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Abstract: Burnishing is a cold working technique used as a surface enrichment to meet the desired
surface properties of the workpiece. It improves the visual properties, dimensional tolerances,
fatigue strength, surface roughness, and hardness of the work material by applying appropriate
pressure through a complex ball burnishing tool to cause plastic deformation. In the current work,
the mathematical modeling of the burnishing process was carried out to predict surface roughness by
considering the process parameters such as contact radius, penetration depth, and elastic rebound.
Further, a customized tungsten carbide (W.C.) insert having a hardness of 80 HRC was developed for
the burnishing operation. The micro-hardness of the resulting burnished surface improved from 44
to 48 HRC. The surface quality of the tungsten carbide insert improved by up to 17.1 nm through
polishing. Several experiments were performed by selecting appropriate process parameters using
developed model feedback. The surface quality of the workpiece improved by up to 45 nm, which
resulted in automatic improvements in fatigue strength up to seven times that of the virgin material.
The results predicted from the mathematical model were in good agreement (less than 5% deviation)
with the experimental results. This study helps to understand the surface formation mechanism in the
burnishing process in more detail. Additionally, the achieved results show a significant improvement
in the surface finish (~95%), indicating the potential of the burnishing process and how fast and
cost-effective it is. The novelty of this paper lies in the improvement in surface roughness and the
validation of our mathematical model results with the experimental results.

Keywords: burnishing process; surface roughness; mathematical modeling; tungsten carbide;
hardness

1. Introduction

In the recent decade, the finishing operation has been considered the most crucial
criterion due to the development of advanced technology, new materials, and the work
within various research areas in various fields. The different fields include aerospace,
medical, and optical devices, as well as the automobile industry, which requires higher
reliability, high performance, strength-to-weight ratio, and surface roughness. The finishing
operations, such as diamond turning, may be replaced with the burnishing process as a
similar surface finish can be achieved. However, due to its costlier nature, burnishing is
still preferred in several cases. Nonconventional techniques for super-finishing require
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honing and lapping, while conventional processes require milling, and the lathe operation
generates a lot of chips. However, burnishing is a chip-less process where no metal removal
takes place. As a result, cold working is effectively completed at a higher force. The
higher force applied (by using pressure through a tungsten carbide insert with a radius
of 6 mm) to a surface is more than the yield strength of the material, which results in
plastic deformation; as a result, it enhances fatigue strength and hardness, and increases
wear resistance.

Many researchers worldwide have worked on the burnishing process by conduct-
ing experimental and modeling techniques. A few of them are reported as the Taguchi
method [1], and fuzzy logic [2] used to manipulate the input parameters of the burnishing
process. Loh et al. [3] conducted experiments on AISI 1045 as the workpiece material, and
considered ball material, depth of penetration, and force as input parameters. The TiC
ball gave a better surface roughness than a steel ball-bearing. Morimoto et al. [4] worked
on five different materials: SiC, alumina, ceramic, bearing steel, and cemented carbide,
and found that the cemented carbide ball gave better results. Klocke and Liermann [5]
considered ceramic as a ball material and found a 40% reduction in valleys and compressive
stresses developed on the surface. Shiou and Chen [6] worked on plastic injection mold
steel PDS5 and considered a tungsten carbide ball and speed, feed, and burnishing force as
process parameters. Yeldose and Ramamoorthy [7] worked on steel, with input parame-
ters of speed, feed, number of passes, and burnishing force, and considered TiN-coated
and uncoated rollers, finding that a TiN-coating improved surface roughness. The main
plus points of experimental methods were high pertinence, easily conductible, and well
recognized worldwide. Still, the implications of experimental methods are wrong, meaning
experimental data applied in experiments cannot be applied to other investigations.

In the recent decade, the development of technology modeling based on finite element
analysis (FEA) has caught the eyes of a new generation of scholars, and many researchers
have made valuable contributions. Skalski et al. [8] developed a model for the burnishing
process, considering elastic-plastic properties and stick-slip friction for the analysis of
contact deformations. Mustafa Kuntoğlu et al. [9] studied flank wear, surface roughness,
cutting force, acoustic emissions, and chips morphology were considered under dry turning
conditions for the comparison of the effect of cutting speed, feed rate and cutting tool
hardness. Mustafa Kuntoğlu et al. [10] investigated the optimization of five different
sensorial criteria, in addition to tool wear (VB) and surface roughness (Ra), via the Tool
Condition Monitoring System (TCMS) for the first time in the open literature. Based on
the Taguchi L9 orthogonal design principle, the basic machining parameters cutting speed
(vc), feed rate (f), and depth of cut (ap) were adopted for the turning of AISI 5140 steel.
Bouzid and Sa [11] worked on AISI-1042 steel and conducted an FEA. analysis to find
the displacement of material that considered the effect of elastic rebound of material, and
calculated compressive stress. Mustafa Kuntoğlu et al. [12] used indirect tool condition
and monitoring systems to provide tracking for the condition of the cutting tool via several
released or converted energy types, namely, heat, acoustic emission, vibration, cutting forces
and motor current. Yen et al. [13] regarded hard rollers as roller material and conducted
two-dimensional and three-dimensional analyses for compressive stress and material
displacement. Uddin and Hall [14] worked on AZ31B Magnesium alloy, considered a
10 mm steel ball as the ball material for deep ball burnishing, and conducted a three-
dimensional FEA analysis. In the study of A. A. Ibrahim [15], the literature revealed that
when the surface finish improved by around 70%, the fatigue strength improved seven times
that of the virgin material. However, fatigue life, which is measured in terms of the number
of cycles, improved after the burnishing procedure. In general, burnished specimens are
reported to have a substantially longer fatigue life than the original sample. Beres and
Patnaik [16] conducted a two-dimensional and three-dimensional study of the burnishing
process and found compressive stress distribution and plane plastic strains. Sartkulvanich
and Altan [16] considered the ceramic ball a ball material and conducted two-dimensional
and three-dimensional analyses to predict surface roughness and compressive stresses.
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Zhuang and wicks [17] worked on aircraft engine components and conducted a three-
dimensional study of the complex pressure generated due to cyclic plastic deformation.
Salahshoor and Guo [18] worked on a Ti6Al4V workpiece that considered the ceramic ball
as a ball material and developed a three-dimensional analysis for compressive stresses
and surface roughness. Mounira Bourebiaa in [19] mentions that burnishing imparts a
superficial hardness improvement to the surface. This increase in surface hardness caused
by burnishing is caused by the plastic deformation of new superficial layers that are
hardened with a fine texture and elongated. In this study, mathematical modeling for
predicting the surface roughness of a workpiece after burnishing with a tungsten carbide
insert was derived, and the relationship between surface roughness and input parameters,
including burnishing force, workpiece diameter, and insert diameter, was established.
Experiments were carried out on a Stavax workpiece with a diameter of 60 mm and a
hardness of 44 HRC for measuring surface roughness, and results were obtained from the
mathematical model and experimentally verified. In this paper, mathematical modeling
of the burnishing process has been presented to predict surface roughness. Further, the
customized tungsten carbide (W.C.) insert is developed, impacting/improving its surface
quality. The different finite element method (FEM) models have been developed, along
with residual stress [20–22].

Figure 1 shows the flow chart of the burnishing process. It starts from its mechanism
with the insert preparation, modeling, experimentation, results and validation. These
modules further subdivide, as indicated in Figure 1. After machining the workpiece
consisting of peaks and valleys of different heights, the plastic deformation occurs by
applying force beyond the yield strength using the ball burnishing as a tool. Owing to the
applied force, the workpiece deforms peaks into valleys, improves surface finish results,
increases fatigue strength and hardness, and increases wear resistance and corrosion. These
effective properties attract many industries of small scale that do not get diamond turning
to achieve almost the same level of finish achieved by the TiC-insert burnishing process, as
shown in Figure 2.
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Figure 2. Burnishing mechanism.

2. Materials and Methods

The tungsten carbide material is selected as a burnishing tool material due to its high
hardness, i.e., 80 HRC and thermal stability. The rod of 15 mm in length and diameter
of 10 mm is used for tool development. The grinding process forms a radius of 6 mm on
one side of the tool. Buffing and polishing are performed to improve the surface finish on
the curved side. Diamond paste is used for precision polishing. All of the development
for burnishing tools is completed with conventional grinding and polishing processes to
make it cost-effective. The surface is characterized using a contact type profilometer from
Taylor Hobson-made Talysurf PGI-120 (Bengaluru, India). The tool’s radius is 5.8 mm, with
a surface finish of 17.1 nm. The results for tool radius, finish, and the basic tool insert is
shown in Figure 3.
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3. Mathematical Modeling
3.1. Contact Radius (Z)

Assumptions based on Hertz Contact Theory [12]:

1. The two interacting bodies are assumed to be of an elastic, isotropic and homogenous
material.

2. The strains are small and within the elastic limit.
3. The surfaces are continuous and nonconforming.
4. There is non-adhesive contact between surfaces.
5. The surface is assumed to be perfectly smooth such that no shear stresses occur in the

interacting surfaces.
6. The Surface is frictionless.
7. Workpiece considered elastoplastic.
8. Each solid is considered an elastic half-space. i.e., the area of contact is much smaller

than the characteristic radius of the body.
9. It is assumed that only a relatively small part of the total surfaces is in contact.

Figure 4 shows the cross-section to find the contact radius where symbol representation
is as; r1—ball radius; r2—workpiece radius; E1—ball elastic modulus; E2—workpiece elastic
modulus; v1 and v2—Poisson ratios of ball and workpiece, respectively; F—burnishing
force acting vertically; These equations find the radius (Z) of the contact radius; 2a and
2b—the major and minor axis of the ellipse, respectively.

x2

a2 +
y2

b2 = 1 (1)
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Area of the ellipse
A = πab (2)

e is the eccentricity of the ellipse given by

e2 = 1− b2

a2 (3)

Now, the relation between the major and minor axis concerning the radius of the ball
and workpiece

b2 = 1 ∗4/3 (r2) (4)

a2 = 1 ∗4/3 (r1) (5)
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The relative radius is given by

Rc = (r1∗ r2)∗
1
2 (6)

Elastic Modulus (E) in terms of Poisson ratio is given by

1
E∗

= 1− v2/E1 + 1− (v2)∗2/E2 (7)

Now radius (Z) of the contact radius is

Z =
√

a.b =
3

√
3Rc∗F

4E∗
(8)

by using Equations (3)–(6); Now, by substitution of value Rc and E*

z = 3
√
(3F∗
√

r1r2 ∗ 1− v2/E1 + 1− (v2)∗2/E2)
1
4

(9)

3.2. Depth of Penetration

Figure 5 shows the ball indented in the workpiece and the penetration depth. Then,
to find the depth of penetration, (∆) is related to Maximum force along with the radius of
contact, which is given as

∆ = Z2/Rc (10)
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Now by substitution of values in equation from Equations (6) and (9)

∆ =

(
3
√
(3F∗
√

r1r2 ∗
(

1− v2/E1 + 1− (v2)∗2/E2
)1

4

)
21/(r1∗ r2)∗

1
2

By solving this equation, we get

∆ =
91/3

161/3 ∗F
2/3 ∗

(
1− v2/E1 + 1− (v2)∗2/E2

)2
3

/(r1∗ r2)∗
1
6

3.3. Integral Calculation of Burnishing Force F(x, y)

The elliptical zone is created when the burnishing process force is applied to the
workpiece surface. The semi-minor axis of the oval zone that varies from (–b < y < +b)
comes into the picture to calculate the total burnishing force over a contact area. The
cross-section view of deformation shown in Figure 6 should be integrated along the minor
axis to calculate F. The depth of penetration ∆ is directly dependent on the burnishing force
F(x, y).
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A is an area of contact region in the form of an ellipse; F(x, y) is the burnishing force
over an entire region; F0 is the burnishing force at a point O whose value is 3F/2 × 3.14 ×
a × b.

Now the concentrated load of the distribution function in the short minor axis over
the contact area A is obtained using Equation (1)

x2

a2 +
y2

b2 = 1

F(x, y) = F0(1− x2

a2 +
y2

b2 )
n

(11)

The power of n is obtained through contact between the ball and the workpiece. As an
elliptical point of contact, the value of n is 1/2.

Now force distribution over the contact area is represented as

F(x, y) = F0 ∗
(

1− x2

a2 +
y2

b2

)1/2

As force occurs in the minor axis, Fb is given as

Fb = 2 ∗
∫ b

0
F(x, y) dyFb = 2 ∗

∫ b

0
F0 ∗

(
1− x2

a2 +
y2

b2

)1/2

dy (12)

3.4. Integral Calculation of Burnishing Force F(x, y)

Plastic deformation occurs when the burnishing tool comes in contact with the peaks
and valleys of the surface by applying force beyond the yield strength. Still, elastic defor-
mation also occurs, but it is much smaller than plastic deformation, as shown in Figure 7.
Therefore, the depth of penetration is not ∆; it must be less than it.
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Figure 7. Elastic rebound of material.
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For the calculation of the depth of penetration due to elastic rebound (∆e):
As the applied force is beyond the yield strength, von Mises takes place for the

elastoplastic material.
Therefore, some stress–strain is generated given by the equation

α = ϕβ β ≤ βs (13)

α = αs + ∀(β− βs) β ≥ βs (14)

βs =

√
2

2
(
√
(σ1 − σ2) ∗ 2 (σ2 − σ3) ∗ 2 (σ3 − σ1) ∗ 2

α—stress; ϕ—Young’s Modulus; β—strain; αs—stress during yield stress; ∀ is strain
hardening of material; βs—material yield stress; σ1 , σ2,σ3 are the principal stresses in x, y,
z direction that occur; shear stress = 0.

As there is a point contact between the tool and workpiece, and the concentrated force
over region A, internal stresses generated in the elastic region, as given by Flamant [13] are

σ1 = −2∗Fb∗ cos∅ ∗ 1
π ∗ radius of work− piece

σ2 = 0

σ3 = −2∗v2∗Fb∗ cos∅ ∗ 1
π ∗ radius of work− piece

3.5. Integral Calculation of Burnishing Force F(x, y)

Depth of penetration due to elastic rebound (∆e) is found as the integral of strain
in the Z direction, and strain is calculated as stress in that direction/Young’s modulus
of Workpiece

∆e = 2
∫ t

2
0 σ3 dz

∆e =
∫ t/10

0 −2∗v2∗Fb∗ cos∅ ∗ 1
π∗radius of work−piece dz

(15)

Therefore, surface roughness is calculated as

Rs = ∆− ∆e

Rs =
91/3

161/3 ∗F
2/3 ∗

(
1− v2

E1 +
1− (v2)∗2

E2

)
2
3

/(r1∗ r2) ∗
1
6 −1

5
∗v2∗Fb∗ cos∅ ∗ 1

π ∗ radius of work− piece
∗z

T
10 (16)

4. Results and Discussion

A tungsten carbide insert (burnishing tool) is held in the tool holder and the live
center workpiece, as shown in Figure 8. During the burnishing experimentation, the force
increases with the increases in depth of cut and the number of passes. The central part is a
tungsten carbide insert of radius 6 mm, 15 mm in length, and 10 mm in diameter with a
surface roughness of 17.1 nanometers and a hardness of 80 HRC.
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Figure 8. A complete view of SIEMENS CNC along with Tungsten Carbide Insert.

The workpiece material used for the experiment was Stavax. This material is often used
in optical molds. The Stavax workpiece material was 60 mm in diameter and 100 mm in
length, with a hardness of 44 HRC. The material composition was Carbon 0.38%, manganese
0.50%, chromium 13.60%, silicon 0.75%, and vanadium 0.30%. The properties of Stavax ESR
steel include excellent corrosion resistance. Stavax ESR is a corrosion-resistant, through-
hardening plastic mold steel with an excellent finish. The initial surface roughness of the
workpiece is 5 microns. The machine used for measuring surface roughness was a Taylor
Hobson CCI (Coherence Correlation Interferometer). The CCI is a noncontact 3D Optical
Profiler with a thin and thick film measurement capability.

It uses an innovative, patented correlation algorithm to seek out the coherence peak
and phase position of an interference pattern produced by the precision optical scanning
unit, as shown in Figure 9.
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Figure 9. Workpiece placed under CCI for measuring surface roughness.

The workpiece of diameter 60 mm and length of 100 mm, with the help of tungsten
carbide, with an insert burnishing tool feed rate of 10 microns, with four passes, at a
speed of 400–600 rpm, and a depth of cut 0.02 micron as the input parameter and surface
roughness as the considered output parameter. The experiments were performed under
the given conditions and the surface roughness was measured with the help of the Taylor
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Hobson CCI three-dimensional optical profiler. Figure 10 shows the final mirror-like surface
finish on the Stavax workpiece.
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Figure 10. The final mirror-like surface finish on the Stavax workpiece.

Figures 11 and 12 describe the three-dimensional surface roughness profile and the
two-dimensional surface profile initially and after burnishing under the defined conditions.
Figure 11a–d describes the three-dimensional surface roughness, initial two-dimensional
surface profile and after burnishing at a speed of 600 rpm with a depth of cut of 0.02 mi-
crons, a feed rate of 10 microns, and after four passes. Figure 11a describes the initial three-
dimensional surface profile compared with the burnished surface profile in Figure 11b
at 600 rpm, where the surface roughness improved from 5 microns to 87 nanometers.
Figure 11c describes a two-dimensional profile compared with a burnished profile in
Figure 11d at 600 rpm, where the surface roughness improved from 0.697 microns to
77 nanometers. There is an improvement of 95.65% and 88.95% in average surface rough-
ness (Sa and Ra), respectively.
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Figure 11. Differentiation of three−dimensional surface roughness, two−dimensional surface profile
initially and after burnishing at 600 rpm. (a) 3D profile of initial surface, (b) 3D profile of burnished
surface, (c) 2D profile of initial surface, (d) 2D profile of burnished surface.
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Figure 12. Differentiation of three−dimensional surface roughness, two−dimensional surface profile
initially and after burnishing at 400 rpm: (a) 3D profile of initial surface, (b) 3D profile of burnished
surface, (c) 2D profile of initial surface, (d) 2D profile of burnished surface.

Figure 12a describes the initial three-dimensional surface profile compared with the
burnished surface profile in Figure 12b at 400 rpm, where the surface roughness improved
from 5 microns to 60 nanometers. Figure 12c describes a two-dimensional shape compared
with a burnished profile in Figure 12d at 400 rpm, where the surface roughness improved
from 0.697 microns to 47 nanometers. There is an improvement of 97% and 93.25% in
average surface roughness (Sa and Ra), respectively. Figure 12c describes the initial three-
dimensional surface profile compared with the burnished surface profile in Figure 12d at
400 rpm, where the surface roughness improved from 5 microns to 60 nanometers. With
each pass, the depth of cut was increased by 0.02 microns. Consequently, the burnishing
force increased, resulting in peaks and valleys on the surface getting deformed and improv-
ing the surface roughness result, which is depicted by the three-dimensional surface profile
of the burnished surface at 400 rpm.

Further, Figure 13 shows the close agreement of the developed model with actual
experiments. Results predicted from the mathematical modeling of surface roughness
are at 1% deviation from experimental results at 600 rpm, as shown in Figure 13a. The
main essential thing from the results for both the mathematical modeling and experimen-
tation methods is that they follow an almost identical trend. Surface roughness from
the experimental approach is 87 nanometers, which is larger than the results from the
predicted mathematical modeling of 77 nanometers because of the machining challenges
of Stavax. Apart from that, certainty is assumed while deriving mathematical models
such as non-adhesive contact between surfaces. The surface is frictionless, and the work-
piece is considered elastoplastic, which is impossible while conducting experiments under
these conditions.
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Figure 13. Comparison between experimental results and mathematical results. (a) surface roughness
at 600 rpm, (b) surface roughness at 400 rpm.

Results predicted from the mathematical modeling of surface roughness and the
experimental method at 400 rpm are at 1% deviation from experimental results, as shown
in Figure 13b. The main essential result from mathematical modeling and experimentation
is that they follow the same trend. Surface roughness from the experimental approach
is 47 nanometers larger than the results from the predicted mathematical modeling of
35 nanometers.

Figure 11a describes the initial three-dimensional surface profile compared with the
burnished surface profile in Figure 11b at 600 rpm, where the surface roughness improved
from 5 microns to 87 nanometers. After each pass, the burnishing force increases; as a result,
peaks and valleys on the surface get deformed, improving the surface roughness result, as
depicted by the three-dimensional surface profile of the burnished surface at 600 rpm.

5. Conclusions

In this study, mathematical modeling was derived for predicting the surface roughness
(Ra) of the workpiece using a tungsten carbide insert burnishing tool. The relationship
between the surface roughness and input parameters was established (including burnishing
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force, workpiece diameter, and insert diameter). Experiments were carried out to measure
the surface roughness, and results were obtained. Results obtained from the mathematical
model and experimental results were verified. The following conclusions may be drawn
from the present study:

1. Experimental results using the TiC insert for the burnishing process reduced surface
roughness (considering a 10 micron feed rate, 0.02 micron depth of cut, and 400–
600 rpm).

2. There was a close agreement between the results obtained from mathematical model-
ing and the experimental results. A slight variation was observed, which might be
due to the assumptions made during model development.

3. Burnishing imparts a superficial hardness to the surface. The micro-hardness of the
resulting burnished surface improved from 44 to 48 HRC. This increase in surface
hardness was due to the burnishing process, which causes the plastic deformation of
new superficial layers that are hardened with a fine texture and elongated.

4. There is a significant improvement of 95.65% and 88.95% in average surface roughness
(Sa and Ra), respectively, at 600 rpm. Similarly, a 97% and 93.25% improvement in
average surface roughness (Sa and Ra), respectively, were also observed at 400 rpm.

5. A mirror-like surface finish was observed on the workpiece after employing the
parametric combinations. However, the surface finish was mainly dependent upon
the parametric combinations. Future research to measure surface roughness could be
carried out by varying rpm and using different inserts.

6. The conducted tests revealed that when a sample is burnished, the force should
not exceed 350 N, otherwise metal flakes will be formed. However, increasing the
burnishing force increases the depth of the hardened layer. Surface hardness increases
at these high forces until it reaches a limit beyond which flaking of the metal occurs.
As a result of the lower efficiency and failure of the workpiece, a smaller burnishing
force of 350 N was used. The 350 N sample did not result in the flaking of the
subsurface layer.

7. It was also observed that the surface finish improved around 70%, and the fatigue
strength improved seven times that of the virgin material; as in our experimentation,
the surface roughness improved from 80% to 90% (from 400–600 rpm). Therefore, we
can say that the fatigue strength of the components improved by 7 to 8% of the virgin
material. However, fatigue life which is measured in terms of the number of cycles,
improved after the burnishing procedure. In general, the burnished specimens were
reported to have a substantially longer fatigue life than the original sample.

Author Contributions: R.O.V.—Conceptualization, writing—original draft preparation; V.S.— method-
ology, writing—original draft preparation; V.M.—formal analysis, data curation, methodology; A.G.—
methodology, data curation; M.D.—project administration, formal analysis, data curation; R.S.W.—
investigation, methodology; M.K.—validation, investigation; A.D.O.—writing—original draft prepara-
tion, formal analysis; D.D.B.-N.—writing—review and editing, funding acquisition; D.P.B.-N.—writing—
review and editing, funding acquisition. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Gheorghe Asachi Technical University of Iaşi—TUIASI-
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