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Abstract: The present work describes an experimental investigation of the fatigue durability of AISI
304 and AISI 316L austenitic stainless steels, which have regular reliefs (RR) of the IV-th type, formed
by ball burnishing (BB) on flat surfaces, using a computer numerical control (CNC) milling center. The
methodology and the equipment used for obtaining regular reliefs, along with a vibration-induced
fatigue test setup, are presented and described. The results from the BB process and the fatigue
life experiments of the tested austenitic stainless steels are gathered, using the approach of factorial
design experiments. It was found that the presence of RR of the IV-th type do not worsen the fatigue
strength of the studied steels. The Pareto, t-test and Bayesian rule techniques are used to determine
the main effects and the interactions of significance between ball burnishing regime parameters.
A stochastic model is derived and is used to find when the probability of obtaining the maximum
fatigue life of parts made of AISI 304 or 316L reaches its maximum value. It was found that when the
deforming force, the amplitude of the sinewaves and their wavenumber are set at high values, and
the feed rate is set at its low value, the probability to reach maximum fatigue life for the parts made
of AISI 304 or 316L is equal to 97%.

Keywords: ball burnishing; regular reliefs; surface topography; austenitic stainless steel; fatigue life;
t-test; Bayesian rule

1. Introduction

Austenitic stainless steels, such as AISI 304 and AISI 316L, have wide usage in various
types of parts, mechanisms and constructions in many different industries. For instance,
they have wide application in chemical and food industries, pharmaceuticals, medicine, and
automotive, aircraft, and maritime industries, etc. The parts used in these industrial and
life care fields are subjected to many strict requirements, such as high corrosion and wear
resistance, surface hardness and mechanical strength, and must have high integrity contact
surfaces with little roughness asperity, etc., in order to achieve the intended operational
characteristics. Often, the operational conditions of their work include cyclic loads, which
could lead to fatigue failures, resulting in significant shortening of their operational lifetime.
While in some cases machine parts destroyed due to fatigue from mechanical devices are
relatively easy and not too costly to replace, in other cases, such as orthopedic prostheses [1],
this is not an easy and simple task. Therefore, the fatigue durability of such prostheses
is of great importance for the patient. Destruction of mechanical parts due to fatigue or
wear, for example, when food processing machines are used, can lead to small particles
(debris) getting into the food, thus endangering the health and even the lives of consumers.
Even an auxiliary part’s fatigue failure can cause severe operational issues, violation of the
whole mechanism or even destruction of the entire device or machine.

There are many approaches developed over the years in order to minimize fatigue
failures. They can be divided into two large areas: the first one is related to the design
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of the machine parts, and the second is related to the development of specific finishing
processing technologies, which have led to improvement of fatigue strength.

Among the design approaches the most notable is “Infinite-life design” [2] which keeps
all stresses below the limits of fatigue effects. This approach is used where safety and/or
long life are more important than space and weight limitations. “Safe-life design” [3]
allows fatigue cracks to occur during the operational period, but they never grow to a
critical length. Some structures subjected to high stresses, such as aircraft wings and hulls,
pressure vessels, and heavy duty bearings, employ this type of design. The designed
“safe life” usually is about one-fourth of the predicted fatigue life. “Fail-safe design”
allows cracks to occur, but they never lead to fatigue failure earlier than the scheduled
maintenance. The maintenance process must detect, repair, or replace the damaged parts.
This approach is employed mainly in the aircraft industry since the weight requirements are
crucial and there are strict regulations for maintenance in comparison with other industries.
“Damage-tolerant design” [4] includes fracture mechanics and takes into account the initial
imperfections in the material structure. The approach is based on the assumption that
imperfections (flaws, cracks, etc.) can exist in any structure, and these cracks propagate
(and grow) during the usage period. This approach is commonly used in civil engineering,
mechanical engineering, and aircraft engineering to manage the extension of cracks in
structures by using the principles of fracture mechanics. In this approach, a corresponding
specific maintenance program must provide detection and repair of accidental damage,
corrosion, and fatigue failure before the structure residual strength is reduced below an
allowable limit. Although the abovementioned fatigue-based design approaches have
been implemented for a long time in engineering practice, it is still possible for fatigue
failure situations to occur because of different shortcomings of design and omissions in
implementation. There are many influencing factors which affect fatigue behavior [5],
the most important of which are stress and strain concentrations; material properties and
metallurgical factors; surface finish and directional properties; and type and nature of
loading, etc.

Reduction of fatigue failures by using specific methods for parts production is the
second strategic approach [6-10]. By choosing an appropriate processing method, the
effect of various “defects”—caused by metallurgical factors, surface hardness, residual
compressive or tensile stresses in the surface layer, surface roughness and topography,
etc.—on fatigue endurance can also be significantly reduced. The surface roughness is of
great importance among the technological factors because it is well known that fatigue
failure usually originates on the surface of the part. There is evidence that, for steel, the
higher the tensile strength, the more critical is the surface finish [11,12]. Because the
surface condition has a significant effect on fatigue strength, some of the traditionally
used finishing processes of machine parts, such as milling, turning, grinding, polishing,
lapping, etc., cannot completely meet all requirements. The surface roughness after most of
these processes has a typical topography with notches due to imperfections that occurred
after removing the allowance. Residual tensile stresses and even cracks can occur after
grinding, for example, due to intensive heating of the surface layer, which is usual for this
finishing process [5,13,14].

A considerable increase of the fatigue strength can be achieved if finishing processes
such as shot peening, deep rolling, ball burnishing (BB), etc., which are based on plastic
deformation of the surface layer in a cold state, are applied [5,15,16]. After their application,
compressive residual stresses are obtained in the surface layer, combined with the removal
(or minimization of depth) of the notches from previous cutting operations [17]. Processes
based on plastic deformation also increase the hardness of the surface layer, which favors
wear resistance. When rolling or BB is applied to metastable austenitic stainless steels, such
as the aforementioned AISI 304 and AISI 316L, the austenite (y-phase) transforms into
martensite (e- and/or o’-) due to a recrystallization change caused by deformation energy,
even at ambient temperature. On the other hand, a smooth surface topography with very
little roughness (Ra criterion from 0.8 to 0.025 um) can be achieved after rolling or BB is
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applied as a finishing process [18,19]. This way, two of the abovementioned negative effects
of the cutting finishing methods on fatigue resistance can be avoided.

Ball burnishing has several different varieties, depending on the purposes for which
it is applied [20]. They are all related to the plastic deformation of the surface layer, but
can differ in the way the deforming element moves along the parts” surface. When the
goal is to achieve only surface smoothing, the classic BB schemes can be used [21], in
which the trajectory of the deforming element is the same as that of the cutting tools
in drilling, turning, and milling cutting operations. Recently, there has emerged more
and more evidence that the BB process can be successfully implemented using computer
numerical control (CNC) equipment, which allows application of different strategies and
toolpaths [22-25]. Some authors [26] report improvements in BB tools that allow the
simultaneous use of multiple deforming elements to increase the process productivity.
Other authors [27] apply ultrasonic artificial vibrations to the deforming element in order
to intensify the plastic deformation in the surface layer.

The BB process also can be applied in order to create a specific surface roughness
(or so-called “regular reliefs”) in addition to improving the other aspects of surface layer
integrity [28]. Regular reliefs (RR) are formed by the traces of plastic deformation that
are left on the surface as result of the passage of the deforming element, which is pressed
with a certain deforming force. Here the deforming tool must perform a more complex
trajectory (in contrast to the classical one), involving additional oscillation with a certain
frequency and amplitude. As a result, this type of BB process is called “vibratory ball
burnishing” (VBB) [28]. The RR obtained by vibratory ball burnishing can be five different
types, according to the classification given in [28], the most interesting of which is the
IV-th type, which covers all of the processed surface and forms a completely new surface
roughness. Depending on the regime parameters of the VBB, the RR of the IV-th type can
have specific rectangular or hexagonal cell patterns, which significantly increase the ability
to retain lubricants and micro debris and stop them from wearing the surfaces burnished
by this method, in comparison with smoothed ones [29-31]. Although the roughness of the
RR is greater than that of the smoothed surfaces, they offer better contact conditions, such
as reaching liquid friction at lower speeds [32], optimizing the contact spots, and increasing
the wear resistance, while the other advantages of the BB process remain the same.

When VBB is adapted for implementation by using a CNC lathe or milling machine,
the complex toolpath for obtaining RR can be achieved by interpolation between the
machine axes [33]. In this case, the additional reciprocating movement (or the “vibration”
component) of the ball tool is not needed, which significantly simplifies its construction.
The preliminary mathematical modeling [34,35] of the tool path and the higher precision of
the CNC equipment give opportunity to obtain full or partial RR with higher dimensional
precision and repeatability of the cells. In the present work this variant of the BB process
was used in order to obtain RR of the IV-th type on flat surface of the test parts subjected
to fatigue failure tests. This type of RR is expected to have no worse fatigue-failure
behavior than the smoothed surfaces after applying other (traditional) variations of the BB
process. The results from earlier conducted experiments with AISI 304 steel [36] support
this expectation, but the obtained experimental data concern only few of the BB process
conditions, and the statistical analysis used to evaluate the significance of the regime
parameters of the process can be improved by using the Bayesian approach [37].

Based on the investigated sources, the current work’s main goal is to investigate the
effect of RR of the IV-th type obtained by BB on the fatigue life of AISI 304 and AISI 316L
austenitic steels. Secondly, it aims to study the effects of the main BB process regime and
relief parameters and their interactions over fatigue life.

Finally, it aims to create a stochastic model for calculation of the probabilities of
reaching a certain number of cycles until fatigue failure, for the possible combinations of
“low” and “high” levels of the BB regime’s parameters for both investigated steels.
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2. Materials and Methods
2.1. Materials

The materials used in this work were rolled sheets of austenitic stainless steels: AISI
304, provided by SARITAS Celik Sanayi ve Ticaret A.S. (Istanbul, Turkey) and AISI 316L,
provided by Acerinox Europa SAU (Los Barrios, Spain), both with 4 mm thickness. The
chemical compositions of these austenitic steels and their basic mechanical properties are
given in Table 1.

Table 1. Chemical compositions and mechanical properties of austenitic stainless steels AISI 304 and
AISI 316L.

Chemical Compositions %

Material C Cr Mn Mo N Ni P S Si Co
AISI304 0.021 1820  1.550 - 0.059 8100 0.031 0.001 0.380 -
;‘115]{ 0.022 1663 1.285 2031 0.050 10.065 0.030 0.004 0.340 0.226
Mechanical Properties
. Yield Tensile Elongation
Material Strength, MPa Strength, MPa A5, % HRB
AISI 304 324.00 626.00 55.00 188.0
AISI
316L 353.15 628.58 49.18 82.0

2.2. Obtaining RR of the IV-th Type by BB Process, Implemented on CNC Milling Machine
2.2.1. Calculating the Toolpath Trajectory of the Ball Tool

Because RR were formed onto planar surfaces in the present work, the needed kine-
matics for the BB process could be borrowed from the classical vibratory BB process [34],
but adapted for implementation with a contemporary CNC milling machine. This way the
needed complex toolpath of the deforming tool (shown in Figure 1a,b), which is essential
for the formation of RR of the IV-th type (see Figure 1c), could be achieved much more
efficiently, and with a greater accuracy.

2-e, mm

\

| \—Do, mm
\
>

dpy, mm

H, mm

e

i=(-Do) /i

m-2 {m-1 m ‘./
a)

Figure 1. (a) Ball burnishing (BB) toolpath trajectory basic parameters; (b) BB toolpath distribution
within the burnished surface boundaries; (c) resulting regular reliefs (RR) of the IV-th type with
rectangular cells.

If we take into account the principle of the CNC equipment programming (i.e., ISO
code) that the tool moves from its current position to the coordinates of the next posi-
tion according to the NC code, the complex toolpath needed in the BB process can be
divided into a relatively large number of short rectilinear segments that interpolate it with
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a sufficient accuracy. The end point X and Y coordinates of each segment were calculated
using the following system of functions [34] (see Figure 1a):

Xon = <e~ cos(%)m + %~\/D02+4~82~ cos(z'%)Wf) . sin(z';'”+ip~m) +dg,em

— (- 2-7tn 1, 21 4.02. 2mn 2. 2n ;o
Ym,n7<c cos( B )m+2 \/DO +4-¢ cos( > >m> cos( i +ip m)

@

where p is the number of the toolpath points; 7 is the index of the current point from
the toolpath (n =0, 1, 2, ... p); m is the index of the current segment of the toolpath
(m=0,1,2,...9);,q9=1L/d fn is the number of all toolpath segments; Dy, mm is the
toolpaths” segment diameters; e, mm is half of the amplitude of the sinewaves; dfn, mm
is the linear distance between the toolpath segments; ip is the fractional part of the ratio
i= 7T~D0 /A.

The parameter i, determines the phase shift between sinewaves of the successive
toolpath segments and can have values between 0 and 0.5. When i, ~ 0.15, the RR have
cells that resemble a hexagonal shape, and when i, ~ 0.45 the cells are close to having a
rectangular shape. The integer part of the parameter i sets the number of the sinewaves
within each of the toolpath segments, thus determining their period A, mm. It has an
impact on the resulting RR cells’ size along the Y axis (see Figure 1a).

The parameters e and dj, from Equation (1) have a significant impact on the RR cells’
size along the X axis. One of the important requirements to be met is that d, must be equal
or less than e (i.e., dg, < e) in order to guarantee obtaining RR of the IV-th type. Otherwise,
if dﬁ, > e there is a possibility of obtaining RR of types I-st, II-nd or III-th, which can be
formed onto burnished surfaces, which contain “isles” with initial roughness obtained by
the previous operation. This is undesirable because it can lead to non-uniformity of the
physical and mechanical properties in the burnished surface layer. When the values of
these parameters are set in the Equation (1), the results for the imprint diameter also must
be taken into account.

Another important condition is that the toolpath points must be generated only
within the burnished area boundaries, because there is no reason for the deforming tool
to process the space outside the material. In [34] an algorithm is presented which is
based on additional logical conditions to prevent generation of points outside the material
boundaries. It also connects the sinewave segments with each other (see Figure 1a) and
this way ensures the overall length of the toolpath is as short as possible. The outcome of
the algorithm is a single polyline, defined by the points calculated by Equation (1), with
an optimal length that depends on the shape and size of the area processed by the BB
operation. The polyline created in this way can then be exported as a two-dimensional
drawing (in DXF or DWG format), and be used in suitable CAM for further modeling of
the BB operation.

2.2.2. Preparing the NC Code for the BB Operation

Unfortunately, the numerical control (NC) code cannot be written by hand in this
case, because of the great number of points (sometimes several hundred thousand points)
that the BB operation toolpath usually contains. The numerical control system of the most
widespread milling machines also do not have preinstalled appropriate canned cycles that
can be used for that purpose. However, the NC code needed to perform the BB operation
in a suitable CNC milling machine can be obtained automatically, using appropriate CAM
software. What particular CAM software is used is not of a great importance as long as it
has a suitable milling component that allows the tool to be guided along a predetermined
curve (in the present case the polyline, generated in the previous step), and a suitable
postprocessor for the specific CNC milling machine that will be used.

After postprocessing the modeled toolpaths in CAM for all the BB operations accord-
ing to the experimental designs, the corresponding NC codes were obtained.
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2.3. Fatigue Failure Test Setup
2.3.1. Description of the Experimental Method and Setup

A reversal bending fatigue test similar to that in [36] was performed on a vibration
exciter (see Figure 2). The test specimen was mounted as a cantilever beam on the exciter’s
vibration table. Two accelerometers were mounted: one at the free end of the specimen
and the other at the exciter table. The vibration exciter was harmonically excited with
a frequency close to the fundamental resonance mode shape of the specimen.

software

LabView control |

I

Vibration
exciter

1mmm
LRRIREY]

Accelerometer
at the plate

Figure 2. Components of the fatigue failure experimental setup.

As the difference between the tip and base acceleration is proportional to the applied
stress, the load was controlled by adjusting the amplitude and the frequency of the shaker
signal during testing. An algorithm similar to those realized in [38] was developed and
installed in the MyRio 1900 (National Instruments, Austin, TX, USA) for automatic adjust-
ment of the excitation signal frequency in order to keep the applied stress constant during
the test. The test was stopped automatically when the algorithm was unable to maintain
the preset stress amplitude by adjusting the frequency of the exciting signal. In order to
ensure the stable working of the self-adjustment algorithm, the frequency of the exciting
signal must be a little greater than that at the resonance. This way, the possibility of the
exciting signal frequency starting the amendment in the wrong direction is eliminated.
Using a personal computer and the LabView (National Instruments, Austin, TX, USA)
visual programing environment, software was developed to monitor the experimental
parameters and to count the cycles until fatigue failure of the specimens. The software
saved incoming data from MyRio 1900 as logs, which were used for further analyses
of the results.

All the specimens in the current experimental investigation were tested at equal
loading, in order to investigate the impact of the BB regime parameters on fatigue failure.

2.3.2. Determining Experimental Conditions of the Fatigue Failure Test Using FE Analysis

The purpose of the conducted finite element (FE) analysis (see Figure 3a-d) was
to determine the vibration fatigue test setup parameters, in order to assure invariable
conditions of the fatigue failure experimental investigation. A linear dynamic study was
carried out for the investigated materials. It was based on natural frequencies and mode
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Specimen
holder
system

Electromagnet
ic shaker table

shapes to evaluate the response of the test specimens to dynamic loading, caused by
shaker’s table.

Accelerometer 1 (at the plate)

Fatigue test
specimen

VONDC Max: 218.1 N/'mm*2 (MPa)
Accelerometer 2

(at the free end)

Base excitation:

Fixed geometry Acceleration 10 m/sec”2
a)

? b)

77.326 Hz
FEE

o~ Experimentally obtained

23
S
S

Node: 45628
X,Y,Z Location: 138; 37.8; 0 mm

~®=Obtained by FEA

'S
S
5

ARES Value:  569.1 m/s"2

Acceleration at free end,
m/sec™2
N ow
s g
g B

S
S

T RERE:!
| I t
0 At resonance

Working /requer(q'
2 74 76 78 80 82 84
<) d) Frequency diapazon, Hz

?

Figure 3. (a) Meshed 3D model with fixed geometry and excitation applied with (b,c) results from finite element analysis
(FEA) for maximal obtained stress and acceleration at the free end of the specimen and (d) response graphs of “frequency-
acceleration” (amplitude) obtained after FEA and experimental study conducted.

To conduct the FE analysis study, a SOLIDWORKS Simulation module (Education
edition 2020-2021, SolidWorks Corporation, Waltham, MA, USA) was used. The in-
put parameters in the FE model included the test specimens’ material properties (see
Table 1) and applied uniform excitation (acceleration) of 10 m/ s which was restrained
only in the vertical direction (see Figure 3a). The masses of the test specimens and the used
acceleration sensor at the cantilever’s free end were set in the FE model, based on weight
measurements of the real items, using a precise scale. The global damping ratio for each
mode was set to be 0.01.

As the 3D components participating in the assembly had relatively simple geometric
shapes, a standard high-quality mesh was used with the global size of the elements being
2.0 mm, and tolerance 0.1 mm. As a result, the total number of the obtained mesh elements
was 66,382, and they had 99,510 nodes.

The obtained FE model results for maximum (Von Misses) stress (218.1 MPa) at the
concentrator of the fatigue specimen, along with displacement (2.36 mm), and acceleration
(569.1 m/s?) at its free end (shown in Figure 3b—d), were calculated for the resonant
frequency (77.326 Hz). The last two parameters were determined in the mesh model with
the number 45,628, which was located as near as possible to the center of gravity of the
accelerometer (see Figure 3c) in order to bring the simulation analysis as close as possible
to the actual experimental conditions.

Using real test specimens (without RR formed by ball burnishing) and adjusting the
electromagnetic shaker to sweep the frequency diapason around the obtained resonance
frequency, a “frequency-acceleration” (amplitude) response graph was obtained. A similar
response graph also was obtained from the FE model. Both graphs are shown together
in Figure 3d for illustration. The comparison between them shows that the FE model
gave results close to those obtained after the physical test. The resonant frequencies of the
measured (77.75 Hz) and the calculated (77.33 Hz) response graphs differ by only 0.5%.
The difference in respect to the maximum acceleration values at resonance between the
measured (531 m/s?) and the calculated (557.7 m/s?) response graphs did not exceed 5%.
Therefore, the results derived from the FE model can be considered as adequate.
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Due to the algorithm implemented to automatically adjust the frequency of the ex-
citation load of the exciter, which was used to control the acceleration at the free end of
specimen and thus to keep the stresses obtained in the concentrator constant during the
fatigue test, it was not advisable for the exact resonant frequency (i.e., the peak of the
response graphs) to be chosen as a work point. In order to guarantee stable working of the
auto-adjusting algorithm, the work frequency of the shaker had to exceed the resonant one.
Using the FE model, and the obtained response graph, it was possible to specify previously
the suitable initial working frequency and the corresponding acceleration at the free end,
which defined the resulting stress at the concentrator of the fatigue specimens. This way
the FE model facilitated the preparation of the fatigue failure experimental investigation,
and allowed us to reach optimal experimental conditions without the need of carrying out
many preliminary physical tests.

3. Experimental Research

In order to investigate the impact of the main regime parameters of the BB process on
fatigue failure effects, an experimental investigation was conducted according to the first
goal. Its purpose was to reveal the main effects and interactions between the BB regime
parameters: deforming force—F, N and feed rate—f, mm/min, which were expected to
a have major influence on the degree of the plastic deformation in the surface layer of
the material, and the toolpath trajectory parameters: ¢, mm and i, which are known to
determine the shape and the size of the RR cells. The experimental research was based on
the approach of the full factorial designs [39]. The selected four factors (i.e., the BB regime
parameters F, f, i, and ¢) varied on two levels—"low” and “high”. The experimental design
executed is shown in Table 2.

Table 2. Levels of factors (i.e., regime parameters of the BB operation).

Factor Code Low Level (—1) High Level (+1)
Deforming force, F, N A 1060 1735
Number of sinewave wavelengths, i B 600.15 1200.15
Amplitude, e, mm C 1.0 2.5
Feed rate, f, mm/min D 150 300

As a response criterion, the number of cycles until fatigue failure was used. For every
trial, included in the experimental design, two replicates were performed. The obtained
results were subjected to several different analysis techniques, including the Pareto, ¢-test,
and Bayesian rule.

The natural values of i, and e were selected on the basis of the previous research
of the authors [40]. Their low and high levels were set to obtain RR with different size
cells. In Table 3, the four toolpath types which had different unfolded lengths, derived
by using Equation (1), are illustrated. The unfolded toolpath length gives the relief
degree of imbrication, which is proportional to the number of passes in conventional
burnishing technology.

Table 3. Unfolded length of the toolpaths at chosen factor level combinations.

Factor Level Low Number: B = —1 High Number: B = +1

Low amplitude:
C=-1

4 \’VVS

Toolpath length: 1011.75mm  Toolpath length: 1783.25 mm

High amplitude:
C=+1

Toolpath length: 2231.34 mm  Toolpath length: 4164.44 mm
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a)

b)

150 mm

The values for F and f were selected from the operational capabilities of the ball bur-
nishing tool [41], and those of the CNC milling machine (3-axes HAAS TM-1,
USA [42]) used.

The rest of the BB parameters, which were not varied during the experiments, were
fixed as follows: diameter of the deforming element was dc = 14, mm; number of points of
the toolpath p = 10,000; the distance between toolpath segments dj; was set to be equal of
half of the sinewave amplitude e. In order to avoid jamming of the ball tool, Mobil DTE 25
was used as a lubricant for all ball burnished experimental specimens.

The test specimens were made of austenitic stainless steels AISI 304 and AISI 316L,
described in Section 2.1. They had a specific shape and dimensions, shown in Figure 4a,b.
The specimens had two stress concentrators whose purpose was to guarantee the fatigue
cracks developed in the narrowest section of the material (see Figure 4b), i.e., where the RR
were formed after applying the BB operation. According to the experimental design shown
in Table 2, 16 x 2 = 32 specimens were processed by BB for AISI 304 steel and another
32 specimens with the same characteristics for AISI 316L steel, respectively. Fourteen
additional specimens (without RR) were also made of both of the steels (see Figure
4c,d). Their purpose was to adjust the fatigue test setup, as well as to compare the results
obtained for the number of cycles to fatigue failure with and without the application of the
BB operation.

) RR from IV-th type For comparison

iN

PV

13 mm

|
|
|
|
|
|
T
|
Trial 1

Fatigue

Trial 2

Figure 4. (a) Fatigue test specimens’ shape and dimensions; (b) BB area with RR of the IV-th type; (c) arrangement of
the specimens within the plates of AISI 304 and AISI 316L. (d) Physical BB-operation for obtaining the real RR from
the IV-th type.

The BB operation was applied on both sides of the plates, with one and the same
combinations of the regime parameter values, according to experimental design, shown in
Table 2. Thus, each specimen processed by BB had two-sided RR. After all RR were formed
onto both sides of the plate, the different specimens were cut off the plate using a CO,
laser cutting machine MAZAK SUPER X48-Champion. In order to avoid the impact of the
sharp edges after the laser cutting operation at the stress concentrator on fatigue life of the
specimens, they were subjected to electropolishing.

4. Results
4.1. Preprocessing Data

As a result of the experiments, the fatigue testing number of cycles to failure (Nf)
was obtained. According to the experimental plan, specimens of 304 and 316L steels were
burnished with 16 combinations. Low and high levels of the factors were coded with
—1and 1. Levels of two- and three-factor interactions were calculated as a multiplication
of main factor levels.

The specimens of both steel batches were tested successively at each combination
(replication r = 4), resulting in a total of 16 x 4 = 64 specimens (32 specimens of each kind
of steel). The descriptive statistics of the fatigue data are shown in Table 4. Considering
that unlike AISI 316L, specimens of AISI 304 were notched, the fatigue life results were as
expected. The 316L specimens’ fatigue life lay predominantly in the 100 range, while the
fatigue life of 304 specimens lay predominantly in the 10 range.
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Table 4. Results from the fatigue tests (descriptive statistics).

Cycles to Failure (Ny)

Steel
Count Mean std min 25% 50% 75% max
304 32 152,909 101,099 23,929 61,192 152,450 234,882 419,450
316L 32 1,353,132 1,422,401 138,868 418,176 694,903 1,807,082 6,022,466

The fatigue life, even at constant stress amplitude, showed stochastic behavior. The
materials’ fatigue resistance due to the randomness of microdefect distribution, loading
condition variations, and specimen preparation were the main sources of uncertainty. To
model fatigue life, Normal and LogNormal distributions are commonly used.

Of particular interest in this study was the increase of the fatigue life due to burnishing
operation with different combinations of regime parameters. To identify the characteristics
of fatigue life gain, additional experiments with non-burnished specimens were carried
out at the same loading conditions. The mean result for 304 steel was 2 x 10* cycles
(tested four specimens). For 316L steel, the mean result was 14 x 10* cycles (tested three
specimens). Based on these results, value logCycles representing gain of the fatigue life
due to burnishing were formed. Cycles to failure of burnished specimens are divided into
base cycles of non-burnished specimens and ones, converted to logarithmic scale, using
the decibel rule to get more physical meaning, (Equation (2))

@

logCycles — 2O.log(cycles to failure of burnished speczmen)

cycles to failure of base specimen

Descriptive statistics of data converted to log scale are shown in Table 4. These data
are considered as primary data for the statistical analysis.

To ensure comparability of the data for different materials, the logCycles were scaled
using a robust scaler from the Python library “SciKit Learn” [43]. This type of scaler uses
the first and third percentile values and is more robust to outliers Equation (3). This kind
of scaling can be applied to additional data (if replication of the experiment is made). The
histograms of scaled data are shown in Figure 5.

_ ¥i—q:1(025)
Yscaled = 1]3(0-75) —q (0.25) (3)
7 — = 304
= 316
64
5
=4
3
3]
2
1
0.0 : 15

Figure 5. Scaled data histogram.

Most of the data were in the unit range (—1; +1). The whole range of data was
(—1.5; +1.5). As shown in Table 5, for the particular materials included in this research,
mean and ¢1(0.25) and g3(0.75) quantiles were quite similar and scaling just centered the
data and converted standard deviation to 1.

10
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Table 5. Results from the fatigue tests, converted to log scale (descriptive statistics).

logCycles (dB
Steel ogCycles (dB)

Count Mean std min 25% 50% 75% max
304 32.0 15.35 6.98 1.56 9.71 17.64 21.39 26.43
316 32.0 15.45 8.81 —0.07 9.50 13.68 2222 32.67

4.2. Effects and T-Test

The main effect of a given factor is the mean difference in the level of response as
the input moves from the low to the high level [44]. Combined two- and three-factor
effects (interactions) are calculated by multiplication of the main factor levels. For example,
two-factor interaction is positive when the inputs move in the same directions and negative
when the inputs move in opposite directions. To visualize these effects, linear regression
plots are presented on Figures 6-8. Each kind of steel is treated separately for comparison.

In previous research [36], only the results of fatigue testing of AISI 304 steel were
analyzed. It was found that the main factors A and D, and the interactions AC and AD,
had the greatest impact. The new data from the 316L steel fatigue testing showed similar
behavior, according to the main factors. In contrast, interaction AD was very strong, but
the slope was different, comparing steel types (positive for 316L and negative for 304),
as shown in Figure 7. From the three-factor interactions, ACD seems to be important
(Figure 8).
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Figure 6. Regression plots representing the main effects.
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Figure 7. Regression plots representing two-factor interactions.
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Figure 8. Regression plots representing three-factor interactions.

Since steels were burnished within the same experimental plan, and the fatigue testing
procedure was the same, similar effects should be expected, so the new effects calculation
was made considering the whole dataset. The main effects and interactions are given in
descending order of their absolute values in Table 6. A Pareto chart (see Figure 9) shows
that the first seven factors from the table should be considered significant (D, A, ACD, AD,
AC, BCD, BD), because they covered about 80% of the total effect.

Table 6. Main effects, two- and three-factor interactions and p values.

Factors Effect abs(Effect) p-Value

D —3.654 3.654 0.084

A 2.984 2.984 0.108
ACD —2.824 2.824 0.222
AD 2.707 2.707 0.206
AC 1.927 1.927 0.371
BCD 1.885 1.885 0.316
BD —1.750 1.750 0.417
AB —1.426 1.426 0.541
CD —0.886 0.886 0.705
ABD 0.715 0.715 0.742

Pareto plot
3.5 “%91%94%“%99%100

78%

abs_effects
N
)
1

e
o w
L 4
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w
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0.0-
D A ACD AD AC BCD BD AB CD ABD C B BC ABC
Regime parameters

Figure 9. Pareto plot factors (regime parameters) and interactions.

The obtained results were confirmed by t-test. This test checks the null hypothesis
if the mean values of the two groups of samples are identical. The p-values, calculated
from the t-test, are given in the last column of Table 2. All of them were greater than
5% (p > 0.05), which means that the null hypothesis cannot be rejected with 95% level of
confidence for all the factors and interactions. If value p = 0.1 (90% confidence) is taken as
a significance level, the null hypothesis can be rejected for D and A factors and these factors
are considered significant for the regression model. The values of these factors confirm
the general findings for the burnishing processes: that higher force (A) and low federate

12
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(D) guarantee a higher degree of plastic deformation, thus benefiting the fatigue life [28],
but give no information about the influence of the regular relief degree of imbrication,
connected with factors B and C.

More detailed statistical inference from such noisy data can be obtained, using the
Bayesian approach. Bayesian models are called probability models, since as a result
distribution rather than the point estimates for the unknown parameters are obtained.
According to the Bayesian rule Equation (4), the posterior probability of parameters of
interest 6, based on the observed data y, can be estimated, using our prior knowledge about
these parameters (6). The term P(y|6), called likelihood, is a probabilistic model for the
data. The denominator term P(y) is the marginal probability of the data, called evidence.
Since it is just a normalizing constant, it can be omitted and stated that posterior probability
is proportional to likelihood times, prior probability.

where P(0|y)—posterior; P(6)—prior; P(y|6)—likelihood;
P(y) = [ P(y|9)-P(8)d6—evidence.

4)

P(0ly) o P(y|6)-P(6)

For the continuous random variables, P(f | y) is a probability density function (PDF)
of a certain distribution. So, Bayesian modeling requires first setting the appropriate
likelihood distribution, which describes how the data can be generated, and second,
choosing the prior probability distributions for all the unknown 6 parameters. Prior
distributions can be constructed as non-informative, i.e., diffuse or even improper, which
PDF does not integrate to 1. If too informative (strong) prior distributions are used, there is
a risk in ignoring the experimental data. Of course, in the presence of enough data, the
prior choice is ignored, and likelihood dominates the posterior distribution. The Bayesian
probabilistic model can be updated if new data are available just by setting the posterior
distributions to prior for the new data.

For some of the simple cases, a closed form solution for the posterior density is given
in the literature [37]. Nevertheless, for all probabilistic models, Bayesian inferences can
be made just by simulation. To ensure random, non-correlated samples covering the
whole distribution, Markov chain Monte Carlo (MCMC) sampling algorithms are used.
Nowadays, numerous statistical packages and libraries for “R” and Python are available.
Some of the most popular are WinBUGs, JAGS, Stan, and PyMC.

4.3. Regression Model
4.3.1. Ordinary Least Square Regression (OLS).

Ordinary least square linear regression Equation (5) assumes Gaussian distribution of
the noise.
y=Xp+e ®)

where y € R™!—column vector of parameter of interest (regressors); X € R +1 =
[{1}, {x1}, {x2} ... {x¢}], predictors (or design matrix); B € RF*1X1_column vector of
regression coefficients; € ~ N(0, 21 )—Gaussian noise.

As the effects and interactions are calculated, a linear regression model can be formed
as Equation (6), where the first term is a mean of the dependent variable y, and to calculate
the other coefficients it effect or interaction value should be divided by 2, since it shows
the amount of change of the regressor as predictor x; moves 2 steps, from —1 to +1.

k
F=XB=§+ 3 Yeffect xx ©)
i=1
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The probabilistic model of linear regression can be expressed as Equation (7). Data

y; comes from Normal distribution with a mean equal to OLS estimation i and variation
2 _

o =e.

yi =N (Xﬁ, 02), @)

wherei=1,2,... ,nis the number of data points

From a Bayesian perspective, each regression coefficient can be treated as a ran-
dom variable, coming from a Normal distribution with unknown mean and variance
Equation (8).

Bi ~ N(Vir 512> ®)

Under a non-informative Jeffrey’s prior, this problem has a closed form solution [37].
The resulting parameters of posterior are dominated by experimental data. The marginal-
ized distribution for mean y, with the integrated s? is a non-centered Student-t distribution
Equation (9).

Hily ~ tpgxa (Wli, 5,2) )

The location parameter m; is equal to the least squares estimation of regression coeffi-
cients, the scale parameter S? is equal to the standard error, and the degrees of freedom are
equal to the degrees of freedom of the regression model. From this distribution, credible
intervals CI and/or high-density intervals (HDI) with a certain probability can be formed.

Results from the OLS regression, including the first seven factors from the Pareto
plot, are given in Table 7. To perform this regression, the Python library Statsmodels
was used [45].

Table 7. Ordinary least square (OLS) regression results.

Bi Bi Bi Bi 95% HDI
Effect Mean std err [0.025 0.975]
Intercept 15.4010 0.937 13.524 17.278
D —1.8272 0.937 —3.704 0.050
A 1.4918 0.937 —0.385 3.369
ACD —1.4118 0.937 —3.289 0.465
AD 1.3537 0.937 —0.524 3.231
AC 0.9636 0.937 —0.913 2.841
BCD 0.9427 0.937 —0.934 2.820
BD —0.8748 0.937 —2.752 1.002

Looking at the 95% HDI, again the conclusion is that there was no significant factor
with a significance level = 5%.

4.3.2. Robust Regression

To decrease the influence of the outliers, a new probabilistic model was built. The
response variable were modeled with a Student-t distribution. This distribution has the
3rd parameter v (degrees of freedom), which controls the tails [46]. Lower values of v lead
to the distribution high tails and the regression is more robust to outliers. At about v >30,
the Student-t distribution coincides with the normal (Figure 10).

The parameters of the distribution were random variables, for which the appropriate
prior distributions should be given. For regression coefficients, non-informative (Normal
with high variance) were chosen. The degrees of freedom can be fixed or if treated as
a random, variable exponential prior can be given.

y ~ t(g,0%, 0),
0% ~ HalfCauchy( sy)
v~ Exp(No)

Bi ~ N (moi, 00?)

(10)
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where v degrees of freedom; sy, Ao, p1o, co—known parameters.

0.40 1 = Normal
Student-t, 1 dof
= = Student-t, 30 dof

0.354

0.30 4

0.25 4

0.20 4

0.15 4

Probability density

0.10 4

0.05 4

0.00 4

Figure 10. Student-t and normal distributions.

For sampling this Bayesian model, the PyMC3 Python library was used [47]. This
probabilistic programming language uses clear and easy to understand syntax. In particular,
the PyMC3 generalized linear model module (GLM) is used to define this model. It, by
default, sets the non-informative priors for the regressors g; ~ N(0, 10°). The model
was defined just in 1 row with a string for the regression formula, data, and the family
parameter, which set the likelihood to Student-t distribution (default was Normal). The
degrees of freedom were fixed to v = 1. To sample from the mode, two independent
Markov chains with length of 6000 samples were generated. The first 1000 samples of each
chain were “burned” to avoid correlated samples. By default, PyMC3 uses the gradient
based No-U-Turn-Sampler (NUTS).

After sampling the trace, a plot of posterior distributions was available. On the right,
the generated Markov chains were presented, and on the left, the posterior distribution
density of the model parameters. As can be seen from Figure 11 they converged well. There
were no abrupt changes, patterns, or other weird observations.

More detailed inferences about sampling can be made by reviewing the summary
statistics (Table 8). First, the r-hat for all parameters was 1.00, indicating that simulated
chains came from one distribution. Effective sample size (ess_mean) shows the number of
non-correlated samples in the chains. They should be more than 10% of draws. It is seen
that for all the parameters, the values were in the range of 5000-7000 from 10,000 draws.

Table 8. Bayesian regression model summary.

Summary Statistics of Posterior

Predictors
Mean sd hdi_2.5% hdi_97.5% mcse_mean ess_mean ess_sd ess_tail r_hat

Intercept 15.007 0.991 13.007 16.883 0.012 0.008 7124.0 7105.0 1.0
A 2.074 1.035 —0.013 4.002 0.012 0.009 6936.0 6707.0 1.0
D —1.964 0.978 —3.935 —0.077 0.011 0.008 8201.0 7225.0 1.0
AD —0.251 1.117 —2.454 1.914 0.015 0.011 5470.0 5470.0 1.0
AC 1.133 1.000 —0.775 3.147 0.012 0.009 7253.0 6608.0 1.0
BD —1.403 1.104 —3.508 0.844 0.014 0.010 6169.0 6169.0 1.0
ACD —1.873 1.084 —3.873 0.352 0.014 0.010 6311.0 6311.0 1.0
BCD 1.545 1.045 —0.461 3.669 0.012 0.009 7049.0 6335.0 1.0
lam 0.063 0.023 0.026 0.109 0.000 0.000 5794.0 4586.0 1.0
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Figure 11. Trace plots (left—distributions; right—chains)

Intercept’s posterior mode was very close to the data mean (15.4). Posteriors of
the regression coefficients were significantly away from zero, with the exception of AD
coefficient posterior. It was centered close to zero, which indicates that it should be excluded
from the model, unlike the previous OLS model, where its mean was positive with 95%
HDI, predominantly on the positive side. To inspect other coefficients’ posteriors in detail,
histogram plots with a highlighted 95% HDI and vertical line at zero as a reference value
were plotted (Figure 12).

A

mean=2

3.3% <0< 96.7%

D

mean=-2

97.7% <0< 2.4%

AC

mean=1

16.0% <0< 84.0%

95% HDI 95% HDI 95% HDI
-0.071 4.1 -4 0.013 -0.87 3
-2 0 2 4 -6 -4 -2 0 2 -2 0 2
BD ACD BCD
mean=-1.6 mean=-1.8 mean=1.5
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Figure 12. Posterior distributions of the proposed model coefficients.

reference value.
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A

The posterior distributions of the regression coefficients AC and BD were not clearly
on one of the sides (16% and 7.3% of the posterior lay below or above the reference value,
respectively). Since these two factor interactions (AC, BD) were correlated with the three-
factor interactions ACD and BCD, they can be considered excluded from the model due
to overfitting.

The proposed probabilistic model can be further improved by centering the data by
using the scaled data, setting the weakly informative priors to regression coefficients and
the degree of freedom. The weakly informative is a prior distribution that covers the data
behavior and generates the data at a reasonable scale but is not so strong as to influence
the posterior. In addition, statements such as “weakly informative” depend crucially on
what questions are being asked [48].

2
Ycentered ™ t(XIB’U ’ U)

0% ~ HalfCauchy( sy)
v ~ Gamma(2, 0.1) +1
Bo ~ N (0,1%)
Bi ~N(0,12), fori =1,2...k

(11

Following some of the recommendations in [49], the Normal distributions with vari-
ance 12 for the regression coefficients and Gamma (2, 0.1) prior for the degrees of freedom
were chosen Equation (11). By trying different numbers of regression coefficients, the final
model consisted of four regression coefficients A, D, BD, ACD. The posterior histograms
with a 90% HDI are given in Figure 13.

D BD ACD

mean=0.13 mean=-0.13 mean=-0.14 mean=-0.16

4.9%| <0< 95.2% 95.9% <0< 4.1% 97.5% <0< 2.5% 98.8% <0< 1.2%

90% HDI 90% HDI 90% HDI 90% HDI

0.0041

0.26 -0.26 -0.00092-0.27 -0.031 -0.27 -0.043

-0.25 0.00

0.25 -0.25 0.00 -0.25 0.00 -0.50 -0.25 0.00

Figure 13. Posterior distributions of the final model coefficients. Histogram plot with 90% HDI and null reference value in

scaled units.

5. Discussion

The proposed probabilistic model can be used for decision making. For example, in a
lot of applications, a relief with certain parameters is needed, i.e., length and amplitude
of the sinewave (B and C factors) are chosen due to technological requirements. So, the
probabilistic question could look like: “Which force-feed rate (A-D) combination will
give higher probability of reaching fatigue life gain of more than mean value (15 dB)?” To
answer the question, the posterior distribution for the data (y) is formed by reversing the
scaled data, fixing the regressors at a certain point, and incorporating the uncertainties of
regression coefficients and data. For a relief with finer sells or a high degree of imbrication
(B =1, C=1) the posteriors are shown in Figure 14. The probabilities p(y > 15) calculated
from the posteriors, for all combinations of relief parameters, are given in Table 9.
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Figure 14. Posterior distributions of the fatigue life gain for relief with high degree of imbrication.

Table 9. Probability of reaching fatigue life gain of more than 15dB, p(y > 15) for all combinations of
relief parameters.

Relief Parameters (B, C). Regime Parameters Values: Force Federate (A, D)

(1,1) 1, -1) (-1,1 (=1, -1)
1,1 021 0.97 0.29 0.62
(-1,1) 0.50 0.85 0.62 0.30
a,-1) 055 0.83 0.07 0.89
(-1, -1) 0.82 0.55 0.26 0.66

As an amplitude of the sinewave (factor C) gives higher effect to the relief’s degree
of imbrication (see Table 9), for reliefs with high C value the feed rate should be kept low.
For these kinds of reliefs, the optimal burnishing parameters are high force and low feed
rate (A, D = 1, —1). For reliefs with low C value, the optimal burnishing regime is strongly
dependent on sinewave length (factor B). If relief with a high B is needed, the feed rate
(factor D) should be kept to a low value, unlike the relief with low B value, where high
force and feed rate (A, D =1, 1) are needed. Of course, all kinds of relief, using A, D=1, —1
combination, result in the probability of reaching more than 15dB fatigue life gain, more
than 50%.

The results from the proposed model support in general the published experimental
results for conventional ball burnishing. Travieso-Rodriuez et al. investigated the fatigue
life of burnished carbon steel specimens [50]. Their experimental results show that increas-
ing the burnishing force and number of passes benefits fatigue life of the specimens. Rich
experimental data for the influence of the burnishing regime on the fatigue strength is
presented by Swirad [6]. He used a diamond composite burnishing element on low-alloyed
carbon steel 40HM. The results showed that by increasing the burnishing force fatigue,
the strength increased only to a certain threshold value. Beyond the threshold value, the
fatigue strength decreased rapidly. Maximov et al. reported similar results for the influence
of the burnishing force [51]. They used a diamond tool on aluminum alloy specimens and
registered decrease of the fatigue life for the higher values of the burnishing force.

Other results of Swirad relate to the influence of feed rate and velocity. For burnishing
tools with higher diameters, increasing the feed rate slightly decreases the fatigue strength
after a certain value and the change of the velocity seems irrelevant.

The microstructural analysis of the burnished AISI 304 specimens given in [52] re-
ports the phase composition in the surface layer. After the fatigue testing, strain-induced
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martensite is developed. In specimens with a large content of the martensite phase, a
shortened fatigue life has been registered. Since for austenitic steels the martensite phase
is strain-induced, the higher martensite content in some of the specimens can be a result
of the local fluctuation of the material properties or the burnishing force (burnishing is
done on rolled sheets without annealing). In [53] the effect of strain-induced martensite on
fatigue behavior is investigated. Martensitic transformation is registered during the fatigue
tests. The more pronounced transformation is for prestrained specimens. In [54], a strong
influence of martensitic content on fatigue limit is emphasized and optimum martensite
content for a predeformed specimen of 26% is reported. These phenomena look like a
reason to adopt a two-side posterior distribution (p (ACcoeff < 0) = 16%) of AC regression
coefficient in the first robust regression model (see Figure 3). Obviously, the chosen high
value for burnishing force, combined with a high value of relief amplitude, is just below
the threshold level and small random fluctuations can shorten the fatigue life.

In the above cited reference [52], a comparison of microhardness profiles of two
burnished specimens is given, and the only difference in the relief is the sinewave length
(factor B). There is no difference in the hardened layer depth. The only difference is the
higher microhardness value, registered just below the surface in the specimen, burnished
with a high B value regime, resulting in a slightly higher fatigue life. This phenomenon is
captured by BD regression coefficient, whose posterior distribution lies on the negative
side. This means that a low feed rate (factor D) in combination with a high sinewave length
value (factor B) gives an additional improvement to the fatigue life.

6. Conclusions

The results from the conducted experiment show that the performed BB process on
the test specimens leads in general to increase of the number of cycles until fatigue failure
for both steels investigated. The gain in the fatigue life is more than 10 dB (about three
times) for 75% of the AISI 304 and AISI 316L specimens, in comparison with those which
had only preliminary plastic deformation, obtained after the steel sheets were rolled by
the manufacturer (i.e., those without formed RR after applying BB). Thus, the formatted
RR, after presenting a modification of the BB process, do not affect negatively the fatigue
life results for these two steels. This is because the ridges of the RR cells” boundaries do
not play the role of stress concentrators which cause the formation of microcracks. This
can be reported as an important operational characteristic for those parts which have RR,
formed by using BB on their contact surface, in order to ensure a low slip resistance and a
low wear, due to increased abilities to retain lubricants, dust, and /or debris which causes
wear, in comparison with the smooth surface topographies, obtained after other traditional
finishing processes, such as grinding, polishing, traditional ball burnishing, etc. Surfaces
with RR could be part of equipment which works in highly dusty, abrasive or saltwater
environments in marine, mining, petroleum, or chemistry industries, etc., and for which
there are also requirements for high fatigue strength. The experimentally obtained results
give us grounds to recommend this variant of the BB process, in which a specific RR of the
IV-th type could be formed as a suitable finishing operation for such parts, subjected to
both cyclic loads, for work in high-wear operating conditions. Using the advances of the
contemporary CNC production equipment, and the presented approach for mathematical
modeling of the toolpath of the ball tool, allows BB to be carried out as a finishing operation
on the same machine, along with the previous cutting operations. This makes the BB
operation easy to add to standard (generic) sequences of manufacturing operations for the
production of such machine parts.

As can be seen from Table 9 and Figure 14, the optimal combination of the BB regime’s
parameter values, in order to maximize the probability (up to 97%) of obtaining the
maximum fatigue life of the parts made of AISI 304 or 316L,is A=1,B=1,C=1D=—1.
In other words, the deforming force F, N, the amplitude of the sinewaves ¢, mm, and their
number i must be set at their high values. However, the parameter feed rate f, mm/min
must be set at its low values.
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The presented approach for using the factorial experiment designs and Bayesian rule
for data analysis reveals some tendencies about the impact of the main regime parameters
of the BB process and their iterations on the fatigue life of the investigated steels. It
provides good enough results in case of experimental investigations, in which it is not
appropriate to perform a large number of trials, and the obtained results for the investigated
parameter (i.e., fatigue failure cycles in our case) can have comparatively high variance.
This can significantly shorten the time and facilitate the efforts for obtaining the needed
results, in order to determine the optimal combination of BB regime parameters values in
manufacturing conditions.

The methodological sequence for fatigue failure testing presented in the current
work can also be applied to other materials, processing methods, and experimental plans,
involving a different number of influencing factors. Our future work will be focused on its
development and improvement in future research, similar to that presented in this paper.
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Abstract: To ensure that measurements can be made with non-contact metrology technologies, it
is necessary to use verification and calibration procedures using precision artefacts as reference
elements. In this environment, the need for increasingly accurate but also more cost-effective
calibration artefacts is a clear demand in industry. The aim of this work is to demonstrate the
feasibility of using low-cost precision spheres as reference artefacts in calibration and verification
procedures of non-contact metrological equipment. Specifically, low-cost precision stainless steel
spheres are used as reference artefacts. Obviously, for such spheres to be used as standard artefacts, it
is necessary to change their optical behavior by removing their high brightness. For this purpose, the
spheres are subjected to a manual sandblasting process, which is also a very low-cost process. The
equipment used to validate the experiment is a laser triangulation sensor mounted on a Coordinate
Measuring Machine (CMM). The CMM touch probe, which is much more accurate, will be used as a
device for measuring the influence of sandblasting on the spheres. Subsequently, the influence of
this post-processing is also checked with the laser triangulation sensor. Ultimately, the improvement
in the quality of the point clouds captured by the laser sensor will be tested after removing the
brightness, which distorts and reduces the quantity of points as well as the quality of the point clouds.
In addition to the number of points obtained, the parameters used to study the effect of sandblasting
on each sphere, both in contact probing and laser scanning, are the measured diameter, the form
error, as well as the standard deviation of the point cloud regarding the best-fit sphere.

Keywords: sandblasting; precision spheres; non-contact metrology; laser scanning; laser sensors

1. Introduction

Metrological verification using optical equipment is of increasing interest in industry.
In this sense, one of the most widespread technologies is laser triangulation sensors,
either mounted on coordinate measuring arms or on tridimensional coordinate measuring
machines, or even as independent sensors that can be integrated in multiple industrial
applications. When a laser triangulation sensor is used for scanning (Figure 1), a laser
beam is first projected onto the surface to scan, then the projected intersection line is
captured by a digital camera, and finally the coordinates of the points are determined by
trigonometric calculations (hence the term “triangulation”), taking into account the angle
between the laser beam and the camera orientation, and the light intensity captured by
the digital camera, among other parameters [1]. The highly extended deployment of these
sensors has also been possible due to improvements in the accuracy and capabilities of
these devices. Manufacturers have enhanced these instruments through adjustment and
calibration processes, apart from increasing the quality of designs and materials for the
internal components. Currently, many users and researchers employ these sensors for
measurement (Geometrical Dimensional and Tolerancing - GD&T- verification) as well as
for reverse engineering typical tasks.
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B | HP-L-10.6
Laser Laser protection class 2 (IEC 60825-1: 2014)
Source Laser Visibly red (690 nm)
cco Standoff and depth (2) 170 30 mm
SEHSDF Measuring accuracy ISO 10360-8:2013 1SO 10360-8:2013*
PForm.Sph.D95%:Tr:0DS (MPL) Probe dispersion value 34um
PForm.Sph.1x25:Tr:0DS (MPE) Probing form error 22 um
Point Spacing (Min.) 30 um
"5' Triangulation Laser Line Width (at mid-field) 24,60 0r 124 mm
= angle Lines per second (max.) 53 Hz
B Upper Vision Limit Data rate (max.) 30,000 pts/sec
wr & Ambient light immunity of the sensor 40,000 Ix
. Operating temperature "+5 to +45 °C (41 to 113° F)"
Depth Of Field Declared accuracy temperature range "+15 to +32 °C (59 to 90° F)"
[DOF] Relative humidity 90% non-condensing
Size LXWxH HP-L-10.6A: 134x72x60 (87) mm
f Weight 360g-379g
Power supply DC 18 t0 28V, 170 to 200 mA, protected against
Reference polarity reversal Protection
siifice Protection against dust and water 1P64 (IEC60529) (except for warm-up connection)
Storage temperature —25to +70 °C (—13 to +158° F)

Figure 1. Principle of laser triangulation scanning.

The improvement in accuracy, including traceability assessment [2—4], is a crucial
factor to consider. It is precisely in this line of research where several factors that have
an influence on laser triangulation sensors have been analyzed. Apart from the equip-
ment’s own parameters and specific tests [1,5,6], other parameters have also been taken
into account, such as scanning speed [7] and scanning strategy [8,9]. Moreover, external
parameters, like those derived from the part or object acting as the measurand, such as the
material [10,11], color, surface roughness [12,13], ambient light [14], or even the type of the
geometry to scan [3,15,16]. The idea is to assess the measurements that can be made with
these non-contact technologies, thus extending their application beyond typical reverse
engineering applications to metrological (GD & T inspection) ones.

Two of the fundamental parameters in the scanning quality of this type of sensors are
the orientation of the sensor with regard to the target surface [8,17] and the surface finish
of the part [12,18,19]. Shiny surfaces cause defects in the captured pointclouds, whereas,
on the contrary, matte surfaces enhance the coverage of the capture. To achieve this type of
surface finish over metallic surfaces, sandblasting is one of the most promising processes.
In fact, for certain optical instruments, sandblasted surfaces are among the few surfaces that
allow a measurement accuracy comparable to that achieved by contact measurement [18].

The aim of this work is to validate the sandblasting process as a process for modifying
the surface condition of precision spheres in order to use these spheres as reference artefacts
for adjustment, verification and/or calibration of optical sensors and non-contact reverse
engineering equipment. Only if this process is sufficiently conservative with respect to
the geometry of the precision spheres can it be valid for creating reference objects. On
the contrary, if the damage or modification (dimensional or geometrical) is excessive, the
process will not be suitable for this purpose.

In particular, a laser triangulation sensor (3D scanning) mounted on a Coordinate
Measuring Machine (CMM) was used in this study. The CMM permits automation of the
scanning process, avoiding errors derived from manual operation (as occurs with laser
triangulation sensors mounted on coordinate measuring arms). Thus, factors like focal
distance, scanning orientation, or scanning density were not considered as variables that
can influence the experiment.

Although the finishing process is identical, the essential difference with respect to
the work presented in [19] is that in that work the geometrical quality of the workpieces
was qualified as very low, with a high surface roughness. The spheres were manufactured
by metal laser sintering (SLM), and the post sandblasting was aimed at improving the
geometrical quality, which was proved by both contact and laser measurements. In fact,
the improvement ascertained by the contact measurement was very high.
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However, the situation is the opposite in the case presented here. The original work-
pieces possess a high dimensional and geometrical accuracy, with very low deviations
for the diameter and sphericity, due to the application of superfinishing processes and
a final polishing. Conversely, this excellent surface finish makes it very difficult (and
can even impede) the measurement of these spheres with laser triangulation sensors. By
sandblasting these spheres, the purpose is to enable their use in laser measurement, but
assuming a probable and unavoidable loss of accuracy caused by sandblasting.

Specifically, the objective of this article is, on one hand, to quantify the loss of dimen-
sional and/or geometrical accuracy, and, on the other hand, to quantify the improvement
in the laser capturing. The sandblasted spheres are suitable as reference elements only
when the loss of accuracy is not too high and, on the contrary, when the improvement in
laser capturing is substantial.

The final target of this research is to find out whether a low-cost process (manual
sandblasting) can be applied to stainless steel precision spheres, of very low cost as well,
to materialize calibration spheres for non-contact metrology. It is expected that the loss of
precision in both diameter and form error of the post-blasting spheres will be low enough
for this purpose. Ideally, the form errors of the sandblasted spheres should be at least one
order of magnitude lower than the measurement uncertainty of the optical equipment. In
any case, this experimentation will reveal which equipment is suitable for being calibrated
with this type of sandblasted spheres.

Nowadays, the manufacturing of precision ceramic spheres (grades G3, G5 or G10,
with sphericity < 0.25 pm, Ra < 0.020 um, according to ISO 3290/DIN 5401 [20]) is very
costly. This is mainly due to the fact that they are built specifically for this purpose, starting
from ceramic powder, which is sintered and subsequently polished. They also require
high hardness and wear resistance, using materials such as ruby, alumina, sapphire, or
zirconia, among others. However, when they are intended to be used as reference elements
for non-contact measurements, neither high hardness nor high wear resistance is required.
In the context of the aims presented in this work, it is in fact sufficient that they are made
of stainless materials, for example aluminum alloys or steels of qualities such as AISI 304,
AISI 306L, or similar.

The spheres used in this research are stainless steel precision balls commonly used in
the bearing industry, the cost of which is lower, but which also feature worse manufacturing
qualities (G50 or G100 [20], with sphericity < 2.5 pm, Ra < 0.1 pm).

For optical applications, G100 accuracy or lower (according to ISO 3290 [20]) is enough
unless the spheres show excessive brightness. Specifically, the idea of the experiment is to
eliminate the very shiny finish (mirror-like) of the sphere surface, checking the variations in
both diameter and form error caused by the sandblasting process. Another very important
objective of the experiment is to quantify (if it exists) the improvement in the quality of
the point clouds achieved by a laser triangulation equipment with respect to the cloud
obtained on the polished, pre-sanded sphere.

The shot peening process, in this case sandblasting, will be carried out in a manual
sandblasting machine using sand with fine grain size. Obviously, a certain variability is
introduced even though the process variables are controlled (grain size, exposure time,
distance, and the incident direction of the sandblasting stream onto the spheres). This
variability must be studied so that the detected wear (or surface attack) will be assessed as
rigorously and objectively as possible.

Therefore, the work includes sandblasting tests on stainless steel spheres of different
diameters, evaluating (by CMM measurement) the variation of the mean diameter value
and especially the loss of form error. In addition, it will also be interesting to analyze the
variation of the standard deviation of the point cloud, as this is a crucial parameter in the
measurement of the quality of the laser point cloud [19].

25



Materials 2021, 14, 5187

DATA PRE SAND BLASTING

2. Materials and Methods

Since the process chosen to perform the modification of the surface condition is
manual sandblasting, it requires statistical validation to be considered valid, minimizing
the operator’s influence on a given sphere. Therefore, the experimentation includes a range
of different sets of spheres, each set corresponding to a different nominal diameter.

Specifically, 3 sets of spheres of different size were analyzed (3 plates including
10 spheres each, of & 10, @ 18 and @ 25 mm, respectively, as shown in Figure 2). From
these analyses, the average values and standard deviations are determined for each one of
the sets of 10 spheres, which are distributed over the corresponding plate with a similar
layout. The diameter and form error values of the spheres of each set have been measured
by contact (CMM with SP25M scanning probe) and by laser triangulation (Hexagon HP-L-
10.6 sensor mounted on the CMM)), first at their original polished state, before the surface
attack, and secondly after being surface treated by sandblasting.

DATA POST SAND BLASTING

Figure 2. Research methodology.

Contact measurements of the spheres were carried out with a coordinate measur-
ing machine (CMM), the DEA Global Image 091508 model, equipped with a PH10MQ
indexing head. A Renishaw SP25 contact scanning probe can be mounted on this head.
PC-DMIS 2018 R2 software was used to configure the CMM, setting parameters, paths,
and number and distribution of points. The tip used was a @ 1.5 mm ruby sphere for both
polished and post-sanded spheres. The accuracy of this CMM is given by the manufacturer
(Hexagon Metrology) according to ISO 10360-2 [21] and according to the latest calibration:
Eowmpe = 2.2+ 0.003 x L (ym), RompL = 2.2 ym.

Although this MPE parameter is not a substitute for uncertainty of dimensional or
form measurement, the use of a sufficiently representative number of spheres, as well
as several repetitions (at least 3 for each sphere), provides enough traceability of the
measurements. This is especially true when working with calibrated equipment and
obtaining average values.

For the non-contact measurement, a laser triangulation sensor from Hexagon Metrol-
ogy, HP-L-10.6, was used, also attached to the CMM. This sensor comes with a calibration
certificate (ISO 10360-8) [2] with a maximum error specification of 0.020 mm. On the other
hand, the surface treatment of the spheres was carried out with the Sablex S-2 machine us-
ing WFA F100 alumina oxide (average grain size 106~150 um, and true density 3.9 g/cm®)
as an abrasive element, projected onto the sphere surface at a pressure of 4 bar. Despite
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being a manual process, the distance of the nozzle was kept in the range of 200-300 mm,
with 5 orientations per plate (one orientation normal to the plate, and the other 4 at 45°
with respect to the normal vector to the plate, distributed in 4 quadrants). The sandblasting
operation time, for all orientations, was inferior to 1 min per plate.

Figure 2 shows a diagram illustrating the methodology followed and the equipment
used for the development of the research.

The steps followed in the procedure were:

1.  Manufacture of sphere plates. Three sets of rectangular plates were manufactured so
that 10 spheres of the same diameter are mounted on each plate. The layout of the
spheres of each plate makes handling easy and allows the univocal identification of
each sphere inside. The base plates were also made of stainless steel.

2. Contact measurement. The 30 spheres were measured with the CMM obtaining
reference values, both dimensional and geometrical, with high accuracy.

3. Non-contact measurement. All 30 spheres were digitalized using non-contact mea-
surement techniques by means of a laser triangulation sensor controlling the power
in real time and automatically.

4. Surface treatment of the samples. The surface condition of the spheres was modified
by means of a sandblasting process with alumina oxide projection, obtaining sets with
less brightness and a different texture.

5. Contact and non-contact measurement of the treated sets. CMM measurements
were repeated for the post-sandblasted spheres, both by contact (post-sandblasting
reference measurements) and non-contact with the laser triangulation sensor.

6.  Analysis of results. The values of the measurements obtained from the contact
measurements of the spheres before and after the sandblasting process were compared,
as well as the point clouds obtained in both cases from the non-contact measurements.

Test Specimens Manufacturing and Justification of Material Selection

The material selected for the test plates is AISI 316L stainless steel. AISI 316L was
an austenitic stainless steel with <0.03%C, 2%Mn, 17%Cr, 13%Ni, 3%Mo (EN symbol:
X2CrNiMoN-17-14-3), with hardness HB < 215 and CTE = 14 x 107¢ K~!. The plates
were also sandblasted prior to any measurement to avoid reflections on the spheres. The
precision spheres were drilled using two hemispherical jaws, so that the drill bit did not
produce any permanent marks or deformations. Each hole in the sphere was then threaded
in order to screw the sphere onto the base plate. All spheres are made of AISI 316L of
commercial grade G100 quality, with a sphericity lower than 2.5 um and an arithmetic
mean roughness Ra < 0.1 pm.

Figure 3a shows the 3-4-3 matrix design of each set of 10 spheres. This arrangement
allows easy sandblasting of each sphere without influence from the adjacent sphere. In
addition, it also facilitates the access of the laser triangulation sensor beam (especially
above the equator) as well as the contact probe. The designations of the 10 spheres of each
set and the coordinate axes of the reference system used for the measurement procedure
are also presented in Figure 3a.

The coordinate system of each plate is defined from 3 spheres in such a way that it
is independent of the supporting plate. According to its nomenclature (Figure 3a), the
coordinate system is formed by spheres 1, 3 and 8 (XY plane), with sphere 1 being the
origin and sphere 3 defining the Y axis. The same alignment definition has been applied
for each of the 3 plates with spheres of @ 10, @ 18 and @ 25 mm. Figure 3b shows a detail
of the CMM contact measurement (pre-sandblasting) on & 25 mm spheres set.
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(@) (b) ©

Figure 3. Plate with 10 spheres of the same diameter: (a) designation of the spheres and reference system; (b) CMM contact

measurement of a set of ten spheres (25 mm diameter) on the original base plate; (c) CMM contact measurement of a

sandblasted base plate.

3. Results
3.1. Pre-Sandblasting Measurements

During the non-contact measurement of the spheres in their original state
(pre-sandblasting) reflections caused by the brightness of the base plate were observed
(Figure 3b). These reflections added glare and reduced the quality of the point cloud captured
by the laser sensor. This made it necessary to sandblast the base plate (Figures 3c and 4a),
prior to the insertion of the pre-blasted spheres. Once the pre-blasted spheres had been mea-
sured by contact (CMM) and non-contact (laser), the spheres were sandblasted. A uniform
and completely matt finish was obtained in the three sets (Figure 4b,c).

(b) (0

Figure 4. Sphere sets: (a) plate of 10 pre-sandblasted spheres (only the support plate has been sandblasted to avoid
reflections); (b) general view of the 3 plates of 10, 18 and 25 mm diameter spheres; (c) detail of the plate with 25 mm

post-sandblasting spheres.

Contact measurements were carried out with the SP25 head with a @ 1.5 mm diameter
ruby tip. The laboratory has an air conditioning system that maintains the temperature
within 20 £ 1 °C. Measurements were performed on the three sets of spheres with a
minimum scanning density of 1 point/ mm? for each of the hemispheres (only the upper
half of each sphere is measured) of diameters of 10, 18 and 25 mm, respectively.

Table 1 shows the results of the contact measurements of the spheres in their original
surface state before the sandblasting process. These data constitute the reference values
for the subsequent comparative analysis that will be carried out with the measurements
after sandblasting. Regarding contact measurements, the dimensions evaluated are the
diameters of the spheres, the form error, and the standard deviation of the point cloud
regarding the best-fit sphere. The average diameter values were 10.0026 mm for the &
10 mm spheres, 17.9977 mm for the & 18 mm spheres, and 25.0049 mm for the & 25 mm
spheres, while the average form deviation was 0.0035 mm, 0.0023 mm, and 0.0028 mm,
respectively. In contact measurement, the standard deviation parameter (Std. Dev.) tends
to be close to 0 (in the higher case, it is lower than the CMM probing error: 0.002 mm).
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In general terms, these results correspond correctly to the estimated accuracy G100 for
stainless steel spheres.

Table 1. Measurement results of the original (pre-sandblasted) spheres.

Sphere Average Diameter [mm] Average Form Deviation [mm] Average Best-Fit Sphere Average No.

Size CMM Laser Difference CMM Laser Difference Std. Dev. (Laser) Points (Laser)
@10mm  10.0026  10.0137 0.0111 0.0035 0.1908 0.1873 0.0309 10,431
@18mm 179977  17.8846  —0.1132 0.0023 0.1501 0.1478 0.0316 38,485
@25mm 250049  24.8608  —0.1441 0.0028 0.1492 0.1464 0.0320 73,079

The spheres were then measured using a laser triangulation sensor (HP-L-10.6 from
Hexagon Metrology) assembled in the CMM (Figure 5b). To obtain a real and accurate
comparison with the contact measurements, all measurements have been carried out under
the same environmental conditions (light and temperature) and with the same procedure
of alignment and sequence of the spheres. For the sphere captures, five orientations were
used (four at 45° from the cardinal points and one from the vertical position, at 0°). These
orientations were sufficient to capture at least the upper hemisphere of each sphere. The
software used to capture the point clouds is the same PC-DMIS that controls the CMM,
although Geomagic Control X software was preferred for point cloud processing, which
involved the removal of points belonging to the base plate and those located below the
equator of the spheres. Finally, a standard “2-Sigma” filter was applied to this trimmed
cloud (hemisphere) to remove spurious points, clearly far from the spheres, which would
distort all measurements.

(a) (b)

Figure 5. Laser scanning of the spheres: (a) point clouds captured at normal gain (red) and high gain (blue), both in
pre-sanded state; (b) general view of the HP-L-10.6 laser sensor scanning at 45°.

The results obtained are also shown in the central area of Table 1. In addition to the
diameter and the form deviation, the value of the standard deviation has been obtained
when the cloud is fitted to a best-fit sphere (Least-Squares fitting). The average standard
deviations are significantly larger than in the case of contact measurement, which corrob-
orates the idea that a bright surface finish (these are “mirror polished” spheres) is not
suitable for being captured with optical equipment. Note (Table 1) that both diameter
and form deviation values are far from the reference values (even up to —0.144 mm for &
25 mm spheres or 0.187 mm for @ 10 mm spheres).

On the other hand, the standard deviation of the values obtained by non-contact
measurement on polished spheres (original state) reaches high values, on the order of
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0.031 mm, regardless of the diameter value. These data show the problems that arise
when non-contact measurement systems are used on polished parts because the surface
brightness causes the generation of point clouds with poor metrological quality (Figure 5a).

Furthermore, laser measurements on the original spheres had to be carried out in
high-gain mode (less sensitivity), because in normal-gain mode (high sensitivity), the
sensor was not able to capture enough points, generating very poor clouds. As shown in
Figure 5, due to the high brightness of the pre-sanded spheres, point clouds captured with
normal gain (red cloud) cover the spheres very poorly, while the coverage is much higher
with high gain (blue cloud). This effect is accentuated for the smaller spheres. In fact, in
the case of 10 mm spheres, it was not possible to obtain accurate diameter values due to
insufficient data. Thus, this high-gain mode allows the comparison between the pre- and
post-sandblasting states.

3.2. Sandblasting and Post-Sandblasting Measurement

In accordance with the main objective of this work, the surface sandblasting treatment
of the test samples was carried out using WFA F100 alumina oxide as the abrasive. The
Sablex S-2 blasting machine was programmed to work at a constant pressure of 4 bar.

The roughness of the post-sandblasting spheres was measured with a contact rough-
ness tester (TESA Rugosurf10®), and average values of Ra = 0.5~0.6 um were obtained
(with the original roughness values being Ra < 0.1 um). As an example, Figure 6 shows a
roughness profile and its main parameters measured by the profilometer. Several roughness
measurements were performed showing that the variability of Ra between each of the ten
spheres was low, and independent of the position of the spheres on the plate. This confirms
that the finishing achieved with the sandblasting process was adequate and repeatable.
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Figure 6. An example of the effect of sandblasting process in the roughness profile and parameters: (a) pre-sandblasted &

25 mm sphere, original G100; (b) post-sandblasted & 25 mm sphere.

From the geometrical and dimensional point of view analysis, and in the case of post-
sandblasting, the measurements made by contact with the CMM machine show higher
values for both the diameter of the spheres and the form deviation (Table 2). Please note
that the sandblasting process generates a dimensional deviation with an average value
of only 2.7 um and an increase in the form deviation of about 1.7 um. At this point, it
should be taken into account that this value is even lower than the maximum permissible
error of the CMM, which is around 2.2 pm. It can therefore be concluded that, apart from
a minimal variation in diameter, sandblasting also left the form deviation of the spheres
practically unchanged.
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Table 2. Comparison of contact measurement results regarding diameter and form deviation pre-
and post-sandblasting.

Sphere Average Diameter [mm] Average Form Deviation [mm]
Size Pre Post Difference Pre Post Difference
@10 mm 10.0026 10.0054 0.0028 0.0035 0.0046 0.0010
@ 18 mm 17.9977 18.0004 0.0027 0.0023 0.0044 0.0021
@25 mm 25.0049 25.0075 0.0026 0.0028 0.0047 0.0020

The values obtained in the non-contact laser triangulation measurement were gen-
erated, as in the pre-sanding stage, using the capture mode with low sensitivity (high
gain). The same type of spurious point filter was then applied, although now these defects
appeared to a much lesser extent. In this case, the number of points captured with the
laser sensor increased for all of the three ranges of spheres, being 13,975 points for each
of the @ 10 mm, 43,052 points for each of the & 18 mm, and 80,126 points for each of the
@ 25 mm spheres (Table 3). The increase with respect to the pre-sanded spheres reached
33.98%, 11.87% and 9.64%, respectively.

Table 3. Comparison of laser measurement results regarding diameter and form deviation pre- and
post-sandblasting.

Sphere Average Diameter [mm] Average Form Deviation [mm] Average No.
Size Pre Post Difference Pre Post Difference Points
@10mm 10.0137  9.9976 ~ —0.0161  0.1908 0.0681  —0.1227 13,975
@18 mm  17.8846  18.0006 0.1161 0.1501 0.0574  —0.0927 43,052
@25mm 248608  25.0250 0.1642 0.1492 0.0518  —0.0974 80,126

Regarding the measured data for the diameter of spheres, Table 3 shows that, while
for the larger spheres (& 18 and & 25 mm) the pre-sandblasting results were lower
than the nominal value, for the & 10 mm sphere the average value was higher than
the nominal value.

However, the comparison before and after sandblasting provides values much closer
to the reference (contact) values. This can be considered a success of the sandblasting
process, which, by eliminating brightness, allows the laser to measure diameters much
closer to the reference ones, even compensating differences as large as 0.116 and 0.164 in
spheres of @ 18 and @ 25 mm, respectively. A comparison of the form deviation data before
and after sandblasting is also shown in Table 3. Initially, the laser measurement averaged
large form deviations, on the order of 0.15 to 0.19 mm. However, once the spheres are
sandblasted, the laser measurements also offer very sharp improvements, ranging from
0.092 to 0.123 mm, leaving the form deviations at values in the range of 0.052 to 0.068 mm,
also closer to the reference values.

With the laser equipment available, two types of improvements could be contrasted.
On the one hand, the improvement in the density and coverage of the point cloud. This
improvement was evident, since the coverage with pre-sanded spheres was very poor. In
fact, in some cases (& 10 mm spheres), not all spheres could be correctly reconstructed.
Consequently, the pre- and post-sandblasted comparison was only possible on all spheres
when using high gain.

The second improvement achieved is related to the dimensional approach of the
laser measurements to the CMM measurements (reference). Meaning by improvement
the relation (%) between the parameter measured by laser with respect to the parameter
measured by contact. In other words, a 100% improvement in any of the measurements
would mean that the laser obtains the same measurement as the CMM by contact. Thus,
Figure 7 shows the improvements obtained in the values of the diameters, both in high
gain and normal gain. The improvements are substantial, although not homogeneous, in
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all the range of diameters. An even greater improvement is noted in the large spheres, &
18 and & 25 mm, where the improvements are very high (>85%). The diameters obtained
are very close to the reference values of the spheres, and even more so at high gain.

100.00
g 90.00
c
‘s 80.00
oo
&, 7000
IR
e
8% 6000
kK
o 5000
]
-
E E 40.00
g2
E 30.00
a
>
[ 20.00
Q.
E 10.00
0.00
30.46
53.91

Figure 7. Diameter value improvements in non-contact measurement with medium and high gain in
all three diameters.

Regarding the form deviation, the average improvement was 63.80% in high-gain
mode and 69.67% in normal-gain mode. On the other hand, in the data relating to the
standard deviation of the point cloud, an average percentage improvement of 59.21% was
observed with the sensor filter at high gain and 66.29% at normal gain. Both parame-
ters refer to measurements obtained on the spheres in a post-sandblasted state. In any
case, homogeneous improvement values are observed regardless of the size of the sphere
considered (Figure 8).
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Figure 8. Improvements with medium- and high-gain laser measurements: (a) in form deviation; (b) in standard deviation.

The standard deviation value is one of the parameters that best characterizes the qual-
ity of a point cloud [5], especially when considering its approximation to a mathematically
well-defined geometry, as is the case of the sphere. This value is even a good substitute for
metrological form deviation (ISO 1101:2017), measuring how good the point cloud is when
fitting to a perfect sphere.

As a summary, and using the standard deviation value as a measure of the quality
of the cloud fit, the graph in Figure 9 was produced. Dashed lines show the standard
deviation measurements on original spheres, while solid lines show the standard deviation
measurements of the laser clouds on sandblasted spheres.
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Figure 9. Standard deviation values pre- and post-sandblasting (laser measurements).

Here the qualitative leap that the sandblasting process generates on the laser measure-
ments (at high gain) can be clearly observed. While the values of the standard deviation
measured before the sandblasting process, oscillate between 0.029 and 0.034 mm, after
the sandblasting process, the standard deviations have decreased substantially (between
0.010 mm and 0.015 mm).

Moreover, the graph also shows that, for any range of diameters considered, the
“vertical” oscillation range in the standard deviation is very small. This gives an idea of
the goodness of the sandblasting process. Despite being a manual process, it achieved a
fairly uniform distribution on all the spheres of each plate, regardless of the position of
each sphere within the plate.

4. Conclusions

The pre- and post-sandblasting comparison of the spheres by contact and non-contact
(laser triangulation sensor) measurement provides interesting data on the modification
suffered by the sphere surfaces. In the analysis, the use of a wide number of spheres (three
sets of 10 spheres) ensured the repeatability of the process.

The sandblasting process has affected the surface roughness from Ra < 0.1 um to
Ra =0.5~0.6 um for all the spheres, indicating that this parameter has little influence from
a dimensional and geometrical point of view. Apart from roughness, three parameters
were considered for the study: the sphere diameter, the form deviation (sphericity) and
the standard deviation of the point cloud with respect to the best fit sphere. The first
two measurands are perfectly defined from a metrological point of view, while the third
(standard deviation) is preferable as an indicator of the form deviation of the surface for
high density point clouds.

As a first conclusion, the effect of sandblasting on the spheres is acceptably small, with
minimal changes in diameter (2.7 um) and, more importantly, in form deviation (1.7 um).
These characteristics validate the use of these spheres as reference artifacts for calibrating
optical equipment, whose estimated accuracies are in the order of 25 pm to 40 um (or
even more).

As a second conclusion, and now derived from the laser measurements, it can be
observed that the increase in the density of the point cloud after sandblasting the spheres
is very remarkable. So much so that, before sandblasting and at normal gain, the laser
sensor was not able to capture clouds with good coverage. This defect was much more
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pronounced in small spheres. Even in the case of high gain, the improvements in the quality
of the point cloud are considerable, with values of improvement in the order of 60 to 70%,
both in terms of diameter and form deviation obtained with the best-fit cloud. Therefore,
this type of surface finish can be considered as a good solution for the application of these
spheres as reference artefacts in GD&T measurements with laser triangulation equipment.

As for the analysis performed with the standard deviation parameter, it can be seen
that the value of the standard deviation between the point cloud of the pre-sandblasted
and post-sandblasted sphere drops by almost half. That is, the fit of the point cloud to a
sphere (value similar to the form deviation) is twice as good (almost 100% improvement)
when sandblasted spheres are used. It can be stated that the brightness elimination of the
spheres did not involve an important loss of sphericity that, on the contrary, remained
within acceptable limits of accuracy.

This study demonstrates that sandblasted spheres, with average sphericity lower
than 0.005 mm can be used as reference elements for non-contact measurement equipment
with accuracies in the order of 0.040~0.050 mm. The validity of this statement is further
supported by the low cost of the finishing process (manual sandblasting) and by the low
cost of the stainless-steel spheres commonly used in industrial bearings.
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Abstract: This paper focuses on a resonant system used to induce a low-amplitude movement and
ultrasonic frequency to complement a ball burnishing process on a lathe. The system was character-
ized through the combination of different techniques. A full vibratory characterization of this process
was undertaken with the purpose of demonstrating that the mechanical system—composed of the
tool and the machine—does not present resonance phenomena during the execution of the operation
that could lead to eventual failure. This dynamic analysis validates the adequateness of the tool
when attached to an NC lathe, which is important to guarantee its future implementation in actual
manufacturing contexts. A further aim was to confirm that the system succeeds in transmitting an
oscillating signal throughout the material lattice. To this end, different static and dynamic techniques
that measure different vibration ranges—including impact tests, acoustic emission measurement,
and vibration measurement—were combined. An operational deflection shape model was also
constructed. Results demonstrate that the only high frequency appearing in the process originated in
the tool. The process was not affected by the presence of vibration assistance, nor by the burnishing
preload or feed levels. Furthermore, the frequency of the assisting ultrasonic vibration was charac-
terized and no signal due to possible damage in the material of the specimens was detected. These
results demonstrate the suitability of the new tool in the vibration-assisted ball burnishing process.

Keywords: accelerometer; acoustic emission; ball burnishing; natural frequencies; operational
deflection shape; piezoelectric; process monitoring; ultrasonic

1. Introduction

In order to control several parameters of machining processes, different measurements
(vibrations, energy consumption, airborne noise, acoustic emission, etc.) can be determined
and processed using various signal-processing techniques.

Acoustic emission (AE) is one of the most frequently used measurements for this
purpose. AE can be described as a set of elastic pressure waves generated by the rapid
release of energy stored within a material. This energy dissipation is basically due to
dislocation motion, phase transformations, friction, and crack formation or growth [1].

Different vibration and signal measurement techniques have been used in the past
for the detection of failures in manufacturing processes [2]. Several authors [3-7] discuss
how AE is related to the wear mechanisms of cutting tools. Pandiyan and Tjahjowidodo [8]
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applied dynamic measurements to establish the fault thresholds in grinding wheels under
different conditions, while Lopes et al. [9] monitored the condition of a grinding wheel.
Wang et al. [10] and Zanger et al. [11] studied the relationship between the AE and chip size.

The quality requirements of industrial products are constantly increasing and ma-
chined components are no exception. For this reason, ultrasonic-assisted tools are now
used to improve surface quality. Hence, new methodologies are required to study the
vibratory behavior of these kinds of tools, as described in the previous paragraph.

Referring to finishing operations, the British scientist Griffith concluded in 1921 that
the strength of materials with isotropic properties was much lower (between 10 and
20 times) than could be predicted theoretically and that this is due to the lack of continuity
of the material; that is, the existence of defects [12]. These defects occur in the process
of obtaining the components (metallurgical defects) or in the production process due to
geometric details. Defects of the surface layers of machined components are especially
dangerous. In these surface layers, three properties are especially important: surface
hardness, roughness, and compressive residual stresses.

Ball burnishing is one the most suitable processes with which to improve these
properties [13,14]. This process consists of the plastic deformation of irregularities in
the target surface through the application of a controlled force by a sphere [15]. In recent
years, the technical world has witnessed the birth of vibration-assisted ball burnishing
(VABB). In this technique, the ball that compresses the target surface is subjected to a
high-frequency vibration (between 20 and 40 kHz) which, in turn, is transmitted to the
target surface [16]. This vibration of the surface material produces a lowering of its yield
limit—a phenomenon called acoustoplasticity [17]. As a result, plastic deformation of
the material is achieved with forces lower than those that would be necessary without
vibration assistance. Consequently, VABB provides better results than conventional or
non-vibration-assisted ball burnishing (NVABB) [18].

Different systems have been used to enhance ball burnishing with vibrations in a
variety of different machining processes [16-18]. Most of these systems, including the one
studied in this paper, use a resonant system characterized by a low amplitude movement
(between 3 and 30 pum) [19]. This system, which is described by Jerez-Mesa [20], applies a
high-frequency electrical charge to a piezoelectric stack, causing it to undergo a deformation
which is then transmitted to the ball. This device is called a sonotrode [21].

With regard to burnishing, there are few studies where the application of AE is so
direct. Dornfeld and Liu [22] concluded that AE helps to reveal information about the
frictional behavior of the ball burnishing process, as it has a strong correlation with the
kinetic friction coefficient and the texture surface profile. Their work also concluded
that AE demonstrates how the burnishing process can be divided into four stages from
a dynamics perspective. Only in the first two can positive results during burnishing be
obtained. Strombergsson et al. [23] observed that monitoring AE parameters during the
burnishing process to confirm that the operation has performed its intended function is
highly beneficial. For example, inspection of an AE signal in root mean square (RMS)
representation for 5 min demonstrated that the decrease in the coefficient of friction (COF)
stagnated after a time, and that the tribological behavior did not remain stable. Therefore,
investigators should be made aware of the effects of excessive wear of the burnishing ball
and how these can affect the finishing results. Salahshoor and Guo [24] used AE to monitor
the burnishing process on a magnesium-calcium alloy.

In addition to the limited studies regarding the application of AE to burnishing, some
studies apply this technique to the diagnosis of possible faults in contacts between solid
bodies in relative motion—a case to which burnishing is easily applicable due to the way it
takes place, and which is therefore considered relevant as an antecedent to this paper [25].
Tandon et al. [26] highlighted the effectiveness of AE for detecting failures in contacts
between ball bearings, and concluded that it can detect the transfer of particles from the
wear of the two surfaces in contact. They also concluded that AE is more effective than
vibration analysis as it can detect errors before they occur. Hase et al. [27] concluded that
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the frequency spectra of the AE signals measured during the tribological tests allowed them
to determine the wear mechanism between the contact surfaces. Geng et al. [28] concluded
that AE signals acquired at the highest sampling frequencies were more sensitive for the
detection of the friction mechanisms between two contact surfaces than the evolution of
the friction coefficient that characterizes this contact.

In this paper, a full vibration characterization of a ball burnishing process performed
in a lathe is presented. This ball burnishing process was performed using a tool designed
by the authors [29]. The main objective was to demonstrate that the machine and the
tool do not present any resonance issues during their service that could result in possible
hardware malfunctions. This dynamic analysis validates the suitability of the tool when it
is attached to an NC lathe and is relevant to the eventual industrial users of the system.
The designed tool is particularly intended for application in industries that manufacture
elements with revolution symmetry that are subjected to high-cycle fatigue or in which a
particular type of wear must be prevented. The adequateness of the system to transmit
vibrations through the material is assessed.

A specific methodology was applied to validate the dynamic behavior of the tool
by combining several techniques based on quantification of the normal and ultrasonic
vibration ranges through static and dynamic measurements. In the static measurements,
the frequency response functions of the tool were measured and, consequently, the natural
frequencies were determined [30]. The dynamic measurements were used to characterize
the burnishing process (vibration assisted or not) under operating conditions. In this
case, acoustic emission was used to detect possible damage in the material during the
VABB process.

The analyses included in the previous paragraph demonstrate the fundamental im-
portance of the traditional techniques of static and dynamic vibration analysis as applied
to the VABB process discussed here. The dynamic results derived from VABB applied to
two different ferric alloys are described in order to evaluate different magnitudes under
different burnishing conditions: two burnishing forces (90 N and 270 N) and the existence
of vibration assistance (yes or no). The measured magnitudes were burnishing force, vi-
brations, and acoustic emission. This allowed us to characterize the process itself and the
tool’s ability to transmit vibratory assistance, as well as to detect possible damage in the
specimens produced by this process. From the vibration measurements, an operational
deflection shape (ODS) exercise was also performed.

This research is novel as, despite the fact that the vibration-assisted ball burnishing
process is not new, a new tool that is capable of carrying it out was analyzed. This tool has
a series of characteristics that make it unique from those on the market. Additionally, the
AE technique applied for characterization and verification of the influence of the vibration
assistance did not produce any negative effects on the process results. No reference to the
use of AE for this purpose was found in the reviewed literature.

2. Materials and Methods
2.1. Experimental Setup

In order to characterize the dynamic behavior of the machine-tool-part setup, two
types of tests were performed: impact tests under static condition; and vibrations, forces,
and acoustic emission monitoring under running (dynamic) conditions of the burnishing
system. The ball burnishing tool used was a prototype designed and patented by the
authors [29]. It can be used in both NVABB and VABB processes. The frequency of its
ultrasonic vibration is 40 kHz. All tests were performed in a PINACHO SE 200 x 1000 mm
CNC lathe (Pinacho CNC, Guipuzcoa, Spain). The specimens were fixed between a self-
centering three-jaw chuck plate and the point.

Different burnishing parameters were taken into account in this study: specimen
material (C45 steel, EN 10020:2000, and GJL250 grey cast iron, EN 1560:2011), burnishing
force (90 N and 270 N) and ultrasonic vibration assistance (yes or no). The specimens
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were previously machined. Table 1 presents their initial and final dimensions, the cutting
parameters, and the measured roughness. No cutting fluids were used in the machining.

Table 1. Cutting parameters and specimen dimensions (initial and final).

Initial Dimensions Cutting Parameters Final Dimensions
Material Cutting Speed Feed Cutting Depth Roughness
D [mm] L [mm] [m/min] [mm/rev] [mm] Dlmm] L [mm] Ra [pum]
C45 15 133 70.7 0.15 0.2 14.8 133 1.187
GJL250 15 185 29.4 0.15 0.4 14.0 185 2.310

Different accelerometers were used. Three triaxial accelerometers were installed in the
burnishing tool in order to study its vibrating behavior. Two were mounted in the frontal
part near the burnishing ball (positions P1 and P2 of Figure 1a), and the third was mounted
in the opposite part (position P3 of Figure 1b). The characteristics of these accelerometers
are presented in Table 2. The measurement directions of the accelerometers correspond to
the burnishing feed (X), vertical direction (Y), and direction of the burnishing force (Z).

Figure 1. Triaxial accelerometers installed in the tool: (a) frontal view; (b) rear view.

Table 2. Accelerometers used for the measurements.

Measurement Position Accelerometer Frequency Range [Hz]

1 = 4000 £ 5%
Tool (P1, P2y P3) PCB 356A32/NC 0.7 = 5000 + 10%

Lathe bed, directions A, Vy H KISTLER Type 8752A50 0.5 = 5000 £ 5%

Three monoaxial accelerometers were installed in the lathe bed in order to deter-
mine the vibrational transmissibility from the machine during the burnishing process.
Figure 2 depicts these accelerometers and their measurement directions: A (axial according
to the specimen rotation), V (vertical), and H (horizontal). The characteristics of these
accelerometers are presented in Table 2.

The monitoring criteria were selected taking the following into account:

- The maximum monitoring frequency allowed by the instrumentation should be applied.
- All mechanical and electrical phenomena that occur during the process should be
monitored and recorded.
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Figure 2. Accelerometers mounted on the lathe bed.

2.2. Burnishing Force Monitoring

The compressive deformation of the spring installed inside the tool-holder is linearly
related to the force transmitted by the burnishing tool to the target surface [20]. In turning
processes, it is linearly related to the penetration of the tool in the direction of the depth
of the pass. The nominal burnishing forces of the tests were 90 N and 270 N for the steel
specimen and only 90 N for the grey cast iron, as 270 N is an excessive load for this material.

The force was monitored by a KITSLER 9129AA dynamometer (Kistler, Winterthur,
Switzerland) adapted to the lathe holder where the tool was mounted, as seen in Figure 1a.
The force signal was conditioned by a KITSLER 5070A12100 amplifier (Kistler, Winterthur,
Switzerland) Burnishing forces were acquired in impact tests under static conditions (lathe
turret stopped) and in measurements under operating conditions (lathe turret moving) of
the burnishing system (Figure 3).

300
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Figure 3. Average, maximum, and minimum forces recorded during the tests.
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2.3. Impact Tests

Impulse excitation was used to determine the natural frequencies of the tool under dif-
ferent conditions. Impacts were carried out with an impact hammer (KISTLER 9722A2000)
(Kistler, Winterthur, Switzerland) with steel tip (9902A) (Kistler, Winterthur, Switzerland)
Its maximum frequency was 9.3 kHz and its maximum force was 11 kN. These characteris-
tics were deemed suitable as, according to a previous study [30], the natural frequencies of
a similar tool were lower than 5 kHz.

Impacts were performed at three tool points in the vertical direction (points I1, 12, and
I3) and vibrations were measured at three points (P1, P2, and P3) in three directions, as
seen in Figure 4. The conditions under which the impacts were carried out were as follows:

- Tool installed it its holder without any contact with the specimen (free tool).

- Tool in contact with the specimen and forces between them of 90 N or 270 N, for
the steel specimen, and a force of 90 N for the grey cast iron. These conditions were
repeated with the tool in two positions: one near the plate and the other near the point.

13

Figure 4. Lateral view of the impact points on the tool.

In total, 15 impact tests were performed. The vibration assistance was not activated
during the impact tests as a previous work [31] demonstrated that the ultrasonic vibration
of the assistance does not affect a tool’s natural frequency.

The acquisition and further analysis of the vibration signals were performed with a
3053-B-120 analyzer (Briiel & Kjeer, Neerum, Denmark) and the PULSE Reflex software
(version 2.3), respectively. Ten channels were defined: three for each triaxial accelerometer
and one for the impact hammer.

2.4. Vibration Monitoring during the Burnishing Process

Different burnishing tests with different forces were performed in order to characterize
the machine-tool-specimen setup during the burnishing process. The burnishing forces
used were 90 N and 270 N for the C45 steel and 90 N for the GLJ250 grey cast iron. The
second variable was the presence (VABB) or absence (NVABB) of ultrasonic vibration in
the tool. The burnishing speed was 2.33 m/min and the feed was 0.15 mm/revolution.
The burnished length of each test was 10 mm, except for some tests that were carried out
without feed for 3 min.

The layout of these tests are presented in Figure 5 for both the C45 and GJL250 specimens.

C45 SPECIMEN GJL250 SPECIMEN

Continuous
Burnishing
Operations

Continuous
Burnishing
Operations

Figure 5. Burnishing test areas.
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From these measurements, an ODS of the tool was obtained. ODS is a vibration
analysis tool that allows for the determination of the deflection of a component or structure
under real operating conditions. Vibration time histories are recorded under operating
conditions and, by applying the Fourier transform to these recordings, vibration level
versus frequency is determined at different points. A system’s wire frame model can
then be animated in order to demonstrate the movement at each measured point and at
each frequency [32].

2.5. Acoustic Emission Measurements during the Burnishing Process

As previously explained, acoustic emission waves are high-frequency waves (in the
ultrasonic frequency band) generated when any kind of damage is produced in a material.
During manufacturing processes, different acoustic emission signals are usually emitted
by machined parts as a consequence of the damage produced in them. For the burnishing
process presented in this paper, the eventual presence of acoustic emission events was
explored as previous studies have validated the application of this this technique to the
characterization of the process itself.

To this end, a Vallen acoustic emission sensor, model VS700-D (Vallen Systeme, Wol-
fratshausen, Germany), was installed in the tool holder. A Vallen preamplifier, model AEP4,
a Vallen AMSY5 acoustic emission system (Vallen Systeme, Wolfratshausen, Germany),
and Vallen acquisition software (Vallen Systeme, Wolfratshausen, Germany) were used for
conditioning and recording of the acoustic emission signals. The sampling frequency of
the acquisition was 625,000 samples/s.

3. Results and Discussion
3.1. Impact Tests

Impacts performed at point I3 (Figure 4) did not provide any valid information because
the base housing was disconnected from the tool in order to ensure that the ultrasonic
vibrations were transmitted to the lathe [29].

According to the impact position, the best responses always corresponded to the
vertical direction (Y), that is, the impact direction. Frequency response functions (FRF) of
point P3 revealed poor coherence between excitation and response.

Signals measured at points P1 and P2, corresponding to the tests performed without
contact between tool and specimen, revealed a natural frequency of around 1.5 kHz.
Figure 6 presents the FRF and the coherence function corresponding to the response at
point P1 with excitation at I2. Some low peaks also appear around 500 Hz and 900 Hz. The
band between 2 and 3 kHz is also noticeable but its coherence is poor.

In the tests performed with contact between the tool and specimen, no differences
were noted between the different test conditions (force and tool position). Consequently,
the load and tool position did not affect results. In these cases, natural frequencies in the
signals measured at point P3 are noticeable. New components in the band between 1.2 and
2.8 kHz appeared. The amplitudes were lower than those obtained in measurements
without contact between the tool and specimen. Figure 7 presents the FRF and coherence
corresponding to response at P1 and impact at I1, in the position near to the lathe point
and with a load of 90 N.

Natural frequencies were always much lower than the assisting frequency, that is,
40 kHz constituted just 5% of this magnitude.

3.2. Vibration Monitoring during the Burnishing Process

Measurement signals acquired by tool accelerometers (Figure 1) and test bed ac-
celerometers (Figure 2) during burnishing processes were processed and analyzed in
time and frequency domains. The maximum analysis frequency was 4 kHz. Spectra are
presented, in some cases, up to 2 kHz as no components appeared at higher frequencies.
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Figure 6. FRF obtained at P1 with impact at 12.

The vibration behavior of the tool during the burnishing process was similar for
both materials under all burnishing conditions. Components at 15.8 Hz and 32.1 Hz
were noticeable when burnishing C45, while burnishing GJL250 resulted in noticeable
components at 17 Hz and 34.2 Hz. This difference is due to the slightly different burnishing
speeds and the relation between these components and the mechanical and electrical
operation of the lathe. In all cases, these components are very small (um/s RMS). According
to the ISO 20816 [33] for vibrations in machines, the highest allowable vibration level is
0.28 mm/s RMS: all of the measured levels were considerably lower. Figure 8 presents
the spectra in the Z direction (direction of burnishing force) for both materials with a
burnishing force of 90 N and without vibration assistance.

In tests without vibration assistance, the amplitudes corresponding to points P1 and
P2 in burnishing force direction (Z) were higher than amplitudes corresponding to the
other two directions: burnishing feed direction (X) and vertical direction (Y). This result
can be justified as these points are at the end of the tool and receive all the effort of the
burnishing operation. In the case of C45, the amplitudes at point P3 were greater than at
points P1 and P2, while in GJL250 the amplitudes at the three points were similar. At point
P3, the highest amplitude was in the Y (vertical) direction, which may be due to point P3
being in the distal part of the tool at the time of burnishing, as shown in Figure 1b.

Figure 9 compares the spectra, measured with a burnishing force of 90 N for both
materials, with and without vibration assistance, at point P3. This figure shows the Y-axis
only because all directions demonstrated the same frequency peaks with very similar
amplitudes. Additionally, signals measured without vibration assistance had similar
behavior to those with vibration assistance.
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Figure 9. Comparison of spectra of both materials, using VABB and NVABB, measured at point P3, in Y (vertical) direction,
and with a burnishing force of 90 N.

Two burnishing forces were used in tests with C45 steel. No differences between
the signals monitored under these conditions were noted. To demonstrate this, Figure 10
presents the spectra corresponding to different points and measurement directions. All of
these spectra correspond to measurements without vibration assistance.

Additionally, measurements without burnishing feed were carried out for both ma-
terials, under the same conditions previously specified. The duration of each of these
measurements was 3 min. Analysis of these tests reveals similar results to those obtained
with burnishing feed. The same frequency peaks appeared, with very small amplitudes.
The only difference was the possible excitation of natural frequencies in the range between
800 Hz and 1400 Hz, but with very low amplitudes. Figure 11 presents an example of
these signals.

The vibration measurements in the lathe test bed show normal behavior of the machine.
Components that interfere with those obtained in the tool were not noted, but a possible
excitation of the natural frequencies between 800 Hz and 1400 Hz was noticeable, but with
very low amplitudes.

Figure 12 presents signals measured in the lathe test bed during the burnishing of
the steel specimen. Comparing the signals measured with vibration assistance in the
horizontal (H), vertical (V), and axial (A) measurement positions, a very similar behavior
was noticeable between them, and the amplitudes were again very low. Via inspection of
the non-vibration-assisted spectra measured in the horizontal direction at burnishing forces
of 90 N and 270 N (Figure 12), no differences appeared between them; consequently, the
burnishing force did not affect the horizontal vibrations of the lathe test bed. Additionally,
no differences appeared between horizontal spectra with or without vibration assistance
at both burnishing forces in Figure 12; therefore, there was no influence of the vibrating
assistance in the lathe test bed. This is expected according to the tool design, lathe rigidity,
and the test bed points where the measurements were performed.
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Figure 10. Comparison of spectra of C45 with burnishing forces of 90 N and 270 N, without vibration assistance.
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Figure 11. Measurements in burnishing without feed.
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Figure 12. Spectra measured in lathe test bed at different loads and different measurement positions.

3.3. Acoustic Emission Monitoring during the Burnishing Process

Figure 13 presents acoustic emission time histories for different processes. Figure 13a
presents the background noise. Figure 13b presents the acoustic emission signal during
the burnishing process of the C45 steel specimen with a burnishing force of 90 N, without
vibration assistance. Finally, Figure 13c presents the C45 burnishing with a burnishing
force of 90 N, with vibration assistance. Figures 13a and 13b are very similar; therefore, the
burnishing process without vibration assistance did not produce any acoustic emission.
However, a clearly noticeable signal appears in Figure 13c, corresponding to the vibration-
assisted burnishing process. This is due to the acoustic emission sensor detecting the
assisting vibration signal. No acoustic emission apart from that produced by the vibration
assistance appeared; consequently, the ball burnishing process did not produce any damage
in the material.

Figure 14 presents the AE spectra corresponding to the VABB of both materials,
burnished with different forces: (a) C45 steel specimen with 90 N, (b) C45 steel specimen
with 270 N, and (c) GJL250 grey cast iron specimen with 90 N. In all figures, the frequency
corresponding to the vibration assistance is the only noticeable peak. This is consistent
with previous findings [20].

The vibration assisting frequency was very stable. Its variation of 100 Hz corresponds
to 0.25% of the frequency. This level remained the same for both VABB of C45 steel; thus,
the burnishing force did not influence it. The vibration level, in the case of GJL250 VABB,
was lower those of C45 due to the high GJL250 internal damping [34].
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Figure 13. AE time histories of C45 under different conditions: (a) background noise; (b) NVABB; (c) VABB.

3.4. Operating Deflection Shape

According to the method presented in [35], an ODS of the tool in the burnishing process
of C45 with a force of 90 N and without vibration assistance was performed to analyze
the tool rigidity. A frequency of 32 Hz was selected as it had a noticeable displacement
and an acceptable background noise. Figure 15 presents the ODS. Figure 15a is a lateral
view and depicts the movement in the vertical direction. Red lines correspond to extreme
positions and blue lines correspond to the mean position. A rotatory movement around
the center of the tool is clearly noticeable, with an amplitude at the extremes of around
0.6 um. Figure 15b presents the plant view. A translation movement in the burnishing feed
direction of about 0.5 pm amplitude is also noticeable. In order to determine the movement
in the axis of the tool direction, a zoom around the zero-point was performed (Figure 15¢c)
and a displacement of about 0.9 um was detected.

The methodology proposed in this paper (joining vibratory analysis with AE) allows
one to extend the range of frequencies up to several hundred kHz. This approach is suitable
for any machine-tool-part setup with different rigidities, configurations, and designs.
Therefore, this may be used in the near future to characterize tools used in ultrasonic
vibration-assisted machining operations such as those presented in [36]. Unfortunately,
this methodology does not allow one to quantify the amplitude of the vibration in the
AE range.
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Figure 15. ODS of the tool at 32 Hz: (a) lateral view; (b) plant view; (c) zoom of lateral view.

4. Conclusions

The conclusions of this paper are clustered according to the test through which they
were obtained.

Impact tests

No natural frequencies higher than 2 kHz were noted (about 5% of 40 kHz, the
vibration assisting frequency); consequently, the high frequency that appeared in the
process was only that of the tool.

The structural behavior of the tool was affected by the contact between tool and
specimen but was not affected by their contact force value.

Vibration measurements

The material of the workpieces, the vibration assistance, the burnishing force, and the
feed movement did not affect the frequency spectra measured.

Spectrum lines appeared in the frequency range 800-1400 Hz during the burnishing
process at the rear point and in the lathe bed with much lower amplitudes than those
considered to be standard for a new machine, in accordance with the operation deflection
shape results.

The vibration levels measured in the tool axis had higher amplitudes than those
corresponding to the other directions, due to the burnishing force.

The amplitudes of the signals measured in the rear of the tool were slightly higher
than those measured at the frontal part.

Acoustic emission measurements

The only signal detected was the ultrasonic vibration assistance, which permits the
frequency characterization of the assisting ultrasonic vibration.

Any signal due to possible damage in the material of the specimens was detected.
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Abstract: Additive manufacturing technologies are increasingly being used in production systems
because they shorten product development time and production cost, but surface integrity remains
a limitation to meet the standards set by conventional manufacturing. In this research article, two
chemical, one thermal, and three mechanical finishing operations are proposed to post-process fused
filament fabricated Ultem 9085 parts. Their effects on the parts’ surface quality and dimensional
accuracy (changes in their width, height, length, and mass) are examined through optical and electron
scanning microscopy, and the advantages and disadvantages of each method are discussed. Micro-
scope evaluation has proven to be a powerful tool to observe apparent differences and understand
the nature of different morphological changes. Results indicate that chemical and thermal treatments
and ball burnishing are good candidates to significantly enhance the finish of the parts, despite
requiring the use of solvents or provoking dimensional changes to the parts. The effects of abrasive
mechanical treatments are more moderate at a macroscopic scale, but the surface of the filaments
suffers the most remarkable changes.

Keywords: additive manufacturing; fused filament fabrication; PEI Ultem 9085; postprocessing;
finishing operations; surface enhancement; vapor smoothing; thermal annealing; abrasive shot
blasting; shot peening

1. Introduction

The surface characteristics of a component determine how it will interact with its
environment. In some cases, irregularities on the surface will constitute weak regions
where cracks or corrosion may start to nucleate. Therefore, surface roughness could be
a good indicator of the potential mechanical performance of a part [1]. In other cases,
however, specific roughness values may be desirable to enhance the adhesion of cosmetic
or functional finish coatings such as painting or metal plating [2].

Within the specific context of additive manufacturing (AM), the layer-by-layer mate-
rial deposition that is characteristic of these technologies creates an uneven surface profile
known as “stair-stepping effect” [3,4]. This issue poses a challenge in terms of superfi-
cial integrity and dimensional accuracy and has been recognized as a major concern in
employing AM technologies for final part applications [5]. For this reason, monitoring,
modeling, and compensation for surface roughness in AM have become popular fields of
research [6-12].

The reviewed literature reveals that the most common approach to address this subject
consists of optimizing pre-printing parameters, including the slicing strategy, raster angle,
part orientation, infill percentage, printing temperature, and layer thickness. In this sense,
Boschetto et al. [13] proposed a geometrical model of the filament that considers the
radius and spacing of the profile section and can predict the dimensional deviations of
acrylonitrile butadiene styrene (ABS) fused filament fabricated (FFF) parts as a function
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of the layer thickness and deposition angle. Their findings correlate with those published
by Pérez et al. [14] and Buj-Corral [15]. The former performed an experimental study with
polylactic acid (PLA) samples and found that layer height and wall thickness are the
most important factors controlling surface roughness. The latter presented a geometrical
model for the simulation of roughness profiles obtained with different print orientation
angles in FFF PLA specimens and compared it to experimental results. Their findings were
that roughness values increase with print orientation angle as the stair-stepping effect is
accentuated.

Despite accurate optimization of process parameters, the desired surface quality of
parts may not be achieved, or perhaps only a fraction of the surface needs to be conditioned
to meet the end customer’s specifications. Thus, post-processing techniques constitute a
complementary tool to refine the finish of additively manufactured parts [16]. In broad
terms, these processes can be grouped into thermochemical and mechanical treatments.
Thermochemical treatments take advantage of chemical substances or the application
of general or localized heat to smooth the part’s surface. These methods include vapor
smoothing, painting, electroplating or metallization, annealing, and laser finishing.

Many research works have investigated the vapor smoothing process; it is a relatively
straightforward and well-established process. Chohan et al. [17-19] published a series of
articles where they performed a parametric optimization to treat FFF ABS hip replicas
with acetone vapors. They evaluated the impact of smoothing duration and repetition
of smoothing cycles on surface finish, dimensional accuracy, and stability of the parts,
and they concluded that small smoothing duration (30 s) and repeated cycles could yield
remarkably lower surface roughness. They also developed a mathematical model for the
prediction of the average surface roughness of the treated parts. Mu et al. [20] compared the
effect of different mixtures of acetone and ethyl acetate to improve the surface coarseness of
ABS specimens with different building orientations and concluded that the tensile strength
of samples treated with the acetone or the mixed vapor decreased with increasing the
exposure time. The best results in terms of mechanical performance were obtained when
vapors of pure ethyl acetate were used. Jin et al. [21] and Rajan et al. [22] explored the use
of tetrahydrofuran and dichloromethane, respectively, to smooth the surface and improve
the toughness of PLA specimens, despite reporting a decline in their tensile properties.

Some works combine vapor smoothing with other finishing techniques. For instance,
Nguyen et al. [23] carried out a design-of-experiments-based investigation on the treatment
of ABS parts combining an acetone-based chemical treatment, drying, and aluminum
coating, observing a decrease in surface roughness and heat absorption of radiative heating.
Maciag et al. [24] performed a study on the influence of acetone smoothing and subsequent
galvanic copper plating over the surface parameters of ABS prints. Studies considering the
feasibility of laser polishing for FFF PLA parts include the ones presented by Chen et al. [25]
and Moradi et al. [26].

Regarding thermal treatments, one can find more published data concerning the treat-
ment of semicrystalline polymers such as PLA. For example, an increase in the crystallinity
degree through thermal annealing over the glass transition temperatures (Tg) of PLA sam-
ples was reported by Wach et al. [27]. This enhancement favorably impacted the flexural
stress of the samples by an average of 14%. Improvements in interlayer tensile strength of
the same polymer were reported by Bhandari et al. [28]. Increased inter-laminar toughness
of specimens made from amorphous ABS when these were treated over Ty was noted by
Hart et al. [29]. In these studies, though, less attention is put into evaluating the surface
characteristics of the treated parts.

A relevant study concerning the post-processing of polyetherimide (PEI) parts was
recently presented by Zhang et al. [30]. They used thermal annealing to post-process the
samples and noted a relaxation of thermal stresses when PEI specimens were treated for
long periods at temperatures only below its Ty.

Mechanical post-processing methods aim to replicate conventional metal finishing
techniques applied to thermoplastics by cutting or pressing the peaks of the outer profile
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of the manufactured parts. The treatment of complex or intricate shapes using these
processes may seem challenging, but some recent studies have shown progress in this
direction [31,32]. Machining, barrel finishing, ball burnishing, and sanding are examples
of mechanical post-processing finishes found in the published literature. In particular,
Boschetto et al. [33] conducted an experimental analysis and designed a theoretical model
to study the integration between FFF technology and barrel finishing (BF) to improve the
surface quality of printed parts. A significant contribution of the study was that BF’s action
is deeply affected by the deposition angle of the initial profiles of the substrates. The same
research group explored the finishing of FFF parts by computer numerical control [34].
They managed to set the cutting depth as a function of the deposition angle and reported a
reduced average roughness and reliable uniformity of finished surfaces. Mali et al. [35]
proposed the use of abrasive flow for the finishing of FFF ABS parts. The process was
carried out with a self-synthesized abrasive media made of marble powder and Karanja
oil and increases in the average surface roughness were encountered with the increase in
active cutting particles and extrusion pressure.

One of the few comparative studies regarding different post-processing techniques
applied to AM parts was published by Nsengimana et al. [36]. Differences between
tumbling, shot peening, hand finishing, spray painting, CNC machining, and chemical
treatment on the dimensional accuracy of laser-sintered Nylon and Alumide®, as well as
FFF ABS parts, were investigated, and the advantages and disadvantages of each of these
methods discussed.

As shown, most of the references focus on the post-processing of readily available
materials, often used for prototyping, i.e., PLA or ABS. However, there is a scarcity of pub-
lished research that considers the post-processing of higher performance thermoplastics.
Some industries, such as aerospace, biomedical, and automotive, have adopted AM manu-
facturing technologies beyond prototyping to produce intermediate tooling and end-use
parts [37]. These sectors often require products capable of working at elevated tempera-
tures, in the presence of flames or harsh solvents, and under high mechanical loads [38].
In this regard, the engineering-grade thermoplastic such as ULTEM™ 9085 (Ultem) offers
a remarkable potential opportunity to fulfill the industries’ needs, owing to its unique
combination of high mechanical properties [39] and flame, smoke, and toxicity rating [40].

Based on the above, this work aims to investigate a series of post-processing techniques
to treat FFF Ultem specimens, namely vapor smoothing, chemical solvent immersion, high-
temperature thermal annealing, ball burnishing, abrasive shot blasting, and shot peening,
providing optimized process parameters and a comparative overview of the applicability
and effect regarding the surface quality enhancement.

2. Materials and Methods
2.1. Manufacturing of the Samples

The engineering-grade thermoplastic ULTEM™ 9085 (Ultem) was chosen as a model
material to fabricate all samples in a Fortus® 400mc professional fused filament fabrication
(FFF) printer (Stratasys Ltd., Edina, MN, USA). This printer is equipped with a thermally
controlled chamber that ensures a stable temperature of 195 °C during the printing process.
Rectangular solid parts (infill of 100%) were printed with a flat surface of 10 x 127 mm?, a
height of 4 mm, a 0.254 mm layer height, £45° raster angle, one external contour, and a flat
horizontal orientation. Three repetitions were fabricated for each studied post-treatment.

2.2. Chemical Post-Processing
2.2.1. Vapor Smoothing

The first treatment was intended to improve the surface quality of Ultem parts through
the partial dissolution of their outer layer due to prolonged contact with a chemical vapor
(a process known as vapor smoothing). Due to the low compatibility between Ultem and
chlorinated solvents [41], and its low boiling point (around 61 °C), chloroform (purity of
99.9%) was chosen for the smoothing process.
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Vapor smoothing was performed by placing the substrates on an elevated sample
bed (whose function was to avoid direct contact between the liquid solvent and the parts)
within a 200 x 130 x 60 mm glass container. Next, 50 mL of chloroform were added to
the bottom of the container, which was then sealed for 120 min. After the 120-min cycle,
samples were removed and allowed to dry in ambient laboratory conditions for at least
24 h before further processing. Finally, two more sets of samples were treated for 180 and
270 min, respectively.

2.2.2. Support Removal Solvent

The second chemical treatment was aimed at analyzing the surface integrity of Ultem
parts after being treated with a solvent mixture capable of dissolving polysulfone, a
thermoplastic commonly used as support material for Ultem in FFF. The effect of this
treatment on the mechanical performance of Ultem and the optimal treatment time has
been previously demonstrated [42].

Samples were submerged in a mixture of equal volumetric parts of 1,4-dioxane and
toluene for a period of 4 hours. A similar setup as the one used for the vapor smoothing
was used. This time, though, samples were fully immersed in the solvent (the volume used
was 400 mL), and the liquid mixture was constantly agitated using a magnetic stirrer. After
the treatment cycle, samples were removed and allowed to dry in a vacuum chamber for at
least 12 h before further processing.

2.3. Thermal Annealing

A differential scanning calorimetry (DSC) of Ultem enabled identifying its glass
transition temperature at 181 °C. This analysis was performed using a DSC821 measuring
device from Mettler Toledo and a heating rate of 10 K-min~!. The lack of other phase
transitions such as crystallization or melting, indicated the amorphous nature of the studied
polymer. A sudden release of energy at 370 °C revealed a loss of integrity and irreversible
degradation of the material. Another point to consider is that, during manufacturing,
the material is exposed to a temperature of 195 °C for long periods inside the printing
chamber. For these reasons, temperatures of 210 °C, 225 °C, and 240 °C were chosen as
annealing temperatures. Thermal annealing of Ultem samples was performed at the set
temperature for 30 min in an electric furnace from Hobersal, preheated before introducing
the samples. Once the treatment was completed, cooling was performed at a constant
rate of 1.5 °C-min~" until it reached a temperature of 150 °C to minimize thermal stresses.
Then, the cooling rate was increased to 8 °C-min~! until room temperature.

2.4. Mechanical Post-Processing
2.4.1. Ball Burnishing

Ball burnishing is a finishing operation based on the plastic deformation of a work-
piece’s surface via the application of a hard, highly polished ball subjected to a constant
external force. Ball burnishing of Ultem specimens was conducted with a burnishing
tool designed to be coupled to a CNC milling machine. This tool has an innerspring,
the stiffness of which determines the range of ball burnishing forces exerted by a 10 mm
chrome-hardened steel ball. The process was made following the procedure described in a
previous publication [43] using the optimal configuration of a force of 400 N, 10 passes of
the tool, a lateral path width of 0.32 mm, and a forward speed of 2000 mm-min~ 1. Samples
were ball burnished on the top side.

2.4.2. Abrasive Shot Blasting

Shot blasting is a cold surface treatment that involves projecting beads on the work-
piece to change its surface state, causing plastic deformation to prepare the surface for
subsequent processes such as applying a coating layer. In the present study, shot blasting
was performed in a manually operated pressure-controlled sandblasting cabinet. The
working pressure was set at 5 bar, and samples were individually blasted for 10 to 20 s,
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using either a mix of spherical glass beads (100 to 850 pum) or white corundum (220 to 36
FEPA (Federation of European Producers of Abrasives) grit, or about 53 to 500 um). The
angle of incidence was kept between 75° and 90°.

2.4.3. Shot Peening

The process of shot peening resembles abrasive shot blasting but uses metallic beads
to treat the surface of the samples. In the present case, a small hole was drilled at one end
of the samples to facilitate their hanging on a rotary unit and allowing the shot peening
process in an automated chamber. Spherical stainless-steel beads with diameters ranging
from 0.2 to 0.3 mm were propelled at the samples using a 2500 rpm turbine working at a
pressure of 5 bar during a total treatment time of 10 min.

A summary of the post-processing techniques and experimental conditions used in
the present study can be found in Table 1.

Table 1. Post-processing techniques and procedures applied to Ultem pieces.

Post-Processing
Technique

Fixed Experimental Conditions Variable Experimental Conditions

Vapor smoothing

Solvent: Chloroform vapors

Temperature: ambient laboratory conditions Exposure imes: 2,3 and, 45 h

Support removal solvent

Solvent: equivolumetric mixture
of 1,4-dioxane and toluene
Temperature: ambient laboratory conditions
Constant agitation using a magnetic stirrer
Exposure time: 4 h

Thermal annealing

Preheating of the furnace prior
to the introduction of the samples
Exposure time at the set temperature: 30 min Temperatures: 210, 225, and 240 °C
Cooling rate: 1.5 °C-min~"! until 150 °C, 8 °C-min "
until room temperature

Ball burnishing force: 400 N
Number of passes of the tool: 10

Ball burnishing Lateral path width: 0.32 mm
Forward speed: 2000 mm-min !
Abrasive shot blastin Pressure: 5 bar Abrasive media: White corundum, and
& Treatment time: 10-20 s glass beads
Spherical stainless-steel beads
Shot peening Pressure: 5 bar

Treatment time: 10 min

2.5. Dimensional Accuracy and Surface Roughness

The effects of each post-processing technique on the surface of the FFF parts were firstly
investigated through changes in their width, height, and length dimensions. Secondly,
changes in mass and surface roughness were also examined. The latter was evaluated in
terms of the average roughness (R;) and the average maximum peak-to-valley height of the
roughness profile (R;), using a portable roughness gauge Rugosurf 20 from Tesa Technology.
The sampling length and cut-off values were set based on the ISO 4288:1996 standard [44].

The surface state of the treated samples was captured using an Olympus DSX1000
digital microscope (Olympus Iberia, Barcelona, Spain) fitted with a DSX10-SXLOB lens and
using a 1x and 20 x magnification. Surface morphology was examined with a JSM-6460
Scanning Electron Microscope (SEM)(JEOL Ltd., Akishima, Japan).
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3. Results and Discussion
3.1. Mass and Dimensional Changes

The mass and dimensional changes of all specimens subjected to the different post-
processing techniques are summarized in Table 2. Differences in mass, height, width, and
length are given as absolute values.

Table 2. Mass and dimensional changes as a function of the post-processing treatment.

Post-Process Details A Mass [g] A Height [mm] A Width [mm] A Length [mm]
Support removal solvent - +0.03 £ 0.05 —0.04 £+ 0.05 —0.01 £0.01 —0.02 £0.03
Chlorof 120 min +0.12 + 0.01 —0.05 £ 0.01 ~0.10 + 0.04 ~0.18 + 0.02
oro OTET 180 min +0.22 +0.01 +0.01 +0.05 +0.05 + 0.02 —0.14 £ 0.02
vapor smoothing 270 min +0.35 + 0.03 +0.10 £ 0.02 +0.15 £ 0.03 +0.16 £ 0.01
210°C +0.00 + 0.01 +048 +0.12 —0.88 £ 0.19 —4.73 £ 0.84
Thermal annealing 225 °C —0.02 +0.01 +0.52 +0.18 —0.93 £ 0.26 ~5.11+1.38
240 °C —0.01 £ 0.00 +0.62 + 0.04 ~1.07 £ 0.06 ~5.73 £ 0.49
Ball burnishing - +0.00 + 0.03 —0.11 +0.02 +0.08 £ 0.03 +0.30 £ 0.09
Abrasive shot blastin White corundum +0.01 + 0.02 —0.01 £ 0.06 +0.02 +0.03 +0.08 + 0.07
8 Glass beads —0.01 £ 0.01 —0.05 £ 0.02 +0.02 £ 0.02 +0.03 £ 0.07
Shot peening - —0.02 + 0.01 —0.02 +0.01 +0.01 £ 0.02 +0.05 £ 0.06

Overall, solvent support removal, abrasive shot blasting, and shot peening have not
induced substantial changes in the mass or the main dimensions of the treated parts.
This means that there is no detectable solvent absorption or Ultem dissolution during
the support removal process. In addition, abrasive mechanical post-processes, performed
under the previously described treatment conditions, do not abrase the material enough to
induce detrimental changes in their shape.

Regarding vapor smoothing, it is the only treatment that has induced a significant
weight increase in the samples. This change is more pronounced with increased treatment
times, indicating a gradual absorption of chloroform vapors. Considering the initial mass of
the samples was around 6 grams, the 0.35-gram increase reported after 270 min of treatment
represents a change of almost 6%. A point to note concerning the dimensional analysis of
this particular treatment is that, during the first 120 min, there is a slight reduction in all
dimensions due to an initial smoothing of the outer surface as adjacent Ultem filaments
fuse. As time progresses, despite retaining their overall shape, samples expand or swell
in all directions. With even more prolonged exposure, samples would probably start to
completely melt and lose their shape, which would be highly undesirable.

In terms of dimensional accuracy, specimens subjected to thermal annealing suffered
the most remarkable transformation: they all expanded in the building direction (an aver-
age of 0.5 mm in height) and contracted in the remaining directions (1 and 5 mm in width
and length, respectively). This correlates with the theory proposed by Zhang et al. [30]
concerning the relaxation of thermal stresses created in the building direction, which seems
to be valid at temperatures higher than the material’s Ty as long as exposure is main-
tained within the herein presented ranges. It is also noteworthy to mention that higher
temperatures induce more significant dimensional changes.

Finally, ball burnished samples experienced a decrease in height (coinciding with the
ball burnishing direction) and a moderate expansion in width and length. As demonstrated
in previous publications [43], part of the applied burnishing force is used to allocate the
material in the existing inner voids, resulting in surface densification. Therefore, the
increase in width and length should not be attributed to an overall deformation of the part
but to creating an overhanging edge due to the expansion of the pressed material on the
upper layer.

60



Materials 2021, 14, 5880

3.2. Surface Roughness Evaluation

As discussed in the introduction, the surface roughness of an additively manufactured
part tends to play a crucial role in determining its overall performance. A smoother surface
will usually imply an enhanced mechanical performance (superficial defects tend to act
as crack nucleation sites) and will also be better received by the end consumer as parts
resemble their conventionally manufactured counterparts.

In this sense, the analysis of the surface roughness parameters R, and R, presented
in Figure 1 shows that all finishing techniques herein presented have lowered the surface
roughness of FFF Ultem parts to a certain degree. However, an exception should be
made in the chemical treatment to remove Ultem’s support material, as changes in surface
roughness are almost negligible. This result was expected as the purpose of this treatment
is to affect Ultem’s integrity as little as possible.

Support removal Support removal
solvent = solvent =
Chloroform | 120 min Chloroform | 120 min
; [ ——— 180 min | 180 min
vapor smoothing | 270 min vapor smoothing | 270 min
Thermal annealing %;2 :g Thermal annealing | gég :g
(upper face) 240°C (upper face) 240°C
210°C A 210°C
Thermal ameqllnxg 3959 Thermal anne;{l111g ! 325
(lower face) 240°C (lower face) 240 °C
Ball burnishing = Ball burnishing [ = —
Abrasive shot ‘White corundum Abrasive shot White corundum
blasting Glass beads blasting Glass beads
Shot peening Shot peening v

-100  -80

T T T T T T T T T T

-60 -40 20 0 20 40 60 -100 -80 -60 -40 -20 0 20 40

Percentage of R, change Percentage of R. change

(@) (b)
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Figure 1. (a) Changes in average surface roughness; (b) Changes in average peak-to-valley height of the roughness profile.

Results obtained from the other chemical treatment, namely vapor smoothing with
chloroform, are drastically different. Improvements on Ultem'’s surface roughness are as
remarkable as 90-95% (R, = 1.4 um, R, = 3.57 um) after 180 min of treatment. Interestingly,
there is no further improvement after this point (surface roughness after 270 min is similar
to the one obtained after 180 min), while chloroform continues to be absorbed, as discussed
in the mass and dimensional analysis section. For this reason, 180 min should be considered
the maximum treatment time to achieve an excellent surface finish. The magnitude of
the roughness improvements reported by Chohan et al. [17] (99.62%) is comparable to the
results of the present study. It should be noted, though, that the initial surface roughness of
their studied hip replica was two-times lower than the one of the Ultem parts used in this
study and that their total contact time with the vaporized solvent was considerably lower
(in the order of a 1 min) than in the present case. The roughness improvements reported by
Rajan et al. [22] are more moderate (around 80%) when they used tetrahydrofuran (THF)
vapors during a total time of 5 min to smooth FFF PLA parts. They also observed that the
initial build orientation (and thus the initial surface roughness) plays a crucial role in the
outcome of the vapor smoothing process. Considering that all consulted treatment times
are lower than the ones needed to obtain similar results with Ultem, it is safe to affirm that
Ultem’s chemical resistance to chloroform is higher than the chemical resistance of ABS to
acetone and of PLA to THE.

Concerning thermal annealing, no significant differences in surface roughness have
been identified, regardless of the temperature of the treatment. Nevertheless, dimensional
changes are higher at higher temperatures, implying that there is no benefit in increasing
the temperature of the treatment from 210 °C to 240 °C. The obtained 15% improvement in
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the surface roughness of the upper part (R; = 12.60 um, R, = 62.28 um) is probably due to
the partial fusion of adjacent filaments. Interestingly, the lower part of the samples, which
was in direct contact with the thermal chamber’s tray, presented a glass-like finish, with
improvements in R, higher than 90% (1.05 um) and higher than 80% in and R; (8.69 um).
This suggests that a physical contact that favors heat transfer by conduction is noticeably
more effective in improving the surface finish of the parts than heat transfer by convection,
as it happens on the air-exposed faces of the part.

Surface roughness obtained after mechanical post-processing of the parts differs
considerably. When samples are ball burnished, R; and R, diminish by about 70% (5.06 um)
and 50% (34.19 um), respectively, due to the plasticization of the outer layer because of the
forced pressing of the peaks by the burnishing ball. This technique uses a stainless-steel
tool that can be adapted to a numeric control machine, making it an easily automatable
process, but presents some challenges when the totality of the part needs to be treated,
or when the part has difficult-to-access zones. With abrasive shot peening or abrasive
shot blasting using glass beads, the surface roughness has improved by 20% to 25%
(Rs =10.83 um, R, = 3.57 pm). The use of white corundum as blasting media has resulted
in a more moderate improvement of around 10% (R, = 13.40 um, R, = 62.54 um). A
noticeable fact is that the standard deviation of the roughness measurements after these
finishing processes were applied to Ultem parts is considerably higher than with the other
treatments, which indicates more limited repeatability as they depend on the experience
of the operator performing the treatment, the contact time, and the wear of the beads,
amongst others. In comparison with the 50% improvement in surface roughness reported
by Valerga Puerta et al. [45] when they corundum blasted FFF PLA parts using analogous
treatment time conditions as the ones reported in the present study, Ultem appears to have
an increased initial toughness that could explain such more moderate improvements.

3.3. Surface Analysis

Even though obtaining a combination of lower R, and R, values is typically enough
to affirm an improvement in the surface finish of a part, microscope imaging provides
a deeper insight into the reasons behind surface changes and their nature. In this sense,
Figures 3-5 present a series of optical microscope images and SEM micrographs aimed
at the direct comparison between the macroscopic and microscopic state of the treated
samples. Images of an untreated or pristine part have also been added in Figure 2.

Untreated case

Figure 2.

Digital microscope (a,b) and SEM micrographs (c) of untreated Ultem parts.

Figure 3a reveals that, compared to the pristine case, Ultem has lost some of its
characteristic shine after being submerged in a mixture of 1,4-dioxane and toluene for
4 h. This tonality change could be explained by the presence of an Ultem residue that
has been partially dissolved and non-uniformly redeposited along the interfilament space
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(d)

(some zones are more coalesced, but some are not), as the more magnified central and right
images (Figure 3b,c) show.

Support removal solvent

200 }u-n -

500 um 200 um

(e) (6]

Figure 3. Digital microscope (a,b,d,e) and SEM micrographs (c,f) of the chemically treated Ultem parts.

As the roughness analysis has revealed, a drastically different surface is obtained
when Ultem is vapor-smoothed in the presence of chloroform (Figure 3d—f). Microscopy
results display a smooth surface where the additively manufactured nature of the part is
almost inappreciable as Ultem filaments from the outer surface have completely melted
and resolidified, forming a uniform layer. This result confers perspective and validates
the effectiveness of the other analyzed chemical treatment: In comparison with vapor
smoothing, Ultem’s surface is much less affected despite being in direct contact with a
chemical mixture capable of dissolving a support material with a similar chemical structure
to Ultem’s.

Regarding the visual inspection of the thermally annealed samples in Figure 4, the
overall shape of the specimen is lightly modified as the corners appear more rounded, and
the upper edge of the part has lost its perpendicularity with the other edges. Nonetheless,
magnified images (Figure 4b,c,e,f) demonstrate that the air gap between adjacent filaments
has diminished in the upper face and has almost completely disappeared in the lower
face. Taking this into consideration, further experiments should be conducted at a slightly
lower temperature (lower than 210 °C, but higher than the material’s Tg) to try to reduce
dimensional changes while still achieving better filament adhesion. Ideally, the presence
of a solid or liquid media that enters in direct contact with the totality of the part during
the thermal treatment would help achieve an even smoother surface, as detected in the
inspection of the lower side of the thermally annealed part.
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Thermal annealing (upper face)

Thermal annealing (lower face)

200 pm

(e) (f)

Figure 4. Digital microscope (a,b,d,e) and SEM micrographs (c,f) of the thermally treated Ultem parts.

Figure 5a—c demonstrates how the characteristic rounded shape of FFF manufactured
parts is modified due to the ball burnishing process, as predicted from the roughness
analysis. Ultem filaments appear flattered, and the overall state of the filament’s surface,
not damaged. On the contrary, the surface of the mechanically treated parts using abrasive
treatments shown in Figure 5d-1 appears to be radically modified. While the average
surface roughness or overall dimensions of the treated parts do not reveal such intense
changes, the surface of a single filament has been deeply affected.

Samples that have been shot blasted with white corundum (Figure 5d—f) have suffered
the most remarkable changes. The impact of small, non-rounded beads made of a material
as hard as corundum has eroded the surface and completely changed its morphology. The
Ultem part’s external filaments show cracks and numerous irregularities; Ultem has lost
its shine, and the part appears more mattified. Nevertheless, the presence of filaments
looks more blurred, meaning that the overall aspect of the part is more uniform. This can
be regarded as a positive outcome, as a specific surface morphology can be desirable to
promote adhesion of further coatings that want to be applied to the part.

In the case of abrasive shot blasting with glass beads (Figure 5 g-i), the surface is
not as eroded as with white corundum due to the softer nature of the used abrasive
and its rounded shape, but the surface still shows noticeable alterations in the form of
small protrusions generated by the beads” impact. It should be remembered that initially
spherical glass beads tend to break down into smaller and more protruded parts during
the shot blasting process. Something to mention is that the right corner of the treated part
shown in the macroscopic image Figure 5g has been more damaged than the rest of the
surface, revealing one of the main drawbacks of these abrasive techniques: the need to
automate or very precisely control the exact time, incidence angle, and distance of the
abrasive gun. While in the case of chemical or thermal treatments a slight time deviation in
the duration of the treatment is perfectly acceptable, in the case of abrasive shot blasting a
few seconds’ deviation can be detrimental to the final result.
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Ball burnishing
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Figure 5. Digital microscope (a,b,d,e,g,h,j k) and SEM micrographs (c,f,i,1) of the mechanically treated Ultem parts.

Finally, microscopy images from the shot peened samples (Figure 5j-1) show a shinier
surface due to the presence of metallic residue from the stainless-steel beads. Interestingly,
despite the longer duration of this treatment (10 min versus 10 to 20 s in the case of abrasive
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shot blasting), it has resulted in a more uniform surface due to its more controlled nature
(shot peening was performed in an automated chamber and with a higher distance between
the gun and the samples). In addition, the impact of spherical metallic beads has induced
pressing of the part’s external filaments, which denotes the application of compressive
stresses that could be beneficial for the fatigue life of the parts. Considering the simplicity of
this process and the insignificant affectation of the parts’ dimensions, shot peening’s effect
on the mechanical properties of FFF Ultem parts is a key point that should be addressed in
future works.

4. Conclusions

In this work, six different post-processing techniques for fused filament fabricated
Ultem parts have been proposed, and their effect on dimensional accuracy, mass, and
surface roughness of the treated parts, compared. Microscope imaging has provided
insight into the reasons behind the observed changes in surface roughness. From the
obtained results, the following conclusions can be extracted:

e  Overall, chemical and thermal treatments, as well as ball burnishing, have been
postulated as valid candidates to significantly enhance the finish of FFF Ultem parts,
despite requiring the use of solvents or inducing controlled dimensional changes.

e In particular, chemical vapor smoothing has resulted in the highest improvement
in surface roughness, but the absorption of chemical vapors should be taken into
consideration.

e  Thermally annealed samples above Ultem’s glass transition temperature retain their
overall shape but have expanded in the building direction (indicating thermal stresses
release) and contracted in width and length.

o  Considering the observed differences between the upper and the lower side of the
thermally treated samples, the addition of a physical media to conduct heat to the
samples (instead of air convection) is expected to be beneficial to obtain a more uniform
surface roughness. As dimensional changes increase with the treatment temperature,
the use of a slightly lower temperature than the minimum 210 °C used in this study
should also be considered. Ball burnishing has resulted in the best equilibrium
between an improved surface roughness and minimal dimensional changes.

o  The effects of abrasive shot blasting and abrasive shot peening are more moderate at a
macroscopic scale but have modified the parts’ surface morphology to the greatest
extent.

Future works should focus on studying the affectation of the proposed finishing
techniques on Ultem’s mechanical performance and searching mathematical coefficients to
predict dimensional and roughness changes.
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Abstract: Honing processes are currently employed to obtain a cross-hatched pattern on the internal
surfaces of cylinders that favors oil flow in combustion engines or hydraulic cylinders. The main
aim of the present paper is to optimize the machining conditions in honing processes with respect to
surface roughness, material removal rate and tool wear by means of the desirability function. Five
process variables are considered: grain size, density, pressure, linear speed and tangential speed.
Later, a sensitivity analysis is performed to determine the effect of the variation of the importance
given to each response on the results of the optimization process. In the rough and semi-finish honing
steps, variations of less than 5% of the importance value do not cause substantial changes in the
optimization process. On the contrary, in the finish honing step, small changes in the importance
values lead to modifications in the optimization process, mainly regarding pressure. Thus, the
finish honing phase is more sensitive to changes in the optimization process than the rough and the
semi-finish honing phases. The present paper will help users of honing machines to select proper
values for the process variables.

Keywords: sensitivity analysis; honing; roughness; tool wear; material removal rate; optimization;
desirability function; mixture design

1. Introduction

Honing is an abrasive machining process in which a honing head provided with
abrasive stones combines alternate linear movement with rotation in order to machine the
internal surfaces of cylinders. The main goal of honing is to obtain a cross-hatched pattern
with channels that favor oil flow in combustion engines or hydraulic cylinders. Several
authors have indicated the key role of the surface topography of the cylinders’ liners on
the friction coefficient in the piston/cylinder assembly as well as on the amount of oil
consumption. Thus, selecting proper honing parameters can reduce the emission of toxic
compounds during the operation of combustion engines [1-3].

Some researchers have studied the honing process by means of statistical models.
For example, Troglio [4] considered the grain size of the abrasive, lubricating oil and
workpiece material as variables, and studied different roughness parameters, such as
average roughness Ra and parameters of the Abbott-Firestone curve (Rk, Rpk, Rvk, Mr1,
Mr2). Kanthababu et al. [5] varied rotation speed, linear speed, pressure, honing time and
plateau-honing time. Responses were roughness parameters of the Abbott-Firestone curve.
Roughness was mainly influenced by pressure and honing or plateau-honing time. Wos
and Michalsky [6] found that main roughness parameters improving aircraft piston engine
performances (output power, torque, fuel consumption and total efficiency) are Rvq and
the linear triangle area for valleys A2, although they provide a higher oil consumption and
greater emissions. More recently, Vrac et al. [7] obtained exponential models for roughness
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and material removal rate as a function of process parameters, such as pressure or speed.
In another study with diamond stones of grain size 151 and 181, they found that pressure
was the most influential factor on roughness, followed by cutting speed and feed [8].
Vrabel et al. [9] analysed the influence of cutting speed, machining allowance and stone
pressure on surface roughness, specifically on roughness parameters, the height of peaks
(CR), the depth of the profile (CF) and the relative height of the holes (CL). On the other
hand, Buj-Corral et al. searched for statistical models for both roughness and material
removal rate in rough honing as a function of the main process parameters. They found
that, in the range studied, abrasive grain size and pressure were the main parameters
influencing both roughness and material removal rate [10]. Material removal rate values
between 0.015 and 0.020 mm /s (0.090 and 0.120 cm/min) were found by Szabo [11] using
cubic boron nitride (cBN) stones. In rough honing, Bai et al. [12] observed that the material
removal rate increases with circumferential speed, reciprocate speed and cross-hatch angle,
but decreases when the two speeds take too high values.

The semi-finish process was also studied, in which, as a general trend, roughness and
material removal rate increase with grain size and density [13]. The finish honing process
has been less well studied in the literature. For instance, Arantes et al. [14] compared
the surface finish obtained in both conventional honing and flexible honing processes,
including amplitude parameters, Rk family parameters, volume and feature parameters. In
finish honing, Bai et al. [12] found that surface finish in finish processes improves when
circumferential speed increases. Cabanettes et al. [15] studied the relationship between
tool wear and different roughness parameters. They reported that only areal reduced
summit height, arithmetic mean summit curvature and core roughness are correlated with
tool wear.

Multi-objective optimization by means of the desirability function was developed by
Derringer and Suich [16]. It has been applied in the past to machining processes, such
as turning [17,18] or milling [19,20]. As for abrasive machining processes, Mukherjee
et al. employed the desirability function and a metaheuristic technique for optimal process
design [21]. Regarding honing processes, Lawrence and Rammamoorthy used robust
process design and gray-relational analysis to define recommended values for process
parameters in order to obtain required values for roughness Rz, roughness parameters from
the Abbott-Firestone curve and honing angle, for three honing stages: rough, semi-finish
and plateau-honing [22]. Nguyen et al. [23] carried out multi-response optimization of
finishing honing with respect to surface finish and production rate. They noticed that
both surface roughness and machining time depended mainly on grit size, followed by
tangential speed and linear speed.

Sensitivity analysis is usually carried out in optimization problems, in order to assess
the effect of the modification of either the objective function or the variables on the opti-
mized values [24]. Different methods have been used in the past for performing sensitivity
analysis after optimization. For example, Arsezer defined a methodology that consists
of varying the parameters of the desirability function and analyzing their effect on de-
sirability [25]. Malenovic et al. used a similar methodology for performing sensitivity
analysis on the results of multi-objective optimization in a microemulsion LC system, and
found the most sensitive parameters among importance, weight and ranges of the different
responses [26]. In turning processes, Souza Rocha et al. [27] optimized tool life, surface
roughness Ra and the ratio material removal rate/cutting force as a function of cutting
speed, feed rate and depth of cut. They found that the weights used in the multi-objective
optimization process influence the prediction variance. Mudhukrishnan et al. [28] opti-
mized drilling parameters, such as spindle speed, feed and drill material, with respect to
thrust force and torque, and performed a sensitivity analysis to assess the impact of control
variables on the responses.

On the other hand, mixture design is a methodology that allows different kinds of
mixtures to be tested; for example, in the formulation of cement or concrete pastes [29]
or in the food industry [30]. This method is usually employed to determine the best
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composition of a certain product. In the manufacturing area, for example, Misra et al. [31]
employed mixture design to find the optimal electrolyte composition in electrochemical
honing of gears.

In the present paper, regression models were obtained for average roughness Ra,
material removal rate and tool wear for the three steps of the honing process, namely, rough,
semi-finish and finish honing. Afterwards, multi-objective optimization was carried out
by means of the desirability function. Importance values were defined for each response
in the three honing steps, according to users’ requirements. However, the selection of
certain importance values for the responses could affect the results of the optimization
process. Thus, in order to test the influence of the importance values on the optimal values
of the variables in this work a sensitivity analysis was carried out. Mixture design was
used to define different importance values to be tested. In order to assess the variability,
the coefficient of variation CV was calculated for each response, considering different
percentages of variation of the importance values.

This paper has two essential contributions. First, the recommendations for selecting
the most appropriate parameters in each honing operation (rough, semi-finish and finish).
Second, the final guidelines on how to define the importance of each parameter for the
multi-objective optimization in each of the phases of the honing process.

2. Materials and Methods
2.1. Honing Experiments

Steel S5t-52 cylinders of 80 mm interior diameter and 390 mm length were machined
in a Honingtec industrial machine (Honingtec S.A., Els Hostalets de Balenya, Spain). This
material is usually employed to manufacture hydraulic cylinders. Figure 1 shows the
industrial machine used.

Figure 1. Industrial honing machine used in the experiment.

A central composite design was used to define the experiments in each one of the
honing steps (rough, semi-finish and finish), which is explained in Section 2.5. Honing time
was 30 min in all experiments. Two replicates were performed for each experiment.

Cubic boron nitride (cBN) honing stones were used with metallic bonds. Figure 2
depicts the honing head employed.
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Figure 2. Honing head used in the experiment.

For each of the three experimental designs, three responses were measured: roughness
(Ra), material removal rate (Qm) and tool wear (Qp).

2.2. Roughness Measurement

Arithmetical mean roughness Ra was measured with a Hommel-Etamic W5 contact
roughness meter (Hommel-Etamic GmbH, Villingen-Schwenning, Germany), according to
standard ISO 4287 [32] (Figure 3).

Figure 3. Contact roughness meter.

Nine measurements were taken along a diametral circumference in the internal surface
of cylinders at a distance of 195 mm from the end of the cylinders. The average value of
the nine measurements was calculated. The cut-off length was 0.8 mm and the measuring
length was 4 mm.

2.3. Material Removal Rate Measurement

The material removal rate Qm was measured by means of the weight difference of the
workpieces, before and after the honing test. Workpieces were weighed with a Kern FCB
3KO0.1 scale (Kern &Sohn GmbH, Balingen, Germany).

Qm is defined as the volume of material removed in cm? per min and per unit area of
abrasive wheel in cm?. Qm in cm/min is calculated as follows (Equation (1)):

Vv
= 1
Qm= )
where V is removed volume in cm3, S is abrasive surface in cm? and t is honing time in min.
The removed volume V in cm? is calculated from the weight W of the workpiece
before and after honing (Equation (2)).
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where Wi is initial weight of the cylinder in g, Wf is the final weight of the cylinder in g,
and p is the density of the cylinder in g/cm?3.

2.4. Tool Wear Measurement

Tool wear Qp in cm?/min is calculated as follows (Equation (3)):

Y%

Qp=-F ®
where Vp is the volume of stone removed during honing (cm?3), obtained with the initial
and final weight of the stone and with the density of the stone, and t is the honing time
in min.

2.5. Design of Experiments (DOE)

For each honing step, a central composite design was conducted in order to be able
to obtain second order models for the responses. Minitab statistical software version 19,
(Minitab LLC, State College, PA, USA) was used. The cube experimental runs were defined
as a fractional factorial design 25-1 with 16 runs. The axial runs were defined with 10 face-
centered points plus three central points. Table 1 shows the variables and levels employed
for rough, semi-finish and finish operations.

Table 1. Low and high levels for the different variables employed in the rough, semi-finish and
finish experiments.

Rough Semi-Finish Finish

Grain size, Gs (ISO 6106 [33]) 91-181 46-76 15-30

Density of abrasive, De (ISO 6104 [34]) 30-60 15-45 10-20
Pressure, Pr (N/cm?) 400-700 400-700 400-700

Tangential speed, Vt (m/min) 30-50 30-50 30-50

Linear speed, VI (m/min) 20-40 20-40 20-40

As can be seen in Table 1, the same levels were used for pressure, tangential speed
and linear speed for the three honing steps. The values for the different parameters were
selected according to the manufacturers’ recommendation and to the literature. For instance,
Vrac et al. [7] recommended grain size 181 and 151 in normal honing. These values lie
within the range that was selected in the present work for rough honing. Grain size and
abrasive density usually decrease as the honing process advances in order to achieve finer
and finer surfaces.

2.6. Multiobjective Optimization

In the present paper, the desirability function method was used to carry out multiob-
jective optimization [14].

The process searches for a combination of the factors that gives the best possible
compromise for all the factors. This is achieved following these steps:

1.  The individual desirability function for each response (di) is obtained.

2. The composite desirability function (D) is computed combining all the individual
desirability functions, di, and considering the importance of each individual response.

3. The values of the factors that maximize the composite desirability function (D) are
finally found.

The individual desirability functions map each one of the responses onto a value
ranging from 0 to 1 (0 meaning that the level of the response is not what was wanted;
1 meaning that the level of the response is most preferred, the target). The formula depends
on whether one wants to minimize the response, maximize the response or set the response
to a target. In our study, we want to minimize roughness, Ra, and tool wear, Qp, and
maximize the material removal rate, Qm.
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Figure 4 shows the shape of the function when minimizing (left) or maximizing (right)
the response. In our study, we use the target and upper and lower bounds as the maximum
and minimum response values obtained, depending on the situation. A weight of 1 was
used in all cases, corresponding to the use of a linear function.

target target

4, weight = 0.1 weight = 0.1
%,
&
N
'
weight = 10 weight =10
upper bound lower bound
Minimize the response: Maximize the response:
as response decreases, as response increases,
desirability d increases desirability d increases

Figure 4. Desirability functions when minimizing (left) and maximizing (right) the response.

The composite desirability function D is computed using the formula shown in
Equation (4).

D= ([Ta™m)™ @)

Imp; is the importance given to response i. IMP is the sum of all importance values,
Y_Imp;. One can set the importance for each response so that the sum is one, thus simplify-
ing the formula and giving the idea that the importance for each response is a percentage
of importance.

The importance values for each of the three responses in this study are shown in
Table 2. They were selected from previous honing experiments. The following criteria were
employed: in rough operations it is important to remove as much material as possible,
while in finish operations surface finish is crucial. Thus, the importance values increase
for roughness in subsequent honing operations, while they decrease for material removal
rate and tool wear. In other words, in rough honing high importance values of Qm and
Qp, as well as low values for Ra, are recommended. On the contrary, in finish honing high
importance values are required for Ra and low values for Qm and Qp.

Table 2. Importance values used for each response and honing phase in the optimization.

Response Rough Semi-Finish Finish
Average roughness, Ra (um) 0.1 0.4 0.8
Material removal rate, Qm (cm/min) 0.6 0.4 0.1
Tool wear, Qp (cm?/min) 0.3 0.2 0.1

One of the main objectives of this study is assessing to what extend the results are
dependent on the importance given to each of the responses. To achieve this objective, the
importance of each response was later varied, in order to perform a sensitivity analysis of
the optimization process (Section 2.7).
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2.7. Sensitivity Analysis

The purpose of the sensitivity analysis is to determine the effect of a certain change
in the importance values of the responses on the optimal values of the variables that are
obtained from the multi-objective optimization. In order to achieve this, the values of
the importance for the different responses were varied from the initially defined values
in Table 2 with the help of a mixture design. Values of importance were varied from a
slight degree (1%) to a considerable degree (15%) (the higher the variation in the initial
importance values, the higher the expected impact on the optimization results).

Mixture designs are special experiments in which the product being studied is com-
posed of different ingredients. These ingredients cannot be modified independently: if
the percentage of one ingredient in the formula increases, the percentages of others must
decrease, as the total always sums to 1 [29]. These experiments are commonly used in
pharma or food investigations. We have used a mixture design to change in an organized
and balanced way the importance of each response in our optimization problem.

For instance, Figure 5 shows the experiments performed for the finish step. The
central point corresponds to the initial importance values shown in Table 2 (Ra = 0.8,
Qm =0.1, Qp =0.1). The other points are slight variations of these importance values,
always summing to 1.

Qp
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/ \\\
‘ »
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Figure 5. Optimization runs performed for the sensibility analysis in the finish step, with a 1%

variation of the importance.

For each one of the runs coming from the mixture design we have a combination of
values of the variables Gs, De, Pr, Vt and VI that globally optimize the three responses. In
order to see the extent to which these values vary depending on the run, the coefficient of
variation CV was calculated for each variable, Gs, De, Pr, Vt and VI, and for each percentage
of variation of importance (1%, 3%, 5%, 10%, 15%).

3. Results and Discussion
3.1. Regression Models
For each response and honing stage, a second order model was adjusted. The residuals
were checked, and a goodness of fit test was performed for each model. For each response, a
graphic was obtained (Figures 3-5, respectively), in which the coefficients of each regressor
are presented in the following way:
- Each horizontal line in the graph corresponds to one of the estimated effects (either
the main effect or an interaction) and only the significant effects are represented with
a ball.
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Ra, rough =2.64 — 0.00570 Gs + 0.0017 De + 0.00630 Pr + 0.0459 Vt — 0.394 V1 — 0.000848 De"2 — 0.000007
Pr"2 + 0.00653 V1"2 + 0.000546 Gs-De + 0.000145 Gs-Vt — 0.000283 Gs-V1 — 0.000085 Pr-Vt + 0.000249 Pr-V1

- The size of the ball is proportional to the absolute value of the coefficient in the fitted
model, so the biggest balls represent the effects with highest values.

- The color of the ball corresponds to the sign of the coefficient: red corresponds to
positive and blue to negative.
In the following subsections the results for surface roughness, material removal rate

and tool wear are presented.

3.1.1. Roughness, Ra

Equations (5)—(7) provide the regression models for Ra in the rough, semi-finish and
finish operation respectively.

®)

Ra, semi-finish = —2.869 + 0.0712 Gs — 0.0500 De + 0.000231 Pr — 0.0053 Vt + 0.1704 V1 — 0.000683 Gs"2 +
0.000866 De™2 — 0.00444 V1"2 + 0.000019 Gs-Pr + 0.000301 Gs-Vt — 0.000036 De-Pr + 0.000387 De-Vt + (6)

Ra, finish = 1.165 — 0.07211 Gs — 0.01334 De — 0.000773 Pr — 0.01099 Vt + — 0.00007 V1 + 0.001133 Gs"2 +
0.000627 Gs-De + 0.000036 Gs-Pr + 0.000150 Gs-Vt + 0.000013 Pr-Vt

0.000047 Pr-V1 — 0.000896 Vt-V1

@)

Figure 6 depicts the significant terms for the roughness parameter, Ra, in the rough, semi-
finish and finish operations.
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Figure 6. Significant terms for Ra in the rough, semi-finish and finish operations.

In the rough honing operation, the main factor influencing roughness is grain size, Gs,
followed by Vt, Pr and V1. The higher the grain size, tangential speed and pressure, the
higher roughness is. Conversely, the lower the linear speed, the higher roughness is. The
interaction between grain size and density is significant, as has been observed in previous
works [10]. The higher the grain size, the higher density should be in order to assure
the correct cutting operation. Other significant interactions are Pr-V1, Pr-Pr and De-De.
Lawrence and Ramamoorthy [22] found that rotational speed was the most influential
factor on the Rz parameter, followed by oscillatory speed, honing time and pressure. These
results are in accordance with the present work, considering that they did not vary grain
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size nor abrasive density. Gunay and Korkmaz [35] also reported a higher influence of grit
size compared to linear speed in honing processes.

In the semi-finish operation, the most significant term becomes De-De, followed by Pr,
while the term Gs-Gs is also important. This suggests that, although roughness depends
directly on pressure, it is also influenced by grain size and density. The fact that pressure
influences roughness is in accordance with the results of Kanthababu et al. [5].

In the finish operation, grain size and pressure seem to be the only factors that have an
influence on roughness, while density appears in the Gs-De interaction. Gs-Gs, Gs-Pr and
Pr-Vt are also influential. Conversely, Bai et al. [13] found that surface roughness depends
on tangential speed. In plateau honing processes, Gunay and Korkmaz [35] observed
that roughness depended mainly on grain size, linear speed and number of strokes. A
grain size of 150, a linear speed of 7 m/min and four strokes are recommended in order to
minimize R,.

In summary, in rough honing processes it is important to select low grain size and
low density to ensure low roughness. In addition to grain size and density, pressure
also becomes important in the semi-finish operation. The lower the pressure, the lower
roughness is. In the finish operation, the main factor to be considered is grain size, followed
by pressure. Thus, in finish honing processes, the density of the abrasive is not so important
as in rough and semi-finish processes.

As an example, Figure 7 shows a roughness profile for Experiment 2 on (a) rough
honing, (b) semi-finish honing and (c) finish honing.
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Figure 7. Examples of roughness profiles and Abbott-Firestone curves: (a) rough honing with grain
size 181, (b) semi-finish honing with grain size 76 and (c) finish honing with grain size 30.

All the profiles present sharp peaks and rounded valleys, with an irregular shape that
is characteristic of abrasive machining processes. As expected, the higher the grain size,
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the higher roughness is. The Abbot-Firestone curves have the s-shape that is characteristic
of the abrasive machining processes.

3.1.2. Material Removal Rate

Equations (8)-(10) correspond to the regression models for the material removal rate,
Qm, in the rough, semi-finish and finish operations, respectively:

Qm, rough = —0.419 — 0.000830 Gs + 0.00801 De + 0.001799 Pr — 0.00387 Vt

— 0.00962 V1 — 0.000154 De™2 — 0.000002 Pr"2 + 0.000017 Gs-De + 0.000027 Gs-Vt + 0.000104 De-V1 + 8)

Qm, semi-finish = —0.3379 + 0.01439 Gs — 0.00465 De + 0.000007 Pr — 0.002380 V't
+0.000350 V1 — 0.000119 Gs"2 + 0.000063 De"2 + 0.000033 De-Vt + 0.000004 Pr-Vt

0.000006 Pr-Vt + 0.000016 Pr-V1

©)

Qm, finish = 0.1621 — 0.001941 Gs — 0.001733 De — 0.000108 Pr — 0.001910 Vt

— 0.00958 V1 + 0.000182 V1"2 + 0.000088 Gs-De + 0.000002 Gs-Pr + 0.000002 Pr-Vt + 0.000003 Pr-V1 + (10)

0.000051 Vt-V1

Figure 8 corresponds to the models of material removal rate, Qm, in rough, semi-finish
and finish processes, respectively.
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Figure 8. Significant terms for Qm in the rough, semi-finish and finish operations.

In the rough honing operation, the most significant term influencing the material
removal rate is Pr-Pr, followed by Vt, Pr, De-De and Gs. Thus, pressure seems to be
crucial to ensure a sufficient material removal rate in this operation, as has been previously
observed [11], although the other parameters are also important in this case. In honing
processes with diamond stones of grain size 181 and 151, respectively, Vrac et al. [7]
found that cutting speed greatly influenced material removal rate, while pressure was
less relevant.

As for the semi-finish operation, the main terms are Gs-Gs, Pr and De-De. This
suggests that, as the quantity of material to be removed decreases in subsequent honing
operations, the importance of pressure is reduced because the cutting operation becomes
easier to perform.
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Qp, rough = —0.001659 + 0.000001 Gs + 0.000037 De + 0.000003 Pr + 0.000025 Vt
+0.000005 V1 — 0.000000 De*2 — 0.000000 De-Pr — 0.000000 De-Vt

In the finish operation, different factors show a similar impact: Pr, Gs, Vtand V1. V1-VI
is also significant, and density appears in the Gs-De interaction.

In summary, all factors influence the material removal rate in rough honing. In semi-
finish honing, mainly pressure, grain size and density should be considered, while in finish
honing, all factors except density are important.

3.1.3. Tool Wear

Equations (11)—(13) show the regression models for tool wear, Qp, in the rough, semi-
finish and finish operations respectively.

(11)

Qp, semi-finish = —0.000317 + 0.000021 Gs — 0.000015 De + 0.000002 Pr — 0.000019 Vit
— 0.000034 V1 — 0.000000 Gs"2 + 0.000000 Gs-De — 0.000000 Gs-Pr + 0.000000 Gs-V1 — 0.000000 De-Pr + (12)

0.000000 De-Vt + 0.000001 Vt-V1

Qp, finish = 0.000906 — 0.000095 Gs + 0.000019 De — 0.000001 Pr — 0.000000 Vt
+0.000002 Gs"2 — 0.000001 Gs-De + 0.000000 Gs-Pr + 0.000000 Gs-Vt - (13)

0.000000 De-Vt

Figure 9 depicts the main terms influencing tool wear, Qp, in the rough, semi-finish
and finish operations.
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Figure 9. Significant terms for Qp in the rough, semi-finish and finish operations.

The main factor affecting tool wear in rough honing is the density of the abrasive,
De, with a negative impact on tool wear. This suggests that a lower density favors the
removal of grains from the bond, which restores the stones’ ability to cut but at the cost
of increasing tool wear. Other important factors are pressure and the interaction between
density and pressure.

In the semi-finish honing operation, density and pressure are still the most important
factors. However, a new Gs-Gs starts to influence tool wear with a negative impact: higher
grain size leads to lower tool wear.
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In the finish operation, grain size is the most important factor influencing tool wear,
with the terms Gs and Gs-Gs, followed by pressure and by the interaction between grain
size and pressure.

In summary, the density of the abrasive is a crucial factor in rough honing. However,
in semi-finish and finish honing, the grain of the abrasive becomes more important. In all
the honing steps, pressure is a factor to be considered.

When using ¢BN tools, tool wear is characterized by low values. For this reason, tool
wear has only a small influence on the performance of the present tests, in which honing
time was relatively short.

3.2. Multi-Objective Optimization

The main results of the optimization step are presented in Sections 3.2.1, 3.2.2 and 3.3.3
for the rough, semi-finish and finish phases, respectively.

3.2.1. Rough Honing

Figure 10 presents the results of the multi-objective optimization for the rough hon-
ing operation.

Gs De Pr (N/Cm Vt (m/mi VI (m/mi
High 181.0 60.0 700.0 35.0 25.0
Cur [168.2727) [57.2727) [636.3636) [35.0] [25.0
Low 91.0 300 400.0 15.0 15.0

Optimal
D: 0.7824

Composite —_— / //:;L ﬂ o ——]
Desirability
D: 0.7824

Qp
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Ra r— — " ——/—9—\——/—4?--—;;,—/-— T

Minimum
y = 2.8857
d = 0.30044

Figure 10. Multi-objective optimization of the rough honing operation.

The combination that minimizes tool wear and roughness while maximizing the
material removal rate is presented in Table 3.

Table 3. Results of the multi-objective optimization in the rough honing operation.

Parameter Gs De Pr Vit Vi

Value 168 57 636 35 25

This corresponds to medium grain size and high values for the rest of the factors. In
rough honing, a high grain size would be recommended in order to provide a high material
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removal rate, but a low grain size would provide a better surface finish [36]. Thus, medium
grain size optimizes both responses.

3.2.2. Semi-Finish Honing

Figure 11 corresponds to the results of the multi-objective optimization for the semi-
finish honing operation.

Optimal Gs De Pr (N/Cm Vt (m/mi VI (m/mi
D: 08159 High 76.0 450 700.0 350 250
o Cur [46.0] [45.0] [700.0] [35.0] [25.0]
Low 46.0 15.0 400.0 150 15.0
— A e e
Composite — _ //’f o T e et
Desirability -
D: 0.8159
R
Qp \\
Minimum S
— N
y = 0.0002 e E N
d = 0.78624 - — || gl Py
/F\\\
am N
H—— — s — = — = — — — — —_—— — — — —— = = —
Maximum = N /// v // -
S~ e -
y = 0.0767 / -
‘/ ~
d = 0.86493 e s
-
Ra / \
/ \
Minimum // '\ ,//_ﬁ\\
=0.5045 / ) N
Y T ¥ — T - === —— al
d = 078404 ~— o —

Figure 11. Multi-objective optimization of the semi-finish honing operation.

The combination that minimizes roughness and tool wear and maximizes the material
removal rate is shown in Table 4.

Table 4. Results of the multi-objective optimization in the semi-finish honing operation.

Parameter Gs De Pr Vit Vi
Value 46 45 700 35 25

This combination includes a low grain size, while the rest of the variables are kept at
their high values.

3.2.3. Finish Honing

Figure 12 shows the results for the finish phase.
Table 5 presents the results of the multi-objective optimization in the finish honing
operation.

Table 5. Results of the multi-objective optimization in the finish honing operation.

Parameter Gs De Pr Vit Vi
Value 17 20 488 35 25

Recommended values for the variables are: low grain size (close to the lower limit of
15), high density, low pressure (close to the lower limit of 400), high tangential speed and
high linear speed.

In all the honing phases, high linear and tangential speed values are to be selected.
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3.3. Sensitivity Analysis

The results of the sensitivity analysis for the rough, semi-finish and finish phase are
presented in Sections 3.3.1-3.3.3, respectively.

Optimal Gs De Pr (N/Cm Vt (m/mi \
High 300 200 7000 350 250
D:08442 [17.5758] [200] [487.8788] 35.0] [25.0]
Low 150 100 4000 150 150
Composite ﬁﬂl\ - T sl || ]
Desirability N
D: 0.8442
Qp
Minimum /
y=00 / -
gmosmr |~ _ | I i

m /
Maimum - e - /

e U N S A e — —_ —_ = -
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d=096282 = — — — __E‘_/, = _ L =

Figure 12. Multi-objective optimization of the finish honing operation.

3.3.1. Rough Honing

Figure 13 depicts the variation coefficient, CV, vs. the percentage of variation of the
importance values in rough honing (% of importance range), from the initial numbers of
0.1 for roughness Ra, 0.6 for material removal rate, Qm, and 0.3 for tool wear (see Table 2).

Sensitivity for optimal X's values

9 —8— CVGs
-4#- CVDe
~#- CVPr
—A— CVVt
A

cv

% of importance range

Figure 13. CV of the different factors vs. percentage of importance range in the rough honing operation.
In the rough honing operation, the coefficient of variation, CV, is lower than 3 for all
the factors up to 5% of importance variation and lower than 6 for all the factors up to 10%

variation of the importance. CV values are especially low for grain size, pressure, tangential
speed and linear speed. CV increases noticeably for De.
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3.3.2. Semi-Finish Honing

Figure 14 shows the coefficient of variation, CV, vs. percentage of variation of the
importance values in semi-finish honing (% of importance range), from the initial numbers
of 0.4 for roughness Ra, 0.4 for material removal rate, Qm, and 0.2 for tool wear (see Table 2).

Sensitivity for optimal X's values

0 2 4 6 8 10 12 14 16
% of importance range

Figure 14. CV of the different factors vs. percentage of importance range in the semi-finish honing operation.
In the semi-finish phase the CV is lower than 3 for all the variables up to 5% of

variation in the importance values, and it is lower than 4 up to 10% of variation in the
importance values. CV increases greatly for Gs.

3.3.3. Finish Honing

In Figure 15 the CV for all variables vs. the variation of importance values in finish
honing (% of importance range) is presented, from the initial numbers of 0.8 for roughness
Ra, 0.1 for material removal rate, Qm, and 0.1 for tool wear (see Table 2).
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Figure 15. CV of the different factors vs. percentage of importance range in the finish honing operation.
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In the finish phase the CV is lower than 10 for all the variables up to 5% of variation
in the importance values, except for pressure, for which CV increases noticeably up to a
variation of 10% in the importance value.

4. Conclusions

In the present paper, regression models are presented for roughness, material removal
rate and tool wear in the rough, semi-finish and finish operations. A sensitivity study is
presented for the multi-objective optimization process. The main conclusions of the work
are as follows:

- Grain size is the most influential factor on roughness, while pressure influences the
material removal rate in all the honing steps.

- In order to minimize roughness and tool wear, and to maximize the material removal
rate, medium or high values for the different variables are recommended in the rough
phase. In the semi-finish phase, low grain size is recommended, while the rest of
the variables should be held at high values. In the finish phase, low grain size and
pressure are recommended, with high values for the rest of the variables.

- The sensitivity analysis showed that, when performing a multi-objective optimization
in the rough and in the semi-finish phases, variations of the importance values for each
response that are lower than 5% do not significantly increase the variation coefficient
of the different variables. This means one can reasonably decide on the importance for
each response in the rough and semi-finish phases, being confident that mild changes
in these importance values will not have a large effect. Conversely, in the finish phase,
small changes in the importance values increase the variation coefficient of pressure.
Thus, it is recommended to select accurately the importance values of the different
responses in the finish phase.
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Appendix A

Table A1. Experimentation results in the rough phase.

Pr Vit Vi Ra Qm Qp
Run Gs De (N/cm?) (m/min) (m/min) (um) (cm/min) (cm®/min)
1 91 30 400 15 25 0.91 0.0822 0.000249
2 91 30 400 15 25 0.78 0.0602 0.000167
3 91 30 400 35 15 1.90 0.1151 0.000167
4 91 30 400 35 15 1.51 0.1260 0.000488
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Table A1. Cont.

Pr Vit Vi Ra Qm Q
Run Gs De (N/em?) (m/min) (m/min) (um) (cm/min) (cm3/§1in)

5 91 30 700 15 15 1.48 0.1314 0.000381

6 91 30 700 15 15 1.37 0.1041 0.000716

7 91 30 700 35 25 1.67 0.2374 0.001010

8 91 30 700 35 25 1.59 0.2305 0.000652
9 91 45 550 25 20 1.22 0.1540 0.000367
10 91 45 550 25 20 1.20 0.1589 0.000346
11 91 60 400 15 15 0.61 0.0219 0.000225
12 91 60 400 15 15 0.62 0.0273 0.000149
13 91 60 400 35 25 0.59 0.0602 0.000029
14 91 60 400 35 25 0.52 0.0547 0.000087
15 91 60 700 15 25 0.70 0.0929 0.000214
16 91 60 700 15 25 0.81 0.0929 0.000062
17 91 60 700 35 15 0.82 0.0715 0.000116
18 91 60 700 35 15 0.78 0.0767 0.000029
19 126 30 550 25 20 1.76 0.1375 0.000356
20 126 30 550 25 20 1.88 0.1811 0.000990
21 126 45 400 25 20 1.54 0.1255 0.000361
22 126 45 400 25 20 1.33 0.1036 0.000195
23 126 45 550 15 20 1.61 0.1478 0.000722
24 126 45 550 15 20 1.80 0.1476 0.000086
25 126 45 550 25 15 242 0.1642 0.000264
26 126 45 550 25 15 2.00 0.1534 0.000562
27 126 45 550 25 20 1.85 0.2402 0.000300
28 126 45 550 25 20 1.76 0.1910 0.000452
29 126 45 550 25 20 1.81 0.1965 0.000511
30 126 45 550 25 20 1.93 0.2075 0.000274
31 126 45 550 25 20 1.99 0.2184 0.000447
32 126 45 550 25 20 1.90 0.2238 0.000473
33 126 45 550 25 20 1.83 0.1865 0.000561
34 126 45 550 25 20 1.91 0.1809 0.000461
35 126 45 550 25 20 1.72 0.2303 0.000318
36 126 45 550 25 20 1.72 0.1753 0.000342
37 126 45 550 25 25 1.79 0.2293 0.000581
38 126 45 550 25 25 1.76 0.2238 0.000137
39 126 45 550 35 20 2.21 0.1978 0.000333
40 126 45 550 35 20 1.73 0.2032 0.000652
41 126 45 700 25 20 1.70 0.1531 0.000423
42 126 45 700 25 20 2.08 0.2019 0.000513
43 126 60 550 25 20 1.55 0.1425 0.000532
44 126 60 550 25 20 1.36 0.1527 0.000497
45 181 30 400 15 15 211 0.0872 0.000219
46 181 30 400 15 15 1.84 0.0818 0.000232
47 181 30 400 35 25 2.10 0.1855 0.000562
48 181 30 400 35 25 1.77 0.1527 0.000599
49 181 30 700 15 25 2.19 0.1528 0.000807
50 181 30 700 15 25 2.55 0.1582 0.000689
51 181 30 700 35 15 2.14 0.1965 0.000808
52 181 30 700 35 15 2.86 0.2841 0.000915
53 181 45 550 25 20 2.57 0.2349 0.000315
54 181 45 550 25 20 2.80 0.2512 0.000416
55 181 60 400 15 25 1.96 0.0873 0.000189
56 181 60 400 15 25 1.78 0.0872 0.000231
57 181 60 400 35 15 3.90 0.1255 0.000068
58 181 60 400 35 15 3.47 0.1146 0.000126
59 181 60 700 15 15 3.23 0.0875 0.000184
60 181 60 700 15 15 2.79 0.0765 0.000184
61 181 60 700 35 25 3.16 0.2571 0.000384
62 181 60 700 35 25 3.21 0.2514 0.000076
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Table A2. Experimentation results in the semi-finish phase.

Pr Vit Vi Qm Q
Run Gs De (N/cm?) (m/min) (m/min) Ra (um) (cm/min) (cm3/111’1in)
1 46 15 400 15 25 0.47 0.0183 3.82 x 1074
2 46 15 400 15 25 0.49 0.0258 2.68 x 1074
3 46 15 400 35 15 0.51 0.0183 2.54 x 1074
4 46 15 400 35 15 0.47 0.0183 1.40 x 107
5 46 15 700 15 15 0.81 0.0403 8.98 x 1074
6 46 15 700 15 15 0.79 0.0477 7.48 x 1074
7 46 15 700 35 25 0.84 0.0587 742 x 1074
8 46 15 700 35 25 0.82 0.0622 7.28 x 1074
9 46 30 550 25 20 0.49 0.0331 257 x 1074
10 46 30 550 25 20 0.46 0.0405 1.85 x 1074
11 46 45 400 15 15 0.27 0.0110 0.00
12 46 45 400 15 15 0.30 0.0073 6.07 x 1075
13 46 45 400 35 25 0.39 0.0293 8.62 x 10718
14 46 45 400 35 25 0.38 0.0220 485 x 1075
15 46 45 700 15 25 0.36 0.0221 1.46 x 10*
16 46 45 700 15 25 0.58 0.0481 1.74 x 1074
17 46 45 700 35 15 0.57 0.0733 1.04 x 1074
18 46 45 700 35 15 0.58 0.0733 9.71 x 1075
19 64 15 550 25 20 0.86 0.0402 5.63 x 1074
20 64 15 550 25 20 1.02 0.0699 452 x 1074
21 64 30 400 25 20 0.37 0.0147 2.65 x 1074
22 64 30 400 25 20 0.31 0.0220 1.68 x 1074
23 64 30 550 15 20 0.71 0.0475 430 x 1074
24 64 30 550 15 20 0.65 0.0440 3.04 x 1074
25 64 30 550 25 15 0.57 0.0330 3.09 x 1074
26 64 30 550 25 15 0.54 0.0293 401 x 1074
27 64 30 550 25 20 0.96 0.0661 2.95 x 1074
28 64 30 550 25 20 0.77 0.0366 3.09 x 1074
29 64 30 550 25 20 0.91 0.0403 3.82 x 1074
30 64 30 550 25 20 0.74 0.0549 261 x 1074
31 64 30 550 25 20 0.66 0.0476 3.09 x 1074
32 64 30 550 25 20 0.72 0.0439 3.30 x 1074
33 64 30 550 25 20 0.56 0.0366 351 x 1074
34 64 30 550 25 20 0.66 0.0547 3.63 x 1074
35 64 30 550 25 20 0.76 0.0583 3.82 x 1074
36 64 30 550 25 20 0.60 0.0404 2.69 x 1074
37 64 30 550 25 25 0.59 0.0440 3.95 x 1074
38 64 30 550 25 25 0.64 0.0512 4.04 x 1074
39 64 30 550 35 20 0.65 0.0588 357 x 1074
40 64 30 550 35 20 0.70 0.0550 2.80 x 1074
41 64 30 700 25 20 1.09 0.0661 5.39 x 10~*
42 64 30 700 25 20 1.02 0.0584 5.86 x 1074
43 64 45 550 25 20 0.89 0.0658 1.71 x 107
44 64 45 550 25 20 0.79 0.0806 2.03 x 1074
45 76 15 400 15 15 0.57 0.0146 1.27 x 1074
46 76 15 400 15 15 0.62 0.0146 2.75 x 1074
47 76 15 400 35 25 0.47 0.0111 252 x 1074
48 76 15 400 35 25 0.47 0.0257 229 x 1074
49 76 15 700 15 25 1.06 0.0440 6.70 x 1074
50 76 15 700 15 25 1.07 0.0475 5.65 x 1074
51 76 15 700 35 15 1.27 0.0698 442 x 1074
52 76 15 700 35 15 1.37 0.0734 419 x 1074
53 76 30 550 25 20 0.47 0.0146 2.16 x 1074
54 76 30 550 25 20 0.70 0.0109 2.72 x 1074
55 76 45 400 15 25 0.27 0.0037 1.91 x 107
56 76 45 400 15 25 0.27 0.0183 2.83 x 1074
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Table A2. Cont.

Pr Vit Vi Qm Q
Run Gs De (N/cm?) (m/min) (m/min) Ra (um) (cm/min) (cm3/111’1in)
57 76 45 400 35 15 0.75 0.0293 0.00
58 76 45 400 35 15 0.69 0.0219 1.21 x 10~*
59 76 45 700 15 15 0.38 0.0110 231 x 1074
60 76 45 700 15 15 0.50 0.0147 1.09 x 10~*
61 76 45 700 35 25 0.65 0.0440 3.56 x 1074
62 76 45 700 35 25 1.07 0.0881 436 x 1074
Table A3. Experimentation results in the finish phase.
Pr Vit V1 Ra Om Q
Run Gs De (N/em?) (m/min) (m/min) (um) (cm/min) (cm3/§1in)
1 15 10 400 15 25 0.24 0.0037 1.76 x 107°
2 15 10 400 15 25 0.09 0.0037 1.04 x 107°
3 15 10 400 35 15 0.06 0.0037 227 x 107>
4 15 10 400 35 15 0.09 0.0037 0.00
5 15 10 700 15 15 0.14 0.0110 3.09 x 1072
6 15 10 700 15 15 0.16 0.0110 5.88 x 107>
7 15 10 700 35 25 0.19 0.0313 9.41 x 1072
8 15 10 700 35 25 0.12 0.0313 7.71 x 107°
9 15 15 550 25 20 0.12 0.0037 415 x 107>
10 15 15 550 25 20 0.09 0.0055 8.30 x 1072
11 15 20 400 15 15 0.11 0.0037 0.00
12 15 20 400 15 15 0.09 0.0037 1.15 x 107°
13 15 20 400 35 25 0.06 0.0074 0.00
14 15 20 400 35 25 0.05 0.0073 3.46 x 107>
15 15 20 700 15 25 0.15 0.0092 6.95 x 107>
16 15 20 700 15 25 0.09 0.0073 3.37 x 107>
17 15 20 700 35 15 0.09 0.0093 231 x 107>
18 15 20 700 35 15 0.14 0.0166 9.88 x 1076
19 20 10 550 25 20 0.11 0.0037 113 x 107°
20 20 10 550 25 20 0.09 0.0037 1.13 x 107°
21 20 15 400 25 20 0.11 0.0037 2.76 x 1072
22 20 15 400 25 20 0.10 0.0037 6.22 x 1072
23 20 15 550 15 20 0.11 0.0074 3.61 x 107>
24 20 15 550 15 20 0.12 0.0092 4.66 x 1072
25 20 15 550 25 15 0.15 0.0092 4.15 x 1072
26 20 15 550 25 15 0.12 0.0092 415 x 107>
27 20 15 550 25 20 0.12 0.0037 592 x 1072
28 20 15 550 25 20 0.15 0.0037 7.10 x 107°
29 20 15 550 25 20 0.12 0.0037 0.00
30 20 15 550 25 20 0.11 0.0055 6.00 x 1072
31 20 15 550 25 20 0.12 0.0055 8.08 x 1072
32 20 15 550 25 20 0.14 0.0074 1.10 x 1074
33 20 15 550 25 20 0.11 0.0055 1.08 x 107*
34 20 15 550 25 20 0.12 0.0055 3.63 x 1072
35 20 15 550 25 20 0.12 0.0091 2.66 x 1072
36 20 15 550 25 20 0.12 0.0091 532 x 107>
37 20 15 550 25 25 0.11 0.0129 2.30 x 1072
38 20 15 550 25 25 0.12 0.0148 554 x 1072
39 20 15 550 35 20 0.10 0.0092 7.92 x 107°
40 20 15 550 35 20 0.11 0.0092 1.11 x 10*
41 20 15 700 25 20 0.17 0.0127 227 x 1072
42 20 15 700 25 20 0.16 0.0111 0.00
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Table A3. Cont.

Pr Vit Vi Ra Qm Q

Run Gs De (N/cm?) (m/min) (m/min) (um) (cm/min) (cm3/§1in)
43 20 20 550 25 20 0.11 0.0055 5.77 x 107>
44 20 20 550 25 20 0.08 0.0055 5.77 x 1075
45 30 10 400 15 15 0.18 0.0018 6.03 x 107>
46 30 10 400 15 15 0.16 0.0037 1.61 x 104
47 30 10 400 35 25 0.16 0.0037 2.84 x 10~*
48 30 10 400 35 25 0.15 0.0037 2.64 x 107*
49 30 10 700 15 25 0.33 0.0165 411 x 107*
50 30 10 700 15 25 0.31 0.0182 432 x 1074
51 30 10 700 35 15 0.34 0.0350 6.60 x 10~*
52 30 10 700 35 15 0.50 0.0056 6.60 x 107+
53 30 15 550 25 20 0.33 0.0203 4.00 x 1074
54 30 15 550 25 20 0.32 0.0184 445 x 107+
55 30 20 400 15 25 0.26 0.0091 1.61 x 107*
56 30 20 400 15 25 0.25 0.0093 0.00

57 30 20 400 35 15 0.19 0.0074 1.28 x 10~*
58 30 20 400 35 15 0.21 0.0073 1.28 x 104
59 30 20 700 15 15 0.38 0.0184 321 x 1074
60 30 20 700 15 15 0.41 0.0165 455 x 1074
61 30 20 700 35 25 0.42 0.0424 333 x 107
62 30 20 700 35 25 0.43 0.0497 6.13 x 107
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Abstract: Thin floor machining is a challenging and demanding issue, due to vibrations that create
poor surface quality. Several technologies have been developed to overcome this problem. Ad hoc
fixtures for a given part geometry lead to meeting quality tolerances, but since they lack flexibility,
they are expensive and not suitable for low manufacturing batches. On the contrary, flexible fixtures
consisting of vacuum cups adaptable to a diversity of part geometries may not totally avoid vibrations,
which greatly limits its use. The present study analyses the feasibility of thin floor milling in terms
of vibration and roughness, in the cases where milling is conducted without back support, a usual
situation when flexible fixtures are employed, so as to define the conditions for a stable milling in
them and thus avoid the use of ad hoc fixtures. For that purpose, the change of modal parameters
due to material removal and its influence on chatter appearance have been studied, by means of
stability lobe diagrams and Fourier Transform analysis. Additionally, the relationship between surface
roughness and chatter frequency, tooth passing frequency, and spindle frequency have been studied.
Ploughing effect has also been observed during milling, and the factors that lead to the appearance of
this undesirable effect have been analyzed, in order to avoid it. It has been proven that finish milling
of thin floors without support in the axial direction of the mill can meet aeronautic tolerances and
requirements, providing that proper cutting conditions and machining zones are selected.

Keywords: finish milling; chatter; part quality; AA2024 floor milling

1. Introduction

Achieving good surface quality in final parts is a widespread concern among manu-
facturers of all kinds. The milling of thin parts is an especially critical issue [1], since the
stiffness of these parts is low, which eases the appearance of vibration, as chatter and forced
vibration, which negatively affect final surface quality and tool life [2]. This problem can
lead to the rejection of these parts or to the necessity of reprocessing, which entails high
costs in terms of material, time, and energy.

However, as Kolluru and Axinte [3] and Irene Del Sol et al. [4] have pointed out,
chatter avoidance in thin parts has traditionally focused on thin wall milling, whereas
thin floor milling has been relegated, even though its importance is high in fields such as
aeronautic and aerospace industries, where pockets are milled in parts as aircraft structures
in order to lighten them and must comply with stringent surface requirements. Precisely,
mechanical milling appears as an alternative to chemical milling for thin floors, which is
hazardous and pollutant [5,6].

Chatter is a self-excited vibration that appears due to the dynamic excitation produced
as a consequence of the chip thickness variation caused by the periodic irregular surface
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generated by the precedent tool tooth pass [7]. Mainly, three types of solutions have been
proposed to cope with vibrations in mechanical milling of thin floors: fixture design aiming
to increase the stiffness of the part, damping systems aiming to dissipate vibration energy,
and the prediction of stable machining conditions [8]. Both fixture and damping systems
can be ad hoc for a given geometry or flexible and adjustable for different ones. On the
one hand, if they are ad hoc, they are able to avoid vibrations as they completely support
thin floors, but they also require investments that are neither feasible nor profitable when
manufacturing low batches, as it is usual in aeronautic and aerospace sectors [9]. On the
other hand, flexible fixtures usually consist of actuators that support the part by means of
vacuum cups. In such a layout, due to the distance between actuators, some zones of the
part may be without back support. Chatter vibration can appear easily in this situation of
extremely low stiffness. Due to this fact, this kind of fixture is usually discarded for high
precision milling, as it is usual in aeronautic and aerospace sectors, and they are employed
only for other operations, such as drilling, trimming, or for milling processes that do not
require demanding tolerances [10]. As a consequence, the potential of flexible fixtures
has not been fully harnessed yet. A deeper analysis consisting of predicting and selecting
proper cutting conditions and areas leading to a stable and precise machining can be a
solution [2]. It would make feasible thin floor milling even in the situation of such a low
stiffness that happens in flexible fixtures.

In this line, FJ. Campa et al. [11] suggest the mathematical analysis of the cutting
process for thin floors, by means of stability lobes diagram (SLD) determination, which
allows the selection of the pair of values of spindle speed and axial depth of cut leading to
the most stable and productive machining. In the case of parts with low stiffness, as thin
floors are, the dynamic parameters of the part continuously vary during milling, since both
mass and stiffness decrease. So, in addition to the depth of cut and spindle speed, Bravo
et al. [12] suggest taking into account the geometric state of the part during milling, thus
leading to three-dimensional SLD. This approach is followed in the present study, due to
the low stiffness and the relatively high material removal rate that thin floors undergo.

The experimental setup has been planned to test different cutting conditions in a
context of extremely low stiffness, which is a thin floor simply screwed in its corners and
without back support. It emulates a thin floor supported by four clamping vacuum cups, as
it happens in flexible fixtures. The objective is to analyze the milling of thin floors aiming
to optimize the surface quality achieved and to avoid chatter vibration. For that purpose,
thin plates have been pocket milled. Vibration and surface roughness results have been
measured, discussed, and compared to the available bibliography. Finally, some guidelines
are proposed to make such thin floor milling feasible.

2. Materials and Methods
2.1. Tested Parts

Aiming to emulate a real industrial case, a series of pocketing tests were carried out
in metal thin plates. Each thin plate is a square metal sample of 85 x 85 mm? and 2 mm
thick, very similar to the samples used by Del Sol et al. [13] and Rubio-Mateos et al. [14].
The material is aluminum alloy UNS 2024-T3, widely employed in the aeronautic industry.

Prior to any machining operation, each thin floor was drilled near its corners to make
holes of 7 mm in order to screw it to an intermediate rigid block that maintains the stability
of the process. Each thin floor was elevated, so the screws were its only support and
clamping during the entire machining process, which causes a reduction of stiffness in the
axial direction of the mill. The centers of the screws form a square of 69 x 69 mm?. This
layout is an extrapolation of the milling of a thin floor locally supported by four vacuum
cups. The general setup is shown in Figure 1.
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o

Figure 1. General setup of a sample to be machined, with the accelerometer below.

2.2. Methodology

The methodology employed in the present study of the pocket machining of thin plate
samples comprises various steps.

First, the frequency response function (FRF) of the tool was measured prior to the
machining, as well as the FRFs of the thin plates in four consecutive stages of the machining,
in order to calculate the three-dimensional stability lobe diagrams (3D-SLD) of the system.
Besides, the vibration of the sample during machining was continuously monitored, and
it is used to calculate its Fast Fourier Transform (FFT). To this point, the methodology is
similar to the one followed by Kolluru and Axinte [15] to analyze the impact dynamics in the
machining of low rigidity workpieces, by means of the determination of dominant modes.

In addition, a roughness analysis was conducted at the end of the present study,
in order to correlate it to the vibrations of the samples during machining. The general
overview of the tasks is shown in Table 1.

Table 1. Conducted tasks.

Before Machining During Machining After Machining
Samples FRF measurement Samples FRF measurement SLD calculation
Tool FRF measurement Vibration monitoring Vibration FFT calculation

Roughness measurement

Roughness FFT calculation

2.3. Machining Operation

The machining operation that was performed in each thin floor consisted in a dry
milling of a pocket of 50 x 50 mm? by an outward helicoidal strategy, which is one of the
most suitable machining strategies regarding final roughness, accuracy, and process time,
as Del Sol et al. [16] have proved. This strategy follows the guidelines of Herranz et al. [7]
taking advantage of the rigidity of the uncut part, which is higher near the screws.

The strategy comprised 33 straight cutting passes, consecutively numbered in Figure 2,
plus an initial brief drilling in the center in order to start the milling.

The pocket machining was performed in a 5-axis NC center Ibarmia ZV 25U600
EXTREME, with a two flutes bull-nose end-mill Kendu 4400, which has a 10 mm diameter,
30° helix angle and 2.5 mm edge radius (7).

Regarding the cutting conditions, conservative ones were selected, as they lead to
lower part distortion and lower surface roughness in an aluminum alloy [17,18]. Even
though the machining time is higher, this factor is out of the scope of the present study.
So, the spindle spins at 4000 rpm and the feed rate was 800 mm/min (0.1 mm/tooth). The
radial immersion of the mill was 5 mm.
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Figure 2. Followed outward helicoidal machining strategy.

A different axial depth of cut was employed for pocketing each thin floor (1, 0.8, 0.4
and 0.2 mm), in order to compare the influence of different material removal rates both in
vibrations and in achieved final roughness. Due to the depths of cut employed, the thin
plates can be named as shown in Table 2. Their remaining features, both in material and in
machining operation, are identical.

Table 2. Thin plates according to the depth of cut.

Thin Plate Name Axial Depth of Cut Employed
TP10 1 mm
TP08 0.8 mm
TP04 0.4 mm
TP02 0.2 mm

2.4. Vibration Monitoring, FRF Obtention and SLD Calculation

SLDs of the thin plate samples are calculated from their FRFs, which quantify the
response of the sample—tool-spindle-machine system to an excitation. Nevertheless, the
calculation of the SLDs of parts with low thickness as employed thin plates entails two
phenomena. The first one is that the stiffness of the part is lower than the stiffness of
the cutting tool, so chatter vibration is mostly affected by the dynamic properties and
critical modes of the part [19]. The second phenomenon is the ratio of material removal,
which is high compared to the global volume of the part and that leads to a continuous
change in its modal parameters and FRF during machining [20]. In order to consider this
feature, there are two possibilities. The first one is the use of Finite Element Analysis (FEA)
that aims to simulate the FRFs of the samples. This option was used and validated by
Dang et al. [21], who consider the second possibility impractical, that is, the Experimental
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Modal Analysis (EMA), which aims to measure the FRFs of the samples conducting several
impact hammer tests during machining and measuring the response of the system with
an attached accelerometer [22]. Nevertheless, FEA also entails the requirement of high
computational resources and time expended, so EMA is a suitable option, especially for
short machining with a simple setup as the one presented in this study. This option was
also followed by Qu et al. [23].

Consequently, aiming to obtain the SLDs of the system, several FRF tests were con-
ducted at different stages of the machining. In each test, an impact hammer hit the sample
at its top center, while an accelerometer placed at the bottom center registers the corre-
sponding data. The first test was performed prior to any machining operation, the second
one was performed after cutting pass 5, the third one after cutting pass 17, and the last
one with the pocket completed, so four FRF tests were performed in each sample. As a
consequence of performing each test in different stages of the machining, the calculated
SLDs take into account not only the axial depth of cut and the spindle speed, but also the
position reached by the tool along the cutting path.

The accelerometer is a uniaxial PCB model 352C22 with a measuring range from 1 to
10 kHz and a sensitivity of 1.0 mV/(m/ 52), located at the bottom center of the thin floor.
This accelerometer was also used to continuously monitor vibrations during machining.

The FRF was obtained only in the thick direction or Z direction of the sample, which
is considered to be overwhelmingly less rigid than the others, so it is regarded that the
workpiece only moves along this direction, an assumption also followed by Seguy et al. [24]
and Arnaud et al. [25].

In the case of the tool, the FRF was obtained in its three spatial directions, gluing the
accelerometer to the tool. As the FRF of the tool does not vary during machining, a single
impact test before machining suffices for obtaining it.

Aiming to determine the machining conditions leading to chatter vibration, stability
lobes were calculated. Since modal parameters of the samples vary during material removal,
several stability lobes were obtained corresponding to different machining stages, precisely,
the machining stages where FRF tests were undertaken, enabling the calculation of SLDs
that also take into account the position reached by the tool along the cutting path. This
kind of 3D-SLD was also obtained by Campa et al. [11], analyzing thin floor milling.

Thus, these SLDs show the maximum chatter-free axial depth of cut regarding each
spindle speed for a given stage of the machining. They have been obtained by applying the
three-dimensional mono-frequency model [26,27], and combining the FRF of the samples
with the FRF of the tool.

The forces used in this calculation have been obtained employing the mechanistic
approach [28,29], which relates the force components (tangential [F;], radial [F,] and axial
[F;]) acting in each differential element j of the edge of the mill during machining to the
feed per tooth (f;), and length (dS), angular position (®) and axial depth of cut (dz) of the
element j.

dFt(qD, Z) Krz Kfc
dF(®,z) | = | Ky [-dS(z)+ | Kic |- fz- sin®(D},z) - dz 1)
dF, (q:'/ Z) j Kae Kic

This relation is based on the friction (K, Kie, Kse) and shearing (Kic, Ky, Kge) cutting
coefficients, which have been obtained prior to the pocketing operation. Precisely, they
were obtained solving the equations using force values measured in a previous grooving
test, taking a constant value for the spindle speed of 4000 rpm, which is the speed employed
in the pocketing tests.

Bull-nose end mills have a lead angle that varies from 0° to 90°. For the case of the
mill employed in the present study, these values would correspond to 0 and 2.5 mm of the
axial depth of cut, respectively. Altintas [26] suggested that an average value of 45° could
be taken. Since in the present study the axial depth of cut varies only from 0.2 mm to 1 mm,
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a lower constant lead edge angle could be considered. Following Rubio-Mateos et al. [30],
a constant lead edge angle of 20° is taken.

2.5. Roughness Measurement

The final roughness of the samples after machining was measured in a Mitutoyo
Surftest SV-2000 equipment (Figure 3). The roughness profile and the average roughness
value (R;) were measured along 4 mm in the middle of cutting passes 5,9, 13, 17, 21, 25, 29
and 33. In Figure 4 the accurate lines where roughness was measured can be seen.
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Figure 4. Roughness measurement lines.

2.6. Roughness Model

A surface roughness model is proposed to explain its causes and origins, based on the
model suggested by Rubio-Mateos et al. [14].

In the experimental setup employed, the roughness in the samples can have three
origins. Firstly, the theoretical average roughness (R;,) generated by the tool geometry
and the feed per tooth. Secondly, the roughness generated as a consequence of the forced
vibration and the axial displacement of the sample (Ry). The axial displacement can happen
due to the deflection of the sample or to the relative displacement between sample and
fixture. And thirdly, the roughness caused by chatter vibration (R.). So, the global average
roughness (R;) can be defined as:

R =Ry + Rf+Rc (2)
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The floor theoretical average roughness is defined as:

f2

Ry = 32r 3

If chatter-free conditions are guaranteed, roughness caused by chatter is zero, so the
difference between measured average roughness and theoretical average roughness will
be caused by the axial displacement of the sample. Also, this axial displacement can be
considered constant for a given setup and cutting conditions, so the chatter roughness will
be the roughness surplus generated at chatter conditions. Cross effects, as well as the axial
displacement and the vibration of the tool, are neglected.

3. Results and Discussion
3.1. SLD Analysis

The SLDs of the samples were calculated before, during, and after the pocketing tests
at different axial depths of cut (Figure 5). SLDs show the frontier line under which axial
depth of cut and spindle speed values lead to a chatter-free milling. As expected, the
maximum chatter-free depth of cut is lower when machining has finalized, because the
rigidity of the part is lower. Also, bigger material removals lead to lower maximum depths,
as the decrease of the lobes is more pronounced for the cases of machining taking place at
ay =1 mm and a, = 0.8 mm. This phenomenon is more obvious if only the critical depth of
cut is analyzed, namely, the lower maximum axial depth of cut that guarantees chatter-free
milling irrespectively of spindle speed (Figure 6).
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Figure 6. Critical axial depth of cut for the machining of each sample for different material removals.

An important initial conclusion that can be derived from these SLDs is the difficulty
to globally avoid chatter when a milling operation is performed in this kind of sample as
they were set up. Even the machining conditions that according to the SLD initially avoid
chatter (a, = 0.3 mm; 17,500 rpm) disappear because of material removal, which means
that chatter would only be avoided at the beginning of the machining. In addition, the
productivity would be low. Aiming to overcome these problems, a deeper analysis has
been performed, studying separately each cutting pass of the machining path.

3.2. Vibration FFT Analysis

The Fast Fourier Transform (FFT) of the vibration signal is a useful and representative
indicator of the dynamic behavior of the system, which can be employed for determining the
appearance of chatter vibration. In the current study, an FFT of the vibration of the samples,
measured by the accelerometer placed below them during machining, has been obtained
per cutting pass, namely, 33 FFT per sample. They are shown in three-dimensional plots in
Figure 7. In these plots, the cutting passes where chatter takes place can be observed, as
well as the frequency at which chatter occurs. Also, the vibration content of low frequencies
is remarkable.

Three main conclusions can be obtained from these plots. Firstly, it is noticeable that
there are two zones where chatter can be initialized. The first zone is around cutting passes
3-5, and the second zone is around cutting pass 21. For TP10, chatter only appears in the
first zone. For TP08 and TP04, chatter appears in both zones, but disappears at the middle.
For TP02, chatter appears almost continuously between these two zones.

The existence of these two zones is due to the complex interrelation of different facts.
On the one hand, at the beginning of the machining in the center of the sample, despite
starting far from fixtures, the rigidity of the sample is still high, and chatter does not occur.
On the other hand, the presence of modal nodes, where rigidity is higher, and antinodes,
where it is lower, in addition to the progressive variation of modal parameters, leads to the
alternative appearance and disappearance of chatter along the tool path [31].

Secondly, it is noticeable that chatter appearance is higher for lower material removals;
namely, it affects more cutting zones. As Campa et al. [32] have stated, this phenomenon
happens in the milling of thin floors with bull-nose end mills, and it is related to the fact
that low depths of cut also involve low lead edge angles, that ease chatter appearance.
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Figure 7. FFT of vibration signal of samples during machining. (a) TP10. (b) TP08. (c) TP04. (d) TP02.

And thirdly, it has been confirmed that chatter appears for all cases, as stated in the
SLD analysis, but it disappears as long as the tool is reaching the fixtures. From cutting pass
25 the milling is stable for any depth of cut. That is to say that milling should be avoided in
the central area between fixtures, but that milling is feasible and stable outside this area. In
this case, the central area is approximately a central square of 30 x 30 mm?.

The accurate chatter frequency can be more clearly seen in Figure 8, where only the
highest vibration frequencies are shown. This chatter frequency is close to the first natural
frequency of the samples, that according to the conducted FRF tests it is around 1730 Hz
before machining. A second chatter frequency, close to the second natural frequency of 4000
Hz, is also excited. Both chatter frequencies are excited simultaneously, which discards the
possibility of each zone being created by the vibration of different modes, as happened in
thin wall studies [25,33].

Besides, in Figure 8 the harmonics of chatter frequency can be seen. These harmonics
can be expressed by the following binomial:

fchntter +n- ftuath (” € N) (4)

It is remarkable that the first and second harmonics are higher than the chatter fre-
quency. There are also low frequencies with high amplitude. These are the tooth passing
frequency (133.33 Hz) and its harmonics, or they are related to the shape of the signal. In
any case, they are higher for passes with chatter appearance, which indicates that chatter
also affects the shape of the vibration signal.

Chatter frequencies decrease due to material removal, as natural frequency does,
although this decrease is very slight and it is only appreciable for the highest material
removals. The detailed image in Figure 8 illustrates this effect, as it shows the variation of
the chatter frequency of TP02 during machining.
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3.3. Roughness Analysis

The final thin floors after milling are shown in Figure 9. In the four cases the first
cutting pass does not exhibit chatter, but in the figure, due to the radial immersion of the
successive passes, cutting pass 1 cannot be seen. In addition to chatter, there are ploughing

marks at some changes of cutting direction.
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Figure 9. Samples after milling. Chatter marks in red, ploughing marks in blue square. (a) TP10.
(b) TPO8. (c) TP04. (d) TPO2.

The average roughness (R,) analysis (Figure 10) shows two types of passes clearly
delimited. In the passes where chatter happens, the average roughness is higher than 0.9
um, whereas in passes without chatter this value is lower than 0.6 um. It must be noted
that these values correspond to the middle of each cutting pass, where roughness has
been measured.
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Figure 10. Average roughness per cutting pass.
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Additionally, the roughness does not perceptibly change during machining. At most,
it decreases very softly. This fact shows that, in absence of chatter, the roughness is affected
by the ap employed, but it is not affected by the change of modal parameters, and it is
only very slightly affected by the tool position and the proximity to fixtures. So, it can be
concluded that the change of modal parameters affects chatter appearance, as stated in
the previous SLD analysis, but once stability is reached surface roughness is constant and
depends primarily on the machining parameters. Del Sol et al. [13] consider the idea that
this happens due to the influence that machining parameters have on the cutting forces. In
any case, given the current experimental setup, this achieved final surface quality is under
0.6 um R, and thus it meets the industrial tolerances that are typically imposed on thin
floors [13,24,34].

These results have also been compared to the available bibliography. Del Sol et al. [16]
analyzed very similar kind of samples milled with the same mill, a feed rate of
0.08 mm/tooth and an axial depth of cut of 0.4 mm, although directly threaded to a
plating sheet. Consequently, chatter does not appear in them. They exhibit an average
roughness value of 0.25 um measured in the direction of the milling. This value is lower
than the average roughness value measured in the present case TP04 with a feed rate of
0.1 mm/tooth, which is around 0.4 um. In a following experiment of Del Sol et al. [13],
also with the same samples directly threaded to a plating sheet, average roughness varies
between 0.2 pm and 0.4 pm. However, in this case roughness was not measured only in the
direction of the milling, but also in the normal direction.

Rubio-Mateos et al. [14] studied the same type of samples milled with the same mill,
clamped to a rubber-based vacuum fixture. Due to this fact, they do not exhibit chatter, and
their average roughness value is between 0.4 and 0.6 pm for the same cutting conditions.

In another case, Campa et al. [32] milled various blocks of aluminum without back
support from 30 mm thickness to 1 mm, employing a bull-nose end mill of 16 mm diameter,
a feed of 0.05 mm/tooth, and depths of cut higher than 5 mm, as well as a parallel strategy
(instead of helicoidal). The final average roughness was between 0.3 mm and 1.4 mm
in absence of chatter. These results are consistent with the ones obtained in the present
study, although the milling conditions were significantly different. Campa et al. [11] also
conducted another similar experiment, where chatter marks were evident in some sections
of the final part, as well as ploughing marks, a phenomenon in which the tool engages and
penetrates on the part and that is related to the lack of stiffness. Arnaud et al. [25] consider
ploughing as a type of process damping, in which the clearance face of the mill contacts
the sample and thus leads to a more stable machining, a fact that can be confirmed in the
present cases TP08 and TP04, where ploughing happens just before chatter disappearance.

In the present study, in addition to the lack of stiffness and to damping, it can be
noticed in Figure 9 that ploughing is also related to the change of cutting direction. Milling
strategies without sudden changes in the cutting direction, as circular ones, should be
considered as they may avoid ploughing.

The FFT analysis of the roughness profile of several cutting passes (Figures 11 and 12)
leads to two conclusions. On the one hand, the roughness caused by passes without chatter
is mainly dominated by the tooth passing frequency (133.33 Hz, namely, 10 impacts/mm),
the tool spin frequency (66.67 Hz, namely, 5 impacts/mm) and their harmonics. This
phenomenon indicates that some tool runout is present during milling. These results
also show that in the absence of chatter, surface roughness depends on the machining
conditions. On the other hand, the roughness caused by passes with chatter appearance is
higher and more chaotic. It does not appear at chatter frequencies (128 impacts/mm), but
at low frequencies, even lower than the tooth passing frequency. It may be related to the
previously described influence on the shape of the vibration signal caused by chatter.
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Figure 11. Roughness profile.
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Figure 12. Roughness profile FFT.

Surface roughness is the result of the combination of various factors acting simulta-
neously, as chatter and deflection, being difficult to discern between them, as Lopez de
Lacalle et al. [35] have pointed out. With the purpose of determining the origins of surface
roughness, the roughness model proposed has been applied and its results are shown in
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Figure 13. In the case of chatter appearance, it causes up to 70% of roughness. In absence of
chatter, the floor theoretical component of roughness (R;) is the smallest one and it varies
from 36% in the lowest roughness case (TP08) to 25% in the highest one (TP10). In these
cases, the displacement of fixtures and relative movement of thin plates (Ry) cause at least
65% of R,.

Figure 14 shows the mean and standard deviation values of R, for each thin plate, as
well as their components. Low axial depths of cut lead to a high and variable roughness,
whereas higher ones achieve smaller R, values. As previously stated while analyzing SLDs,
this phenomenon happens because high axial depths of cut also entail high lead edge
angles in bull-nose end mills, which make chatter appearance more difficult. Regarding Ry,
it is inherent to the employed mill and machining conditions, so it is constant in all thin
plates, because the applied feed per tooth and mill are the same. The remaining roughness
is mainly caused by forced vibrations and the axial displacement of the tool (Ry); namely, it
is attributable to the setup employed and the milled samples.
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Figure 13. Average roughness components per cutting pass. (a) TP10. (b) TP08. (c) TP04. (d) TP02.
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4. Conclusions

Chatter vibration and surface roughness resulting from the pocket milling of aluminum
alloy thin plates without back support are studied. This situation of low rigidity is common
between vacuum cups in flexible fixtures that support thin floors. Aiming to determine
the conditions under which a milling in a situation of such a low stiffness could be stable
and feasible, vibrations during machining and final surface roughness are measured and
analyzed. SLDs are calculated, as well as the FFT of the vibration and the FFT of the
surface roughness.

Main results and practical recommendations can be summarized as follows:

e  Given the current experimental setup, chatter appearance in thin floors is dominated
by the excitation of the first mode of vibration and, at the center of the sample, it is
virtually unavoidable, irrespective of the axial depth of cut and spindle speed em-
ployed. This fact can be analytically deduced from stability lobes calculation, and it is
empirically confirmed in the milling experiments. However, chatter can be avoided by
selecting a proper machining zone. Actually, chatter is not a continuous phenomenon,
but it appears and disappears along the cutting path due to the interaction of several
factors. When an outward helicoidal milling strategy is performed, these factors are
as follows: the removal of material, which reduces the rigidity of the samples, the
approximation of the tool to the fixtures, which increases it, and the reaching of the
tool to modal nodes and antinodes. As a consequence, in the current experimental
setup chatter does not appear from cutting pass 25. It means that the proximity of the
tool to the fixtures should be considered and incorporated to further chatter prediction
models. Also, it means that flexible fixtures could be used for milling thin floors,
providing that milling is not conducted in the central area between vacuum cups.

e  Chatter is the main cause of poor surface quality for the studied cases, as it causes
roughness of at least 0.9 um in the current setup. In absence of chatter, irrespective of
the depth of cut employed, roughness is always below 0.6 um, so it would comply with
industry quality requirements. As roughness caused by the displacement of fixtures
and relative movement of thin plates is more than 60% of the global roughness, there
is still potential for roughness reduction regarding clamping conditions. In those cases,
roughness is dominated by the tooth passing frequency, so machining conditions can
be employed to handle it.

e  Given the current experimental setup, higher axial depths of cut (even 50% of the
thickness of the sample) lead to a more stable machining than lower ones. It hap-
pens because higher depths of cut also entail higher lead edge angles, which avoid
chatter. In addition to a more stable machining, higher depths of cut also lead to a
more productive machining and to a surface roughness that complies with industry
quality requirements.

e  Process damping stabilizes the milling. However, it also entails ploughing effects,
which are very harmful to surface quality. It is shown that the ploughing effect is a
case of process damping also related to the change of cutting direction. Consequently,
milling strategies without sudden changes in cutting direction should be considered
as they may avoid ploughing.

o The methodology followed in the present study can be extended and applied to other
aeronautic alloys, considering that they could have different surface quality requirements.
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Abstract: Surface integrity induced by finishing processes significantly affects the functional per-
formance of machined components. In this work, three kinds of finishing processes, i.e., precision
hard turning, conventional grinding, and sequential grinding and honing, were used for the finish
machining of AISI 52100 bearing steel rings. The surface integrity induced by these finishing pro-
cesses was studied via SEM investigations and residual stress measurements. To investigate rolling
contact fatigue performance, contact fatigue tests were performed on a twin-disc testing machine.
As the main results, the SEM observations show that precision hard turning and grinding introduce
microstructural alterations. Indeed, in precision hard turning, a fine white layer (<1 um) is observed
on the top surface, followed by a thermally affected zone in the subsurface, and in grinding only,
a white layer with 5 um thickness is observed. However, no microstructural changes are found
after sequential grinding and honing processes. White layers induced by precision hard turning
and grinding possess compressive residual stresses. Grinding and sequential grinding and honing
processes generate similar residual stress distributions, which are maximum and compressive at the
machined surface and tensile at the subsurface depth of 15 um. Precision hard turning generates
a “hook”-shaped residual stress profile with maximum compressive value at the subsurface depth
and thus contributes as a prenominal factor to the obtainment of the longest fatigue life with respect
to other finishing processes. Due to the high quality of surface roughness (Ra = 0.05 um), honing
post grinding improves the fatigue life of bearing rings by 2.6 times in comparison with grinding.
Subsurface compressive residual stresses, as well as low surface roughness, are key parameters for
extending bearing fatigue life.

Keywords: finishing processes; surface integrity; bearing steel; residual stresses; rolling contact fatigue

1. Introduction

In the field of bearing manufacturing, the finishing process chain of the bearing ring
consists of grinding and raceway honing. Honing is applied post grinding to achieve
the necessary surface characteristics. Hard turning is emerging as a competitive finishing
process, offering potential benefits over the grinding process such as cost-effectiveness,
manufacture of complex shapes, dry machining, and high flexibility [1,2]. The surface
integrity induced by finishing processes significantly affects the functional performance
(e.g., friction, corrosion, and fatigue) of machined components [3,4]. In order to improve
the fatigue life of bearing rings, innovative hard machining processes have been developed.
Hashimoto et al. [5] provide guidelines for the selection of fine finishing processes in order
to obtain the desired performance of functions such as fatigue life. Maif3 et al. [6] used a
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new hybrid process of hard turn-rolling to manufacture a bearing inner ring. As a result, the
bearing fatigue life could be increased by a factor of 2.5. Revel et al. [7] proposed precision
hard turning for the finishing of bearing steel components to improve the rolling fatigue
life of bearing steel components. Arsalani et al. [8] used sequential hard turning, grinding,
and ball-burnishing operations. They showed an improvement in the endurance limit with
burnished pre-turned and burnished pre-ground samples compared to turned samples.

Rolling contact fatigue (RCF) has been commonly known as a key factor limiting
bearing life [9]. Subsurface-originated spalling is recognized as one of the dominant
mechanisms of failure in rolling element bearings [10]. Subsurface cracks are more likely to
be initiated in the region of maximum shear stress under rolling contact below the surface
and propagate toward the surface to form a surface spall [10,11].

Surface integrity is of particular importance when machining high-performance metals
used for high-performance components in industries such as aerospace, biomedical, and
automotive [3,12]. Surface integrity is characterized in terms of surface topography, as well
as mechanical and metallurgical states of surface and subsurface layers.

Both hard turning and grinding processes introduce microstructural alterations in
the surface layer known as white and dark layers [13-15]. These layers are visible under
optical microscopy after being polished and etched or featureless under scanning electron
microscopy (SEM). The white layer microstructure consists of nanocrystalline grains with
grain size smaller than 100 nm [16,17] and is harder than the bulk material. The dark layer,
which is located beneath the white layer, is generally softer than the bulk material. Two
mechanisms, i.e., thermal and mechanical effects, are considered to be the major causes
of white layer formation. Hosseini and Klement [18] investigated the characteristics and
the formation of white and dark layers induced by hard turning. They showed that two
different types of white layers exist: those that are either predominantly thermally or
mechanically induced. Zhang et al. [19] showed that the white layer was formed by rapid
austenite transformation and quenching process, and the dark layer was formed by the
tempering process. Mao et al. [15] investigated the formation mechanisms and properties of
the affected layer formed in grinding. They found that white layers may be generated when
the grinding temperature is below the nominal phase transformation temperature. There
are controversial opinions in the literature regarding how the white layer may impact the
fatigue life of bearing steels. Guo et al. [20] showed that the machining-induced white layer
can reduce the fatigue life of AISI 52100 steel by as much as 8 times. Opposite conclusions
were achieved by Smith et al. [21], who carried out fatigue tests on AISI 52100 hardened
bearing steel and concluded that there was no conclusive evidence suggesting that hard
turning with a continuous white layer had a negative impact on axial fatigue performance.

Residual stresses can be either beneficial or detrimental for the components subjected
to rolling contact fatigue life, depending upon their nature (compressive or tensile) and
distribution at the subsurface depth. Shen et al. [22] used a three-ball-on-rod RCF test to
experimentally assess the effects of retained austenite and residual stresses on the RCF of
carburized AISI 8620 steel. Their results showed that the presence of compressive residual
stresses is beneficial and increases RCF life. Matsumoto et al. [23] compared the fatigue life
of ground and hard-turned bearing assembly. They found that the depth of compressive
residual stresses is the major difference between hard-turned and ground surfaces. Indeed,
hard turning produces compressive residual stresses in a deep subsurface, which improves
the fatigue life of rolling bearings. Wang et al. [24] investigated the grinding mechanism of
a bearing ring raceway and performed integrated modeling to control stress grinding. They
showed that grinding can produce compressive residual stresses in the surface layer of the
bearing ring raceway. Pape et al. [25] investigated the effect of residual stresses induced
through production processes. They showed that the bearing fatigue life is improved due
to the induced residual stresses on the bearing’s inner ring by sequential hard turning and
deep rolling processes.

Rolling contact fatigue has been commonly known as a key factor limiting bearing
life. Thus, it is necessary to improve the fatigue life of bearings by controlling the surface
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Finishing processes of
AISI 52100 bearing rings

integrity of bearing raceways. In this respect, this paper investigates the surface integrity
of AISI 52100 bearing rings finished by three kinds of finishing processes, i.e., precision
hard turning, conventional grinding, and sequential grinding and honing, as well as the
functional performance of the finished bearing rings. As shown in Figure 1, the surface
integrity induced by these finishing processes was investigated via scanning electron
microscopy investigations and in-depth residual stress measurements. Furthermore, contact
fatigue tests were carried out on a twin-disc testing machine under two loading levels.

Surface integrity Functional performance

Microstructure analysis

(SEM)

Grinding (Ra = 0.2 um) | Rou;na%igsgtad

Sequential grinding and

honing (Ra = 0.05 um)

In-depth residual
stresses

Figure 1. Workflow of the present study.

2. Materials and Methods

In this experimental work, the workpiece material was an AISI 52100 bearing steel
(EN 100Cr6) ring. This steel material is widely used for the manufacture of bearing rings.
The rings were heat-treated in order to obtain the desired hardness of 61 = 1 HRC. AISI
52100 bearing steel material has a phase composition consisting of martensitic structure
(95.3%), carbides (4.6%), and neglected retained austenite (<1%). The material properties of
this steel are given in Table 1.

Table 1. Material properties of AISI 52100.

Parameter Value

1.040% C; 0.32% Si; 0.34% Mn; 0.04% Ni;
1.52% Cr; 0.007% Mo.

Chemical composition (wt%)

Young'’s modulus E (GPa) 210
Poisson ratio 0.3
Hardness (HRC) 61 +1

Surface integrity induced by three kinds of finishing processes was studied via SEM
investigations and residual stress measurements. Hard turning tests were conducted on a
high-precision machine, a prototype lathe positioned in an air-conditioned room, and de-
veloped for machining polish-mirror surfaces and hard steel [7,26]. The cubic boron nitrite
(cBN) inserts and the machining process parameters used for the hard turning experiments
have been precisely detailed elsewhere [7]. As the preconized surface roughness target
from the bearing manufacturer, the bearing rings were finished by the Mcrorectif company,
Saint-Etienne, France to a preferable target roughness average Ra of approximately 0.2 pm
for grinding and 0.05 um for sequential grinding and honing. The process parameters and
roughness are controlled parameters. The roughness average (Ra) defined by ISO 4287
was measured using a scanning white-light interferometer Zygo™ NewView 200 (Zygo
Corporation, Middlefield, CT, USA). As can be seen, by applying honing after grinding, the
surface roughness becomes smooth. The surface roughness of the precision hard-turned
specimen was investigated in previous studies [27,28]. Indeed, a very low surface rough-
ness value Ra = 0.1 um is obtained in precision hard turning. Sequential grinding and
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honing processes allow us to achieve very low surface roughness Ra ~ 0.05 with respect to
precision hard turning.

The specimens were prepared following standard metallographic techniques, as shown
in Figure 2. Preliminary specimens were cut using an abrasive cutter and the Struers Dis-
cotom 5 machine (Struers, Ballerup, Denmark). The sectioned specimens were then hot
mounted in Struers PolyFast conductive resin. Mounted specimens were then ground using
180-grit paper, followed by 320-, 600-, 800-, and 1200-grit papers in a Struers TegraPol-31
system and polished with diamonds. The polished surfaces were cleaned using an ultra-
sonic bath and then etched with 2% Nital solution for approximately 10 s. Microstructural
investigations were carried out using the environmental scanning electron microscope
XL30 ESEM-FEG (Philips Electron Optics, Eindhoven, The Netherlands) equipped with an
energy-dispersive X-ray (EDX) analyzer.

(a) (b) (c)

Cross section

Cross section Surface layer

Figure 2. (a) Bearing ring finished by precision hard turning; (b) sectioned specimen; (c) mounted,
polished, and etched specimen.

The bearing rings were investigated regarding in-depth residual stresses. These
residual stresses were measured by the X-ray diffraction method using a PRECIX robotic
system (Figure 3a). The measurements were performed using Cr-K« radiation diffracted at
26 =156° in the atomic plan {2 1 1} of the steel. Thus, these conditions give access to the
strain localized at a depth of approximately 6 um according to EN-15305 [29]. As shown
in Figure 3b, the residual stresses were measured along the circumferential direction (o)
and tangential direction (o). Both machined surface and in-depth residual stresses were
measured. In the case of in-depth residual stresses, successive layers of material were
removed by using chemical etching and electropolishing to avoid the reintroduction of
residual stress. To evaluate residual stresses during the RCF test, the measurements were
carried out on the bearing raceway, as shown in Figure 3c, thanks to a lead mask, which
adapts the spot size of the X-ray beam with the raceway width.

The rolling contact fatigue tests were performed on a twin-disc testing machine
(Figure 4) available at CETIM Senlis, France. The contact is made between two discs,
one being cylindrical and the other one being crowned with a crown radius of 17.5 mm,
as shown in Figure 5. The two contacting discs have the same external radius of 35 mm
and width of 14 mm. Tests were carried out under pure rolling conditions (slide-to-roll
ratio = 0%), entrainment speed of 11 m/s, and lubricated with MobilGear 6290il injection.
The applied normal load is 1100 daN, which is equivalent to the Hertzian contact pressure
of 4.5 GPa. For each finished ring, two tests were performed under the same conditions.
The twin-disc testing machine is equipped with sensors at the proximity of each disc to
detect spalling occurrence. Thus, the test is stopped until spalling forms or when reaching
10 million cycles.
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Figure 3. (a) Setup for the residual stress measurements; (b) residual stress measurement directions;
(c) limiting device of X-ray beam with the raceway width.
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Figure 4. Twin-disc test machine and schematic representation of the geometry of ring specimens.
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Figure 5. Drawing of ring specimens.
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3. Results and Discussion
3.1. Microstructure Analysis

In order to highlight the metallurgical transformations, micrographic analyses were
carried out on the cross-sectional samples of the three finishing processes under inves-
tigation. SEM observations show that precision hard turning and grinding introduce
microstructural changes in the subsurface (Figure 6). Indeed, as shown in Figure 6a, after
precision hard turning, a very thin white layer (<1 um thickness) appears on the top surface,
followed by a transition zone in the subsurface and then the bulk material. This very
thin white layer can be attributed to the use of a new cutting tool for each machining test.
Indeed, tool wear noticeably affects the white and dark layer thicknesses; a worn tool
would generate a deep white layer [30,31]. This very thin white layer can also be beneficial
for rolling contact fatigue performance. Schwach and Guo [32] showed that the white layer
induced by hard turning is very detrimental to RCF life. Indeed, a component free of a
white layer can have a life six times that of a white layer component. The transition zone
was examined using energy-dispersive spectroscopy (EDS) to investigate the chemical
composition and to determine the distribution of elements. The precipitated carbides are
distributed spherical (Fe,Cr);C carbides covering the transition zone. These carbides are ob-
served in the white layer and the transition zone, but their number and size are not the same
in different regions. Indeed, the carbides spread in the transition zone are more numerous.
After grinding, as shown in Figure 6b, only a white layer with 5 pm thickness is observed
above the bulk material, which is greater than that found after precision hard turning. Guo
and Sahni [33] found that the thickness of the white layer induced by grinding is greater
than those obtained by hard turning. In their micrographic analyzes, Barbacki et al. [34]
showed that the white layer thickness varies from 0 and 2 um, and the dark layer thickness
varies from 0 to 5 pm in 17 samples machined by grinding. The absence of the dark layer
under the white layer supports that the white layer formation is mainly due to mechanical
work. Hosseini et al. [35] reported that the predominantly mechanically formed white layer
is accompanied by compressive residual stresses. After sequential grinding and honing
processes, as shown in Figure 6¢, no microstructural changes are observed. Indeed, the
honing process removes the white layer induced by the grinding process.

Bulk
material

Figure 6. Cont.
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Figure 6. Micrographs of AISI 52100 steel after (a) precision hard turning, (b) grinding, and (c) sequential
grinding and honing.

3.2. Residual Stresses

Figures 7 and 8 illustrate the in-depth residual stresses in the circumferential and
tangential directions induced by each finishing process. In the circumferential direction,
residual stresses induced by grinding and by sequential grinding and honing have similar
trends; they start out compressive at the machined surface (—186 and —290 MPa, respec-
tively) and become tensile at the subsurface depth. Then, they are stabilized at around
50 MPa. The affected depth of residual stress is around approximately 15 um. Mao et al. [15]
showed that phase transformation in the white layer formed by grinding plays an essential
role in the build-up of tensile residual stresses. This implies that the predominant factor
is deformation, which leads to compressive stresses. As shown in the investigations of
Pape et al. [36], residual stresses for ground and honed bearings are compressively closely
adjacent to the surface (—500 MPa) and eliminated at a depth of about 20 pum. However,
residual stresses induced by precision hard turning show significant differences from
those induced by grinding and by sequential grinding and honing. Indeed, they exhibit a
“hook”-shaped profile along the depth with maximum compressive value (—680 MPa) at
the subsurface depth of 25 um. Additionally, the affected depth of residual stress is greater
for precision hard turning (around 50 um). These results are in agreement with those
reported by Smith et al. [21], who revealed similar differences in the stress states generated
by hard turning and grinding processes. They found that the overall residual stress state
is significantly more compressive on the hard-turned surface than on the ground surface.
Matsumoto et al. [23] reported that the depth of compressive residual stresses is the major
difference between hard-turned and ground surfaces. Considering the difference between
the plastic deformation that takes place on the ground surface and that on the hard-turned
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surface, it is reasonable to expect that the compressive residual stress generated by hard
turning is deeper, which may improve the fatigue life of rolling bearings. Otherwise, the
results show that the white layers induced in both hard turning and grinding processes
possess compression residual stresses. Hosseini et al. [35] showed that compressive residual
stresses and decreased retained austenite content were found in the plastically created
white layer. Residual stresses in the tangential direction (Figure 8) display similar trends
to those described in the circumferential direction. Both grinding and sequential grinding
and honing induce compressive and maximum residual stresses (respectively, —186 and
—290 MPa) at the machined surface and become tensile at the subsurface depth. Resid-
ual stresses induced by precision hard turning start out compressive (—437 MPa) at the
machined surface and exhibit a maximum compressive value of —800 MPa at the subsur-
face depth of 30 um before stabilizing at the level. The residual stresses in the tangential
direction are more compressive than those in the circumferential direction.
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Figure 7. Residual stresses in circumferential direction.
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Figure 8. Residual stresses in tangential direction.
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3.3. Rolling Contact Fatigue (RCF) Performance

Surface integrity induced by finishing processes significantly affects the functional
performance of machined components. To investigate rolling contact fatigue performance,
contact fatigue tests were performed on a twin-disc testing machine. Figure 9 presents RCF
life per million cycles as a function of the three finishing processes under investigation.
For each finished ring, two tests were carried out on each specimen, i.e., each test on one
raceway, under the same conditions. The rings finished by precision hard turning have
the longest life (5.2 million cycles), while rings finished by grinding (Ra = 0.2 pm) have
the shortest (1.2 million cycles). The rings finished by sequential grinding and honing
(Ra = 0.05 um) reach 3.2 million cycles. This shows that using the honing process after
grinding improves the fatigue life of bearing rings by 2.6 times. Grinding and sequential
grinding and honing have similar residual stress distributions, maximum and compressive
at the machined surface and tensile at the subsurface depth. The enhancement of the
lifetime is due to the high quality of surface roughness obtained by the grinding process.
Precision hard turning offers better fatigue life due to the low surface roughness, as well as
the residual stress state, which is compressive and maximum at the subsurface depth. The
residual stress distributions are of considerable importance; several investigations have
reported that compressive residual stresses induced by the manufacturing process can
extend the fatigue life of bearings up to 2.5 times [20,23,37]. Low surface roughness and
subsurface residual stresses are the key parameters for extending bearing fatigue life.
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Figure 9. RCF life vs. finishing processes.

Furthermore, it is well known that residual stresses can be developed during the RCF
test due to cyclic plastically [38]. Thus, changes in in-depth residual stresses during the RCF
test of ring specimens finished by grinding were investigated due to their shortest fatigue
life. The experimental simulation of rolling contact fatigue has two phases: a running-
in phase called break-in and a bearing life phase. The running-in phase is estimated at
30,000 cycles under these test conditions [28]. After the running-in phase, the contact
geometry is stabilized for the entire lifetime. Table 2 illustrates the Hertzian pressure for
600 and 1100 daN normal loads used in the experimental simulation and the RCF life of
the ring finished by grinding. This table shows decreasing Hertzian pressure from 3.8 to
3.6 GPa for 600 daN and from 4.5 to 3.8 GPa for 110 daN. In addition, increasing the normal
load decreases RCF life.
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Table 2. Hertizian pressure variations after running-in and RCF life of rings finished by grinding.

Normal Load (daN)
600 1100
Initial Hertzian pressure (GPa) 3.8 4.5
Hertzian pressure after running-in (GPa) 3.6 3.8
RCF life (number of cycles) 2.6 x 10° 1.3 x 10°

Figures 10 and 11 show the in-depth residual stresses with varying loads (650 and
1100 daN) after grinding (initial), after the running-in phase, and at the end of the RCF test.
Before the RCF test, the ring specimen (initial) exhibits compressive residual stresses at the
machined surface, originating from the machining operation, and tensile residual stresses at
the subsurface depth. During the RCF test, the residual stresses changed from a moderate
level of tensile residual stresses to compressive residual stress at the subsurface depth.
Pape et al. [36] found a similar evolution, and the residual stresses remained constant after
10° to 108 revolutions.

Figure 10 shows that during the RCF test, the evolution of circumferential residual
stresses in the first 140 um subsurface depth is not noticeable. At a larger subsurface depth,
the residual stresses changed from a moderate level of tensile residual stresses (around
50 MPa for initial) to peak compressive values. Indeed, after running-in with 650 and
1100 daN applied load, the maximum residual stresses are —116 MPa at 299 um depth and
—426 MPa at 427 um depth, respectively. At the end of the RCF test, the maximum residual
stresses are —116 MPa at 299 pm depth and —404 MPa at 396 um depth. As shown in the
investigations of Voskamp [39], the compressive residual stress peaks at a depth ranging
from 0.1 to 0.5 mm as the cycles increase. This depth coincides with the maximum shear
stress [11,39].

Figure 11 shows that at the shallow depth, ranging from 10 to 140 pum, the tangential
residual stresses are tensile and become compressive at the subsurface depth with peak
compressive values. Indeed, after running-in with 650 daN and 1100 daN normal load, the
maximum residual stresses are —188 MPa at 433 um depth and —527 MPa at 447 pm depth,
respectively. After the end of the RCF test, the maximum residual stresses are —380 MPa at
396 pm depth and —700 MPa at 750 um depth. As can be seen also that in both directions
the peak compressive residual stress increases with increasing the normal load.
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Figure 10. Circumferential residual stresses after different phases.
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Tangential Residual Stresses (MPa)
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Figure 11. Tangential residual stresses after different phases.

4. Conclusions

In this paper, the surface integrity of bearing rings induced by three finishing processes

was investigated, and the following conclusions may be drawn:

White layers induced by precision hard turning (<1 um) and grinding (5 um) possess
compressive residual stresses.

Subsurface compressive residual stress is the major difference between finishing
processes. Grinding and sequential grinding and honing exhibit maximum and com-
pressive residual stresses at the machined surface (—186 and —290 MPa, respectively)
and tensile at the subsurface depth of 15 um. Precision hard turning exhibits com-
pressive residual stresses at the machined surface and maximum compressive value
(—680 MPa) at the subsurface depth of 25 um.

Sequential grinding and honing improve the fatigue life of bearing rings by 2.6 times
in comparison with grinding due to the improvement in surface roughness.
Precision hard turning produces the longest fatigue life (5.2 million cycles) due to
subsurface compressive residual stresses.

The changes in subsurface residual stresses after the running-in process and after
the spalling of bearing rings finished by grinding, which has the shortest fatigue
life (1.2 million cycles), reveal that subsurface residual stresses are changed from a
moderate level of tensile stresses to compressive ones, and such a change can positively
affect the fatigue life.

Subsurface compressive residual stresses originating from the finishing process, as well
as low surface roughness, are the key parameters for extending bearing fatigue life.
The future challenge will be the development of novel technology to enhance the
fatigue performance of bearing rings. Thus, the effect of adding a honing operation
after precision hard turning will be experimentally studied.
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Abstract: This paper presents the results of an experimental study on the impact of slide burnishing on
surface roughness parameters (Sa, Sz, Sp, Sv, Ssk, and Sku), topography, surface layer microhardness,
residual stress, and mean positron lifetime (Ty;eqn). In the study, specimens of X6CrNiTil8 stainless
steel were subjected to slide burnishing. The experimental variables were feed and slide burnishing
force. The slide burnishing process led to changes in the surface structure and residual stress
distribution and increased the surface layer microhardness. After slide burnishing, the analyzed
roughness parameters decreased compared with their pre-treatment (grinding) values. The slide
burnishing of X6CrNiTil8 steel specimens increased their degree of strengthening e from 8.77% to
42.74%, while the hardened layer thickness g; increased after the treatment from about 10 um to
100 pm. The maximum compressive residual stress was about 450 MPa, and the maximum depth
of compressive residual stresses was g = 1.1 mm. The positron mean lifetime Tj;eq, slightly yet
systematically increased with the increase in burnishing force F, while an increase in feed led to
changes of a different nature.

Keywords: slide burnishing; X6CrNiTil8 stainless steel; surface roughness 3D; topography;
microhardness; residual stress; positron mean lifetime Tyeqn

1. Introduction

The properties of the surface layer of machined elements have a significant influence
on the service life of the components. In terms of service life, advantageous properties
of the surface layer can be obtained by subjecting manufactured items to treatment meth-
ods such as burnishing [1], shot peening [2] and brushing [3]. Numerous studies have
shown that the use of these treatment methods makes it possible to improve the functional
properties of elements made of various materials. Following the use of shot peening, the
fatigue life of AZ80 magnesium alloy was shown to increase by about 75% [4], while the
burnishing of 41Cr4 steel resulted in an increase in its fatigue life by 22.7% [5]. The use of
burnishing improved the fatigue life of X19NiCrMo4 steel shafts by 28.5% compared with
non-burnished shafts [6]. The fatigue life of elements made of titanium alloys increased
from 125 to 420% as a result of shot peening, depending on the process parameters such as
impact energy and shot peening time [7]. Shot peening also affects the redistribution of
the residual stress field in friction stir welding [8]. It was also found that burnishing led to
an increased wear resistance of steel [9] and titanium alloy [10]. Comparative studies of
surface wear after turning, grinding, ball burnishing, and vibroburnishing showed that
the most wear-resistant surface was obtained after vibroburnishing [11]. Burnishing also
reduces wear due to fretting [12].

The surface layer properties of elements subjected to burnishing and shot peening
depend on many factors, including the structure of a burnishing tool [13], burnishing
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strategy [14], process parameters [15], pre-machining prior to burnishing [16], regularity of
shot peening tool hits on the treated surface [17], and properties of the machining fluid [18].
Burnishing processes are analyzed using experimental and numerical methods [19]. An
important aspect of the treatment carried out is the amount of energy consumed [20].

Depending on the impact of a burnishing tool on the burnished object, a distinction
is made between roller burnishing [21], ball burnishing [16], and slide burnishing [18],
which is a process wherein the tool works in sliding contact with the treated surface. The
slide burnishing process can be carried out using tools with a polycrystalline diamond
and cemented carbide tip [22]. The surface of the slide burnishing tool adjacent to the
burnished surface usually has the shape of a spherical ball with a radius ranging from 1 to
4 mm, and the force with which the tool is pressed against the workpiece is usually in the
range of 20-250 N [23-25]. Given the relatively low value of the tool force on the burnished
element, the slide burnishing method can be used to shape the surface layer of objects
with low stiffness. The advantage of slide burnishing is that its use causes a significant
reduction in the surface roughness. For example, after the slide burnishing of carbon steel
samples with an initial surface roughness of Ra = 1.39-12.90 um, the surface roughness
was reduced to Ra = 0.31-0.53 pm [26]. The authors of [27] stated that nano-crystalline
structures in the 10-300 nm grain size range formed at the subsurface layer after slide
burnishing normalized carbon steel. Grain sizes increase approximately linearly with the
depth below the surface.

One of the types of elements subjected to burnishing and shot peening are made of
stainless steels. These steels are used, among others, for the production of installation
elements in the food, chemical, transport and paper industries, as well as parts of aircraft
engines, automotive vehicles, and energy devices.

Increased fatigue life due to shot peening has also been observed for stainless steels.
Research by Yang et al. showed that with an increase in the shot peening intensity of
austenitic 304 stainless steel ranging from 0.1 mmA to 0.4 mmA, its compressive resid-
ual stresses and fatigue life increased [28]. A significant improvement in surface layer
properties can be achieved by multiple shot peening. According to Chen et al., the use
of three-time shot peening for SAF 2507 duplex stainless steel specimens with decreasing
peening intensity allowed for an increase in the compressive residual stress, increase in
the content of &’ martensite and reduce surface roughness compared with single-shot
peening [29]. Menezes et al. obtained an increased depth of surface layer hardening as well
as higher wear and corrosion resistance of AISI 316L stainless steel by using shot peening
prior to the sequential plasma treatment of this particular steel grade [30]. Furthermore,
the wear tests of 316L stainless steel carried out by Gopi et al. showed that shot peening
reduced the mass wear and friction coefficient of samples made from this steel grade [31].
A study by Walczak et al. showed that shot peening conducted with the use of ceramic
shots on 17-4PH stainless steel additively produced by direct metal laser sintering resulted
in grain refinement, reduced surface roughness, as well as increased wear and corrosion
resistance [32]. A study by Spadaro et al. showed that shot peening caused a greater
increase in the fatigue life of 235MA austenitic stainless steel compared with laser shock
processing [33].

Burnishing is also used as the finishing method for stainless steel components. Bouzid
Sai et al. examined the surface layer of duplex stainless steel after turning, grinding, and
burnishing with a 9 mm diameter ball, which showed that the best results were obtained
after burnishing [34]. Attabi et al. reported the results of a study investigating the effect of
the number of passes in the ball burnishing process for 316L stainless steel on the steel’s
microhardness, nano-hardness, and wear resistance [35]. The wear resistance was also
tested after the slide burnishing process. The authors of [36] proved that diamond bur-
nishing CuAl8Fe3 aluminum bronze with six passes provided the highest wear resistance
under the condition of boundary lubrication friction; the procedure also increased the wear
resistance 5.1 times more than fine turning. Diamond burnishing with one pass resulted
in the highest wear resistance under the dry friction condition and increased the wear
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resistance 1.75 times more than fine turning. Valiorgue et al. conducted a comparative
study on the effect of turning, belt grinding, and roller burnishing on the properties of
15-5PH martensitic stainless steel, which demonstrated that the greatest compressive resid-
ual stress and highest fatigue life were obtained after the rolling burnishing process [37].
Konefal et al. investigated the corrosion resistance of X6CrNiMoTi17-12-2 stainless steel
samples that were subjected to the following types of treatment: drawing, polishing, and
slide diamond burnishing. The burnishing parameters were maintained at a constant
F =150 N force and f = 0.11 mm/rev feed. It was found that the burnished samples showed
the greatest corrosion resistance [38].

The surface layer properties of elements can be tested with various techniques that use
both destructive and non-destructive methods. Previous studies have shown that positron
annihilation lifetime spectroscopy can be used to study the surface layer. This research
technique allows for the estimation of the concentration of various material defects on
an atomic scale (dislocations, vacancies, etc.), with these defects being positron trapping
centers. In contrast to microscopic techniques, an advantage of this non-destructive method
is the possibility of obtaining data that is averaged over a relatively large volume of the
material (for steels, it is a layer with a thickness of several dozen micrometers on an area
of about a square millimeter). Horodek et al. used positron annihilation methods to
investigate the depth of a subsurface zone in 304 austenitic stainless steel processed by
various processes such as laser cutting, abrasive water jet, and milling techniques [39].
Positron annihilation spectroscopy was also used to test 316L austenitic stainless steel
that was subjected to laser shock peening [40]. Zaleski et al. [41] studied the influence of
vibratory shot peening of C45 steel, 7075 aluminum alloy, and Ti6AI2Mo2Cr titanium alloy
on the positron annihilation parameters. The influence of the impulse shot peening on the
surface layer properties of Inconel 718 nickel alloy was also investigated using positron
annihilation spectroscopy [42].

The literature review indicates that there is currently a lack of the studies on the
surface layer properties of X6CrNiTil8 steel after a slide burnishing process has been
carried out with annihilation techniques and simulation FEM. Therefore, it seems advisable
to determine the impact of the technological parameters of slide burnishing on the surface
layer properties with the use of positron annihilation and FEM analyses. The aim of this
experimental and numerical study was to evaluate the effect of slide burnishing on the
surface layer properties of X6CrNiTil8 stainless steel as well as on the positron lifetime.

2. Materials and Methods

Experiments were conducted on specimens of austenitic corrosion-resistant steel
X6CrNiTil8 (1.4541) (in accordance with EN 10088-1: 2014). This steel grade is used in the
chemical industry (for manufacturing equipment of plants producing nitric acid and its
salts, chemical fertilizers). X6CrNiTi18 steel is also used to make transmission pipelines,
heat exchangers, reactors (petrochemical industry), tanks, autoclaves, pasteurizers, mixers,
pump elements, and cisterns (food industry). This corrosion-resistant steel grade is charac-
terized by very good weldability regardless of the welding method used. X6CrNiTil8 steel
is produced in the form of tubes, sheets (cold- and hot-rolled), bars, profiles, wires, flat-die
and die forgings, and tapes [43].

Table 1 shows the chemical composition and selected properties of the tested material.
The tests were carried out on the samples, which were shaped as thin-walled rings with the
following dimensions: external diameter: d = 56 mm, internal diameter: d, = 50 mm, and
width: b = 10 mm.
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Table 1. Chemical composition and selected properties of X6CrNiTil8 stainless steel.

Element Fe Cr Ni Mn Si P S
wt% 70.4 18.9 8.3 1.7 0.5 0.1 0.1
Yield point (min) 220 MPa
Tensile strength (max) 720 MPa
Hardness (max) 215 HB

The ring-shaped specimens were ground before the slide burnishing procedure. The
machining process was carried out on a cylindrical grinder. The grinding process was
conducted with a grinding wheel peripheral speed of vs = 30 m/s and a grinding depth of
ap = 0.01 mm. An aloxite grinding wheel was used.

Slide burnishing was performed on a universal lathe (Figure 1). The test samples
were mounted on a mandrel (2) that performed a rotary motion. A slide burnishing tool
(3) with a spherical diamond tip (4) described by a radius R and burnishing force-exerting
mechanism was pressed to the machined samples with a force F. The burnishing tool
performed a feed motion f.

Figure 1. View of the test stand used in the experiment: 1: specimen; 2: mandrel with mounted
samples; 3: slide burnishing tool; 4: diamond tip with radius R.

A tool with a spherical diamond tip with a radius of R = 3 mm was used for the slide
burnishing process. Machine oil was used to reduce the friction during the slide burnishing.
The oil used during slide burnishing was Mobil Vactra™ Oil No. 2 synthetic oil (Mobil,
Bavaria, Germany) The applied burnishing parameters selected based on preliminary tests
and a literature review are listed in Table 2.

Table 2. Technological parameters of slide burnishing (F: slide burnishing force; f: feed, v,,: burnishing
speed; i: number of passes).

No. F[N] f [mm/rev] vy, [m/min] i
1. 90

2. 160

3 230 0.06

4. 300

5. 0.03 35 1
6. 0.09

7. 230 0.12

8. 0.16

9. 0.20

In the next step, the selected properties of the surface layer of stainless steel after slide
burnishing were examined, as shown in Figure 2.
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Parameters:
F=90+230N
£=0.03 + 0.20 mm/rev.

! pre-treatment |
GRINDING

RESIDUAL STRESS

Figure 2. Methodology of the conducted research. The parameters of the experiment, stands research
and achieved results.

The Hommel-Etamic T8000 RC120-400 device was used to measure the surface to-
pography and surface roughness parameters in 3D. RC is a tactile roughness and contour
measurement system. The scanned surface area was 3 x 3 mm. Measurements were
carried out along the external surface of the samples (perpendicular to the traces after slide
burnishing). The measurements were taken in compliance with the EN ISO 25178-2:2022
standard. The analyzed 3D parameters of the surface roughness were as follows:

Sa: arithmetical mean height of the surface;
Sz: maximum height of the surface;

Sp: maximum peak height of the surface;
Sv: maximum pit height of the surface;

Ssk: skewness;

Sku: kurtosis

The LM 700at microhardness tester (Leco, St. Joseph, MI, USA) was used to measure
the surface layer microhardness before and after the slide burnishing process. The Vickers
method was used for this purpose, which assumed an indentor weight of 50 g (HV 0.05).
The specimens were subjected to standard treatment, and the angled microsections were
examined. The results of the microhardness measurements were used to determine the
degree of strengthening e and hardened layer thickness g,. Equation (1) was used to
calculate the degree of strengthening.

HVmax —HV,

e =100 EA— Yo (1)
where HV ay is the maximum microhardness of the surface layer after slide burnishing
and HV)) is the microhardness after grinding.

The slide burnishing process was modelled using the explicit module of the Abaqus/CAE
2021 software. The simulations were carried out as part of dynamic calculations, consid-
ering the contact relations. The Johnson—Cook constitutive model was used with the

127



Materials 2022, 15, 8131

following parameters: A = 280 MPa, B = 1215 MPa, n = 0.43, C = 0.031, and m = 1.15.
The model considered the effect of strain hardening, strain rate, and temperature on the
stress—strain relationship. The numerical model was modified in relation to the real one,
yet it was ensured that all process conditions faithfully reproduced the real slide burnishing
process. In the simulation, a 7.5 x 5 mm sample modelled with C3D8R-type elements
was used, with the mesh density maintained in the central area of the burnished object.
The grid size at the analysis site was 0.05 mm. The total number of elements in the mesh
was 147,840, which amounted to 156,465 nodes. The burnishing element was modelled
as a non-deformable solid using two types of finite elements: R3D4 (140 elements) and
R3D3 (1840 elements), with compaction in the area of contact with the workpiece. The
successive passes of the burnishing element in the real burnishing process were represented
as hemispheres with a rounding radius equal to 3 mm. The distance of the burnishing
elements used in the simulation was consistent with the feed per revolution. In the FEM
simulation, 11 burnishing elements were used, which allowed for the burnishing process to
be carried out on a length equal to 10 feed values per revolution of the burnishing element,
which for the adopted process conditions gave a burnished surface length ranging from
0.3 to 2 mm. The area of the compacted mesh was 2.5 x 2.5 mm and was located in the
center of the workpiece. In addition, along the Y-axis, each of the burnishing elements
used in the simulation was offset from the next to represent the conditions in which the
burnishing element would partially cover the previous pass of the tool after each revolution
of the workpiece. This methodology made it possible so that in the case of a speed of
v, = 35 m/min and simulation time of t = 0.008572 s, each of the burnishing elements
covered a distance of 5 mm, thus burnishing the area with a dense mesh of the finite
elements. The stresses S11 reflecting the residual stresses in the surface layer after the
burnishing process and the PEEQ equivalent plastic strains were analyzed. Figure 3 shows
the simulated burnishing process for the established 11 passes of the burnishing element,
where the marked interval is equal to the feed (distance between successive burnishing
element passes).

Figure 3. FEM simulation of the slide burnishing process.

The non-zero equivalent plastic strain at variable feeds had a depth ranging from
0.4 mm (for f =0.2 mm/rev) to 0.6 mm (for f = 0.03 mm/rev). In turn, during the experiment
with variable burnishing force, the non-zero equivalent plastic strain had a depth ranging
from 0.25 mm (for F =90 N) to 0.8 mm (for F = 300 N).

To evaluate the influence of the pressing force and feed rate on the effects of the
process, FEM simulations were carried out for the parameters specified in Table 2. The
S11 stress plots obtained from the simulations were determined as the average value of
three cross-section lines perpendicular to the surface, as shown in Figure 4. The cross-
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sections were examined in the area of the compacted mesh under the symmetry axis of the
burnishing element (taking into account the fixed feed per revolution in each case).

PEEQ
(Avg: 75%)
0.4849
0.4444

Cross section

Figure 4. Method of creating paths for determining the residual stresses in the surface layer.

Positron annihilation lifetime spectra were measured with a digital lifetime spectrom-
eter. Two scintillation detectors equipped with BaF, scintillators fixed in the immediate
vicinity of the samples were used to detect gamma quanta with an energy of 1274 keV
(which indicates the formation of a positron in the 3* decay) and annihilation quanta with
an energy of 511 keV. Voltage pulses from the detectors were recorded with the Agilent
U1065A digitizer at a sampling rate of 4 GS/s and then examined with dedicated soft-
ware [44] to determine the time difference between gamma and annihilation signals. 22NaCl
(0.3 MBq) in an 8 pm-thick Kapton envelope served as a source of positrons and was placed
between two identical samples fixed in a dedicated holder. The sample-source—sample
“sandwich” was shifted below the edge of the scintillators to avoid the coincidence of the
collinear annihilation quanta of 511 keV-511 keV. The total count number in the positron
lifetime spectra slightly exceeded 2.1 x 107 for each sample.

Results were analyzed using the PALSfit program [45], which allowed us to determine
the lifetimes and relative intensities of the individual components as well as the positron
mean lifetime. A good fit was obtained, assuming two dominant components of the lifetime
spectrum. Typically for the low-background spectrum from a digital spectrometer, it was
also necessary to assume a long-life component with a lifetime of approx. 1.5 ns and
negligible intensity of ~0.2%. The contribution of a source correction (annihilation in the
Kapton envelope) with a lifetime of 382 ps was determined at 14.3% using the Positron
Fraction program [46]. A single Gaussian with an FWHM of 201 ps was sufficient to
describe the resolution function.

3. Results and Discussion

The following subsections present the results of the research on the analyzed properties
of the surface layer and lifetime of positrons.

3.1. Topography and Surface Roughness

Micro-irregularities on the ground surface have a unidirectional pattern (Figure 5),
which is characteristic of this machining method. There are numerous depressions on the
surface, which are confirmed by the high value of the Sv parameter. The profile of the
ground surface is characterized by sharp elevations and depressions that were formed on
the surface as a result of the work by abrasive grains of the grinding wheel.
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Sa=0.357 um
S5q=0.476 um
S5z=5.17 um
Sp=1.54 um
Sv=3.63 um
Ssk=-1.51
Sku =7.04

Figure 5. X6CrNiTil8 steel surface topography after grinding pre-treatment.

After the slide burnishing process conducted with a feed f = 0.03-0.09 mm/rev
(Figure 6a,c), the shape of the micro-irregularities was more irregular compared with
the surface after grinding (Figure 5). There were numerous visible deformations of mi-
croinequalities that were not reflected in the burnishing kinematics. This is most likely
due to the friction and adhesive interaction between the surface of the workpiece and the
diamond tip of the tool. The use of the burnishing feed value of f = 0.12-0.20 mm/rev
led to a deterioration of the geometric structure of the surface. For f = 0.12-0.20 mm/rev
(Figure 6d,e), a characteristic unidirectional pattern of surface micro-irregularities was visi-
ble, with noticeable elevations and depressions on the surface. The obtained values of the
Sa parameter were greater than the Sa values after grinding. For the entire tested feed range,
the obtained values of the Sz parameter were lower than those after the pre-treatment. The
minimum values of Sa and Sz were obtained for f = 0.06 mm/rev.

Figures 7 and 8 present the influence of the feed value on the analyzed 3D surface
roughness parameters. It can be seen that for the burnishing feeds in the lower range, the
analyzed surface roughness parameters decreased to the minimum for f = 0.06 mm/rev.;
a further increase in the burnishing feed led to an increase in the surface roughness. The
increase in the burnishing feed increased the distance between successive passes of the
tool (no deformation of surface micro-irregularities after the pre-treatment), which caused
an increase in the Sa, Sz, Sp, and Sv parameters. The increase in the Sa parameter for
f =0.03 mm/rev. may be due to multiple deformations of the same surface micro-
irregularities. For the feed ranging f = 0.03-0.09 mm/rev. (Figure 7b), no changes in
the Sz parameter value can be observed. Similar changes in the roughness parameters
as a function of the feed in the slide burnishing of AISI 316Ti steel were observed by
Maximov et al. [47]. After the slide burnishing of X6CrNiTil8 steel, the surface rough-
ness profile is changed. In the total surface profile after slide burnishing, the elevations
(parameter Sp) had a greater share than the depression (parameter Sv). After grinding,
the surface micro-irregularities were deformed, and their shape and dimensions were
changed. The values of the skewness ratio Ssk and kurtosis Sku were changed as well. For
f =0.12 mm/rev. the obtained values were Ssk = 0.058 and Sku = 2.66, which means
that there will be less friction between the mating surfaces, which agrees with the results
reported in [48]. The same properties will be characteristic of the surface after grinding [49],
but with a significantly worse surface quality (high values of the Sa and Sz parameters).
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Figure 7. Feed versus surface roughness parameters Sa (a) and Sz (b) (F = const. = 230 N,

vy, =35 m/min, i=1).
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Figure 6. Topography of X6CrNiTil8 steel surface after slide burnishing: (a) f = 0.03 mm/rev.,
F=230N; (b) f =0.06 mm/rev., F =230 N; (c) f = 0.09 mm/rev., F = 230 N; (d) f = 0.12 mm/rev.,
F=230N; (e) f =0.16 mm/rev., F = 230 N; (f) f = 0.20 mm/rev., F = 230 N.
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Figure 8. Feed versus surface roughness parameters: Sp and Sv (a); Ssk and Sku (b) (F = const.
=230N, v, =35m/min, i = 1).

Figure 9 shows the surface topography of X6CrNiTil8 steel after the slide burnishing
process when conducted with a different force value. The use of a higher force value caused
the deformation of the sample surface to be “fuller”; the surface micro-irregularities were
smoothed after the pre-treatment, which translated into a four-fold reduction in the Sa
parameter for F = 230 N. The surface topography obtained after slide burnishing when
conducted with F = 90-230 N was characterized by flattened micro-irregularities. The
obtained values of the parameter Sz for the force F = 90-230 N had similar values. The use
of the force F > 230 N caused a slight increase in the Sa and Sz parameters (Figure 10); the
“flattening” of the surface and the presence of individual surface defects were also visible.
The presence of these surface defects leads to a higher Sz value. It should be explained that
the use of higher burnishing forces causes shear damage under the sample surface and
surface flaking [50]. The obtained changes in the Sa and Sz parameters as a function of the
force F are similar to the results described in [49,50]. The surface roughness parameters Sa
and Sz ranged from 62% to 77% lower compared with the values obtained after grinding.

During slide burnishing, the diamond tip is in constant contact with the surface of
the workpiece. This causes intensive deformation of the surface micro-irregularities. As a
result, the values of the Sp and Sv parameters decreased from 36% to 82% compared with
their values after grinding (Figure 11a). The kurtosis coefficient Sku and asymmetry Ssk
also changed (Figure 11b). The obtained absolute values of the Ssk and Sku coefficients
were smaller than those after grinding, but the values of Ssk < 0 and Sku > 0 mean that
the material was concentrated around the profile peaks; therefore, this surface can be
considered to be a good bearing surface [49].
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Figure 9. Topography of X6CrNiTi18 steel surface after slide burnishing (a) F = 90 N, f = 0.06 mm/rev.;
(b) F=160 N, f = 0.06 mm/rev.; (c) F =230 N, f = 0.06 mm/rev.; (d) F = 300 N, f = 0.06 mm/rev.
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Figure 10. Burnishing force versus surface roughness parameters Sa (a) and Sz (b) (f = const
=0.06 mm/rev., v, =35 m/min, i =1).
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Figure 11. Burnishing force versus surface roughness parameters: Sp and Sv (a); Ssk and Sku
(b) (f = const. = 0.06 mm/rev., v, =35 m/min, i = 1).

3.2. Microhardness

As a result of slide burnishing and grinding, the material was strengthened (Figure 12).
Following grinding conducted close to the surface at a depth of 1 um, the microhardness
of the surface layer was approx. 15% higher than the microhardness of the core. From a
depth of 5 um, the microhardness of the surface layer of the ground sample was similar to
the microhardness of the core. The distribution of microhardness for the slide burnished
sample shows that the highest microhardness occurred at a depth of 3 um from the surface.
The obtained microhardness distribution is characteristic of this treatment method.

480 T T T T T T T T T

440 : ’}‘;l(*’l‘ 1

400 % 1

360

320

280

Microhardness HV0.05

240 | X after grinding
¥ after slide burnishing (f = 0.06 mm/rev., F = 300N)

200

1 3 5 10 15 20 50 100 150 200 250 300
Distance from the surface, um

Figure 12. Distribution of microhardness on the surface layer of samples after grinding (pre-treatment)
and slide burnishing.

Figure 13 shows the degree of strengthening e and hardened layer thickness g, as
a function of burnishing feed (Figure 13a) and slide burnishing force (Figure 13b). The
hardening degree was determined for the depth g, = 3 um, for which the microhardness
is the highest. The slide burnishing of X6CrNiTil8 steel specimens resulted in the degree
of strengthening e ranging from 8.77% to 42.74%, which was higher than the degree of
strengthening obtained for X19NiCrMo4 steel (e = 32%) [6]. The hardened layer thickness
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changes in microhardness reached a depth of up to 18 pm.
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Figure 13. Degree of strengthening and hardened layer thickness after slide burnishing as a function
of: (a) feed f (F =230 N, v, = 35 m/min, i = 1); (b) force F (f = 0.06 mm/rev., v, = 35 m/min, i = 1).

When burnishing is conducted with a higher feed (Figure 13a), the traces of the
diamond tip passes are at a greater distance from each other. This causes a decrease in the
structural homogeneity and, consequently, a lower degree of strengthening e and decrease
in the hardened layer thickness g,.

The greatest differences between the values of the strengthening degree e occurred for
the forces F = 230 N and F = 300 N. The application of a higher burnishing force caused
an increase in the degree of strengthening e. This is most likely due to intense plastic
deformation caused by friction, which leads to grain refinement of the microstructure. The
use of a higher burnishing force causes the plastic deformation to take place deeper in the
material, which results in increased microhardness of the surface layer extending further
from the treated surface. The obtained results of the influence of F on g, are similar to the
results described in [26], where the slide burnishing process was conducted on carbon steel
with a hardness of 250 HV.

3.3. Residual Stress

Figure 14 shows the results of the influence of the burnishing force on the distribution
of stresses S11 occurring in the surface layer. As the burnishing force increased, the depth
of compressive stresses increased. The maximum value of the compressive residual stress
(about 400 MPa) was obtained for the burnishing forces F = 230 N and F = 300 N. The
burnishing force significantly affected the depth of compressive residual stresses from g,
= 0.4 mm (for the force F = 90 N) to gy = 1.1 mm (for the force F = 300 N). It should be
assumed that the increase in the depth of residual stresses will allow the place of fatigue
crack initiation to be shifted from the surface to the subsurface layers. This means that the
phenomenon of nucleation and crack propagation will be delayed [51].
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Figure 14. Distribution of residual stresses as a function of distance from the surface of X6CrNiTil8
steel samples after slide burnishing with a variable burnishing force (f = 0.06 mm/rev; v, = 35 m/min;
i=1;,R=3mm).

Figure 15 shows the effect of burnishing feed on the distribution of S11 stresses. The
depth of the compressive residual stresses was about g = 0.9 mm. No significant influence
of the feed on the residual stress distribution was observed. The obtained depths of residual
stresses are greater than those observed after the slide burnishing of C45 steel [52]. The
compressive residual stress zone was much deeper than the plastically deformed zone. The
results are similar to those presented in the paper [53].
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Figure 15. Distribution of residual stresses as a function of distance from the surface of X6CrNiTil8
steel samples after slide burnishing with a variable feed (F = 230 N; v,= 35 m/min; i = 1; R = 3 mm).

Table 3 shows the visualization of the PEEQ equivalent plastic strains. For variable
burnishing forces, the feed rate f = 0.06 mm/rev. was used; for variable feeds, the burnish-
ing force was F = 230 N. A symmetrical cross-section was created to illustrate deformation
on the surface as well as in the subsurface layers. The PEEQ color maps demonstrate
that the plastic deformation wave resulting from the passages of successive burnishing
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elements shifted the area of maximum plastic deformation concentration away from the
axis of symmetry of the workpiece. This phenomenon was not observed for the feeds f =
0.16 mm/rev. and f = 0.20 mm/rev.

Table 3. Influence of burnishing force and feed on equivalent plastic strains.

Burnishing Force (N)

(f = const. = 0.06 mm/rev.) Burnishing Feed (mm/rev) (F = const = 230 N)

90

160

230

300

0.16

0.20

3.4. Positron Annihilation Lifetime Spectroscopy

The obtained positron lifetimes and intensities of both components in individual
samples slightly differed from each other. The short-lived component with an intensity of
80.5 £ 0.3% dominated in the spectra, and its lifetime of 168.7 £ 0.3 ps indicated its origin
to mainly come from the positrons trapped at edge dislocations, where a lifetime of 162
was observed [54]. The lifetime of the second component was 360 & 2 ps and corresponds
to quite large vacancy clusters, i.e., approx. 15 vacancies [55]. However, it should be noted
that this is an average value and that the vacancies can vary in size. Due to slight changes
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in lifetimes and intensities, the differences between the samples are best reflected by a
change in the mean lifetime (Teqn), defined as:

T1 11 + 1o 12

Tmean = ﬁ 2)
where 11, T and I3, I, are the lifetimes and the intensities of the first and second components
of the positron lifetime spectrum, respectively. An increase in T, means an increase in the
probability of positron trapping in vacancy clusters (most likely due to an increase in their
concentration) and/or an increase in the average size of the clusters. It has been shown
that this parameter is a good indicator of changes in the microhardness of the surface layer
of samples [42].

The positron mean lifetime Ty;eq,, increased slightly yet systematically with an increase
in the burnishing force F (Figure 16). This dependence is consistent with the results of
the microhardness measurements (Figures 12 and 13). On the other hand, the decreasing
dependence of microhardness on burnishing feed f was not reproduced by the Tjyeq. This
suggests a different nature of the change in material defects when changing burnishing
feeds than those induced by changing the burnishing force. The correlation of the de-
pendence between Tes; and burnishing feed with an analogous dependence for the Sa
parameter suggests that the change in surface topography and roughness may also affect
the positron implantation profile.
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Figure 16. Mean positron lifetime Tj;eqn as a function of (a) burnishing force F (f = 0.06 mm/rev.,
v, =35 m/min, i = 1), (b) burnishing feed f (F = 230 N, v;, = 35 m/min, i = 1). The dashed lines are
only an eye-guide.

4. Conclusions

Based on the results of slide burnishing of X6CrNiTil8 steel specimens conducted
with variable technological parameters, the following conclusions can be drawn:

1. The use of the burnishing feed ranging f = 0.03-0.12 mm/rev. and slide burnishing
force ranging F = 90-300 N led to a decrease in the analyzed surface roughness
parameters (Sa, Sz, Sp, and Sv) in relation to their reference values (after grinding).

2. The surface shape after slide burnishing was plastically deformed. Changes in the
shape and dimensions of the surface micro-irregularities were visible.

3. The obtained skewness value and kurtosis for the surface after slide burnishing mean
that this surface can be considered a good bearing surface.
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4. After slide burnishing, the surface layer was strengthened. The microhardness of the
surface layer and depth of the hardened layer g;, increased. The maximum degree of
strengthening e was obtained after slide burnishing conducted with F = 230 N and
f=0.03 mm/rev (e = 42%), while the greatest increase in the hardened layer thickness
of g5, = 97.50 um was obtained for F = 300 N and f = 0.06 mm/rev.

5. The FEM simulations of the slide burnishing process demonstrated the favorable
nature of the residual compressive stresses occurring in the subsurface zones. It
was noticed that the slide burnishing force had a greater impact on the depth of the
compressive residual stresses than the feed.

6.  The plastic deformation wave moved the area of concentration of the maximum
equivalent plastic strains from the axis of symmetry of the workpiece toward the end
passes of the burnishing element.

7. The positron mean lifetime T, increased slightly yet systematically with the increase
in the burnishing force F; with an increase in feed, those changes had a different nature.
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Abstract: Burnishing is a plastic deformation process that reduces roughness while increasing hardness
by introducing compressive residual stresses near the surface zone. These improvements will depend
mainly on two fundamental variables: the applied load and the friction derived from the tool-surface
interaction. Nevertheless, microstructural differences in the materials have not yet been considered
within this interaction. This leads to a generalization of the process that can result in the failure of
industrial components. Therefore, the aim of this work is to study the microstructural influence of
the ball-burnishing process from a tribological perspective. Thus, martensitic and austenitic stainless
steels were evaluated in terms of friction and surface integrity. The results show that parameterizing
the process according to the tool-surface interaction is critical since improvements depend on friction
as a function of the availability of plastic deformation of the crystallographic structures.

Keywords: ball burnishing; tribological interaction; stainless steel; friction coefficient; surface integrity

1. Introduction

Several industries make extensive use of steel components, among which are two dif-
ferent microstructure designations that are distinctive: austenitic AISI 316 and martensitic
UNS 546500 stainless steels [1,2]. Since turning and milling are the conventional processes
to machine these materials, the presence of irregularities and defects is inherent. This
unevenness on metal surfaces causes considerable energy dissipation (friction), surface
damage, and fracture during the service life of these components [3]. To minimize these
issues, a reduction in roughness and an increase in mechanical properties are required [4,5].
Accordingly, numerous final machining operations have been proposed as applicable
solutions, among them, the ball-burnishing process [6,7].

This procedure confers extra mechanical properties on the treated pieces, maintaining
low costs and reducing execution times [7-10]. Properties such as strain hardening are
amplified on a metal surface due to the plastic deformation prompted by the displacement
of an indenter at a given pressure [7,10]. At the same time, wear, corrosion, and fatigue
resistance are improved due to the newly induced residual compressive state [7,8]. Further-
more, the surface appearance is enhanced because of the decrease in roughness [6,10,11].
However, to achieve these advantages, process (overloading) and material limitations (loss
of ductility) [12], which depend on the microstructure [13-15], must be overcome by using a
satisfactory configuration [10-13,16-18]. Industrial components, such as lasting valve seals,
pistons, bearing bores, and shafts for pumps, are burnished to reduce friction and noise
levels and increase their service life [17,18]. Nevertheless, the burnishing of reinforced
martensitic stainless steel (such as UNS 546500) components has not been studied so far,
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enabling innovation in the improvement of this material’s surfaces. UNS S46500 is a stain-
less steel characterized by the presence of NizTi nanometric precipitates in a martensitic
matrix [2]. The few previous works quote the process’s ability to introduce a deep, highly
compressive layer into steel surfaces of this nature (martensitic), with a maximum value
location (subsurface level) that is mainly influenced by the applied load and, to a lesser
extent, by the speed, feed rate, and number of passes [13]. High loads result in shear
stress toward the surface [12]. However, an undue load leads to excessive shear stress and
therefore premature degradation of the surface finish [11,12,16-18]. Thus, experimental
approaches and simplified predictable models have been conceptualized in order to set the
parameters for the process in the search for good surface quality (smooth finish) and an
optimum surface residual stress state. For instance, a prior study established a correlation
between the roughness and the compressive layers. The interrelation between martensitic
wear volume and residual stresses showed a strong inversely proportional linear depen-
dence [19]. In most cases, an inverse relationship between the skewness parameter (Ssk)
and wear volume is also recognized [19]. On the other hand, models have achieved a
reliable roughness prediction, but only allow for qualitative adjustment (inaccurate results)
in terms of residual stresses [20].

These hits and misses address the study of the burnishing-induced plastic deformation
phenomenon as a tribological interaction in which it is essential to consider the first basic
integral parameter that governs the process: friction. It is the tribo-contact between the
burnishing ball and the machined material (roughness, microstructure, and mechanical
properties) that determines the intensity of the strain-induced behavior at the material
subsurface [12]. The high friction generated by an increase in the load leads to an in-
duced stress state in the leading bulge similar to that induced by uniaxial compression
loading. In contrast, the rear zone behind the indenter reacts as if a uniaxial tension is
imposed. The higher the friction coefficient, the shallower the maximum shear stress at
the sub-surface. Consequently, the plastic strain is concentrated in a thinner surface layer.
Nevertheless, overextended friction values could lead to surface decline (fracture, tensile
residual stresses) [12]. When friction decreases, the depth of the maximum shear strain
increases (reducing the efficiency of cold-work nanostructuring) [12] and could eventually
promote residual stress relaxation, reducing crack propagation inhibition [21]. Thus, the
burnishing tribo-interaction defines the geometry (by the plastic deformation degree) and
the maximum residual tensor location (by the shear-stress depth). In this regard, the tri-
bological interaction between the ball and the rough surface during the ball-burnishing
process is tackled numerically through simulations. Amini et al. [21] developed a model
that takes into account the alterations of the friction coefficient between the ball and an
extruded ferritic AISI 1038 steel surface. Depending on the defined preload, a low friction
coefficient could not spawn significant advancements in the roughness and compression
stress state. By contrast, a high friction coefficient could lead to an intensification in the
pile-up and a decline in the stress state. This means that a factual friction coefficient must
feed the models in order to reproduce and enhance the final surface integrity required for
industrial components [19,21]. Moreover, Amini et al. proved that the direction of the high-
est induced residual stress concentration depends on the burnishing route, regardless of the
initial stress state produced by machining [21]. The utmost burnishing effect is made in the
perpendicular direction to the process, which means that the burnishing process can induce
anisotropic properties in the target piece, in agreement with its final application [19,22].
Consequently, each parameter needs to be established according to the use of the piece,
prioritizing the geometric (roughness) or metallurgic (hardness and compression stress
state) characteristics [13,22,23]. Therefore, both the micro- and macro-responses to the
process must be investigated through the microstructure’s influence on friction behavior.

Consequently, this study reveals that surface improvements (finish and residual stress
state) also depend on the tribological interaction degree between the ball and a defined
microstructure. Thus, this tribological interaction is now conceptualized numerically by
the friction coefficient. Accordingly, a reinforced martensitic stainless steel matrix and
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an austenitic stainless steel textured surface are evaluated under the same milling and
burnishing process conditions (in agreement with the machining conditions applied to
the already characterized ferritic AISI 1038 steel [11,21,23-25]) in terms of friction and
surface integrity using a scratch test procedure, 3D optical profilometry (surface finish),
and X-ray diffraction (XRD) technique (residual stresses induced by cold working). The
results show that under the same machining configurations, the induced surface integrity
depends on the self-hardening coefficient due to the different tribo-contacts during the
execution of the burnishing while providing reliable inputs for future integral modeling
and process parameterization. Therefore, the interaction of the ball with an established
macro-texture is not enough to generalize the process; it is necessary to consider the contact
at the micrometric level to define the burnishing applicability.

2. Materials and Methods
2.1. Materials

Austenitic AISI 316 stainless steel (processed according to EN 10028-7-2016) and
martensitic precipitation-hardened UNS 546500 stainless steel (aged according to ASTM
A564/A564M) were selected for the present study.

2.1.1. Chemical Composition and Material Processing

Table 1 shows the chemical composition of the analyzed materials using spark emission
spectrometry (SPECTROMAXx LMF08, SPECTRO, Kleve, Germany).

Table 1. Chemical composition of analyzed steels (in wt %).

Material Fe C Mn Ti Cr Ni Mo
AISI 316 6850 £0.03  0.02+2x10"* 1254+4x10% 001+1x10"* 16.69 + 0.01 9.92 4 0.02 2.21 4+ 0.005
UNS S46500 7440 £0.02  001+6x10*% 003+£3x10°* 1.70 + 0.02 11.69 + 0.03 10.89 + 0.01 1.014+6 x 1073

2.1.2. Microstructural Characterization

After mechanical polishing to a mirror-surface finish (0.03 um colloidal silica suspen-
sion), the AISI 316 and UNS 546500 samples were etched with aqua regia solution and
Kalling I reagent, respectively. Microstructural characterization was performed using opti-
cal microscopy (Epiphot 200, Nikon, Tokyo, Japan) (Figure 1). The AISI 316 microstructure
consisted of austenitic grains, some of which exhibited twinning, whereas the UNS S46500
stainless steel showed mainly a martensitic matrix.

X Ae =\ 161 :
(b) UNS S46500 Microstructure

200 pm

e < B
(a) AISI 316 Microstructure

Figure 1. Stainless steel microstructural characterization.
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2.1.3. Hardness

The hardness values of the austenitic AISI 316 and martensitic UNS 546500 stainless
steels were 168 + 6 HV and 521 + 10 HV, respectively. The values were the mean of
10 measurements acquired using the Vickers microindentation test at a load of 1000 g
(Micrometer HV1, Future Tech, FM-700, Tokyo, Japan). Ferritic AISI 1038 steel, used as a
reference in this study, has a hardness value of 175 HV =+ 10 [21].

2.1.4. Surface Roughness

In the first step, the specimens were subjected to the milling conditions indicated in
Table 2 using a CNC router milling machine (LAGUN 600, MAHER HOLDING, Legutiano,
Spain). The macro-texture surface parameters after the milling and burnishing processes
were acquired using an Alicona microscope (InfiniteFocusSL, Bruker, Karlsruhe, Germany)
and further processed with image analysis software (Mountains 5.1.1.5944, Digital Surf,
Besangon, France) according to the ISO-25178-2:2016 standard [26].

Table 2. Initial Milling Conditions.

Tool Ball Mill UT Coating ¢ 10 [mm]—Two Teeth
Lateral pass width 0.30 [mm]
Depth of cut 0.20 [mm]
Feed rate 600 [mm /min]
Cutting speed 2000 [rpm]

In order to assess the surface changes due to the burnishing process, the 3D roughness
parameters were computed for each of the studied materials. Accordingly, the arithmetical
mean height (Sa), root mean square height (Sq), skewness (Ssk), kurtosis (Sku), texture
aspect ratio (Str), and ten-point height (510z) were processed.

2.2. Experimental Methods
2.2.1. Ball-Burnishing Process

Previous works on ferritic milled surfaces provided the path for the ball-burnishing
configuration of the austenitic and martensitic microstructures [11]. Nevertheless, due to
the low hardening coefficient and high hardness conferred by the martensitic matrix, UNS
546500 required a load increase in contrast to AISI 316. The ball-burnishing process was
performed using a hard, metal ball with a 10 mm diameter adapted to the force transmission
unit of the Acoustomill tool (Spanish patent number 201730385) [27]. The process setup and
its descriptive scheme are shown in Figure 2.

BNC
connection
to circuit

Piezoelectric
transducers

burnishing direction (\‘

X-axis
milling direction

2 Burnishing ball ; advance
—_—

workpiece

(a) Ball-burnishing setup (b) Ball-burnishing descriptive scheme

Figure 2. Ball-burnishing configuration.
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The set assembled in the CNC router milling machine was displaced once in the
perpendicular direction (x-axis) to the milling finish (z-axis) on a 10 mm x 10 mm patch for
each material. The ball-burnishing operational parameters are summarized in Table 3.

Table 3. Ball-burnishing operational parameters.

Load 270 [N]/470 [N]
Feed rate 600 [mm/min]
Lateral pass width 0.30 [mm]
Vibration-assistance No

2.2.2. Uniaxial Tensile Properties

The elastic properties were established using an ultrasonic method (Panametrics 5900
PR pulser, Olympus, Tokyo, Japan) and an oscilloscope (Hameg HM1508, RS, Corby, UK).
The longitudinal plastic tensile properties were acquired using the conventional tensile
test configuration (ISO 6892-1 standard) [28]. Three AISI 316 and five UNS 546500 tensile
speciments fitted to the standard requirements (width = 6 mm and Lc = 34 mm) [28] were
tested. The strain measurements (0.0067 s~! until the failure) were obtained by a video-
extensometer device. Table 4 shows the measured mechanical properties for both materials.

Table 4. Mechanical properties of the AISI 316 and UNS 546500 stainless steels.

Material E [GPa] v 0.2 [MPa] UTS [MPa] n
AISI 316 203.6 + 0.4 0.287 +6 x 1074 327 +2 588 + 1 0.307 £ 8 x 1074
UNS 546500 198.8 + 0.4 0294 +2 x 1074 1571 + 8 1656 + 5 0.029 + 0.002

2.2.3. Friction Coefficient

The interaction of the tool and the textured surface was resolved according to the
classical Hertzian theory of non-adhesive contact [29]. The pressure in the center of the
contact region (pg) was computed as a function of the normal force (F), the indenter radius
(R), and the reduced elastic modulus (E*), in agreement with Equation (1), and applied to
the normal contact between a rigid sphere and an elastic half-space.

po® = 6F-E*? /3. R? (1)

E* was defined using Young’s modulus (E;, E;) and the Poisson coefficient (vy, vy) of
the interacting materials according to Expression (2):

1/E* = [(1 — v1%)/E1] + [(1 — v2?%)/Ea] @)

The pressure values under the cited conditions in 2.2.1 were 2700 MPa for AISI 316 and
2700 MPa and 3100 MPa for UNS 546500. Friction test configurations were adopted for the
sequence for the design of laboratory friction and wear proposed by the American Society
of Materials (ASM) [30]. The coefficient of friction (COF) resulting from the interaction
between the indenter ball and the milled surfaces of the studied steels was measured
using a scratch test (Micro-Indentation Scratch Tester (MHT), CSM Instruments, Filderstadt,
Germany). In order to achieve the same pressures at the laboratory scale, three linear
scratches of 20 mm in length at 600 mm/min by a Tungsten carbide ball indenter of a
2.5 mm diameter were performed under dry conditions. The micro-indentation scratch
tester (MHT) and the scratch test’s descriptive scheme are shown in Figure 3.
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milling direction
(a) Micro-indentation scratch tester (MHT) (b) Scratch test setup

Figure 3. Scratch test configuration.

2.2.4. Surface Integrity Characterization
Residual Stresses

Residual stress components (0x, 0z) up to a 4 pm depth were obtained using X-ray
diffraction equipment (PANalytical—model X'Pert-PRO-MRD, UCDavis, Davis, CA, USA)
according to the sin®¥ mode Q-tilt method. The point detector (pixel size of 255 pm x 255 um)
was assembled on a parallel plate collimator with a 0.27° angular opening and a planar
graphite secondary monochromator. It is well known that machining and finishing operations
can induce a phase transformation in austenitic steels. Then, the X-characterization of the
milled and burnished austenitic and martensitic surfaces was performed in the reflection
(211) of the bee phase (martensite). The fcc phase corresponding to austenitic steels was not
found up to a 4 um depth. This indicates that martensitic transformation occurs during the
milling process. Therefore, the final conditions on the austenitic surface are not influenced by
a phase change.

3. Results
3.1. Friction

In order to evaluate the microstructural response to the tribo-contact during the bur-
nishing process, the COF was computed for each of the studied stainless steels. Figure 4
summarizes the COFs generated by the interactions of austenitic and martensitic milled tex-
tured surfaces as a function of the contact pressure. The friction on the already characterized
AISI 1038 ferritic steel textured surface [11] was established for comparison purposes.

0.19
017 WAISI 316
S 015 i @ UNS $46500
0.13 A AISI 1038
0.11
2300 2700 3100

Contact pressure [MPa]
Figure 4. COF at different contact pressures.

Under the same ball-burnishing configuration, the steels” microstructure responses
were not coincident. The COF on austenitic steel (0.17) exceeded the COF on ferritic steel
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(0.15) by 15%. The gap between the austenitic (0.17) and martensitic (0.13) stainless steels’
COFs amounted to a 30 % difference. This means that the frictional shear stress and,
therefore, the surface finish and compressive layer induced by the process will be sub-
stantially different. After load increment on the martensitic surface, the friction coefficient
increased. Henceforth, it is convenient to take into account the tribological performance of
the process (which includes the COF, initial roughness, and initial stress state of the target
material [21]) in order to achieve a particular surface integrity depending on the machined
microstructure.

3.2. Surface Integrity
3.2.1. Surface Roughness

Figure 5 displays the milled and burnished areas (4 mm x 4 mm) of each target surface
in order to provide the qualitative effect of the burnishing operation under the stated
operational and tribological conditions.
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(c) AISI 316 burnished surface—270 N (d) S46500 burnished surface—270 N (e) $46500 burnished surface—470 N

Figure 5. Textured surfaces after milling and burnishing processes at different contact pressures.

It can be observed that the macro-texture conferred by surface milling was more promi-
nent on the austenitic stainless steel than on the martensitic stainless steel. However, under
the same burnishing conditions, the texture of the austenitic milled surface disappeared
and was replaced by an imprint of the burnishing tool (Figure 5c), showing the extent of
the contact area, as well as the magnification of the interaction between the ball and the
surface. Regarding the surface finish obtained on the martensitic steel, a softened texture
can be seen in comparison with the AISI 316 surface under the same conditions (270 N).
It can also be observed that the peaks intensified as the load increased (470 N). Figure 6
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summarizes the macro-texture parameters obtained after milling and ball burnishing in
order to provide a quantitative description of the analyzed surface modifications.

Milling

270N 470N 270N 470N

Burnishing Milling Burnishing

(a) Sa (b) Sq

Ssk

3.07 3.03

2769 71

Sku

_06 — 042 —0.39
270N 470N 270N 470N
Milling Burnishing Milling Burnishing
(c) Ssk (d) Sku

Milling

(e) S10z

Str
Socooooooor
O=NWERERUIN]®OO

270N 470N 270N 470N
Burnishing Milling Burnishing

(f) Str

aisisle M UNS s46500

Figure 6. Textured surfaces after milling and burnishing processes at different contact pressures.

Based on the height parameters Sa and Sq, a normal distribution of heights (Sa = 0.8 Sq)
was evidenced under milling conditions for both materials. This observation was corrobo-
rated by the skewness values (Ssk ~ 0) under the same milling conditions. This tendency
varied after ball burnishing. Thus, under the same load conditions, the statistical asym-
metry after burnishing on AISI 316 stainless steel showed a mass distribution skewed to
below the mean plane (Ssk > 0), while the surface of UNS 546500 stainless steel is skewed to
above the main plane (Ssk < 0) in equal proportion. The load increment on the second one
slightly varied under this condition. With regard to kurtosis (Sku ~ 3), it was observed that
the austenitic surface became a non-abrupt platykurtic condition, whereas the martensitic
surface responded with a better fit to a Gaussian distribution despite the load increase.

The S10z parameter provides a practical criterion for the statistical behavior of the
height. It reveals that the five-point peak height and five-point pit height were 20% more
prominent on the austenitic surface. However, this was reduced by 36% on martensitic
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stainless steel and only 20% on austenitic stainless steel after ball burnishing. This was
not consistent with Figure 5¢c. Since the austenitic crystal lattice had a higher deformation
capability (reflected in the COF value), a redistribution of the surface texture was evidenced.
Thus, the new average roughness profile may have been displaced below the level of the
initial valleys, leading to a loss of tolerance. On the other hand, increasing the pressure on
the martensitic surface led to the generation of a pile-up and consequently an increase in
the S10z parameter (~15%). This elucidates the marked differences in the surface roughness
depending on the stainless-steel microstructure during the ball-burnishing process.

The directional properties quantified through the Str parameter were shown to be
moderately isotropic (Str ~ 0.5) after milling for both surfaces. After ball burnishing, the
austenitic surface became directionally anisotropic (Str < 0.3), whereas under the same
conditions, the martensitic surface increased its isotropy. At a 470 N load, the martensitic
surface became anisotropic.

3.2.2. X-ray Difracction

Figure 7 summarizes the parallel (o0x) and perpendicular (0z) tensor components of
the burnishing path obtained after the milling and burnishing processes.

Burnishing Milling Burnishing
270N 470N

270N 470N

0
—-100.0
—200.0
—300.0
—400.0
—500.0
—600.0
—700.0
—800.0
-797.9 —900.0
—1000.0
—-1100.0
—1200.0 —1108.0

oz [MPa]

(a) Residual stress component in the parallel direction to  (b) Residual stress component in the perpendicular direc-
the burnishing path tion to the burnishing path

AISI 316 B UNS 546500
Figure 7. Residual tensor after milling and burnishing processes on stainless steel surfaces.

The residual tensor component introduced by milling on the austenitic surface was
61% higher in the parallel direction (0x) than in the perpendicular direction (0z) to the
burnishing path. The opposite occurred on martensitic and ferritic surfaces [21], where
the perpendicular component exceeded the parallel component by 45%. In this manner,
although the feed of the milling cutter on the austenitic surface increased the tensor com-
ponent in its perpendicular direction, on the martensitic surfaces, it increased the tensor
parallel to the milling route. However, after burnishing, on the austenitic surface there
was a substantial increase in the lower compressive state component (0z) (4 times greater),
whereas in the other direction (x-axis), a tensile state was induced. This extended the hy-
pothesis of an anisotropic state independent of the initial tensor on ferritic surfaces [21] to
austenitic surfaces. When burnishing was performed on the martensitic surface, the initial
anisotropy was reduced by 9% at a 270 N load, whereas with increasing load, the anisotropy
increased by 30%. Therefore, the residual isotropy was qualitatively in agreement with
the directional isotropy (Str) for both materials after the burnishing process (Section 3.2.1).
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Regarding the skewness (Ssk), there was no evidence of a directly proportional relationship
with the surface tensor, as mentioned in another study [19]. Depending on the microstruc-
ture, the surface integrity varied considerably under the same burnishing conditions.

4. Discussion

The results elucidate the microstructural impact of the tribological behavior between
the burnishing ball and the steel surface. According to Kuznetsov et al. [12], friction con-
stitutes a fundamental parameter to obtain significant improvements or unwanted effects
on surface integrity. Therefore, the consequences of high friction involve the generation of
uniaxial tensile stress in the rear zone behind the indenter [12], as well as the increase in the
pile-up [21]. However, based on the tribo-contact effects on the selected microstructures, the
definitions of high and low friction are ambiguous. The allowable tribo-interaction ranges
within the process will be given by the limited plastic deformation of the microstructure.
In fact, the stress state conditions after ball burnishing with a 270 N load on the austenitic
steel show the presence of a tensile state in the burnishing path direction (x-axis), which is
in agreement with the approach of Kuznetsov et al. [12]. A clearly detrimental austenitic
surface (reflected in the increase in the macro-texture parameters; Figure 6) and a residual
anisotropic state [21,22] beyond the compressive condition (Figure 7) were evidenced. As a
consequence, a new finish distribution (skipping tolerances) with valleys and peaks defined
by the ball track (Figure 5c) was displayed. This high plastic deformation capacity of the
austenitic crystallographic lattice allowed for low surface integrity. Nevertheless, under
the same conditions (270 N), the textured martensitic stainless-steel surface offered a con-
trasting microstructural response to the ball-burnishing process. The lower COF (Figure 4)
as an effect of the martensitic matrix, determined the displacement of the peaks toward the
milling valleys, conferring uniformity on the surface (Figure 5d), whereas the compressive
surface state improved in both directions according to the initial trend established by the
milling finish. A higher COF (0.17 after load increment) led to the compressive layer’s
relocation to the surface (as stated by Kuznetsov et al. [12]), a heightening anisotropy
(Figure 7), and an onset of pile-up (Figure 5e, Figure 6e). As seen in Figure 7, the new pres-
sure exerted on the martensitic surface was far from inducing a tensile state in the parallel
direction on the burnishing path (which defines high friction [12]) so the hypothesis of high
tribo-interactions on this material was limited to the pile-up initiation. Therefore, defining
the burnished component’s functionality is pertinent. The process configuration must be
prioritized, either the contact interactions with other components (roughness) [3] or the
exposure to the corrosion, wear, and fatigue conditions whose resistance improves through
the generation or increment of the surface compressive residual state [6-8,10,11]. It should
be noted that determining the compressive layer’s thickness (sub-surface residual state)
as a function of the tribo-interaction degree may modify the high-friction hypothesis of
martensitic steels established in this study. Nevertheless, excessive tribo-interaction (over-
loading) within the process must be prevented in order to allow the treated microstructures
to retain some degree of ductility, as cited by Kuznetsov et al. [12].

5. Conclusions

In the quest to enhance the surface finish and mechanical properties of stainless steels
using a ball-burnishing process, the tribological performance of the process must be consid-
ered first. The interaction capability between the ball and the machined surface, quantified
by the friction coefficient, defines the surface integrity improvements of the burnished
components. Neither the friction value nor its effects are trivial during the ball-burnishing
setup. Therefore, to obtain a balance between roughness reduction, design tolerance, and
directional and residual anisotropy, or to prioritize one of them, a pertinent COF must be
defined. Hence, the present work provides the starting point for a new methodology to
parameterize the process based on its interaction (tribological characteristics) at the time
when the friction coefficient is delivered as a factual variable in the current numerical
methodologies. In addition, this study provides the friction effect on two previously tex-
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Ssk Skewness

XRD  X-ray diffraction

Sa Arithmetical mean height

Sq Root mean square height
Sku  Kurtosis

Str Texture aspect ratio

510z  Ten-point height

Lc Parallel length

E Young’s modulus

v Poisson coefficient

002 Yield strength

UTS  Ultimate tensile strength

n Self-hardening coefficient

Po Pressure in the center of the contact region
F Normal force

R Indenter radius

E* Reduced elastic modulus

ASM  American Society of Materials
COF  Coefficient of friction
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Abstract: In this study, we analyzed the effects of vibration assistance, combined with a ball bur-
nishing process, in terms of topology, residual stresses, and tribological properties on 316L shafts.
The burnishing variables consisted of the variation of the input force, the number of passes, and the
activation of the vibration assistance, which is based on a 40 kHz frequency and 8 pm of vibration
amplitude, derived in a screening design of three factors. The results show that the medium-high
level of burnishing force, high level of the number of passes, and the activation of the vibration
assistance are the best options in order to improve the average roughness, the microstructure, the
increase in the compressive residual stresses, and the wear enhancement, besides all variables being
significant in the p-value analysis through ANOVA. Statistically, the vibration-assisted ball burnishing
improved the average roughness by 2.9%, enlarged the von Mises stress on the surface by 11.5% and
enhanced the wear resistance of a 316L shaft and WC-Co ball contact up to 7.3%.

Keywords: vibration-assisted ball burnishing; tribology; residual stresses

1. Introduction

Stainless steels are one of the most used materials for biomedical applications, such
as prostheses or orthopedic implant manufacturing, through additive deposition [1,2] or
traditional machining. However, for this purpose, most of the final workpieces need to
enhance their mechanical properties, such as the wear resistance due to the friction present
in the joints of a hip prosthesis [3] or lower corrosion by coating applications [4]. In particu-
lar, AISI 316L austenitic SS presents excellent corrosion resistance, high ductility, and good
mechanical properties but poor resistance to wear, which often requires a surface upgrade.
This enhancement is determined by surface integrity modification and improvement, so
finishing operations have become a suitable solution for biomedical steel treatment.

Some surface deforming processes, such as burnishing or shot peening, have been
widely used during the last few years to achieve the standard required by the biomedical
community in terms of high wear resistance, durability improvement, and surface topology
enhancement [5]. Mechanical surface treatments such as shot peening and burnishing
are increasingly applied to biomedical parts to achieve the high requirements of surface
finishing, surface hardness, wear resistance, and fatigue durability [6,7]. In particular,
the use of the ball burnishing process in stainless steel parts for biomedical applications
has grown significantly during the last few years [8-10]. This process consists of a cold
deformation process, where the material is compressed using a rolling ball, obtaining a
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more regular and smoother surface and generating a hardened surface while keeping
constant the dimensions of the part treated [11]. The ball burnishing can be divided into
the elastoplastic flow of the material and the residual sink-in effect on each burnishing
passage. Some of the authors reported a higher resistance to the wear between two slid-
ing surfaces, a friction reduction, and a topology improvement by a material’s Gaussian
redistribution [12-14]. Concerning the residual stresses, many authors declared the bene-
ficial effects of increasing the compressive residuals in reducing crack propagation after
applying a ball burnishing process [15-17]. In fact, there is a consensus that the increase
in the burnishing force derives from a larger amount of residual compressive stresses at
the surface, which benefits in slowing the crack propagation at the surface, enlarging its
resistance to wear [18] or fatigue [19]. The ball burnishing process has also been described
as an effective methodology to enhance wear resistance and reduce the coefficient of friction
between two colliding surfaces [18]. More specifically, it was seen that the most important
parameters to improve both properties were the burnishing force applied onto the surface
and the number of passes performed, resulting in a hardness increase and a wear reduction.
Attabi et al. [20,21] analyzed the wear enhancement and the surface integrity of 316L ball
burnished specimens, finding a wear improvement of up to 65.2% compared to baseline
material. It was also found that the increase in the number of passes had a big influence
on surface hardness, which has a relation with friction reduction, while the improvement
in resultant roughness also helped to reduce the coefficient of friction. However, it is also
reported that despite all applied ball burnishing inputs helping to improve roughness, only
the optimal ones reduced the friction compared to the baseline material.

One evolution of ball burnishing is vibration-assisted ball burnishing (VABB), which is
based on the base physics of ball burnishing and the acoustoplasticity phenomenon studied
by Blaha and Langenecker et al. [22]. The combination of both results in a larger material
deformation due to the superimposition of the vibratory component on the deforming
force applied onto the surface, deriving in a relaxation of the quasi-static stresses of the
surface and, therefore, being easier to deform during the process. Teimouri et al. [23]
studied the effects of the ultrasonic ball burnishing process on aluminum AA6061-T6 and
concluded that the addition of the vibration assistance, using a 5 and 10 pum of frequency
amplitude, improved the surface roughness by 15% and the superficial hardness by a 24%,
respectively. In addition, it was found that the value of the compressive residual stresses
increased deeper heights due to the ultrasonic impacts caused by the tool, and through
this, the degree of mechanical working increased, and further refinement in microstructure
was observed. This observation was also seen by Liu et al. [24], who described the greater
influence of the microstructure, treated with VABB, as a consequence of the local severe
deformation originated by the tool’s vibration when assisted.

Despite a lot of information available about the influence that ball burnishing has
in terms of wear enhancement and the improvement of compressive residual stresses,
there is a void space for vibration-assisted ball burnishing. Most VABB investigations are
focused on surface integrity and residual stress enhancement, but not so many on wear
enhancement or friction reduction. Generally, VA demonstrated positive applications to
enhance the surface integrity factors within manufacturing processes, but its contribution
in terms of tribo-characteristics is still controversial and not sufficiently investigated. For
this reason, the main objective of this work is to analyze the impact analysis of the vibration
assistance within a ball-burnishing process in terms of wear resistance enhancement and
friction reduction on 316L ball-burnished stainless-steel shafts while confirming surface
enhancement by this phenomenon. The results will be processed through an Analysis of
Variance (ANOVA). This statistical tool permits quantifying the mean effects of the factors
used on the response variables and evaluating the significance of each factor, then giving
valuable information to determine the VA contribution to the final properties.
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2. Materials and Methods
2.1. Specimens’ Preparation

The machining and finishing processes of the AISI 316L stainless steel used for this
test (chemical composition shown in Table 1) are performed in a 3-axis CNC Machine Lathe
“Pinacho SE 200 x 750" (Pinacho, Castejon del Puente, Spain).

Table 1. Nominal chemical composition of 316L SS.

Material Chemical Composition by Element (wt. in %)
AISI Fe C Si Mn P S Cr Ni N Mo
316L Bal. 0.03 1.00 2.00 0.05 0.02 17.50 11.50 0.10 2.00

The machining conditions prior to the burnishing were kept constant for all the
specimens, being 60 m/min as cutting speed, 0.20 mm/rev as feed per turn, and a final
diameter of 13 mm achieved in 3 passes. The insert used for this process was a rhombic 80°
shape with a negative geometry CNMG120408-MM-YG213, made of carbide with a CVD
TiCN+Al,O3+TiN coating, the clearance angle is set to 6°, and the rake angle to —6° once
is assembled on the PCLNR 2020K 12 shank tool. The average quality roughness prior to
burnishing was set to 1.5 + 0.2 pm in order to obtain significant differences between all
burnishing conditions applied to the specimens.

2.2. Ball Burnishing Equipment and Specimens

The vibration-assisted ball burnishing system used for this investigation is composed
of the burnishing tool (the union of a base armor, a pre-load unit force based on a calibrated
spring, one ultrasonic actuation unit built by a resonant ceramic piezoelectric excited to
40 kHz of frequency and an operational head formed by one 10 mm diameter 100Cr6
chromium steel ball at the top) and an external 40 kHz wave generator both plugged by a
UFH connector, characterized by Fernandez-Osete et al. [25]. The amplitude of vibration
obtained at the top of the tool by the resonance of the system is about 8 um.

The definitive force applied onto the surface is a combination of multiple forces: the
forces due to the irregularities of the material when the feed movement is performed, the
force related to the vibration of the sonotrode when the assistance is applied, and the
preadjusted force of the spring lodged. The final result of the process is shown in Figure 1.

=

"\ Ball-burnished
area

Figure 1. Burnishing tool head and specimen manufactured.

2.3. Experimental Campaign and Specification

Based on the research group’s previous experience with the process on other materials
such as AISI 1045 [12] or AISI301LN [26], a screening design of experiments was planned
with the following factors and their corresponding levels:

e  Burnishing force Fb: three numerical levels, from 80 N to 160 N with a central point in

120 N. Attabi et al. [21] found a surface degradation at slim plates with 240 N and a
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10 mm ball, so by applying the radius corrections (in the function of ball mechanical
and geometrical properties of the specimen) it is decided to apply a maximum force of
160 N to avoid surface degradation.

Number of passes np: three numerical levels, from 1 to 5 passes with a central point in
3 passes.

Frequency of the VA f: two different levels, being 0 or 40 kHz. Treated as a
categorical variable.

Burnishing speed: one level, being 2000 mm/min for all the specimens.

Burnishing feed: one level, being 0.15 mm/rev for all the specimens.

The final experimental campaign resulted in a total of 12 specimens, and all combina-

tions are shown in Table 2.

Table 2. Design of Experiments for the burnishing operation.

Nomenc. Fb (N) np f (kHz)
80-1-40 80 1 40
80-3-0 80 3 0
80-5-0 80 5 0
80-5-40 80 5 40
120-1-0 120 1 0
120-3-0 120 3 0
120-3-40 120 3 40
120-5-40 120 5 40
160-1-0 160 1 0
160-1-40 160 1 40
160-3-40 160 3 40
160-5-0 160 5 0

The tribological procedure performed is based on Velazquez-Corral et al. previous

work [12] and the ASTM G132-96 standard [27], see Figure 2. The conditions used are
the following:

Indenter characteristics: WC-Co 6 mm ball of diameter, with 600 GPa and 0.22 values
for Young’s modulus and Poisson’s ratio, respectively.

Specimen characteristics: AISI 316L SS 13 mm cylinder of diameter, with 200 GPa and
0.25 values for Young’s modulus and Poisson’s ratio, respectively.

Physical inputs: Force applied of 20 N, making an imprint length of 20 mm, sliding at
10 cm/s during 5 min of testing.

Attaghments to thi

Shiget plate..

Figure 2. Tribology setup used for the testing.

During the execution of each test, the friction and input force is tracked and the cof

(Coefficient of friction) is calculated in real-time at 100 Hz sampling frequency. The final
acquisition is filtered using a low-pass filter, using a minimume-order filter with a stopband
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attenuation of 60 dB and compensating the delay introduced by the filter itself, with a
passband frequency of 20 Hz. After that, the total worn imprint is measured using the 3D
non-contact profilometer Alicona with a 10 nm of resolution, obtaining a 3D surface and
measuring the volume difference between this surface and the one prior to the tribology
testing, which defines the wear of the test in volumetric units.

2.4. Topology Acquisition

In order to acquire the surface and perform roughness measurements, it was used a
non-contact 3D profilometer ALICONA Infinite Focus G5 (Alicona Imaging GmbH, Raaba,
Austria) with an adaptive focus. The amplitude parameters measured prior to the tribology
test are:

e Sa: Represents the arithmetical deviation of the roughness profile of the sampling length.
e  5q: Represents the root mean square of the heights.

2.5. Microstructure Analysis

Finally, Scanning Electron Microscopy (SEM) analysis was performed in order to see
the microstructure evolution of the material for different burnishing, using an EVO HD15
by ZEISS (Zeiss and Quorum technologies, Oberkochen, Germany) equipped with an
energy-dispersive X-ray spectrometer (SEM-EDX). Typical working parameters were an
accelerating voltage of 15 kV and a working distance of 10 mm.

2.6. Residual Stress

In order to evaluate the residual stresses onto the treated surfaces, it is used an X-ray
diffraction method based on applying Bragg’s law while quantifying the change in the
inter-planar spacings. The experimental application was performed with a V-« anode,
600 s of exposition time, and 20 measures. The post-processing method was curve fitting
vs. sin?(1).

The application of the test was delivered in terms of the residual stress tensor. In
which o; corresponds to the tangential direction and ¢;; corresponds to the axial direction
of the specimen’s generatrix (see Figure 3), 71, and T are the shear stresses.

v [Ui le} 1)
1 i
X-ray X-ray
diffraction diffraction

O i Oii o

Figure 3. Residual stresses measurement unit and setup for cylindrical samples.

However, another indicator may be included to analyze the general residual stress
state of the surface, the von Mises stress which is described in Equation (2).

Oom = \/ 02 + 0% — 0303 + 3112y )]
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3. Results
3.1. Topography

The Sa and height parameters were measured according to the ISO 25178 Standard [28].
The results are presented in Figure 4.
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Figure 4. Three-dimensional Roughness results for 316L specimens.

Results show a reduction of the Sa and Sq when the number of passes is increased,
and the vibration assistance is activated. It is clear that there is a decreasing tendency of the
average and maximum roughness from lower levels of the number of passes plus the non-
addition of vibration assistance to high levels of the number of passes and the vibration
assistance activated [29]. It seems that the number of passes has the more significant
importance in order to enhance the surface in terms of roughness, having a great association
with the vibration assistance. When looking more carefully, it can also be appreciated that
when those medium-high levels of the number of passes are applied, the input force seems
to enhance the topology when this one is increased. For example, comparing the specimens
80-5-40 vs. 120-5-40 or 120-3-40 vs. 160-3-40, it is noticed a roughness improvement by
only increasing the input force. The best combinations obtained are 120-5-40, 160-3-40, and
160-5-0 (obtaining 63%, 61%, and 58% of Sa enhancement, respectively, as it is shown in
Table 3), in that order, which may indicate that the number of passes is the most significant
parameter and, combined with the vibration assistance and a high force, boosts the final
surface roughness improvement.

Table 3. Sa improvement for each specimen compared to the initial surface after machining.

Nomenc. Sa (um) ASa (%)
80-1-40 0.912 39
80-3-0 0.729 51
80-5-0 0.723 52
80-5-40 0.678 55
120-1-0 0.963 36
120-3-0 0.699 53
120-3-40 0.654 56
120-5-40 0.554 63
160-1-0 0.856 43
160-1-40 0.781 48
160-3-40 0.590 61
160-5-0 0.631 58
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As can be seen, roughness is reduced by increasing the degree of plastic deformation
by means of the augmentation of the three burnishing inputs analyzed. In particular,
the increase in the burnishing force seems to not exceed the material limit at high forces,
meaning that there could still be scope for force increase to obtain optimized roughness.
The roughness trend is descending if an equal number of passes and VA value pairs are
compared, as is seen by analyzing 120-3-0 with 80-3-0 or 160-3-40 with 120-3-40, so it is
confirmed the positive effect of increasing the burnishing force to enhance the resultant
roughness. In similar studies, Attabi et al. [21] obtained average roughness improvement
with 240 N of force with a 10 mm ball but also experienced texture deterioration (compared
to this optimal value) if the ball diameter was reduced, thus increasing the equivalent
contact pressure. The descending trend of roughness when the number of passes and the
VA is applied is evident and agrees with the bibliography [30,31]. In terms of force and
number of passes increase, improvement can be explained by the fact that the ball is rolling
and smoothing out the bulged edges of the initial machining or the previous pass, so the
probability of deforming the asperities is increased by augmenting the force and performing
successive burnishing passes; thus, the surface is being smoothed at each pass. Concerning
the VA, the kinematic energy added to the process enhances the work-hardening but to a
lower degree than the burnishing force [32], explaining why VABB roughness values are
better than BB when the same level of plastic deformation (burnishing force and several
passes) is applied.

The mean effects and the interaction plots of the model, taking the Sa as the output, are
presented in Figure 5. First of all, the p-value analysis determines that the number of passes,
the burnishing force, and the vibration assistance, in that order, are the most important
and significant parameters due to having a p-value lower than 5%. However, none of the
interactions analyzed are significant enough to be considered, so they are rejected as a
hypothesis. The 0.000 p-value registered for the number of passes means the huge impact
that this variable has on the final value of the average roughness.

Main Effects Plot: Sa (um)
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Figure 5. ANOVA results taking the Sa as the output value.

As it was alleged in the experimental results section, the increase in the force and the
number of passes, plus the addition of the vibration assistance, improve the final topology
of the specimen after the ball burnishing process within the parameter interval chosen in
this study.
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3.2. Microstructure Analysis

The microstructures shown in Figure 6 correspond to a cross-sectional part of samples
80-5-0 for ball burnishing (BB) and 80-5-40 for vibration-assisted ball burnishing (VABB).
It also extracted a non-burnished sample section in order to make a comparison between
the three resultant microstructures. The general images (see Figure 6, 1st column) show
a perspective of austenite grains, which defines the general microstructure of these AISI
316L specimens.

Figure 6. Cross-section microstructures by columns: 1st corresponds to machined surface, 2nd column
corresponds to the 80-5-0 sample (BB), and 3rd column corresponds to the 80-5-40 sample (VABB).

Firstly, the M specimen reveals some plastic deformation boundaries at the coating
due to the shearing induced during the turning. It is visible that the grain orientation of
these remarked boundaries (see Figure 6 first column) is quite more horizontal compared
to other specimens at 30 um of depth, showing no excessive deformation compared to
other processes. More in detail, when the coating is zoomed, it can be revealed that there is
a change in the plastic deformation boundaries in the same direction as the turning feed,
estimated on 5-6 pm of depth and then defining the affectation profundity. Regarding the
BB specimen, it can be seen a major density of plastic deformation traces, or plane slides,
in higher depths compared to the M specimen. According to the bibliography [33], these
bands present in all 316L surfaces are caused by different degrees of plastic deformations
on the austenite grains. These deformations are compatible with a twinning formation
microstructure on a nanometric scale [33], which could induce nanograin refinement and,
combined with a dislocation network similar to the present on these specimens, could
derive hardness enhancement and the increase in the compressive residual stresses due to
the exerted pressure on the surface. Looking in detail at the top coating, it is visible that the
deformation caused by the ball is pushing the material toward the center of the specimen,
thus homogenizing the surface compactness and achieving a depth of affectation around
10-12 pum. Finally, the VABB specimen shows a huge density of plastic deformation traces
along the entire surface. This mechanism of deformation is enhanced by the application
of the VA, which combines the acoustoplastic phenomena plus the superimposition of
dynamic and static forces during the process, thus exerting more pressure and deforming
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the material. In this case, the coating deformation due to the VABB process is estimated at
15 pm, but the higher presence of parallel bands at deeper depths points to a higher effect.

3.3. Residual Stress

The residual stress measurement was made to obtain both stress components, ¢; and
oii, and Equation (2) was applied in order to calculate von Mises'’s stress value. The results
obtained are presented in Figure 7.
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Figure 7. Residual stress results for all the combinations.

First of all, results show that compressive (negative) stress values are present in all
specimens, which may prevent crack growth in fatigue regimes, confirming that positive
property. In addition, no positive value of stress is reported, which is caused by the
shearing suffered during the previous machining process. Therefore, the burnishing totally
counteracts the effect of the machining in terms of stress, having a value near the 550 MPa
of von Mises stress.

Secondly, it is also reported that the tangential direction of stress measuring, o; is
higher than the axial direction of stress, oj;. This can be explained due to the fact that the
burnishing input force applied in a normal direction onto the surface (X-axis in a lathe) is
way higher than the dragging force applied due to the feed of the tool (Z-axis in a lathe)
during the burnishing operation and, therefore, causing more deformation that relates
directly to the stress.

The increase in the residual stresses is directly associated with the amount of strain
induced during the plastic deformation. Several investigations pointed out that the pressure
exerted on the surface was the most important parameter to induce compressive residual
stresses [34,35] by means of augmenting the amount of strain and the depth of affectation.
Indeed, this plastic deformation is previously described as a combined effect of static force,
the number of passes exerted, and the superimposition of the dynamic component of the
force (VA). The process consists of inducing this plastic deformation (after surpassing the
initial elastic deformation) through the rolling ball pressure onto the surface, axial and
tangential to the generatrix of the shaft. The material flow and redistribution caused by
shearing provoke an increment in the stress-strain field in the surface and subsurfaces. Next,
the work hardening produced is caused by the dislocation movement and rearrangement
of the inner crystals, known as dislocation density evolution, and concludes at grain
refinement by means of dynamic recrystallization. When the rolling ball is no longer
pressurizing, the remains of the stress are relaxed and converge to residual stress. In
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terms of the number of passes, some investigations declared that the parameter is not
significant enough [17]. However, as was seen with roughness results previously presented,
burnishing force values used seem to be quite low to heavily deform the AISI 316L texture.
Residual stresses are directly dependent on the plastic deformation degree and work
hardening and increase when a higher number of passes is applied [36]. Regarding the VA,
Teimouri et al. [37] state that VA enhances the plastic flow stress by means of dislocation
drag and thermal activation, concluding that increasing the vibration amplitude results in
further strain and strain rate because of a greater value of deformation radius (augmented
by the increase in the kinetic energy) and impact velocity. Furthermore, the author points
out that the increased ultrasonic energy density at further vibration amplitude contributes
to the reduction of activation energy and subsequent flow stress. The recrystallization
is also enhanced by the softening effect during the plastic deformation, thus enhancing
the strain induced [37]. This affirmation correlates with the results obtained in terms of
microstructure, where the VABB specimen showed a higher amount and greater effect
of deformation mechanisms than the BB specimen. Therefore, the increase in plastic
deformation caused by the VA is greater and favorable for the mechanical properties
and surface integrity factors [23]. In general, residual stresses are defined as a complex
distribution of mechanical, thermal, and metallurgical effects simultaneously that often
actuate synergistically.

When analyzing the tendency of the von Mises calculated values, it is quite clear that
the effect enhances the induction of higher negative values when the combination of a high
number of passes and the activation of vibration assistance is applied. The force, in this case,
seems to be less significant than the other input parameters, but it has the desired effect as
it increases. The best combinations are 120-5-40, 160-3-40, and 120-3-40, demonstrating that
also the VABB enhances more than BB. The mean effects and the interaction plots of the
model, taking the Residual stresses of both components measured and the von Mises stress
as the output, are presented in Figure 8.
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Figure 8. ANOVA results taking the: (a) Axial; (b) Tangential; (c) von Mises; residual stress as the
output value.
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The results of the tangential direction (see Figure 8b), corresponding to ¢;, determine
that the number of passes, burnishing force, and the addition of the vibration assistance, in
that order, are significant. When the number of passes increases, the value of the residual
stress increases, and the same is applied to the vibration assistance. In the case of the
force, it is appreciated that the best point is 120 N instead of 160 N. This happens due
to the best combination reported is 120-5-40 and is especially higher than the rest, so the
mean of the 120 N force group is higher than 160 N. However, looking at the evolution
of both groups, if the design of experiments considered higher levels of force (160 N or
more) with a high number of passes and vibration assistance, the expected result may be
higher than the 120-5-40. The results of the Axial direction (see Figure 8a), corresponding
to 0j;, determine that the number of passes, the interaction of the burnishing force plus and
the number of passes, and the interaction of the burnishing force plus and the number of
passes, in that order, are the most important parameters but being not significant enough.
All p-values reported are higher than 0.05. This concludes that no parameter used has a
special effect on the second direction and other input parameters. This could be explained
by the fact that burnishing deformation is mainly performed in the normal direction to
the surface, while the forces in the perpendicular direction to the surface are lower and
then provokes less deformation. This effect was also observed by Chomienne et al. [17],
who observed that plastic deformation is not that intensive in both directions during a
single revolution. In the circumferential direction, the work material is always deformed
in the same direction, whereas in the axial direction, the work material is deformed in
two different directions. Von Mises stress values (see Figure 8c) are almost completely
influenced by the first component of the stress ¢, so both plots’ graph results are essentially
the same, changing a bit the p-values rates but not the grade of significance.

In terms of residual stresses, it is reported an increase in the von Mises residual stress
at the surface by increasing the burnishing force and the number of passes, also applying
VABB instead of BB to enhance them, which is estimated in an 11.5% increase. These
results are within the scope because increasing the burnishing force causes a larger plastic
deformation and is boosted by the vibration amplitude of the assistance. The number of
passes has been reported as another very influential parameter to enhance the residual
stresses within a burnishing process [38]. In conclusion, the combination 120-5-40 is the best
to maximize the compressive residual stresses, either tangential or axial to the specimen,
thus the equivalent von Mises stress.

3.4. Frictional Performance

The tests performed under dry conditions in the tribometer concluded that all tests
have a coefficient of friction evolution between 0.6 and 1.1 (see Figure 9). The cof evolution
corresponds to the evolution along all the tests and the stationary period. All tests executed
show a fast increase during the first seconds of the test, even arriving to surpass the cof = 1.0,
and then start decreasing while the initial track is formed and the formation of the debris
from the surface asperities of each specimen.

Therefore, as can be seen in Figure 9, the first 40-60 s of execution is part of the transi-
tory state, and then the stationary state initiates. When analyzing the results, it can be seen
that VABB specimens (continuous lines) are evolving homogeneously during the first stages
and, especially after 4-5 s, show similar results. In fact, after 5 s of testing, all specimens
enter the first stage of stabilization within the transient mode; they will start to decrease the
friction force along the time but in the same trend until the 40-60 s of the steady-state pe-
riod. Figure 10a shows that the maximum peak of friction corresponds to the BB specimen
(dotted lines); when this first stabilization point is reached, BB remains systematically over
the VABB, pointing to a friction reduction when using VA. This apparent improvement
caused by friction reduction could be related to the higher degree of deformation of the
AISI 316L microstructure for VABB specimens, where it was observed a major presence of
deformation bands at major depths, which is caused by a bigger accumulation of deforma-
tion energy that could be a symptom of a dynamic recrystallization activation. Therefore,

165



Materials 2023, 16, 5595

cof

grain refinement derives a hardening effect and higher residual stresses. As is seen in
previous sections, VA increases the values of compressive residual stress, so it makes sense
that friction reduction is enhanced due to the VA application. Following the previous ex-
planation, it seems that VA may enhance friction reduction during the steady-state period,
and this trend is kept during the posterior decrease in the cof. Figure 10b shows that the
average stationary coefficient of friction is between 0.55 and 0.72 for all specimens, and
again it is visible that VABB is systematically less frictional than BB specimens. These
results agree with other bibliographic references where it is tested the reduction of the
friction force when VA is applied [39,40]. The comparison between similar pairs, such as
120-3-40 and 120-3-0 or 80-5-40 and 80-5-0, shows that the average cof is reduced when the
specimens are VABB, so it could be said that VABB enhances friction reduction but under a
limited range and within the tribo-setup conditions tested. Again, no particular relation
between roughness parameters and cof is found, so it seems that the main contributors to
the friction reduction are residual stresses enhancement and microstructure evolution for
VABB specimens. VA seems beneficial to reduce the friction force during the fretting test,
which agrees with the bibliography [39,40].
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Figure 9. Evolution of the cof.
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Figure 10. cof plot for the: (a) Transient; (b) Stationary.
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3.5. Wear Resistance Analysis

The results obtained after the tribology and surface acquisition tests are presented
in Figure 11.
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Figure 11. Wear results for 316L specimens.

The plot shows that, at first glance, the number of passes and the activation of the
vibration assistance have a positive effect in terms of reducing the wear after the tribology
tests. However, the burnishing force may improve the results but not for all combinations.
For example, the worst specimen in terms of wear resistance is 120-1-0, but the best one is
120-5-40, making the most accentuated evolution of the different levels of forces applied.
However, despite this first sample, if equal samples in terms of force are compared, such
as 80-3-0 vs. 120-3-0 or 120-3-40 vs. 160-3-40, it is observed that increasing the burnishing
force helps enhance the wear resistance. The same happens with the addition of vibration
assistance, with 120-3-0 vs. 120-3-40 as a good example of it. The use of a low number of
passes is clearly not improving as much as the other combinations. Despite experimenting
with a lower standard deviation than other parameters, it is still difficult to determine if the
number of passes and the addition of the vibration assistance enhances the wear resistance
always and if they are significant, so for that, an ANOVA will be performed.

The mean effects and the interaction plots of the model, taking the final Wear as the
output, are presented in Figure 12. First of all, the p-value analysis determines that the
number of passes, the vibration assistance, and the vibration burnishing force, in that order,
are the most important and significant parameters due to having a p-value lower than 5%.
However, none of the interactions analyzed are significant enough to be considered. The
0.002 p-value registered for the number of passes means the huge impact that this variable
has on the final value of the average roughness.

This investigation points to a wear enhancement by adding VA to a conventional ball
burnishing process on 316L stainless steel shafts, which is estimated at a 7.3% of statistical
improvement within the input range selected. It is found that a medium-high number
of passes, the addition of the VA, and a high burnishing force is the best combination
possible of the tested. The residual stress-wear relation found for this set of parameters
hints that when residual stress is boosted, which is mainly caused by an increment of the
plastic deformation at the surface due to the burnishing, the wear resistance is enhanced
too. In fact, it was known that the increase in the burnishing force derives from a hardness
increase, with a more homogeneous and compacted microstructure, which is the main
consequence of a wear enhancement between two colliding surfaces [18]. Furthermore, the
number of passes also increases the superficial hardness by plastically deforming several
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times in the same spot, obtaining a more condensed grain microstructure. The VA is also
described as a hardness increase factor in terms of depth of affectation and helping the
incrementation of plastic deformation, thus boosting the effectiveness of the burnishing
force-number of passes set. In addition, the reduction of the superficial roughness leads
to a wear enhancement of 316L shafts [21], then makes sense that the VA really enhances
the wear.
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Figure 12. ANOVA results taking the Wear as the output value.

In terms of tribological properties enhancement, it can be interpreted that cof and wear
are enhanced when VA is applied, mainly by a major impact of the compressive residual
stress induction. Furthermore, the deformation features revealed in the microstructure
pointed out major compactness, homogeneity, and depth of affectation by means of the VA.
The possible formation of nano-structures in the form of twinnings and dynamic recrystal-
lization can contribute to wear resistance by accommodating deformation and preventing
crack initiation and propagation. Plastic deformation helps distribute the applied load and
reduces the concentration of stress at localized points, which can reduce wear and may
explain the evolution of both properties when the burnishing inputs are augmented. The
work-hardening induced strengthens the material subsurfaces by increasing dislocation
density and promoting grain refinement, making the surface more resistant to wear.

4. Discussion

The roughness results determine that the number of passes is the most influential
parameter and is followed by the burnishing force, which coincides with some bibliographic
references with the same material [21]. It has also been proven that VABB offers better
results than BB in terms of surface quality, as was also expected [41,42].

Micro-structural results present deformation due to the shearing of machining and
BB/VABB processes. It is reported an increase in the depth of affectation when the VA is
applied, and, especially, a major presence of deformation mechanisms expressed as plan
sliding. These deformations are compatible with a twinning formation microstructure on
a nanometric scale [33], which could induce nanograin refinement and, combined with a
dislocation network similar to the present on these specimens. This assumption makes sense
after noticing an improvement in the compressive residual stresses and roughness when
applying VA. However, further confirmations should be made in the future by performing
EBSD and TEM analysis at the surface to understand better the overall plastic deformation.
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In terms of residual stresses, it is reported an increase in the von Mises residual stress
at the surface by increasing the burnishing force and the number of passes, also applying
VABB instead of BB to enhance them, which is estimated in an 11.5% increase. These
results are within the scope because increasing the burnishing force causes a larger plastic
deformation and is boosted by the vibration amplitude of the assistance [30]. The number
of passes has been reported as another very influential parameter to enhance the residual
stresses within a burnishing process [38].

The results in terms of cof show no heavy variation between specimens, which may
indicate that the input range of values is not very influential. However, results displayed
that may exist a friction reduction when VA is applied, as it is shown in Figure 10, during the
stationary zone. This could be explained due to the fact that it is demonstrated that friction
reduction is directly related to the initial roughness by decreasing as well as roughness [30].
Therefore, by modifying the burnishing force and number of passes to wider values, maybe
a more incisive conclusion can be achieved in order to see if the VA really boosts the
performance or if it is insignificant in terms of friction reduction. Furthermore, it was kept
constant the counter-part material and the tribology testing force, so more tests should
be performed in this field to arrive at a definitive conclusion about the VA within this
VABB-tribology combination.

The main contribution of this investigation points to a wear enhancement by adding
VA to a conventional ball burnishing process on 316L stainless steel shafts, which is es-
timated at a 7.3% of improvement within the input range selected. It is found that a
medium-high number of passes, the addition of the VA, and a high burnishing force is the
best-performing combination of all tested. The residual stress-wear relation found for this
set of parameters hints that when residual stress is boosted, which is mainly caused by a
hardness increase in the surface due to the burnishing, the wear is enhanced too. In fact,
it was known that the increase in the burnishing force derives from a hardness increase,
with a more homogeneous and compacted microstructure, which is the main consequence
of a wear enhancement between two colliding surfaces [18]. Furthermore, the number of
passes also increases the superficial hardness by plastically deforming several times in the
same spot, obtaining a more condensed grain microstructure. The VA is also described as a
hardness increase factor in terms of depth of affectation and helping the incrementation
of plastic deformation, thus boosting the effectiveness of the burnishing force-number of
passes set. In addition, the reduction of the superficial roughness leads to a wear enhance-
ment [21] of 316L shafts, then makes sense that the VA really enhances the wear. Indeed,
the VABB microstructure pictures revealed a higher density of plastic deformation plans
or traces. This is caused by a more intense stress field due to the compression exerted
by the ball during the process, and the depth of affectation is enhanced by the easiness
of dislocation inductions during the assistance. This compressive field, observed as an
increase in the compressive residual stress, actuates as a protector coating by means of
a potential hardness increase on the surface, thus reducing the implicit wear and sliding
force during the tribology testing.

5. Conclusions

With all the tests and analyses performed, it can be concluded that

e  Ball burnishing improves the average roughness of 316L shaft surfaces, and the
vibration assistance improves this property, statistically, by 9% in average terms.
The best parameters found in this study correspond to 160 N of force, five passes, and
the activation of the vibration assistance.

e  The coefficient of friction seems to be similar for all specimens tested. However, it
is noticed that the vibration assistance could reduce up to 2.2% despite not being
statistically significant.

o  The increase in the residual stresses in the tangential direction is directly dependent
on the number of passes and the force applied, while the axial seems to be similar for
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all specimens. The VA enhances the von Mises stress value by 11.5% compared to
conventional ball burnishing.

e  The wear decreased by 7.3% when using VABB instead of BB. It is also reported that
the increase in the number of passes and the burnishing force helps to enhance its
resistance. It is also found that there exists a relation between the von Mises residual
stress and the wear of the tribology testing.

These results confirm the positive effect of vibration-assisted ball burnishing compared
to conventional ball burnishing in terms of wear resistance and increase in residual stresses
in 316L shafts. However, further questions can be made starting with the analysis of the
microstructure evolution and depth affectation when using different burnishing parameters.
This may help to understand the hardness profile in depth and add more complementary
information to the residual stresses and the wear reported, which may be related. Another
point of focus is to perform a wider range of burnishing parameters and see if there is a
variation in the coefficient of friction once the microstructure is analyzed by performing
EBSD and TEM tests.
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