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The article considers the process of ultrasonic burnishing of non-rigid parts with preliminary
clearance and investigates the influence of processing parameters on the quality of the surface layer. The
relevance of the study is obycnoenena the need to improve the accuracy, wear resistance, and durability of
machine parts while simultaneously reducing material consumption and manufacturing labor intensity. It is
shown that conventional machining methods are inefficient for manufacturing parts of complex geometry and
components made of difficult-to-machine materials; therefore, the application of ultrasonic surface plastic
deformation methods is considered a promising approach.

The study examines the process of radial displacement of a part under the action of the ultrasonic
burnishing force. Existing theoretical relationships for determining part displacement were analyzed, and it
was established that the known calculation models do not accurately describe the actual deformation process.
A refined relationship for determining part displacement based on the average burnishing force over the
vibration period is proposed.

Experimental studies were carried out on specimens made of steel 45, bronze BrOF 6.5-0.15, and
aluminum alloy D16T, which have different values of elastic modulus and rigidity. Burnishing was performed
using a carbide spherical tool with ultrasonic vibrations. To measure part displacement, a special
experimental setup equipped with a capacitive sensor and a dynamic displacement recording system was
developed. Experimental values of part displacement were obtained and compared with theoretical
calculations.

It was established that during ultrasonic burnishing with preliminary clearance, the magnitude of part
displacement significantly depends on the rigidity of the workpiece material and the tool penetration depth. It
was proven that, in order to ensure the required surface roughness and machining accuracy, the penetration
depth should not exceed 7 um, especially for parts made of materials with a low elastic modulus. The proposed
ultrasonic burnishing method makes it possible to effectively process non-rigid parts while ensuring high
surface layer quality parameters.

Keywords: ultrasonic burnishing, surface plastic deformation, radial deformation, preliminary
clearance, machining accuracy, surface layer, non-rigid parts, burnishing force, ultrasonic machining, elastic
modulus, surface quality.

Eq. 4. Fig. 1. Table. 1. Ref. 12.

1. Problem formulation

The modern development of mechanical engineering is characterized by increasing requirements for
the accuracy, reliability, and durability of machine parts and mechanisms [1-3]. One of the key directions in
improving manufacturing processes is ensuring high-quality parameters of the surface layer of parts, since the
surface condition largely determines the operational characteristics of products, including wear resistance,
fatigue strength, corrosion resistance, and fitting accuracy. At the same time, industry faces the task of reducing
material consumption, saving raw materials, and improving production efficiency, which requires the
implementation of new high-performance machining technologies [4, 5].

Traditional machining methods do not always ensure the required surface quality when manufacturing
parts with complex geometry, thin-walled or non-rigid structural elements, as well as components made of
difficult-to-machine materials. In addition, the use of modern materials with special physical and mechanical
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properties requires the development of new surface-forming methods that combine high productivity with the
ability to create a favorable stress—strain state in the surface layer [6].

A promising approach to solving these problems is the application of surface plastic deformation
methods, in particular ultrasonic burnishing [3-5]. The use of ultrasonic vibrations during machining makes it
possible to significantly reduce surface roughness, increase the hardness and wear resistance of the surface
layer, generate compressive residual stresses, and improve the operational characteristics of parts. Ultrasonic
burnishing is especially effective in the machining of non-rigid parts, where conventional surface strengthening
methods often fail to ensure process stability because of significant elastic deformations of the workpiece.

One of the important issues in ultrasonic burnishing is the radial displacement of the part under the
action of the processing force, which leads to variations in the tool penetration depth into the surface and,
consequently, to reduced machining accuracy and non-uniform roughness parameters. This effect is
particularly pronounced when machining parts made of materials with a low elastic modulus. Therefore,
investigating the deformation behavior of parts during ultrasonic burnishing and determining rational
processing parameters that ensure the required surface layer quality are highly relevant tasks.

2. Analysis of recent research and publications

Recent scientific studies in the field of surface treatment of machine parts indicate a steady trend
toward the development of ultrasonic surface plastic deformation technologies, particularly ultrasonic
burnishing, as one of the most promising methods for improving surface layer quality [7, 8]. A considerable
number of studies are devoted to investigating the physical and mechanical processes occurring in the contact
zone between the tool and the machined surface, as well as modeling the influence of ultrasonic vibrations on
the formation of surface microrelief and the stress—strain state of the surface layer.

Contemporary research demonstrates that the application of ultrasonic vibrations in machining and
burnishing processes makes it possible to reduce processing forces, improve process stability, and significantly
enhance surface quality [9]. In recent years, approaches to multiphysical modeling of ultrasonic machining
processes have been actively developed, including consideration of tool oscillatory motion, contact dynamics,
and the interaction of mechanical and wave effects within the material deformation zone [3, 4, 10].

A separate area of research is associated with the study of surface microtexturing and the formation of
functional surfaces with specified tribological properties [10, 11]. It has been established that ultrasonic
vibration promotes the formation of regular microdeformations, improves material distribution in the contact
zone, and enables control over surface roughness and microgeometry parameters. At the same time, researchers
note the complexity of predicting the final surface characteristics because of the nonlinear nature of the
interaction between the tool and the material, as well as the presence of impulse loading conditions.

Considerable attention has also been paid to radial ultrasonic burnishing and roller strengthening
processes, where the influence of vibration parameters, tool geometry, and machining conditions on
microrelief formation has been investigated [5, 11]. Recent studies show that ultrasonic energy significantly
affects the nature of plastic deformation in the surface layer, contributing to roughness reduction and the
formation of compressive residual stresses, which positively influence the operational properties of parts.

At the same time, modern publications do not sufficiently address the issue of radial deformation of
non-rigid parts during ultrasonic burnishing with preliminary clearance. In particular, the deformation behavior
of parts depending on their rigidity, elastic modulus, and tool penetration depth requires further investigation.
Existing models often fail to account for the real dynamic conditions of the process and the averaged character
of force action over the period of ultrasonic vibrations, which leads to discrepancies between theoretical
predictions and experimental results.

Thus, current research in this field is developing toward improving the physical and mathematical
models of the ultrasonic burnishing process, increasing the accuracy of predicting surface quality parameters,
and considering elastic deformations of non-rigid parts under real machining conditions. This determines the
relevance of further experimental and theoretical studies in this area.

3. The purpose of the article

The aim of this study is to investigate the process of radial deformation of parts during ultrasonic
burnishing with preliminary clearance, to analyze the influence of machining parameters on the magnitude of
part displacement, and to determine the conditions required to ensure the necessary machining accuracy and
surface roughness.
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4. Results and discussion

The application of ultrasonic vibrations in material machining processes is one of the promising and
advanced directions in the development of modern manufacturing technologies. The use of ultrasound makes
it possible to significantly increase machining productivity as well as improve the operational characteristics
of products, particularly the accuracy of geometric parameters and the stability of surface layer quality. An
important effect is the formation of compressive residual stresses in the near-surface layers, which contributes
to an increase in the fatigue strength of parts. In addition, a reduction in surface roughness and an increase in
wear resistance are observed, which is especially important for parts operating under conditions of intensive
friction.

Ultrasonic machining considerably expands the technological capabilities for processing difficult-to-
machine materials such as high-strength steels, heat-resistant alloys, and composites. In a number of cases,
this provides fundamentally new approaches to implementing technological operations that are difficult or
impossible to perform using conventional methods. Thus, the scientific and technical level of manufacturing
processes in modern mechanical engineering is significantly improved.

Special attention in burnishing process studies has been devoted to the influence of
microdisplacements of the part under the action of force contact with the tool. Even slight displacement of the
workpiece, on the order of several micrometers, in the proposed burnishing method [11, 12] leads to changes
in the tool penetration depth into the surface layer. This, in turn, causes variations in the burnishing force and
non-uniform formation of surface roughness along the generatrix of the part surface.

In this regard, a study of the displacement behavior of the part under the action of the burnishing force
during machining was carried out. In [12], based on the differential equation of part motion under the action
of an impulse radial force, a relationship describing part displacement was obtained, taking into account the
elastic properties of the technological system, the mass of the part, and the parameters of impulse loading. This
model makes it possible to analyze the dynamic response of the “tool-workpiece” system and to evaluate the
influence of machining conditions on process stability and the quality of the formed surface.

In [12], based on the differential equation of the motion of a part subjected to an impulse radial force,
the following relationship describing part displacement was obtained:
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where ¢ = arctg W ; Where (Kq) is the stiffness of the part in the horizontal direction; (wg) IS
the angular frequency of part vibrations; (v=c/co), where (c) is the viscous damping coefficient and (co) is its
critical value.

The same study also showed that at (w/wo > 3) (which is observed during ultrasonic burnishing), the
displacement of the part under the action of impulse forces is characterized only by the static term of
relationship (1), i.e.
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Substituting the values of (tk) and (T), we obtain:
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Experimental investigations of part displacement were carried out on specimens made of C 45 steel,
aluminum alloy D16T, and bronze BrOF 6.5-0.15. The selection of these materials was o6ycrosineHa by the
fact that they possess different elastic moduli and, consequently, parts made from these materials with identical
dimensions exhibit different stiffness values. The specimen length was
100 mm and the diameter was 10 mm. During machining, the specimens were mounted between centers.

Burnishing was performed under the following conditions: vibration amplitude &= 15 pum, preliminary
clearance o varied from 0 to 15 um, feed rate S = 0.02 mm/rev, and cutting speed V = 100 m/min. A carbide
spherical tip made of VK15 hard alloy with a sphere radius R = 2 mm was used as the burnishing tool. During
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burnishing, the vibration amplitude and frequency, the tool-workpiece contact time, and the burnishing force
averaged over the vibration period were measured according to the procedures described above. The horizontal
stiffness of the parts was calculated using the relationship presented in [12]. For steel specimens, it was 4.95
mN/m; for duralumin specimens, 1.67 mN/m; and for bronze specimens, 2.59 mN/m.

For comparison of displacement values, conventional burnishing (without ultrasound) was additionally
performed. In this case, the tool penetration depth was equal to that used during ultrasonic burnishing. The
experiments showed that conventional burnishing of parts with such stiffness values is impossible because the
displacement of the parts under the action of the radial force exceeds the tool penetration depth, causing the
tool to slide over the surface without producing plastic deformation.

During the experiments, the maximum displacement of the parts was measured in the plane located at
an equal distance from the specimen ends. The measurement of part displacement under the action of the radial
burnishing force was carried out according to the procedure developed by the authors. The measurement
scheme is shown in Fig. 1.

O —— |
e L
Fig. 1. Scheme for measuring part deflection:
1 — workpiece; 2 — sensor; 3 — E12-1 measuring device; 4 — S8-12 oscilloscope; 5 — amplitude

rectifier; 6 —N115 strip-chart oscilloscope; 7 — position sensor; 8 — slider; 10 — galvanometer;
11 — DC power supply

The workpiece 1 is mounted between the machine centers. To eliminate radial runout, the workpiece
is mpenBaputenbHO turned. A capacitive sensor 2 is positioned near the workpiece, and a specified capacitance
between sensor 2 and workpiece 1 is set using the E12-1 measuring device 3. Sensor 2 is a semi-ring made of
12Kh18N10T steel mounted on a holder. Using a micrometric screw, the semi-ring can be displaced in the
radial direction to set the required capacitance between the sensor and the workpiece. The sensor holder is
electrically insulated from the machine-tool carriage and moves together with the tool during machining.

Under the action of the burnishing force, the workpiece bends and the distance between the sensor and
the workpiece decreases, while the capacitance of the “workpiece 1 — sensor 2” system increases, which is
recorded by device 3.

To record dynamic displacements, an S8-12 electronic oscilloscope 4 was connected to the output of
measuring device 3. An amplitude rectifier 5 was connected in parallel to the oscilloscope input, and its output
was connected to an N115 strip-chart oscilloscope 6, which recorded the part displacement on paper.

Calibration of the sensor was carried out as follows. Using a micrometric screw, sensor 2 was brought
close to workpiece 1 and the capacitance was measured. Then sensor 2 was successively moved toward
workpiece 1 in increments of 0.5 pm. At each change in the distance between the sensor and the workpiece,
the change in capacitance of the “sensor—workpiece” system was recorded using devices 3, 4, and 6. The
change in the distance between the tool and the workpiece was monitored using an M217 instrument.
Calibration graphs were plotted based on the obtained measurement data.

To determine the location of part deformation along its length, a position sensor 7 was used (Fig. 1).
A potentiometer of type SP3-23 served as the sensor. It was mounted on the machine-tool guideways, while
the potentiometer slider 8 was rigidly connected to the lower carriage of the tool post. A DC power supply 11
was included in the electrical circuit, and the sensor was connected to galvanometer 10 of the strip-chart
oscilloscope 6. When slider 8 moved together with the lower carriage of the tool post, the electrical resistance
of the circuit changed and, consequently, the electric current varied. The oscillogram of carriage displacement
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represented a straight line inclined at a certain angle, while the carriage position corresponded to the ordinate
of a point located on this line.

In addition to the above-described procedure, a strain-gauge center was also used to measure part
displacement. During the experimental investigations, it was established that the calculated displacement
values obtained using equation (3) and the experimental values differed significantly. In our opinion, this can
be explained by the fact that the author of [3] assumed that the maximum force (N) acts on the part during the
entire period of tool-workpiece contact, although according to equation (1), this is not the case.

Therefore, the values of part displacement were calculated and compared with experimental data using
the following relationship:

P,
x = (4)
ka

where (P) is the average burnishing force over the vibration period, determined experimentally or by
calculation.

Table 1 presents the experimental (Exp.) and calculated (Calc.), according to equations (3) and (4),
values of part displacement during ultrasonic burnishing with preliminary clearance.

As can be seen from Table 1, the displacement values calculated using equation (3) differ significantly
from the experimental results. Therefore, for displacement calculations, the relationship proposed in this study
(equation (4)) should be used.

Table 1.
Experimental and calculated values of part displacement during ultrasonic burnishing with preliminary
clearance
Displacement, pm
Depth of C 45 steel BrOF 6.5-L5 tin-pho sphot 1y 61 1 minum alloy
penetration, pm bronze
Calc. | Calc. Exp. Calc. | Calc. Exp. Calc. Calc. Exp.
1 0,09 0,01 0 0,24 0,04 0 11 0,8 1
3 0,5 0,07 0 1 0,22 0 34 1,8 2
5 11 0,22 0 2,3 0,58 0,7 6,2 2,9 3
7 2 0,5 0,5 39 1 1 9,5 3,9 35
9 3,2 0,85 1 6 1,72 2 13,4 5,16 55
11 4,8 1,4 1,7 8,4 2,65 3 17,4 6,35 6,5
13 6,6 2 2 11,3 3,65 3,5 22 7,65 8
15 8,7 2,9 2,5 14,6 4,9 55 27,1 8,9 8,5

5. Conclusion

Based on the conducted experimental and theoretical investigations, it has been established that the
proposed ultrasonic burnishing method is effective for machining non-rigid parts made of materials with
different physical and mechanical properties. Its application ensures stable formation of a high-quality surface
layer due to the combination of ultrasonic vibrations and a controlled surface plastic deformation process,
which enables a reduction in surface roughness and an improvement in machining accuracy.

It has been found that the key parameter determining process stability and the final surface
characteristics is the tool penetration depth. Exceeding the critical value leads to an increase in radial
displacement of the workpiece, which is especially pronounced for materials with a low elastic modulus and,
consequently, results in deterioration of the geometric accuracy of the machined surface.

It has been established that, to ensure the required surface roughness and machining accuracy, a
rational limitation of the tool penetration depth is no more than 7 um. Adhering to this technological parameter
makes it possible to minimize elastic deformations of the “tool-workpiece” system, stabilize the burnishing
force, and ensure reproducibility of machining results.

Thus, the developed ultrasonic burnishing method can be recommended for practical use in mechanical
engineering production when machining non-rigid parts, as it ensures improved surface layer quality under
rational selection of process parameters.

Future research directions are related to the improvement of physical and mathematical models of the
ultrasonic burnishing process, taking into account the nonlinear elastoplastic behavior of materials and the
dynamic interaction between the tool and the workpiece surface. It is also advisable to expand experimental
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studies to a wider range of materials, including composite materials and high-strength alloys, as well as to
investigate the influence of frequency and amplitude parameters of ultrasonic vibrations on process stability.
Special attention should be given to optimizing tool design and developing active control systems for
penetration depth to compensate for elastic deformations of non-rigid parts in real time.
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JOCJII)KEHHS PAJIIAJIBHOI TE®@OPMAIIIl HEXKOPCTKUX JTETAJIEA ITIPU
YJbBTPA3BYKOBOMY BUI'JIAT’)KYBAHHI 3 NIONEPEJHIM 3A30POM

Y cmammi posensnymo npoyec ynompazeyKo8o20 6Uena0XCY8AHHS HeHCOPCMKUX Oemaneu i3
NONEPeoHiM 3a30pOM Ma OOCNIONCEHO 6NAUS Nnapamempie 006poOKU HA AKICMb NOBEPXHEeB8020 ulapy.
Axmyanvnicms  pobomu  00ymosiena HeoOXiOHICMIO NIOBUWEHHS MOYHOCMI, 3HOCOCWMIUKOCMI ma
008206IYHOCMI Oemaineil MAWuH Npu OOHOYACHOMY 3HUNCEHHI MeMAr0EMHOCMI ma MpYyOOoMiCmMKOCHI
supobnuymea. Ilokasano, wo mpaduyitini memoou mexauiunoi oOpobKU € ManoeexmusHuMY npu
8UCOMOGNIeHHI Oemanell CKIAOHOI ¢hopmu ma Oemanei i3 6a’CKOOOPOOIOBAHUX MAMepianie, MoMy
NepCneKmMUsHUM HANPSAMKOM € 3ACMOCYS8AHHA  VIbMPA3EYKOBUX MemoOi6 NOBEePXHeB020 NAACHUYHOO
oepopmysans.

Y pobomi docnioxceno npoyec padianbHozo 8i0MuUcKysanus oemaii nio 0i€io CUIU YabmpazeyKoeo2o
suenaoxcysanns. Ilposedeno ananiz icHylOUUX meopemuyHux 3aiexicnocmelt 0 GUSHAYEHHS nepemiljeHHs
oemaini ma 6CMano6IeHO, WO BI0OMI PO3PAXYHKOBI MOOei He0OCMAmMHbO MOYHO ONUCYIOMb PEeaNbHULL NPOYeC
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Odepopmayii. 3anponoHoBano YMOUHeH) 3aNedHCHICMb Ol 8U3HAYEHHS BIOMUCKYBAHHA Oemdli Hd OCHOS8I
CcepeonbOol cUnU 8U2IAOIICYBANHS 3a NePiod KOIUBAHD.

Excnepumenmanvui docniodcenus 6uKoHano Ha 3paskax 31 cmaii 45, 6pousu bpO®D 6,5-0,15 ma
amominicgoeo cnaagy 16T, saxi marome pisHi 3HAUEHHS MOOYISL HPYICHOCMI MA  HCOPCMKOCHI.
Buenaoocysannsa  npoeoounu  meepoOOCnAaA8HUM — CepudHUM — [HCHMPYMEHMOM i3 GUKOPUCAHHAM
VAbMPA3BYKOGUX — KOAUBAHL.  JIsl  GUMIDIOBAHHS — NepeMiljeHHss  Oemani  po3pOoONeHO  CHeyianbHy
EeKCNepUMEeHmManbty YCMaHo6Ky 3 EMHICHUM OamMYUKOM ma CUCMEMON pecCmpayii OUHAMIYHUX nepemiujens.
Ompumano excnepumMenmanbHi 3HAYEHHS BIOMUCKYB8AHHA Oemani ma HpPoB8edeHO IX NOPIGHAHHA 3
MeopemuyHUMU PO3PAXYHKAMU.

Bcemanosneno, wo npu  ynempazeyko8omy 6uenaoddicy8aHui 3 NONEPeOHiM 3A30pOM  GelUdUHA
BIOMUCKYBAHHA CYMMEBD 3ANEAHCUMb 80 HCOPCMKOCMI Mamepiany Oemani ma 2nuOUHU 8NPOBAOIHCEHHS
incmpymenma. J{oeedeno, wo 011 3abe3nederts HeoOXiOHOI WopCMKOCmi NOBePXHI ma MOYHOCMI 0OpOOKU
2NUOUHA BNPOBAVICEHHS He NOGUHHA NepesuLyy8amu 7 MKM, 0COOIUB0 051 Oemaliell i3 Mamepianie iz HU3bKUM
MoOyeM NpydscHOCHI. 3anponoHo8anHuti CRoOcib Yibsmpazeyko8020 GUIIAONCYBAHHS 003605€ ePeKmuUGHO
00pobssmuU HexxcopcmKi Oemaini ma 3abe3neyysamu UCOKi napamempu sIKOCHi NOBEPXHE8020 uwlapy.

Knrouoei cnosa: yiompasgykoee 6u2iadincy8ants, nogepxuHese niacmuine 0eq)Opmysants, paoiaivbHa
Odepopmayis, nonepedHiti 3a30p, MOUHICML 00POOKU, NOBEPXHEGUU WAD, HENCOPCMKI Oemani, Ccuia
BUSTAOIICYBAHHS, YILIMPA3BYKOBA 0OPOOKA, MOOYIb NPYHCHOCHI, AKICHb NOBEPXHI.

@. 4. Puc. L. Taon. 1. Jlim. 12.
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