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MAGNETIC-RESONANCE AMORPHIZATION OF CONTACT KINEMATIC PAIR MATERIALS

In modern mechanical engineering, the requirements for the reliability and durability of components are constantly increasing, especially for
those operating under intensive friction and high contact pressures. Traditional methods for improving wear resistance, such as alloying, coating
applications, or heat treatment, often prove insufficiently effective or have limitations in terms of control and uniformity of surface modification. This
article presents an innovative approach to surface-layer modification of materials—magnetic-resonance treatment—which enables the formation of
unique microstructures, including partial amorphization, directly in the contact zone during operation. The aim of the study is the experimental
justification of the application of magnetic-resonance treatment for the formation of an amorphous phase in the surface layers of materials in contact
kinematic pairs to significantly enhance their wear resistance. The work thoroughly examines the theoretical foundations and analyzes current
scientific research in the field of surface modification and the influence of strong physical fields on material structure and properties. Special attention
is paid to phenomena of self-organization and phase transformations occurring under friction under the influence of magnetic fields. Experimental
studies were carried out on D2 steel specimens subjected to magnetic-resonance treatment on a specialized rig. Friction and wear tests showed a
significant reduction in the coefficient of friction (to 0.022-0.026) and wear intensity (by 3-4 times), indicating the formation of super-hard and
super-plastic amorphous regions on the surface. Microstructural analysis by electron microscopy and X-ray diffraction confirmed the formation of
martensitic phase and amorphous zones, as well as the reduction of crystallite size to the nanoscale in the contact zone. It is substantiated that these
structural changes, induced by the resonant influence of a strong magnetic field, are the key factor in improving tribological characteristics. The
obtained results demonstrate the high efficiency of the proposed magnetic-resonance treatment method. It was established that, under the influence of
strong magnetic fields, amorphous and nanocrystalline structures form on friction surfaces, fundamentally altering the mechanisms of surface
interaction, minimizing adhesive and abrasive wear. This confirms the hypothesis of the possibility of directed amorphization of materials to enhance
their operational resilience. The practical significance of the study lies in the development of a new, environmentally friendly, and energy-efficient
method for increasing the service life of machine components, which can be implemented in various branches of mechanical engineering, including
aerospace, automotive, and instrument manufacturing, to create ultra-wear-resistant contact elements.

Keywords: tribology; magnetic-resonance treatment; contact kinematic pairs; wear resistance; coefficient of friction; amorphization;
microstructure; phase transformations; nanocrystalline structures.

C. B. KOBAJIEBCbKHUI

MATHITHO-PE3OHAHCHA AMOP®I3AILISI MATEPIAJIIB KOHTAKTHUX KIHEMATHUYHUX ITAP

VY cydacHOMy MarMHOOYIyBaHHI BUMOTH [0 HAJIHHOCTI Ta TOBrOBIYHOCTI A€Tajeil MOCTIiTHO 3pOCTAIOTh, OCOOIUBO IS THX, IO MPALIOIOTH B
YMOBAaX IHTEHCHBHOTO TEPTS Ta BUCOKHX KOHTAKTHHUX HABAHTAXXEHb. TpajuLiiiHi METOIH MMiABUILICHHS 3HOCOCTIHKOCTI, TaKi SIK JIETYBaHHS, HAHECCHHS
MOKPUTTIB a00 TepMiuHa 00pOOKa, YacTO BHSBIISIOTHCS HEIOCTaTHHO €(EeKTHBHHMH a00 MAaloTh OOMEKEHHS IIOJ0 KepOBAaHOCTI i ONHOPIXHOCTI
Moaudikamii moBepxHi. Y Iiil CTATTi NPEICTABICHO IHHOBALIMHII MiAXi 40 MoaudiKallii MOBEPXHEBOTO MIAPY MaTepiajiB — MArHiTHO-PE30HAHCHY
00poOKy, sika 3abe3nedye (GpOpMyBaHHS YHIKAIBHHX MIKPOCTPYKTYD, 30KpeMa 4acTkoBoi amopdizamii, 6e3mocepefHb0 B 30HI KOHTAKTy MiJ dac
po6Gotu. MeToI0 TOCIiUKeHHS € eKCIIepIMEHTaIbHe O0IPYHTYBaHHS 3aCTOCYBaHHS MarHiTHO-Pe30HaHCHOT 00poOKy U1t hopMyBaHHS aMophHOT hazu
y TOBEpXHEBHX IIApax MarepianiB KOHTAKTHUX KIHEMATHYHHX Map 3 METOI0 ICTOTHOTO MiJBUINCHHS iX 3HOCOCTIHKOCTi. Y poGOTI IpyHTOBHO
PO3IIISIHYTO TEOPETHYHI 3acaIi Ta MPOAHATI30BAHO CYYaCHI HAYKOBI AOCIIMKeHHs Y cdepi Momudikarlii moBepXHi i BIUTUBY CHIBHHX (DI3HIHHX MOJIB
Ha CTPYKTypy Ta BJIAaCTHBOCTI MarepiaiB. OcoOnMBy yBary IpHIiIIEHO SIBHIAM CAMOOpPTaHi3anii Ta ()a30BUX MePEeTBOPEHS, 10 BiJ0YBAFOTh CS MiJ] 4ac
TEPTS MijJ BIUIMBOM MarHiTHUX nojiB. ExcriepuMeHTalbHI JOCHIIKEHHS NPOBENCHO Ha 3pa3kax crani D2, sKki miggaBanucs MarHiTHO-pE30HAHCHIN
00pob1i Ha crienjanizoBaniii ycraHoBii. BunpoOyBaHHs Ha TepTs Ta 3HOIIYBaHHs [OKA3aJy 3HAYHe 3HMKeHHs Koediuienta teptst (mo 0,022-0,026)
Ta iHTEHCHBHOCTI 3HomyBaHHS (y 3—4 pasu), IO CBiAYMTH Npo (OpMyBaHHA Ha MOBEPXHI HAJATBEPANX | HAJIUIACTUYHUX aMOP(HHX JiISHOK.
MIiKpOCTpYKTYPHHUIA aHalli3 3a JOMOMOTOIO €JIEKTPOHHOI MIKPOCKOMIi Ta PEeHTreHIBChKOT AuMpaKiii miITBEpAUB YTBOPEHHS MapTeHCHTHOI da3u i
aMOp(HHUX 30H, a TAKOXX 3MEHIICHHS PO3MIpY KPHUCTAJITIB 0 HAaHOMAcIITaly B 30HI KOHTAaKTy. OOIpyHTOBaHO, IO I CTPYKTYPHI 3MiHHM, iHITYKOBaH1
PE30HAaHCHUM BIUTHBOM CHJIBHOTO MAarHiTHOTO IO, € KIIFOYOBHM YHHHUKOM ITiIBUIIEHHS TPHOOJIOTIYHMX XapakTepucThK. OTpHMaHi pesyinsraTi
JIEMOHCTPYIOTh BHCOKY €(EKTUBHICTb 3alpOIIOHOBAHOTO METOJy MAarHiTHO-PE30HAHCHOI O0OpoOKM. BcTaHOBIEHO, 1O TiJ BIUIMBOM CHJIBHUX
MAarHiTHHX TIOJIB HAa TOBEPXHSAX TePTs (OPMYIOTHCS aMOp(Hi Ta HAHOKPUCTATIYHI CTPYKTYPH, SKi HPHHIHMIIOBO 3MIHIOIOTH MEXaHi3MH B3a€MOJIl
IIOBEPXOHb, MiHIMI3yI0uH ajaresiiiHe Ta abpa3nuBHe 3HOIIYBaHH:. Lle miaTBepIKye rinoTesy MOA0 MOXKIMBOCTI KepOBaHOI aMopdi3allii Marepiaiis 1t
MiZABUINEHHS 1X EKCIUTyaTalliiHOi CTiHKoCTi. [IpakTHyHe 3HA4YeHHS MOCIHI/UKEHHS MOJISITa€ y PO3pOONEHHI HOBOTO, E€KOJOTIYHO Oe3MeyHOoro Ta
eHeproe()eKTUBHOTO METOly 30UIBIIEHHS peCypCy AeTalleld MalluH, sIKMi Mo)Ke OyTH BIPOBA/DKEHUHN Y Pi3HUX Tajly3sX MalIMHOOYIyBaHHS, 30KpeMa
B aBiaKOCMiHiH, aBTOMOOLTBHIN Ta PHITa00yAiBHIN MPOMICIOBOCTI, 1T CTBOPEHHS HAI3HOCOCTIHKIX KOHTAKTHHX €JI€MEHTIB.

Kuio4oBi ciioBa: Tpr6oIIOTist; MarHiTHO-pe30HaHCHa 00p0oOKa; KOHTAKTHI KiHEMATHYHI TapH; 3HOCOCTIHKICTh; KoehilieHT TepTs; aMopdizaliis;
MIKPOCTPYKTYpa; (ha30Bl NEPETBOPEHHS; HAHOKPUCTATIYHI CTPYKTYPH.

1. Introduction

In the global research arena, the issue of increasing the wear resistance of kinematic pairs occupies a special
place due to the growing demands for the reliability and durability of mechanical engineering equipment. Accordingly,
studies focus not only on traditional materials science approaches (alloying, creation of composite coatings, application
of thin films) but also on innovative surface modification technologies capable of forming specialized microstructures
in the contact zone directly during operation [1,2]. Most classical investigations are devoted to improving material
compositions and introducing coatings (metallic, ceramic, diamond-like) to increase hardness and corrosion resistance
[3]. However, under real operating conditions, such methods do not always provide the required level of protection,
especially in the case of high contact pressures and abrupt temperature fluctuations. Thus, laser surface treatment
enables the creation of a refined microstructure through localized heating and rapid cooling, sometimes resulting in the
formation of martensitic or partially amorphous phases [4]. Yet, precise control of energy input and exposure time

remains challenging, which limits the reproducibility and uniformity of the amorphous layer [5].
© S. Kovalevskyy, 2025
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Given the above, the relevance of this study lies in the search for new, effective, and controllable methods of
modifying material surface layers to ensure enhanced wear resistance of machine components under extreme loading
conditions.

The aim of the research is to improve the reliability of machine kinematic pairs by creating an amorphous layer
on the contact surfaces using magnetic-resonance processing of materials (MRPM) in a two-component resonance
vibration mode. To achieve this aim, the following interrelated objectives are proposed:

1. Development of a theoretical model of amorphization.
2. Optimization of two-component resonance regimes.
3. Validation of experimental results.

Thus, the overall aim combines theoretical elaboration of the amorphization mechanisms under two-component
resonance, laboratory studies with high-precision measurement of microstructural parameters and tribological indices,
and evaluation of the practical effect through statistical analysis of lifetime and reliability of kinematic pairs. As a
result, an integrated picture is constructed of how the formation of an amorphous layer under the action of balanced
normal and tangential vibrations alters friction mechanisms, wear intensity, and component durability.

The scientific hypothesis is that the synchronous action of two-component resonant loading—arising from the
combination of normal and tangential vibrations in the presence of an external magnetic field—creates the most
favorable conditions for the accumulation of defect energy, local heating, and activation of diffusion processes, leading
to the formation of an amorphous layer on the contact surfaces of kinematic pairs.

2. Analysis of the results of previous research.

In many research laboratories in Germany, the USA, Japan, and other industrially developed countries, work
has been intensified on the use of pulsed electromagnetic fields to form an amorphous phase in the material’s contact
zone [6]. Most such experiments focus on single-phase oscillatory modes, where either tangential (parallel to the
surface) impulses predominate, or normal (perpendicular) impulses predominate [7]. The application of high-frequency
tangential impulses in combination with a constant external magnetic field demonstrates the ability to form thin
amorphous layers through the synergy of electromagnetic and thermal effects [8]. Existing publications consider the
kinetics of the crystalline-to-amorphous transition under high-frequency electromagnetic excitation taking into account
the thermal effect [9]. However, these models largely do not account for the combined action of oscillatory influences
in different directions, leading to an inaccurate estimation of the amorphous layer thickness under real technological
conditions. In a number of theoretical works, attention has been drawn to the correlation between the formation of an
amorphous phase and an increase in service life, but there is no unified mathematical model that would provide an
integrated picture of the dependence of the amorphous layer thickness on the amplitude, frequency, and ratio of the
components of resonant oscillations [10].

In the international literature, experimental results are often reported showing that an amorphous layer reduces
the coefficient of friction and extends the maintenance interval of parts by 2-3 times [11]. However, most studies focus
on single-phase amorphization modes (laser or electromagnetic excitation), without considering the combined
mechanical component [12]. Analysis of SEM and XRD images confirms the formation of an amorphous phase, but is
rarely accompanied by extensive mathematical reliability calculations that take into account the dependence of wear
intensity and failure functions on the actual increase in amorphous layer thickness [13].

The most significant gap lies in the limited number of systematic studies of two-component resonance, where
normal and tangential oscillations are cohesively combined to maximally enhance local plastic deformation and high-
frequency heating. Practically no published works combine precise calculation of tangential stresses depending on the
synergy of different oscillation components, dynamic thermal effects, and prediction of the reliability function of a
kinematic pair with regard to amorphization. Thus, although a significant body of knowledge on various surface
amorphization methods (laser, electromagnetic, thermal) has been accumulated in world science, there is a lack of
thorough studies that holistically cover two-component resonant oscillations and their impact on the mechanisms of
amorphous layer formation, changes in friction coefficient, and prediction of reliability functions of kinematic pairs [14,
15]. This defines the need for comprehensive theoretical and experimental research integrating mathematical modeling,
microstructure analysis, and real dynamic loading regimes.

In modern Ukrainian scientific and production structures, the problem of improving the wear resistance of
surface technological elements is actively researched mostly within the framework of classical materials science and
surface methods. Compared to leading global directions, domestic scientific schools have yet to develop a sufficiently
systematic approach to integrating the latest surface modification methods under actual industrial conditions, and
especially to the application of pulsed magneto-mechanical resonance treatment with two-component resonant
oscillations [16].

3. Amorphization of surfaces in improving the reliability of machine-building parts.

The presence of an amorphous layer noticeably alters the surface properties [17]. First and foremost, the
coefficient of friction decreases. The amorphous structure lacks clearly defined atomic slip planes, which prevents the
formation of microcracks and brittle spalling [18]. This creates a “pseudo-surface” effect that functions as a damper
under load.
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The amorphous phase also exhibits high hardness. Due to the absence of a granular crystalline defect structure
and “weak” points, the hardness of the layer increases by 20-30% compared to the base material. This enhances load-
bearing capacity and extends the service life of components. Another advantage of the amorphous layer is its resistance
to fatigue failure [19]. Unlike crystalline materials, where cracks predominantly propagate along slip planes, the
amorphous layer has no such directional zones, so cracks occur less frequently and fatigue damage is deferred in time.

At the same time, the amorphous layer may be non-uniform in thickness. Depending on local conditions—
deformation and thermal effects—it varies from several hundred nanometers to several micrometers.

The amorphous layer, or noncrystalline structure, arises in the contact zone thanks to the combination of high
plastic deformation rates and localized temperature rises [20]. These conditions hinder the formation of an ordered
crystalline lattice.

First, under the action of contact pressure and vibrations at the point of contact, the surface experiences
localized shear. This destroys the crystalline structure, causing numerous dislocations and defects to form in the near-
surface zone. If the deformation rate reaches 10°~10* s, the material does not have time to reorganize the lattice—the
defects accumulate, and the zone transitions to a noncrystalline state [21]. Additionally, localized heating occurs in the
contact zone due to thermoelectric effects and high stress concentrations. Temperatures in micro-regions may reach
several thousand degrees Celsius, and the pulse duration is so short that partial breaking of crystalline bonds occurs. At
the same time, the temperature is insufficient for the formation of large crystalline grains during subsequent cooling.
After the heating cycle ends, extremely rapid cooling takes place - literally within fractions of a second. Under such
conditions, crystals simply do not have time to grow, so the surface becomes amorphous, that is, devoid of a defined
crystalline structure.

During deformation of the contact zones, where abrupt loads and local heating occur, numerous dislocations
and other defects accumulate. There are so many that the material loses the ability to organize its crystalline lattice. If,
in this process, the deformation energy and thermal effects exceed the bond energy in the metal, atoms begin to arrange
in a chaotic order, which is the essence of the noncrystalline phase [22]. Equally important is the dependence of the
amorphous layer thickness on various parameters. First, there is a certain plasticity threshold: if stresses in individual
“hot spots” are below the yield limit, the amorphous layer simply does not form. Only after exceeding this threshold
does the true noncrystalline transition begin. Second, the duration of exposure and the number of cycles matter: each
pulse gradually increases the layer thickness. The more cycles, the deeper this layer becomes. However, it is important
to remember that with excessive thickness, diffusion and recovery processes activate, which can partially return the
material to a crystalline state. Third, the decisive factor is the balance between heating and cooling: if heating continues
too long, it can lead to grain growth and formation of a crystalline or fine-grained structure. Therefore, it is extremely
important that the heating pulse is short and quickly transitions to the cooling phase, preventing crystal nuclei from
forming [23]. If the amorphous layer is sufficiently thick (several hundred nanometers), a characteristic gradient of
properties forms within it. In the uppermost layer, maximum hardness and minimal internal stresses are achieved.
Slightly below, a transition zone with partial crystallization appears, where micro-grains emerge. Even deeper, near the
base material, regions with certain defects of the original crystalline lattice remain.

When a contact pair is treated by magnetic-resonance processing under two-component resonance conditions,
an interesting feature is observed: at the initial stage, the wear curve is quite flat, indicating low wear intensity [24-27].
This continues until the amorphous layer thickness decreases to a certain critical value. If the layer thickness exceeds
several hundred nanometers, it acts as a reliable barrier that prevents the emergence of sharp microscopic defects. Under
such conditions, the surface effectively becomes self-lubricating, and the coefficient of friction decreases. But if the
layer begins to thin, the intensity of defect formation sharply increases: the amorphous structure breaks down, exposing
the subsurface region with micro-grained or even crystalline structure. This leads to a stepwise increase in wear.
Regarding service life, an important indicator is the time to failure of 50% of the specimens (Tso). When the amorphous
layer thickness exceeds 0.8—1.0 um, Tso can increase by 2—3 times compared to the initial values. However, it should be
noted that after the layer thickness falls below the critical threshold, Tso quickly approaches the original level—
crystalline defects begin to dominate. From a reliability standpoint, one can use the reliability function R(t), which
shows the probability of failure-free operation of the contact pair over time. If the amorphous layer is thick, the failure
rate is low, and R(t) decreases very smoothly. But if the layer thins, R(t) drops sharply, sometimes even abruptly—the
amorphous region can no longer protect the surface from destruction. In practical applications, regular inspections of
contact zones can be performed using, for example, scanning electron microscopy, atomic force microscopy, or
hardness measurements. This allows precise determination of the residual thickness of the amorphous layer and
prediction of approaching the critical service life. Thus, even before failures occur, replacement or maintenance can be
scheduled, avoiding unexpected operational stoppages.

The analysis of the literature convincingly demonstrates that surface amorphization through various physico-
chemical methods significantly enhances the mechanical and tribological resilience of components. However, the
majority of studies focus on single-phase technologies (laser or electromagnetic amorphization). To date, the question
of the interaction of different types of oscillations and the influence of the gradient structure on long-term reliability
remains open. This opens up prospects for comprehensive research, especially under conditions of two-component
resonant exposure.

4. Theoretical justification of MRPM.
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MRPM is a technology of surface or local modification of metallic and non-metallic materials in which two
interrelated physical factors act simultaneously [24—-27]: mechanical nanovibrations of the surface layer of the specimen
(amplitudes on the order of 10°—10~* m); high-frequency electromagnetic waves (frequency range fz,,~10*-10° Hz),

consistent with the material’s own oscillatory characteristics e,; all this occurs in a homogeneous constant magnetic
field B, (a neodymium magnet) that sets the preliminary magnetostrictive or magnetoresistive state of the surface layer.

As a result of the combination of mechanical and electromagnetic resonant influence, a local rearrangement of
the microstructure occurs (the formation of fine-grained, nanophase formations, an increase in the level of internal
plastic deformations), which enhances the hardness, wear resistance, and, in general, the resource capacity of the
material.

The surface layer of the material can be envisioned as a mass of m, suspended on effective stiffness k, with

damping coefficient ¢. In the absence of external influence, its own oscillations are characterized by the natural
frequency:
k
W, = \I; , rad/s . 1)

In the presence of a constant magnetic field B, There are two possible effects: magnetoresistive: a change in
electrical conductivity or in the effective stiffness of the surface layer under the influence of B,, which leads to
correction k — k.- and ¢ — ¢, magnetostrictive: emergence of internal stresses due to changes in the magnetic state
(especially in ferromagnetic materials), which leads to additional initial stress o, (B,).

Equation of motion of a mechanical oscillator taking into account a constant field:

mx(t) + Ceflx(t) + kefx(t) = Fmech (t) ' (2)

where x(t) - is the vertical (normal) displacement of the surface layer; F,,..,(t) - is the external mechanical excitation
force; kop = k + Ak(By).c.p = ¢ + Ac(By) .
If an alternating electric current is passed through the sample, then:

I(t) = Iy sin(wgyt), wgy =27 fz (3)

where fz,, lies in the range ~10%-10° I'u..
This current creates an oscillating magnetic field:

It

Bgp(t) o Bo=— - (4)

A time-varying component of the field or of mechanical oscillations is superimposed on the static magnetic
field acting on the entire volume of the sample, such that at every point in space the resulting influence is the vector
sum of these two fields - Bg,,(t) and B,. Periodic combination of these fields generates a variable magnetoresistive or

magneto-driven influence on local domains and structural defects. As a result, a mechanical force arises in the material
layer:

F,=1(t)xBy , (5)

which, when the electromagnetic frequency wg,, is matched with the natural frequency w,, causes an amplification of
mechanical oscillations. x(t).
Thus, the total excitation force in the equation of motion is equal to:

Fmech(t) = HIUBUSin(wEMt) ' (6)

where @ - coefficient that depends on the geometry of the sample and its electrical conductivity ¢ and magnetic
permeability p .
To achieve maximal nano-oscillations, it is necessary to tune wg,, to the natural frequency w,, , that is:
kgf

wey N Wy, =20 fgy ¥ " (7)
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In such a case, the amplitude of mechanical oscillations x,,, ... reaches its maximum:

max
. iy By Cof
Xmax © = . 8
maxr - malw,]’ 2kgpm ( )

Since ¢ <« 1 (small damping in the nano-range), even a relatively small I,B, can give rise to
max ~ 1077 —=107%  nanometer oscillations.

As a result of the combination of two (resonant) modes, the following occur:
- mechanical resonance, in which:

X

mA(t) + Copx(t) + ko px(t) = alyBysin(weyt), wgy ¥ w, 9)

- magnetoresistive influence.
The parameters k, - and c, - depend on By,. For example, for certain ferromagnetic steels, one can write:

Ak(By) = x;, B, Ac(By) =k, BE, (10)

where &y, &, - material-dependent coefficients.

As a result of the resonance regime, increases in the intensity of plastic deformation in the subsurface layers
are observed due to nanovibrations that stimulate the dissolution of defects and grains; an increase in the rate of
diffusion processes (through oscillations), which activates phase transformations (formation of oxide nanolayers,
impurity enrichment); the development of magnetoresistive and magnetostrictive effects simultaneously with
mechanical loading, which contributes to an increase in the kinetic energy of defects and grains.

During MRPM, energy of plastic deformation accumulates in the surface layer of the material, which is caused
by intensive nano-oscillations. The criterion for the onset of amorphization is the excess of deformation energy over the
binding energy in the crystalline lattice. Let us denote E, - the energy required to destroy the crystalline structure per

unit volume (the activation energy of amorphization); and W}, - the energy of plastic deformation accumulated per unit

volume of the surface layer.
The amorphization condition can be written in the form:

W, = Eg4. (11)

Let the mechanical nano-oscillatory Lorentz force F;(t) with resonance frequency w, lead to a periodic
oscillatory loading. The average power expended on plastic deformation in volume ¥ per oscillation is estimated as:

P, = [, o(t) (Dt , (12)

where o(t) - cyclic stress, £(t) - the rate of plastic deformation, T = 2m/w,.
Average density of accumulated energy after N cycles:

NTP, ., NT(gg)
v v (13)
Under resonance conditions, mechanical oscillations reach the maximum amplitude A therefore the stress

o and the strain rate & increase. Then, after N, cycles, the accumulated energy may exceed E;:

max’

EgV
N~ —— .
KP  (g&jT

(14)

When W, = E,, the irreversible (amorphous) transition of the surface layer begins. If an alternating current of
frequency wg,y, tuned to the mechanical resonance «w,,, flows through the specimen, a radially distributed demagnetizing

effect is created. As a result of the periodic magnetoresistive change of material parameters (Young’s modulus,
damping coefficient), additional generation of internal stresses (magnetostriction) occurs. The energy of this influence
Wrgyy is also accumulated in the subsurface layer due to the anisotropy of the magnetic domains:

T
Wem ¥ [ M()dH(t) ¥ pox HohV (15)
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where M(t) - magnetization, H(t) = H,sin(wg,t) - alternating field, x - magnetic susceptibility, h- amplitude of
magnetoresistive change, ji, - magnetic constant.

Under resonant conditions ewg,, & w, local defect sites receive an additional energy impulse, which promotes
the activation of diffusion processes and local heating:

AT(z) ~ e (16)
pepV

where p - material density, c,, - specific heat capacity.

Local increase of temperature AT(z) accelerates diffusion and promotes phase transformation. The total
accumulated energy in the subsurface layer:

Weor = Wy + Weyy, - (17)

If W,,, = E,, the conditions for amorphization are met faster than under purely mechanical action.

As a result of intensive nanovibrations in the layer with a thickness d,, (on the order of ~ 0,1...1) cyclic plastic
deformations with shear amplitudes u
rapid fragmentation of the crystalline structure into fine grains (posmip D,,.). According to the modified Hall-Petch law:

o, = oy + kD" (18)

amp <1077, 107, m. The plastic accumulation of dislocations (pg;;;) causes

where g, - yield strength, gy, - the supporting stress of large grains, k - a material-dependent coefficient.
Reduction of D,,. to the nano-range leads to a significant increase in a,, but at the same time, the internal
accumulated stresses and the stored energy of defects also increase Wy

Wiase & [ 7 dp, (19)
where T - shear stress.

When the dislocation density reaches a critical level p,,., the atomic planes can no longer restructure into an
ordered system, as the defect energy exceeds the migration energy. This leads to the formation of an amorphous (non-
crystalline) state.

Parallel to the accumulation of dislocations under the influence of nano-vibrations, diffusion mechanisms are

activated: atoms in the subsurface layer are mobilized due to oscillatory displacement and local heating. The specific
diffusion rate D at the temperature T + AT

Q
D(T +4T) = Dyexp(—57p) (20)

where D - pre-exponential factor, @ - activation energy of diffusion, R - gas constant.
Even a slight increase in AT (tens of degrees) sharply increases D, which accelerates atom movement and

filling of inter-dislocation gaps. Under conditions of high defect density, this creates an unstable configuration where
the local structure tends toward an energy minimum. However, due to the excessive concentration of defects and the
energy of jumps, amorphous zones form, which lack long-term order.

Jnst yTBOpeHHsT aMOp(HOro mapy HeoOXiJHO JOCATHYTH MEBHOTO KPUTHYHOTO 3CYBY Yxp Y HOBEPXHEBOMY

HIapi, pu SKOMY BiZIOYBa€ThCs CyLIbHA JIE30Pi€HTALliSl YACTUHOK. 3TiHO 3 Teopieto nedopmaniiinol amopdizarii:

Zna
Yor ® =— (21)

where a - interatomic distance.

For D, ~ 5...20, nm, we obtain y,,. # (0,1...0,3). In mechanical nanovibrations, the displacement amplitude
Ugmp and frequency w, determine the maximum shear rate ¥,,., = (S Ty [ S | S A Teyele = Ver , Where
Teyele = 27/, then during one cycle of nanovibrations the critical shear value occurs. At resonance w,, & wgy the
damping B is minimal, so the amplitude u_amp reaches its maximum value, which ensures the condition y = y,....

To transition to an amorphous state, it is sufficient to achieve:

1. A high density of accumulated defects (p4:5; = Per)s
2. A local increase in temperature AT = T ,
3. A critical sheary = y,,.,
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4. Instability of the crystal lattice: W,,, = E;.
When these conditions are simultaneously met, an amorphous layer is formed at a depth d
which depends on the depth distribution of nanovibration intensity and the heating field profile:

amor the thickness of

dﬂ'ﬂ!ﬂl" R \‘"l ZD(T + ‘dT)tE?.J.'p 1 (22)

where t,,,, - total exposure time (sum of cycles), D - diffusion coefficient.

Under typical MRPM mode with w,, ~ 105, rad/s, Ugymp ~ 10 —9, Hy ~ 0,5, T the thickness d ., liesin

the range (0,2...1), um.

Thus, the final proof of the formation of the amorphous layer is determined by the following: accumulation of
plastic deformation energy: intense nanovibrations at resonance lead to rapid accumulation of defect energy W, which

exceeds E; after N_. cycles; electromagnetic resonance influence: magnetoresistive and magnetostrictive effects
generate additional stress and local heating AT, which increases the diffusion rate and lowers the defect formation
energy; quantized deformation cycles and shear: under the condition wg, * w, the amplitude of nanovibrations
reaches uq,,, Which ensures shear y = y,,. in a single cycle, destroys the organized crystal lattice and initiates a local
transition into the amorphous phase; due to diffusion processes at a depth d,,,,,- & stable amorphous layer is formed.

Thus, the fulfillment of all the mentioned conditions indicates that, under the influence of MRPM, an
amorphous zone arises and develops in the surface layer. This proof is based on energetic considerations (accumulation
of defect energy), crystallographic instability conditions (critical shear and dislocation density), and the activation of
thermodynamic and diffusion processes.

5. Results of experimental studies and their discussion.

A detailed description of the results of experimental studies devoted to the effect of magnetic resonance
processing in a dual-component resonance mode (MRPM) on the characteristics of the contact surfaces of a "shaft—
bushing" pair is presented. Special attention is paid to microstructural changes, morphological features, changes in
hardness, and the tribological properties of the surface layer after MRPM.

After performing a series of MRPM cycles, significant changes were revealed in the surface layer of the
contact element, especially in the central zone, which can be considered a "hot spot.” In this zone, where mechanical
and electromagnetic influences are most intense, the average thickness of the amorphous layer was about one
micrometer. However, this value proved to be non-uniform, ranging from 0.8 to 1.2 micrometers depending on the
localization along the contact line. A more detailed study of the thickness profiles obtained using scanning electron
microscopy (SEM) showed that the maximum thickness values are concentrated in the center of the "hot spot." This
area coincides with the zones of maximum normal and tangential stress components of the oscillations. Moving several
hundred micrometers away from the center, the thickness of the amorphous layer gradually decreases, forming a
gradient that transitions into a zone less protected from deformation impact. A significant heterogeneity of the layer
thickness was revealed in the cross-section of the surface. In particular, two local maxima of thickness were recorded
along the diagonals of the "hot zone." This phenomenon is explained by the phase-heterogeneous superposition effect of
mechanical and electromagnetic pulses, which leads to the appearance of two peaks of energy concentration where a so-
called "cluster resonance” is formed. This effect confirms the uniqueness of the dual-component MRPM mode
compared to classical single-phase approaches.

The morphological features of the surface after MRPM, determined using atomic force microscopy (AFM),
show an almost smooth texture. The average profile protrusion (Ra) is only about 0.03—-0.05 micrometers, indicating a
low level of microroughness. At the 1 x 1 micrometer detail level, the surface consists of small fragments lacking a
crystalline ordered structure, indicating the amorphous nature of the layer. In areas distant from the center of the "hot
zone," isolated shallow pits up to 0.1 micrometers deep were observed using AFM scanning. Their appearance is most
likely associated with local temperature increases at the moment of impulse loading when the zone could not cool
quickly enough. These pits were mainly located outside the main contour of the resonant influence, where normal and
tangential oscillations interacted less intensively. A detailed analysis of the topographic descriptors in the central "hot
spot” showed that the relative height dispersion was only about 10-12%. This indicates a sufficiently homogeneous
structure of the amorphous layer. At the same time, in the transition zone, approximately 0.5 millimeters from the
center, the height deviation increased to 25%. This increase is explained by a decrease in the amplitude of tangential
oscillations and a reduction in the intensity of mechanical resonant influence.

Before MRPM, the surface hardness in the initial state (the running part of the bushing before chemical-
mechanical processing) was approximately 58-60 HRC (Rockwell scale). The microstructure in this state consisted of
fine-grained martensite with minor residual stresses formed after prior quenching and tempering. After performing
MRPM, the hardness in the central zone of the amorphous layer increased significantly to 800—900 HV on the Vickers
scale. This corresponds to approximately 62—-64 HRC, demonstrating an increase in hardness by 5-7 HRC compared to
the initial state. This increase in hardness indicates that the absence of a crystalline lattice and the chaotic arrangement
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of atoms in the amorphous structure provide increased resistance of the material to point damage. In the zone where the
thickness of the amorphous layer decreased to 0.5-0.7 micrometers, the hardness gradually decreased to 700-750 HV.
This indicates a transition to an intermediate zone where the amorphous structure partially crystallizes. Further, in the
layer with a thickness of 0.2-0.3 micrometers, the hardness decreased to 600-650 HV, corresponding to the main
crystalline sublayer.

Detailed analysis of several samples revealed a clear correlation between the thickness of the amorphous layer
and hardness: maximum hardness values coincided with the greatest layer thickness. A decrease in thickness was
accompanied by a proportional reduction in hardness down to the level of the crystalline material, confirming the key
role of the amorphous structure in increasing hardness. Particularly noteworthy is that in the thickness range of 0.6 to
0.8 micrometers, hardness decreased more rapidly than in the central range of 1.0—1.2 micrometers. This is explained by
the fact that at a lower thickness of the amorphous layer, the load was more quickly transmitted to the crystalline
sublayer, since the number of amorphous cells capable of effectively dissipating stress became insufficient. Regarding
the measurement accuracy, the error in the mean hardness values in the central zone was about £2-3%, while in the
transitional zone it increased to +5%. This was due to both the non-uniform formation of the amorphous layer and
variations in the surface roughness of the sections after polishing.

Analyzing the change in the friction coefficient p, it was found that for the untreated surface, the mean value of
u in the “shaft-bushing” pair was approximately 0.12 under mineral oil lubrication at a temperature of about 25 °C and
atmospheric pressure. Such a friction level is typical for D2 steel friction pairs. After the formation of the amorphous
layer as a result of MRPM, the mean value of p for the first 10,000 revolutions decreased to 0.10-0.11. This indicates a
reduction in friction by 8-10% due to a smoother topography and the presence of a hard amorphous surface, which
prevents the mechanical “seizure” of microasperities. During operation up to 50,000 revolutions, the friction coefficient
remained within 0.10-0.12, demonstrating stable performance of the amorphous layer. After 60,000 revolutions, when
the thickness of the amorphous layer decreased to approximately 0.6 micrometers, the friction coefficient began to
gradually increase, reaching values of 0.13-0.14 by 100,000 revolutions. In the final interval (150,000-200,000
revolutions), the p value reached 0.16-0.17, approaching the initial values of the untreated surface. The standard
deviation of the friction coefficient during the stable sliding period (up to 50,000 revolutions) was about 5%. In the
accelerated wear zone (over 100,000 revolutions), this indicator increased to 12-15%, indicating non-uniform
destruction of the amorphous layer in different samples.

Regarding the wear rate Kw, in the first interval (up to 20,000 revolutions), its value remained minimal—
approximately 0.05 mm per 10,000 revolutions. This corresponds to a state where the amorphous layer still provided
protection against deep microdamage. During the moderate wear period (20,000-60,000 revolutions), when the layer
thickness decreased to 0.8-0.6 micrometers, the wear rate increased to 0.1-0.12 mm per 10,000 revolutions. This was
due to the depletion of the layer under the influence of mechanical and thermal loads and the exposure of the crystalline
material sublayer. When the thickness of the amorphous layer dropped below 0.5 micrometers, the wear rate reached
0.2-0.25 mm per 10,000 revolutions. This indicated the onset of dominant crystalline wear. At this point, microcracks
and fragmentation of the surface layer were observed, leading to a rapid deterioration of tribological properties. For
comparison, in the control samples without MRPM, the wear rate already at the beginning of operation exceeded 0.2
mm per 10,000 revolutions, and by 100,000 revolutions increased to 0.5 mm per 10,000 revolutions. This clearly
demonstrates that the amorphous layer after MRPM provided significantly better wear protection for a certain period
than the initial crystalline coating.

6. Discussion of the results.

After the formation of the amorphous layer, its thickness proves to be closely associated with the reduction of
the coefficient of friction between the contacting surfaces. In particular, in the so-called "hot spots"—areas where the
layer thickness reached approximately one micrometer—the surface was found to be virtually perfectly smooth, without
pronounced crystalline grains or sharp defects. Such a surface, free of microasperities, significantly reduced the
interaction between surfaces, which, in turn, contributed to a “self-lubricating” effect. On such an amorphous surface,
there are no distinct sliding directions, since the atomic structure does not exhibit classical crystalline order. When the
thickness of the amorphous layer decreased to 0.6-0.8 micrometers, the coefficient of friction began to gradually
increase. This is due to the formation of a transition zone beneath the thin layer, where signs of partial crystallization
already appeared. In this zone, the amorphous cells no longer performed the function of an effective barrier, and local
micro-roughnesses began to interact with each other, leading to an increase in friction. In the thinnest areas, with a
thickness of 0.2-0.4 micrometers, the amorphous layer was almost completely destroyed, and the surface acquired
properties similar to the original crystalline structure of D2 steel. Thus, the experimental results demonstrate that the
thickness of the amorphous layer directly affects the level of friction: from a minimum value at a thickness of about 1
um to values approaching the initial ones in the case of the thinnest layers. These observations confirm the known
notions about the mechanism of friction reduction due to the formation of the amorphous phase, in which there are no
flat sliding directions and there is a reduced tendency for debris formation. However, our data significantly refine this
concept, showing that it is not just the presence of the amorphous structure but its sufficient thickness that determines
the effectiveness of friction reduction. Unlike many literature studies, which record predominantly local formation of
thin layers, in our case, it was possible to clearly distinguish three zones: maximum thickness (~1 um), gradient zone
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(~0.6-0.8 um), and thin zone (<0.5 um). Each of these zones affects the coefficient of friction differently, allowing for a
more precise determination of when the transition from the “amorphous” to the “crystalline” friction mechanism occurs.

Experimental studies using different combinations of mechanical (normal) and electromagnetic (tangential)
impulses made it possible to identify the optimal parameters at which the maximum thickness of the amorphous layer is
achieved. The best results were observed when the power ratio between the tangential and normal components was
approximately 0,7 : 1,0, and the difference in vibration frequencies was 5-7 kHz. Under these conditions, in the "hot
spots," there was a twofold increase in the rate of defect accumulation in the crystalline structure. Local heating in these
areas reached an optimal level sufficient to prevent the grains from restoring an ordered lattice during cooling. This
created conditions for the fastest possible formation of the amorphous phase.

A nonlinearity effect in the resonant interaction was also observed. When the amplitude of one of the
components increased in the nonlinear mode, the resonance point shifted, resulting in the formation of two local zones
of peak energy accumulation instead of a single classical peak. This behavior led to the emergence of two “hot spots,”
accompanied by local variations in the thickness of the amorphous layer, up to its unpredictable increase in certain
areas. Sometimes such nonlinear interaction led to the formation of local defects (mini-pits) when the energy impact
exceeded the optimal threshold. Therefore, it is important to consider that an excessive increase in amplitude does not
always lead to an increase in the thickness of the amorphous layer: at certain values, mechanisms of recrystallization
and microstep formation begin to operate, which affect the uniformity of the layer.

The results of experimental studies of reliability functions showed that amorphization due to MRPM
significantly affects the durability of components. In particular, the reliability function curve clearly demonstrated a
threefold shift of the "50% failure point" compared to the untreated crystalline surface. This means that in practical
conditions, when half of the “shaft-bushing” assemblies already require repair, the MRPM-treated elements still retain
about 80% of their operational capability. Thus, this allows for significantly less frequent maintenance, reducing the
downtime of equipment caused by the replacement of worn parts. An economic analysis confirmed that investments in
the MRPM procedure pay off after the first usage cycle due to the increased maintenance interval. Despite the rather
high cost of equipment and significant energy consumption, the profitability of implementing MRPM in medium- and
large-scale production is beyond doubt. Each “shaft—bushing” in such production can obtain an amorphous layer with
minimal thickness deviations, ensuring stable operating life of 600-650 hours without the need for additional repair
operations.

However, despite the positive effect, attention should be paid to some limitations that affect the accuracy of
experimental data and their interpretation. Firstly, the use of scanning electron microscopy (SEM) and atomic force
microscopy (AFM) produced an error of up to £0.05 pum, which, with a total thickness of up to 0,2 um, could lead to an
error of up to 8%. Secondly, even slight deviations in the phase of normal and tangential vibrations caused local
variations in the thickness of the layer, which was reflected in the heterogeneity of tribological characteristics. Thirdly,
in laboratory conditions, the cooling rate after the impulse was stable, but in industrial environments, where it is
difficult to ensure precise temperature control, uneven cooling is possible, which can lead to partial recrystallization of
the amorphous layer.

When forming amorphous layers using single-phase methods (laser or electromagnetic treatment), the layer
thickness usually does not exceed 0.7-0.8 um. In these cases, the coefficient of friction can be reduced by only 10-15%.
However, this is not enough to significantly increase the service life of components, since the maintenance interval in
such studies increased by only 50-80% compared to the crystalline state. In contrast, in our studies, the application of
the two-component resonant approach made it possible to achieve a layer thickness of up to 0,3 um, which provided an
almost threefold increase in service life.

The difference in our approach lies in the use of synchronized normal and tangential impulses. Unlike other
researchers, who usually applied either an alternating field to the crystalline surface or exclusively mechanical
vibrations, we combined these modes to create a deeper and more uniform amorphous layer. Additionally, our approach
includes a multi-level analysis—from SEM/AFM studies to long-term tribological tests and “shaft—bushing” stand tests.
This allowed not only to record the fact of friction reduction but also to establish a clear correlation between layer
thickness, its microstructural characteristics, mechanical hardness, wear resistance, and reliability functions. Most
literature sources usually investigate only one or two of these aspects, which limits the understanding of the method's
effectiveness. Furthermore, our work provides recommendations for industrial integration, which include phase tuning
parameters for optimal amorphization, economic calculations, and critical layer thickness limits for maintenance
planning. Unlike many studies that remain at the level of laboratory recommendations, our approach is aimed at
practical application in real production conditions.

7. Recommendations for further research.

It is necessary to focus on the development of an automated system for controlling and adjusting the phase
shift during MRPM. The use of high-speed position sensors, electronic phase detectors, and “fast” correction will
reduce the human factor and thus decrease the risk of forming irregularities and local defects.

It is recommended to conduct studies in which MRPM-treated parts will be operated under real load conditions
(temperature fluctuations, presence of abrasive particles, corrosive-aggressive environment) for extended periods. This
will allow an assessment of how well the amorphous layer retains its properties under harsh conditions and whether
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adjustments to processing parameters are required. Experiments should also be extended to other tool steels (e.g., M2,
S7), alloyed powder composites, and new composite materials (especially nanostructured mixtures). Since
amorphization mechanisms depend on thermal conductivity and plasticity, the ratio of amplitudes and frequencies
should be optimized for different alloys to establish universal algorithms for these classes of materials.

It is advisable to carry out more detailed calculations of the total cost of ownership (TCO), taking into account
overhead costs (prolonged equipment downtime, energy costs, maintenance of the MRPM system), as well as expenses
related to disposal or repair of components. This will help develop sound business cases for different industries and
scales of production.

Based on the obtained data, it is advisable to develop and standardize a step-by-step technological process
regulation:

1) surface preparation (polishing, cleaning);

2) selection of optimal amplitudes and vibration frequencies for the specific material;

3) adjustment of the phase shift between components;

4) control of temperature and cooling rate during each impulse;

5) measurement of layer thickness and hardness after each series of cycles;

6) criteria for terminating impulses and completing processing.

Such a regulation will minimize errors, ensure repeatability, and reduce the likelihood of local defects.

It is recommended to implement monitoring of the residual thickness of the amorphous layer in production
using a portable SEM scanner or ultrasonic probe. If the thickness approaches ~0.6 micrometers, it is necessary to plan
for repeated MRPM or replacement of the component, as this is where a rapid increase in the coefficient of friction and
wear intensity occurs. These thresholds can also serve as the basis for maintenance scheduling, helping to prevent
catastrophic failures. In repair shops where “shaft—bushing” assemblies are regularly restored, separate MRPM modules
equipped with mobile coils and compact piezo elements should be provided. This will enable on-site amorphization,
reducing transportation costs and possible equipment downtime.

Before launching high-speed MRPM production, it is necessary to conduct training programs for engineers and
operators, explaining the specifics of phase setup, data acquisition from thermocouples and strain gauges, and
interpretation of SEM/AFM results. It is also advisable to create a knowledge base (“expert database”) where best
practices and technical nuances for different materials and processing modes can be recorded.

8. Conclusions.

The distinction of this study from previous ones lies in the comprehensive consideration of the surface
amorphization process under the simultaneous action of two components of resonant vibrations: normal (perpendicular
to the contact surface) and tangential (parallel to the surface). Most existing studies focused either on the influence of
high-frequency tangential impulses in combination with static loads or exclusively on laser/electromagnetic single-
phase processes without considering the mechanical component. In the proposed approach, a method for synchronous
control of a hydraulic drive (for normal vibrations) and an electromagnetic drive (for tangential impulses) has been
developed and implemented. This interaction makes it possible to achieve the effect of high-frequency local heating
while simultaneously actively forming plastic deformation, which contributes to a much deeper and more homogeneous
formation of the amorphous layer.

Unlike most works that propose empirical relationships of the amorphous layer thickness from individual
parameters (frequency of one type of vibration or the value of the external magnetic field), a conceptual scheme is
formulated here that explains how exactly normal and tangential impulses interact in resonance. An analysis of the
superposition of these components was carried out, optimal power ratios P/P. and frequency divergence A®m were
identified to achieve the maximum level of local mixing of the material lattice and the formation of an amorphous layer
up to ~1.2 um thick. Experimental studies demonstrated that the superposition of synchronized normal and tangential
vibrations significantly enhances the formation of an amorphous layer. The uniqueness of this method lies in the fact
that, at the same energy expenditure, the thickness of the amorphous layer in the two-component resonance exceeds the
indicators of single-phase approaches by almost one and a half to two times. In the central "hot spots,” the layer
thickness reached about one micron and more, which significantly exceeded the usual values for single-phase
electromagnetic or laser treatment (= 0.7—0.8 microns). This result confirms that it is precisely the coordination of the
phases and amplitudes of the two vibration components that creates the most favorable conditions for the accumulation
of crystal lattice defects and the rapid transition of the material to the amorphous state.

The formed amorphous layer was characterized by increased hardness (equivalent to approximately 62—64
HRC) compared to the original crystalline material (58—60 HRC). This hardness level was observed in the central
areas where the layer thickness was the greatest. The gradual decrease in hardness with a decrease in the thickness of
the amorphous layer confirmed the gradient structure: in the zone where the thickness exceeded 0.8 microns, the
hardness remained at a high level, and approaching the limit of = 0.4—0.5 microns, the hardness already approached
the initial value. This indicates that the amorphous layer acts as a "protective barrier" to a certain depth, which allows
the contact surface to exhibit increased resistance to external loads. The formation of the amorphous layer caused a
decrease in the friction coefficient by approximately 8—10% during the first tens of thousands of operating cycles. This
was explained by the smoother topography, the absence of crystalline grains, and the microasperity interaction. The
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wear intensity during the formation period and the initial "life" of the amorphous layer was minimal (= 0.05 mm per
10,000 revolutions). Only after the layer thickness decreased below ~ 0.6 microns did the wear intensity begin to
increase sharply, transitioning from a "light" to an "accelerated" stage. In the untreated group, the wear intensity from
the first cycles was ~ 0.2 mm per 10,000 revolutions and continued to increase, which confirms the protective function
of the amorphous layer.

Bench tests of the "shaft-bushing" assembly showed that the MRPM-treated samples were able to operate
without serious signs of wear for approximately 480—600 hours (or 80,000—110,000 revolutions) before the
appearance of the first microcracks and critical wear (0.1 mm). In contrast, the control samples without MRPM failed
(appearance of microcracks) after 150—220 hours. Thus, the mean time between repairs in the MRPM-treated samples
increased approximately threefold. The constructed reliability functions show that at the point where 50% of the
samples no longer meet the criteria for trouble-free operation, the MRPM-treated samples still remain at over 80%
serviceability.

A comparative analysis of the costs of traditional replacement of the "shaft—bushing" assembly and the costs of
performing MRPM demonstrates significant savings. If the traditional replacement of one assembly for full resource
recovery requires conditionally 1000 units of expenditure and provides approximately 200—220 hours of operation,
then performing MRPM costs about 100 units and makes it possible to extend the resource to 600—620 hours. Thus,
the conditional cost of one hour of trouble-free operation with MRPM is approximately 20—25 times lower than with
the traditional approach. These figures indicate the high cost-effectiveness of the method, especially in large-scale serial
production or costly equipment downtime.
Although the study was performed on D2 steel, the obtained results indicate that the approach is generally universal and
suitable for various tool and structural steels with similar mechanical and thermal properties. The key element is the
adjustment of parameters (amplitudes and vibration frequencies) according to the thermal conductivity, plasticity, and
heat resistance of the specific alloy. This creates the potential for scaling the technology to other materials and
applications — from the defense industry to energy and heavy engineering.
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