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Abstract: Diamond burnishing (DB) is a low-cost and reliable finishing process that dramatically
improves the performance of metal components due to the favorable combination of surface integrity
characteristics: a mirror-like surface, high surface microhardness, residual compressive stresses, and a
grain-refined structure of the surface and nearby subsurface layers. This article aims to establish the
effects of DB on surface height (Ra) and shape (Rsk and Rku) roughness parameters of 304 austenitic
stainless steel specimens. DB was implemented on a CNC lathe using a spherical-ended polycrystalline
diamond insert with a radius of 2 mm and flood lubrication. The steel, with a hardness of 250 HB, was
tested in its as-received state. A planned experiment with a second-order composition plan, analysis of
variance, and regression analyses were used to achieve the goal. The significance of the process
governing factors was established via an analysis of the dimensionless absolute values of the first-order
coefficients in the regression models. Explicit correlations between the main governing factors
(burnishing force, feed rate, and burnishing velocity) of the DB process and the selected roughness
parameters were found. The results obtained allow for the optimal selection of the DB governing factor
magnitudes depending on the functional purpose of the processed component.
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1. Introduction

Chromium-nickel austenitic steels are widely used in many industries due to their superior general
corrosion resistance, good machinability by cutting and plastic deformation, and good weldability.
Besides the tendency to 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 volumetric cold working [1, 27 or by modifying the surface layers (SL): low-temperature
nitriding and/or carburizing to form an S-phase [3, 47 surface cold working [5, 6] or a combination of
both [7, 87.

The SL of the parts are the most loaded layers, as they are exposed to external influences of
different nature: the operation of the parts is associated with the transmission of power flow between
their SL; the working stresses are maximum in these layers; SL are subjected to the direct impact of the
environment, which is most often aggressive (for example, sea water or other chemically active
environment). Therefore, the operational behavior of the parts is directly correlated with the complex
state of the SL, known as surface integrity (SI), immediately after the respective finishing [97. For
example, the surface texture, and more precisely the height and shape roughness parameters skewness
Rsk and kurtosis Rku, influence the tribological [10-127 and fatigue [9, 13, 14] behaviors of the
corresponding metal component.

An effective approach to improve the surface texture is static surface cold working (SCW) [157. In
the static SCW, a rigid and smooth deforming element is pressed with a constant static force against the
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surface being machined and performs relative movement with respect to it. Thus, the surface layer is
plastically deformed at a temperature lower than 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 in the direction of grain refinement
and orientation [167]. When the tangential contact between the deforming element and the surface
being machined is sliding friction, the static SCW is known as slide burnishing (SB) [17, 187. SB is
implemented with a non-diamond [19, 207 or diamond [217] deforming element. In the second case, SB
is called slide diamond burnishing or diamond burnishing (DB) [177]. DB was introduced in 1962 by
General Electric to improve the SI of metal components. DB is a simple and eftective finishing process
and its main advantage over roller burnishing [227] is the significantly simpler equipment used to
perform DB. The experimental comparison between DB and deep rolling process performed in
Maximov, et al. [237] showed the advantage of DB in terms of SI and fatigue strength characteristics.

Over the past six decades, DB has established itself as an effective finish for structural [247 tool
[257] and stainless [10, 267 steels, high-strength titanium [277] and aluminum [28, 297 alloys, bronze
[807] and other alloys.

Extensive studies on the influence of governing factors of the DB process on the roughness
parameters of samples made of chromium-nickel austenitic steels have been conducted in Korzynski, et
al. [107; Maximov, et al. [167; Maximov, et al. [267; Korzynski, et al. [317] and Skoczylas, et al. [327].
The emphasis in these studies was placed primarily on the DB-Ra roughness parameter correlation.
Explicit correlations between SI characteristics and fatigue limit of diamond burnished AISI 304
chromium-nickel austenitic stainless steels were established in Maximov, et al. [97]. However, there is
no information regarding the influence of the governing factors of the DB process on the shape
roughness parameters skewness and kurtosis, which have a significant impact on the operational
behavior (fatigue and wear) of the respective component. The availability of such information will allow
for the correct selection of the values of the governing factors of the DB process, so as to achieve the
desired operational behavior of the diamond burnished metal component.

Thus, the aim of the study is to find explicit dependencies between the main governing factors of
DB of AISI 804 stainless steel and Ra, Rsk and Rku roughness parameters.

2. Materials and Methods

AISI 304 chromium-nickel austenitic stainless steel was chosen because this grade is most
commonly used in engineering practice. The material was received as hot-rolled bars with diameters of
16 mm and was used in as-received state. The chemical composition was established using optical
emission spectrometer. Tensile tests at room temperature were carried out via 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 material hardness was measured via a VEB-WPM tester using a spherical-ended
indenter having a diameter of 2.5 mm, loading of 63 kg, and holding time of 10 s.

DB was implemented on Index Traub CNC lathe using spherical-ended polycrystalline diamond
insert with radius of 2 mm and conventional flood lubrication (Vasco 6000). The governing factors were

burnishing force By, feed rate f, and burnishing velocity V (Figure 1a).
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Figure 1.

DB implementation: a. kinematics and governing factors; b. DB device.

The governing factor magnitudes (Table 1) were selected based on the results obtained in [267] via
one-factor-at-a-time method. The transformation from physical (natural) Xj to coded (dimensionless)

Xj variables is done by the formula:
%%
X; = ~( i |,9 ) ’
(Xi,max —X%0 )
(1) _
where Xjo and Xj max are respectively the average and maximum value of the physical variable.

The inverse transformation Xj — X; is obtained from the formula:
% = (% max ~%i 0 i +% 0-
(@)
The objective functions were Ra, Rsk and Rku roughness parameters: Yrg, Yek and Yiy.,

respectively. The reason for choosing these three parameters is as follows: 1) Ra roughness parameter is
a representative of the height (amplitude) roughness parameters and is the most used roughness
parameter in engineering practice.; 2) The shape roughness parameters (skewness and kurtosis) play a
significant role in the operational behavior of the diamond burnished surface [9, 11-137. Ra and Rku are
positive, while the skewness can be positive, negative, or equal to zero.

The used burnishing device (Fig. 1b) provides elastic normal contact between the deforming
element and the burnished surface. Turning as premachining and DB were carried out on CNC lathe in
one clamping process to minimize the concentric run-out in DB. VCMT 160404 — F3P carbide cutting

insert (main back angle g =77 radius at tool tip 0.4 mm) was used for the previous turning. SVICR
2525M-16 holder with main and auxiliary setting angles, 7 =93%and ¢ = 52° respectively, was
used. The cutting insert and the holder are manufactured by ISCAR Bulgaria. The average value of Ra
roughness parameter before DR was Ra'Mt =0.529 ym .
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Table 1.
Governing factors and their levels.

. Levels
Governing factors Natural, ii Coded, X;
Burnishing force Fb [ N ] X1 100 300 500 X1 -1 0 1
Feedrate T [mm/ rev] X2 0.02 0.05 0.08 X2 -1 0 1
Burnishing velocity v m/min’] )?3 50 85 120 X3 -1 0 1

2D roughness parameters were measured using a Mitutoyo Surftest SJ-210 surface roughness tester
and 0.8 mm base length. The final results were obtained as average arithmetic values from the
measurements on six equally spaced sample generatrixes.

3. Results and Discussion
3.1. Material used

Table 2 shows the chemical composition of the used AISI 304 stainless 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 in as-received state of the material are shown in Table 3.

Table 2.
Chemical composition (in wt%) of the used AISI 804 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 0.041 | Balance

Table 3.
Main mechanical characteristics of the tested AISI 304 stainless steel (as-received).
Yield limit, MPa Tensile strength, MPa Elongation, % Hardness, HB
+9 +12 +0.3
33318 733710 44,7702 250*8

3.2. Experimental Design and Results

A planned experiment and a second-order optimal composition design were used (Table 4).

The obtained experimental results are shown in Table 4. Regression analyzes were performed using
OStatLab software [337. Given the chosen experimental design, the approximating polynomials are of
the order no higher than the second:

(K) (), oK)y o (k) S (k)2
Y ({X}):bo +Zb| Xi+z zblj X|XJ+Zb“ Xi ’k=1,2,3,
i=1 i=1j=i-1 i=1
(3)
where {X} is the vector of the governing factors Xj, and k=1,2,3 shows the corresponding
objective function: YRg, Ysk and Yy, respectively.

The polynomial coefficients of the three models (Ra, Rsk and Rku) are shown in Table 5. Table 4
shows the values predicted by the models at the experimental points. The comparison with experimental
results shows good agreement between the models and the experiment.
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Table 4.
Experimental design and results.
Ra, pm Rsk Rku

Ne Xl X2 X3 Experim. YRa Experim. YSk Experim. Yk u

model model model
1 -1 -1 -1 0.176 0.182 -0.149 -0.354 3.090 3.438
2 1 -1 -1 0.249 0.264 0.512 0.371 7.833 8.438
3 -1 1 -1 0.268 0.271 -0.0738 -0.025 2.202 1.311
4 1 1 -1 0.328 0.315 0.728 0.900 2.747 2.852
5 -1 -1 1 0.187 0.199 -0.144 -0.821 2.973 2.888
6 1 -1 1 0.889 0.335 -0.024 -0.071 5.551 6.441
7 -1 1 1 0.279 0.263 0.012 0.153 2.384 1.779
8 1 1 1 0.367 0.361 0.399 0.604 2.203 1.854
9 -1 0 0 0.224 0.217 0.189 0.383 2.875 4.106
10 1 0 0 0.8502 0.808 1.165 0.971 7.876 6.644
11 (0] -1 0 0.171 0.141 -0.549 -0.477 12.951 11.191
12 (0] 1 ) 0.168 0.198 0.598 0.026 6.075 7.834
13 (0] ) -1 0.147 0.188 -0.204 -0.082 4,774 4.625
14 0 0 1 0.151 0.164 -0.091 -0.218 3.712 3.861
T 0.529 0.490 2.613

Note: T - after fine turning (i.e., before DB)

Table 5.
Regression coeficients.

k k k k k k k k k k
L AL LA R L L A

YRa 0.15369 0.04510 0.0288 0.0155 0.10931 0.01581 -0.0047 -0.0096 -0.00637 0.013375

YRSk 0.07350 0.2940 0.2513 -0.066 0.6035 -0.2990 -0.2210 0.05025 0.0365 -0.11875

YRkU 7.75431 1.2686 -1.679 -0.382 -2.3788 1.75869 -3.56113 -0.8696 0.254625 -0.36138

3.8. Discussion
The dimensionless absolute values of the coefficients Dj indicate the significance of the

corresponding governing factor. The greater this value, the stronger the influence of the respective
governing factor. The burnishing force has the strongest influence on the Ra roughness parameter (

bj(_l) =0.0451) and the influence of the burnishing velocity is the weakest (bgl) =0.0155). The feed

rate occupies an intermediate position, somewhat closer to burnishing velocity. The skewness is most

strongly influenced by burnishing force (biz) =0.2940) while the influence of burnishing velocity is

negligible Ubéz)‘=0.066j. The feed rate also has a strong influence on the skewness, although

slightly less than that of the burnishing force. The feed rate has a strong influence on the kurtosis
(bgs)‘=1.679j, tollowed by the burnishing force (b£3)=1.2686). The absolute value of the
(3

coefficient bc(,’s) is the smallest Ub:(f)‘ = 0.382), but the coefficient b33) has the largest absolute value

compared to all other coefficients (except b(()3)) in the kurtosis model. So, using the method of

comparing dimensionless coefficients, it is difficult to assess the significance of the factors in the kurtosis
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model. Therefore, an analysis of variance (ANOVA) using QStatLab was performed. The results are

shown in Figures 2, 3 and 4.

Ra Ra Ra
0.300 0.300 0.300
0.250 0.250 0.2501
0.200 0.200 0.200
0.150_, ; 0.150_, " ; 0.150_,
-1 0 -1 0 1 -1 0 1
X1 X*2 X3
Figure 2.
ANOVA outcomes: main effects for the Ra model.
Rsk Rsk Rsk
0.60 0.60 1 0.60
0.40 0.40
0.20 0.20 1
0.004 0.00 4
-0.204 -0.20+
A 0 1 0 1 1 0 1
x; X2 *3
Figure 3.

ANOVA outcomes: main effects for the skewness Rsk model.

M 0 1
X1

Figure 4.

Rku

704
6.0
5.0
4.0 1
3.0

ANOVA outcomes: main effects for the kurtosis Rku model.

The ANOVA outcomes confirm the conclusions drawn about the significance of the governing
factors in the models of Ra (Figure 2) and Rsk (Figure 3) roughness parameters, and show that in the
kurtosis model (Figure 4) the most significant governing factor is burnishing velocity, and the least

significant factor is feed rate.

Graphical visualizations of the three models are shown in Figures 5, 6 and 7. The visual inspection
confirms the conclusions drawn about the significance of the governing factors.
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Figure 5.
Graphical visualization of the model of Ra roughness parameter.

Figure 6.
Graphical visualization of the model of Rsk roughness parameter.

X7

Figure 7.
Graphical visualization of the model of Rku roughness parameter.

After substituting (1) into (8), the dependencies of the objective functions on the physical variables
are obtained. Figures 8, 9 and 10 show cross-sections of the objective function surfaces via characteristic
planes. These cross-sections visualize the dependence of each of the objective functions on the
corresponding governing factor.

The dependence of the Ra roughness parameter on burnishing force for different combinations of

the other two governing factors shows a clearly pronounced minimum when Fy =250 N (Figure 8).

Lower values of the burnishing force are obviously insufficient for plastic deformation of the peaks.
However, values above 300 N deteriorate the height roughness parameters. For all combinations of
burnishing force and burnishing velocity, the roughness parameter Ra increases with increasing feed
rate, with the minimum roughness Ra occurring when the feed rate takes a minimum value. It should be
noted that with increasing the feed rate the velocity of increase of the Ra parameter increases, which
confirms the observation made by Nestler and Schubert [347]. The influence of burnishing velocity on
Ra is similar to that of feed rate, but is less pronounced. IFor the entire range of feed rate variation, Ra
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increases slightly with increasing burnishing force. However, the increase in Ra is not uniform for
different values of burnishing force: With increasing burnishing force, the influence of burnishing

velocity on Ra increases.
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Figure 8.
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Dependence of Ra roughness parameter on DB process governing factors.

The skewness shows a clear minimum when the burnishing force is in the range of 230 — 280 N, for
all combinations of feed rate and burnishing velocity (Figure 9). The combination of minimum feed rate

and Fy <450 N provides negative skewness, which is essential when the diamond burnished surface
should ensure increased wear resistance under boundary lubrication friction conditions [11, 12, 357. As
the feed rate increases to approximately f =0.065 mm/ rev, the skewness increases (as an algebraic

number), then decreases slightly. The influence of burnishing velocity on the skewness is similar, but
less pronounced. The skewness is minimal when the burnishing velocity is maximal. When the feed rate

is minimal and the burnishing force is around the middle of the interval (ie, Fb =300 N ), the

skewness is negative for the entire range of burnishing velocity variation.
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Figure 9.

Dependence of the skewness Rsk roughness parameter on DB process governing factors.

With increasing burnishing force to approximately 840 N — 370 N, the kurtosis increases, then
gradually decreases (Figure 10). Conversely, as the feed rate increases to approximately 0.065 mm/rev,
the kurtosis decreases, then gradually increases. Minimum feed rate provides maximum kurtosis. As the
burnishing velocity increases to the middle of the interval (i.e, V=85 m/ min), the kurtosis increases,
then decreases.

It should be noted that the conclusions drawn are only valid for the radius of the diamond insert
I =2mm (such as was used in the experiment) and for the intervals of variation of the variables shown
in Table 2.
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Dependence of the kurtosis Rku roughness parameter on DB process governing factors.

4. Conclusions
As a result of this work, the major new findings concerning the nature of DB process were:

Explicit correlations between the main process parameters DB of AISI 304 steel specimens and
Ra, Rsk and Rku roughness parameters were established.

The dependence of Ra on burnishing force shows a clear minimum around F, =250 N (Figure
8). The roughness parameter Ra increases with increasing feed rate, with the minimum roughness
Ra occurring when the feed rate is at its minimum value. The effect of burnishing velocity on Ra
is similar to that of feed rate, but is less pronounced.

The skewness has a minimum when the burnishing force is in the interval 280 N — 280 N. The

combination of minimal feed rate and Fy <450 N provides negative skewness. By increasing the
feed rate to about f =0.065 mm/ rev the skewness increases, then slightly decreases. Similarly,

but less pronounced is the influence of burnishing velocity on the skewness.

The kurtosis reaches its maximum value when the burnishing force is in the range of 340 N — 370
N, after which it gradually decreases. Minimum feed rate provides maximum kurtosis. As the feed
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rate increases to about 0.065 mm/rev, the kurtosis decreases, then gradually increases. Burnishing
velocity has a significant effect on the kurtosis. As the velocity increases to the middle of the
interval (V =85 m/ min), the kurtosis increases, then decreases.

e The results obtained allow for optimal selection of the DB governing factor magnitudes
depending on the functional purpose of the processed component.

Abbreviations:
ANOVA Analysis of variance
CNC Computer numerical control
DB Diamond burnishing
NSGA Non-dominated sorting genetic algorithm
SB Slide burnishing
SCW Surface cold working
SI Surface integrity
SL Surface layers
List of symbols:

f Feed rate

FH Burnishing force
Ra Arithmetic average of roughness profile
Rsk Skewness
Rku Kurtosis

Vv Burnishing velocity

X Variable in coded form

Xi Variable in natural form

Vector of the governing factors

X Vector of the optimal values of the governing factors
Y; Objective function
oy Main back angle
Xc Main setting angle
Xe Auxiliary setting angle
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