Yakovleva I.L. et al.   “Interrelation between the microstructure and impact toughness…” 

 

INTRODUCTION 

The efficiency of geological exploration and major re-

pairs of oil wells depends on the reliability of the drill 

string. Development of deep wells requires a reduction in 

the weight of drill pipes, which can be achieved by using 

stronger steels with a decrease in wall thickness. 26H1MF, 

32HMA, 32HGMA and other low- and medium-carbon 

steels alloyed with Cr, Mo and Mn to achieve an optimal 

combination of strength and ductility are widely used as  

the material for the drill pipe body [1–3]. As the material 

for locking parts, steels with a high carbon content are 

commonly used to further increase the strength, rigidity and 

wear resistance of the threaded connections used to assem-

ble the drill string. They include 40HN, 40HN2MA and 

other steels [4; 5]. 

The connection of the lock part to the pipe body is usu-

ally carried out by means of rotary friction welding (RFW). 

This method allows joining difficult-to-weld materials, 

which include medium-carbon alloyed steels used for drill 

pipes. RFW has a number of technological advantages;  

the key ones are high productivity, the degree of automa-

tion and stability of the quality of welded joints [6–8]. 

Currently, there are two RFW methods: continuous 

drive friction welding (conventional), and inertia friction 

welding. The main difference between these options is the 

method of supplying the energy required for welding. 

During continuous drive RFW, one of the billets is ro-

tated by an electric motor shaft. The billet is rotated at  

a constant speed and is pressed against a stationary billet 

with a certain force, resulting in heating of the contact sur-

faces. When a certain degree of deformation (upset) is 

reached or after a specified time, the rotating billet quickly 

stops, and an increased axial forging force is applied to  

the billets. Cooling after welding is carried out in still air. 

The resulting burr is removed by mechanical treatment both 

from the outside and from the inside. 

It is known that during rotary friction welding of 

steels, the billets are heated to the temperature of auste-

nite formation, which undergoes a γ→α transformation 

upon completion of the process [9; 10]. The degree of 

transformation is determined by both the chemical com-

position of steels and the technological parameters of 

welding. It is obvious that the applied force during fric-

tion of the billets will determine the heating temperature 

and the degree of deformation during welding, and, 

therefore, will affect the kinetics of austenite transfor-

mation in the thermomechanical influence area of weld-

ed joints and the mechanical properties of the joints that 

determine the reliability of drill pipes. 

An analysis of literary sources has shown the exist-

ence of great interest in assessing the influence of  

the RFW parameters on the mechanical properties of 

joints of both homogeneous and dissimilar metals [6; 11; 

12]. However, despite the abundance of published works, 

the information on rotary friction welding of carbon al-

loyed steels is limited. There are individual publications 

containing the results of studies of the microstructure 

and properties of welded joints of drill pipes made of 

N80 steels after normalisation with 42CrMo4 steel after 

quenching and tempering [13], AISI 8630 steel [9], 

welded joints of ASTM A 106 Grade B steel in the hot-

rolled condition and AISI 4140 steel after normalisation 

and after quenching and tempering [5; 10]. These works 

indicate that the mechanical properties of welded joints 

during tensile tests with correctly selected welding con-

ditions are not inferior to, and in some cases even sur-

pass, the mechanical properties of the least durable of 

the mating materials. However, except for the tensile 

properties, an important issue for drill pipes is the as-

sessment of brittle fracture resistance, namely the impact 

toughness of welded joints. Little attention is paid to  

the study of this parameter in the presented publications. 

For example, in the work [5], it is noted that the weld 

seam has lower impact toughness values compared to  

the original ASTM A 106 Grade B and AISI 4140 steels. 

However, no studies of the influence of the RFW para-

meters on the impact toughness value are presented in  

the analysed publication. In the work [9], the impact 

toughness values of AISI 8630 steel joints obtained with 

different parameters of inertia friction welding are pre-

sented. However, no comparison with microstructural 

changes in the weld zone is given. 

It is known that the visco-plastic properties of steels 

largely depend on the morphological features of the phase 

microstructure components [14–16], which, as shown 

above, are determined by the welding parameters. 

The aim of this work is to evaluate the influence of the 

structural-phase state formed in the joint area of steels un-

der different friction forces during rotary friction welding 

on the impact toughness and the mechanism of destruction 

of welded joints of 32HGMA and 40HN2MA steels used 

for the production of drill pipes. 

 

METHODS 

The ingoing materials in this work were 32HGMA steel 

of S strength group according to API 5DP and 40HN2MA 

steel in the form of hot-rolled seamless pipes with an out-

side diameter of 73 mm and a wall thickness of 9 mm.  

The chemical composition of the selected steels, obtained 

using a Labspark 1000 optical emission spectrometer, is 

given in Table 1. 

For 32HGMA steel, preliminary heat treatment included 

quenching from 870 °C and tempering at 580 °C with water 

cooling in a sprayer. For 40HN2MA steel, heat treatment 

consisted of normalisation at 880 °C, quenching from 

860 °C with cooling in a water-polymer mixture, tempering 

at 580 °C with air cooling. The mechanical properties of  

the materials after heat treatment are given in Table 2. 

Friction welding was performed using a 60-ton machine 

manufactured by Thompson Friction Welding company. 

The welding modes are given in Table 3. In this work,  

the friction force was varied while the forging force, rota-

tion speed, and axial shortening were kept constant. 

Some of the friction-welded samples were tempered at 

550 °C for an hour in an SNOL chamber furnace. 

The microstructure was studied on transverse sections 

after etching with a 4 % solution of nitric acid in ethanol. 

The macrostructure was studied using an Olympus 

DSX1000 optical microscope (Japan). The microstructure 
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Table 1. Chemical composition of steels, wt. % 

Таблица 1. Химический состав сталей, мас. % 

 

 

Steel grade С Мn Si S P Cr Ni Cu Мо 

32HGMA 0.32 0.82 0.36 0.005 0.010 0.98 0.15 0.14 0.31 

40HN2MA 0.44 0.49 0.25 0.005 0.008 0.72 1.24 0.20 0.14 

 

 

 

Table 2. Mechanical properties of 32HGMA and 40HN2MA steels after heat treatment 

Таблица 2. Механические свойства сталей 32ХГМА и 40ХН2МА после термической обработки 

 

 

Steel 
Yield strength,  

MPa 

Ultimate strength,  

MPa 

Relative elongation,  

% 

KCV, 

J/cm2 

32HGMA 777–792  894–907  14.5–15.5 87.5–92.4  

40HN2MA 870–885 984–998 10.5–11.0 73.8–78.9 

 

 

 

Table 3. Rotary friction welding parameters 

Таблица 3. Параметры ротационной сварки трением 

 

 

Mode (sample) 

No. 

Force during friction,  

kN 

Rotation frequency  

during friction, rpm 

Force during forging,  

kN 

Upset during welding, 

mm 

1 100 
600 220 7 

2 145 

 

 

 

and fractographic analysis of the samples after impact 

bending tests were studied using a Tescan Mira 3 scanning 

electron microscope (Japan) at an accelerating voltage of 

5 kV. The analysis of the steel interface using the electron 

backscatter diffraction (EBSD) method was carried out on  

a ThermoScience Scios 2 LoVac scanning electron micro-

scope (Japan) with an Oxford Instrument Symmetry EBSD 

Detector attachment (Japan) using the AZtec software 

package. The microscope parameters at the time of shooting 

were as follows: accelerating voltage is 20 kV, probe cur-

rent is 410 nA, and scanning step is 0.1 μm. 

To determine the proportion of residual austenite in 

samples near the welded joint, X-ray structural analysis was 

used. The studies were carried out on a DRON-3M 

diffractometer (Russia) using copper Kα radiation at an ac-

celerating voltage of 40 kV, a current force of 30 A, in the 

angular range of 30...90° with automatic data recording. 

The volume fraction of austenite was calculated from the 

ratio of the integral intensities of the diffraction lines J(III) 

of austenite and J(II0) of ferrite using the formula: 

 

 
 

1742.0
III

0II

100
%,







J

J
Аres , 

 

where Ares is the fraction of residual austenite; 

J(II0)α is the intensity of the ferrite diffraction line; 

J(III)γ is the intensity of the austenite diffraction line. 

Charpy impact bending tests on samples with a V-type 

stress concentrator were carried out on a WANCE PIT-100 

pendulum impact tester (China). The samples for determin-

ing impact toughness had dimensions of 5×10×55 mm.  

The stress concentrator was applied in the zone of junction 

of two steels. Impact toughness values were determined as 

the average value of three identical samples. 

 

RESULTS  

Microstructure 

Fig. 1 shows photographs of the macrostructure of 

welded joints produced with different friction forces.  

Approximately the same volume of upset metal (burr) on 

the side of both steels indicates their similar mechanical 

properties at elevated temperatures. In both samples, 

three characteristic zones are distinguished in the weld-

ing area: the joint zone, the thermomechanically affected 

zone (TMAZ), and the heat-affected zone (HAZ). This is 

followed by the base metal zone. The thermomechanical 

effect zone is characterised by structural heterogeneity 

caused by the influence of the thermo-deformation cycle 
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 a b 

Fig. 1. Macrostructure of welded joint of 32HGMA and 40HN2MA steels produced by rotary friction welding:  

a – sample No. 1; b – sample No. 2.  

BM – base metal; TMAZ – thermomechanically affected zone; HAZ – heat-affected zone 

Рис. 1. Макроструктура сварного соединения сталей 32ХГМА и 40ХН2МА,  

полученного ротационной сваркой трением: a – образец № 1; b – образец № 2.  

BM – основной металл; TMAZ – зона термомеханического влияния; HAZ – зона термического влияния 

 

 

 

of welding, as well as by plastic deformation of the me-

tal during welding and the texture of the metal of  

the original pipes produced by hot rolling. Near the joint, 

an area with a parallel arrangement of fibres relative to 

the plane of contact of the billets can be distinguished.  

It is followed by a partially deformed zone where  

the texture threads are curved. This zone is followed by  

a zone with texture lines parallel to the rolling plane of 

the pipe billet. Such a structure of the welded joint was 

also observed in [10]. With increasing friction force,  

the total TMAZ length decreased from 7.7 mm in sample 

No. 1 to 6.7 mm in sample No. 2. 

Fig. 2 and 3 show photographs of the microstructure 

of the welded joint interface. It is evident that there is no 

clear boundary between the steels, which in turn indi-

cates the formation of common austenite grains during 

joint recrystallisation during welding. The resulting mi-

crostructure is predominantly acicular, indicating that  

the austenite transformation occurred in the low-

temperature region. The size of the former austenite 

grain reaches 40 μm. At the same time, the inner struc-

ture of the austenite grains is highly fragmented; it con-

sists of individual sections of crystallites elongated in 

one direction. The presence of a developed substructure 

is caused by the processes of dynamic recrystallisation 

of austenite during welding. 

The kinetics of the deformed austenite transformation in 

the studied samples differs due to differences in the mor-

phology of the phase components of the formed microstruc-

ture. In the microstructure of sample No. 1 obtained with  

a lower friction force, the microstructure of upper bainite 

and martensite was formed within one austenite grain 

(Fig. 2 d). Martensite areas are characterised by an acicular 

structure and strong misorientation of crystallites. Obviously, 

the γ→α transformation in them occurred at the final stage 

in carbon-rich areas. 

The nucleation and growth of martensite crystals oc-

curred both from the boundaries and from the sub-

boundaries of deformed austenite. The formation of upper 

bainite is observed mainly on the side of 32HGMA steel. 

Morphologically, two types of upper bainite can be identi-

fied in the microstructure, differing in the structural features 

of the carbide phase. In one case, it has an elongated plate-

like shape and is continuously located at the boundaries of 

ferrite laths. In the other case, the carbide phase is concen-

trated inside the grains of bainitic ferrite with a particle size 

of 0.1–0.2 μm. Obviously, in the first case, bainite has  

a coarser structure and is formed at higher transformation 

temperatures. 

In sample No. 2 obtained with a higher friction force, 

only two morphological components of the α-phase are 

present in the microstructure of the interface: lamellar 

bainite and lath martensite. Elongated crystals of lath 

bainite, 5–15 μm in size, grouped into packets, formed in 

the lower temperature range of the γ→α transformation are 

morphologically close to martensite. The microstructure on 

the side of both steels is identical. 

The study using EBSD analysis allowed identifying that 

the formation of a bainitic microstructure at low values of 

friction force led to a decrease in the proportion of high-

angle boundaries (Fig. 2 c). A developed substructure of  

a reticular structure formed by low-angle boundaries is 

2 mm 2 mm 
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 a b 

 

с 

    

d 

Fig. 2. Microstructure of the interface of 32HGMA and 40HN2MA steels in a welded joint  

produced by rotary friction welding, mode No. 1:  

а – crystallographic misorientation map; b – microstructure with high-angle boundaries (15°);  

с – spectra of  intercrystalline boundaries; d – SEM image 

Рис. 2. Микроструктура зоны сопряжения сталей 32ХГМА и 40ХН2МА в сварном соединении,  

полученном ротационной сваркой трением, режим № 1:  

а – карта кристаллографических разориентировок; b – микроструктура с нанесением большеугловых границ (15°);  

с – спектры межкристаллитных границ; d – СЭМ-изображение 
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 a b 

 

с 

    

d 

Fig. 3. Microstructure of the interface of 32HGMA and 40HN2MA steels in a welded joint  

produced by rotary friction welding, mode No. 2:  

а – crystallographic misorientation map; b – microstructure with high-angle boundaries (15°);  

с – spectra of  intercrystalline boundaries; d – SEM image 
Рис. 3. Микроструктура зоны сопряжения сталей 32ХГМА и 40ХН2МА в сварном соединении,  

полученном ротационной сваркой трением, режим № 2:  

а – карта кристаллографических разориентировок; b – микроструктура с нанесением большеугловых границ (15°); 

c – спектры межкристаллитных границ; d – СЭМ-изображение 
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observed inside the bainitic ferrite grains. At the same time, 

the lath morphology of the α-phase microstructure formed 

at higher friction force values is characterised by a higher 

density of high-angle boundaries located at misorientation 

angles from 49 to 60° (Fig. 3 c). 

The proportion of residual austenite in the steel interface 

was determined by X-ray structural analysis. It was found 

that residual austenite in the amount of 2–3 % was detected 

in sample No. 2 welded at a higher friction force. In sample 

No. 1, the proportion of residual austenite is less than 1 %. 

Post-welding tempering resulted in the development 

of diffusion processes with additional formation of car-

bide phases both inside and along the boundaries of the 

initial α-phase (Fig. 4, 5). In the structure of the upper 

bainite of tempered sample No. 1, a breakdown and par-

tial coagulation of long cementite plates is observed 

(Fig. 4). In the martensitic microstructure areas, finely 

dispersed carbide particles precipitated. Thus, the struc-

ture of this sample after tempering is characterised by  

a combination of areas of a coarse bainitic structure with 

large carbides and areas of a more homogeneous dis-

persed structure. 

In the microstructure of the mating zone of tem-

pered sample No. 2, areas of a coarse structure are ab-

sent (Fig. 5). In the bainitic structure, a developed 

subgrain structure is observed in the α-phase crystals. 

The microstructure is homogeneous. Carbide particles 

are located both along the boundaries of the initial  

α-phase and inside the crystallites. 

Microhardness 

Fig. 6 shows the microhardness profiles in welded joints 

in the initial state and after tempering.  

In the TMAZ, the microhardness changes abruptly, 

which is caused by the heterogeneity of the microstruc-

ture due to the presence of isolated areas of austenite 

decomposition products of different morphology.  

The highest microhardness values are observed in  

the TMAZ on the side of 40HN2MA steel in the as-

welded state. In this case, the maximum value of 677 HV 

was recorded in the sample produced with a higher fric-

tion force. A tendency towards a decrease in microhard-

ness is observed with distance from the mating zone. In 

the HAZ, the microhardness values are virtually identical 

to the values of the original steels, which were 271–

288 HV for 32HGMA steel and 310–347 HV for 

40HN2MA steel. The influence of tempering results in  

a decrease in microhardness in the TMAZ to values in 

the range of 256–424 HV, which is associated with  

a decrease in the tetragonality of the martensite crystal 

lattice and the precipitation of carbide particles. 

Impact toughness 

The results of determining the impact toughness in  

the steel interface zone are shown in Table 4, and  

the fractograms of the tested samples are shown in Fig. 7. 

In the as-welded state, the steel interface zone has  

a low toughness reserve, which is determined by the brit-

tleness of the microstructures formed in this zone. In all 

cases, fracture occurred along the body of the former aus-

tenite grain. However, some differences are observed in 

the morphology of the fracture surface of the samples 

produced with different friction forces. The fracture sur-

face of the sample produced using mode No. 1 has virtually 

no traces of plastic deformation. The fracture mechanism 

is cleaving (Fig. 7 a). The facets of the transcrystalline 

cleavage are relatively flat areas disordered relative to  

the adjacent facets by a certain angle. Secondary cracks 

extending deep into the sample are revealed perpendicular 

to the direction of growth of the main crack. 

 

 

 

     
 

Fig. 4. Microstructure of the interface of the welded joint of 32HGMA and 40HN2MA steels  

after tempering at 550 °C for 1 h, welding mode No. 1 
Рис. 4. Микроструктура зоны сопряжения сварного соединения сталей 32ХГМА и 40ХН2МА  

после отпуска при 550 °С в течение 1 ч, режим сварки № 1 
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Fig. 5. Microstructure of the interface of the welded joint of 32HGMA and 40HN2MA steels  

after tempering at 550 °C for 1 h, welding mode No. 2 

Рис. 5. Микроструктура зоны сопряжения сварного соединения сталей 32ХГМА и 40ХН2МА  

после отпуска при 550 °С в течение 1 ч, режим сварки № 2 

 

 

 

  

 

Fig. 6. Microhardness profiles in welded joints in the initial state and after tempering 

Рис. 6. Профили микротвердости в сварных соединениях в исходном состоянии и после отпуска 

 

 

 

The sample produced using mode No. 2 fractured with  

a greater share of plastic deformation. The fracture macro-

structure is characterised by the formation of a small con-

traction at the edges. In the microrelief, the quasi-cleavage 

micromechanism dominates. The quasi-cleavage facets 

alternate with the dimple structure (Fig. 7 c). 

Tempering contributed to an increase in the impact 

toughness of the welded joints. In this case, the maximum 

value of KCV=53.5 J/cm
2
 is recorded in sample No. 2 pro-

duced with a higher friction force. Traces of macroplastic 

deformation in the form of the formation of shear lips are 

observed on the fracture surface of this sample (Fig. 7 d).  
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Table 4. Impact toughness of the interface in welded joints of 32HGMA and 40HN2MA steels 

Таблица 4. Ударная вязкость зоны сопряжения в сварных соединениях сталей 32ХГМА и 40ХН2МА 

 

 

Welding mode No. 1 No. 2 No. 1 + tempering No. 2 + tempering 

KCV, J/cm2 11.3 18.0 19.3 53.5 

 

 

 

 

     

 a b 

     

 c d 

Fig. 7. Fractograms of samples of welded joint of 32HGMA and 40HN2MA steels 

after impact bending tests: 

a – mode No. 1; b – mode No. 1 + tempering; c – mode No. 2; d – mode No. 2 + tempering 

Рис. 7. Фрактограммы образцов сварных соединений сталей 32ХГМА и 40ХН2МА  

после испытаний на ударный изгиб:  

а – режим № 1; b – режим № 1 + отпуск; с – режим № 2; d – режим № 2 + отпуск 
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The fracture morphology is completely represented by 

dimples of ductile fracture. Against the background of  

a fine-dimple microrelief, individual large dimples are ob-

served, the centres of origin of which are large particles. 

In the tempered sample of the welded joint produced 

with a lower friction force, the impact toughness increased 

insignificantly compared to the initial state. The crack 

propagated in this case according to the quasi-cleavage 

mechanism (Fig. 7 b). The fracture surface has a more de-

veloped surface structure compared to the state of this 

sample after welding and more pronounced ridges of sepa-

ration in the locations of high-angle boundaries. No se-

condary cracks were detected. 

 

DISCUSSION 

The results of the conducted studies confirmed the as-

sumption about the influence of the RFW parameter (force 

at the friction stage) on the microstructure and toughness 

of the mating zone of medium-carbon alloyed steels. This 

is related to the fact that with an increase in the friction 

force, the temperature and degree of deformation of  

the near-contact zones of the billets increase, which is 

consistent with the results of modelling the RFW process 

presented in works [17–19]. These conditions, apparently, 

led to the suppression of the formation of coarse-acicular 

bainite in the upper temperature range of the transfor-

mation. The formation of a coarse microstructure of upper 

bainite with a large number of large cementite particles, 

obtained at a lower force during friction of the billets, 

causes brittleness of the microstructure, which is not eli-

minated by subsequent high-temperature tempering. The ne-

gative effect of upper bainite on impact toughness was 

previously noted in studies [20–22]. The authors of  

the work [5] note as well the relationship between low 

impact toughness in the joint interface and the presence of 

coarse carbide particles at the interface, which does not 

contradict the results obtained in this work. 

Thus, an increase in the force of friction of the billets at 

the stage of their heating in the RFW process leads to an in-

crease in the visco-plastic properties of the interface of steels 

after high-temperature tempering of welded joints. This ef-

fect is achieved due to the formation of a more homogeneous 

fine-grained microstructure of tempered martensite and lower 

bainite with a developed subgrain structure. 

 

CONCLUSIONS 

1. In welded joints of 32HGMA and 40HN2MA medi-

um-carbon alloyed steels produced by rotary friction weld-

ing, a microstructure consisting of sections of martensite 

and bainite of various morphologies is formed in the steel 

interface. The morphology of the bainitic component of  

the microstructure depends on the welding parameters and 

the kinetics of the transformation of supercooled austenite.  

2. It was found that at reduced values of the force during 

friction of the billets after the completion of welding, in the 

steel interface, a coarse microstructure of upper bainite with 

uneven precipitation of large carbide particles is formed, 

which negatively affects the visco-plastic properties of  

the steel interface. 

3. With an increase in the force at the stage of friction 

of the billets after the completion of welding, the for-

mation of a more dispersed structure of lath bainite and an 

increase in the density of high-angle boundaries occur. 

After high tempering, such a microstructure provides high 

impact toughness in the interface of steels due to  

the transformation into a tempered bainite structure with  

a developed subgrain structure. 

4. The toughness of the interface of steels can be con-

trolled by welding modes, avoiding the need for complete 

subsequent recrystallisation of the weld zone (quenching 

and tempering), which significantly reduces the cost of 

manufacturing of high-strength drill pipes. 
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Аннотация: Настоящая работа посвящена оценке влияния морфологических особенностей микроструктуры сред-

неуглеродистых легированных сталей, сформированной при различном усилии в процессе ротационной сварки трением 

(РСТ), на ударную вязкость их зоны сопряжения. Приведены результаты экспериментального исследования соедине-

ния, полученного при сварке трубных заготовок из сталей 32ХГМА и 40ХН2МА с внешним диаметром 73 мм и толщи-

ной стенки 9 мм при изменении силы на этапе трения (разогрева) заготовок. Исследования микроструктуры, микро-

твердости и ударной вязкости на образцах с V-образным надрезом сварных соединений были проведены в исходном 

состоянии после сварки и после отпуска при температуре 550 °С. Проведен макро- и микрофрактографический анализ 

разрушенных образцов. Показано, что сила при трении оказывает влияние на кинетику фазовых превращений, фазовый 

состав и однородность микроструктуры в зоне сопряжения сталей. С уменьшением данного параметра РСТ возрастает 

неоднородность микроструктуры, связанная с возникновением участков верхнего бейнита с неравномерными выделе-

ниями крупных карбидных частиц, что оказывает негативное влияние на вязкость зоны сопряжения сталей как в исход-

ном состоянии, так и после отпуска; механизм разрушения – квазискол. При более высоких значениях силы при трении 

повышается плотность большеугловых границ и дисперсность микроструктуры бейнита, что обеспечивает более высо-

кую вязкость и энергоемкость разрушения с формированием ямочного микрорельефа. Полученные результаты откры-

вают возможности регулирования вязкопластических свойств сварных соединений уже на этапе сварки без последую-

щей перекристаллизации зоны сварного шва. 

Ключевые слова: ротационная сварка трением; среднеуглеродистые легированные стали; зона сопряжения 

сварных соединений; мартенсит; бейнит; ударная вязкость.  
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Abstract: This paper deals with the study of the influence of nanosized diamonds produced by the cavitational synthe-

sis method on the tribological properties of a commercial water-oil-based cooling lubricant. The study is aimed at as-

sessing the prospects for application of this type of nanodiamonds as an antifriction and antiwear additive. Tribological 

tests were carried out using the “indenter on a disk” friction scheme at a constant load and sliding speed. High-speed P18 

steel for the indenter and 30HGSA steel for the rotating counterbody (disk) were used as friction couple materials.  

The studies were carried out for the base lubricant and two variants of its composition modifications using colloidal dis-

persion (distilled water with dispersed nanodiamonds) with a final additive concentration of 0.5 and 2.5 %. It was experi-

mentally found that both variants of modification of the base water-oil emulsion resulted in increase of the bearing capaci-

ty of lubricating layers, decreasing the total linear wear of friction couple elements by 1.8–2.4 times. The presence of 

nanodiamonds in the composition enhanced as well the shielding effect of the cutting coolant. A decrease in visible da-

mage to friction surfaces was recorded using optical microscopy. Analysis of profile diagrams of worn areas in the trans-

verse direction showed a decrease in the size of a groove on the counterbody against the background of a decrease in 

roughness from Ra=0.49 μm in the basic variant to Ra=0.29–0.34 μm. Evaluation of the loss in counterbody weight for 

nanodiamond concentrations of 0.5 and 2.5 % showed a decrease in their value by 1.3 and 1.9 times, respectively; for  

the indenter, the decrease in this parameter was 1.2 and 1.5 times. Thus, the use of cavitational synthesis nanodiamonds as 

an additive may become a promising direction for increasing the antiwear properties of water-oil-based cooling lubricants. 

Keywords: cavitational synthesis nanodiamonds; water-oil emulsion; cooling lubricant; boundary friction; wear  

resistance; friction ratio.  

For citation: Fominov E.V., Kovtun M.V., Kurlovich S.A., Gladkikh D.I., Lavrenova T.V. The influence of 

cavitational synthesis nanodiamonds on the tribological properties of a water-oil-based cooling lubricant. Frontier Materi-

als & Technologies, 2025, no. 2, pp. 87–94. DOI: 10.18323/2782-4039-2025-2-72-7. 

 

INTRODUCTION 

The use of various types of additives is an effective 

way to control the tribological properties of liquid lub-

ricants. In the last decade, nanoparticles of various 

metals, metal and non-metal oxides, sulfides and car-

bonates have been widely used for this purpose [1; 2]. 

Modification of the base lubricant by introducing such 

additives, as a rule, leads to a significant improvement 

in its antifriction and/or antiwear properties [3; 4]. 

Among nanosized additives, fully carbon particles 

(graphenes, fullerenes, carbon nanotubes) are in high 

demand, allowing improving significantly the tribo-

logical properties of base lubricants [5–7]. 

Among carbon nanoadditives, the use of nanodiamonds 

(ND) is especially promising, due to their high hardness, 

thermal conductivity, chemical stability and compatibility 

with other additives [8]. To date, many detailed studies on 

the tribological characteristics of various types of lubricants 

containing ND have been conducted. Thus, the authors of 

the work [9] note a significant improvement in  

the tribological characteristics of motor oils containing ND 

particles and in the quality of friction surfaces. When study-

ing the friction process in a polyalphaolefin oil environment 

with the ND addition, a decrease in the friction coefficients 

and an increase in the antiwear effect of the lubricating film 

for the composition with the additive were found as well 
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[10]. In [11], a 3-fold decrease in the friction force and  

a 2-fold increase in the wear resistance of titanium hip im-

plants were recorded when adding less than 0.2 % of ND in 

a weight concentration to the body fluid imitation. 

An important advantage of ND is their solubility in 

water, which opens up opportunities for modifying both 

pure water and water-based lubricants. In this regard,  

the study of the tribological properties of aqueous sus-

pensions with ND is an up-to-date area of scientific re-

search. For example, a study [12] showed that the intro-

duction of ND significantly improved the poor lubricat-

ing properties of water, reducing friction forces and wear 

by 70 and 88 %, respectively. A similar antifriction ef-

fect and antiwear action of water modified with ND are 

also noted in the works [13; 14]. 

A widespread category of lubricants is water-oil 

emulsion cooling lubricants used in cutting metals and 

their processing by plastic deformation methods. One of 

the ways for improving the operational characteristics of 

cooling lubricants is the introduction of various 

nanosized additives into the composition, enhancing 

their anti-scuffing effect, improving antifriction and 

thermophysical properties [15–17]. 

Currently, there are many different methods for pro-

ducing ND. Examples of the most attractive of them in 

terms of industrial reproduction are the method of pulsed 

laser ablation of a specially prepared carbon target [18], 

the method of detonation of explosives in closed cham-

bers [19], and some others. The method of hydrodynamic 

cavitation is also promising and in demand for industrial 

application. It consists of passing water with dispersed 

high-purity graphite powder through special-geometry 

microfluidic channels with feeding into the zone where, 

due to the collapse/deflation of cavitation caverns, de-

structive cumulative jets are formed, a buffer layer with 

subsequent additional effect on the collapsing caverns of 

fields with supercritical parameters.  

This method is of the greatest interest in terms of  

the applicability of nanodiamonds produced with its use as 

a modifying additive in aqueous systems, such as gypsum, 

cooling lubricants, galvanics, and concrete. The advantages 

of the method consist in producing ND with high homoge-

neity of the main characteristic indicators: size, shape, 

charge, and functional cover. Cavitational synthesis 

nanodiamonds (CND-NS – Cavitation NanoDiamonds pro-

duced by the NanoSystems Company) manufactured by this 

method do not require additional chemical cleaning, cen-

trifugation and other preparatory operations. Immediately 

after synthesis, the aqueous dispersion of ND is ready for 

industrial use, since ND dispersed in distilled water are 

completely hydrated. At present, studies have already been 

conducted on the influence of CND-NS on the physical and 

mechanical properties of building concrete. These studies 

have recorded a significant increase in compressive and 

bending strength when adding CND-NS particles to  

the base mixture [20]. 

The purpose of this study is to evaluate the influence of 

nanosized diamonds produced by cavitation synthesis on 

the tribological properties of a commercial water-oil-based 

cooling lubricant. 

METHODS 

Comparative tribological tests were carried out using 

the “indenter on disk” friction scheme at a constant slid-

ing speed of V=0.4 m/s and a load of P=20 N on a T-11 

tribometer (Poland). The material of the cylindrical in-

denter with a diameter of 4 mm and a length of 10 mm 

was high-speed P18 steel (HRC 65). The rotating 

counterbody (disk) with a diameter of 25.4 mm and  

a thickness of 6 mm was made of 30HGSA steel 

(HRC 35), the initial roughness of the friction surfaces 

was Ra=0.16 μm. This friction couple imitates frictional 

interaction during cutting (smoothing) of a difficult-to-

machine structural material. At the same time, according 

to the previous experimental experience of the authors, 

the friction process without lubricating these materials is 

characterised by strong adhesive seizure. During testing, 

the friction force F(N) and the indenter displacement 

relative to the counterbody ∆ (μm) were recorded in real 

time. The friction path length was L=400 m. A Mitutoyo 

Surftest SJ-210 profilograph-profilometer (Japan) was 

used to evaluate the relief of friction tracks and measure 

roughness. The worn surfaces of the samples were exa-

mined using a LaboMet-I4 metallographic inverted mi-

croscope (Russia). The shielding effect of the lubricating 

fluid was assessed based on a comparison of the wear of 

the softer counterbody material. An LV 210-A analytical 

balance (Russia) was used to measure the mass loss ∆m 

of the samples.  

The friction process was carried out in three variants 

of lubricating media. In the first basic case, a commer-

cial Modus-M cooling lubricant (Trading and Industrial 

Company SINTEZ, Rostov-on-Don, Russia) was used. 

This semisynthetic water-soluble cooling lubricant in the 

working solution is a 5 % water-oil emulsion and con-

tains the least amount of oil and other environmentally 

hazardous functional additives. In the two subsequent 

versions, the emulsion was modified with a colloidal 

dispersion consisting of ND dispersed in distilled water. 

The dispersion was prepared using CND-NS synthesised 

by Research and Production Company Nanosystems, 

LLC (Rostov-on-Don, Russia), which are spheroidal 

nanocrystals with a negative zeta potential of ζ=−44 mV. 

They were synthesised by the hydrodynamic cavitation 

method from high-purity graphite powder dispersed in 

distilled water with additional exposure of the system to 

alternating fields with supercritical parameters. By the dy-

namic light scattering method, it was found that the col-

loidal solution of the produced ND has high 

monodispersity with a maximum of 1 to 3 nm (Fig. 1). 

To assess the influence of CND-NS ND on  

the tribological properties of commercial cooling lubri-

cant, 0.5 and 2.5 % of CND-NS colloidal dispersion 

were added to its composition. The concentration of  

the aqueous colloidal dispersion of CND-NS was de-

termined photometrically using an Expert-003 photo-

meter by passing through a quartz cuvette with an opt i-

cal path length of 1 mm and a transmission laser wave-

length of 375 nm. The optical density was adjusted by 

diluting the concentrated CND-NS-2772 dispersion 

with distilled water.  
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Fig. 1. Particle size distribution of nanodiamonds [24] 

Рис. 1. Распределение размеров частиц наноалмазов [24] 

 

 

 

Lubricants were supplied directly to the friction track using 

the drop-by-drop method with a flow rate of about 2 ml/min. 

The number of experiment implementations for each lubrica-

tion option was 5 experiments, statistical processing of  

the results was carried out using reliability theory methods in 

the MathCAD program. To calculate the values of the confi-

dence limits for the estimated parameters, the Student’s me-

thod was used at a specified reliability level of 95 %. 

 

RESULTS  

Evaluation of the tribological properties of the lubri-

cant samples showed that both variants of CND-NS con-

centration in the base cooling lubricant lead to an in-

crease in the average values of friction forces. Fig. 2 

shows examples of the evolution of the friction ratios f 

during the experiments. According to the results of statis-

tical processing, the average value of the friction ratio for 

the base lubricant variant was fav=0.08; with the addition of 

0.5 and 2.5 % of CND-NS, the value of this parameter in-

creased to 0.11 and 0.13, respectively (Table 1). 

Evaluation of the change in the tribocontact geometry 

relative to the initial position using the ∆(L) curves showed 

that the addition of additives contributed to a slowdown in 

the convergence of the friction couple elements due to wear 

processes (Fig. 3). 

The lowest total linear wear of the tribo-couple elements 

was recorded at a concentration of 2.5 % and averaged 

δ3≈3.4 μm, while for the base cooling lubricant this value 

reached δ1≈7.8 μm. 

 

 

 

 

 

Fig. 2. Change in friction ratios f(L) in various environments:  

1 – base cooling lubricant; 2 – cooling lubricant + 0.5 % of CND-NS; 3 – cooling lubricant + 2.5 % of CND-NS 

Рис. 2. Изменение коэффициентов трения f(L) в различных средах:  

1 – базовая СОЖ; 2 – СОЖ + 0,5 % КНА-НС; 3 – СОЖ + 2,5 % КНА-НС 
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Table 1. Tribological characteristics of the friction process in various lubricating environments 

Таблица 1. Трибологические характеристики процесса трения в различных смазочных средах  

 

 

Lubricant type Fav 
Counterbody Indenter 

δ, µm hmax, µm ∆mc·10−3, g Ra, µm ∆min·10−4, g 

Base cooling lubricant 0.08±0.02 7.88±0.99 7.49±1.67 3.21±0.64 0.49±0.16 9.2±0.75 

Cooling lubricant + 0.5 % of ND 0.11±0.03 4.45±0.59 4.81±0.86 2.33±0.56 0.34±0.07 7.6±0.81 

Cooling lubricant + 2.5 % of ND 0.13±0.02 3.41±0.46 3.22±0.73 1.67±0.40 0.29±0.05 5.8±0.98 

 

 

 

The greatest damage was suffered by the surface of 

the samples during friction in unmodified cooling lubri-

cant (Fig. 4 a). The width of the friction tracks in 

thiscase reached 1000 μm, the wear depth was 

hmax≈7.5 μm, and the roughness of the friction tracks in 

the transverse direction was Ra=0.49 μm. Evaluation of 

the mass losses of the samples also showed the highest 

values of these parameters during friction in the base 

cooling lubricant (Table 1). 

The surfaces of the samples are damaged to a lesser extent 

during frictional interaction in the cooling lubricant + 2.5 %  

of CND-NS environment. The width of the friction track 

in this lubrication option does not exceed 600 μm;  

the depth of the worn area is hmax≈3.2 μm. The roughness 

of the friction tracks for this concentration was 

Ra=0.29 µm. A high shielding effect is found as well 

when adding a much smaller amount of additive – at  

a concentration of 0.5 % of CND-NS (Fig. 4 b). In this 

case, an improvement in all the studied tribological indi-

cators is also observed (Table 1, Fig. 4 c). 

DISCUSSION  

The introduction of CND-NS nanoclusters into a water-

oil emulsion in various concentrations significantly reduces 

the wear rate relative to the basic tribosystem configuration, 

but leads to an increase in friction forces. At the same time, 

the values of the friction ratios in all cases show that  

the boundary lubrication condition is maintained in  

the tribosystem. 

The method and mode of producing ND, which de-

termine their shape, average size and other statistical 

indicators of geometric characteristics, significantly af-

fect the tribological behaviour of the lubricant when the-

se particles are introduced into it. The antifriction effect 

of adding ND, according to the results of modern stu-

dies, is mainly associated with a partial replacement of 

sliding friction with rolling friction due to the presence 

of particles in the gap that are large enough in compari-

son with the sizes of surface microasperities, close to  

a spherical shape [21]. Smaller ND particles, being in  

the lubricant and penetrating into surface microasperities,

 

 

 

 

 

Fig. 3. Total linear wear of tribocouple elements:  

1 – base cooling lubricant; 2 – cooling lubricant + 0.5 % of CND-NS; 3 – cooling lubricant +2.5 % of CND-NS 
Рис. 3. Суммарный линейный износ элементов трибопары:  

1 – базовая СОЖ; 2 – СОЖ + 0,5 % КНА-НС; 3 – СОЖ + 2,5 % КНА-НС 
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a 

 

b 

 

c 

Fig. 4. Worn surfaces of disks during friction in various environments:  

a – base cooling lubricant; b – cooling lubricant + 0.5 % of CND-NS; c – cooling lubricant +2.5 % of CND-NS 

Рис. 4. Изношенные поверхности дисков при трении в различных средах: 

a – базовая СОЖ; b – СОЖ + 0,5 % КНА-НС; c – СОЖ + 2,5 % КНА-НС 

 

 

 

microasperities, can have a polishing effect. In this case, 

on the areas of surfaces separated by the lubricant,  

the presence of ND leads to the formation of a homoge- 

neous and thick tribofilm, which reduces the wear of  

the contacting bodies [10; 21]. These mechanisms of 

action on the tribological properties of the lubricant have 

been proven for particles obtained by the detonation 

method; they are most often studied as additives [21].  

In comparison with CND-NS, these ND usually have  

a larger size range. Thus, when adding detonation ND, 

the lubricant contains particles close to a spherical (oval) 

shape within the range of 5–10 nm. For ND with a dia-

meter in this range, the ball-bearing effect has been 

proven, including by molecular modelling [12]. 

When introducing CND-NS, which are significantly 

smaller in diameter, characterised by higher mono-

dispersity, the ball-bearing effect from the use of ND de-

creases, giving way to other mechanisms of action. Small-

diameter diamond particles (1–3 nm) will fill surface 

microasperities more easily and remain fixed in them. This 

type of introduction, on the one hand, protects the faces of 

the tribo-couple elements from destruction due to the pres-

ence of a periodically regenerated protective layer of ND on 

them; on the other hand, the frictional interaction of surfac-

es with hard inclusions, accompanied by a polishing effect, 

is the cause of the increase in the friction force. Concurrent-

ly, the ND particles modify the lubricating film, promoting 

its compaction, increasing abrasion resistance and shear 

resistance, which leads to an increase in the friction ratio 

even with the addition of 0.5 % of CND-NS. 

Further saturation of the cooling lubricant with 

nanodiamond particles enhances to an even greater degree 

the effect of the antiwear and polishing action of CND-NS. 

The increase in the average friction ratio relative to a con-

centration of 0.5 % in this case, taking into account the va-

lues of the confidence limits, can be considered insignifi-

cant (Table 1). Thus, the properties, shape and size of cavi-

tation nanodiamond particles, as well as their high mono-

dispersity, allow achieving significant antiwear and polish-

ing (smoothing) effects when modifying water-oil-based 

Frontier Materials & Technologies. 2025. No. 2 91



Fominov E.V., Kovtun M.V., Kurlovich S.A. et al.   “The influence of cavitational synthesis nanodiamonds on the tribological properties…” 

 

cooling lubricants with them against the background of  

a slight decrease in anti-friction properties, which generally 

makes the application of CND-NS as an antiwear additive 

promising. 

 

CONCLUSIONS 

1. Addition of diamond nanoclusters to the studied wa-

ter-based cooling lubricant resulted in a significant change 

in the tribological characteristics of the friction system. 

Modification of the lubricating layers contributed to an in-

crease in their load-bearing capacity, which ensured a de-

crease in the total linear wear of the friction-couple ele-

ments by 1.8 and 2.4 times at colloidal dispersion concen-

trations of 0.5 and 2.5 %, respectively. 

2. Intermediate layers containing CND-NS increased  

the shielding effect of the lubricant in comparison with the 

base version, reducing the average roughness of the friction 

tracks by 1.4 and 1.6 times, which indicates an improve-

ment in the surface quality after using the modified cooling 

lubricants. 

3. Addition of nanosized diamonds enhanced the anti-

wear properties of the lubricant. The reduction in mass 

losses of the rotating counterbody for colloidal dispersion 

concentrations of 0.5 and 2.5 % was 1.3 and 1.9 times, re-

spectively, for the indenter – 1.2 and 1.5 times. The ob-

served reduction in wear of the friction-couple elements 

was accompanied by an increase in the shear resistance of 

the lubricating layer, contributing to an increase in the fric-

tion force in the system by 1.4 times even with the addition 

of 0.5 % of nanodiamonds. A further increase in the amount 

of additive to 2.5 % led to an insignificant increase in  

the friction ratio relative to the minimum concentration of 

nanodiamonds.  

The use of cavitational synthesis nanodiamonds as an 

additive in water-oil-based cooling lubricants can become  

a promising direction for further improvement of 

tribological properties and enhancement of their perfor-

mance characteristics. The development of new composi-

tions of cooling lubricants based on the studied commercial 

brand with the addition of nanocrystalline diamonds in va-

rious concentrations and subsequent studies of the perfor-

mance characteristics of these experimental compositions in 

various metal cutting operations, plastic deformation pro-

cessing, and knurling are considered as up-to-date sectors 

of further research in this area. The expected effects from 

the lubricant modification in this case will be an increase in 

the service life of the tools used and an improvement in  

the quality of the microrelief of the treated surfaces. 
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Аннотация: Статья посвящена изучению влияния наноразмерных алмазов, полученных методом кавитационно-

го синтеза, на трибологические характеристики коммерческой смазывающе-охлаждающей жидкости на водомасля-

ной основе. Исследование направлено на оценку перспектив применения наноалмазов данного типа в качестве анти-

фрикционной и противоизносной присадки. Трибологические испытания проводились по схеме трения «индентор по 

диску» при постоянной нагрузке и скорости скольжения. В качестве материалов пары трения использованы быстро-

режущая сталь Р18 для индентора и сталь 30ХГСА для вращающегося контртела (диска). Исследования проведены 

для базового смазочного материала и двух вариантов модификаций его состава коллоидной дисперсией (дистилли-

рованная вода с диспергированными наноалмазами) с окончательной концентрацией присадки 0,5 и 2,5 %. Экспери-

ментально установлено, что оба варианта модификации базовой водомасляной эмульсии привели к увеличению не-

сущей способности смазочных слоев, снизив суммарный линейный износ элементов пары трения в 1,8–2,4 раза. 

Присутствие наноалмазов в составе также усилило экранирующий эффект смазочно-охлаждающей жидкости. По-

средством оптической микроскопии было зафиксировано снижение видимых повреждений поверхностей трения. 

Анализ профилограмм изношенных участков в поперечном направлении показал уменьшение размеров борозды на 

контртеле на фоне снижения шероховатости с Ra=0,49 мкм в базовом варианте до Ra=0,29–0,34 мкм. Оценка потери 

массы контртел для концентраций наноалмазов 0,5 и 2,5 % показала снижение их величины в 1,3 и 1,9 раза соответ-

ственно, для индентора уменьшение этого параметра составило 1,2 и 1,5 раза. Таким образом, использование нано-

алмазов кавитационного синтеза в качестве присадки может стать перспективным направлением повышения проти-

воизносных свойств смазывающе-охлаждающих жидкостей на водомасляной основе. 

Ключевые слова: наноалмазы кавитационного синтеза; водомасляная эмульсия; смазывающе-охлаждающая 

жидкость; граничное трение; износостойкость; коэффициент трения.  
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Abstract: In the literature, there are virtually no data on the effect of quenching with holding in the pearlite and bainitic 

regions and subsequent low and high tempering of different durations on the crack propagation resistance of die steels, and 

the available data are contradictory. Meanwhile, a “softer” quenching with holding in the intermediate regions reduces 

significantly the risk of quenching cracks and deformation of dies and die tooling. In this work, samples of 5H2SMF die 

steel with a sharp notch and artificially induced cracks were subjected to heat treatment, including standard quenching  

at 910 °C in oil and quenching from 910 °C with steps at 650 °C and 340 °C with different types of tempering (200, 560, 

600, and 640 °C) and different durations of time – 1, 3, 5, 7, and 14 h (for 200 °C) in order to increase the crack propaga-

tion resistance. The conducted studies allowed identifying that the data on crack propagation resistance after step quench-

ing with holding in the pearlite transformation region and subsequent high tempering at 560, 600 and 640 °C are compa-

rable with standard quenching in oil and high tempering at the same temperatures. The hardness after step quenching in  

the bainitic transformation region (340 °C) is significantly lower in all cases under different tempering conditions; there-

fore, it is not possible to compare crack propagation resistance with standard quenching. The optimal holding time (3 and 5 h) 

from the point of view of increasing crack propagation resistance after standard quenching from 910 °C in oil and low 

tempering at 200 °C was found. 

Keywords: die steel; quenching; tempering; hardness; crack propagation resistance. 
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INTRODUCTION 

Heat treatment is one of the key processes significantly 

affecting mechanical properties, therefore the correct choice 

of the quenching mode, during which the alloying elements 

are redistributed, the grain size changes, carbides dissolve, 

etc., ultimately determines the operational properties of 

steel products. 

Step quenching used to reduce quenching stresses and 

deformation is known from the report “On the Prepara-

tion of Steel Armour-Piercing Projectiles” of D.K. Cher-

nov in 1885 [1]. Despite the fact that this method has 

now been studied quite well, in the literature, there are 

contradictory data on the influence of step quenching on 

the mechanical properties of steels after various modes 

of tempering [2–4]. Step cooling of metastable austenite 

in the pearlite area without decomposition into a ferrite-

carbide mixture led to the discovery of interesting effects 

[5; 6]. A comparison of conventional quenching with 

quenching with isothermal holding at 560–680 °C shows 

that for 6H6M1, 5F3B and 6H6M3F steels, processes 

leading to an increase in hardness occur in supercooled 

austenite. These processes are associated with the forma-

tion of equilibrium regions of 10–15 Å in size in marten-

site resulted from step quenching, having an increased 

content of carbon, vanadium and molybdenum, with the 

same lattice as the matrix. During subsequent tempering, 

these microheterogeneities act as nuclei for the forma-

tion of carbides, providing them with high dispersion 

and uniformity of distribution, which leads to an increase 

in the heat resistance of the dies [5; 7; 8]. 

A study of the patterns of structural transformations 

occurring during quenching with holding in the baini-

tic transformation region of the 30HSNMFB and 

30H3N3MFB steels showed that at the early stages of 

such holding, agglomerates (clusters or mixed zones) of 

alloying element atoms (vanadium and carbon) are 

formed by analogy with the processes occurring at the 

initial stages of aging of many steels [9; 10]. The authors 

believe that these clusters also contain molybdenum and 

chromium atoms [9; 11]. The presence of such clusters 

of atoms exhibits the resistance to destruction and 

thereby strengthens the steel. 

The processes of both high and low tempering of 

quenched steel occurring at different temperatures have 
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been studied quite well. However, in the literature, there 

are practically no data on the influence of tempering du-

ration on the properties of steels. A number of studies 

provide non-monotonic dependencies of mechanical 

properties on tempering duration [12–14]. The identified 

non-monotonic, sawtooth nature of the “resistance to 

crack propagation – time” curves is presented without 

any comments [14; 15]. 

5H2SMF die steel is used mainly for the manufacture of 

hot deformation dies, but since in the low-tempered state 

the hardness is in the range of 58–60 HRC, it can also be 

used for cold deformation dies [16; 17]. In this regard, in 

the presented work, a comparative study of the dependence 

of the resistance to crack propagation and hardness of 

5H2SMF steel after standard quenching (in oil), and 

quenching with holding in the pearlite and bainitic regions 

with subsequent low and high tempering, as well as low 

tempering of different durations, is carried out. 

The purpose of this study is to develop hardening heat 

treatment modes for industrially used 5H2SMF die steel, 

including quenching with holding in the pearlite and 

bainitic regions and tempering at different temperatures of 

different durations, increasing the resistance to crack 

propagation. 

 

METHODS 

For the study, 5H2SMF die steel [18] was selected.  

The chemical composition of the steel is given in Table 1. 

The heat treatment of the studied samples with dimen-

sions of 10×11×55 mm was carried out in salt baths of AO 

Obukhovski Plant (JSC). Termooil-26 oil was used as  

a quenching medium. Tests for each heat treatment mode 

were carried out on 7 samples. Three quenching modes 

were studied: 1 – 910 °C, 15 min, cooling in oil;  

2 – 910 °C, 15 min – 340 °C, 15 min, cooling in oil;  

3 – 910 °C, 15 min – 650 °C, 7 min, cooling in oil; subse-

quent tempering: 200, 560, 600, and 640 °C for 2 h for each 

quenching mode. A study was conducted as well on  

the duration of low tempering. The samples after quenching 

according to the standard mode (910 °C, 15 min, cooling in 

oil) were subjected to low tempering (200 °C) of different 

durations: 1, 3, 5, 7, and 14 h. 

The blanks of the samples for determining the mechani-

cal properties were prepared with a grinding allowance of 

0.5 mm. After quenching, the dimensions were brought to 

the finished ones (10×10×55 mm), which allowed, exclud-

ing the influence of decarburisation occurring during heat-

ing for quenching, on the hardness of the samples.

The maximum achievable force (Рc) required for complete 

destruction of the sample during static three-point bending 

was taken as the evaluation criterion. 

The experiment was carried out on samples for impact 

toughness testing according to KCT with a V-shaped notch 

1.5 mm deep and a concentrator radius R of 0.25±0.025 

(GOST 9454-78, Fig. 3). According to clause 1.4 of GOST 

9454-78 and clause 1.6 of GOST 25.506-85, a fatigue crack 

1.5 mm deep was initiated by the cyclic loading method 

with a number of cycles of at least 3000 on a Drozdovsky 

resonant vibrator (Russia). The maximum residual deflec-

tion formed when applying a T-type concentrator to  

the samples did not exceed 0.25 mm. 

Static bending tests were carried out on a POWERTEST T 

testing machine (Spain) (distance between supports is 

45 mm) with a loading rate of no more than 2 mm/min. 

Due to the fact that when initiating a fatigue crack on  

a Drozdovsky vibrator, some deviation of the depth from 

the required one is possible, after testing the fractures of all 

samples, the total depth of the crack and notch (Lcr) was 

measured using an MPB-2 counting microscope (Russia). 

The analysis of the obtained experimental data on crack 

propagation resistance and hardness after various heat 

treatment modes was carried out taking into account  

the actual total crack and notch depth. Hardness was mea-

sured on a TK-2M hardness tester (Russia). 

 

RESULTS 

Hardness and crack propagation resistance after low 

and high tempering 

Table 2 shows that the maximum values of hardness and 

crack resistance (Рcr) after low tempering (200 °C) were 

obtained after standard oil quenching. Quenching with 

holding in the pearlite region (mode 3) with an insignificant 

(by 0.5 HRC) decrease in hardness and a 0.03 mm less total 

crack and notch depth (Lcr) leads to an insignificant  

(by 64 kN/cm
2
) decrease in crack resistance. Crack resis-

tance is maximum after the mode with a step at 340 °C, but 

at the same time the hardness in the low-tempered state 

decreases significantly (by 5 HRC), which indicates  

the occurrence of partial bainitic decomposition.  

Hardness after quenching according to mode 3 and tem-

pering at 560 °C has maximum values (49 HRC) with 

minimum total crack and notch depth (3.16 mm versus 3.4 

and 3.34 mm after standard quenching and with holding at 

340 °C, respectively), while this mode has minimum values 

of crack propagation resistance (Pcr) (Table 3). Samples 

 

 

 
Table 1. Chemical composition of 5H2SMF [18] 
Таблица 1. Химический состав 5Х2СМФ [18] 

 

 

Steel grade C, % Mn, % Si, % Cr, % Mo, % V, % 

5H2SMF 0.56 0.47 0.72 2.48 0.23 0.27 
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Table 2. Maximum (Pmax), average (Pav) and minimum (Pmin) values of crack propagation resistance, 

hardness after quenching (HRCquen) and tempering (HRCtemp) and total depth of crack and notch (Lcr)  

of 5H2SMF steel quenched by different modes and tempered at 200 °C  

Таблица 2. Максимальное (Рmax), среднеe (Рav) и минимальное (Рmin) значение сопротивления развитию трещины,  

твердость после закалки (HRCquen) и отпуска (HRCtemp) и суммарная глубина трещины  

и надреза (Lcr) стали 5Х2СМФ, закаленной по различным режимам, отпуск при 200 °C  

 

 

Mode No. Quenching mode 

Crack propagation resistance 

(Pcr), kN/cm2 Hardness, HRC Total depth of crack 

and notch (Lcr),  

mm 
Pcr max Pcr av Pcr min HRCquen HRCtemp 

1 910 °C in oil 735 667 590 61.0 58.5 3.27 

2 910 °C – 340 °C in oil 770 727 630 54.0 53.5 3.62 

3 910 °C – 650 °C in oil 670 603 500 60.5 58.0 3.24 

 

 

 
Table 3. Maximum (Pmax), average (Pav) and minimum (Pmin) values of crack propagation resistance, 

hardness after quenching (HRCquen) and tempering (HRCtemp) and total depth of crack and notch (Lcr)  

of 5H2SMF steel quenched by different modes and tempered at 560 °C  

Таблица 3. Максимальное (Рmax), среднеe (Рav) и минимальное (Рmin) значение сопротивления развитию трещины,  

твердость после закалки (HRCquen) и отпуска (HRCtemp) и суммарная глубина трещины  

и надреза (Lcr) стали 5Х2СМФ, закаленной по различным режимам, отпуск при 560 °C  

 

Mode No. Quenching mode 

Crack propagation resistance  

(Pcr), kN/cm2 
Hardness,  

HRC 
Total depth of crack  

and notch (Lcr),  

mm 
Pcr max Pcr av Pcr min HRCquen HRCtemp 

1 910 °C in oil 1180 1170 1060 62.0 48.5 3.40 

2 910 °C – 340 °C in oil 1515 1381 1292 53.5 46.5 3.34 

3 910 °C – 650 °C in oil 920 840 730 61.5 49.0 3.16 

 

 

 

quenched according to mode 2, compared to standard 

quenching with a decrease in hardness (by 2 HRC) and  

a 0.06 mm less total crack and notch depth (Lcr), have 

maximum (more than 200 kN/cm
2
 compared to standard 

quenching) crack propagation resistance (Pcr) (Table 3). 

The hardness after tempering at 600 °C, as in the previ-

ous experiment, has maximum values after quenching 

with a step at 650 °C, but the value of crack propagation 

resistance (Pcr) is minimal (Table 4). The values of  

crack propagation resistance (Pcr) after mode 2 and  

standard quenching with some decrease in hardness (by 

1.5 HRC) at approximately the same total crack and 

notch depth (3.38 and 3.37 mm) are comparable (2410 

and 2420 kN/cm
2
, respectively) (Table 4). 

After heat treatment according to mode 3, the maximum 

hardness values (38 HRC) were obtained, while unlike  

the mode of tempering at 600 °C (Table 4), such a large 

difference in crack propagation resistance (Pcr) is not ob-

served at an equal total crack and notch depth (3.3 mm) 

compared to standard quenching (Table 5). The decrease in 

hardness after tempering at 640 °C and quenching accord-

ing to mode 2 does not increase the value of crack propaga-

tion resistance (Pcr) compared to standard quenching and 

quenching according to mode 3, even despite the minimum 

(3.2 mm) total crack and notch depth (Lcr) (Table 5). 

Hardness and crack propagation resistance  

after tempering (200 °C) of different durations 

Table 6 shows that increasing the holding time from 1 to 

14 h of low tempering leads to an insignificant (by 1.5 HRC) 

decrease in the hardness of 5H2SMF steel samples. 

Tempering for 3 h leads to maximum (667 kN/cm
2
) 

crack propagation resistance (Pcr) values at maximum hard-

ness (58 HRC) and maximum (3.37 mm) total crack and 

notch depth (Lcr). With tempering for 5 h, a minimum 

(55 kN/cm
2
) difference can be observed between the maxi-

mum and minimum crack propagation resistance (Pcr), 

while for other modes it is more than 135 kN/cm
2
. The va-

lues of crack propagation resistance (Pcr) at equal hardness 

(57.5 HRC) and maximum (3.37 mm) total crack and notch 

depth (Lcr) are comparable with other modes (Table 6). 

Conducting tempering for 1 h leads to minimum va-

lues of crack propagation resistance (Pcr), which is 

probably associated with the fact that one-hour temper-

ing does not eliminate the brittleness specific for freshly 

quenched martensite. 
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Table 4. Maximum (Pmax), average (Pav) and minimum (Pmin) values of crack propagation resistance, 

hardness after quenching (HRCquen) and tempering (HRCtemp) and total depth of crack and notch (Lcr)  

of 5H2SMF steel quenched by different modes and tempered at 600 °C  

Таблица 4. Максимальное (Рmax), среднеe (Рav) и минимальное (Рmin) значение сопротивления развитию трещины,  

твердость после закалки (HRCquen) и отпуска (HRCtemp) и суммарная глубина трещины  

и надреза (Lcr) стали 5Х2СМФ, закаленной по различным режимам, отпуск при 600 °C  

 

 

Mode No. Quenching mode 

Crack propagation resistance  

(Pcr), kN/cm2 
Hardness,  

HRC 
Total depth of crack 

and notch (Lcr),  

mm 
Pcr max Pcr av Pcr min HRCquen HRCtemp 

1 910 °C in oil 2600 2420 2120 61.0 43.5 3.37 

2 910 °C – 340 °C in oil 2550 2410 2040 54.0 42.0 3.38 

3 910 °C – 650 °C in oil 1280 1188 1085 60.5 45.0 3.35 

 

 

 
Table 5. Maximum (Pmax), average (Pav) and minimum (Pmin) values of crack propagation resistance, 

hardness after quenching (HRCquen) and tempering (HRCtemp) and total depth of crack and notch (Lcr)  

of 5H2SMF steel quenched by different modes and tempered at 640 °C  

Таблица 5. Максимальное (Рmax), среднеe (Рav) и минимальное (Рmin) значение сопротивления развитию трещины,  

твердость после закалки (HRCquen) и отпуска (HRCtemp) и суммарная глубина трещины  

и надреза (Lcr) стали 5Х2СМФ, закаленной по различным режимам, отпуск при 640 °C  

 

 

Mode No. Quenching mode 

Crack propagation resistance 

(Pcr), kN/cm2 Hardness, HRC Total depth of crack 

and notch (Lcr),  

mm 
Pcr max Pcr av Pcr min HRCquen HRCtemp 

1 910 °C in oil 2600 2451 2100 61.0 36.5 3.3 

2 910 °C – 340 °C in oil 2290 2150 2070 53.5 35.0 3.2 

3 910 °C – 650 °C in oil 2530 2272 2100 60.5 38.0 3.3 

 

 

 
Table 6. Maximum (Pmax), average (Pav) and minimum (Pmin) values of crack propagation resistance, 

hardness after quenching (HRCquen) and tempering (HRCtemp) and total depth of crack and notch (Lcr)  

of 5H2SMF steel quenched under the standard mode (910 °C in oil),  

tempering at 200 °C with different durations  

Таблица 6. Максимальное (Рmax), среднеe (Рav) и минимальное (Рmin) значение сопротивления развитию трещины,  

твердость после закалки (HRCquen) и отпуска (HRCtemp) и суммарная глубина трещины  

и надреза (Lcr) стали 5Х2СМФ, закаленной по стандартному режиму (910 °C в масло),  

отпуск при 200 °C разной продолжительности  

 

 

Holding time  

at tempering  

at 200 °C, h 

Crack propagation resistance (Pcr),  

kN/cm2 
Hardness,  

HRC 
Total depth of crack 

and notch (Lcr),  

mm 
Pcr max Pcr av Pcr min HRCquen HRCtemp 

1 595 528 460 59.5 58.5 3.27 

3 735 667 595 59.5 58.0 3.37 

5 650 625 595 59.5 57.5 3.37 

7 695 617 535 59.0 57.0 3.28 

14 725 638 585 59.5 57.0 3.34 
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DISCUSSION 

Step quenching with holding at a temperature of 650 °C al-

lows obtaining crack propagation resistance values comparable 

to standard quenching (in oil) and high tempering at approxi-

mately equal values of hardness and total crack and notch 

depth. This is in good agreement with the study conducted by 

the authors [13; 16]. They associate the positive effect of step 

quenching with the formation of microheterogeneities in mar-

tensite that have an increased content of carbon, vanadium and 

molybdenum, which, with subsequent high tempering, are 

nuclei for the formation of carbides, providing them with high 

dispersion and uniformity of distribution, thereby increasing 

the crack propagation resistance [13]. 

Compared with standard quenching, quenching with a step 

at 340 °C leads to a significant decrease in hardness, which 

indicates partial bainitic decomposition. The resistance to 

crack propagation regardless of the tempering temperature 

(low, high tempering) is lower than that of the samples after 

standard quenching. “Bainite brittleness” is probably associ-

ated with the formation of upper bainite crystals in the struc-

ture, reinforced with cementite-type carbide plates associated 

with the matrix [19]. It should be noted that there are isolated 

studies arguing this, for example [14]. Thus, when quenching 

5H2SMF die steel, it is necessary to achieve increased stability 

of supercooled austenite in the intermediate region, thereby 

preventing bainite precipitation. 

A study of the dependence of hardness and crack resis-

tance on the duration (1, 3, 5, 7, and 14 h) of low tempering 

(200 °C) of 5H2SMF steel showed that with an increase in 

the holding time from 1 to 14 h, a decrease in hardness is 

observed. In this case, the maximum crack resistance (Pcr) 

does not correspond to the minimum hardness, which con-

firms the data on the non-monotonic, saw-tooth nature of 

the “crack resistance – time” dependence [14]. Attempts to 

link the non-monotonicity of this dependence with struc-

tural transformations are hypothetical, which is understand-

able if we cite the following quote: “With the development 

of the foil method and diffraction electron microscopy, it 

became possible to identify carbide precipitates by micro-

diffraction. However, it should be recognised that these 

possibilities have not yet been used, and the available data 

are contradictory” [20, p. 143]. In this regard, at this stage 

of the study, experimental data on the effect of the duration 

of low tempering were accumulated. 

 

CONCLUSIONS 

1. Quenching of 5H2SMF die steel with holding  

at 650 °C allows obtaining values for crack propagation 

resistance at approximately equal hardness values compa-

rable with standard quenching and high tempering of dies. 

2. A significant decrease in hardness during quench-

ing with a step at 340 °C compared to standard quench-

ing regardless of the tempering temperature (low, high 

tempering) does not allow recommending this mode for 

industrial application. 

3. Heat treatment modes with holding times of 3 and 5 h 

can be recommended as standard, since they provide the 

maximum value of crack propagation resistance after stan-

dard quenching and low tempering at 200 °C. 
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Аннотация: В литературных источниках практически отсутствуют данные о влиянии закалки с выдержками  

в перлитной и бейнитной областях и последующего низкого и высокого отпуска разной продолжительности на сопро-

тивление развитию трещины штамповых сталей, а имеющиеся данные противоречивы. Между тем более «мягкая» за-

калка с выдержками в промежуточных областях существенно снижает риск образования закалочных трещин и дефор-

мацию штампов и штамповой оснастки. В работе образцы из штамповой стали 5Х2СМФ с острым надрезом и искусст-

венно нанесенными трещинами были подвергнуты термической обработке, включающей в себя стандартную закалку 

910 °C в масло и закалку от 910 °C со ступенями при 650 и 340 °C с разными видами отпуска (200, 560, 600 и 640 °C)  

и разной продолжительностью по времени – 1, 3, 5, 7 и 14 ч (для 200 °C) с целью повышения сопротивления развитию 

трещины. Проведенные исследования позволили установить, что данные по сопротивлению развитию трещины после 

ступенчатой закалки с выдержкой в области перлитного превращения и последующего высокого отпуска при 560, 600  

и 640 °C сопоставимы со стандартной закалкой в масло и высоким отпуском при тех же температурах. Твердость после 

ступенчатой закалки в области бейнитного превращения (340 °C) во всех случаях значительно ниже при различных 

режимах отпуска, поэтому сравнить сопротивление развитию трещины со стандартной закалкой не представляется 

возможным. Установлено оптимальное с точки зрения повышения сопротивления развитию трещины время выдержки 

(3 и 5 ч) после стандартной закалки от 910 °C в масло и низкого отпуска при 200 °C. 
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On the cover: Image of the corroded surface (0001) of a magnesium single crystal according to the data of confocal la-

ser scanning microscopy. Author of the photo: V.A. Danilov, PhD (Engineering), senior researcher (Research Institute of 

Advanced Technologies, Togliatti State University, Togliatti, Russia).

На обложке: Изображение прокорродированной поверхности (0001) монокристалла магния по данным кон-

фокальной лазерной сканирующей микроскопии. Автор фото: В.А. Данилов, кандидат технических наук, стар-
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