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Improvement of surface ﬁnish by ball
burnishing: approach by fractal dimension
M. Bourebia∗ 1, L. Laouar1, H. Hamadache2 and S. Dominiak3
The surface roughness signiﬁcantly affects the quality of parts and their functional properties such
as contact surface, as well as coating adhesion. The machined surface quality is evaluated by
arithmetic deviation Ra which does not sufﬁce to describe the surface irregularities. In order to
apprehend these deﬁciencies a new technique based on fractal geometry was introduced. To
apply this concept an experimental work was carried out to characterise surface quality by
fractal dimension ‘D’. The operations of burnishing ball were performed according to plans of
experiments of ‘Box–Behnken’, an optimal regime was obtained and a mathematical model was
cleared for predicting the fractal dimension ‘D’ as a function of treatment regime parameters.
Furthermore, the application of optimal regime under several passes ‘i’ has enabled to examine
the evolution of ‘D’. The results conﬁrm that fractal dimension ‘D’ has impact on surface quality
and tribological parameters.
Keywords: Roughness, Fractal dimension, Burnishing process, Designs of experiments

Nomenclature
D
Rq
Ra
Lp
Dp
Db
i
Py
f
ŷ
a0
D̂
Rmr
Rpk
Rvk
Rk
Mr1
Mr2
Sk
Spk
Svk

fractal dimension (1 < D < 2)
quadratic average deviation (µm)
arithmetical surface roughness average (µm)
length of piece (mm)
diameter of piece (mm)
burnishing ball diameter (mm)
number of burnishing tool passes
burnishing force (N)
burnishing feed (mm rev−1)
answer predicted by the model
value of answer to origin of coordinate
predicted fractal dimension
bearing length rate (%)
reduced height of peaks (µm)
reduced depth of hollow (µm)
central roughness depth (µm)
rate bearing length of peaks (%)
rate bearing length of hollows (%)
core roughness depth (µm)
reduced height of peaks (µm)
reduced depth of valleys (µm)

Introduction
The performance and lifetime of mechanical components
such as gears, axes and springs are directly inﬂuenced by
the characteristics of contact surfaces. Current studies go
toward improving of quality surface by ﬁnishing
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processes, such as mechanical surface treatments1,2 and
application of coatings.3 These latter advocated the surfaces functioning under, friction, high loads, high speeds
and at high temperature a reduction in wear, friction, an
increase in lifetime. The surface quality is evaluated by
its degree of care (level of cleanliness) and its roughness
(guarantee of adherence).4 This issue was subject of several reported works such as: inﬂuence of surface roughness on friction as well as on performances of
mechanical parts5,6 and the importance of surface condition in adhesion of coatings.7,8
Out in general the surface quality is quantiﬁed by
difference arithmetic roughness Ra. This roughness is estimated on the basis of average heights of ‘Ra’ asperities
seem less meaningful to better appreciate certain tribological properties such as surface area, the latter it is an
important element to assess adhesion of coatings.9,10
Indeed several different proﬁles can have the same roughness ‘Ra’.11 Thus; roughness of surface can be best
approached by concept of fractal geometry. This technique based on a fundamental parameter which is fractal
dimension ‘D’12,13 was highlighted by the theory of fractals introduced by Mandelbrot in 1967.
Fractal geometry has been used in several ﬁelds of science
and engineering for simulating surface proﬁles machined14
and to describe certain phenomena, including changes in
surface topography due to wear15 and friction,16,17 it can
also be used to assess diversity of irregularities on surfaces
prepared in case of coatings.18 In automotive industry, the
fractal dimension ‘D’ allows to differentiate brilliance of
treated surfaces, particular quality of sheet metal, well as
the relative degree of surface irregularities.19
The surface quality is result of an adequate choice of
ﬁnishing process, in our day, particular attention was
accord to the processes of mechanical treatment of
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2 Mounting and preparation of piece: 1 – mandrel; 2 –
against tip; 3 – piece; 4 – turning tool

1 Microstructure of Al alloy

surface of such as burnishing.20 Those by acting by plastic
deformation of the surface layers, improve the micro-geometric characteristics of surface.
Thus, the burnishing process has been used in many
researches to improve surface condition or a lot of roughness parameters were modelled (Ra, Rq, Rms …),21–23 by
optimising the parameters of treatment regime. In this
work we propose to evaluate surface quality by fractal
dimension because the latter allows to differentiate clearly
the degree of surface irregularities compared to Ra and it
is a relevant parameter for the automotive industry. Thus,
the burnishing ball was used for surface ﬁnish following
experimental procedure of the plans of experiments of
‘Box–Behnken’, to three factors. Across the answers, a
mathematical model that links the processing parameters
(burnishing feed ‘f’, burnishing force ‘Py’ and burnishing
ball diameter ‘Db’) and ‘fractal dimension D’ was established. The optimal regime obtained by the model was
applied under various number of passes (i) to estimate
an inﬂuence of number of passes on some tribological parameters (Rvk, Rpk, Rk and Rmr) and their behaviour
with fractal dimension D.

Materials and technical
experimentation

was analysed by optical microscopy type: (LOM REICHERT PolyVar 2) reveals the elongated grains in the solicitation direction show phases dispersion type Al–Si–Fe
(hardening phases) (Fig. 1).
Hardness and tensile test were carried out to verify the
machined properties of the material. The tensile test was
performed on a machine model ZWICK 1476 LET1
with 0.005 mm s−1 displacement rate using normalised
workpiece according the standard NF EN 10002-1.
The obtained mechanical properties are as follow: Rm
= 124.7 MPa, Rp0.2 = 121.4 MPa, A = 21 717%. The
hardness is measured by a micro-hardness digital Vickers
tester (model MXT70). The average hardness is about
34.6 HV for a load of 3 N.

Preparation of samples
In this study, two samples were taken on a 50-mm diameter bar and 500 mm in length and have been previously
prepared on lathe model 1k62, with wafer tool K16. To
conform to plans of experiments the Box and study the
inﬂuence of burnishing parameters, the sample has been
divided into 15 parts (Fig. 2).
For such conﬁguration the ratio (Lp/Dp) is such that:
Lp0.75/Dp ≤ 2, thus, the system is considered as rigid.24
A second series of tests conducted with the optimal parameters from the burnishing was performed by varying
the number of passes ‘i’. Therefore, the objective is to conduct an investigation on the effect of the number of passes
on the fractal dimension and tribological parameters.

Materials

Roughness measurement

The material is a commercial aluminium alloy with
chemical composition obtained by scanning electron
microscope (FEG.SUPRA 40), the wt-% is 98.83% Al,
0.39% Fe, 0.35% Si and 0.12% K. The microstructure

The surface of pre-machined and burnished samples was
characterised by roughness measurements by means of a
roughness-meter, model MITUTOYO SJ-301. The 3D
surface topographies, fractal dimension ‘D’ and

3 Burnishing operation: a 1 – burnishing device; 2 – burnishing ball; 3 – covers b 4 – piece, 5 – lubricant

2

Surface Engineering

2016

Bourebia et al.

Table 1

Improvement of surface ﬁnish, approach by fractal dimension

Factors and levels for multi-factorial experiment
method
Level

Coded factors

Burnishing parameters

X1
X2
X3

f (mm rev−1)
Py (N)
Db (mm)

Table 2

Ball burnishing
The burnishing operation was conducted on a lathe Universal Model 1K62. The balls are hard steel with 7, 10 and
13.5-mm diameter were used for burnishing (Fig. 3a), the
covers were specially designed in order to ensuring a good
rolling ball in service.
The operation was performed with a piece rotational
frequency of ‘N = 224 rev min−1’25 and a single pass
under lubrication by means of oil emulsion SAE2026
(Fig. 3b).
The plastic deformation of surface layers result from
action of burnishing ball with pressure force (Py) combined with longitudinal feed ( f ) (Fig. 4).

Methodologies of tests
The tests were carried out with the planning model of
multi-factorial experiments in accordance with ‘Box–
Behnken plans’ to three factors (Fig. 5). Thus, to better
understand the interactions of the burnishing parameters
(f, Py and Db), they were tested at three levels (min, mean,
max) of variation range, which illustrated in Table 1.
The output response is displayed in terms of fractal
dimensions calculated on the basis of roughness parameters measured for each trial; the results are as given
in Table 2.

Results and discussion

0

+1

0.065
50
7

0.148
120
10

0.22
200
13.5

Experience matrix

4 Principle of burnishing process

roughness parameters have been performed using a
roughness-meter, Model: Taylor Hobson, Taly surﬁng
ICC equipped with surface analysis software Montains
4.0.The roughness of all treated surfaces was measured
in six different positions. The measurements were carried
out by taking evaluation length L = 4 mm and a cut-off
length l = 0.8 mm.

−1

Input parameters

Output
parameters

Burnishing
parameters

Fractal
dimension

Standard order

f (mm rev−1)

Py (N)

Db (mm)

Dmoy

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

0.065
0.22
0.065
0.22
0.065
0.065
0.22
0.22
0.148
0.148
0.148
0.148
0.148
0.148
0.148

50
50
200
200
120
120
120
120
50
200
50
200
120
120
120

10
10
10
10
7
13.5
7
13.5
7
7
13.5
13.5
10
10
10

1.10
1.11
1.45
1.49
1.45
1.15
1.31
1.12
1.13
1.64
1.22
1.10
1.44
1.26
1.43

with the plans of Box–Behnken is a model of second degree
(equation (1)), with the interactions of second order.28
ŷ = ao + a1 x1 + a2 x2 + a3 x3 + a12 x1 x2 + a13 x1 x3
+ a23 x2 x3 + a11 x21 + a22 x22 + a33 x23 + e

The numerical resolution of the model (equation (1))
has established a relationship between the fractal dimension ‘D’ and the treatment parameters (equation (2)).
D̂ = 1.3767 + ( − 0.015)∗x1 + (0.14)∗x2 + ( − 0.1175)
∗x3 + (0.0075)∗x1 x2 + (0.0275)∗x1 ∗x3

+ ( − 0.1575)

∗x2 ∗x3 + ( − 0.052083)∗(x1 ) + ( − 0.037083)∗(x2 )2
2

+( − 0.067083)∗(x3 )2 + e
(2)

Data treatment
Data treatment is carried out according to the developed
algorithm in Laouar et al.27 The mathematical model used

(1)

This results in an optimal solution to this equation
characterised by a fractal dimension Dopt = 1.12 ± 0.10

5 Schematic of experiment
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The curves of experimental and predicted values of
fractal dimension are illustrated in (Fig. 6). In general,
they have the same shape, except for few points. Therefore, the model can be adopted for tests analysis.

Effects of mechanical processing parameters

6 Comparison between experimental and predicted values
of ‘D’

with an optimal regime: f = 0.22 mm rev−1; Py = 50 N;
Db = 13.5 mm.
Statistical evaluation of the model has resulted in: R 2 =
0.99 which means that the model explains clearly the
effectiveness of the results, a coefﬁcient of Fisher Fcal =
0.674 is less than Fthéo = 19.2, consequently the model is
well adjusted according to Spiegel.29

Figure 7 illustrates the variation of the fractal dimension
‘D’ as a function of burnishing parameters.
It appears from the analysis of these curves that the
burnishing with 7 or 10-mm ball diameter (Fig. 7a and
b) leads to the same evolution of the fractal dimension.
For these two ball sizes and whatever burnishing feed,
low loads have a positive effect on the surface aspect
resulting in fractal dimension reduction. This could be
explained by the fact that for the low burnishing pressure,
the axial force (Pya ) is more dominant in front the radial
force (Pyr ). Therefore, the deformation of the asperities is
much more pronounced in the longitudinal direction,
allowing better smoothing of superﬁcial layer. This is
not the case for the low axial loads where the importance
of the radial component (Pyr ) promotes the ball to penetrate into the material which by indentation effect alters
surface state.
For the ball diameter Db = 13.5 mm (Fig. 7c) any load
‘Py’ associated with extremes values of burnishing feed
(f ) tends to decrease the fractal dimension. The effect of

7 Variation of fractal dimension; a Db = 7 mm, b Db = 10 mm, c Db = 13.5 mm
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8 Burnishing operation with optimal regime: 1 – one passes,
2 – two passes, 3 – three passes, 4 – bearing turned

burnishing is even more beneﬁcial for the high load under
low burnishing feed. For these conditions, the fractal
dimension ‘D’ tends to a minimum value ‘Dmin = 1.08’.
This result is due to the importance of the ball radius
Db which offers the opportunity to push a larger surface.
In contrast the average values of ‘Py’ and ‘f’, promotes
increased ‘D’ up to 1.18, although this value does not
affect treated surface state.

Effect of burnishing optimal conditions
The effect burnishing on tribological properties and fractal dimension D has been highlighted by means of a test
series conducted with optimal regime obtained by the
model: f = 0.22 mm rev−1; Py = 50 N; Db = 13.5 mm by
varying the number of passes (i) (Fig. 8) combined with
a rotational frequency ‘n = 224 rev min−1’.25
Effect on surface topography

Topographies of three treated surfaces with burnishing
and turned surface are illustrated in (Fig. 9).
According to the topographies recorded during the
implemented of the surfaces by both processes, it
appears that the surface aspect is more vulnerable to
turning because of the amplitude. The most marked
roughness by active part of the cutting tool where an
asperity height up to 10.74 µm is recorded. During burnishing the deformation of the roughness and their gradual drawdown and smoothing asperities make it more
regular surface aspect. The topography is clearer as
the number of passes is increased by 1 to 3 passes. For
the latter, the roughness height is reduced by 5.08–
3.70 µm, respectively.
Effect on fractal dimension D

The test results for different number of passes are as
shown in Table 3. Moreover the fractal dimension calculated according to these tests admits an average value of
the same order of magnitude than the value predicted
by mathematical model above (equation (2)).
D = 1.12 + 0.10
By applying the optimal regime of burnishing, this
result reveals that the surface is smooth and regular as
the number of passes increases which is in agreement
with the works.25,26 In fact, the increase in the number
of passes helps to reduce the fractal dimension that

9 Topography of turned and burnished surface

can reach a value of 1.08 for three passes burnishing
(Fig. 10).
Effect on tribological parameters

The tribological parameters values are as illustrated in
Table 4. It is noted that regardless the number of passes
undergone by the piece, burnishing offers the best results
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Table 3

Values of Ra, Rq and D

Turned
Burnished i = 1 passe
Burnished i = 2 passes
Burnished i = 3 passes

Ra (µm)

Dmoy

1.06
0.30
0.33
0.27

1.46
1.16
1.14
1.08

11 Variation of Rk, Rpk, Rvk of burnished surface with number of tool passes

10 Effect of number of tool passes on fractal dimension

for the tribological parameters compared of the turning
process.
Figure 11 illustrates the variation of the tribological
parameters (Rk, Rpk, Rvk) indeed conﬁrms the positive
effect of burnishing regarding these parameters compared

Table 4

Tribological parameters
Rmr
(%)

Turned
Burnished i = 1
passe
Burnished i = 2
passes
Burnished i = 3
passes

Rpk
(µm)

Rvk
(µm)

Rk
(µm)

Mr2/
Mr1

1
2.5

0.90
0.65

1.50
0.90

3.31
1.22

15.3
12.16

2.75

0.67

0.88

1.12

8.5

5.25

0.53

0.93

1.14

10.22

to the turning process. Owing to surface progressive
smoothing, the operation criterion (Rk) is decreased to
1.14 µm for three passes burnishing. Accordingly, the
Mr2/Mr1ratio increases to 10.22 and the surface state
obtained are characterised by a roughness proﬁle of plateau type as conﬁrmed by other works.30 These reported
works specify that the topography signiﬁcantly reduces
wear of surfaces and offer in addition to intrinsic characteristics, better sliding properties, rolling and lubrication.
The same effect of passes number is observed for the
parameter (Rpk) which decreases up to 0.53 µm for
three passes. This diminution is reﬂected in the reduction
in the running time of the surface asperities. Under the
effect of surface smoothing resulting from the deformation of the peaks in the hollows, Rvk parameter in
turn decreases. This reduction does not affect the operation of the conjugate surfaces due to an availability of
necessary and sufﬁcient valleys to good retention of the
lubricant.
Furthermore, the rates of bearing capacity as well as
the tribological parameters are closely related to the fractal dimension (Fig. 12).
The lower the fractal dimension D, more smooth and
regular is the surface topography (Fig. 12a). This aspect promotes a large area of bearing capacity. On the other hand,

12 Evolution of fractal dimension D: a with rates of bearing capacity, b with parameters Rk, Rpk, Rvk
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13 Abbott curve and parameters Sk, Svk, Spk of turned and burnished surface

an increase of D indicates an evaluation of tribological parameters Rk, Rpk and Rvk (Fig. 12b). Although the increase
in Rk and Rpk are good indications for lapping and proper
function ing of the surfaces, it is not the case for the Rvk parameter whose decrease could lead to a phenomenon of seizure following a surface poor retention of ﬂuid.
Moreover, the results of 3D measurements (Figs. 13
and 14) have the same tendency as those obtained by
2D measurements (Fig. 11).

From Figs. 13 and 14, it is observed a reduction of Spk
and an increase of Svk for a number of passes equal to 3
thus reﬂecting an improvement in the surface.

Conclusion
Ball burnishing is an economical and feasible mechanical
treatment for the quality improvement of surface parts.
The effects of various combinations of burnishing parameters on surface characteristics were investigated
whence one can conclude that:
.

.

.

14 Variation of Sk, Spk, Svk of burnished surface with number of tool passes

The fractal dimension ‘D’ allows better appreciated
the surface state in particular if surface is intended
to undergo a coating and also allows better illustrate
the effects of parameters f, Py, Db and i on tribological
characteristics (Rmr, Rpk, Rvk, Rk) for contact
surfaces.
The experimental results showed that ball diameter
burnishing has a signiﬁcant effect on fractal dimension D and consequently on surface appearance.
Furthermore, tribological parameters are improved
and it is observed an increase in rates of bearing
capacity ‘Rmr’ a decrease in running criterion ‘Rpk’
and lubrication criterion ‘Rvk’. Although, the
reduction of latter remains satisfactory and do not
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.

.

.

.
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affects tribological properties of functional surfaces of
material.
From mathematical prediction model and graphic
simulation, optimal regime was determined, which
enabled a better surface ﬁnish with interesting tribological characteristics.
Moreover, this result is conﬁrmed by both 2D and 3D
roughness proﬁles recorded under different burnishing
conditions. Because of their perfect harmony, two
types of proﬁles have shown a surface roughness in
good agreement with fractal dimension (D). This
reﬂects positive effect of burnishing resulting in an
even more regular topography as number of passes
is increased by 1 to 3.
The experience plan method can be a major tool to
predict the most suitable treatment regimes to achieve
a better surface ﬁnish, even the most appropriate tribological properties.
In perspective a study on the introduction of fractal
approach in calculating the area contact of mechanical surfaces is contemplated.
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