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Abstract

Ball burnishing is a plastic deformation process used as a surface smoothing and surface improvement finishing
treatment after turning or milling processes. This process changes the surface stereometrics of the previously machin-
ing surface. Burnishing with hydrostatic tools can be easily and effectively used on both conventional and Computer
Numeric Control (CNC) machines. The existing research of the burnishing process mainly focuses on the functional
surface characterization, for example, surface roughness, wear resistance, surface layer hardness, etc. There is a lack

of references reporting a detailed analysis of 3D parameters calculation with a mathematical model to evaluate the
results of the ball burnishing. This paper presents the effect of ball burnishing process parameters with hydrostatic
tools on the resulting surface structure geometry. The surface topography parameters were calculated using the
TalyMap software. Studies were conducted based on Hartley’s static, determined plan. Such a plan can be built on

a hypersphere or hypercube. In this work, a hypercube was used. In the case of Hartley’s plan makes it possible to
define the regression equation in the form of a polynomial of the second degree. The input process parameters
considered in this study include the burnishing rate, applied pressure, and line-to-line pitch. The significant influence
of these parameters was confirmed and described as a mathematical power model. The results also showed a positive
effect of hydrostatic burnishing on the roughness and geometric structure of the surface.
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1 Introduction

Surface quality plays a very important role in the proper
formation of the properties of the machine part compo-
nents. These properties can positively influence, e.g., the
resistance to wear, corrosion and fatigue strength. Con-
ventional methods such as machining, turning or milling
very often don’t allow to obtain the surface of appropriate
parameters of a geometric surface structure. This kind
of processing also causes unfavourable tensile residual
stresses in the surface layer. These stresses have a nega-
tive impact on the resistance to work in fatigue condi-
tions [1]. Burnishing allows to improve the properties of
a surface layer by its plastic deformation. Ball burnishing
is a chipless finishing process that allows to reduce the
surface roughness and makes the surface work-hardened.
In addition, compressive stresses that allow to increase
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and indicate if changes were made.

the fatigue strength are introduced in the surface layer.
A ball burnishing process consists of pressing and turn-
ing a smooth and very hard ball on the material surface
in order to achieve plastic deformation of the surface
roughness. This process can be implemented for a vari-
ety of surfaces, for example cylindrical, flat, internal as
well as external. It can be used on conventional and CNC
machines. Ball burnishing is very economical and, in
some cases, it may replace operations such as grinding or
polishing [2, 3].

From an economic point of view, burnishing is signifi-
cantly less expensive than grinding. Grinding requires
sophisticated and expensive machine tools, while bur-
nishing can be accomplished on any precision lathe. In
addition, grinding cannot be conducted with other oper-
ations on the same machine tool, whereas burnishing can
be performed on the same lathe used to conduct rough
and fine turning [4, 5].

Burnishing can be widely used with various materials
such as aluminium, steel [6-8], alloys [9, 10], and brass
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[11]. The effect of ball burnishing on the surface stereo-
metric structure is most commonly described in research
reviews. The parameters of greatest concern are the feed,
force, and speed. The force plays a vital role in the ball
burnishing process. From the start of the plastic defor-
mation, increasing the force causes the surface rough-
ness to decrease until it reaches a reasonably low value.
However, an excessively high force may result in spalling
of the surface [12].

The conducted literature review indicates that the
main research area of different authors include primar-
ily the characteristics of the surface geometric structure
after ball burnishing. Most attention was focused on
the description of the changes of the surface geomet-
ric structure parameters in regard to the process input
parameters, i.e., burnishing force, feed rate, burnish-
ing speed or the number of passes. Not much attention
was paid to the mathematical description of the input
parameters influence on the surface geometrical struc-
ture parameters. El-Tayeb et al. [13] analysed the impact
of the following ball burnishing parameters: a ball diam-
eter, burnishing speed, its force and direction on reduc-
ing roughness and improving tribological properties of
aluminum 6061. Rao et al. [14] studied the impact of the
parameters of burnishing and lubricant on the surface
hardness of dual-phase steels. Loh et al. [15] investigated
the possibility of optimizing (minimizing) the surface
roughness for aluminum alloy. El-Taweel and El-Axir [16]
studied the applicability of the Taguchi method for opti-
mizing the process of ball burnishing. The parameters
such as surface roughness and surface microhardness
were taken into account. Shiou and Hsu [17] analysed
the possibility of using ball burnishing for flat surfaces
for stainless mould steel with the Taguchi plan for 9
experiments. In his further works Shiou and Cheng [18]
analysed the impact of the ball burnishing parameters
for free form surface plastic injection mould in order to
obtain the best possible surface quality. Swirad et al. [19]
analysed the influence of a burnishing strategy (raster
and spiral) on the obtained surface geometric structure
for martensitic steel. The results show that the raster
strategy is a good solution for the curved-shaped surfaces
due to the process stability in relation to the tool posi-
tion and burnishing force. In his further works, Swirad
[20] presented the possibility of ball burnishing for alpha-
beta titanium alloy (Ti6Al4V). The studies showed that
there is a possibility of a significant reduction in the sur-
face roughness in a wide range of the input parameters.
In Ref. [21] the possibility of using hydrostatic burnish-
ing for hard steel 145Cr6 with the hardness of 54 HRC
was presented. The results showed that the burnishing
force has the least impact on the reduction of the surface
roughness. Burnishing width and speed has the biggest
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impact. In his works, Lopez de Lacalle et al. [22] used two
types of steel, AISI P20 steel of the hardness of HRC 32
and H13 tempered steel of the hardness of 52 HRC. The
ball burnishing process was carried out in two directions
(perpendicular and parallel) in relation to the preceding
milling processing. The results indicate that for the per-
pendicular direction for the previous treatment a greater
minimization of the surface roughness was achieved. In
addition, it was revealed that for the steel with the hard-
ness of HRC 32 the best results were achieved for the
burnishing force of 15 MPa, while for the steel of the
hardness of 52 HRC, it was necessary to apply the force
of over 20 MPa. In another work, Lépez de Lacalle et al.
[23] used ball burnishing on the 5-axis CNC machine.
As a workpiece, a hemisphere surface of AISI 1045 steel
was used. The research findings indicate that continu-
ous burnishing allows to achieve a significant reduction
in the surface roughness. However, this treatment is lim-
ited by the maximum speed of the machine headstock (or
table) rotary axes. In addition, the programming process
of a burnishing path is more complex in the continuous
five-axis.

In the present work, the Hartley research plan was
used in order to obtain a mathematical description in the
form of the equation of the input parameters impact of
a ball burnishing process on the selected parameters of
a geometric structure. As the input parameters, burnish-
ing pressure, speed and width were analysed. The output
parameters for the surface texture included Sa, Sv, Sz,
and Sq.

2 Experimental Work

X38CrMoV51 steel was used as the sample material,
which is a chromium-molybdenum alloy steel intended
for hot work. Steel is used for elements of moulds for
pressure die casting, extrusion tools for low-melting
alloys, die inserts, dies, punches, etc. It is also used in
the loaded parts of presses for the extrusion of tubes
and rods. For these applications, the steel must retain its
properties up to 600 °C. This can be achieved through the
use of tungsten and molybdenum as alloying additions.
This steel has very good mechanical properties, such as
high tensile strength and hardness (HRC 54 to 100 °C),
high yield strength (up to 2200 MPa), high abrasion
resistance, and high density (7.85 g/cm®). The chemical
composition is summarised in Table 1.

A photograph of the sample to be processed by ball
burnishing is shown in Figure 1. The test specimens were
milled, and medium-quality surface roughness texture
was achieved using the general condition of grinding.

Aloxite discs of type 60MVBA were used for the grind-
ing operation with a grinding wheel size of 210 mm at
2800 r/min, a table speed of 6 m/min, and a cut depth of
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Table 1 Chemical composition of the specimens (%)

C Mn Si S Cr Mo
042 05 1.2 0.03 55 1.5

Figure 1 Photograph of the sample

Figure 2 HASS CNC machine, burnishing tool, and high-pressure
pump used in this study

10 um. A medium-quality surface roughness texture was
achieved; the initial surface roughness was Sa=0.38 um.
The sample hardness was 48 HRC.

2.1 Hydrostatic Burnishing Tools
The burnishing process in this study was conducted using
a HASS CNC centre (VE-1), as shown in Figure 2. The
Ecoroll burnishing system used in this study consists of a
high-pressure hydraulic pump (model 4.0 HGP) and the
6 mm diameter burnishing tool, which are connected via
high-pressure hoses. The pressure was supplied by the
hydraulic pump, which is equipped with its own cool-
ant tank. The burnishing tool is based on the hydro-
static principle; the key element is a 6 mm ceramic ball.
A hydrostatic pressure (maximum of 40 MPa) is applied
behind the ball. This pressure generates a maximum nor-
mal force of 1000 N, which presses the ball against the
workpiece. For hard materials, a single-point burnish-
ing tool is most effective because the small contact area
involved allows for reasonable normal forces. The ball is
supported by the fluid (coolant), and thus it can rotate in
any direction.

A tool with a ball supported by fluid offers several
advantages: (a) the hard ceramic ball makes it possible

to burnish hardened steel (up to 65 HRC), (b) the ball
material (ceramic) has a low adhesion to the workpiece
material, (c) free rotation of the ball without contacting
the retainer prevents any sliding between the burnishing
tool and the workpiece. The burnishing process param-
eters considered in this study were burnishing pressures
of 10, 15, and 20 MPa, burnishing speeds of 1000, 2000,
and 3000 mm/min, and burnishing widths of 0.04, 0.06,
and 0.08 mm.

2.2 Experimental Procedure

In production engineering, problems with determining
the impact of the input parameters of a particular pro-
cess on its results are solved by doing active experiments,
i.e., these in which: the values of the input parameters are
assumed (in various combinations) on the predetermined
levels, a process is realised, the results are developed, and
the defined relations are presented in the form of a math-
ematical model. In order to achieve appropriate models
with a possibly small number of experiments, the input
factor values must be adopted according to the precise
plans of experiments, and the results of these experi-
ments must be developed in accordance with an appro-
priate, for a given plan, methodology described in Refs.
[24-26].

In this article the studies were realised according to
the static, determined, sequential, polyselectional (PS/
DK) Hartley’s plan. It is a three-leveled plan built on a
hypercube, which requires to set the input factors only
on three equidistant levels. The latter allows to study the
processes in which there is no possibility of an infinitely
variable adjustment of the input parameters. The adopted
plan was verified in other studies with good results [27,
28] and it allows to determine the function of the object
of the studies as a second-order polynomial, with regard
to the interaction of the input factors to be convenient for
a mathematical analysis and model studies. It consists of
three blocks of experiments:

« fractional repetition of experiment type PS/DK 2n,
+ experiments at stellar points with arm a=1,

+ experiments at the plan central point.

The three-level planning is performed by encoding the
factors as input variables at three levels:

+ higher: marked as “+’,
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» mean (basic, zero): marked as “0’,
» lower: marked as “—”.

The burnishing process parameters considered in this
study were the burnishing pressure force, burnishing
speed, and burnishing width. Other parameters were held
constant, as their effect was not found to be significant in
preliminary studies. The design matrix is given in Table 2.
The number of rows in the matrix corresponds to the num-
ber of experiments to be performed, signifies a coded value
that is the average of the results of the measurements in an
ith experiment for each output factor. A simplified notation
is used in the matrix in which, while determining the level
of the input factor, ones are excluded.

The test results obtained in the experiments conducted
based on this plan were subject to evaluation of the repeat-
ability conditions of the experimental implementation. This
requires a comparison of the variance results. The variance
of the results for one experiment deviating with respect
to the results of the other tests may indicate an atypical
experience, and such an experiment should be repeated.
The repeatability (stability) of the research conditions is
assessed with Cochran’s criterion by making a comparison
of the measurement result variance. With the adopted level
of significance (0.05), and with a critical value of Cochran’s
statistics, an empirical value of G coefficient is compared.

As a result of the experiments carried out according to
the PS /DS-P:Ha3 plan, a mathematical model of the stud-
ied process (as a regression equation) is received as:

y = bo + Z brxi + Z bkkx,% + Z bijkxj. (1)

Table 2 Experimental design matrix
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The assessment of regression coefficients significance
comes down to the comparison of the calculated values
with critical values. If an absolute value of a given coef-
ficient is higher than a critical value, then it is considered
to be significant, if not, it is considered insignificant and a
given word is rejected from the regression equation.

The adequacy of the regression equation was tested
using the Fisher—Snedecor test, which includes the
following.

+ Calculation of the variance adequacy:

N = =2
§2 — 1id i1 (Vi — 90 )
ad N—-k—-1 '
where r is the number of repetitions, N is the number of
experiments, k is the number of factors in the regression
equation after discarding insignificant terms, and y, is the

mean value of the process factor in the ith experiment.

+ Calculation of the empirical value of F:

_ Sﬁd (J’)
F = Sz(y) .

The regression equation was considered adequate for
the experimental results if F<F,, based on the adopted
significance level of @ =0.05.

The studies were conducted as described above and
mathematical models (in the form of the second degree

(3)

Expt. No. Coded values Actual values
X1 X2 X3 X1 X2 X3
Pressure Speed Width
force V (mm/min) a(mm)
P (MPa)
1 + + + 20 3000 0.08
2 + — - 20 1000 0.04
3 - + - 10 3000 0.04
4 - - + 10 1000 0.08
5 + 0 0 20 2000 0.06
6 - 0 0 10 2000 0.06
7 0 + 0 15 3000 0.06
8 0 — 0 15 1000 0.06
9 0 0 + 15 2000 0.08
10 0 0 — 15 2000 0.04
11 0 0 0 15 2000 0.06
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polynomials), describing the influence of the ball bur-
nishing parameters on the surface condition, were
obtained.

The sample was measured using a Talysurf CCI white
light interferometer. The number of measurement points
was 1024 x 1024 in an area of 3.3 x 3.3 mm? the height
resolution was 0.01 nm. The forms were removed using a
third-degree polynomial. The surface topography param-
eters were then calculated using the Talymap Gold soft-
ware. The parameters from the ISO 25178 standard were
then analysed [29].

Height parameters:

+ Sq: root mean square height of the surface,
+ Ssk: skewness of the height distribution,

« Sku: kurtosis of the height distribution,

+ Sp: maximum height of the peaks,

+ Sv: maximum height of the valleys,

+ Sz: maximum height of the surface,

«+ Sa:arithmetical mean height of the surface.

Functional parameters:

+ Spk: reduced peak height,
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+ Sk: core roughness depth,
+ Svk: reduced valley depth.

Feature parameters:

+ Spd: density of the peaks,
« Spc: mean peak curvature.

3 Results and Discussion

Figures 3, 4, 5, and 6 show selected 3D views of the
surface and the surface profile for experiments in the
implemented Hartley’s plan. The ranges of the values
of individual surface parameters for the burnished and
ground samples are listed in Table 3.

The surface texture analysis shows that the ground sur-
face has a high level of isotropy.

The values of parameter Sa ranged from 0.0557-0.142
um, Sq ranged from 0.0964—-1.85 pm, and Sz ranged from
1.06-2.32 um; the highest roughness value (Sa=0.142
pum) corresponds to the greatest pressure (20 MPa). The
surfaces after ball burnishing are anisotropic (Figure 7).
No correlation was observed between the values of the
spatial parameter and the amplitude parameters. The

Sq: 0.098 pm
Ssk: —0.174
Sku: 4.17

Sp: 0.747 pm
Sv: 0.941 pm
Sz: 1.69 pm
Sa: 0.0756 um
Spd: 472/mm?
Spc: 20.1/mm
Sk: 0.219 pm
Spk: 0.0788 um
Svk: 0.102 pm

X=329mm
Y=329mm
Z=345um

Length = 3.29 mm Pt=1.10 ym Scale =2.00 um

Figure 3 Topography and parameters of the surface in Expt. No. 2 after burnishing
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Sq: 0.119 pm
Ssk: —0.765
Sku: 5.17

Sp: 0.686 um
Sv: I.11 pm
Sz: 1.80 um
Sa: 0.091 pm
Spd: 221/mm?
Spc: 16.1/mm
S Sk: 0.266 um
Spk: 0.0862 pm
Svk: 0.166 pm

X=329mm
Y =320 mm
Z=18 pm

Length =3.29 mm Pt=1.06 um Scale =2.00 ym

0 0.5 1 15 2
Figure 4 Topography and parameters of the surface in Expt. No. 5 after burnishing

25 3 mm

density of peaks declined with the treatment, and the
lowest value was 219/mm?. As a result of burnishing, a
significant reduction in the surface roughness occurred.

The distribution of the ordinates is close to a nor-
mal distribution with a small negative skewness
(Ssk=—0.245, Sku=3.12). The values of the amplitude
parameters are as follows: Sa=0.387 um, Sq=0.488 pm,
and Sz=6.06 um.

4 Mathematical Model of the Ball Burnishing
Process

The basis for the development of mathematical models
defining the relationship between the burnishing pro-
cess parameters (process factors) and the selected results
parameters are the results of the tests presented in the
previous section. Based on these results, for the math-
ematical models, four surface texture parameters were
selected as result parameters; the values of these param-
eters obtained from measurements and calculations are
listed in Table 4.

The results in Table 4 were processed according to the
mathematical method described in Section 2.2, substitut-
ing the values of corresponding parameters from Table 3
successively as the output factor (y). This procedure
was repeated four times consecutively for each factor to

produce four models in the form of second-order poly-

nomials to describe the influence of the ball burnishing

parameters on the values of surface texture parameters.
The procedure for the processing of the results included:

+ calculation of the regression coefficients,

« calculation of the variance measurement errors, S*(y),

+ assessment of the reproducibility of the experimental
conditions using the Cochran criterion,

+ calculation of the regression coefficients,

+ assessment of the significance of the coefficients in the
regression equation.

After the rejection of negligible coefficients and decod-
ing, the regression equations take the following forms:

Sa = 0.1089 4 42.924” + a(—2.49 — 0.0875P — 0.00038V)
+ P(0.03109 — 0.000816P — 0.0000011V")
4+ 0.000042V,

Sz = —0.403 + 72.9a + 0.0158P — 2.35aP

— 0.00096P% — 0.000567V — 0.00975aV
+ 0.000077PV,
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pm

Sq: 0.0946 pm
Ssk: —0.405
Sku: 3.87

Sp: 0.563 um
Sv: 0.608 pm
Sz: 1.17 pm
Sa: 0.0738 um
Spd: 225/mm?
Spc: 9.60/mm
Sk: 0.219 um
Spk: 0.0714 pm
Svk: 0.116 pm

X=325mm
Y=325mm
Z=115pum

Length =3.25 mm Pt=0.560 um Scale = 1.00 ym

o
Ll bbb bl

-0.5

0 0.5 1 1.5 2
Figure 5 Topography and parameters of the surface in Expt. No. 7 after burnishing

25 3mm

Sv = 0.1955 + 2.1a + 0.0344P — 0.1254P
— 0.001064P? + 0.00004014V — 0.000525aV
+ 0.0000018PV — 8.9 x 107°V?2,

Sq = —3.494 + 96.1a — 252.5a* + 0.213P

— 2.34aP — 0.0058P2 — 0.000183V
— 0.00955aV + 0.0000504PV .

The results of the analysis were verified by an assess-
ment of the adequacy of the regression equation, which
indicated that all of the resulting equations are adequate
at a significance level of a =0.05.

All of the resultant mathematical models indicate a
non-linear relationship between the obtained process
values for the result factors and the process parameters
for processing with a hydrostatic tool. Squared elements
present in all equations indicate the existence of extremes
(optima) in the tested function within the range of the
variation in the process parameters. To determine these,
it is necessary to carry out optimisation.

5 Conclusions

(1)

A ball burnishing method with hydrostatic tools can
be used to machine steel components of X38Cr-
MoV51 with a hardness of 48 HRC efficiently, pro-
vided a proper selection of machining parameters
is made. In this process, the geometric structure
of the surface can be effectively modified. Proper
selection of the process parameters (significantly
influenced by the pressure, stroke, and tool diam-
eter) allows for a favourable (geometrical surface
structure) GSS (primarily to reduce the amount of
surface roughness significantly).

The use of a static determined, sequential, poly-
selective Hartley PS/DS-P:Ha3 plan enables clear
identification of the interdependencies between key
process parameters and the properties of the geo-
metric structure of the surface.

The ball burnishing process with hydrostatic tools
leads to an improvement in the indicators of the
geometric surface structure. In most cases, the
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Jm

-0.5

Length = 3.29 mm Pt=0.559 ym Scale = 1.00 pm

Sq: 0.0787 um
Ssk: —0.227
Sku: 3.46

Sp: 0.421 pm
Sv: 0.498 um
Sz: 0.919 um
Sa: 0.0616 pm
Spd: 264/mm?
Spc: 7.82/mm
Sk: 0.193 pm
Spk: 0.0653 pm
Svk: 0.0945 pm

X=329mm
Y=329mm
Z=0919 ym

0

0.5 1 15
Figure 6 Topography and parameters of the surface in Expt. No. 11 after burnishing

25 3mm

Table 3 Comparison of surface

after grinding and ball burnishing

texture parameters

Surface texture Specimen
parameters
Grinding Ball burnishing

Min. Max.
Sq (um) 0.488 0.0964 0.185
Ssk —0.245 —0.726 —0.143
Sku 3.12 3.21 573
Sp (um) 2.86 0.523 0915
Sv (um) 279 0.536 1.63
Sz (um) 5.65 1.06 232
Sa (um) 0.387 0.0557 0.142
Spd (1/mm?) 910 219 959
Spk (um) 0.238 0.0745 0.135
Svk (um) 0127 0.102 0.266

result is an anisotropic surface, reduced roughness,
and reduced values of amplitude parameters such
as Sa and Sz. The greatest impact on the values of
indicators of the geometric structure results from
the pressure, while smaller (but still significant)
impacts result from the tool speed and line-to-line
pitch.

For the given conditions of this study, equations
describing the relationships between processing
parameters and surface texture parameters were
determined. These relationships allow for the selec-
tion of appropriate parameters for the requirements
of the ball burnishing of X38CrMoV51 steel sam-
ples, and also allows for process optimisation.
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Sq: 0.488 um
Ssk: 0.245
Sku: 3.12

Sp: 2.86 um
Sv:2.79 pm
Sz:5.65 pym
Sa: 0.387 pm
Spd: 910/mm?
Spc: 7.82/mm
! Sk: 1.95 um
Spk: 0.538 um
Svk: 0.427 pm

X=329 mm

DEUTATARELIN

i 7 > Y =329 mm
X Z=411um
um Length =3.29 mm Pt=2.69 um Scale = 2.00 um
05 [

-1_||||I|||||||||I|||||||||I|||||||||I|||
0 05 1 1.5

Figure 7 Topography and parameters of the surface after grinding

2

25 3mm

Table 4 Factor value results

Expt. No. y y y y
(Sa) (Sv) (S2) (Sa)
1 0.103 0.659 144 0.0803
2 0.11 0.622 1.14 0.0862
3 0.106 0.536 1.06 0.0839
4 0.149 1.51 23 0.113
5 0.106 1.29 1.94 0.0815
[§ 0.105 0.789 1.39 0.08
7 0.15 1.63 232 0.114
8 0.0964 0.639 127 0.0757
9 0.185 1.28 2.2 0.142
10 0.122 0.895 1.56 0.0946
1 0.129 1.02 1.76 0.0986
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