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Abstract. The basic regularities in the influence of processing parameters on the geometrical characteristics of the partially 
regular microreliefs, formed on the rotary body face surface, are established. Combinations of partially regular microreliefs 
are formed by using a contemporary CNC milling machine, and an advanced programing method, based on previously 
developed mathematical models. Full factorial experimental design is carried out, which consist of three factors, varied on 
three levels. Regression stochastic models in coded and natural form, which give the relations between the width of the 
grooves and the deforming force, feed rate and the pitch of the axial grooves, are derived as a result. Response surfaces and 
contour plots are built in order to facilitate the results analysis. Based on the dependencies of the derived regression sto-
chastic models, it is found that the greatest impact on the width of the grooves has the magnitude of the deforming force, 
followed by the feed rate. Also, it is found that the axial pitch between adjacent toolpaths has the least impact on the width 
of the grooves. As a result of the full-factorial experiment, the average geometric parameters of the microrelief grooves 
were obtained on their basis. When used, these values will provide for the required value of the relative burnishing area of 
the surface with regular microreliefs, and, accordingly, the specified operational properties.
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Introduction

Many vehicles and machines used in different industries 
and for various functional purposes employ a number of 
parts that work by using their face surface. Such parts in-
clude conical disks of variators, embedded in the automat-
ic transmissions of cars and harvester combines, parts of 
tapered and axial bearings, aircraft turbocharger flanges, 
valves of gas-distributing mechanisms in internal combus-
tion engines, sleeves and rods of hydraulic systems, etc. 
(Wang et  al., 2016; Ouyang et  al., 2011; Diltemiz et  al., 
2009; Pogodayev, 2004).

Hydraulic cylinders are traditionally used in aviation:
1) to create significant mechanical effort during bench 

tests of aircraft. They are widely used for testing air-
craft when it is necessary to reproduce flight alter-
nating loads. Hydraulic cylinders mounted on the 
stand pull and push the wing of the aircraft up and 

down, simulating the load during the flight (Vo-
ronkov, 2019);

2) in chassis designs for aircraft of different 
types:transport aircraft (Tu-204SM), helicopters: 
Ka-25, Ka-27, Ka-62, civil aviation aircraft: An-148, 
IL-86, IL-96, An-24, Tu-134, Tu-204, Tu-214 (Ko-
rneev, 2009);

3) in designs of ground towing devices of of aircraft 
(Lazarev et al., 2008).

Stringent requirements are placed on the wear resist-
ance of the contact surfaces of such parts, which in the 
long run provide for their service lifetime and efficiency.

Surfaces with regular microreliefs (RMR) could be 
used as an element for the contact surfaces of such parts, 
subjected to stringent requirements in terms of assur-
ing the needed accuracy between the conjugate surfaces. 
Such workpieces are also used in mechanisms like spool 
valves for oil and hydraulic systems in the aircraft, like 
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aileron control system, chassis release, and other systems. 
The plastic deformation of the surface layer in order to 
strengthen it, combined with the formation of certain 
RMR onto it, appears to be a prospective method for 
improving the physical and mechanical properties of its 
contact surfaces (Dzyura et al., 2017). The contemporary 
metal cutting machines controlled by a computer numeri-
cal control (CNC) system make it possible to significantly 
expand the scope of application of such methods. For ex-
ample, CNC milling (or lathe) machines are capable to 
form RMR of different types onto surfaces with different 
shape and size, without the need of a forced additional 
vibration (Slavov et al., 2021). This allows the ball burnish-
ing operation to be applied as a finishing processing of the 
contact surface of the part, within the typical operation 
sequence, using much simpler deforming tools, in com-
parison with the classical approaches for RMR formation.

One of the important RMR parameters is its relative 
area, i.e., the ratio of the area occupied by microrelief 
grooves and the total surface area, on which it is formed. 
This parameter mainly determines the performance prop-
erties of the surface with a partially regular microrelief. As 
shown by previous studies (Leshkenova, 2002), the width 
of the microrelief groove has the greatest influence on the 
relative area variation. Mathematical models of RMR are 
first defined by (Schneider, 1984), where the conditions 
for obtaining partially RMR of types I-III are derived. 
These studies have become the basis for developing GOST 
24773-81 standard, which specifies the RMR parameters 
formed on flat and cylindrical surfaces. The positive ef-
fect of RMR on the operational properties of the surface 
is confirmed by many researchers from various fields of 
science.

In particular, the RMR applied to the inner cylindri-
cal surface of the rod pump plunger pair is found to sig-
nificantly enhance the tightness of the movable joint and, 
consequently, its service life, as shown in Bakhtizin et al. 
(2017).

This is confirmed by research findings presented in 
Radionenko et  al. (2018), Kindrachuk et  al. (2014). The 
authors have found that the use of RMR with different 
geometric parameters can influence the friction and lubri-
cation conditions of the conjugate friction surfaces, thus 
preventing unacceptable conditions, in which the contact 
surface will be damaged. The ability to adjust the friction 
conditions of the workpiece surfaces is also an important 
prerequisite to achieve high reliability, long service life, 
and work efficiency of major aircraft equipment used. 
RMR can be applied onto surfaces of high-precision com-
ponents and units with conjugated relatively moving parts, 
such as, for instance, valves of oil and hydraulic systems, 
pump gear ends shielded by the elements of internal com-
bustion engines, and other equipment.

Research findings with regard to various-shape RMR 
grooves formed on the specimen surface, which affect the 
friction coefficient, the temperature in the friction zone 
and the surface ability to retain lubricants and wear prod-

ucts, are presented in Wu et al. (2016). The reduction of 
the friction coefficient leads to a reduced consumption of 
energy for driving the mechanisms, which can be very 
relevant in the aviation industry, as well as in any other 
vehicle industry.

In Zhang et al. (2019), research findings are presented, 
which indicate that a microrelief microstructure formed 
on the inner cylindrical surface of the cylinder liner, con-
tributes to the ability of this surface to retain the oil film. 
This property of the working surface of the cylinder liner 
improves the operational properties of the surface and ex-
tends the cylinder life, as a whole.

The results of the theoretical and experimental stud-
ies summarized in Stadnychenko and Varvarov (2019) 
are related to the tribosystems’ transition from normal to 
“abnormally low” friction, considering the thermodynam-
ics. The reason for this transition is that the microrelief is 
characterized by certain parameters, which are formed on 
the contact surface. This type of microrelief creates condi-
tions for micro-contact quasi-elastic interaction.

Improving the anticorrosive properties of the surface 
of magnesium alloy (Mg Alloy AZ31) after surface treat-
ment by plastic deformation in a manner close to the 
ball burnishing method is described in Cao et al. (2020), 
where the authors have conducted experimental studies 
using the Taguchi approach.

To determine experimentally the influence of a group 
of different factors on one or more dependent parame-
ters, it is advisable to conduct a full-factorial experiment. 
For contemporary mechanical engineering, conducting 
experimental research in order to study the influence of 
individual factors can be quite expensive. Therefore, a full-
factorial experiment that involves simultaneous changes of 
all studied factors is the most efficient solution. Designing 
and conducting a full-factorial experiment is described in 
detail in Krishnaiah and Shahabudeen (2012), Dyshunskyi 
(1998).

The practical use of the full-factorial experiment ap-
proach applied in the experimental investigation into the 
effect of the machining regime parameters on the qual-
ity parameters in blade machining is described in Hamdi 
et al. (2020), Nalbant et al. (2007), Zerti et al. (2017).

Similar experimental investigation is described in de-
tail in Slavov and Dimitrov (2018), Slavov et  al. (2020), 
where the results of a full-factorial experiment with four 
factors (i.e. the feed rate, the deforming force, the ampli-
tude of the deforming element and the number of oscil-
lations) are presented. According to the research findings, 
Pareto histograms are constructed, which show that the 
number of oscillations and the amplitude of the deforming 
element have a significant effect on the shape variation of 
the RMR cells.

An experimental investigation into the effect of ball 
vibroburnishing conditions on the main dimensional 
characteristics of the RMR grooves is conducted (Nagit 
et al., 2020). The input factors of the process are the ball 
diameter, the force and speed of the workpiece rotation. 
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The depth and width of the grooves formed by the balls 
onto the surface layer of the workpiece are measured, and 
empirical mathematical dependences are derived by math-
ematical processing of the experimental results. These de-
pendences indicate the impact of the input factors of the 
vibration processes on the geometric parameters of the 
groove. However, in this study, the influence of the feed 
rate as a processing parameter on the geometric param-
eters of the groove is not defined.

The results of the experimental investigation into the 
RMR formation, followed by chromium plating of a flat 
surface, are presented in Kyrychok and Lototska (2011). 
The authors have developed an algorithm for controlling 
the technological process of RMR formation by plastic de-
formation of flat surfaces of printing equipment parts. The 
algorithm takes into account a set of indicators related to 
the material, geometrical and physical-mechanical param-
eters, and the conditions of plastic deformation of the sur-
face. Depending on the material hardness and the RMR’s 
geometry, the algorithm selects the geometry and the pa-
rameters of the deforming tool. The material hardness is 
used to calculate the pressing force of the tool. The authors 
choose such parameters as the indentation force of the de-
forming element, its radius and the thickness of the chro-
mium layer deposited on the surface. These studies are 
interesting because they aim at developing the processing 
technology for RMR formation and provide the improved 
performance of the working surfaces of cylindrical parts.

In the contemporary machine-building production, 
CNC milling machines are increasingly used to form 
RMR. In (Kuzmin et  al., 2015), the authors suggest the 
technology of applying RMR on a flat surface, using a 
CNC milling machine. The equation of the tool center 
movement versus the input parameters is presented. The 
technique of creating a numerical control (NC) code for 
Siemens and Fanuc CNC systems for RMR formation by 
plastic deformation on flat surfaces is described. To visu-
alize the obtained microrelief, a WinNC simulator devel-
oped by EMCO (Austria) is used.

It is noteworthy that the deformation rate has a sig-
nificant impact on the surface layer quality in a fairly wide 
range (Schneider, 1984). As the deformation rate increas-
es, the amount of plastic deformation increases too, and 
the roughness of the treated surface decreases. However, 
this dependence has an optimum character. Finding the 
optimal value of the deformation rate, in which the rough-
ness still has minimal height, is considered an important 
research problem in this field. This could be an opportu-
nity to increase the ball burnishing operation productiv-
ity. Determining the functional relationship between the 
deforming force applied to the tool and the quality param-
eters of a workpiece is one of the main research objectives 
in the field of surface layer plastic deformation (i.e. ball 
burnishing operation).

The main objective of the current research is to obtain 
a regression stochastic model between the main param-
eters of the ball-burnishing operation: deforming force, 

feed rate, the axial step between adjacent RMR grooves, 
and the width of RMR grooves, that will provide the re-
quired relative area of the surface vibration with regular 
microreliefs, and, accordingly, the specified operational 
properties.

1. Description of the experimental setup for 
partially regular relief formation

Experimental study is conducted in order to test two theo-
retical hypotheses, in particular:

1) to confirm the correctness of the derived mathemati-
cal models that describe partial RMRs formed on the 
faces of the rotary body and given in Dzyura (2020);

2) to determine the influence of the regime parameters 
which characterize the partial RRM formation pro-
cess, such as deforming force magnitude, feed rate 
of the deforming tool movement, and partial RMR 
geometrical parameter (i.e. the axial pitch between 
the microrelief grooves), on the width of plastically 
deformed grooves obtained after applying the ball 
burnishing operations.

The experimental studies are performed using a test 
specimen made of steel C45 (EN 10083-2), which is shown 
in Figure 1. To obtain the coordinates required for con-
structing the V-shaped cyclogramic toolpaths of the ball 
tool, a derived mathematical model is used (Dzyura, 2020).
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where rn = rn–1 + S0; γd = 0.

Ak – amplitude of microrelief grooves, mm; rn  – ra-
dius of axial lines of continuous regular microroughness-
es, mm; xin, yin – coordinates of axial lines of continuous 
regular microroughnesses, mm; φi – instantaneous value 
of the angle when determining the coordinates of the axial 
lines of continuous regular micro-irregularities, deg; γd – 
the displacement angle of the axial lines of symmetry of 
the grooves, which have different radii of the axial lines 
of continuous regular micro-irregularities, deg; rel – the 
number of groove elements placed on the circle radius rn.

In order to form partial RMRs on the test specimen 
faces, which have specific characteristics, the points from 
the toolpaths shown in the Figure 2 are calculated by using 
this mathematical model.

The shape and dimensions of the test specimen (see 
Figure 1) are designed to provide large enough surface 
segments for all experimental toolpaths (see Figure 2) 
and in accordance with the technical specification of the 
production equipment used. Both specimen faces are 
previously machined by finishing turning before they are 
subjected to ball burnishing processing. As can be seen 
from Figure 2, one of the face surfaces is split into four 
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sections (Figure 2, a) and c)) and another one is split 
into five sections (Figure 2, b) and d)). In this way, the 
specimen provides enough useful surface area for con-
ducting a full-factorial experimental design with three 
factors. All nine sections provide the needed 27 areas 
with partial RMR formed under all combinations of the 
ball burnishing factor’s levels according to the chosen 
experimental design (see Table 1). All toolpath coor-
dinates are calculated by using an algorithm written in 
MathCAD based on mathematical models described in 
(Dzyura, 2020).

The machine tool equipment of the Department of 
Manufacturing Technologies and Machine Tools of the 
Technical University of Varna (Bulgaria) is used for 
conducting the physical experimental research. In par-
ticular, all ball burnishing operations are carried out on 
the HAAS TM-1 milling machine with CNC. A specially 
designed tool for ball burnishing adapted to work along 
with CNC equipment is used to form the partially regu-
lar microrelief (see Figure 3).

Figure 1. Test specimen shape and dimensions

Figure 2. Test specimen with marked points of the toolpath and sections: 1–2,…17–18 – the beginning and 
end points of the toolpath trajectory during the partial RMR formation; а), c) surface A of the test specimen; 

b), d) surface B of the test specimen

a) b)

c) d)
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The deforming tool used in the current experimen-
tal investigation is capable of providing a deforming 
force of up to 3200 N and can be adjusted precisely by 
changing the compression of the spring and by using 
the integrated miniature force sensor for its measure-
ment (see Figure 3, a). The measured deforming force 
can be recorded in real time on the (external) computer 
for further analysis. The ball diameter is 6 mm for all ball 
burnishing operations conducted in the experimental re-
search. Ball parameters are stipulated by GOST 3722-
2014. The balls are heat treated, and their hardness is 
from 82.3 to 84.5 HRA.

Deforming force magnitudes, tool feed rates and axial 
pitches of the grooves are chosen as variables. It is expect-
ed that these factors will have a significant effect on the 
width variability of the formed groove and, accordingly, 
the area of partially regular microrelief formed on the 
flat faces. In addition, these parameters are interdepend-
ent and can be easily amended during the ball burnish-
ing operations. According to the recommendations given 
in Schneider (1984); Nalbant et al. (2007), the deforming 
force ranges from 200 N to 600 N in order to achieve the 
deformation rates needed.

The effect of the axial step So on the groove width bk 
(see Figure 5, d) is only possible when its value is small 
enough, and the grooves are placed close enough to each 
other. Therefore, the axial step is in the range between 
2 and 4 mm with a pitch of 1 mm. The geometrical pa-
rameters of the partial RMR grooves are the same for 
all areas and sections of the specimen: amplitude – Аk = 
1  mm; number of elements in the interval 0...2π: nel  = 
180 pcs.; displacement coefficient – γd = 0; the shape of 
the partial RMR grooves is triangular. The toolpaths dur-
ing the ball burnishing operations are shown schemati-
cally in Figure 4.

As follows from the analysis of the previous research 
findings (Schneider, 1984; Kyrychok & Lototska, 2011), 
the groove formation process, which is the subject of the 

a) b) c)

Figure 3. Obtaining regular reliefs by ball burnishing (Slavov & Iliev, 2016): a) construction of the burnishing tool for 
forming RMRs; b) experimental setup for obtaining regular reliefs by ball burnishing; c) partially regular reliefs formed 

on flat surface of the test specimen by using the burnishing tool

Figure 4. Toolpaths defined by the coordinate points in the ball 
burnishing operations: а) in zone 1 at So = 2 mm; b) in zone 2 

at So = 3 mm; c) in zone 3 at So = 4 mm

a)

b)

c)
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current study, cannot be described by a linear model. Th is 
is because the response surface is dominated by regres-
sion equations that characterize the interaction eff ects and 
quadratic forms. To describe this relationship, it is neces-
sary to use second-order regression equations, in which 
each variable must vary at least at three levels. Generally, 
the second-order regression equation for three factors can 
be written as follows (Nalbant et al., 2007):

0 1 1 2 2 3 3 12 1 2 13 1 3
2 2 2

23 2 3 11 1 22 2 33 3 ,
kb b b x b x b x b x x b x x

b x x b x b x b x

= + + + + ⋅ + +

+ + +  (2)

where: bk is the sample estimation of the function studied 
(i.e. the width of the partial RMR groove formed on the 
rotary body faces in the present research);
0 1 2 3 12 13 23 11 22 33, , , , , , , , ,b b b b b b b b b b  are the sample coef-

fi cients of the regression equation (or the so called “re-
gressors”);
x1, x2, x3 are the independent variables, which in this case 
correspond to the main regime parameters of the ball bur-

nishing operation: axial step between grooves So, deform-
ing force Fd and feed rate fi.

Onto each of the above described nine sections, corre-
sponding partially regular microrelief with characteristics 
shown in Table 1 was applied by ball burnishing using the 
deforming tool shown in Figure 3.

Th e value of parameter bk is obtained by measurement 
using digital images with high resolution (Figure 5) for each 
of the 27 zones (areas) of the test specimen. A Digi Micro 
Lab 5.0+ digital microscope is used for that purpose.

Table 1. Values of variable parameters for the experimental 
research conducted

Experi-
ment

number
Section Area

Axial 
step of 

grooves,
So.i, mm

Deforming 
force,
Fd.i, N

Feed rate,
fin.i, mm/

min

1 1 1 2 200 500
2 2 3 200 500
3 3 4 200 500
4 2 1 2 400 500
5 2 3 400 500
6 3 4 400 500
7 3 1 2 600 500
8 2 3 600 500
9 3 4 600 500

10 4 1 2 200 1000
11 2 3 200 1000
12 3 4 200 1000
13 5 1 2 400 1000
14 2 3 400 1000
15 3 4 400 1000
16 6 1 2 600 1000
17 2 3 600 1000
18 3 4 600 1000
19 7 1 2 200 1500
20 2 3 200 1500
21 3 4 200 1500
22 8 1 2 400 1500
23 2 3 400 1500
24 3 4 400 1500
25 9 1 2 600 1500
26 2 3 600 1500
27 3 4 600 1500

Figure 5. Partially RMR formed on rotary body face surface 
with a diff erent axial pitch: a) general view of Section 9; 

b) at So = 2 mm; c) at So = 3 mm; d) at So = 4 mm

a)

b)

c)

d)
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Using Portable Capture Pro software, the actual di-
mensions of the groove widths bk.i.j are measured. Before 
measuring the partial RMR parameters of the cells, every 
image captured is calibrated using the etalon calibration 
ruler in accordance with the manufacturer’s calibration 
methodology.

2. Results from the experimental research

The analyzed dependences of the groove width on the 
axial distance, the deforming force and the feed rate show 
that the higher impact parameter is the deforming force. 
The increase over the entire range of the experimental 
studies leads to a monotonic nonlinear increase in the 
width of the groove formed.

To obtain reliable research results, statistical sam-
ples from ten measurement of the studied parameter are 
formed – the groove width bk.i.j. – where і is the ordinal 
number of the experiment (I = 1..27), j is the ordinal num-

ber of the groove width measurement (j  = 1..10). Thus, 
270 values of parameter bk.i.j. are obtained. The statisti-
cal series formed are checked for outliers according to 
Grubbs’ test (Kolker, 1976). If the statistical series prove 
to be inhomogeneous, the outlier is removed, and an ad-
ditional measurement of parameter bk.i.j is made. Then, 
using the small sample theory (Kryvyi et al., 2014), which 
is used for statistical samples with a small number of val-
ues, the mathematical expectation of the parameter bk.i. 
for each experiment, which is approximately equal to the 
average value, is determined. The results are summarized 
in Table 2.

After obtaining parameter bk for each of the experi-
ments, the regression coefficients are derived, and a sto-
chastic mathematical model is built, which describe the 
influence of axial step of grooves, deforming force and 
feed rate on that parameter.

Below is the groove width regression equation with 
coded coefficients depending on the variation of the axial 

Table 2. The results of experimental studies of parameter bk

Meas. 
number

Exp.
number

Groove width, bk.i.j, mm Sampling characteristics bk.i.j, mm

1 2 3 4 5 6 7 8 9 10 Mean (bk.) Dispersion (bk.)

1 0.57 0.56 0.54 0.56 0.54 0.53 0.56 0.56 0.54 0.53 0.544 1.214×10-4

2 0.57 0.59 0.57 0.55 0.58 0.57 0.54 0,59 0.55 0.56 0.567 1.470×10-4

3 0.59 0.58 0.55 0.61 0.58 0.56 0.58 0.61 0.53 0.62 0.584 8.301×10-4

4 0.85 0.82 0.82 0,84 0.83 0.84 0.85 0.87 0.84 0.86 0.846 1.403×10-4

5 0.85 0.86 0.86 0.88 0.87 0.85 0.84 0.87 0.86 0.84 0.861 6.815×10-5

6 0.83 0.89 0.86 0.86 0.87 0.83 0.85 0.89 0.84 0.87 0.862 1.593×10-4

7 1,04 1.06 1.03 1.01 1.05 1.08 1.07 1.06 1.03 1.06 1.046 2.816×10-4

8 1.03 1.04 1.06 1.05 1.05 1.08 1.05 1.05 1.06 1.04 1.049 1.261×10-4

9 1.01 1.04 1,07 1.04 1.03 1.06 1.01 1.08 1.06 1.05 1.052 1.2384×10-4

10 0.56 0.54 0.6 0.57 0.55 0.51 0.6 0.6 0.53 0.57 0.560 5.763×10-4

11 0.54 0.54 0.56 0.58 0.57 0.57 0.58 0.56 0.54 0.57 0.564 1.192×10-4

12 0.60 0.58 0,58 0.60 0.62 0.55 0.59 0.56 0.57 0.56 0.570 1.952×10-4

13 0.84 0.83 0.86 0.86 0.88 0.84 0.86 0.83 0.89 0.88 0.869 2.941×10-4

14 0.86 0.84 0.85 0.86 0.87 0.85 0.88 0.87 0.88 0.87 0.869 6.253×10-5

15 0,86 0.87 0.87 0.87 0.86 0.88 0.88 0.87 0.87 0.87 0.870 1.512×10-5

16 1.05 1.04 1.05 1.08 1.02 1.09 1.00 1.07 1.02 1.06 1.049 5.542×10-4

17 1,04 1.02 1.05 1.02 1.03 1.03 1.06 1.02 1.04 1.04 1.039 7.744×10-5

18 1.01 1.06 1.02 1.06 1.01 1.03 1.01 1.02 1.03 1.06 1.036 2.297×10-4

19 0.58 0.57 0.56 0.55 0.55 0.57 0.59 0.56 0.58 0.57 0.571 8.276×10-5

20 0,58 0.59 0.58 0.59 0.55 0.57 0.58 0.56 0.56 0.57 0.567 7.219×10-5

21 0.57 0.55 0.54 0.55 0.56 0.56 0.54 0.55 0.55 0.59 0.563 2.604×10-4

22 0.84 0,84 0.84 0.84 0.84 0.86 0.85 0.84 0.85 0.85 0.849 1.765×10-5

23 0.84 0.84 0.84 0.85 0.85 0.86 0.85 0.86 0.86 0.86 0.855 1.811×10-5

24 0.86 0.86 0.84 0.82 0.89 0,86 0.81 0.85 0.84 0.85 0.846 1.557×10-5

25 1.02 0.99 1.01 1.03 0.99 1.01 1.03 1.06 1,02 1.04 1.032 2.424×10-4

26 1.06 1.04 1.02 1.04 1.06 1.02 1.06 1.01 1.02 1.04 1.033 1.733×10-4

27 1.02 1.01 0.99 0.99 1.03 1.02 1.02 1.02 1.01 0.99 1.008 1,287×10-4
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pitch So.i, the deforming force Fd.i and the feed rate fin.i. 
According to the results of a full-factor experiment (FFE) 
33 in coded values, 

1 2 3( , , ) . . .( , , )x x x o i d i in ib f S F f= ,:

1 2 3( , , ) 1 2 3
2

1 2 1 3 2 3 1
2 2
2 3

0.867 0.0015 0.235 0.0058

0.00625 0.00975 0.008 0.004

0.064 0,0075 ,

x x xb x x x

x x x x x x x

x x

= + + - -

- - + -

-

 (3)

where x1 is the coded value of the axial pitch; x2 is the 
coded value of the deforming force; x3 is the coded value 
of the feed rate.

All coefficients of the regression Equation (3) are 
significant. After transforming and simplifying Ex-
pression (3), a regression Equation (4) with natural coef-
ficients is obtained:

. . .
3 3

. .( , , )
4 5 5

. . . . .
8 3 2 6 2 8 2

. . . . .

0.0261 9.5 10 2.6287 10

1.389 10 3.125 10 1.95 10

8 10 4 10 1.6 10 3 10 .

o i d i in i o i d iS F f

in i o i d i o i in i

d i in i o i d i in i

b S F

f S F S f

F f S F f

- -

- - -

- - - -

= + ⋅ + ⋅ +

⋅ - ⋅ - ⋅ -

⋅ + ⋅ - ⋅ - ⋅

(4)

The derived regression equations (3) and (4) can be 
used to predict the groove width after the ball burnish-
ing process. The axial pitch of roughness So.i, deforming 
force Fd.i and feed rate fin.i vary within the following vari-
ation range of the input factors: 2 ≤ So.i ≤ 4 (mm); 200 ≤ 
Fd.i ≤ 600 (N); 500 ≤ fin.i ≤ 1500 (mm/min). The response 
surfaces obtained from the regression equation (4), which 
shows the relations between the groove width and the ball 
burnishing parameters, are shown in Figures 6–8.

As can be seen from the response surfaces graphs 
shown in Figures 6–8, the greatest contribution (99.7%) 
to the grooves width has the ball burnishing parameter 
deforming force Fd. The feed rate and the axial pitch have 
much smaller effect on the optimization parameter (to-
gether in range of up to 0.3%). This is confirmed by the 
response surfaces shown in Figures 6 and 8. Such be-
havior fully corresponds to the theoretical formulations 
and the results from other similar studies (Kyrychok & 
Lototska, 2011), in which those regime parameters have 
the strongest influence on the degree of deformation of 
the material surface layer.

Figure 7. Response surface (а) and two-dimensional cross-section of the response surface (b) in the  
dependence of the groove width versus variation of the axial pitch So.i and the feed rate fin.i (Fd.i = 600 N)

a) b)

a) b)

Figure 6. Response surface (а) and two-dimensional cross-section of the response surface (b) in the dependence of the  
groove width versus variation of the axial pitch So.i and the deforming force Fd.i (fin.i =1000 mm/min)
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By comparing the influence of the feed rate and the 
axial pitch (Figure 7), it can be seen that when the feed 
rate is at its low values fin.i  = 500  mm /min, the axial 
pitch So.i < 3.5 mm, and the deforming force Fd.i = 600 N 
are at their highest values, and the groove width reaches 
its maximum. This is because when the feed rate is at 
its minimum value (i.e. fin.i  = 500  mm/min), the time, 
during which the deforming force acts on the material 
surface layer, is the longest. Thus, the degree of plastic 
deformation will also be the highest.

The axial pitch distance So.i has the smallest contribution 
to the width of the obtained grooves, because this factor in-
fluences the location of the deforming tool trajectory, rather 
than the deformation state of the material surface layer.

Conclusions

Partially regular microreliefs are formed by using differ-
ent ball burnishing regime parameters on the face surfaces 
of test rotary body using a CNC-milling machine (HAAS 
TM-1). A contemporary vibration-free method based on 
the previously developed mathematical models is used to 
form partially regular microreliefs by ball burnishing op-
eration. The specially designed deforming tool, which has 
the ability to adjust the deforming force of up to 3200 N 
and to measure its magnitude during the ball burnishing 
operation, is also used. This experimental research con-
firms the applicability of the mathematical models for cal-
culating the coordinates of the toolpaths point.

Based on the results of the full-factorial experimental 
research, the influence of deforming force, feed rate and ax-
ial pitch on the plastically deformed grooves is derived. The 
average width of the PRMR groove formed on the test part 
face surface was considered. The regression dependences, 
the response surfaces and the corresponding contour plots 
are also obtained and discussed. They reveal the influence 
of these regime parameters on the groove width.

As result, it is found that the magnitude of deforming 
force has the greatest impact on the groove width and, 

respectively, on the relative contact. Feed rate has a lower 
effect, and the least contribution comes from the axial 
pitch between adjacent toolpaths.

The present work should be considered mainly as a 
physical approbation of the mathematical models for gen-
erating toolpaths for partially RMRs. The new contempo-
rary approach using CNC-equipment, which is developed 
by the co-authors team, is also considered. This approach 
is used to study the physical formation of partially RMRs 
on surfaces of real parts. The future work will be focused 
on determining the influence of microrelief formation 
conditions on the surface roughness and hardness in or-
der to investigate the potential application of the partial 
RMR in various workpieces used in the construction of 
production equipment, vehicles, aircrafts, etc.
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