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Abstract

Diamond burnishing (DB), based on cold severe surface plastic deformation, is a method for modifying the surface layers of
metal components in order to improve surface integrity (SI). This study aims to establish explicit correlations between the
five main governing factors (burnishing force, feed rate, burnishing velocity, diamond radius, and number of passes) of DB
304 stainless steel and the main Sl characteristics, including average roughness parameter Ra, shape roughness parameters
skewness and kurtosis, and microhardness. DB was undertaken on a CNC lathe using flood lubrication and a one-way
working scheme. A burnisher with elastic contact and a spherical-ended polycrystalline diamond insert was used. The steel,
with a hardness of 250 HB, was tested in its as-received state. An experiment with a second-order composition plan, analysis
of variance (ANOVA), and regression analyses was employed. The significance of the variables in the regression models
was assessed using various methods to determine the influences of the governing factors and the interactions between them
on the characteristics of Sl. Finally, various optimizations were conducted depending on the functional purpose of the
diamond-burnished surface using a non-dominated sorting genetic algorithm and QStatLab software.
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1. Introduction

The global stainless steel market size is estimated at US$117.63 billion in 2023, and is expected to grow at a compound
annual growth rate of 6.7% through 2030 [1]. Austenitic steels are the most important class of stainless steels in terms of
scale of distribution and universality of use [1, 2]. Most of them are chromium-nickel stainless steels due to their favorable
combination of properties: superior general corrosion resistance, good machinability by both cutting and plastic deformation,
and good weldability. The most common grade is 304, which is of the 18/8 type (about 18 wt% chromium and 8 wt% nickel).
Besides their tendency toward intergranular corrosion in the temperature range 500-700 °C, another disadvantage of these
steels is their insufficient hardness and strength. Overcoming this drawback is achieved by bulk cold working [3, 4] or by
modifying the surface layers (SL) through low-temperature nitriding and/or carburizing to form an S-phase [5, 6] surface
cold working [7, 8] or a combination of both [9, 10]. The first approach is mainly limited to blanks and details made of sheet
material, while the modification of the surface layers is significantly more promising, readying these layers for exposure to
external influences of various natures, including aggressive ones such as seawater or other chemically active environments.

Itis known [11] that the operating behavior (wear, fatigue, corrosion) of the details is directly correlated with the complex
state of SL, known as surface integrity (SI), immediately after the respective finishing. Texture, microhardness, residual
stresses, and microstructure (phases, shape, and grain orientation) influence the tribological behavior, fatigue strength, and
corrosion resistance of the respective metal component [12-18].

An effective approach to improve Sl is surface cold working (SCW) [19], which can be dynamic (shot peening [20])
surface mechanical attrition treatment [21], etc.) or static. In static SCW (also called burnishing), a hard and smooth
deforming element is pressed with a constant static force against the surface being machined and moves with respect to it.
Thus, the SL deforms plastically at a temperature below the recrystallization temperature of the material being processed. As
a result, the roughness decreases dramatically, the surface microhardness increases significantly, beneficial residual
compressive stresses are introduced into the surface and nearby subsurface layers, and the microstructure in these layers is
modified toward grain refinement and orientation [22].

When the deforming element rubs along the workpiece, entailing sliding friction, the static SCW is known as slide
burnishing (SB) [23]. SB can be realized with a non-diamond [24-26] or diamond [27-29] deforming element. In the second
case, SB is called diamond burnishing (DB), which was introduced in 1962 by General Electric [30] to improve the SI of
metal components. DB is a simple and effective finishing process and its main advantage over roller burnishing [31] is the
significantly simpler equipment. An experimental comparison between DB and deep rolling showed the advantage of DB in
terms of Sl characteristics and fatigue behavior [32].

Over the past six decades, DB has established itself as an effective finishing technique for structural [33] tool [34] and
stainless [35, 36] steels, high-strength titanium [37] and aluminum [38, 39] alloys, bronze [40] and other alloys.

The main governing factors of the DB process are the following: radius (r) of the spherical (diameter of the cylindrical)
diamond deforming element, burnishing force ( F, ), feed rate (f), burnishing velocity (v), and number of passes (n). These

factors are independent, but some of them act together on particular surface integrity (SI) characteristics, whether to reinforce
each other or act in opposition. Hence, all governing factors (as well as the interactions between them) on SI must be
considered in order to design an efficient and economical DB process to produce the desired surface properties.

Recent studies have examined the influence of the DB governing factors on the SI characteristics [11, 29, 41-46] and
operating behavior (corrosion, wear, fatigue) [10, 11, 13, 18, 22, 29, 35, 41] of specimens made from chromium-nickel
austenitic steels. Given the established correlations between Sl and operating behavior [11, 47] it is very important to know
the dependencies between the magnitudes of the governing factors and the Sl characteristics. The influence of burnishing
force Ry, and number of passes n on the roughness and microhardness parameters of 304 steel was established in Maximov

et al. [11]. Maximov et al. [29] investigated the effects of the five main governing factors (r, F, f, v, and n) on the SI
characteristics of 304 steel, examining one factor at a time. Skoczylas et al. [42] studied the effects of F, and f on the surface
texture of 321 steel. The effects of Fy, f, and v on the roughness and microhardness of 304 steel were studied in Ichkova

[43] and Varga and Ferencsik [44], respectively. The influence of burnishing force on the SI was investigated in Felh6 and
Varga [45] and Kuznetsov et al. [46]. However, there are no mathematical models (explicit relationships) relating the Sl
characteristics of chromium-nickel austenitic stainless steels to all five main governing factors. The availability of such a
model would allow for the correct selection of the governing factor magnitudes of the DB process, so as to achieve the desired
performance properties of the diamond-burnished component [47].

Thus, the aim of this study is to find explicit relationships between the five governing factors of the DB process of AlSI
304 stainless steel and the most commonly used characteristics of Sl, such as the average roughness parameter R,, shape
roughness skewness (Rsx), kurtosis (Rky), and microhardness HV. Based on these correlations, optimizations of the DB process
will be performed, depending on the functional purpose of the treated surface.

2. Materials and Methods

AISI 304 steel was obtained as hot-rolled bars with diameters of 16 mm and was used in the as-received state. The
chemical composition was established using optical emission spectrometry. Tensile tests at room temperature were carried
out using a Zwick/Roell Vibrophore 100 testing machine. The working sections of the tensile test specimens have a diameter
of 6 mm and a length of 30 mm. The hardness was measured via a VEB-WPM tester using a spherical-ended indenter with a
diameter of 2.5 mm, a loading of 63 kg, and a holding time of 10 s.
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DB was undertaken on an Index Traub CNC lathe using conventional flood lubrication (Vasco 6000). The kinematic
scheme and burnishing device are shown in Figure 1. The burnishing devices provide elastic normal contact between the
deforming element and the treated surface. Turning as pre-machining and DB were carried out on the CNC lathe in one
clamping process to minimize the concentric run-out in DB. A VCMT 160404 — F3P carbide cutting insert (main back angle

ap =77 ; radius at tool tip 0.4 mm) was used for the previous turning. SVJCR 2525M-16 holder with main and auxiliary
setting angles y. =93° and Yo = 52° , respectively, was used. The cutting insert and the holder are manufactured by ISCAR

Bulgaria. The average roughness R, before DR was Ra" =0.529 Hm.

sprmg holder

diamond insert |

Figure 1.
DB implementation: A. kinematics and governing factors; b. DB device.

2D roughness parameters were measured using a Mitutoyo Surftest SJ-210 surface roughness tester with a base length
of 0.8 mm. The final results were obtained as average arithmetic values from the measurements taken at six equally spaced
test points.

ZHVp Zwick/Roell microhardness tester (Ulm, Germany) was used to establish the surface microhardness. The loading
and holding time were 0.05 kgf and 10 s, respectively. The final surface microhardness value was the center of clustering of
ten measurements.

3. Results and Discussion
3.1. Material Used

Table 1 shows the chemical composition of the used AlSI 304 steel. The remaining chemical elements (0.203 wt%) are
Ti, Al, Pb, Sn, Nb, B, As, Zn, Bi, Zr and Ca. The main mechanical characteristics of the as-received material are shown in
Table 2.

Table 1.
Chemical composition (in wt%) of the used AISI 304 stainless steel.
Fe C Si Mn P S Cr Ni Mo Cu Co \ W other

69.51 | 0.023 | 0.271 | 1.600 | 0.047 | 0.034 | 19.19 | 7.98 | 0.243 | 0.637 | 0.161 | 0.060 | 0.04 PBalance

4138



International Journal of Innovative Research and Scientific Studies, 8(3) 2025, pages: 4136-4149

Table 2.
Main mechanical characteristics of the used AISI 304 steel (as-received).
Yield limit, MPa Tensile strength, MPa Elongation, % Hardness, HB
+9 +12 +0.3 18
338-18 733-10 44.7-02 250+

3.2. Experimental Design
3.2.1. Governing Factors, Levels, And Objective Functions
The governing factors were the burnishing force Fy , the feed rate f , the burnishing velocity v, the diamond insert

radius r, and the number of passes n (Figure 1a). For the experimental points where n > 1, a one-way working scheme was
used. The governing factor magnitudes were selected based on the results obtained in Maximov et al. [29], one factor at a
time. These results show that: 1) a burnishing force exceeding 500 N or below 100 N deteriorates the roughness Ra; 2) a feed
rate exceeding 0.08 mm/rev increases Ra; and 3) the Sl characteristics are not appreciably changed after 5 passes. In addition,
according to Maximov et al. [38], high burnishing velocities (over 150 m/min) lead to a softening effect, reducing surface
microhardness and residual compressive stresses. On this basis, the levels of the governing factors are defined as shown in
Table 3.

Table 3.

Governing factors and their levels.
Governing factors Levels

Natural, X; Coded, x;

Burnishing force F;, [N] X, 100 300 500 Xy -1 0 1
Feed rate f [mm/rev] X, 0.02 0.05 0.08 Xy -1 0 1
Burnishing velocity v [m/min] X3 50 85 120 X3 -1 0 1
Diamond insert radius r [mm] X4 2 3 4 Xy -1 0 1
Number of passes n X< 1 3 5 Xg -1 0 1

The transformation from physical (natural) X; to dimensionless x; variables is performed using the formula:
% = ~(ii—ii,g) | 1)
(Xi,max_ Xi ,0)
where X; o and X; nay are the average and maximum value of the physical variable respectively.
The selected objective functions were the roughness parameters Ra, Rsk, Rk and microhardness HV: Yra, Yok, Yiu» and
Yhy respectively. The reasons for choosing these Sl characteristics are as follows: 1) Ra represents the surface height

variation and is the most used roughness parameter in engineering practice; 2) the average roughness R, and the shape
roughness parameters (skewness and kurtosis) play significant roles in describing the operational behavior of the diamond
burnished surface [11, 14-16] and 3) the surface microhardness is closely correlated with the wear and fatigue behaviour of
the diamond burnished component [11].

3.2.2. Planned Experiment
A planned experiment and a second-order (the factors change at three levels and the approximating polynomial cannot
be higher than second order) optimal composition design were used (Table 4). Since the number of governing factors is

relatively large, the number of experimental points is expected to be, N =2°+5x2=42. To reduce the number of
experimental points within the experimental design scheme, a fractional replica was used for the design core [48]. The
diamond insert radius ( X4 ) and the number of passes ( X5 ) accept only integer values. In this study, the coded values of these

two governing factors were assumed to be equal to the higher interactions between the first three factors ( x;,i=1,2,3) as
follows: X4 =X;XpXgzand Xg =-—XpX3. Thus, while preserving the properties of the original design, the number of

experimental points is reduced to 18 (N = 2° +5x 2 =18). It is important to note that the fractional replica does not allow
to separation of the influence of x4 (respectively of Xg ) from the influence of the interaction X;XoX3 (respectively of XoX3

).
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Table 4.
Experimental design, experimental results, and predicted values.

No. | Fp |f v r n Ra, pm Rsk Rku HV0.05

x1 | % | x3 | x4 | x5 | EXp. Yra Exp. Yo EXxp. Yre | EXp. Yy
1 -1 -1 -1 -1 -1 10.127 |0.1265 | 0.187 0.1870 2.590 | 2.5344 | 579 579.05
2 1 -1 -1 1 -1 ]10.138 |0.1375 | 0.139 0.1390 2.865 | 2.9322 | 484 484.05
3 -1 1 -1 1 1 0.067 | 0.0665 | -0.930 | -0.9300 | 4.766 | 4.7104 | 440 440.05
4 1 1 -1 -1 1 0.198 | 0.1975 | 0.353 0.3530 3.078 | 3.1452 | 658 658.05
5 -1 -1 1 1 1 0.133 | 0.1325 | -0.023 | -0.0230 | 3.468 | 3.5352 | 432 432.05
6 1 -1 1 -1 1 0.129 | 0.1300 | 0.102 0.1020 3.223 | 3.1674 | 631 631.05
7 -1 1 1 -1 -1 ]10.133 |0.1325 | 0.590 0.5900 3.395 | 3.4622 | 492 492.05
8 1 1 1 1 -1 10.132 |0.1315 | 0.061 0.0610 2.718 | 2.6624 | 462 462.05
9 -1 0 0 0 0 0.066 | 0.0663 | -0.301 | -0.3010 | 4.128 | 4.1048 | 437 436.79
10 |1 0 0 0 0 0.092 | 0.0923 | 0.042 0.0420 2.873 | 2.8498 | 489 488.79
11 |0 -1 |0 0 0 0.060 | 0.0673 | 0.090 0.1040 3.434 | 3.5037 | 470 469.79
12 |0 1 0 0 0 0.074 | 0.0673 | 0.118 0.1040 2.825 | 2.8947 | 443 442.79
13 |0 0 -1 0 0 0.066 | 0.0643 | 0.040 0.0400 2.627 | 2.6038 | 462 460.79
14 |0 0 1 0 0 0.062 | 0.0643 | 0.148 0.1480 2.889 | 2.8658 | 460 460.79
15 |0 0 0 -1 |0 0.112 | 0.1083 | -0.647 | -0.6470 | 4.852 | 4.8288 | 634 633.79
16 |0 0 0 1 0 0.104 | 0.1083 | 0.067 0.0670 2.762 | 2.7388 | 469 468.79
17 |0 0 0 0 -1 ]10.070 | 0.0625 | -0.010 | -0.0165 | 2.935 | 2.8703 | 473 473.62
18 |0 0 0 0 1 0.057 | 0.0625 | -0.023 | -0.0165 | 2.852 | 2.8703 | 465 465.62

3.3. Experimental Results and Models
The obtained experimental results are shown in Table 4. Regression analyses were performed using QStatLab software
[50]. Given the chosen experimental design, the approximating polynomials are of at most second order:

3 2 3 3
YO =b{) + 3% + S Zbﬁk)xixj +36{%2 k=1,2,3,4, )
i=1 i=1j=i-1 i=1
where {X} is the vector of the governing factors x;, and k =1,2,3 shows the corresponding objective function: Yg,,

Yo » Yku» and Yny , respectively.

The polynomial coefficients of the four objective functions are shown in Table 5. The threshold for statistical significance
is p = 0.05. Table 4 shows the values predicted by the models at the experimental points; they agree well with the experiment.
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Table 5.

Regression coefficients.
by YRa Yk Yiu Yav
b, 0.06245283 —0.07446875 3.19915090 469.62264000
by 0.01300000 0.17150000 —0.62750000 26.00000000
b, N N —0.30450000 —13.50000000
b, N 0.05400000 0.13100000 N
b, N 0.35700000 —1.04500000 —82.50000000
bs N N N —4.00000000
by, 0.01689623 —0.05503125 0.27813208 —6.83018870
by, 0.00489623 0.17846875 N —13.33018900
b33 0.00189623 0.16846875 —0.46436792 —-8.83018870
by, 0.04589623 —0.21553125 0.58463208 81.66981100
bss N 0.05796875 —0.32886792 N
by, 0.01537500 0.08462500 —0.29937500 10.50000000
bz N —0.20487500 N 5.75000000
b4 N 0 0 N
b;s 0.01462500 0.60512500 -1.23637500 —14.75000000
b,3 N 0.18437500 -0.37087500 —22.00000000
b,y —0.01837500 0 0 N
b,s N —0.06862500 0.19287500 18.00000000
b, N 0 0 N
bss N 0.04137500 -0.53087500 -4.25000000
bys —0.00412500 0.06762500 -0.33562500 -10.50000000

N — the coefficient is ignored as a very small quantity

The critical values of the Student (t) and Fisher (F) statistics, residual standard deviation (ResStDev), correlation
coefficient (R?), and adjusted correlation coefficient (Rag%) [49] for the four models are shown in Table 6. The results confirm
the adequacy of the models.

Table 6.
Results from the statistical analysis of the regression models.
Model T F Res St. Dev R? Radj?
Yea 2.30600 3.38813 0.0053514 0.99115 0.9812
Yor 4.30265 19.42914 0.015435 0.99976 0.99794
Yiu 3.18245 8.71490 0.12631 0.99399 0.96597
Yuv 4.30265 19.42914 1.2533 0.99997 0.9997

The dimensionless absolute values of the coefficients bj and by; indicate the significance of the corresponding governing

factor. The larger the absolute value, the stronger the influence of the respective governing factor. The burnishing force and
the diamond insert radius exert the strongest influences on the average roughness R.. The skewness is most strongly
influenced by the diamond insert radius, followed by the feed rate and burnishing force. However, the coefficient b5 for
interaction between burnishing force and number of passes exhibits the largest magnitude. So, based only on the magnitudes
of the coefficients, the influences on skewness cannot be graded. The kurtosis is most strongly influenced by diamond insert
radius and burnishing force, while burnishing velocity exerts the least influence. However, in this case too, the coefficient
by5 for interaction between burnishing force and number of passes has the largest magnitude. The radius of the diamond
insert exerts the strongest influence on the surface microhardness, followed by the burnishing force. It should be noted that
the coefficients b, and bs give a mixed estimate, i.e., they estimate the simultaneous influence of x4 and of the interaction
X1XoX3 (the simultaneous influence of Xg and of the interaction X,X3, respectively).

The dimensionless absolute values of the coefficients bjj .1 # ], give an information for the interaction XiXj.d# J,
between the corresponding factors. The strongest influence on the average roughness Ra is exerted by the interaction between
the feed rate and the diamond insert radius, i.e., XoX4, indicated by the coefficient b,, have largest magnitude in the R,

model. The explanation is that the theoretical (kinematic) roughness R, depends precisely on these two governing factors:
§2

T 3L2r

microhardness (b,3 has the largest absolute value in the HV model). The feed rate directly influences the cyclic loading

Ra

[27]. The interaction between the feed rate and burnishing velocity has the greatest influence on the
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coefficient [50], which measures strain hardening. The burnishing velocity directly affects the amount of heat generated from
both friction and surface plastic deformation, which causes softening [51]. The interaction between these two governing
factors indicates which of the two effects (mechanical due to strain hardening or thermal due to the generated heat)
predominates for the specific combination of factor magnitudes. It is very difficult to provide a physical interpretation of the
effects of interactions between the factors on the shape roughness parameters (skewness and kurtosis).

Comparing dimensionless coefficients provides an approximate idea of the influence of the governing factors on the
respective objective function. Therefore, an analysis of variance (ANOVA) was performed. The results (main effects) are
shown in Figures 2 to 5.

R R

a a

0.140¢1

0.1201 0.1201, 0.120+ 0.1201 0.1201

0.100t 0.1001 0.100T1 0.1001 0.1001

0.080T 0.080T 0.080T 0.0801 0.0801

-1 0 1 -1 0 1 -1 0 1 -1 0 1 -1 0 1
X7 X2 X3 X4 X5
Figure 2.
ANOVA main effects for the average roughness R..
HV HV HV HV HV
600 T 600 T 600 T 600 1 600 T
550 T 550 T 550 T 550 T 550 T
500 T 500Vt 500 T 500 T 500 T
450 T, ; .| 450 T, ; | 450 T, ; 450 T, ; ) 450 T, ; ‘
-1 0 1 -1 0 1 -1 0 1 -1 0 1 -1 0 1
RY X7 X3 X4 X5
Figure 3.
ANOVA main effects for the surface microhardness HV.
Rsk Rsk Rsk Rsk Rsk
0.20 0.20 + 0.20 1+ 0.20 T 0.20 4
0.10 0.10 1 0.10 + 0.10 T 0.10 1
0.00 1 0.004 0.00+ 0.00 4 0.00-
-0.101 -0.101 -0.10 -0.101 -0.104
-1 0 1 -1 0 1 -1 0 1 -1 0 1 -1 0 1
X7 X2 X3 X4 X5
Figure 4.

ANOVA main effects for the skewness R.
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Rku Rku Rku Rku Rku

3.60 1 3.60 1 3.60 T 3.60 A

340 T 3.40 1 340 T 340 T 3.40 1

3.20 T 3.20 1 3.20 T 320 T 3.20 1

3.00 T 3.00 1 3.00 1 3.00 1 3.00 A

Figure 5.
ANOVA main effects for the kurtosis Ryy.

The ANOVA outcomes confirm and complement the conclusions drawn about the significance of the governing factors
in the objective functions. The diamond insert radius has the strongest influence on the average roughness R,, followed by
the burnishing force and feed rate. The influence of the other two factors is practically equivalent and the least significant. In
principle, achieving a minimum average roughness Ra is important for improving fatigue behavior [12]. The smallest value
of R, is obtained when the five governing factors are maintained at average levels (Figure 2). The strongest influence on the
surface microhardness is exerted by diamond radius, followed by burnishing force. The influence of the other factors is
weaker and practically equivalent. The highest microhardness is achieved when burnishing force and number of passes are
maintained at upper levels, and the other three factors at lower levels (Figure 3). The strongest influence on the skewness is
exerted by the number of passes, followed by the burnishing velocity and the diamond radius, which have equal weight. The
weakest influence is the feed rate. Negative skewness occurs when the burnishing force and burnishing velocity are
maintained at medium or low levels, the feed rate is medium, the radius is largest, and the number of passes is maintained at
medium or high levels (Figure 4). As is known [13-15, 52], negative skewness favors the tribological behavior of the surface
under boundary lubrication conditions, due to the deep valleys that retain oil. At the same time, negative skewness worsens
the fatigue behavior because the deep valleys are natural stress concentrators [11]. Conversely, positive skewness improves
the fatigue behavior of the surface. The combination of high levels of burnishing force and burnishing velocity, low or high
levels of the feed rate, and low or medium levels of the diamond radius of single-pass DB leads to positive skewness (Figure
4). The strongest influence on the kurtosis is exerted by the burnishing force, followed by the number of passes and diamond
radius. The weakest (and practically equivalent) influence is exerted by the feed rate and burnishing velocity. It is known that
the maximum kurtosis (greater than 3) favors both wear resistance in the condition of boundary lubrication [14, 15] and
fatigue strength (when the finishing is DB) [11]. The maximum absolute kurtosis is obtained when the burnishing force
occupies a lower level, the feed rate is maximum, the burnishing velocity occupies a middle level, the diamond radius is
minimal, and a number of passes occupies an upper level (Figure 5). It should be borne in mind that ANOVA results are
based only on the results at the experimental points.

Graphical visualizations of the four models are shown in Figures 6 to 9. Visual inspection of the surfaces confirms the
conclusions drawn about the significance of the governing factors and shows that the extreme values of the objective functions
may be at points on the hypersurfaces that do not coincide with the points of the experimental design.
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Figure 6.
Graphical visualization of the average roughness model.

X7
x;=0,i=234 x;=0i=145

109.00 100.00
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Figure 7.
Graphical visualization of the surface microhardness model.
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Figure 8.
Graphical visualization of the skewness model.
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Figure 9.
Graphical visualization of the kurtosis model.

3.4. Optimizations

It is known Maximov et al. [33] and Korzynski [53] that DB can be implemented as a smoothing or hardening process,
or a mixture of both. The main purpose of smoothing is to achieve the lowest possible roughness of the burnished surface.
The remaining beneficial effects (increased microhardness and compressive residual stresses) also occur, but are less
pronounced than when hardening. Hardening DB aims primarily to maximize the strain hardening effect. Similar to Ecorol’s
deep rolling process [54], hardening DB aims to simultaneously achieve three effects: smoothing, significant cold work, and
the introduction of significant residual compressive stresses. While optimizing either smoothing or hardening alone is a
single-objective task, mixed DB requires multi-objective optimizations depending on the functional purpose of the diamond-
burnished component.

It should be borne in mind that the optimal values of diamond radius (xz and - , respectively) and number of passes (

X; and n", respectively) can only be integers.

3.4.1. One-Objective Optimizations
To find the minimum of the roughness parameter R, and the values of governing factors (integer values for diamond
radius and number of passes) that provide it, the minimum of the objective functionYgr, was found using QstatLab and the

SCAN method [49]. The optimal values of the driving factors are the average levels of all factors (x? =0,i=12345). The

minimum value of the average roughness R, with the imposed constraint for integer values of the radius and number of passes
is minRa=0.0624 xm, and the remaining objective functions take the following values: Yg =-0.074, Y, =3.199,

Yy =469.62. Based on the results obtained in Korzynski et al. [13], Sedlacek et al. [14], Duncheva et al. [15] and Duncheva

et al. [52] it can be expected that this combination of Sl characteristics (mirror-like surface, negative skewness and kurtosis
greater than three) increases wear resistance under the boundary lubrication condition.
The maximum surface microhardness was obtained using the same method in QStatLab. The optimal values of the

control factors are as follows: XI=1, x;=—l, xg =1, XZ=—1, and x;, =-1. The maximum microhardness is
max HV =692.1, and the remaining objective functions take the following values: Yg, =0.0925 ym, Yy =-1.19, and
Y, =6.41. The resulting combination of low average roughness Ra, more negative skewness, and kurtosis significantly

greater than three is particularly suitable when the requirement is for high wear resistance under boundary lubrication
conditions. However, given the significant negative skewness, this combination is not suitable for maximizing fatigue
strength due to the significant stress concentrators [11].

The highest microhardness established by ANOVA is the value at the fourth experimental point of the experimental
design (see Table 4), HV=658, while the optimal values of the governing factors and the maximum microhardness correspond
to a point in the factor space that does not coincide with a vertex or the middle of a wall of the hypercubic space.

3.4.2. Multi-objective optimization

Taguchi’s methods and ANOVA are not suitable for multi-objective optimization. In this study, QStatLab, which
implements the non-dominated sorting genetic algorithm NSGA 11, was used [49, 55].

It is known that small values of the roughness parameter R, favor fatigue strength [12] as they reduce the surface stress
concentrators. Conversely, more negative skewness negatively affects fatigue strength, due to the deep valleys naturally
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concentrating stress [11]. According to Zabala et al. [16], kurtosis greater than three worsens the fatigue behavior. This
statement has a sound physical basis considering the sharp peaks and deep valleys of a kurtotic surface profile. However,
surface texture is not an independent factor when formed by DB, since the severe surface plastic deformation, characteristic
of DB, introduces such beneficial effects as high surface microhardness, residual compressive stresses and grain refinement.
For example, in Maximov et al. [11], it was experimentally proven that, with increasing kurtosis, the rotating bending fatigue
limit of diamond-burnished AISI 304 steel specimens increases. The explanation in Maximov et al. [11] is that, with
increasing burnishing force and number of passes, the kurtosis increases; however, at the same time, the microhardness and
the depth of the residual compressive stress zone both increase. The latter two positive effects neutralize the isolated negative
effect of kurtosis and increase the fatigue strength. Thus, high values of kurtosis on the DBed surface are indicators of
significant introduced residual compressive stresses and significant surface microhardness.

To find the values of the governing factors that increase the rotating bending fatigue limit of the diamond burnished AlISI
304 steel specimens, the following multi-objective optimization task is set. The vector of the objective functions

XD =[Yra YHV]T is known. The optimal sizes x?,i =1,2 of the governing factors must be found, for which

YRa({X }*)—> min, Ypy ({X }*)—> max and the skewness is positive. The following functional constraints were imposed:
YRa <0.12 zm, Yy >600, and Ygg >0. A Pareto optimal solution approach, QStatLab and NSGA Il were used. The

resulting Pareto front is shown in Figure 10. The selected compromise for an optimal solution provides integer values of
diamond radius and number of passes (Table 7).

Table 7.
Compromise optimal values of the governing factors and objective functions.
Compromise optimal values of the governing factors Compromise optimal values of the objective
Codded (Dimensionless) functions
X X X3 Xy X YRa: M | Yhy YRsk YRku
0.6616 -0.7937 -0.8262 -1 0.5097
Natural (physical)
* * * - * * 0.1131 614.06 0.0086 4.08
F . N f ,mm/rev | v ,m/min r,mm n
432 0.0262 56 2 4
650 - Pareto front 4
600
- |
<
E - Selected compromise
w 20 optimal solution
2 |
;: -
S
b=
< J
<
S 500
B ]
P
450 o
400 -
" 0060 0080 0100 0120 0140 0160  0.180
Roughness Ra, hm
Figure 10.

Pareto front and selected compromise optimal solution.

4. Conclusions

The purpose of this research was to find explicit correlations between the five main governing factors of the DB process
of 304 stainless steel and the most frequently used Sl characteristics, such as the average roughness parameter Ra, shape
roughness parameters skewness (Rsk) and kurtosis (Rku), and microhardness HV. A planned experiment with a second-order
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composition plan, analysis of variance (ANOVA), regression analyses, and woptimizations were employed to achieve the
goal.
As a result of this work, the major new findings concerning the nature of DB were:
o Explicit relationships between all governing factors of the database and the main surface integrity characteristics
(average roughness Ra, skewness, kurtosis, and microhardness) were established.
e The significance of the governing factors for the individual characteristics of SI was found.
e The optimal values of the governing factors were found through single- and multi-objective optimizations, depending
on the functional purpose of the diamond-burnished surface.
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