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Abstract. In the last decade, ensuring the highest possible surface quality of manufactured parts has
been given a major priority, so more and more emphasis is being placed on the examination and
development of finishing treatments that can effectively ensure increasingly stringent surface roughness.
For this purpose, diamond burnishing - which is a widely used cold plastic technology - can be used
productively as it can improve the surface roughness of the material. But even though due to the
development of engineering technology, new possibilities and methods are constantly being developed to
examine individual material structure changes, the ability to plan the surface roughness is very difficult.
This paper focused on the determination of theoretical roughness to establish a mathematical model that
can predict and analyse the relationship between experimental process parameters and surface roughness
parameters. To validate the model, real experiments were performed, where the surface roughness were
measured before and after the application of burnishing process on low alloyed aluminium shaft pieces.
Keywords: mathematical model; modified Hertz theory; contact theory; problems of contact mechanics.

1. INTRODUCTION

The calculation of theoretical roughness has a long history in the case of
cutting operations [1- 6], in longitudinal turning, which is most like the kinematics
of surface burnishing as Fig. 1 shows, the theoretical roughness can be determined

analytically as a combination of the rotational and axial linear feed of the workpiece.
F

L4

Figure 1. Schematic illustration of burnishing [7]
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But the effectiveness of diamond surface burnishing and the plastic
deformation process itself are influenced by many parameters, even to a critical
degree. For example, inappropriately selected burnishing force can generate lower
compressive and, in extreme cases, tensile residual stress, thus reducing the wear
resistance and service life of the surface. To optimise the process, many researchers
have worked on modelling surface roughness and stress state, which can be used to
estimate the burnishing efficiency of a given material grade.

Cui et al. [8] found that their model based on Hertz theory can be used as a
good approach for estimating surface roughness when applying excessive burnishing
forces to Inconel 718 material grade. Vaishya et al. [9] also started from the use of
the Hertz theory in the case of machining Stavax material quality with TiC
burnishing tool and primarily investigated the effect of the burnishing force. The
results of the experimental and theoretical values showed a good approximation and
according to their claim, the deviation was caused by just the assumptions made
during the development of the model, however, these uncertain factors were not
named. Felhé and Varga [10] determined the theoretical roughness for diamond
burnishing of 30CrMo4 material, which they compared with both finite element
modelling and real experimental results, and their work was greatly influenced by
the modified Hertz theory of Bouzid et al. [11].

In his work, Korzynksi [12] compared several models applicable to surface
burnishing and showed that classical burnishing models are only valid for so called
surface hardening burnishing. They are suitable for determining the tool indentation
depth, but do not consider the stereometric condition of the initial surface, which has
a significant influence on the surface roughness after burnishing. Felh6 [13] presents
in his publication the possibilities of analytical modelling of theoretical roughness
for different machining processes. He points out also one of the obvious
disadvantages of these calculations is that they ignore many factors that can
influence the real surface roughness: the cutting/burnishing forces and the associated
vibrations of the machining system, the roughness of the tool, etc.

To explain the contact mechanical relations between bodies with circular
surfaces (sphere, cylinder), several models have been developed, such as Johnson-
Kendall-Roberts model, Bradley model, Derjaguin-Miiller-Toporov model, but
based on my experience in literature research, the most preferred solution is to use
Hertz theory, so the relation developed for normal contact of elastic solids. In this
paper, the approach of Ponomarjov et al. [14] with Hertz-theory is combined to
determine the theoretical roughness of burnished EN AW-2011 cylindrical
workpiece.

2. ANALYTICAL MODEL OF SURFACE ROUGHNESS
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The contact of deformable solids is a common phenomenon in nature and in
engineering practice, and plays an important role in physics, biology, astrophysics,
nanoindentation, etc. [15, 16]. But the examination of deformations and stresses at
the point of contact of the components is one of the most complicated chapters in
modern elasticity. The theory of deformation of elastic bodies was founded by Hertz
and it has been a milestone in modern contact mechanics since it was published
publicly in 1882. It describes the contact mechanism of two solid bodies in the range
of linear elasticity and negligible deformations [14].

In the case of burnishing process, the use of this theory is justified because
burnishing is a chipless manufacturing technology, so the depth of cut as a parameter
cannot be interpreted. However, in order to analytically determine the theoretical
roughness, it is necessary to calculate the so-called normal indentation depth of the
tool (Figure 2 — §), as this already enables the use of the modelling method which is
correctly applied in turning. Figure 2 schematically shows that during the burnishing
process, the tool with the radius "R:" penetrates the material of the workpiece and
generates an indentation depth "3" in the axial width "2a" under the influence of the
force "F".

x-y plane

Figure 2. Theoretical illustration of surface burnishing

Hereinafter, | briefly summarize the treatment of the spherical burnishing
tool and the outer axial workpiece with Hertz-theory, which is also based on the
thought process of Johnson-Kendall-Roberts and Ponomarjov.

According to the Hertz contact theory the radii of the two contacting balls
are Ry and R; respectively, it can be seen on the left side in Figure 3. On the right
side of it, "r" denotes the distance of the moving point from the force, "w1" and "w,"
denote the displacement of the bodies in the directions "z;" and "z,", then the
convergence of the given points can be described as follows:

§=(z1 twp) + (2, + wy) (1)
In this way, contact the points for which it is satisfied that:
Zl+22=6_(W1+W2) (2)
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From Fig. 3:
R]Z_ - Tz = (Rl - Zl)z = R% - Zer + Z12 (3)
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Figure 3. Approach distance of contacting bodies
"z,%" is a second-order small value, negligible, thus:

rZ | r?

Z =i 2 = (4)

The distance of the approaching points after contact can be expressed as follows:
271 1
W1+W2=6_(21+ZZ)=6_%(R_1+R_2) (5)
As Fig. 4 shows, when machining an axial workpiece with a spherical tool, the

surface pressure is distributed over an ellipsoidal surface and is proportional to the
ordinates of the ellipsoid.

J

Figure 4. Pressure distribution during burnishing axial workpiece
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The equation of ellipsoid must be applied:

2 2 2
G +G) +() =1 ©
As the pressure distribution on the contact area is axisymmetric about x-y
axes and the maximum pressure is located at the centre of the contact area (O), the
pressure distribution supposed to be semi-ellipsoid, so:

w1+W2=5—ﬁ—y—2(i+i) (7

Ri Ry
Under this semi-ellipsoidal load, on S¢ contact surface the vertical

displacement of the elliptical contact point “w” can be expressed as follows using
the elastic material parameters:

wy=ky [ 2dS s w, = ky I, 2ds (8)
Relation for the calculation of elastic material parameters "ki" and "kz":
_ 1, _1-v3
ky="2 0k = ©
While, according to Fig. 4, the pressure distribution can be obtained as
(10):
2 2
p=pos=01-(3) - (%) (10)
And, given the corresponding force balance equation:
3F
bo = 2abm (11)

Based on the relationships described so far, the calculation for major (a) and
minor semi-axis (b) of the ellipse and the value of the approach distance [14-17]:

3 _92 _92\2
a= a\/E 2R1Re (ﬂ+ﬁ) F (12)
4Ry+2Ry \ E; E,
b= ﬁJ3 2y (19 +—1“922)2F (13)
4R1+2R2 Eq E,
_ 3| 9 Ri+2R (1-97 | 1-95 2 2
6= y\/128 2R{R; ( Ey + E, ) F (14)

o, B and vy are coefficients, which can be calculated from Table 1 [16] with equation
(15):
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Ry
R1+2R,

Table 1. Table of coefficients values [18]

0° 10° 20° 30° 35° 40° 45° 50°
0 6.612 3.778 2397 2397 2136 1926 1.754
0 0.319 0.408 0.493 0.530 0.576 0.604 0.641
- 0.851 1.220 1.550 1550 1.637 1.709 1.772
55° 60° 65° 70° 75° 80° 85° 90°
1611 1.486 1378 1.284 1202 1.128 1.061 1.00
0.678 0.717 0.759 0.802 0.846 0.893 0.944 1.00
1.828 1875 1912 1944 1967 1985 1996 2.00

Table 2 summarizes the applied parameters and the calculated values for
this idealised elliptical contact area.

cosO p = (15)

R R DPR ™R D

Table 2. Applied parameters and results of analytical calculation

F R1 R2 E:1 E>

N [om] [om] Y2 Nmm3 Nmmg @G d
20 35 215 007 033 114310° 7-10° gs  Iwml
a B Y a b

© © O . e mm]  [om] 2.34

1.061 0.944 1.996 2.77-107 4.04-10° 0.0924 0.0822

The value of the roughness height factor (R;) resulting from the
application of surface burnishing is influenced by the surface roughness created by
the previous operation, the burnishing feed (vi), the penetration depth of the
burnishing tool (3), and the so-called furrow depth (h), which represents the
maximum of the theoretical roughness peaks created during burnishing, as illustrated
in Figure 5 [11, 18].

— Ry

R
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Figure 5. The relationship between the theoretical maximum furrow depth and the
indentation depth when using a small burnishing feed [11]

This factor is determined by calculating the intersection point of two tool
impressions that are one unit feed apart — assuming that its value is smaller than the
normal indentation depth - according to formula (16).

h=2250 (16)

Ry

Knowing the normal indentation depth and the furrow depth, the theoretical
maximum roughness can be determined, so the distance between the highest and
lowest point of the profile:

R, =R, —8+h 17)
3. REAL MACHINING EXPERIMENTS

For validating theoretical investigation, the real burnishing experiment were
carried out on EN AW-2011 low alloyed aluminium shaft. Burnishing operations
were preceded by finishing turning set at f; = 0.2 mm/rev and then f, = 0.15 mm/rev
feed rate with an E400 universal lathe. Then, the burnishing was carried out with the
same machine using a PCD spherical burnishing tool (r = 3.5 mm) and the kinematic
viscosity of the applied manual dosing oil was v = 70 mm?/s, while the burnishing
speed was v = 50.54 m/min, the burnishing force F = 20 N and feed rate is vi = 0.001
mm/rev.

Surface roughness measurements — before and after burnishing — were
conducted on an Altisurf 520 3D surface topography measuring device. A CL2
confocal chromatic sensor was used, the cut-off was 0.8 mm and Gauss filter was
applied. The measurement results were evaluated with Altimap Premium.

4. RESULTS AND DISCUSSION

This publication dealt with the analytical determination of the surface
roughness generated by diamond burnishing applied to the external cylindrical
surface. Considering the many uncertainty factors (stiffness of the machine system,
vibrations, roughness of the tools, etc.), the author tried to apply the correct
mathematical model in the case of the contact mechanics problem of spherical and
cylindrical bodies, studying the Hertz- and Jhonson-Kendall-Roberts-theory,
combining it with Ponomarjov's approach. The value obtained during the theoretical
determination of the indentation depth of the tool— which is of prime importance —

107



ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 99

was 2.34 pm, while in the real case it was 3.62 um. The two values come close
enough to form the basis of further theoretical and experimental investigations.

It is important to note that the procedure in question and the related
analytical models were applied primarily in the case of metallic material qualities,
while the present study focuses on the examination of non-metallic material.

My future plans include using the analytical model to create a finite element
simulation model and then validating these results with real burnishing experiments.

References: 1 P. Bernardos, G.C. Vosniakos: Prediction surface roughness in machining — review,
International Journal of Machine Tools and Manufacture 43, pp. 833-844. 2003. 2 1. Sztankovics, J.
Kundrak: Theoretical VValue and Experimental Study of Arithmetic Mean Deviation in Rotational Turning,
Rezanie i instrument v tehnologiceskikh sistemakh / Cutting and tool in technological systems, 96, pp.
73-81. 2022. 3 V. Molnar, |. Sztankovics: Analysis of Roughness Parameters Determining Tribological
Properties in Hard Turned Surfaces, HUNGARIAN JOURNAL OF INDUSTRY AND CHEMISTRY 49,
pp. 77-84. 2021. 4 J. Kundrak, A.P. Markopoulos, T. Makkai, N.E. Karkalos, A. Nagy: Multi-Objective
Optimization Study in Face Milling of Steel, Proceedings of the International Symposium for Production
Research pp. 3-15. 2018. 5 C. Felho, G. Varga: Theoretical roughness modelling of hard turned surfaces
considering tool wear, Machines 10, .pp. 1-18. 2022. 6 I. Sztankovics, |. Pasztor: Preliminary Analysis
of Surface Topography in Tangential Turning, Rezanie i instrument v tehnologiceskikh sistemakh/Cutting
and tool in technological systems, 97, pp. 155-163. 2022. 7 M. Korzynski: Modelling and experimental
validation of the force-surface roughness relation for smoothing burnishing with a spherical tool,
International Journal of Machine Tools & Manufacture 47, pp.1956-1964. 2007. 8 P. Cui, Z. Liu, X. Yao,
Y. Cai: Effect of Ball Burnishing Pressure on Surface Roughness by Low Plasticity Burnishing Inconel
718 Pre-Turned Surface, Materials 15, pp. 1-14. 2022. 9 R.O. Vaishya, V. Sharma, V. Mishra, A. Gupta,
M. Dhanda, R.S. Walia, M. Kumar, A.D. Oza, D.D. Burduhos-Nergis, D.P. Burduhos-Negris:
Mathematical Modelling and Experimental Validation of Surface Roughness in Ball Burnishing Process,
Coatings 12, pp. 1-15. 2022. 10 C. Felho, G. Varga: CAD and FEM Modelling of Theoretical Roughness
in Diamond Burnishing, International Journal of Precision Engineering and Manufacturing 23, pp. 375—
384. 2022. 11 W. Bouzid, O. Tsoumarev, K. Sai: An Investigation of Surface Roughness of Burnished
AISI 1042 steel, International Journal of Manufacturing Technology 24, pp. 120-125. 2004. 12 M.
Korzynski: A Model of Smoothing Slide Ball-Burnishing and an Analysis of the Parameter Interaction,
Journal of Materials Processing Technology 209, pp. 625-633. 2009. 13 C. Felho: Analytical Modelling
of Theoretical Roughness for Some Typical Machining Process in the Mechanical Engineering Industry,
Multidisciplinary Sciences 12, pp. 164-185 (in Hungarian). 2022. 14 S.D. Ponomarjov, V.L. Bidermann,
K.K. Liharjev, V.M. Markusin, N.N. Malinyin, V.I. Feodoszjev: Strength Calculations in Mechanical
Engineering 3, Technical Publisher Budapest, pp. 369-417 (in Hungarian). 1965. 15 C.E. Wu, K.H. Lin,
J.Y. Juang: Hertzian Load-Displacement Relation Holds for Spherical Indentation on Soft Elastic Solids
Undergoing Large Deformations, Tribology International 97, pp. 71-76 2006. 16 Z. Guo, M. Hao, L.
Jiang, D. Li, Y. Chen, L. Dong: A Modified Hertz Model for Finite Spherical Indentation Inspired by
Numerical Simulations, European Journal of Mechanics/A Solids 83, pp. 1-13. 2020. 17 K. Han, D.
Zhang, C. Yao, L. Tan, Z. Zhou, Y. Zhao: Analytical Modelling of Through Depth Strain Induced by Deep
Rolling, Journal of Strain Analysis 00, pp. 1-12. 2021. 18 M.R. Stalin John, A. Welsoon Wilson, A. Prasad
Bhardwaj, A. Abraham, B.K. Vinayagam: An investigation of ball burnishing process on CNC lathe using
finite element analysis, Simulation Modelling Practice and Theory 62, pp. 88-101. 2016.

BikTopist ®epenunk, Minrkoisll, YropimHa
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AHAJITUYHUIA AHAJII3 TEOPETUYHOI IIOPCTKOCTI IOBEPXHI
B PA3I BUT'JIAJIZKYBAHHSA HUJITHAPUYIHOI 3ATOTOBKH

AHoTaniss. B ocmanne Oecsmunimms 3a0e3neueHHsT MAKCUMATbHO MOJICIUBOT SIKOCMI NOBEPXHI
BU20MOGIEHUX Oemainell CMAl0 OCHOGHUM NpIOpumemom, momy 6ce Oilbuie yeazu NpUOiIACMbCs
suUGueHHI0 ma po3pobyi @iniwnoi 06poOKU, AKA ModJice eeKmuHO 3abe3neyumu  HAUHUNCHY
wopcmkicms  nogepxui.  [lns yiei memu  MOJCHA NPOOYKMUBHO —GUKOPUCHIOBYBAMU  ATMA3HE
BUSNAOINCYBAHHS, SIKE € UWUPOKO BUKOPUCTIOBYBAHOK) MEXHONIOIEN X0I00HOI niacmudnoi deghopmayii,
OCKINIbKU 80HO MOJICe NOKPAWumy. WOPCMKICHb NOGepXHi mMamepiany. Ane, nezeasicaiouu Ha me, wo y
363Ky 3 PO3GUMKOM [HIICEHEPHUX MEXHON02IN NOCMIIHO PO3POONAIOMbCS HOGI MOJICIUBOCI | MEmOOu
BUBYEHHS IHOUBIOVATLHUX 3MIH CIPYKIYPU MAMEPIATY, MOICIUBICMb NIAAHYBAHHS ULOPCIKOCTI NOBEPXHI
oyaice ycknaouwena. Ll poboma 6yna npucesuena GU3HAYEHHIO MEOPeMuyHOi wopcmKocmi Ons
CIMBOPEHHS MAMeMamuyHoi Mooeli, AKa Modice nepeodbayamu ma aHAnizyeamu 63acMo38' 130K Midic
napamempamu eKcnepuMermanbHo20 NPoyecy ma napamempamu wopcmxocmi noeepxui. [na eanioayii
Modeni 6ynu npoeedeHi peanbHi eKCnepuMeHmu, nio Yac AKUX 6UMIPIO8ANAcs WOPCMKICHb NOBEPXHI 00 i
nicis 3aCmocy8ants npoyecy GU21a0dCy6aHHs HA HU3bKOJIe208aHUX alloMiniesux eanax. Bpaxosyiouu
bes3niu  (hakmopie HeGUHAYEHOCI (HCOPCMKICMb cucmemu epcmama, Gi6payii, wopcmKicmo
iHcmpymenmie mowjo), asmopka cnpodyeana 3acmocysamit nPaGUIbLHY MAMeMamuyHy Mooensb y 6UNaoKy
3a0aui KOHMAKMHOI MeXaHiKu cpepuuHux i yuniHOpuuHux min, eusyarouu meopito Iepya i [{oconcona-
Kenoanna-Pobepmca, noeouyiouu it 3 nioxooom Ilonomapvosa. 3Hauenus, ompumane npu
MeopemuyHoMy 6U3HAYEHHI 2NUOUHU BOAGNIeHHA [HCMPYMENNTY, WO MAc NepuiopsoHe 3HAYEHH,
cmarnosuno 2,34 Mxm, mooi K y peaibHomy 8unaoky — 3,62 mxm. Lli 06i senuuunu docums 01u3bKi, w06
JA2mu 8 OCHOBY NOOANLUUUX MEOPeMUUHUX | eKCePUMEHMATbHUX 00CaiOdcenb. Badcnuso eiosnauumi,
wo O0aHa npoyedypa i nOG'sI3aHi 3 Her aHaimuyHi MoOeri OYiu 3aCmMOCOBAH 8 OCHOBHOMY Y 6UNAOKY
AKocmi Memanesux mamepianie, ¢ mou 4ac K O0aHe OOCIIONCEHHS 30CePeOHCeHO HA O0CNIONCEeHHI
Hememaniunux mamepianis. Ilodanvuii niaHu asmopKu 6KIOYAONb 6UKOPUCTIAHHS AHATTMUYHOL MO0
051 cmeopenns Mooeni imimayii CKiHueHHUX eleMeHmis, a NOMIM NepegipKy Yux pesyibmamis 3d
00N0M02010 PeanbHux eKCnepuMenmis 3 NoipyeanHsIM.

Kuarouosi ciioBa: mamemamuuna mooenv, mooughixoeana meopia I'epya; meopis xonmaxmy,; 3a0aui
KOHMAKMHOI MEeXAHIKU.
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