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Abstract

The transformation of the groove shape in a rotary-type regular micro-relief with varying degrees of groove
loop overlap, simulated by an increase in the rotary tool feed rate, is considered. A search was conducted to find
the optimal groove shape for partially regular micro-reliefs formed by the rotary method, subject to ensuring the
optimal value of the planar heterogeneity coefficient of the groove area distribution. Graphs illustrating the planar
heterogeneity of the groove area distribution were constructed for groove shapes formed at tool feed rates of f, =
2,2.5,and 3.5 mm/s. It was established that as the longitudinal spindle feed rate increases, the planar heterogeneity
coefficient of the groove area distribution, k,, decreases in both the axial direction and the direction perpendicular
to it. Concurrently, the parameters Rxmax and Ryaver increase, whereas Rymqr and Ryaver decrease. The relative area
of the micro-relief also decreases as a result. Thus, it is proven that increasing the tool feed rate at a constant
rotational speed leads to an increase in the heterogeneity of the groove area distribution for a partially regular
micro-relief formed by the rotary method. Optimization of the micro-relief creates a favorable profile of
compressive residual stresses, preventing the propagation of microcracks. As the tool feed rate increases, the
number of groove intersections decreases from 4 to 2, and the shape itself becomes elongated in the axial direction.
Correspondingly, the planar heterogeneity coefficients kgx decrease from 0.69 to 0.48, and gy decrease from 0.71
to 0.6. The overall relative area of the micro-relief, F,,, drops sharply from 68.48% to 45.9%, which is a critical
parameter for determining the load-bearing capacity of the component surfaces.
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Introduction

Enhancing the operational characteristics of the working surfaces of machine components through
technological methods is a highly relevant objective for researchers in the field of surface engineering. In this
context, novel types of surface structures capable of providing the required level of operational properties over a
specified service period are being investigated. One of the effective approaches to achieving such properties is
surface regularization. It involves the creation of asperities with a predetermined shape, dimensions, and spatial
arrangement, which contributes to the improvement of the physical and mechanical characteristics of the surface.
The primary purpose of regularization is to reduce the proportion of random asperities with uncontrolled shapes
and sizes. The fraction of ordered micro-asperities is characterized by the relative area of the micro-relief, which
is defined as the ratio of the area of the regular micro-asperities to the total area of the surface on which they are
formed. It is this specific parameter that significantly influences the operational properties of the surface, and its
optimal value is determined taking into account specific operating conditions. In this regard, investigating the
features of new types of regular and partially regular micro-reliefs represents a crucial stage in the search for
rational forms of regular micro-asperities capable of ensuring the specified operational characteristics for the
working surfaces of machine components.
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The creation of new types of regular and partially regular micro-reliefs opens up new possibilities for
ensuring enhanced operational properties of the working surfaces of machine components. Traditional micro-relief
groove shapes—triangular and sinusoidal-although providing a high degree of micro-relief regularity, still remain
difficult to form on general-purpose machine tools. This is associated with the challenge of ensuring the regularity
of the micro-relief grooves, which is particularly evident on long surface sections. Furthermore, the mechanisms
that provide a periodic groove profile with a specific amplitude and a symmetrical arrangement of the groove
elements necessitate special tooling and require additional balancing, which consequently complicates the design
of the respective equipment.

Working surfaces in the form of cycloidal curves are widely used in cycloidal drives [1], which are
employed as actuators in industrial robots, machine tools, aerospace, and other industrial sectors. These
transmissions provide a high gear ratio, low weight, compact dimensions, high precision, and impact resistance
[2,3].

As is known, the primary parameter determining the operational properties of a surface with a regular
micro-relief—specifically, the coefficient of mutual friction—is the relative area of the micro-relief, which depends
on the total area of the micro-relief grooves [4].

While the area of micro-relief grooves of standard shapes and their intersections can be relatively easily
determined analytically [5, 6], calculating the area for complex groove shapes remains an unresolved task.

From the perspective of creating various types of micro-reliefs using a rotary tool, the study [7] is of
particular interest. The authors developed a mathematical model of the tool's kinematics and the resulting micro-
relief profiles formed by it, depending on its operating parameters. It has been demonstrated that face milling
allows for the formation of partially regular micro-reliefs featuring various groove shapes and spatial
arrangements—specifically, parallel grooves and grooves offset by a fraction of the pitch. Additionally, a 2-DOF
(degrees of freedom) vibration platform was developed to provide oscillation along the feed and cross-feed
directions during the micro-milling process.

The study [8] investigates the characteristics of forming trochoidal and elliptical grooves. Trochoidal and
elliptical modified trochoidal tool trajectories were analyzed, along with the distance between loops, overlap, feed
rate, and spindle speed. The proposed method for forming a micro-relief with such groove shapes allows for the
optimization of the tool trajectory in order to reduce surface roughness.

The formation of trochoidal micro-relief grooves ensures enhanced operational parameters of the surface,
specifically its microhardness [9], which can be increased by 60% relative to the initial value. This machining
method yields lower surface roughness parameters compared to conventional milling.

The positive impact on the uniformity of the distribution of surface micro-asperities during machining with
a rotary tool utilizing spherical deforming elements is presented in [10]. It has been proven that a radical
improvement in the degree of surface isotropy—specifically, an increase of over 80% — could be achieved by
employing tools that, in addition to the primary burnishing feed motion, feature an additional rotational movement
of the burnishing head (equipped with a greater number of burnishing balls or rollers).

The aim of this work is to determine the variation in the heterogeneity of the groove area distribution for
a rotary-type partially regular micro-relief with an increase in the axial pitch, as well as to identify the optimal
groove shape of a partially regular micro-relief formed by a rotary method, for which the value of the groove area
distribution uniformity coefficient is as close to the optimum as possible, i.e., to 1.

Research materials and methodology

An increase in the productivity of forming partially regular micro-reliefs is associated with an increase in
the feed rate of the deforming tool $f3. Increasing the feed rate while maintaining a constant tool rotational speed
leads to a change in the groove shape of the partially regular micro-relief formed by the rotary method. Altering
the micro-relief groove shape results in a redistribution of microhardness in the vicinity of the groove, which
significantly affects the uniformity of the groove distribution across the plane where the micro-relief is formed.
Thus, the uniformity of the groove area distribution across the plane leads to a uniform distribution of surface
microhardness. With a dense arrangement of grooves, corresponding to low feed rate values, the plastic
deformation zones from adjacent indenter passes overlap. This leads to the formation of a continuous or more
uniformly hardened layer with increased microhardness. When the loops are stretched, corresponding to high feed
rate values, the hardening becomes local (only within the zone of the grooves themselves), while areas with the
initial hardness remain between them.

Plastic deformation generates beneficial compressive residual stresses in the surface layer. Modifying the
shape of the groove mesh allows for the formation of a specific framework of compressive stresses. The optimal
loop density creates a favorable stress distribution profile that prevents the initiation and propagation of
microcracks.

There is an optimal value for the relative groove area (typically within the range of 25-40%, depending on
operating conditions). Deviations from the optimal trajectory shape (excessive overlap or, conversely, an
excessively sparse mesh) lead to a reduction in wear resistance due to decreased load-bearing capacity or
insufficient lubrication, respectively.
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As is evident, an increase in the feed rate results in a decrease in the number of micro-relief groove
intersections. In Fig. 1a, the number of intersections is 4; in Fig. 1b, it is 3; and in Fig. lc, it is 2. The number of
groove intersections and the distance between them, /; (Fig. 1), constitute some of the most critical parameters
determining the surface topology. At the intersection points of the tool trajectories, specific nodes are formed
where the material is subjected to a dual deforming impact. This creates distinct conditions that differ significantly
from areas featuring isolated grooves. At the groove intersection points, the indenter passes twice, which leads to
more intensive plastic deformation. Consequently, at the intersection nodes, the microhardness of the material
reaches its maximum values, and the depth of the hardened layer is the greatest compared to other regions of the
surface. If the number of intersections is excessively high (indicating a very dense mesh), the repeated plastic
deformation of the same metal micro-volumes can lead to the exhaustion of its plasticity — a phenomenon known
as over-work hardening. This causes the formation of microcracks, the flaking of the surface layer, and a sharp
reduction in fatigue strength.

To determine the variation in the uniformity parameters of the groove area distribution on the plane where
the partially regular micro-relief is formed, we will simulate an increase in the tool's traverse speed — that is, an
increase in its feed rate — which will result in a corresponding increase in the axial pitch 7, of the micro-relief
grooves. The formed grooves possess an identical amplitude value, 4,, but differ in their axial groove pitch values,
T,. The coordinate grid in the figure is specified in millimeters (Fig. 1).
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The essence of the method for determining the planar heterogeneity of the groove area distribution in
regular or partially regular micro-reliefs is described in detail in [11]. This method allows for determining the
optimal mutual arrangement of the micro-relief grooves, at which their area will be distributed most uniformly.
This will ensure consistent operational properties of the surface with a regular micro-relief across any of its regions.

The method for determining the planar heterogeneity of the groove area distribution involves determining
several parameters, specifically the planar heterogeneity coefficient k,, and the parameters R,uux and Raver.

The heterogeneity coefficient k, is defined as the ratio of the average value Ray.r to the maximum groove
height Ryax.

Raver
“T R v
X

The value of this coefficient is determined in the axial or transverse directions. Under the condition of a
completely uniform distribution of the groove area, the value of the coefficient will be 1. The degree of proximity
to this value reflects the level of uniformity of the groove area distribution in the selected direction.
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The average value of the groove cross-section is determined by the formula:

R, == )

where hygi (hxgi) — height of the i-th segment on the corresponding planar heterogeneity graph, mm.

The calculated height values /Ay are determined within the axial pitch 7 for the axial planar heterogeneity
graph, whereas the height values /iy, are determined within the transverse pitch of magnitude 244+b, for the
transverse planar heterogeneity graphs. The value A; corresponds to the groove amplitude, and b, to its width.

For comparison, we will simulate the groove shape of a rotary micro-relief during its transformation as
the feed rate increases. The parameters of the micro-relief groove are as follows: R, = 2 mm; ng = 1 rev/s, and
groove width by= 0.5 mm.

To determine the main parameters of the uniformity of the groove area distribution, it is necessary to

construct graphs of their planar distribution (Fig. 2).
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The results of determining the parameters of the graphs of planar heterogeneity of their area distribution,
obtained by increasing the axial pitch through an increased tool feed rate, are presented in Table 1.

As is evident from Table 1, the coefficients of planar heterogeneity of the groove area distribution
decrease with an increase in the tool feed rate and the axial groove pitch.

Table 1
Values of parameters and coefficients of planar heterogeneity for grooves of a rotary-type partially
regular micro-relief

Measurement parameters Feed rate
Je=2 mm/s f2=2,75 mm/s £=3,5 mm/s
Rotas 171 1,99 2.97
Rxaver 1,18 1,08 1’41
ke 0,69 0.54 0.43
Rymax 3,76 3,26 2’86
Ryaver 2,66 2,1 1 1’72
key 0,71 0,65 0.6
Fu, % 68,48 54,33 459

Moreover, this decrease occurs both along the axial line of the groove and in the perpendicular direction.
This indicates that, despite the groove amplitude remaining constant at 0.5 mm, the heterogeneity coefficient of
the groove area distribution along the Y-axis, kgx, decreased from 0.69 to 0.48. At the same time, the increase in
the tool feed rate led to an increase in the axial groove pitch. As a result, its shape stretched in the axial direction,
which also led to a decrease in the uniformity coefficient of the groove area distribution, k.y, from 0.71 to 0.6.
Accordingly, the relative area of the micro-relief, F,, also decreased from 68.48% to 45.9%.

Conclusions

Based on the text of the provided article, the following conclusions can be formulated:

With an increase in the feed rate of the rotary tool (from 2 to 3.5 mm/s) at a constant rotational speed, the
heterogeneity of the groove area distribution for the partially regular micro-relief formed by the rotary method
increases.

As the longitudinal spindle feed rate increases, with a corresponding increase in the axial groove pitch, the
coefficients of planar heterogeneity of the groove area distribution decrease both in the perpendicular direction,
kex, from 0.69 to 0.48, and in the axial direction, kgy, from 0.71 to 0.6. The increase in the tool feed rate affects the
uniformity parameters of the groove area distribution; specifically, Rxymq increases from 1.71 to 2.97, and Rxaver
grows from 1.18 to 1.41. Conversely, Rymqx decreases from 3.76 to 2.86, and Ry, decreases from 2.66 to 1.72.

An increase in the feed rate from f, = 2 to 3.5 mm/s leads to a reduction in the number of micro-relief
groove intersections from 4 to 2. However, this simultaneously causes the groove shape to stretch in the axial
direction, which results in a substantial decrease in the overall relative area of the micro-relief, F,, from 68.48%
to 45.9%.
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3inuenko L.B., CaBuyk A.M., ®enis B.5., Kpyk O.}O. Tpancdopmariiss HEOTHOPIAHOCTI PO3IOALTY
TUTOIII KAHABOK YaCTKOBO PETYILIPHOTO MIKpopenbedy pOTAIIfHOTO TUIY 31 301IBIIEHHSIM OCBOBOTO KPOKY

PosrasiayTo Tpanchopmariii GpopMu KaHaBOK poTaiiitHoro PMP i3 pi3HHM CTyleHEM MEPEeKPUTTS BHUTKIB
KaHaBKH, sIKe 3MOJIEJIbOBAHO 30UIBIIEHHSAM MIBUAKOCTI IoJaui poTaliifHoro iHcTpymeHTy. [IpoBeneHo momryk
ONTHMAJILHOT (JOPMHU KaHABOK YAaCTKOBO PEryJSIPHUX MiKpopeibediB copMOBaHMX poTaliiHUM criocoOoM, 3a
YMOBH 3a0e3Me4YeHHs] ONTUMAaJIbHOIO 3Ha4YeHHs Koe(ili€HTa IUIOMIMHHOT HEePiBHOMIPHOCTI PO3MOALTY IUIOLI
kaHaBoK. [ToOynoBaHo rpadiky IIOMIMHHOT HEPIBHOMIPHOCTI PO3MOALTY IUIONI KaHABOK sl (hOPM KaHABOK
chopMoBaHUX NpH Tojadi iHCTpyMeHTy fz = 2, 2,5 ta 3,5 mMm/c. BeTaHOBNIEHO, IO 13 3pOCTaHHSM BEJIWYHUHH
TIOB3JIOBXKHBOI TMOJaui HIMUHJENS KOe(illieHT IUIOMMHHOI HEpPiBHOMIPHOCTI PO3MOALTY IUIONI KaHABOK K,
3MEHIIYETHCS K B OCbOBOMY TaK 1 B HEPIEHANKYJISIPHOMY /10 HBOTO HanpsMKy. [Ipu 1ibomy mapameTpu Rxmax T2
Rxaver 3pocTatoTb, @ Rymax Ta Ryaver 3MeHIIyIOTbCSA. BigHocHa muroma Mikpopenbedy HpH IbOMY TaKOX
3MEHIIYEThCS. TaKkMM YMHOM JIOBE/IEHO, IO NMpH 30UIBIIEHHI MIBUAKOCTI Mojadi iHCTPYMEHTY NpH HE3MiHHIN
yacToTi 0OepTaHHS HEPIBHOMIPHICTH PpO3MOJUTY IUIONI KAaHAaBOK YACTKOBO PETYJSIPHOTO MiKpopensedy,
c(hOPMOBAHOTO POTALIHHUM CITOCOOOM 301TBITYETHCS.

KurouoBi cjioBa: peryisipHi MikpopenbedH; KaHABKH; TUIOMIWHHA HEOJHOPITHICT; PO3MOALT TUIOIINH;
Koe]imieHT; KUTbKiCHA OI[iHKA; ITapaMeTpH
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