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Abstract

Introduction. The formation of the quality parameters of the surface layer and the operational properties of the parts
occurs throughout all stages of their manufacture. However, the decisive impact is most often exerted by the stages of
finishing. Therefore, in modern digital engineering, the task of process support of high quality of the surface layer of the
part is one of the challenges in solving the problem of improving the quality and reliability and increasing the life cycle
of manufactured machines. Surface plastic deformation treatment is instrumental in improving the performance
characteristics of machine parts. Its essence is that the required quality parameters of parts are obtained not by removing
a layer of material, but by plastic deformation. During the processing, both the dimensions of the parts and the physical
and mechanical properties of the surface layers are changed. In this case, the technologist has the opportunity to
significantly increase the life cycle of the manufactured products through controlling the process. These studies are aimed
at providing the required quality parameters of the surface layer under processing with an eccentric hardener.

Materials and Methods. The article presents the results of research on a hew method of surface plastic deformation
treatment — with an oscillating eccentric hardener. The considered processing method enables to obtain high quality of
the treated surface, to process large-sized parts in places that are stress concentrators, to process welds, small areas of
surfaces, whose hardening is needed for the part to fulfill its intended service. A set of theoretical studies was carried out;
their results provided determining the parameters of a single interaction of the indenter and the surface of the part, the
diameter of the plastic imprint and its depth.

Results. Dependences for determining the surface roughness, the depth of the hardened layer and the degree of
deformation were obtained. The resulting formulas were tested for adequacy by experimental studies.

Discussion and Conclusion. The obtained research results can be used in the technological design of surface plastic
deformation treatment processes. Further tasks for the study of the considered processing method are determined.
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AHHOTaLUA

Beseoenue. dopMupoBaHue MapaMeTpOB KauecTBa IMOBEPXHOCTHOTO CJOS M AKCIUTyaTallMOHHBIX CBOMCTB neranei
MIPOUCXOUT Ha MPOTSHKEHUH BCEX ITANOB UX U3roToBNIeHU. OJJHAKO pellarollee BIMSHUE Yallle BCEro OKa3bIBAlOT STAllb
¢uHMIIHON 00paboTku. IloaToMy B coBpeMeHHOM NHM(POBOM MAIIMHOCTPOCHHH 3ajada TEXHOJOTMYECKOro
obecrieueHHs BBICOKOTO Ka4yeCcTBa IMMOBEPXHOCTHOTO CJIOSl JAETalH SBJISAETCS OJHOM M3 BKHEWIINX NPU pEIICHUU
MIPOoOJIEMBI TTOBBIIICHUS KadeCTBa, HAAS)KHOCTH M yBEIMUCHIS KIU3HEHHOTO IIMKJIA IIPOU3BOAMMBIX MaIlnH. Bemymryro
pOIH B TOBBINICHWH SKCIDTYyaTAIMOHHBIX XapaKTEPHUCTHK JeTallell MamiH urpaer o0paboTka MOBEPXHOCTHBIM
IUTACTHYECKUM J1e(hOpPMUPOBAHHEM, CYIIHOCTH KOTOPOW 3aKIIOYaeTCs B TOM, YTO TpeOyeMble IapaMmeTphl KadecTBa
JIeTaJel JOCTUTAIOTCS He YIaJICHHEM CJI0s MaTeprala, a ero IacThIeckuM aedopMupoBanrneM. B mporecce 00paboTku
MIPOU3BOTUTCS U3MEHEHHE KaK Pa3MepOB AeTallel, Tak U PU3NKO-MEXaHHISCKUX XapaKTEPUCTUK MIOBEPXHOCTHEIX CIIOCB,
yirpaBJisid KOTOPBIMU TEXHOJOT MMECT BO3MOKHOCTH 3HAYUTCJIBHO YBCIWMYUBATH JKU3HEHHBIN TUKIT HpOHSBO}IHMOﬁ
MIPOAYKIIUU. LICJ'H)}O HaACTOAIUX I/ICCJ'Ie,HOBaHI/Iﬁ SIBIISIETCST  0OECIIcUeHHUE HCO6X0)11/IMI)IX napaMeTpoB KaudcCTBa
MOBEPXHOCTHOTO CJIOSI IPU 00pabOTKe SKCIEHTPHUKOBBIM YIPOUHHTEIIEM.

Mamepuanvt u memoodsl. B craTthe TNpenCTaBICHBI pPE3yJIbTaThl HCCICIOBAHMN HOBOTO MeEToga 00pabOTKH
MMOBEPXHOCTHBIM  IUIACTHYECKUM  Ie(POPMHPOBAHHEM — OCIIJUIAPYIOIIMM OKCICHTPUKOBBHIM  YIIPOYHHUTEIICM.
PaccmarpuBaeMbrii MeTon OOpaOOTKM TO3BOJIIET IIONYyYaTh BBICOKOE KadecTBO OOpabOTaHHOW ITOBEPXHOCTH,
OCYIIECTBIIATE 00pabOTKYy KpYyIMHOTaOApHUTHBIX JAeTalell B MecTaX, SBIMIOMIMXCA KOHIICHTPATOpPaMH HaNpsKCHUH,
00pabaThIBaTh CBapHBIC BB, HEOOIBIIAE YIACTKH HOBEPXHOCTEH, YIIPOUYHEHHNE KOTOPHIX HEOOXOIUMO IS BHITIOTHEHUS
NIETaTbI0 CBOETO CIYXKEOHOTO Ha3HAYCHHS. BEHIONHEH KOMIUIEKC TEOPETHYECKUX HCCIICHOBAHUMA, IO pe3ylbTaraM
KOTOPBIX ONPEACJICHbI NapaMETpbl €AWMHHUYIHOI'O BS&I/IMO[[CIZCTBI/ISI WHACHTOpPA C IMOBEPXHOCTHIO JAC€TAJIH, AUAMETP
IUTAaCTHYECKOTO OTIIEYaTKa U ero rIyOouHa.

Pezynomamut uccnedosanus. I1onydeHbl 3aBUCHMOCTH JUISL OINIPENENICHHS IIEPOXOBATOCTH IOBEPXHOCTH, IIyOWHBI
YIOPOYHEHHOTO CJios ¥ cremeHd jaedopmarpm. [lomyueHHble (OPMyJBI  MPOILIH POBEPKY aJeKBaTHOCTH
OKCIICPUMEHTAJIbHBIMHU UCCJIIEAOBAHUAMU.

Oébcyyncoenue u 3aknwuenue. IlomydeHHBIE pe3yNbTaThl HCCICIOBAHUNH MOTYT OBITh HCHOJNB30BaHBI IPHU
TEXHOJIOTHYECKOM IPOSKTUPOBAHUN TIPOIECCOB OOpPaOOTKH MOBEPXHOCTHBIM IUIACTHYECKUM Ae(pOpMUPOBAHHEM.

OnpeueneHH I[aﬂbHeﬁIHHe 3ala4yu 110 UCCIICAOBAHUIO pacCMAaTpUBacMOTro METOAa O6pa6OTKI/I.

KaroueBble cjioBa: OC]_II/IJ'IJ'H/IpyIOH.[I/Iﬁ HWHCTPYMCHT, 3KCLI€HTpHKOBBII>ll YIPOUHUTECIIb, HIEPOXOBATOCTH MOBCPXHOCTH,

IyOMHA YIPOYHEHHOTO CIIO0s, CTeNeHb Aedopmarmu

BJ'[aFOZIapHOCTI/I: ABTOPBI BhIpAXKAIOT 6HaFOI[apHOCTI> pPEeaaKINHU )KXypHaja U pEICH3CHTaM 3a BHUMATCIIbHOC OTHOLICHUEC

K CTaThC.

s uutuposanus. Tamapkua M.A., Tamapkusn 3.0., Xamam O. @opMHupoBaHHE Ka4eCTBA TIOBEPXHOCTHOTO CJIOS ITPH
OTJICJIOYHO-YIIPOUHsfoNIeil 00paboTke meraneil KCIEeHTpuKOBBIM ympounutesneMm. Advanced Engineering Research
(Rostov-on-Don). 2023;23(2):130-139. https://doi.org/10.23947/2687-1653-2023-23-2-130-139

Introduction. The reliability and durability of machine parts largely depend on the quality of their surface layer. From
numerous works on mechanical engineering technology, it is known that the formation of the quality parameters of the
surface layer occurs at all stages of their manufacture. However, the dramatic impact is most often exerted by the stages
of finishing. Therefore, in modern digital engineering, increased attention is paid to the production design of highly
efficient finishing operations of parts, which enables to respond to a challenge of increasing their life cycle. Surface plastic
deformation (SPD) treatment is critical in improving the performance of machine parts carried out under finishing
operations. In contrast to traditional cutting methods, the quality parameters of the surface layer in SPD are obtained
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through performing plastic deformation with special tools or working media. In the course of processing, simultaneously
with the change in the size of the processed parts, the physical and mechanical properties of the surface layers are changed.
In this case, the technologist has the opportunity to significantly increase the life cycle of the manufactured products
through controlling the process.

It should be noted that the widespread use of many SPD methods in industry is hindered by poor knowledge of their
basic laws, difficulties arising in the process of designing optimal combinations of processing modes, and design
parameters of the tooling. On numerous occasions, treatment modes are assigned on the assumption of the results of
private experimental studies, which provides low processing efficiency [1-6].

The objective of these studies is to provide the required quality parameters of the surface layer during processing with
an eccentric hardener.

Materials and Methods. The need for applying SPD under the conditions of modern machine-building industries
results in the creation of new processing methods. One of such methods is the processing of SPD with an oscillating
tool — with an eccentric hardener.

Figure 1 shows a kinematic diagram of an eccentric hardener consisting of vibrating body 1 suspended on flat
springs 2. Vibrations of vibrating body 1, acting normally to the treated surface, are excited by the rotation of eccentric
mass (unbalance) 3 around the vertical axis. The rotation axis of the eccentric mass is restricted from moving relative to
vibrating housing 1. The rotational motion is transmitted to the eccentric from electric motor 5 through flexible shaft 6.
Tool head 4 with an instrument of the appropriate geometric form is attached to housing 1. The motion of tool 4 is limited
by limiter 7 (a workpiece). In this case, the tool is an indenter with a spherical sharpening. It can be made in the form of
a roller or a ball. The vibration system in the eccentric hardeners can be represented as a single-mass system with two
degrees of freedom, which is under the action of a force varying according to the harmonic law. To study the system
dynamics, we consider the features of its free oscillation under the action of centrifugal vibration excitation and the nature
of the movement of the system hitting the limiter (a part).

Under free oscillation, the vibrating system fixed at the end of flat springs 2 (Fig. 1) performs harmonic oscillations,
which are excited by the rotation of eccentric 3 with a constant angular velocity.

The proposed device can be effective when processing formed parts of not the most complex profile, and in some
cases — when processing simple surfaces, such as planes or bodies of rotation.

First, it is required to check the possibility of providing a wide range of the energy of the impact of the tool head on
the surface of the workpiece in combination with relatively low altitude characteristics of surface roughness.

Due to the lower rigidity of a flat spring (in our case, two springs) in the X direction, in comparison to the stiffness in
the Y direction, the system describes a trajectory close to an ellipse with a larger semi-axis in the X direction. To analyze
the law of motion of the system, we decompose the trajectories along the X and Y axes.

The equation of motion of the center of gravity is nothing more than a mathematical expression of Newton's second law.

Fig. 1. Scheme of eccentric hardener: 1 — housing; 2 — flat spring; 3 — eccentric mass; 4 — tool head;
5 — electric motor; 6 — flexible shaft; 7 — limiter (workpiece)
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Fig. 2. Rotations of the housing of the hardener during vibrations

Research Results. To establish the main regularities of the process variables effect on the interaction of the oscillating
indenter and the treated surface, it is necessary to take into account the kinetic energy of the indenter, the number of
indenters, the radius of the indenter, the efficiency of the device, physical and mechanical properties of the
workpiece [1-6].

Taking into account all the forces acting on the moving indenter, it is possible to write the equation of motion of the
tool head in the Y direction:

dzy _ dy )

mCF_—cly—uE+mcamrm cosot—m.g, (1)
in the X direction:
d2x dx .
m —=—-CX—u—+m__ro?sinmt, 2
¢ dt2 Wt " e @
dz2 d2x " L .

where m°¥’ m°¥ — projections of the inertia forces of the system on Y and X axes, respectively; ci, y, cXx —
projections of spring resistance forces on Y and X axes; p,% , pi—i’— projections of the resistance forces of the medium
on Y and X axes;; Mg,rm2cosmt, Mg, rm2sinot — projections of the perturbing force on Y and X axes;

mcg — gravity (weight) of the vibrating system; m¢ — mass of the vibrating system; C1, C — spring stiffness in the Y and
X direction; p — resistance of the medium; mcan — mass of the eccentric; r— distance from the axis of rotation of the
eccentric to its center of gravity; o — angular velocity; t — current time value; y, X — current coordinate value.

Due to the significantly greater stiffness of the springs in the Y direction relative to the stiffness in the X direction,
the amplitude of the indenter movement in the Y direction is noticeably less than the amplitude in the X direction.
Therefore, we assume that the system performs harmonic oscillations only in the X direction, i.e., we consider an indenter
with only one degree of freedom.

If we neglect the damped oscillation, then the equation of motion will have the form:

x=bsin(at + ), ®)

where b — amplitude of the oscillations; p — phase difference between the exciting force and the movements of the
center of gravity of the indenter.

Substituting this expression into equation (2), we find:

2
cam

\/(C—wzmc)z + o’ 11

b , (4)
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Y (5)
c—w’m,
Value p is determined from the expressions:
oM.
= L ¢ y 6
om (6)

where o; — frequency of natural oscillations; & — logarithmic decrement of attenuation.
After differentiating equation (4) in time and examining the function at the extremum, we obtain an expression for
determining the maximum speed of the indenter:
3
V — mcamrw . (7)
\/(C—a)zmc)z +a’u’

The largest kinetic energy of the indenter is determined from the equation:

_ mVy mm2 r’e® ®)

c__cam

2 2Alc-o’m) +a’ ]

The analysis of the interaction of spherical indenters and a deformable half-space (the surface layer of the workpiece)
is described in the classical works of 1. V. Kudryavtsev [1, 2, 4, 5]. The diameter of the plastic print can be determined
from the dependence

9)

In this case, the depth of the plastic print can be defined as:

h:l T—~n, (10)
4\M-D,-HD

where T — kinetic energy of the tool head; HD — dynamic hardness of the part material (ratio of the impact energy of
the spherical indenter to the volume of the displaced material upon impact); Di — diameter of the indenter; n — efficiency
of the device; M — number of indenters.

When processing with an eccentric hardener, the roughness parameters of the treated surface can receive a constant
(steady-state) value, which is reproduced during further processing of the surface of the part. The relief of the resulting
surface can be both isotropic and anisotropic and is formed by repeatedly superimposing traces of a single interaction.

When the oscillating indenter interacts with the initial protrusions of the microasperity, its height decreases with a
simultaneous decrease in the depth of the cavities of the microasperity. With increasing processing time, the initial surface
roughness profile is completely reshaped. As a result, a new microrelief is formed, and it has a specific character for each
SPD method [7-19].

The finally formed roughness of the treated surface is called “established”. As a rule, its altitude parameters do not
depend on the initial one. They are formed under the specific conditions of each processing method and depend on its
process variables. Based on the methodology of papers [3, 4], a dependence was obtained for determining the steady-state
surface roughness during treatment with an eccentric hardener:

Ra=0.0075 |— " (11)
D, M -HD

The parameters of the surface layer hardening, which include the depth of the hardened layer and the degree of
deformation, have a major impact on increasing the life cycle of the machined parts. As a result of theoretical studies,
analytical dependences were obtained for their calculation during processing with an eccentric hardener:

(12)

(13)
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The above dependences correspond to the physical meaning of the phenomena occurring under processing, and have
been verified during complex experimental studies.

In the course of the experimental studies, samples from various materials often utilized for the manufacture of machine
parts were used: high-quality and alloy steels (steel 45, HVG, steel 30, steel 30HGSA, etc.), aluminum alloys (AL1, AVT,
D16, etc.). Flat samples were treated with an eccentric hardener under different modes. Ball and roller indenters were used.

According to the theoretical dependences, graphs of the dependences of the roughness of the treated surface, the depth
of the hardened layer and the degree of deformation on the processing modes, characteristics of working media and
processed materials were constructed.

In the graphs (Fig. 3-6), a solid line shows curves constructed according to theoretical formulas, and the dots show
the results of experimental studies. The construction of confidence intervals with a confidence factor of 95% has been
performed.

There is high convergence of the results, which indicates that the theoretical dependence reflects correctly the
phenomena occurring during the processing of SPD with an oscillating tool — an eccentric hardener.
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Fig. 3. Dependence of the surface roughness on the radius of the indenter:
1 — steel 45 sample material; 2 — HVG sample material
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Fig. 6. Dependence of hardening parameters on diameter of the indenter: a — depth of the hardened layer;
b — degree of deformation. 1 — steel 45 sample material; 2 — HVG steel sample material

Discussion and Conclusion. Based on the results of the conducted research, the following conclusions can be drawn:

1. A theoretical dependence has been obtained that provides determining the kinetic energy of the indenter under
processing with an oscillating tool — an eccentric hardener.

2. Dependences have been obtained for determining the diameter and depth of the plastic print, as well as the surface
roughness according to parameter Ra, the depth of the hardened layer and the degree of deformation that provide
predicting the quality of the treated surface.

3. The results of theoretical and experimental studies of the treatment process with an eccentric hardener were
compared. The discrepancy in the results did not exceed 15%.

4. The process under study is subject to further investigation in order to determine other parameters of the quality of
the treated surface, e.g., the magnitude of residual stresses in the surface layer, and [5, 6, 20] also to expand the range of
treatment modes and design parameters in order to determine their optimal range.

5. The dependences obtained for determining the key parameters of the surface layer quality make it possible to predict
the results of processing and can be used to design processes with an eccentric hardener.
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Tamarkin MA, et al. Surface Quality Forming under Parts Finishing and Strengthening Treatment with an Eccentric Hardener

3asnenennsiii 6x1a0 coasmopos.

M.A. TamapkuH — ¢GOpMHUpOBAHHE OCHOBHOHM KOHIICNIMHK, LEIM W 33Jaydl HCCICJOBAaHMS, HayYHOE
PYKOBOJICTBO, aHAJIH3 PE3yIbTATOB HCCIICIOBAHHM.

3.9. TumeHKo — MpOBECHIE PacueTOB, MOATOTOBKA TEKCTa, (OPMUPOBAHIE BEIBOIOB.

0.C.A. Xamam — npoBeJieHHe SKCIIEPUMEHTaIbHBIX HCCIIEeI0BaHUI, 00paboTKa pe3yIbTaTOB.

Moctynuaa B pexaxuuio 01.04.2023
Hoctynuaa nociae penensupoBanus 21.04.2023
Hpunsara k nyoaukanun 29.04.2023

KOHd)JZuKm uHmepecog: aBTOpPbI 3asBJIAIOT 00 OTCYTCTBUU KOH(i)J'II/IKTa HUHTEPCCOB.

Bce asmopul npouumanu u 0000punu oxonyamensHulll 6apUARM pyKORUCHU.
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