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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, =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, =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.

Keywords: double-electrode surfacing; pulse-arc process; welding arc; drop transfer; numerical simulation.
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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

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,

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

© Elsukov S.K., Zorin L.V, Nesin D.S., 2025

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 SOMT13M-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
200x100%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 /=280 A and a voltage of U,.=24 V with
a center-to-center distance of b=6 mm. An AG ER-347Si
(Sv-08HI9N10G2B) 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 I/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'. 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 (/,,=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
Puc. 1. Cxema uccrnedosanus peakyuoHHOU 30Hbl CAPOUHOU Oyl 8 Npoyecce 08YXINEeKMPOOHOU UMNYIbCHOU HANAAGKIL:
1 — ceapounas dyea; 2 — nannaeisemas niacmuna; 3 — COnio nooa4u 3auumHo2o 2asd;
4 — nomok 3awumno2o 2asza; 5 — c6apouHvlll NOIyagmomam, 6 — nOOAOWUL MEXAHU3M, 7 — C8APOUHbIE NPOBOLOKU,
8 — svicokockopocmuas kamepa,; 9 — 3awummubiii Kopnyc kamepul, 10 — ananozo-yughposoii npeobpazosamens,;
11 — xomnvromep; 12 — Hanpasnenue nepemeweHus NIACTUHbL

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 @), 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
Puc. 2. Brewnuil 610 ocyunnospammsl MOOYIUPOS8anHo2o moxa ucmounuka numanus Lorch S8 Pulse XT
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Fig. 3. External appearance of the oscillogram of the direct current and voltage
and high-speed video footage (I=280 A; U,,.=23 V)
Puc. 3. Buewnuil 610 ocyunnoepammvl NOCMOIHHO20 MOKA U HANPSICEHUS],
a maxaice Kaopwvl 8blcoOKOCKopocmHuou suoeocvemku (1I=280 A; Uy=23 B)

Fig. 4. Displacement of the common drop to the upper part of the arc reaction zone
Puc. 4. Ommecnenue obueti Kanuiu 6 8epPXHION 4aAChb PEaAKYUOHHOU 30HbL Oyeu
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Fig. 5. External appearance of the oscillogram of the pulse current of the Lorch S8 Pulse XT power supply
Puc. 5. Buewnuil 610 ocyuniospammsl UMnYIbCHO20 moka ucmoynuxka numarusi Lorch S8 Pulse XT
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Fig. 6. External appearance of the
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oscillogram of the pulse current

and voltage and high-speed video footage (I=280 A; U,,.=24 V)
Puc. 6. Brewruii 6U0 0CYULIOZDAMMbL UMNYTLCHO2O MOKA U HANPAXCEHUS,

a makokce Kadpbl GblCOKOCKOPOCmHOZZ

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

sudeocvemru (I=280 A; Uy=24 B)

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.
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Fig. 7. External appearance of the oscillogram of the pulse current
and voltage and high-speed video footage (I=280 A; U,,.=30 V)
Puc. 7. Brewnuil 610 OCYULIOZPAMMbL UMNYIbCHO20 MOKA U HANPSNCEHUS,
a maxoice Kaopwvl gvicokockopocmuou sudeocvemku (1I=280 A; Uy=30 B)

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”
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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, framesd, /) 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 A; U,,.=30 V)
Puc. 8. [lepexpecmnoe nepemewyenue 31eKkmpoOHbIX Kanens ¢ Hapyuweruem kanneneperoca (I=350 A; Uy=30 B)
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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
Puc. 9. Pacnpedenenue memnepamypuvl 8 MOOEIbHOU 0yee, HANPAaesieHus U CKOPOCMU NIA3MEHHO020 nomoka (a—d);
pacnpedenenue 0agnerus dyeu, 6eKmopa NIOMHOCIU MOKA (CUHUe CmMpenKiL)
u 6exmopa cunvl Jlopenya (uepnvie mpeyeonvruku) (e—h) é 3asucumocmu om haszvl Yyukaia UMnYIbca Moxa
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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, =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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Annomayusn: TlpuMeHeHne 171 HAIUIABKH JIBYMS 3JIEKTPOAHBIMH MPOBOIOKAMH CXEMBI C OOIIMM HCTOYHHKOM HMITYIIBC-
HOTO TOKa MOBBINIAET 3HEProdGpHEeKTUBHOCTH TyrOBOTO MpOIecca U TEXHOJIOTHYECKHE CBOMCTBA CBApOYHOM IyTH, HO Tpedyer
OoJiee IeTAIbHOTO M3y4YEHHs! BIMSHUS TapaMETPOB PeKMMa Ha €€ CTaOMIIBHOCTh. B CBSI3M ¢ 9TUM B JaHHOU paboTe OCHOBHOE
BHMMaHUE YIEICHO M3YYCHHUIO JUHAMHMKU (OPMHPOBAHMS M MEPEHOCA METAUIMYECKHX Karellb IPH Pa3IMYHBIX PEKHUMax
UMITYJIbCHOTO IIMTaHMA cBapo4yHOM ayru. C HCIONB30BaHUEM CKOPOCTHON BHICOCHEMKH CBAPOYHOM TYTU M CHHXPOHHM3UPO-
BaHHOM 3aIMCH CUTHAJIOB TOKA U HAIIPSHKCHMS YCTAHOBJIEH PEXUM (CpeHee 3HaueHHe Toka 250 A, MakCHMaIbHOE B MMITYJIb-
ce 600 A, HanpspxeHne Ha xyre ~30 B), koTopelil oOecnieunBaeT CTaOMIBHBIN MPOIIECC IIePeHOca IICKTPOIHOTO MeTalia 00-
e A7 ABYX TPOBOJIOK Karuiel Oe3 o0pa3oBaHMs KOPOTKHX 3aMblkaHMil. OOHapyXeHO, YTO OOIIast KAIulsl Mo JeHCTBHEM
MEKTPOANHAMIYECKNX CHII IPHOOPETAET HEHTPOCTPEMHUTENIFHOE YCKOPEHHE, YTO CIIOCOOCTBYET €€ HAIPABICHHOMY ITEPeHO-
Cy B CBapOYHYIO BaHHY U IO3BOJISIET MAaKCHMAJIbHO CHU3UThH KOJIMYECTBO OPBI3T Ha MOBEPXHOCTH OCHOBHOTO MeTamta. C uc-
TI0JIb30BAHMEM MAaTEMAaTHYECKOTO MOJCIMPOBAHMS ObUT MOATBEPXKICH XapaKTep B3aMMOACHCTBHS CBAPOYHBIX AYI HA JBYX
TIPOBOJIOKAX M YCTAaHOBIICHO, YTO JTayKe HAa CTAIHUH «Topsdeit» (a3el mMimynsca Toka (600 A, =0,8 ¢) maBieHue Iyru Ha MO-
BEPXHOCTh IUIACTUHBI MEHBIIIE, YeM TPH CBapKe OJHON MPOBOJIOKOW Ha IMOCTOSHHOM ToKe. BhisiBneHHbI addekr cBsizaH
C M3MEHEHHEM HaIlpaBJIeHUs IUIa3MEHHOIO MOTOKAa Ha MEpHEeHIAUKYISIPHOE K OCH NPOBOJIOKH BCIIEICTBHUE YBETHUYCHUS JJICK-
TPOIMHAMHYECKOW CHUJIbI MPUTSDKEHUS] MarHUTHBIX IOJICH BOKPYT ABYX IPOBOJIOYHBIX MPOBOJHHUKOB. B COBOKymHOCTH CO
CHI)KEHUEM TEMIIEpaTyphl IyTH U JAABJICHUS Ha MOBEPXHOCTh IUIACTHHBI B (pa3e «KOHTPOJIS TEIUIOBIOKEHHUS UMITYJIbCa TOKa
(180 A, +=1,4 c) 3T0 JOIKHO CIOCOOCTBOBATh YMEHBIIIEHHUIO TEIJIOBIOKEHHS 1 IIIyOUHBI IPOIUIABJICHNUSI OCHOBHOTO METaJlIa,
a CIIeZI0BaTeNbHO, YMEHBIINTD CTENEHb Pa30aBlIeHHUs HAIUIABISIEMOTO CIUIABA METAIIOM IOIOKKH. Ilocnennee ocoOeHHO
BOCTPEeOOBAHO NPH PEIICHNH 33/1a4 110 CO3AAHNIO TEXHOJIOTMH HAIUIABKH OTHOCHUTEIEHO TOHKHUX CJIOEB U3 KOPPO3HOHHOCTOM-
KHX CIUIABOB, B YACTHOCTH, HA TIOBEPXHOCTH M3/IENNi HEhTEXUMHUIECKOTO 000pyIOBaHHSL.

Kniouegvie cnoga: nByX3eKTpOIHAS HAIIABKA; UMITYJILCHO-IYTOBOM MpOIECC; CBApOYHAs Jyra; KaljelnepeHoc; Jrc-
JIEHHOE MOJIEITMPOBaHHE.
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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.
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INTRODUCTION Kawamura first proposed the characteristics of the constitu-

Magnesium alloys with a long-period stacking ordered ents and methods for preparation of LPSO magnesium ter-
(LPSO) structure represent a unique class of materials that nary alloys [1]. Team of authors from the Magnesium Re-
have attracted the attention of researchers and engineers search Center is the most active in the development of these
due to their outstanding mechanical properties. Yosihito 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 (rthombohedral 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 (MggsZnsY;) 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:

moscsosc = mqaq + msss >

(M

moscf‘osc = mqfq + msfs ’

where m,,. is mass of the entire oscillator;
m, is mass of the quartz;
my is mass of the sample;
dsc 1s damping of oscillations of the entire oscillator;
d, is damping of oscillations of the quartz;
d, is damping of oscillations of the sample;
Jose 18 oscillation frequency of the entire oscillator;
Jq 1s oscillation frequency of the quartz;
f; is oscillation frequency of the sample.
The equation for determining the Young’s modulus:

E=dpl’f NE)
where p is density of the material under study;
/ 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
2x107 to 2x107, 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 & (defined as 6=AW/2W, where AW 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
E;, and modulus on strain dependency at the high amplitude
stage E(g), as given by equation:

AE Ei_E(S)
E  E

1

: ©)
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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: Mg99.27n0.2Y0.6
(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 2x3x24.5 mm’. 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 pm grit. X-ray diffraction (XRD)
data were obtained by rotating the samples around o at
a speed of 10 min™', using monochromatized by LiF(200)
CrKa, radiation.

RESULTS

The obtained X-ray diffractograms (Fig. 1a, 1b) are
satisfactorily described within the framework of three struc-
tures with different parameters: distorted hexagonal lattice
of alpha magnesium (P63/mmc a=3.19 ¢=5.18), cubic
W-phase and hexagonal phase. All samples are characte-

M == LPSO-100% as-cast
] ~ LPSO-50% as-cast

!

% ~ LPSO-0% as-cast
..—-yJJ 1

Normalized intensity, a.u.

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
0002 (26=34.59°) and the sample of LPSO-50 % as-cast
alloy shows increased intensity in the direction 1 1-20
(26=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 0002 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
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Fig. 1. X-ray diffraction patterns on as-cast (a) and extruded (b) LPSO samples
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Fig. 2. SEM microimages for as-cast (a, ¢, e) and extruded (b, d, f) LPSO samples obtained
in backscattered electron contrast mode
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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
Puc. 3. Temnepamypnas sagucumocms mooyis FOuea maznueswix cniasos
¢ paznuunwvim codepacanuem JIIC cmpykmyp 00 u nocie s3Kcmpy3uu

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, &..

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 €,, 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).
&. 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
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to the movement of dislocations in the material, where AIIF
reflects the density of dislocations, ADIF reflects
the movement of dislocation segments, and ¢, 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

24
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Fig. 5. Amplitude dependence of the softening of Young’s modulus for alloys

with different LPSO content before and afier extrusion.
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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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Annomauyusn: TlpoBeneHue uccienoBaHusi 00YCIOBICHO PACTYIMM NPHKIAIHBIM HHTEPECOM K IMONYYEHUIO M MCCIIe/IoBa-
HHUIO MEXaHUYECKHUX CBOMCTB HOBBIX MarHUEBHIX CIUIABOB, COJACPKALIMX [UTHHHOIIEPUOIHYIO CIoUCTYIO CcTpyKTypy (HAIIC). Hc-
cleZIoBaHre BIMSHUSI 00pabOTKY TETJION SKCTpy3uer Ha Momyiab KOHTa U BHyTpeHHEe TpEeHUE TIO3BOJIUT B OOJIBIIIEH Mepe To-
HSTh TIOBEICHHE TaHHBIX MaTEPHANIOB MO ACHCTBHEM PA3IMIHBIX MEXaHMYECKUX HATPSDKEHHUH, YTO BaXKHO VIS yIy4IIeHHUS X
(YHKIMOHAJIGHBIX XapakTepucTHK. [IpencraBieHsl pe3yibTaThl BIMSHHUS TEIUION SKCTPY3UH Ha CTPYKTYPY, 3)(hEeKTHBHBINH MO-
nynb FOHra v BHyTpeHHee TpeHHe B CIUIaBax ¢ pasiindHbM cozeprkanueM dasbl JAT1C. CruiaBel B cucteme Mg—Zn—Y ¢ cozep-
xanneM JITIC 0, 50 u 100 % 00. Ob11n N3YYEeHBI € HCTIOIB30BaHUEM MbE303JIEKTPUUECKOTO COCTABHOTO BUOpaTopa Ha 4acToTax,
6mmskux x 100 x['m. [TomydeHHBIE pe3yapTaThl HOKa3aiu yBenmaeHne Moyt FOrra ¢ poctom comepxanms II1C, oOycnosneH-
HOe OOJIbIIeH JKECTKOCTBIO M CHIIBHOM MEXaTOMHOM CBSI3BIO B 3TOH CTPYKTYype. DKCTPY3Hs BbI3BaJIa yMeHbIIeHne Moty FOH-
ra Ha 3 % BIONb HampaBieHust 00paboTKH. DTOT 3ddeKT oObscHIeTCs (POPMUPOBAHNEM YIIMHEHHON MHUKPOTEKCTYpEI, TIpe-
MMYIIECTBEHHON opueHTaimel B gazax anbpa-maraus u JAI1C, a taxke Bo3pacTaHWEM IUIOTHOCTH TOJBIKHBIX JACIIOKAIHA.
Hennueitnast yacTh BHYTPEHHETO TPEHHS BO3pacTaia B pe3yibTaTe SKCTPY3HU Oyarofapsi YBEIMUEHHIO IUIOTHOCTH BOBJICYEH-
HBIX JUCIOKauid. B To jke BpeMsi KpuTHueckas aMIuMTyna aedopmaimi ymensiianacs ¢ yeeanuenueMm nonu JI1C. Kpome
TOTO, BBISIBIICHO CHIDKeHHE Aedekra Moxyis FOHra mocie 3KCTpy3uH, 9TO OOBACHACTCS IPEUMYIIIECTBEHHO JMCIOKAITHOHHBIM
yrnpouHeHueM. [lomydeHHsIe JaHHBIE TO3BOJIIOT ¢ OONBIINM TIOHMMAaHHEM B3TJLHYTh Ha Jle(pOpMaIFioOHHOE TIOBEJCHHE CIUIa-
BoB Mg—Zn—Y c JIIIC, a Tarxke Ha BIUsIHUAE HA HETO 00pabOTKU TEIUION SKCTPY3HUEH.
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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 strength and electrical conductivity, coupled with high
Aluminium and aluminium alloys are among the most ductility and corrosion resistance ensure the growing

widespread materials in different areas of industry. Presence of these alloys in different areas of industrial

The increased use of the aluminium and its alloys is dic- complex [1].

tated by their increasing competitiveness with copper Aluminium and its alloys possess a few properties,

alloys. Low cost, high availability, sufficient mechanical 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 (UFQ) 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-0.5wt.% 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. %
Tabnuuya 1. Xumuueckuii cocmas cniaeos cucmemol Al-Fe, sec. %

Alloy Alloy designation Si Fe Cu X(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 v with a wheel die.
Shear straining occurs at an intersection of these chan-
nels (deformation zone). An intersection angle of chan-
nels y constituted 120° with four processing cycles.
A wire rod was rotated around the axis by +90° after
each ECAP-C cycle (route B.), at room temperature
(RT). As a result of ECAP-C processing, samples with
a cross section of 10x10 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 (8) 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 '. 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.

b

Fig. 1. Samples after bending (a) and wrapping (b) tests.
Both samples are made of wire of 3 mm diameter
Puc. 1. Buewnuii 6uo obpasya nocie ucnvimanuil Ha nepezubvl (a) u nasuegvl (b).
Oba obpasya uzeomosnensvl U3 NPOBOLOKU Ouamempom 3 Mm
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Table 2. Results of the wrapping, bending and tensile tests

Taonuya 2. Pesynomamel ucnvimanuil Ha HAGUbL, nepecudvl U pacmsdiceHue

Wrapping Bending Ductility
Alloy State Meeting Meeting Until Until Elongation
Total . . K
number requirements requirements the first complete | to failure,
of GOST 10447-93 of ISO 7802:2013 crack, C failure, F %

CD >16 yes yes 89 11-13 4.9+0.4
CD+230 °C >16 yes yes 7-8 12-13 3.8+0.7

EMC
ECAP-C+CD >16 yes yes 9 12 2.840.2
ECAP-C+CD+230 °C >16 yes yes 7 10-11 2.540.3
CD >16 yes yes 8-11 9-15 5.6+0.4
CD+230 °C >16 yes yes 6-11 14-16 3.240.5

CCR
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
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

EMCM

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 clongation
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 6 (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 & 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 6 (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 ¢, 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, 1SO 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

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;
¢ — 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
Puc. 2. [losepxrocms uznoma oopasya uz cnaasa IMK 6 cocmosnuu XB nocne ucnvimanuil na nepeeubvt, COM:
a — 00630p noBepXHOCMU U3TOMA,
b — epanuya medxncoy nocreoweil u npeonocieonell 30HAMU U3TOMA;
¢ — ysenuuenHoe uzo0pagicenue Gakxmuueckoi NO8EPXHOCMU U3LOMA, BUOHbL SIMKU;
d — ysenuuennoe uz00pagicerue npeonocieoHel N08ePXHOCHU U3LOMA, IMKU CSIANCEHbL 30 CYem CMUHAHUS Yacmell 00pasya
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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;
¢ — 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
Puc. 3. Ilosepxrnocms uznoma obpasya cniaéa IMKM 6 cocmoanuu PKYII-K+XB nocne ucnoimanuii na nepecubot, COM:
a — obwuil U0 NOBEPXHOCTU paspyuleHus, 20e 1 — 30Ha nepgoll mpewunsl, 2 — 30Ha paspywerus, 3 — 30Ha Ompvled,;
b — epanuya mexncoy sonamu 1 u 2;
€ — YBenuueHHblIl y4acmox 301l 1, a makdice ewe 6onee ygenutenHoe uzo0pasicenie noeepxHoCmi,
uanoCmpupyloujee 6a3Kull xapakmep paspyuleHus;
d — ysenuuennulii yuacmox 30Hsl 2, Ha HeM 6UOHbI MeHblUUe OMHOCUMENbHO 30HbL 1 pasmepbl AMOK

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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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 I1SO 7801-1984]
Puc. 4. Coomnowenue xonuuecmea nepecubos u 6eau4UHbl YOTUHEHU 00 PA3PYUIEHUsA!
a — 0o nepeoii mpewunst, T; b — 0o nonnozo paspywenus, P.

Kpacnuvie maprepwi — cocmosinue MK, sicenmuie maprepwvt — cocmosinue H/Iull, 3enenvie mapxepvr — cocmosinue IMKM.
Kpyenvie maprepwr — cnnasvi 6 cocmosinuu XB, mpeyeonvHule Mapkepsl — cniasvl 8 cocmosnuu XB nocie omocuea npu 230 °C
6 meuerue 1 u, keadpammuvle mapkepwl — cniasvl 8 cocmoanuu PKYII-K+XB,
pombosudHbIe MapKepbl — cnaasvl 8 cocmoanuu PKYII-K+XB nocre omoswcuea npu 230 °C 6 meuenue 1 u
[TInanku noepewHocmerl NOKA3bI8AION 3HAYEHUS 8 HECKONILKUX 00paszyax é npedenax 00Ho2o cocmosHus. Cepvle NyHKMupHble TUHUU
NnoKasvlearm nopozoswvie sHavenus coenacio IEC 62641:2023 u 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 Al,Cu, 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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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 < 0001 >, < 1100 > and
< 1120 > directions, and to tension tests in the < 0001 > direction. The specimen surfaces with orientations close to
the (0001), (1010), (2110), and (1011) 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 deter-
mined by the degree of involvement of various mechanisms in the overall plastic deformation process. The rate of cor-
rosion in a physiological aqueous solution of 0.9 % NaCl on a 72-h basis for the (0001), (1010), (2110), and
(1010) surfaces was 0.51, 0.76, 0.71 and 0.98 mm/year, respectively. In this case, the (2110) plane experienced only
uniform corrosion, the (0001) plane experienced uniform corrosion with minor localised corrosion; the most intense
localised corrosion is observed in the (1010) direction, and the maximum intensity of the combination of localised and
uniform corrosion is in the <1011> direction.

Keywords: magnesium single crystal; crystallographic directions; anisotropy; Kearns coefficient; mechanical diagrams;
corrosion rate.
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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 30x19%x62 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%6.0x5.5 mm for compression
testing and (2) in the form of specimens of a dog bone
shape with cross-section dimensions of 4.0x3.0 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 <1011> 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 0.83:107 s '
for both compression and tension.

The texture was studied by the X-ray diffraction method
using a SHIMADZU XRD-6000 vertical 20-0 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 4; coefficients.
The values of the pole densities P; for reflections i=hkl
were determined by the relation

%i (1

> 4(%%)

where 4; 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);
I; and R; 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

i:

i=1

0001

TD

LN

RD

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)
Puc. 1. Yepmedic 06pazyo6 MOHOKPUCMALIA MASHUS HA pacmsdicerue (a),
cmepuoepaghuueckas npoekyust Kpucmauiozpapuieckoeo Hanpasienus <0001> (b)
U OpuUeHmayus peuwlemKu no OMHOWEHUIO K NPOOOIbLHOU ocU (¢)
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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:

fo=Y AiP'f,, ©)
i=1

where i=hkl;

vi is the angle between the normal to (kk7) and the c-axis of

the hcp magnesium lattice.

The Kearns coefficient (f;) 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 y angle with the c-axis:

Ey =[S), —cos® y(28), =25, - Sy )+

+cos’ Y(Sll +833-28)5 —544)]71 ' )

Then the value of Young’s modulus in an arbitrary x di-
rection can be determined from the relation

E, = zPixAin- 4
i=1

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),
(1010), (2110), and (1011) 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 pm, 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 14 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 % CrO; + 1 % AgNO;.
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 400x with a scanning step along the Z-axis of
0.8 um. A panoramic image of 6x6 frames was built for
the entire sample. The size of one frame was 640x640 pm.
In order to remove optical noise after imaging, a digital

Table 1. Values of the ductility moduli of Mg [21]
Taonuya 1. 3nauenus mooynei nooamausocmu Mg [21]

Unit of measurement / direction Su S12 Si3 833 S44
1072 GPa™! 2.21 -0.78 —-0.49 1.99 6.03
1010
-
4
-l -3
0001 2110

Fig. 2. Inverse pole figure indicating the crystallographic orientation
of the working surface of magnesium single crystal samples 1—4
Puc. 2. Obpamnas nonocHas ueypa ¢ yKazanuem Kpucmaniospaguueckoi opuenmayuu
paboueil nosepxnocmu 06pa3y08 MOHOKpUCMALLA Mazhus 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]:

po 87600 -V

57 &)

(mm/year),

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 ¢), according to
which the block misorientation value Aa 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 (1100) (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>, <1100>,
and <1120>. 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
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Fig. 3. X-ray diffraction patterns of faces parallel to: a — basal (0001) and b — prismatic (1100) planes;
¢ — w-scans of a face parallel to the (0001) basal plane
Puc. 3. Penmeenozpammul spaneii, napanienvhvix: @ — 6azuctoti (0001) u b — npusmamuyecxoii (1100) naockocmu;
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Table 2. Scheme for calculating the Young’s modulus and the Kearns coefficient (f-factor) for the basal face
Taonuya 2. Cxema pacuema mooyns FOnea u xoagppuyuenma Keprca (f-gpakmop) ons 6azucnoii epanu

hkl Y, degree Eyu, GPa f Py Aput PuuxAxEy Puexcfiu
100 90.0 452 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 61.9 433 0.22 0.11 0.044 0.2 0.00
102 432 434 0.53 0.00 0.059 0.0 0.00
110 90.0 452 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 75.1 445 0.07 0.51 0.058 13 0.00
104 25.1 46.4 0.82 0.00 0.042 0.0 0.00
203 513 43.0 0.39 0.00 0.050 0.0 0.00
120 90.0 452 0.00 0.00 0.051 0.0 0.00
121 78.6 448 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 20.6 474 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 70.4 441 0.11 0.00 0.039 0.0 0.00
EnNp=48.6 GPa Fyp=0.81

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

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

f is Kearns coefficient;

Ej is Young’s modulus in the hkl direction;

Py is pole density of reflections;

A 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;

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

Fyp 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
Taonuya 3. Cxema pacuema mooyns FOnea u kosgppuyuenma Kepuca (f-paxmop) 0151 npuzmamuyeckoil epanu

hkl Y, degree Eju, GPa f Py Apa PixAXE Puiifuu
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 61.9 433 0.22 0.04 0.044 0.1 0.00
102 43.2 434 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

112 584 43.1 0.27 0.00 0.039 0.0 0.00
201 75.1 445 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
203 513 43.0 0.39 0.00 0.050 0.0 0.00
120 90.0 452 0.00 0.00 0.051 0.0 0.00
121 78.6 448 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 20.6 474 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 70.4 441 0.11 0.00 0.039 0.0 0.00
Enp=45.3 GPa Fnp=0.04

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

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

f is Kearns coefficient;
Eyyy is Young’s modulus in the hkl direction;
Py is pole density of reflections;

A 18 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;

Exp is Young’s modulus in the direction of the normal to the rolling plane;
Fxp 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 <1100> and <1120> 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 <1120> 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 {1012}<1011> 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 <1100> 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
{1012}<1011> 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 <1120> direction,
{1012}<1011> 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
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Tension test

The diagram of the tensile test of a magnesium single
crystal in the <1100> 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 (2110) (Fig. 6 e, 6 f) planes are
characterised by uniform corrosion, which is evidenced by

Table 4. Mechanical properties of magnesium single crystal

Tabnuya 4. Mexanuyeckue xapaxmepucmuku MOHOKPUCMATIA MACHUS

No. Direction of application Offset yield stress, Ultimate tensile strength, Percentage elongation
of load MPa MPa (compression), %
1 <0001> compression 2.55+0.05 170+4 7.540.5
2 <1100> compression 2.6+0.05 17545 12.5+0.8
3 <1120> compression 2.65+0.05 14544 4245
4 <1011> 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 <1011> direction
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significant depth fluctuations along the entire length of
the profile diagrams, while the (1010) (Fig. 6 ¢, 6 d) and
(1011) (Fig. 6 g, 6 h) planes, on the contrary, are characte-
rised by localised corrosion with a pit depth of up to 30 pm
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), (1010),
(2110), and (1011) 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
(1100) — 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 <1100> direction is characterised by low strain hard-
ening at the initial stage as a result of the action of slight
tensile {1012}<1011> 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 <1120>, slight tensile
{1012}<1011> 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
h,, (rate) of uniform corrosion corresponds to the (0001)
plane (~6.5 pm, Fig. 6 b), for all the others, it has close va-
lues: ~10, 12.5 and 11.5 pm for the (1010), (2110), and
(1011) planes, respectively (Fig. 6 d, 6 f, 6 h). In this case,
the maximum pit depth 4, took values of 25, 35, 10, and
22 pm for the (0001), (1010), (2110), and (1011) planes,
respectively. According to these results, it becomes obvi-
ous that in a magnesium single crystal, the (1010) plane
has the greatest tendency to pitting (localised) corrosion
(Fig. 6 d), and the (2110) 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), (1010),
(2110), and (1011) 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), (1010) (c, d), (2110) (e, f), and (1011) (g, h) surfaces according to CLSM data.
Dotted line — zero level; dashed line — maximum level of uniform corrosion
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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 (2110) and (1011) 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), (1010), (2110), and
(1011) surfaces of magnesium single crystals was
0.51+0.04, 0.76+0.08, 0.714£0.07, and 0.98+0.10 mm/year,
respectively. At the same time, the (2110) 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 <1010> direction,
and the maximum intensity of the combination of localised
and uniform corrosion is in the <1011> direction.
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Annomayun: Marauii 1 ero CIulaBbl OTHOCSTCS K IEPCTICKTUBHBIM MaTepHasiaM JUIsl IPHMEHEHHS B MEJMIIMHE B CBS3H C UX
CIIOCOOHOCTBIO OE30MacHO PaCTBOPSTHCS B OpraHU3Me desioBeka. OHAKO CKOPOCTb PacTBOPEHHST OMOPe30pOUpyeMbIX NMILIaH-
TaToOB JIOJDKHA HAXOJWUTHCS B JIOCTATOYHO Y3KOM Juarna3oHe. CIO0KHOCTh 00ECTIeUEHHs ITOTO YCIIOBHSI COCTOMT B TOM, YTO Ha
KOPPO3HOHHBIH NPOIIECC B MATHUEBBIX CIUIABaX OKA3bIBAIOT BIMSIHIE OUYCHb MHOTHE (DaKTOPBI, B TOM UYHCIIE €CTECTBEHHAs (MO-
HOKpHCTAJIbHAsT) W TEXHOJIOTHYECKas (CXeMa MOJIydeHHsT) aHu30Tponus. [lyTeM mpoBeieHus TEXHOJIOTHYECKHUX OIEpalyii 1Mo
TEPMOMEXaHNUECKOI 00paboTKe MOXKHO KOHTPOJIMPOBATH Ipoliecc (JOPMHUPOBAHUS TEKCTYpPhI MOy adpuKaTa U HCKYyCCTBEHHO
CO3/1aBaTh MPEUMYILECTBEHHYIO OPUCHTAIIMIO KPUCTAIUIUTOB B CTPYKTYPE MarHMeBbIX CIUIABOB M TAKMM 00pa3oM YIIPAaBISITh UX
KOPPO3HOHHOW CTOMKOCTBIO. J[JIsl 3TOr0 HY)KHBI TOUHBIE 3HAHHUSI O CBS3U KOPPO3HOHHBIX MPOIIECCOB C ONPEACIICHHBIMH KpPH-
crayuiorpauueCKUMH HaIpaBJICHUsIMH, KOTOpbIe HAanOoJIee HaJIe)KHO MOXKHO MOJTYYHTh B OKCIIEPUMEHTAX Ha MOHOKPHCTAIIIAX.
B nacrosiieii paboTe BriepBble Ha OJJHOM U TOM K& MOHOKPHUCTAIIIE MarHUs IIPOBE/ICHBI MEXaHHYECKHe (Ha CHKATHE U PacTshKe-
HHUE) U KOPPO3WOHHBIE WCIIBITAaHHUS Ha 00pa3iiax, UMEIIINX Pa3IMiHylo KpucTaiorpapuyeckyro opreHTanuio. B kadecTse
KOJIMYECTBEHHOTO KPHUTEPHsI €CTECTBEHHOW TEKCTYphI MCHOJNIb30BaIM KoddduienTsl KepHea, paccuuTaHHbBIE 10 PEHTTEHO-
rpamMMaM TpaHei 00pa3oB MOHOKPHCTAJIIA TI0 METO/Ty OOpaTHBIX MOIIOCHBIX (HUTyp. McnbiTaHus 00pa31oB Ha c)KaTHe IPOBO-
unu B Hanpasienusix < 0001 >, < 1100 > u < 1120 >, a Ha pactskenue — < 0001 >. Koppo3HOHHOMY HCIBITAHHIO
TIO/IBEPTAIM TIOBEPXHOCTH OOpA3loB, OMM3KHE MO OpHEHTAIMM K KpHcTamiorpaddeckuM miockocTsiM (0001), (1010),
(2110) u (1011). YcraHopieHo, 4to Mozyib FOHra u kosddurment KepHea s 6asMCHOM M MUpaMUIaIbHOM Tpaneii co-
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ctaBisiroT 48,6 I'Tla u 0,81; 45,3 I'Tla u 0,04 cooTBeTCTBEHHO. BT KpUBBIX HANPSHKEHUS CYIIIECTBEHHO 3aBHCHUT OT OPHEHTAITHH
00pa3IoB 1 ONPEAEIISETCS CTENEHBIO BOBJICYEHHOCTH PA3INYHBIX MEXaHU3MOB B OOMIMII MpoIiece MIAaCTUYECKOH AedopMariyiL.
CkopocTh KOppo3uu B (pusmosiornaeckoM BoaHOM pactBope cocraBa 0,9 % NaCl Ha 6aze 72 u qust mosepxuocteit (0001),
(1010), (2110) u (1010) cocrasuna 0,51; 0,76; 0,71 1 0,98 MM/TOa COOTBETCTBEHHO, TP 3ToM IiockocTd (2110) mpucymia
TOJBKO paBHOMepHas Koppo3sus, miockoctd (0001) — paBHOMepHas ¢ He3HAYUTENHHON JIOKaJIbHOH; HanOoJIee HHTCHCHBHO JIO-
KaJbHas Kopposus uieT B Hampabienun (1010), a MakcuMalbHas HHTEHCHBHOCTH COYETAHMS JIOKATBHOM U PABHOMEPHON —
B HanpaseHnn <1011>.

Knrwouegvle cnosa: MOHOKpUCTAII MarHusi; KpHcTajulorpadMueckue HalpaBiICHHs; aHM30TPONHs; Kod((uiueHT
KepHca; MexaHn4ecKHe UarpaMmbl; CKOPOCTh KOPPO3HH.
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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.

Keywords: amorphous alloy; ultrasonic treatment; structural transformations; mechanical behaviour; nanocrystal; struc-
ture rejuvenation; composite; plasticity; forming.
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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

© Permyakova LE., Dyuzheva-Maltseva E.V., 2025

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 ZrssCujoNisAl;, 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 Pdy,sNi;sCuzgPyy 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 ZrssCu;¢NisAl;, 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 Zr;sTi3yBeys75Cug,s 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 Zrs; sCuy79Nij4 Al 0 Tis 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].
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Fig. 1. Schematic illustrations of the energy states of atoms in the potential landscape (a)
and the structure evolution of amorphous alloys in initial state (b), during aging (c),
during ultrasonic rejuvenation (d) and afterwards (e)
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In as-cast and melt-quenched amorphous alloys, re-
versible and irreversible B-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 ¢). 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 LassAl,sNisCu;oCos,
Pd40CH30P20Ni10 and ZI'35Ti30CU.8_25B626_75 amOI'phOU.S
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  Zrs; sTisCui79Nijs Al and
Zr46.25Cuys 25Al; sEr; 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 Pd;yCuszoP,oNijq
and LassAlysNisCuigCos 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)x107. 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 Fe;(CrisBs
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 FesNiySijuBs 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 I, K were produced on an area of 5 mm® [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 7T,, 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-,

56

Frontier Materials & Technologies. 2025. No. 2



Permyakova L.E., Dyuzheva-Maltseva E.V. “Effect of ultrasonic treatment on structural transformations and mechanical behaviour...”

Before treatment

i

During treatment

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)
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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 ZryyTi;;Cu oNijgBe o 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 ZI'4]'zTi13'8CU]2.5Ni]0B€22.5 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 CuZr, 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 pm. 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 Zrys75Cuys75Als s amorphous alloy and its in-
fluence on the microstructure evolution and mechanical
properties was studied. It is found that Cu;¢Zr; 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
Zr46CugeAlg 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 Zr,CuyAly 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 TisoNiysCuys
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 Fe;sSi;3By and Alg;NigGds
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 Fes; ¢Siy58B7,Cu; ¢Nb, 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 pum,
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 ZrssAl;oNisCuzy 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 Zr4Bey;Ti;4CupNijy AA plate with
metallic nickel [72]. In [73], friction welding was tested
to join Pd4oNigPso / PdsCusoPyNijg, ZrssCuzpAljoNis /
Zr4Bey3Ti4CupoNiyg 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 pm in the soldering process, it was possible to join
qualitatively the Fe;;Sij4By 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 FeZn,
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 ZrssAl;(Cu;oNis
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 Zrsy;,Cu,ygNigAlj, 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 ZrssCusgNisAly, 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 ZrssCusgNisAl;, 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 Zr;5Ti;0Cug,sBey7s ribbon amor-
phous alloy and Alg)LisMgsZnsCus high-entropy alloy
(HEA) [81], as well as from LassAl;sNisCu;oCos amor-
phous alloy and Co,,Cr,oFe;0NiyyMn,, 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 Zrsg3Cuyg Al 04Nb; 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 pm, 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 1s, and a frequency of 20 kHz, three-dimensional plates
of CusyZry,Ti;gNig 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 ZrssCusNisAl, 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 Zr¢Cus;Al,Ti
AAs with hypoeutectic Zn—3Al filler metal were produced
[84]. A thick wavy layer consisting of alternating
ZnsoAlysZrys/ZnyyZr 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 8x8 mm® (each
layer thickness was 25 um) 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 pm, and 4000 W, respec-
tively. Similarly, multilayer Nig,,Cr;B;SiygFe; AA ribbons
were joined using ultrasonic welding, which were laid in 3—
4 layers (each layer thickness was 40 pm) [86]. Moreover,

v

Pressure

ultrasonic welding was used to prepare composite samples
in which two crystalline Al and Cu ribbons were joined
with Nig,;,Cr,B3SiggFe; 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
LassAlpsNisCuypCos, ZrssCuzpAligNis 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.
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Fig. 3. Schematic diagram of ultrasonic vibration welding:
1 — sonotrode; 2 — fixture; 3, 4, 5 — layers of amorphous alloys
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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 ¢ is very short — from 80 to
950 ms, the amplitude A varies from 19 to 44.4 um.
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Table 1. Modes of ultrasonic treatment for ribbon and bulk amorphous alloys
Taonuya 1. Pesxcumvl Y3 00pabomxu 015 1eHMOUHBIX U 00bEMHBIX AMOPPHBIX CNIABOE

Chemical composition of amorphous Ultrasonic treatment parameters
alloys, at. % Source
[ f, kHz A, pm t,s E,J W, W
Structural rejuvenation and forming
La60Ni15A125 20 40 - — - [45]
La55A125Ni5Cu10C05
A186Ni9Las
La60A120Ni20 [5 1]
CusoZrsg 20 40-44.4 1 — _ [52]
Pd49CU30P20Ni10 [48]
Zr35Ti30Cug 2sB€26.75
Fe7gSi9B13 ribbons
La55A125Ni5Cu10C05 20 - 0.08-0.24 5-30 - [91]
Zr52‘5Cu17A9Ni14‘6A110Ti5 20 19-36 — — — [44]
Zr46CuysAlg 20 40 0.6-0.95 50-400 83-205 [67]
Partial nanocrystallization
Cusy 71 Tigg 0621 1A59Ni754f ZnB 20 15-50 -~ . -~ [64]
amorphous composite
ZI'44Ti| ICUIONiloBC% 20 24 - — - [33]
Zr46‘75CU46‘75A16‘5 20 15 7200 - - [66]
TisoNiysCuys ribbons 22 10 720-1800 - - [34]
LagsAl14Cuy, 20 4-14 - 100-700 - [68]
Fe7gsi13B9 ribbons - - . [69]
Fe73‘GSi15A8B7A2Cu1A0Nb2A4 ribbons 21 25 10-60 — 600 [39]
Joining via ultrasonic welding/soldering
La55A125Ni5Cu10C05 / Zr55Cu30A110Ni5 /
TiZrHfBeNi 20 44 .4 - 300-700 2500 [89]
AA5754 aluminum alloy /
20 41 - 2000 - 82
Zrs9 3Cung Al g 4Nby 5 [82]
Al / Fes;Si14By ribbons 27 15 10 - - [77]
Sn—Cu—Ni/ Zr55A110Cu30Ni5 40 5.1-7.4 90 — - [78]
Sn/ Zr50.7CngNi9A11243 20 - 5-3600 - - [79]
Fe5SiyB; 5 ribbons to each other 20 35 0.22 - 4000 [85]
Al/Cu/ Nig2_2CT7B3Si4_gFe3 ribbons 35 - - — 800 [86]

Note. A4 is the amplitude of ultrasonic vibrations;
[fis the frequency of ultrasonic vibrations,
t is the ultrasonic exposure time;
W is the power;,
E is the energy of ultrasonic equipment.
Ipumeuanue. A — amnaumyoa V3 konebanuii;
f—uwacmoma Y3 xonebanuii;
t — gpems V3 o30eiicmeust;
W — mownocme V3 ycmanosxu;
E — ee onepeus.
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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 (~=20-37 kHz) along with
the amplitude range (4=4-50 pm).

5. During ultrasonic welding/soldering of amorphous al-
loys, the following ranges of ultrasonic characteristics can
be noted: /=20-40 kHz, 4=5.1-44.4 pm. 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 (£=100-700J, 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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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.
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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 y—a 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
N8O 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 5SDP 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. %
Tabnuya 1. Xumuueckuii cocmae cmanei, mac. %

Steel grade C Mn Si S P Cr Ni Cu Mo
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
Tabnuua 2. Mexanuueckue ceoicmea cmanei 32XI'MA u 40XH2MA nocre mepmuueckoti 0opabomxu
Steel Yield strength, Ultimate strength, Relative elongation, KCV,
MPa MPa % J/em’
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
Taénuya 3. Ilapamempol pomayuorHoOU c8apKu mpeHuem
Mode (sample) Force during friction, Rotation frequency Force during forging, Upset during welding,
No. kN during friction, rpm kN 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 um.

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 K, 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(110) of ferrite using the formula:

_ 100
SOk 245 41

J(Im)y

A

res>

%

where A4, is the fraction of residual austenite;

J(110)a is the intensity of the ferrite diffraction line;

J(IIT)y 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 5x10x55 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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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
Puc. 1. Maxpocmpyxmypa ceéaprnozo coedunenus cmanev 32XI'MA u 40XH2MA,
NOIYYEHHO20 POMAYUOHHOU C8APKOLl mpeHuem: a — obpazey Ne 1; b — obpazey Ne 2.
BM — ocnosnoti memann; TMAZ — 30na mepmomexanuuecxkozo enusanusa;, HAZ — sona mepmuueckozo erusanus

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 um. 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 y—a 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 um. 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 a-phase are
present in the microstructure of the interface: lamellar
bainite and lath martensite. Elongated crystals of lath
bainite, 5-15 pm in size, grouped into packets, formed in
the lower temperature range of the y—a 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.2c). A developed substructure of
a reticular structure formed by low-angle boundaries is

76

Frontier Materials & Technologies. 2025. No. 2



Priymak E.Yu., Atamashkin A.S., Yakovleva L.L. et al. “Interrelation between the microstructure and impact toughness...”

Grain Boundaries Fe-BCC

Fig. 2. Microstructure of the interface of 32HGMA and 40HN2MA steels in a welded joint
produced by rotary friction welding, mode No. 1:
a — crystallographic misorientation map; b — microstructure with high-angle boundaries (15°);
¢ —spectra of intercrystalline boundaries; d — SEM image
Puc. 2. Muxpocmpyxmypa 30mvl conpsdxcenust cmaneti 32XI'MA u 40XH2MA 6 céaprom coedunenuu,
Nnoxy4eHHOM POMAYUOHHOU C8APKOU mpeHuem, pexcum Ne 1:
a — Kapma Kpucmaniocpaguieckux pazopueHmuposox, b — muxkpocmpyxkmypa ¢ nanecenuem oonvuieyenogvix epanuy (15°);
¢ — cnekmpbl medckpucmanrummuwvix epanuy,; d — COM-uzobpasicenue
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Grain Boundaries Fe-BCC

Fig. 3. Microstructure of the interface of 32HGMA and 40HN2MA steels in a welded joint
produced by rotary friction welding, mode No. 2:
a — crystallographic misorientation map,; b — microstructure with high-angle boundaries (15°);
¢ — spectra of intercrystalline boundaries; d — SEM image
Puc. 3. Muxpocmpyxmypa 3omuvl conpsxcenust cmaneii 32XI'MA u 40XH2MA 6 ceaprom coedunenuu,
NONYYEHHOM POMAYUOHHOU C8APKOT mpeHuem, pexcum Ne 2:
a — Kapma Kpucmaniozpapuueckux pasopuenmuposox; b — muxpocmpykmypa c nanecenuem 6onvueyenogulx epanuy (15°);
¢ — cnekmpul medickpucmaniumuwlx epanuy, d — COM-uzobpadicenue

78 Frontier Materials & Technologies. 2025. No. 2



Priymak E.Yu., Atamashkin A.S., Yakovleva L.L. et al. “Interrelation between the microstructure and impact toughness...”

observed inside the bainitic ferrite grains. At the same time,
the lath morphology of the a-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 a-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 a-phase crystals.
The microstructure is homogeneous. Carbide particles
are located both along the boundaries of the initial
a-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
Puc. 4. Muxpocmpyxmypa 301l conpsidicenusi ceapnozo coeounenusi cmaneu 32XI'MA u 40XH2MA
nocne omnycka npu 550 °C ¢ meuenue 1 u, pexcum ceapku Ne 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
Puc. 5. Muxpocmpykmypa 30Hbl conpsdicenust ceapro2o coeournenus cmaneti 32XI'MA u 40XH2MA
nocne omnycka npu 550 °C 6 meuenue 1 u, pescum ceapxu No 2

200
-10 -8 -6 -4 -2 0 2 4 6 8 10

Distance from interface boundary, mm

— —mode No.1 mode No.2

----- mode No.l+tempering mode No.2+tempering

Fig. 6. Microhardness profiles in welded joints in the initial state and after tempering
Puc. 6. IIpodunu MuxpomeepooCcmu 6 C6aAPHbIX COCOUHEHUSX 6 UCXOOHOM COCIOSAHUY U NOCILe OMNYCKA

The sample produced using mode No. 2 fractured with Tempering contributed to an increase in the impact
a greater share of plastic deformation. The fracture macro- toughness of the welded joints. In this case, the maximum
structure is characterised by the formation of a small con- value of KCV=53.5 J/cm’ is recorded in sample No. 2 pro-
traction at the edges. In the microrelief, the quasi-cleavage duced with a higher friction force. Traces of macroplastic
micromechanism dominates. The quasi-cleavage facets deformation in the form of the formation of shear lips are
alternate with the dimple structure (Fig. 7 c). 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
Tabnuya 4. Yoapnas 633K0cmb 30Hbl CONPANCEHUs. 8 C8apHbIX coedunenusx cmanei 32XI'MA u 40XH2MA

Welding mode

No. 1

No. 2

No. 1 + tempering

No. 2 + tempering

KCV, J/em?

18.0

19.3

535

a —mode No. 1; b—mode No. 1 + tempering; ¢ — mode No. 2; d — mode No. 2 + tempering
Puc. 7. @paxmozpammul 00paszyos ceaphvix coeounenuti cmaneii 32XI'MA u 40XH2MA

a — pesxcum Ne 1; b — pesrcum Ne 1 + omnyck,; ¢ — pearcum Ne 2; d — peosrcum Ne 2 + omnyck

Quasi-cleavage
facets

Fig. 7. Fractograms of samples of welded joint of 32HGMA and 40HN2MA steels

after impact bending tests:

nocne ucnblmanuil Ha yOapHulil u32ub.

d
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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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Annomayua: Hactosmas paboTa MOCBSIIEHA OLEHKE BIMSHUS MOP(OIOrHIecKnX 0cOOEHHOCTEH MUKPOCTPYKTYPBI Cpell-
HEYTIEPOAUCTBIX JIETHPOBAHHBIX CTasel, c(hOPMHUPOBAHHOM MPH PA3IMIHOM YCHIIMH B IIPOLIECCE POTALIOHHON CBAPKH TPEHUEM
(PCT), Ha ymapHyr0 BSI3KOCTb MX 30HBI CONpsDKEHUA. [IprBEICHBI Pe3ysIbTaThl SKCIIEPUMEHTAIBHOTO HCCIIEOBAHMUS COEIUHE-
HUSL, TTOJTYYSHHOTO TIPH CBapKe TPYOHBIX 3aroToBoK m3 cranelt 32XTMA n 40XH2MA ¢ BHEITHHM JraMeTpOM 73 MM U TOJIIIIH-
HOM CTEHKH 9 MM TIpH M3MEHEHHHM CHJIBI Ha JTare TpeHus (pa3orpeBa) 3aroToBoK. MccinemoBaHMsl MUKPOCTPYKTYpPBI, MHKPO-
TBEPJOCTH M YIapHON BA3KOCTH Ha oOpa3uax ¢ V-00pa3HbIM HaJpe30M CBAPHBIX COCIMHEHHI ObLIM NMPOBEICHBI B HCXOAHOM
COCTOSIHMHM TIOCJIE CBAapKH U Tocue oTiycka npu Temmeparype 550 °C. [Iposenen Makpo- 1 MUKpo(pakTorpadgpuueckuil aHamms3
pazpy1IeHHbIX 00pa3LoB. [Toka3aHo, 4To CHJIa MPU TPEHUHU OKa3bIBAeT BIMSHUE HA KMHETUKY (Pa30BBIX NpeBpaleHHH, (a3oBbIi
COCTaB M OJTHOPOJHOCTb MUKPOCTPYKTYpPHI B 30He compspkeHus craineid. C ymeHsleHreM nanHoro napametpa PCT Bospactaer
HEOJJHOPOJJHOCTh MUKPOCTPYKTYPHI, CBSI3aHHAsI C BOSHUKHOBEHHEM Y4acTKOB BEpXHEro OEHHUTa C HEpaBHOMEPHBIMH BBIJIEIIC-
HUSIMH KPYITHBIX KapOUTHBIX YaCTHII, YTO OKa3bIBaeT HETATUBHOE BIMSIHKE Ha BSI3KOCTH 30HBI CONPSDKEHHS CTANeH Kak B UCXO/I-
HOM COCTOSIHHH, TaK U MOCJIE OTITyCKa; MEXaHN3M pa3pyILleHHs — KBa3HCKoI. [Ipn GoJiee BEICOKMX 3HAUYSHUSIX CHIIBI TIPU TPEHUN
TIOBBIIIACTCS IIOTHOCTH OOJBIIEYTIIOBBIX TPAHHUIL U JUCTIEPCHOCTh MUKPOCTPYKTYpPBI OCHHHTA, 9TO 0OecriednBacT 0ojee BBICO-
KyIO BSI3KOCTb M DHEPTOEMKOCTh pa3pylIeHns ¢ (JOPMHUPOBAHUEM SIMOYHOTO MHUKpopeibeda. [lomydenHble pe3ynbTaTsl OTKPHI-
BAafOT BO3MOYKHOCTH PETYINPOBAHMUS BA3KOIUIACTHUECKUX CBOMCTB CBAapHBIX COEAMHEHUN YK€ Ha 3Tare CBapKH 0e3 MOCIeIyo-
el epeKpUCTaIIN3AIIN 30HBI CBAPHOTO II1BA.

Kniouegvie cnosa: potannoHHas CBapka TPEHHWEM; CPEIHEYIJICPOIUCTHIE JIETUPOBAHHBIC CTAllM; 30HA COMPSDKCHHSA
CBapHBIX COCTUHEHHI; MAPTEHCUT; OCHHUT; yAapHas BI3KOCTb.

Bnazooapnocmu: ViccnenoBanue BBINOJHEHO 3a cueT rpaHra Poccuiickoro HaywHoro ¢onma Ne 23-79-01311,
https://rscf.ru/project/23-79-01311.

DNEeKTPOHHO-MHUKPOCKOMMYECKHE HCCIIEIOBaHKS C MPUMEHEHHEM MeTona Judpakunu oOpaTHO PacCEesHHBIX JIEKTPO-
HOB BbINONHEHEl B UOM VpO PAH B IleHTpe KOJUIEKTUBHOTO MOJB30BaHUA «VICHBITATEIBHBIN IEHTP HAHOTEXHOJIOTUI
MEPCIEKTUBHBIX MaTEPHAIIOBY.

HccnenoBanus ¢ UCIOIb30BaHUEM CKaHHPYIOIIETO 3JIEKTPOHHOTO MUKpockomna Tescan Mira 3 npoBonuce B LienTpe
KOJUIEKTHBHOTO TIOJIb30BaHus LIeHTpa BBISIBICHNUS M OAJCP)KKN OfapeHHBIX fneteil «[ arapua» (OpeHOyprekas o61acTs).

Jna yumupoeanua: Ilpuiimak E.JO., Atamamkun A.C., SkosneBa W.JI., @or A.Il. B3aumMocBsI3b MUKPOCTPYKTYpPHI
1 yIapHOU BA3KOCTH 30HBI CONPSKEHUS cBapHbIX coequHeHui ctaneid 32XI'MA u 40XH2MA, nony4eHHbIX POTalMOHHON
cBapkoii TperueM // Frontier Materials & Technologies. 2025. Ne 2. C. 73-85. DOI: 10.18323/2782-4039-2025-2-72-6.
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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 pm in the basic variant to Ra=0.29—0.34 um. 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.., 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 Among carbon nanoadditives, the use of nanodiamonds

The use of various types of additives is an effective (ND) is especially promising, due to their high hardness,

way to control the tribological properties of liquid lub- th?rmal condu.ct.ivity, chemical stability anq compat.ibility
ricants. In the last decade, nanoparticles of various with other additives [8]. To date, many detailed studies on

metals, metal and non-metal oxides, sulfides and car- the tribological characteristics of various types of lubricants
bonates have been widely used for this purpose [1; 2]. containing ND have been conducted. Thus, the authors of
Modification of the base lubricant by introducing such the work [9] mnote a significant improvement in
additives, as a rule, leads to a significant improvement the tribological characteristics of motor oils containing ND
in its antifriction and/or antiwear properties [3; 4]. Particles and in the quality of friction surfaces. When study-
Among nanosized additives, fully carbon particles ing the friction process in a polyalphaolefin oil environment
(graphenes, fullerenes, carbon nanotubes) are in high With the ND addition, a decrease in the friction coefficients
demand, allowing improving significantly the tribo- and an increase in the antiwear effect of the lubricating film
logical properties of base lubricants [5-7]. for the composition with the additive were found as well

© Fominov E.V., Kovtun M.V., Kurlovich S.A.,
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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 /=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 pm. 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 A (um) 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-14 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 Am
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 {(=—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 opti-
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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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 f,,=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 A(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
03~3.4 um, while for the base cooling lubricant this value
reached 8;~7.8 um.

0.14
0.128
0.10
0.08

0.06+

0 80 160

240 320 [, m

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
Puc. 2. Usmenenue koagppuyuenmos mpenus f(L) 6 paznuunvix cpedax:
1 —6azo6an COX; 2 — COXX + 0,5 % KHA-HC,; 3 - CO>X + 2,5 % KHA-HC
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Table 1. Tribological characteristics of the friction process in various lubricating environments
Taonuya 1. Tpubonocuyeckue xapakmepucmuky RPOYecca mpeHus 8 Pa3IULHbIX CMA304HbIX CPeOax

Counterbody Indenter
Lubricant type F,,
8, pm Ry, pM Amc'10_3, g Ra, pm Anlin'lo_“s 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 4.454+0.59 4.81+0.86 2.334+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 5.840.98
The greatest damage was suffered by the surface of DISCUSSION

the samples during friction in unmodified cooling lubri-
cant (Fig. 4 a). The width of the friction tracks in
thiscase reached 1000 pm, the wear depth was
Bmar=7.5 pm, and the roughness of the friction tracks in
the transverse direction was Ra=0.49 um. 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 pum;
the depth of the worn area is 4,,,~3.2 um. The roughness
of the friction tracks for this concentration was
Ra=0.29 pum. 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 ¢).

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,

0 ‘

!

0 80 160

240 320 [ m

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
Puc. 3. Cymmapnwiii tuHeinbiil U3HOC 21eMeHMO8 MpUbOnapul:
1 —6azo6as COX; 2 — COX + 0,5 % KHA-HC; 3 — COX + 2,5 % KHA-HC
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Fig. 4. Worn surfaces of disks during friction in various environments:
a — base cooling lubricant; b — cooling lubricant + 0.5 % of CND-NS, ¢ — cooling lubricant +2.5 % of CND-NS
Puc. 4. Hsnowennvle nogepXnocmu OUCKO8 NPU MPeHuu 8 pasiuiHblx cpeoax:
a— o6azoeas COXX; b— COX + 0,5 % KHA-HC; ¢ — COXX + 2,5 % KHA-HC

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
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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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Annomayua: CTaTbs MOCBAIIEHA U3YUYCHHIO BIMSAHUS HAHOPA3MEPHBIX aJIMa30B, MOJIY4YEHHBIX METOJIOM KaBUTAI[HOHHO-
TO CHHTE3a, Ha TPUOOJIOTNYECKHE XapaKTEPUCTUKH KOMMEPYECKOI CMa3bIBarOLIe-0XIXKAAI0IIEeH KIIKOCTH Ha BOJAOMACIIS-
HOH ocHoOBe. VMccienoBaHNue HAlIPaBIEHO Ha OLIEHKY MEpPCIEeKTHB NPUMEHEHHUs] HAHOAJIMa30B TaHHOTO THIA B KAU€CTBE aHTH-
(DpUKLMOHHOW M IPOTHBON3HOCHOM MpHUcaaKu. TprOoIorniyeckre CrbITaHus TPOBOAMINCH TI0 CXeMe TPEHHST «HMHASHTOP HO
JICKY» IIpU TIOCTOSIHHON Harpy3Ke M CKOPOCTH CKOJIBKEHMA. B kauecTBe MaTepHasioB maphl TPEHHUSI UCHONIB30BAHBI OBICTPO-
pexymas cranb P18 s unnenropa u crans 30XI'CA juis Bpamaronierocsi KOHTprena (ucka). MccneaoBaHus poBeIeHb
Jutsi 6a30BOr0 CMA30YHOTO MaTepHaia U JBYX BapHaHTOB MOAM(HKAIMI ero cocTaBa KOJUIOMIHOW AucHepcued (ANCTHILIN-
pOBaHHasl BOJA C JUCIEPTUPOBAHHBIMU HAaHOAIMAa3aMH) C OKOHYATeNIbHON KOHIeHTpaumen npucanku 0,5 u 2,5 %. Dxcrepu-
MEHTAIFHO yCTaHOBJICHO, YTO 00a BapHaHTa Moau(uKanny 0a30BOH BOAOMACIISIHON 3MYJIbCHH MIPUBEIH K YBEIHICHHIO He-
CymIe#l CIOCOOHOCTH CMa30YHBIX CIIOEB, CHU3MB CYMMApHBIA JIMHEHHBIH W3HOC AJIEMEHTOB Maphl TpeHus B 1,8-2.4 pasa.
[IpucyTcTBue HaHOAIMa30B B COCTaBE TAKXKE YCHIMIO SKPAaHUPYIOMIMI 3(PEeKT cMa304qHO-OXIKAAomen KuakocTd. Ilo-
CPEIICTBOM ONTHYECKOH MHKPOCKONHHU OBUIO 3a(h)MKCHPOBAHO CHIKEHHWE BHANMBIX INMOBPEXKIECHHWN NMOBEPXHOCTEH TPEHUS.
Awnanu3 npouyIorpaMM M3HOUIEHHBIX Y4aCTKOB B ITONEPEYHOM HAIIPABJICHUH TOKa3al YMEHbIIEHHE pa3MepoB OOpo3/bl Ha
KOHTpTeNe Ha (poHe cHKeHus miepoxoBaTocTu ¢ Ra=0,49 mxm B 6a3oBoM BapuaHTte 10 Ra=0,29-0,34 mxM. OrieHKa notepu
Macchl KOHTPTEJ JJIs KOHIIeHTparmii HanoaiMasos 0,5 u 2,5 % noxka3ana cHkeHHne ux Benudussl B 1,3 u 1,9 pasa coorser-
CTBEHHO, JJIsl MHJICHTOPa YMEHBIIIEHHE 3TOro mapaMeTpa coctaBwio 1,2 u 1,5 pasa. Takum o6pa3om, HCIOIB30BaHUE HAHO-
aJIMa30B KaBUTALIMOHHOTO CHHTE3a B Ka4eCTBE MPHUCAIKH MOXKET CTaTh MEPCHEKTUBHBIM HAIlPaBIEHHEM MOBBIIICHUS POTHU-
BOM3HOCHBIX CBOWCTB CMa3bIBAIOIIE-OXJIaX TAFOIINX JKUIKOCTEH Ha BOJOMACIISTHON OCHOBE.

Kniwouegvie cnosa: HaHOaIMa3bl KaBUTAlMOHHOTO CHHTE3a; BOJOMACISTHAS 3MYJBCHS; CMa3bIBaIOIIE-OXJIaXKAAtomas
KHUJKOCTh; TPAHUYHOE TPEHHUE; U3HOCOCTOMKOCTh; KOO (UITMEHT TpeHHSI.

Jna yumuposanus: ®omunos E.B., Kosryn M.B., Kypnosuu C.A., I'magkux [.U., Jlapenosa T.B. Bnusaue Hano-
JIMa30B KaBUTAlMOHHOTO CHHTE3a Ha TPUOOJOIMYECKHE CBOMCTBA CMa3bIBAIOIIE-0XJIaX/[AfOMEeN )KUIKOCTH Ha BOJIOMAcC-
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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 SH2SMF 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.
For citation: Shakhnazarov K.Yu., Rafikov A.R. The influence of hardening heat treatment modes on the crack propa-
gation resistance of SH2SMF die steel. Frontier Materials & Technologies, 2025, no. 2, pp. 95-101. DOI: 10.18323/2782-
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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-

© Shakhnazarov K.Yu., Rafikov A.R., 2025

tion of equilibrium regions of 10—15 A 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].

SH2SMF 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
SH2SMF 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 SH2SMF 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, SH2SMF 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 10x11x55 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, 15min, cooling in oil;
2—-910°C, 15min — 340°C, 15min, 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 (10x10%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 (P.) 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 (L) 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 (P,) 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 (L.) leads to an insignificant
(by 64 kN/cm?) 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 (P.) (Table 3). Samples

Table 1. Chemical composition of SH2SMF [18]
Taonuua 1. Xumuueckuii cocmas SX2CM® [18]

Steel grade C, % Mn, %

Si, %

Cr, % Mo, % V, %

SH2SMF 0.56 0.47

0.72

2.48 0.23 0.27
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Table 2. Maximum (P,,,), average (P,,) and minimum (P,,;,) values of crack propagation resistance,

hardness after quenching (HRC,,.,) and tempering (HRC,.,,,) and total depth of crack and notch (L.,)

of SH2SMF steel quenched by different modes and tempered at 200 °C

Tabnuya 2. Maxcumanvhoe (P,,,), cpeonee (P,,) u munumansroe (P,,;,) 3HaueHue conpomusienus pazsumuio mpeujuHul,
meepoocmb nocne saxaixu (HRC,,,) u omnycka (HRC,,,,) u cymmapnas anybuna mpeujurol

u naopesa (L.,) cmanu SX2CM®, 3axanennoti no paznuunvim pesxcumam, omnyck npu 200 °C

Crack pr;paglilt\ll(/)n resistance Hardness, HRC Total depth of crack
Mode No. Quenching mode (Por), cm and notch (L),
Pomx | Pew | Pomn | HRCuen | HRCyp, m
1 910 °C in oil 735 667 590 61.0 58.5 3.27
2 910 °C—-340 °Cinoil 770 727 630 54.0 535 3.62
3 910 °C - 650 °C in oil 670 603 500 60.5 58.0 3.24
Table 3. Maximum (P,,,,), average (P,,) and minimum (P,,;,) values of crack propagation resistance,
hardness after quenching (HRC,,.,) and tempering (HRC,,,) and total depth of crack and notch (L.,)
of SH2SMF steel quenched by different modes and tempered at 560 °C
Taonuya 3. Maxcumanvroe (P,,,.), cpeonee (P,,) u munumanvroe (P,,;,) 3Hauenue conpomueienus pazgumuro mpeuwjunbl,
meepoocme nocae 3axanxu (HRCy,.,) u omnycxa (HRC,,,,) u cymmapnas anybuna mpewunol
u naopesa (L.,) cmanu SX2CM®, 3axanennoii no paznuunvim pexcumam, omnyck npu 560 °C
Crack pr;paglz:g(/)n rzesistance Haﬁ%ngss, Total depth of crack
Mode No. Quenching mode (Por), cm and notch (L,,),
Pcr max Pcr av Pcr min HRCauen HRCtemD mm
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 (L), have
maximum (more than 200 kN/cm” compared to standard
quenching) crack propagation resistance (P.) (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 (P.) is minimal (Table 4). The values of
crack propagation resistance (P.) 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?, 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 (P..) 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 (P.) compared to standard quenching and

quenching according to mode 3, even despite the minimum
(3.2 mm) total crack and notch depth (Z,,) (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 SH2SMF steel samples.

Tempering for 3 h leads to maximum (667 kN/cm®)
crack propagation resistance (P,,) values at maximum hard-
ness (58 HRC) and maximum (3.37 mm) total crack and
notch depth (L.). With tempering for 5h, a minimum
(55 kN/cm?) difference can be observed between the maxi-
mum and minimum crack propagation resistance (P.),
while for other modes it is more than 135 kN/cm®. The va-
lues of crack propagation resistance (P.,) at equal hardness
(57.5 HRC) and maximum (3.37 mm) total crack and notch
depth (L.,) are comparable with other modes (Table 6).

Conducting tempering for 1 h leads to minimum va-
lues of crack propagation resistance (P.), 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 (P,,,), average (P,,) and minimum (P,,;,) values of crack propagation resistance,

hardness after quenching (HRC,,.,) and tempering (HRC,,,,) and total depth of crack and notch (L.,)

of SH2SMF steel quenched by different modes and tempered at 600 °C

Taonuya 4. Maxcumanvuoe (P,,.,), cpeonee (P,,) u munumanvroe (P,,;,) 3Hauenue conpomusienus pazeumuio mpeuwjusl,
meepoocmsb nocne saxanku (HRC ) u omnycka (HRC,,,,) u cymmapnas 2nyouna mpeuwunol

u Haopesa (L.,) cmanu SX2CM®, 3axanennoti no paznuunvim pescumam, omnyck npu 600 °C

Crack pr;paglilt\i;/)n rzesistance Ha;‘ltli(néss, Total depth of crack
Mode No. Quenching mode (Per), cm and notch (L),
Pumax | Paw | Pomin | HRCypy | HRCp, m
1 910 °C in oil 2600 2420 2120 61.0 435 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 (P,,,), average (P,,) and minimum (P,,;,) values of crack propagation resistance,
hardness after quenching (HRC,,.,) and tempering (HRC,,,,) and total depth of crack and notch (L)
of SH2SMF steel quenched by different modes and tempered at 640 °C
Taonuya 5. Maxcumanvroe (P,,.), cpeonee (P,,) u munumanvroe (P,,;,) 3Hauenue conpomusienus pazeumuio mpeuwusl,
meepoocms nocie 3axanku (HRC ,.,) u omnycka (HRC,,,,) u cymmapnas anybuna mpewurv
u Haopesa (L.,) cmanu SX2CM®, 3axanennoti no paznuunvim pesxcumam, omnyck npu 640 °C
Crack propagation resistance
P ). KN/em? Hardness, HRC Total depth of crack
Mode No. Quenching mode (Per), cm and notch (L),
Pymax | Pow | Pomin | HRChe | HRCep,y i
1 910 °C in oil 2600 2451 2100 61.0 36.5 33
2 910 °C — 340 °C in oil 2290 2150 2070 535 35.0 3.2
3 910 °C — 650 °C in oil 2530 2272 2100 60.5 38.0 33
Table 6. Maximum (P,,,), average (P,,) and minimum (P,,;,) values of crack propagation resistance,
hardness after quenching (HRC,,.,) and tempering (HRC,,,,) and total depth of crack and notch (L.,)
of SH2SMF steel quenched under the standard mode (910 °C in oil),
tempering at 200 °C with different durations
Taonuya 6. Maxcumanvnoe (P,,,), cpeonee (P,,) u munumanvrnoe (P,,;,) 3nauenue conpomusienus pazeumuio mpewjubol,
meepoocme nocie 3axanku (HRC,.,) u omnycka (HRC,,) u cymmapnas anybuna mpewunn
u naopesa (L.,) cmanu 5X2CM®, 3axanennoti no cmandapmuomy pexcumy (910 °C ¢ macno),
omnyck npu 200 °C pasnou npooonxcumenbHocmu
Holding time Crack propagation resistance (P,,), Hardness, Total depth of crack
. kN/cm HRC
at tempering and notch (L,,),
t 200 °C, h
? ; Per mas Py Py min HRCyer HRC, m
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
SH2SMF 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 SH2SMF 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 (P.,.)
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 S5H2SMF 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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Bansinue pe:xuMoOB YIIPOUHSIOIIEH TePMUIECKOi 00padOTKH HA CONMPOTUBJICHHUE
Pa3BUTHIO TPEHIUHBI IITAMIIOBOM cTajau SX2CMP

Hlaxnazapoe Kapsn Opvesuu*', 1oKTOp TEXHHUCCKHX HAYK,
npodeccop kadeapsl MaTepHATOBECHHUS U TEXHOJIOTHH XYI0KECTBEHHBIX U3/ICNHit
Pagpuxos Apmyp Pycranosuu’, acnupant
kadeapsl MaTePUATOBEICHHS U TEXHOJIOTHH XYI0KECTBCHHBIX HU3/ICTHI
Canxm-Ilemepoypeckutl eopnviil yrugepcumem umnepampuyst Examepunvt 11, Cankm-Ilemepoype (Poccusi)

*E-mail: mthi@spmi.ru, !ORCID: https://orcid.org/0000-0001-7501-6590
karen812@yandex.ru 20ORCID: https://orcid.org/0009-0001-9881-9115
Tocmynuna 6 pedaxyuio 31.03.2025 Ilepecmompena 16.04.2025 Tpunsma x nyéauxayuu 29.04.2025

Annomayuna: B nmurepaTypHBIX MCTOYHMKAX MPAKTUUECKU OTCYTCTBYIOT IaHHbBIE O BIMSHHM 3aKaJKH C BBIIEPIKKaMU
B NEPJIUTHOM N OEHHUTHOM 00JIACTSAX W TOCIIEIYIOLIEro HU3KOrO M BBICOKOTO OTITyCKa Pa3sHOM MPOJOJDKUTEIBHOCTH Ha COMIPO-
THUBJICHHE PA3BUTHIO TPEUIMHBI IITAMIOBBIX CTalel, a UMEIOIHECs TaHHbIe POTHBOPEUUBHL. Mexxay TeM Oosee «MsIrKas 3a-
KaJIKa C BBIICP’KKAMH B IPOMEXKYTOUHBIX 00JIACTAX CYIECTBEHHO CHIDKACT PUCK 00pa30BaHUS 3aKAJOYHBIX TPEIIMH U Aedop-
MAIIMIO IITAMITOB ¥ IITAMIIOBOI OcHAcTKH. B pabote 00pa3ipl u3 mrammoBoi cramm SX2CM® ¢ ocTpsIM HaIpe30M B UCKYCCT-
BCHHO HAaHECEHHBIMH TpPEUIMHAMH OBUIH ITOJBEPTHYTHI TEPMUUYECKOH 00paboTKe, BKIFOYAIOIIEH B ce0sl CTAaHNApPTHYIO 3aKaJIKy
910 °C B macmno u 3akanky ot 910 °C co crynensmu mpu 650 u 340 °C ¢ pasasiMu Bupamu otirycka (200, 560, 600 u 640 °C)
1 pa3HOH MPOJOIDKUTENFHOCTRIO 10 BpeMeHH — 1, 3, 5, 7 u 14 4 (s 200 °C) ¢ menbio MOBBIMICHUS COMPOTHBICHUS PA3BUTHIO
TpenmHbl. [IpoBeneHHbIe NCcCIeIOBaHMS O3BOJIMIN YCTAHOBHUTD, YTO JAHHBIC 10 CONPOTHBIICHUIO PA3BUTHIO TPELIUHEI IOCIE
CTYNEHYATON 3aKAJIKU C BBIIEPIKKON B 00JIACTH MIEPIMTHOTO MPEBPAIICHHUS U TOCIEIYIOIETO BEICOKOTO OTIycKa npu 560, 600
u 640 °C comocTaBUMBbI CO CTAaHAAPTHOMN 3aKaJIKOW B MAcJIO U BHICOKMM OTITYCKOM TP TeX e TeMIiepaTypax. TBEpA0CTb Mocie
CTyNeH4YaToH 3aKajky B obnactu OeitHuTHOTrO mpeBpameHus (340 °C) Bo Bcex ciydasx 3HAYMTEIBHO HIDKE IPU Pa3IMYHbBIX
pexuMax OTIyCKa, MOATOMY CPAaBHHUTh CONPOTHUBICHHE PAa3BUTUIO TPELIMHBI CO CTAHJAPTHOM 3aKajKoil He IpeacTaBisieTcs
BO3MOYKHBIM. Y CTAQHOBJICHO ONTUMAJIbHOE C TOYKH 3PEHMS TIOBBIIICHHUSI COMPOTHBIICHHS PA3BUTHIO TPEIIMHBI BPEMsI BBIICPIKKU
(3 u 5 1) mocne crangapTHO# 3akanku ot 910 °C B Macno u Huzkoro otmycka mpu 200 °C.

Kniouegvie cnoea: mTaMmnoBast CTallb; 3aKaJIKa; OTITYCK; TBEPIOCTh; CONPOTUBIICHUE Pa3BUTHIO TPEIIUHBI.

Jlna yumuposanusa: 1laxnazapos K.1O., Papuxos A.P. BimsHre pe:xuMoB yIpOYHSIONMIEH TepMUIecko 00paboTKU
Ha CONPOTHBJICHHE PA3BUTHIO TpemnHBI mramnoBoit ctamn SX2CM® // Frontier Materials & Technologies. 2025. Ne 2.
C. 95-101. DOI: 10.18323/2782-4039-2025-2-72-8.
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On the cover: Image of the corroded surface (0001) of a magnesium single crystal according to the data of confocal 1a-
ser scanning microscopy. Author of the photo: V.A. Danilov, PhD (Engineering), senior researcher (Research Institute of
Advanced Technologies, Togliatti State University, Togliatti, Russia).

Ha 06510s1cke: N300paxxenne npokoppoaupoBanHoi nosepxHocT (0001) MoHOKpHCTANIa MarHus MO JaHHBIM KO H-
(hokanbHOMN N1a3epHOi CKaHUpYIOlIeH MUKpocKkonuu. ABTop (oTo: B.A. JlaHuI0B, KaHIUIAT TEXHUYECKUX HAYK, CTap-

i Hay4dHbIH coTpyaauk (HMUW mporpeccuBHBIX TeXHOIOTUH, TOMBATTHHCKHM rOCY apCTBEHHBIN YHUBEPCUTET, T0Ib-
arta, Poccwust).
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