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Abstract: Sliding friction diamond burnishing is a finishing machining operation whose purpose is
to improve the surface integrity of previously machined surfaces and increase their surface hardness.
When analyzing a complex process involving plastic deformation, friction, and the interaction
between solids, finite element models (FEMs) involve a significant amount of simplification. The aim
of this study is to investigate a 2D FEM of the residual stress occurring during diamond burnishing.
Before burnishing, the samples were processed by fine turning. Based on the simulations and
laboratory experiments performed, it can be concluded that the diamond burnishing process can
be modeled with relatively good approximation using two-dimensional modeling. It was also
concluded that it is important to consider the initial surface topography in two-dimensional tests.
The results indicate that the diamond burnishing process improved the residual stress properties of
EN 1.4301 austenitic stainless steel by creating relatively high compressive stress, whose magnitude
was between 629 and 1138 MPa depending on the applied force. However, the stress distribution is
not uniform; it is mostly concentrated under the roughness peaks.
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1. Introduction

Nowadays, at the time of the Fourth Industrial Revolution [1], guaranteeing the best
possible surface quality and residual stresses of precisely dimensioned, manufactured
machine parts [2] has become a priority. Residual stresses play an important role in the
operational performance of materials, components, and structural elements. Their effect
on material properties such as fatigue and fracture, corrosion resistance, and dimensional
stability can be significant. Therefore, residual stresses must be considered during the
design and production of components and structural elements [3]. Various destructive
and non-destructive techniques can be effectively used to measure residual stresses in
laboratory and industrial conditions, in many fields of application, in a wide range of
materials. Residual stress can be measured indirectly by various types of methods: non-
destructive, semi-destructive, and destructive. However, all residual stress measurement
methods have one thing in common. They are calculated or derived from a measured
quantity such as elastic strain or displacement [4]. Residual stress analysis has been
successfully applied to component reliability and service life in many cases. Residual stress
can significantly affect the engineering properties of materials and structural elements,
namely fatigue life, dimensional stability, corrosion resistance, and brittle fracture [5].
Ensuring that these properties are maintained at appropriate levels involves significant
costs in terms of the repair and restoration of parts, equipment, and structures. For this
reason, residual stress analysis is a mandatory stage in the design of components and
structural elements, as well as in the estimation of their reliability under real operating
conditions. This is also important due to the adaptation to the needs of Industry 4.0 [6],
since the monitoring of residual stresses after individual operations (or even with in-process
measurements, as in [7]) helps to supervise these machining processes. The sign of the
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residual stress generated after metal cutting is positive, meaning that tensile residual stress
is generated in the machined workpieces, which is not beneficial, for example, in the case of
dynamic stresses. However, there are finishing machining processes—such as shot blasting,
impact surface hardening, and burnishing—after which beneficial negative residual stress
is induced on the surface of the workpiece and in the layers near the surface.

Burnishing is a cold plastic machining process that causes the outer surface of the
workpiece to harden, while its surface roughness improves. Hardening is most often used
to improve surface integrity in the automotive and aerospace industries because of its
ability to create deep compressive residual stress and hard machined layers while still
providing a relatively smooth finish [8]. The word “burnishing” here is a comprehensive
term, including ball burnishing, roller burnishing, sliding friction diamond burnishing,
vibration burnishing, cryogenic burnishing, etc. After this process, various residual stresses
are formed in the machined workpieces, which researchers continue to investigate by
experimentation, theoretically, and through finite element analysis. Modification of the
surface is used to improve the service life of various components. Modification and
treatment of the surface include the application of thermal, mechanical, and chemical
treatments and coatings. Ball burnishing is a plastic deformation process. In their study,
Loh and Tam [9] review and summarize the various burnishing types (normal, vibration,
and ultrasonic) and the technological parameters used in their implementation, such as
burnishing force, speed, feed, lubrication, ball material and diameter, workpiece material,
workpiece roughness before burnishing, and surface roughness achieved after burnishing.

Alshareef [10] investigated the ball hardening of AISI 8620 steel. The subject of
his research was the analysis of factors influencing residual stress. Another study by
Alshareef et al. [4] presented a linear regression model that can be used to determine how
the technological parameters affect the roughness and axial residual stress in the case of
ball burnishing AISI 8620 steel. It was found that the surface roughness of the workpiece
after turning was improved by more than 60% by ball burnishing. The authors revealed
a significant improvement in both surface and near-surface integrity. It was confirmed
that compressive residual stress occurs after shot peening, which is most significantly
influenced by the pressing force and feed speed, while changes in speed had little effect.

Rodriguez et al. [11] used ball burnishing as a mechanical surface treatment tech-
nique after traditional turning, and the result is simple and cost-effective, requiring no
special machine tools. During their tests, they measured surface roughness, subsurface
microhardness, and residual stress.

Jerez-Mesa et al. [12] investigated the ultrasonic vibration-assisted ball burnishing
process and how to develop a vibration-free version of it, as well as the consequences
for the topology and subsurface microstructure of the concrete workpiece. Ferndndez-
Osete et al. [13] studied the acoustic emission and vibration measurements of an ultrasonic
vibration-assisted ball burnishing tool mounted on a lathe. The authors focus on a res-
onating system that includes both low-amplitude motion and an ultrasonic component to
complete the ball burnishing process on a lathe. The complete vibrational characterization
of this process was carried out with the aim of demonstrating that the mechanical system
consisting of tool and machine does not exhibit any resonance phenomena during the
execution of the operation, which could lead to a possible failure. The dynamic analysis
they performed confirmed that the tool would function properly even after being connected
to an NC lathe.

To improve the surface roughness, Lopez de Lacalle et al. [14] applied ball burnishing
on sculptured surfaces. Two parts were previously machined in a five-axis machining center,
one of which was an AISI 1045 material quality steel with a simple hemispherical geometry,
while the other was a DIN 1.2379 steel part (64 HRC) with more complex geometric features.
After ball burnishing both parts, the surface quality was evaluated, revealing a significant
improvement in terms of surface roughness and hardness. According to their findings,
ball burnishing reduces roughness and surface integrity without significantly increasing
production time.
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In their report [15], Sanchez Egea et al. examine the effect of the ball burnishing
process on the mechanical properties of a 2050 aluminum alloy previously treated with
friction stir welding. In their research, they examine residual stress, material hardening,
and microstructural changes in order to improve fatigue strength and wear resistance. The
results show that ball burnishing improves the surface properties of the workpiece, and
that, depending on the applied technological parameters, compressive residual stresses
between —315 MPa and —700 MPa are generated in the material. After the friction stir
welding process, ball burnishing is used to improve the mechanical properties, which
results in good surface quality and high compressive residual stress and increases the
hardness of the surface layer. These characteristics are very important for increasing the
fatigue life of the part. The work of Rodriguez et al. [16] presents a complete analysis of
surface and subsurface hardness values for aluminum alloy 2050. The results show that
shot peening is an economical and feasible mechanical treatment to improve the surface
quality of parts.

The purpose of the research by Plaza et al. [17] was to validate the operation of
hydrostatic ball burnishing as a strategy for improving the surface quality of aerospace
components. The surface quality of the Inconel 718 component, made of nickel-chromium
alloy and incrementally formed, was studied and then burnished with a hydrostatically
supported ball. With the strategy they recommend, depending on the treated area, the
roughness can be reduced by up to 30%.

Avilés et al. [18] investigated the effect of low-plasticity ball burnishing of AISI
1045 steel with a medium carbon content on the high-cycle fatigue strength. Their work
also provides experimental data and analyses of surface roughness, deep residual stresses,
and cyclic relaxation effects. In their later work, Avilés A et al. [19] investigated the effect of
shot peening and burnishing on the high-cycle fatigue strength of hardened and tempered
DIN 34CrNiMo6 alloy steel. Compared to the initial specimens, the fatigue limit of the
shot-peened specimens increased by 39%, while that of the steel burnished specimens
increased by 52%. In their study, they also presented the results of measuring the residual
stress field at the surface and depth, as well as their model for predicting the evolution of
the residual stress.

In the work of Sartkulvanich et al. [20], a ceramic ball was rolled on the surface to be
machined to smooth the roughness peaks. The ball was in a special tool holder, which was
held by a hydrostatic fluid. During the process, the surface quality was improved, and a
favorable compressive residual stress was exerted on the surfaces to be machined, which
can lead to an increase in fatigue life. Most previous research often focused on experimental
studies. In their article, Sartkulvanich et al. present finite element models for cylindrical
surface burnishing. With their two-dimensional model, they investigated how the change
in the burnishing pressure and feed rate affects the surface quality and residual stress. Their
results showed that the finite element model predicted the residual stress values quite well.
It was found that high burnishing pressure results in lower surface roughness and higher
compressive residual stress on the surface.

Today, brake disc manufacturers are looking for new finishing techniques to offer their
customers economical solutions and thus be more competitive. Eliminating the surface
spiral pattern (drift) is a challenge but will avoid braking problems in the early life of the
part. Rodriguez et al. [21] present a practical solution for eliminating the spiral pattern
(drift) of the surface after the turning operation by ironing.

Zhang et al. [22] investigated the burnishing hardening process experimentally and
numerically. The digital image correlation technique was used to determine the deformation
under the surface of the workpiece because of roller burnishing. A 3D finite element model
was created to simulate the burnishing process with which the residual stress was created
in the workpiece. The determined residual stress was compared with the experimental
measurements. From the results of the FEM simulation, it was seen that the surface residual
stress changed to tensile stress as the burnishing forces increased. Xu et al. [23] burnished
workpieces even after shot peening to further improve the surface roughness. Mader and
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Klocke [8] studied deep rolling burnishing, which is used to improve surface integrity in
the automotive and aerospace industries because it can create deep compressive residual
stress and hard machined layers while maintaining a relatively fine surface compared to
the shot peening process. El-Khabeery and El-Axir confirmed that normal burnishing force
and feed play an important role in the development of residual stress [24]. Yuan et al.’s
studies showed that the surface integrity can be improved when using more burnishing
passes, but there is an upper limit due to the delamination of the surface layer [25,26]. By
increasing the number of burnishing passes, grain refinement can also be achieved [27].

Zhang et al. [28] developed analytical and finite element models to investigate the rela-
tionship between burnishing technology parameters and residual stress. Empirical models
were developed based on experimental data to investigate how burnishing force, speed,
and feed affect surface roughness and residual stress. Based on the work of Hua et al. [29],
they proposed an analytical residual stress analysis model for the rolling reinforcement
process that considers the change from the initial stress. The Hertz contact theory and
the elastoplastic theory were used in their model. A 2D FEM was also used to predict
the residual stress [20], while a 3D FEM was used to analyze the process with multiple
burnishing passes [30]. Compared with the experimental measurements, they found that
the predicted results on the surface differ from the measurements, while the results match
well at a deeper depth. The FEM prediction results agreed well with the measurements.

In their article, Rodriguez et al. [31] present a surface hardening technique that can be
used to achieve an isotropic surface topography on cylindrical parts made of austempered
nodular graphite cast iron. The aim of their research was to eliminate the spiral roughness
pattern (drift) created during turning. Results after using the roll burnishing technique show
that the technique greatly improves surface roughness and eliminates the kinematically
driven roughness pattern of turning, resulting in a more isotropic finish. The article also
includes a comparison of roller burnishing and ball burnishing.

Sachin et al. [32] investigated the effect of cryogenic diamond burnishing on the resid-
ual stress and microhardness of 17-4 PH stainless steel. The aim of their work was to
investigate the surface integrity of diamond burnishing under different cooling lubrication
conditions such as cryogenic cooling, minimum quantity lubrication, and dry environments.
The modification of the surface was carried out using liquid nitrogen during diamond bur-
nishing. The technological parameters considered were speed, feed, burnishing depth, and
number of burnishing passes. The main surface integrity characteristics, microhardness,
and residual stress were investigated after diamond burnishing in cryogenic, minimum
quantity lubrication, and dry environments. It was found that the surface integrity charac-
teristics of 17-4 PH stainless steel were significantly improved during cryogenic diamond
burnishing compared to minimum quantity lubrication and dry environments. In another
paper [33], the main goal of Sachin et al. was to investigate the effect of diamond burnishing
on the surface topography of the machined specimen, the subsurface microhardness, and
the residual stress. An improvement in performance characteristics was observed in a
cryogenic environment.

A study by Zielecki et al. [34] presents the results of studies dealing with the sliding
friction burnishing of the shoulder part of the shaft, examining the effect of its technological
parameters on the fatigue strength of machine elements. After an electroslag remelting
process, fatigue tests were performed on the shafts made of X19NiCrMo4 steel. Burnishing
of the shoulder part of the shafts was performed with burnishing tools with different
tip radii and locations. Burnishing improved the fatigue strength by 28.5% compared to
unburnished specimens. Compared to turning, the surface roughness of the specimens
subjected to sliding friction burnishing decreased by more than 20%. The measurement
of the microhardness of the surface layer showed that the surface layer can be made
32% harder compared to the core hardness up to a depth of 0.018 mm with sliding friction
burnishing. The surface compressive residual stress and its penetration depth are important
characteristics of the ultrasonic burnishing process. In a study, Teimouri [35] used an
optimization approach to maximize the value of the surface compressive residual stress
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subject to a specified penetration depth. A previously developed residual stress analytical
model was used to determine how ultrasound-assisted burnishing factors—static force,
vibration amplitude, ball diameter, and material quality—affect the distribution of the
residual stress field. The results showed that it is not possible to maximize the surface
compressive residual stress and its penetration depth at the same time.

Korzynski et al. [36] investigated the fatigue strength of chromium-coated elements
and the possibility of improvement after sliding friction diamond burnishing. The 42CrMo4
and 41Cr4 steel samples were coated with 25 and 50 pm chromium, which was machined
by sliding friction diamond burnishing and treated by polishing. The parameters of surface
topography, surface microhardness, and residual stresses in the surface layer were checked,
and fatigue strength was also tested. Chromium electroplating has been found to cause
detrimental tensile stresses in the surface layer and degrade the fatigue strength limit.
Sliding friction burnishing of chrome coatings is advantageous, as it creates compressive
stress in the surface layer. In their study, Hamadache et al. [37] examined the effect of
sliding friction diamond burnishing on the surface hardening of a part made of 36NiCrMo6
steel. Empirical relations were developed to evaluate the work-hardening coefficient of
the burnished surface. It was found that the burnished surface is strengthened and the
strain-hardening coefficient can increase by more than 10% compared to the turned surface.

The research topic of Okada et al. [38] was the finishing surface machining of a Ni-
based alloy with sliding friction burnishing, which was carried out with an active rotary
tool. Two types of Ni-based alloy workpieces were used and subjected to heat treatment.
The quality of the burnished surface was evaluated according to parameters such as surface
roughness and profile, hardness, subsurface microstructure, residual stress, and bending
properties of the specimen. The sliding burnishing process carried out with a diamond-like
carbon-coated carbide tool produced a high-quality surface with low roughness, high
hardness, and high compressive stress.

In their study, Varga and Ferencsik [39] dealt with the investigation of the change
in residual stress caused by burnishing with diamond tip tools. Diamond burnishing
on the outer cylindrical surfaces resulted in high precision and fine surface texture. The
purpose of their study was to determine how the burnishing speed, feed, and burnishing
force affect the residual stress in the case of diamond burnishing of low-alloy aluminum
shafts. They built their experiments based on the full factorial experimental design. The
residual stresses were measured using the X-ray diffraction method. The measurement
results were evaluated with a special improvement factor, and the parameter variant that
results in the best residual stress values in the examined range of technological parameters
was determined.

Maximov published several papers with fellow researchers. Four of them are high-
lighted here. Maximov et al. [40] analyzed the effect of technological parameters on the
surface roughness, microhardness, and residual stress obtained during sliding friction
burnishing of D16T aircraft aluminum alloy. Using the established combination of opti-
mal technological parameters, the roughness, microhardness, and residual stress of the
burnished surface were examined as a function of the number of burnishing passes and
the coolants and lubricants. FEM analysis of the sliding friction burnishing process was
performed to determine the residual stress—depth profiles depending on the radius of the
burnishing tool and the burnishing force. In their review, Maximov et al. [41] deal with
sliding friction burnishing of metal parts. Due to the plastic deformation of the surface
layers, the surface integrity of the burnished part is greatly improved, and minimal rough-
ness, microhardness, and significant residual compressive stresses are generated. As a
result, fatigue crack resistance, crack corrosion resistance, wear resistance, and corrosion
resistance are significantly increased. The main characteristic of sliding burnishing is the
sliding frictional contact between the deforming element and the surface to be machined.
An extensible morphological matrix for existing burnishing methods has been prepared,
and new burnishing methods and tools can be synthesized with it. Maximov et al. [42]
used sliding friction diamond burnishing to improve the fatigue strength of 41Cr4 steel and
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conducted thermal stress finite element simulations. Sliding friction burnishing is a static
mechanical surface treatment based on strong plastic deformation of the surface, in which
sliding friction burnishing occurs at the contact between the deforming element and the
surface to be machined. The sample examined in the study was hourglass-shaped and the
iron tool was a spherical diamond. The adequacy of the finite element results of the residual
stresses was verified by comparison with X-ray diffraction measurements. According to
their results, the residual stress is most affected by the diamond radius of the burnishing
tool tip and the burnishing force. A regression analysis of the experimental results was
performed, and a model was created to predict the fatigue limit. Based on the obtained
model, a one-purpose optimization was performed using a genetic algorithm. According
to their results, the fatigue limit of the specimens was increased from 440 to 540 MPa.

This paper investigates the extent to which it is possible to give estimates of the
expected values of the residual stresses in diamond burnishing using a two-dimensional
finite element modeling method.

2. Materials and Methods

The investigations performed can be divided into two groups: real cutting and bur-
nishing tests and finite element simulations. However, the two were not sharply separated
from each other: during the theoretical simulations, the roughness profile measured on the
surfaces turned in the workshop was used. In addition, the purpose of the experiments in
the workshop was to partially validate the data obtained by simulation.

During the finite element modeling, the real machining processes were approximated
as closely as possible within the given boundary conditions. Based on the literature review,
it was found that most of the time researchers do not deal with the effect of initial surface
roughness during the modeling of burnishing processes, even though plastic deformation
of the surface formed in the previous operation takes place during the process. Therefore,
the consideration of the real roughness profile was of particular importance during the
present investigations. To do this, roughness measurements were performed on the surface
obtained during pre-machining (turning) before burnishing, from which a small section
(0.4 mm long) was cut out and its points were imported into the finite element software.
During the simulation tests, care was taken to leave enough thickness of material under
the measured surface profile to be able to examine the impact depth of the compressive
force. Figure 1 shows the modeling procedure. This is similar to the three-step iteration
procedure introduced by Roéttger in [43] and used by many others, e.g., Stockmann and
Putz [44] and Sartkulvanich et al. [20]. This process consists of the following main steps:

1. With the given burnishing force, the tool (which was defined as a rigid body during the
tests) is pressed into the workpiece for a short period of time (which was appropriately
chosen based on the burnishing speed value).

2. Inthe next step, removing the pressure force, the tool is raised above the surface of
the workpiece.

3. This is followed by moving the tool to the next position with a distance that corre-
sponds to the feed per revolution value.

Although Roéttger originally recommended at least four ball impressions for the simu-
lation, recent research [11,20,44] has shown that it is more appropriate to simulate more
steps, at least eight. Therefore, eight steps were used in the present research.

The finite element tests were performed in the Deform software from Scientific Form-
ing Technologies Corporation (Columbus, OH, USA). This software is particularly suitable
for modeling processes involving plastic deformation, such as diamond burnishing. During
the tests, the effect of the burnishing force on the residual stress was primarily examined,
and therefore the varied parameter was the burnishing force. The applied technological
and simulation parameters are summarized in Table 1. The special parameters required for
finite element simulations, such as the number of elements and step time, were determined
based on the experience gained from preliminary tests.
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Figure 1. Three steps from the applied modeling method.

Table 1. The burnishing parameters applied in FEM simulations.

Parameter Type Parameter Value(s)
Burnishing force 20, 40, 60, 80, 100 N
Technological parameters Feed 0.0125 mm/rev.
Spindle speed 375 RPM
Workpiece mesh 6844 elements, 7149 nodes
Material EN 1.4301 austenitic stainless steel (DINX5CrNi1810)
Simulation parameters Tool Rigid body, R =3.5 mm
Friction coefficient 0.08
Step time 0.01s
No. of steps 8

The material used during the physical experiments and simulations was EN 1.4301 austenitic
stainless steel. Its chemical composition is the following [45]: C < 0.08%; Mn < 2%;
18% < Cr < 20%; Si < 1%; p < 0.045%; S < 0.03%; 8% < Ni < 11%. The mechanical
properties of this material grade are the following [46]: yield strength 205-310 MPa; tensile
strength 510-620 MPa; Young’s modulus 190-203 GPa; hardness 170-210 HV (75-85 HRB).
This material is widely used in industry; its primary uses are architectural applications,
pipelines, pressure vessels, valves, heat exchanger tubes and support, food- and dairy-
processing equipment, and surgical instruments. Generally, this material can be relatively
easily machined and cold formed; additionally, it does not corrode, so it is a good material
for conducting burnishing experiments [47]. Furthermore—especially in the previously
listed application areas—special requirements on the surface quality and residual stresses
are often expected, so the use of burnishing after cutting may be justified there.

The cutting experiments (both the turning and later the burnishing operations) were
conducted on an EU 400-01 (Hungary) universal lathe machine. The workpiece was a bar on
which five 20 mm shoulders were formed for each force value setting. The applied material
grade was identical to the simulation parameters (see Table 1). During the workshop
experiments, the surfaces to be tested were first pre-turned. This operation was performed
by a CNGA insert with nose radius of 0.8 mm The parameters for the turning process were
the following:

e  Roughing:

O cutting speed: ve = 90 m/min;

@) feed: f = 0.1 mm/rev;

O depth of cut: ap = 0.25 mm.
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e  Finishing:
O cutting speed: v = 150 m/min;
O feed: f = 0.05 mm/rev,;
O depth of cut: ap = 0.05 mm.

The roughness of the turned surfaces was measured using an Altimet (Thonon-les-
Bains, France) AltiSurf 520 surface roughness measuring device. During this, a CL2-type
confocal chromatic measuring head was used, with an MG140 magnifier. The measurement
range of this setup is 300 um, while the theoretical resolution is up to 0.5 nm. The Altimap
(re-branded version of MountainsMap, Besangon, France) software was applied to display
the roughness profile and to extract its points for the FEM simulation. In the Deform
software, the points can be inserted directly from the text file containing the coordinates of
the profile points. In addition to the roughness tests, residual stress measurements were
also performed on the turned surfaces to determine the initial stress state.

After the FEM simulations were finished, the real burnishing tests were conducted.
The applied burnishing tool diamond tip has a radius of 3.5 mm (identical to the FEM
simulations). This burnishing tool was attached to a self-made burnishing device. A
mechanical spring with an adjustment screw in this burnishing device ensured the correct
preload, according to the force values in Table 1. The characteristics of the spring were
recorded in advance with the help of a Kistler force measuring device, so the applied force
values can be considered within a standard deviation of about 10% compared to the setup
data. The other burnishing parameters were also identical to the simulation values (see
Table 1). SAE 10W40 oil was used for lubrication.

Figure 2 shows a snapshot of the burnishing process. Here the working part of the
used tool can be seen, as can the workpiece, which was held in a chuck on one side and
supported by a rotating center on the other side.

Tailstock

Diamond

=
-

- |

" urnishing

tool

Figure 2. Burnishing experiment.

Residual stress of machined and burnished surfaces was measured using a Stresstech
Xstress 3000 G3R (Jyvaskyld, Finland) diffractometer (see Figure 3), with an MnK« X-ray
tube; the tilting angle was +/ — 45°, while the number of tilts was 5/5.
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Figure 3. Residual stress measurement using a Stresstech Xstress 3000 G3R diffractometer.

3. Results

Among the evaluations, the first thing to mention is the significant improvement in
surface roughness as a result of burnishing. After turning, the average values of the most
common surface roughness parameters were Ra ~ 3 pm and Rz ~ 16 um. Since all surfaces
were turned with the same parameters, the reported values represent the measurement
average of all surfaces, while the individual values are shown in Table 2. As a result of the
diamond burnishing, a significant improvement occurred in these parameters, as shown by
the measured values in Table 2.

Table 2. Measured roughness parameters after turning and after burnishing.

Ra (um) Rz (um)
Surface Burnishing Force (N)
after Turning after Burnishing after Turning after Burnishing
1 20 2.63 2.51 16 12.6
2 40 3.34 0.997 18.7 9.34
3 60 2.88 0.407 15.8 3.8
4 80 3.01 0.338 15.6 3.35
5 100 3.1 0.34 15.5 3.73

Figure 4 depicts the comparison of the roughness profiles measured on the turned
and burnished surfaces for Surface 2 (burnishing force of 40 N). The figure clearly shows
how the burnishing tool suppresses the roughness peaks and leaves the roughness valleys
almost unchanged.

Figure 5 shows a diagrammatic representation of the roughness values of the turned
and burnished surfaces. It can be seen that in the case of the smallest burnishing force
(20 N), the improvement is not very significant; the best results were achieved for 80 N, and
after that, stagnation or a small increase was experienced. This suggests that, in order to
improve the roughness, it is not worth applying any burnishing force greater than 80-100 N
in the case of this material quality.
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Figure 4. Roughness profiles after turning and after burnishing for Surface 2 (F = 40 N).
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Figure 5. Comparison of the common roughness parameters for the turned and burnished surfaces.

During the evaluation of the simulation results, the configuration shown in Figure 6
was used. Here the position of the workpiece and the tool (rigid body) can be seen at the
end of the process; the figure also shows the “region of interest” (ROI) area marked in red,
where the development of the stresses was investigated. The intention was to designate an
area that characterizes the residual stresses in the burnished surface as an ROL Due to the
limitations of two-dimensional modeling, only axial stresses can be examined, which are
denoted by Stress-X in the following.

Tool
/ ROI
Stress - X (MPa)
524 Workpiece

300

772

Figure 6. The position of the tool at the end of the process and the ROI for investigations.
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Figure 7 shows the depth distribution of the residual stress for each burnishing value.
Here only the previously defined ROI zones are displayed. It can be seen that as the
force increases, both the absolute value of the compressive stress and the impact depth
also increase. The burnishing tool will obviously smooth out the roughness peaks; this is
where the greatest deformation and the greatest stress occur. This is also why it is worth
considering the topography of the initial surface when modeling.
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Figure 7. ROI areas with Stress-X coloring for the different applied burnishing force values.

In the next step, the residual stress changes caused by diamond burnishing are com-
pared in the case of the FEM simulation and the real cutting experiments. As mentioned
earlier, the residual stress measurements were performed on both the turned and burnished
surfaces. Table 3 shows the average of these measured values. The examination of the stress
states after the turning operation was carried out during a previous study [48]. During the
comparison with simulation results, the absolute difference values are taken as a basis.

A numerical comparison of the absolute mean values of the residual stress obtained by
FEM simulation and experimentally measured can be found in Table 4. The absolute values
of the measured residual stresses were lower by 50-257 MPa in the cases of 20, 40, and
100 N force values. Furthermore, it can also be noticed that at certain force values, a higher
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stress was measured compared to the FEM data (namely when 60 and 80 N burnishing

forces were applied).

Table 3. Measured residual stress values after turning and burnishing.

Stress-X (MPa)

Force (N)
after Turning after Burnishing Absolute Difference
20 —247.2 —628.9 381.7
40 —318.45 —748.5 430.05
60 —274.57 —1110.53 835.97
80 —287.6 —1113.9 826.3
100 —135.45 —1138.35 1002.9

Table 4. Simulated and measured residual stress change due to burnishing.

Maximum Absolute Stress-X (MPa)

Force (N)
FEM Measured (Approx.)
20 442 382
40 480 430
60 753 836
80 809 826
100 1260 1003

As can be seen in Figure 7 and in Figure 8 as well, the distribution of stresses is not
uniform: tensile stress is generated on the surface, which at a certain depth passes into
compressive stress (at a depth of about 2 pm), which reaches its maximum absolute value
on average at a depth of about 10 pm, and then decreases again. The stress curves shown
in Figure 8 were recorded in a specific y-direction line on each ROI diagram shown in
Figure 7, where the maximum absolute compressive force is not displayed. This is the
reason for the numerical differences between the diagram and the tables, but the course of
the stress curves is completely characteristic of the burnishing process; this is demonstrated
by the fact that other researchers have obtained these hook-shaped curves in their previous

research as well [22].
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Figure 8. Depth distribution of the axial stress value (Stress-X).




J. Manuf. Mater. Process. 2022, 6, 123

13 of 16

From the average values of the FEM simulations shown in Figure 7, the maximum
compressive residual stress was between —440 MPa (when F = 20 N) and —1260 MPa
(when F =100 N). Since there was no initial stress-relieving heat treatment in the workpiece,
according to Zhang et al. [22], the value of the residual stress in the initial workpiece can
be between —40 and —60 MPa. This may explain why the measured residual stresses are
lower than the values obtained in the case of simulations.

The comparison of the residual stress data obtained by FEM simulation and experi-
mentally measured is shown in Figure 9. This figure shows the maximum absolute values.
For 20 N, 40 N, and 100 N burnishing forces, the measured residual stress values are ap-
proximately 60-257 MPa lower than the values obtained in the case of simulation, although
the situation is reversed (i.e., the measured values are higher) in the cases of 60 N and 80 N,
where the stress differences are 83 MPa and 17 MPa, respectively.

H FEM
1400 ~ ® Real
g
=3 ||
< 1200 -
X
(2]
(%]
£ 1000 ®
n
(0]
2 800 ® f
(n .
Qo
<
£ 600
£
& 400 = ’
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T T T T T
20 40 60 80 100

Force (N)

Figure 9. Comparison of the maximum absolute compressive stress values obtained by finite element
modeling and measurements.

In some cases, the FEM modeling gives results very close to the real values, but for
example, in the case of a force of 100 N, the difference is more than 200 MPa (this is about
a 25% difference). However, in general, the accuracy of 2D modeling is acceptable; the
average difference was only 13%.

4. Discussion

In the article, the FEM modeling of diamond burnishing based on the measurement of
the roughness of previously turned surfaces is presented. The roughness measurements
were performed on both turned and burnished surfaces. It was shown that the diamond
burnishing clearly improved the surface roughness: at higher applied burnishing force
values (80-100 N), an almost 10-fold improvement was observed in the case of the Ra
parameter (it changed from ~16 pm to ~3.5 pm). The Rz parameter improved from ~16 pm
to ~3.5 um, which is about a 5-fold improvement.

The finite element investigations were performed using the roughness profiles mea-
sured on the turned surfaces. Based on the results of the simulations, it was established
that the residual stress is tensile in the immediate vicinity of the surface and changes to
compressive stress at a depth of about 2 um, reaching its maximum absolute value at
about 10 um (the actual value depends on the applied burnishing force). The values of
the maximum compressive stress reached were between 442 and 1260 MPa. These results
were compared with the residual stress data measured on diamond burnished surfaces
during the experiments. On the basis of the investigations, it can be established that with
two-dimensional modeling it is possible to model the diamond burnishing process with
a relatively good approximation; the difference between the measured and FEM results
for Stress-X was between 2 and 25%, while the average difference was 13%. It should



J. Manuf. Mater. Process. 2022, 6, 123 14 of 16

be mentioned that the sliding friction between the tool and the workpiece was ignored
during the simulations due to the characteristics of the procedure applied. However, it
should be highlighted that there is strong lubrication during the real burnishing process as
well: in the actual experiments, SAE 10W40 oil was used to reduce the friction between
the tool and the workpiece. Another disadvantage of two-dimensional modeling is that
it cannot evaluate tangential stresses. On the other hand, a clear advantage compared to
three-dimensional modeling is that the calculation is much faster, and the structure and
management of the FEM model are simpler. Based on the results of the tests carried out, it
can be concluded that even in two-dimensional simulations it is extremely important to
consider the initial surface topography: during the burnishing process, the profile obtained
during the previous operation is plastically formed, so the actual forming is concentrated
on the roughness peaks. Since the burnishing force is concentrated on a smaller surface
area on the rough surface, the surface pressure will actually be higher. The presented
figures also show that the residual stress is not of the same magnitude under the roughness
peaks and valleys. Since the experiments also proved that increasing the burnishing force
has a clear positive effect on the residual stresses in this process, two factors should be
considered in order to achieve the required stress state of the surfaces: the right value of
the burnishing force and the appropriate choice of the preceding operation resulting in the
desired roughness profile. If the previous operation creates a surface that is too rough, then
the distribution of stresses remaining in the material after burnishing will be less uniform,
which may be unfavorable in terms of service life. The determination of this critical value
of roughness is beyond the scope of this study and can be a topic of future research.
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