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The burnishing process is applied to improve the surface roughness and hardness. The goal of the
reported research was to evaluate the machining conditions on magnetisable and non-magnetisable
materials by the novel permanent magnetic assisted ball burnishing (MABB) tool. The MABB tool was
designed to reduce the surface roughness but this process has further effects on the surface C45 steel,
X6CrNiTi1811 austenite steel, AA7075 aluminium alloy and PA6 polymer materials were burnished in
the experiments. Surface quality is a complex feature that refers to the micro-geometrical characteristics
of the machined surface. It includes roughness and waviness and gives a realistic picture about the top
layer of the surface, while micro hardness and grains structure are especially important on sub-surface
level. Results according to these analysed aspects mirrored that all of the tested materials can be bur-
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1. Introduction

The magnetic assisted ball burnishing (MABB) process is one of
the cold-plastic finishing processes. It differs from other finishing
solutions, such as hand scraping, lapping, grinding [1,2] etc.,
because it decreases the residual tension stresses on the machined
surface (Fig. 1) [3].

Furthermore, MABB is economically beneficial, because it is a
simple and cheap process that requires short time and easy prepa-
rations. The introduced MABB process is unique, because the con-
ventional burnishing is applied for finishing internal or external
cylindrical surfaces, while the introduced MABB tool is suitable
for flat or harmonically flat surfaces. The designed tool is shown
in Fig. 2 [4].

The presented tool can be applied in conventional and CNC-
controlled machines, too. During the analysis the tool is continu-
ously cooled internally by minimum quantity lubrication (MQL)
oil. During this flat surface machining, while the tool moves on
the planed path at the given feed rate, at the same time it rotates

* Corresponding author at: Institute for Computer Science and Control, research-
er at the John von Neumann Univeristy, Chairperson of the IMEKO TC10 of Testing,
Diagnostics & Inspection.

E-mail address: viharos.zsolt@sztaki.hu (Z]. Viharos).

https://doi.org/10.1016/j.measurement.2020.107750
0263-2241/© 2020 Elsevier Ltd. All rights reserved.

with a specific speed and as result it rolls down the surface. In case
of ferromagnetic materials, the required burnishing force is pro-
vided by the attractiveness of the balls, if the tool approaches the
workpiece at a given h distance [5] (Fig. 2). However, this magnetic
force cannot be established on non-magnetizable materials,
because the magnetic attraction between the balls and the cone
does not allow the balls to rotate, so it results in the deterioration
of the surface quality [6]. Magnetic chuck table can be applied to
repel this phenomenon for the experiments.

After milling [7] and burnishing [8] the surface flatness changes,
which has an effect on the operation of the parts. Inappropriate
surfaces can cause failures during usage and the evaluation of fail-
ure is a complex process, so the capability of the surface quality in
the industrial life is especially important [9-11].

2. Magnetic assisted ball burnishing tool

There are many materials in our life, one of them are magneti-
zable and others are non-magnetizable, both types are important
for the industry [12], however, in some cases the original state of
the machined workpiece is it not suitable for the required usage.
In such certain cases ball burnishing can change the material’s
roughness, hardness [13,14], corrosion [15] and wearing resistance
[16] and decrease the incorporated stress values [17].
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Fig. 1. Principle of ball burnishing.
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Fig. 2. Parts of MABB tool and the magnetic flux.

In this paper, ball burnishing of various flat materials as C45 steel
(1045 steel), X6CrNiTi1811 austenite steel, AA7075 aluminium and
PAG6 polymer (Polyamide) are investigated. The C45 steel is used as a
reference, benchmark material for machining in scientific research
and industry [18], so in this study it has also the same role. The
X6CrNiTi1811 austenite steel is one of the most commonly used
industrial stainless steel [19] and also its machinability is really
good. The AA7075 is a highly machinable kind of aluminiums, this
the main reason why it has become to the most widely applied alu-
minium alloy for machining and also it is extensively utilized in air-
craft structural parts [20]. The PA6 polymer is used in a wide range of
industries [21], it is a typical material for slides, sliding bearings,
guide rollers, gears and other machined parts.

2.1. (45 steel

The authors of this paper investigated in their former analysis
the effects of ball burnishing on C45 steel applying the novel MABB
tool [4]. However, in this preliminary case the main aim was to
determine the changes in ferrous materials’ hardness and grain
size. The C45 is probably the most popular structured steel, so
there are several studies in this topic, but cylindrical workpieces
were examined in all of them. E.g. Alberto Saldana-Robles at al.
have explored that the burnishing force and feed have the main
effects on the process (on surface roughness) in case of C45 steel
[22].

2.2. Stainless steel

Stainless steels are used in all areas of life, where parts exposed
to hard environmental conditions and heavy loads, so it is impor-

tant to have high strength and corrosion resistance. The burnishing
of stainless steels is difficult because of its hardness, so the process
requires high burnishing force [23] or special support, like LASER
[24]. Lee at al. have studied the ball burnished AISI 316L stainless
steel [25], they used a 12 mm ball-ended tool after a milling pro-
cess for the experiments. They found that the burnishing speed
and the type of lubricant affect the surface roughness most signif-
icantly, at a 99% level of confidence [25].

2.3. Aluminium

Aluminium and their alloys are widely used by the industry in
large quantities because of low density and good mechanical prop-
erties [26]. Its burnished surfaces are better according to tribolog-
ical aspects [27] and harder [28] in case of aluminium, too. As other
non-ferrous materials, the aluminium is also burnishable, Adel M.
Hassan [29] and M.H. El-Axir et al. [30] explained the effects of ball
burnishing of aluminium alloy.

In both studies AA2014 aluminium was applied, both of them
burnished a cylindrical workpiece, but Adel M. Hassan manufac-
tured the inner surface while M.H. El-Axir et al. machined the
external surface. Their results are very similar, because they stated
that the best results for average roughness is obtained when apply-
ing high depth of penetration. They reported also that the number
of passes depends on both burnishing speed and burnishing feed
[30-32].

Also, there are similar studies which evaluated the effect of ball
burnishing on aluminium. A.J. Sinchez Egea et al. studied the effect
of burnishing strategies on aluminium workpieces which were
welded by Friction Stir Welding (FSW) technology [3].

2.4. Plastics

Plastics and plastic-based raw materials play an increasingly
important role in the industry [34,35]. Lukasz Janczewski et al.
have investigated the burnishing of PE500 polyethylene by diame-
ter of 8 mm ball burnishing tool. Based on their results, the hard-
ness of previously milled polyethylene after burnishing was
increased only by 6%, while the wear was decreased by 58% [36].
Fig. 4 reflects their results.

3. Description of the experimental method

The pre-machining process has also a very significant effect
before any burnishing [37]. It influences significantly the quality
of the burnished’s surface (e.g. accuracy and roughness), so analys-
ing their effects is also a very important challenge. Different types
of materials require different technological parameters for machin-
ing, in the given cases, the workpieces were pre-milled using vari-
ations of technological parameters shown in Tables 1-3.

For each workpiece, the feed rates were increased proportion-
ally, indicating that probably the surface roughness values will also
increase proportionally.

Because the X6CrNiTi1811 austenite steel, AA7075 aluminium
alloy and PA6 polymer are non-magnetizable materials, the neces-
sary burnishing force cannot be generated automatically because

Table 1
Technological parameters for C45.

No. Feed-v¢ Cutting depth-a, Cutting speed-v,
(mm/min) (mm) (m/min)

1 100 1 120

2 200 1 120

3 300 1 120
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Table 2 Table 4
Technological parameters for X6CrNiTi1811. DoE of ball burnishing.
No. Feed-v¢ Cutting depth-a, Cutting speed-v, No. A B C
(mm/min) (mm) (m/min) Feed Pre-milled surface roughness Burnishing speed
1 100 1 80 1 1 1 1
2 200 1 80 2 1 2 2
3 300 1 80 3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
Table 3 7 3 1 3
Technological parameters for AA7075 and PAG6. 8 3 2 1
No. Feed-v¢ Cutting depth-a, Cutting speed-v, 9 3 3 2
(mm/min) (mm) (m/min)
1 500 1 300 ) ) ) ) )
2 800 1 300 544 3D Coordinate measuring machine (uncertainty of one point
3 1100 1 300

the magnetic flux circles cannot be formed and closed through the
workpiece material. The solution was a magnetic table that was
placed under the workpiece, as shown in Fig. 3.

Each specimen was cut to a dimension of 200 x 300 x 12 mm.
For the addressed burnishing process experiments the standard
Taguchi orthogonal array L9 (3*) was designed which has three fac-
tors and three levels. The experimental results were analysed using
the MINITAB 17 software. The created Design of Experiments (DoE)
table is shown in Table 4.

The factors in Table 4 are the same, expect the average surface
roughness after milling, because there are four pre-milled different
materials, as in Table 5.

For the analysis, n = 36 experiments (n = 4 x 9) were carried
out, because of the 9 experiments per material, and there were 4
materials available. The pre-milling process produced different
Ra roughness, so, it must be handled by the levels of the B factor
according to the tested materials, as represented in Table 6.

4. Results and discussions

After the burnishing, using all the designed machining parame-
ters on all the various materials, the surfaces were evaluated by
measuring the surface hardness, average surface roughness, and
by microscopic pictures were taken about the structure of the
modified material layer. The following measuring equipment were
used throughout the experimental work: for surface measurement
MITUTOYO Formtracer SV-C3000 (uncertainty of the measure-
ment: 0.07 x Ra); Wilson-Wolpert 401 MVD microhardness
HVO0,1 instrument for Vickers microhardness tests with an optical
microscope under a load of 100 g (uncertainty of the measure-
ment: 2-4%); for flatness measurement Mitutoyo Crysta Apex C

Fig. 3. Designation of experiments.

measurement: 1.82 um); for microscopical evaluation a Zeiss Axio
Imager.M2m light microscope; and for SEM evaluation a Zeiss EVO
MA10 SEM microscope were applied. In the research, the measure-
ment’s validations were carried out by based on the instrument’s
uncertainty.

4.1. Surface roughness

After burnishing, the average surface roughness can be
decreased even to 1/10 ratio compared to the original surface. This
surface improvement is clearly visible in SEM images, the milled
surface in Fig. 4 and the burnished in Fig. 5.

The individual milled and burnished average surface roughness
(Ra) parameters with the uncertainties of measurement are pre-
sented in Fig. 6.

Figs. 7-10 shows three-dimensional fitted curves by a distance
based interpolation method, as representation examples for the
effects of various combinations of the selected ball burnishing
parameters (burnishing speed, feed, pre-milled average surface
roughness) on the final Ra roughness of the C45, X6CrNiTi1811,
AA7075 and PA6 workpieces after burnishing by the novel MABB
tool. It is worth mentioning that each curve represents the effects
of two input parameters while the third (burnishing feed-v¢) was
kept at that constant level where the resulted roughness was the
smallest: in case of C45 and PA6 polymer the v¢ = 10 mm/min,
while in case of AA7075 and X6CrNiTi1811 the v¢ = 30 mm/min
produced the lowest average surface roughness.

A surprising result is shown in Fig. 7. (material: C45); if the bur-
nishing speed is high (v, = 60 m/min) and the pre-milled surface
roughness is rough (Ra = 1.105 um) it provides the lowest final
average surface roughness (Ra = 0.127 pm) by burnishing, in case
of lowest burnishing feed (v = 10 mm/min). It means that the bur-
nishing speed has essential effects for the final surface’s quality.
The suspicion is that the high pre-milling roughness provides rel-
ative high amount of material for plastic deformation. Further-
more, the high burnishing speed guarantees the high number of
passes on the same material sub-surface.

Fig. 8. (X6CrNiTi1811 austenite steel), presents that at low values
of the pre-milled surface roughness and burnishing speed, none of
these parameters have significant effects on the burnished surface
roughness. When the burnishing speed is high the increase of the
pre-milled surface roughness results in decrease of the burnishing
surface roughness. The effect is reverse in the opposite case, so, at
low pre-milled roughness with the burnishing increase of the bur-
nishing speed the burnished surface roughness increases, too.

It is mirrored in Fig. 8. that the reduction in the burnished surface
roughness is caused mainly by the pre-milled surface roughness, indi-
cating that the burnishing speed has less effect for all the examined
feed values, e.g. in this presented case the burnishing feed has a middle

value (v¢ = 30 mm/min).
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Table 5
Burnishing factors and levels for the Design of Experiments (DoE).
Factor Level
1 2 3
A Feed-v¢ 10 30 50
(mm/min)
B Pre-milled surface roughness-Ra See in the Table 6.
(nm)
C Burnishing speed-v}, 20 40 60
(m/min)

Table 6

Average surface roughness (Ra) values after milling, so, before burnishing.
Material B-1 B-2 B-3

(nm) (nm) (nm)

C45 0.672 0.950 1.105
X6CrNiTi1811 1.455 2.553 1.249
AA7075 0.927 1.813 0.873
PA6 1.714 1.628 1.883

Fig. 4. SEM images of C45 surface after face milling, (v¢ = 200 mm/min, v. = 120 m/
min, a, = 1 mm, Ra = 1.105 pm).

2°m  EHT= 20.00 kV Mag= 1.00 kx WD= 17.00 mm

Fig. 5. SEM images of C45 surface after MABB, (v¢= 10 mm/min, v}, = 60 m/min, pre-
Ra = 1.105 um, burnished Ra = 0.127 pm).

According to Fig. 9. (AA7075 aluminium alloy) it can be con-
cluded that the initial, low roughness of pre-milled surface pro-
duces low surface average roughness beside of low burnishing
speed. The increase of the burnishing speed increases the surface
average roughness, except the high pre-milled surface, because in

this case the burnished surface roughness stagnates. This phe-
nomenon is opposite of the experience at C45. The higher burnish-
ing feed (v¢ = 30 mm/min) also has positive effect as in the case of
X6CrNiTi1811. The plasticity of AA7075 should be the main reason of
this phenomenon.

In Fig. 10. (PAG6 polymer) the effects of the machining parameters
are similar to the case of C45, so, the best results were obtained at the
highest speed (v, = 60 m/min) and pre-milling average surface rough-
ness (Ra = 1.761 pm), while the burnishing feed needs to be low
(v¢ = 10 mm/min), too.

The search for the optimal conditions for the C45 material were
performed, similar, as analysed previously [5], considering the
improvement in the burnishing surface roughness through the
means of the S/N ratios resulted by the different machining param-
eters (Fig. 11.).

As shown in Fig. 11, the pre-milled surface roughness (pre. Ra)
has the most significant effect on the roughness improvement and
the determined optimal condition for the highest average rough-
ness improvement is the combination of A3-B1-C3-D3 (vp: 60 m/
min; v¢ 25 mm/min; h: 11.5 mm; Ra: 1.105 pm).

4.2. Surface hardness

Figs. 12 and 14 show the resulted burnished surface hardness
depending on the depth in the material and Figs. 13 and 15 show
the microstructure images of C45 after burnishing with the novel
MABB tool. The C45 surface material has reached the highest
roughness reductions (from Ra = 1.105 pm to Ra = 0.127 pm), con-
sequently, the highest material compaction was realized in this
case. At all of the 9 tests the surface hardness of C45 steel get
increased up to 220 HVy; from 185 HV(; (base material hardness
without machining), as represented in Fig. 14.

As the Fig. 12 shows there is a valley in the curve between 0.15
and 0.25 mm depth from the surface, after it, the material hardness
reaches the base material hardness. This phenomena can be dis-
cernible at all of the hardness measurements. Because this is rough
grain layer was generated between the upper fine grain layer and
the grain of the base material (Figs. 13 and 15), so, this transition
causes the hardness reduction.

As the Figs. 12, 14 and 16 show the thickness of the hardening
layer is about between 0.2-0.3 mm. This value is more than the
author’s original expectation, similarly to the values of the hard-
ness. In case of X6CrNiTi1811 and PAG6, after the burnishing the
compaction of these materials were negligibly small, so it is not
possible the evaluation them in this aspect, because of the hard-
ened layer thickness is comparable to the measurement uncer-
tainty range of the HVy; microhardness measuring instrument.
The measured hardness of AA7075 mirrors that the decrease in it
was similar to the decrease at C45, as shown in Fig. 16.

The surface hardness of AA7075 get increased up to 200 HV;;
from 165 HVq; (it is the base material hardness without machin-
ing). Figs. 14 and 16 represent that the standard deviations of the
measurements are relatively low compared to their measured val-
ues. This effect mirrors small uncertainty of the measurements
experienced, partly because the measuring instrument has around
2-4% uncertainty according to its specification, consequently the
measurements are valid and practically applicable.

5. Evaluation of the surface flatness

According to the ISO 12781-1:2011 standard, the surface flat-
ness tolerance is the linear dimension a, which specifies a tolerance
zone defined by two parallel planes within which the surface must
lie (Fig. 17.) [38].
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Fig. 6. Average roughness (Ra) parameters after milling and ball burnishing.

Flatness can be measured using a height gauge running across
the surface of the part, however, this method requires much
patience, training, time and also may contain possible mistakes.
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Because the surface of a plane is an area, here, the Coordinate Mea-
suring Machine (CMM) gives an optimal measuring solution and
guarantees appropriate results. There are also other alternative
measuring systems and methods, like spectral interferometry
method [39] or scanning method [40], too.

According to the hardness and roughness results, the surface
flatness was evaluated only for the C45 material. The available
magnetic table size is the reason for this decision because it does
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not allow to get a broader burnished surface. The workpieces, pre-
sented in a previous research [31] of the authors of this paper, were
used for evaluate the flatness, which were burnished by different

machining Strat.egles-. These Strategl?S allow for MABB technology Fig. 15. Microstructure image of C45 surface and the hardness dispersion, No. 6th
to get even a wider size of the burnished area. experiment.
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According to tribological aspects [41], these burnished surfaces
are different, so with high probability there are differences among
the surface flatness, too. Fig. 18 shows the 5 types of strategies,
which were applied for burnishing experiments.

For flatness measurements, the authors used Mitutoyo Crysta
Apex C 544 and Renishaw PH10 probe head (93 mm). Before bur-
nishing, the milled surface was measured at 441 points (point dis-
tance was constant) on a size of 50 x 50 mm surface by the single
point method. This measuring method was applied for all the sur-
faces. The measurement took about 10 h per sample/surface and
the instrument’s uncertainty (0.00182 mm) is at least one magni-

Adaptive

Cycloid All-round  Zig-zag Line

-

VAVAVAVA

Fig. 18. Ball burnishing strategies.

tudes smaller than the measured values (that range is 0.01 mm)
indicating that the measurement uncertainty is small enough in
this case, too.

The measured parameters are presented in Fig. 19 it can be
identified that the burnishing has significant effect on the surface
flatness, too. Moreover, the surface topologies after milling and
burnishing show different forms. The mildest surface flatness error
is 0.012 mm, which is better than the burnished surface flatness
error. Consequently, it can be concluded that the burnishing do
not improve the surface flatness, moreover, there are differences
among the forms of the surfaces created with different strategies.
This phenomena is especially important for the usability of sur-
faces in the industrial life, e.g. according to tribological aspects, a
surface with oil-pockets is beneficial. Thanks for the various bur-
nishing strategies, the number of passes are increasing with the
increasing complexity of the strategies in which the paths better
overlap each other, so, for those surfaces the value of flatness error
is lower. Consequently, applying the appropriate strategy ensures that
the proposed technology can keep the flatness level of the original
milled surface. The Adaptive strategy served with the best results
concerning the flatness (macro-geometry), however, the preceding
research of the authors proved that the Cycloid strategy improves
the average surface roughness (micro-geometry) exceptional sig-
nificantly, especially in tribological aspects [31]. This diverse effect
indicates further research, the cycloid path’s loops are promising
for ensuring with an optimal, compromise strategy for both the
average surface roughness (on micro-level) and flatness (on
macro-level), too.

6. Conclusions

The paper reported a comprehensive analysis of surface flat-
ness, roughness and hardness after the proposed magnetic assisted
ball burnishing (MABB) of both magnetizable and non-
magnetizable workpieces. During the production process, the balls
rotate to generate high-speed and long-distance sliding under a
constant burnishing force, generated by magnetic flux. Total differ-
ently behaving materials were machined (steels, aluminium, poly-
mer) and beyond the analysis of the effects of the varying
machining parameters and tool strategies, also the influence of
the features of the pre-milling surfaces were examined.

The main conclusions of the paper can be summarized as
follows:

e The proposed MABB tool can burnish also non-magnetizable
metals and other materials, supported by a magnetic table.

e The best results for average roughness is obtained at low feed
rate and if the pre-milled roughness value is large enough for
deformation at C45 material.

e At AA7075 aluminium alloy, low average surface roughness can
be reached with low technological parameters.

e The machining of X6CrNiTi1811 austenite steel, similarly to
AA7075 aluminium alloy, requires low values for the technolog-
ical parameters.

e The burnishing of PA6 polymer has acceptable roughness reduc-
tion, but the process is very sensitive to the technological
parameters and other deviations.

e For the highest average roughness improvement on C45, the fol-
lowing technological parameters combination is needed: A3-
B1-C3-D3 (vp: 60 m/min; vg 25 mm/min; h: 11.5 mm; Ra:
1.105 um).

o The hardness of the C45 steel after the proposed MABB machin-
ing can be improved by 20%.

e The hardness of the AA7075 aluminium can be improved also
by 20%.
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Fig. 19. Surface morphology after milling, and ball burnishing using different strategies.

e The hardened layer thickness reached about between 0.2 and
0.3 mm in case of C45 and A7075 machining.

e The various burnishing strategies can increase and also decrease
the flatness error, it is dependent on the number of burnishing
passes and strategies.

e The Adaptive strategy served with the best results concerning
the flatness; however, the cycloid strategy improves the aver-
age surface roughness significantly. This diverse effect indicates
further research, the cycloid path’s loops are promising for
ensuring with an optimal, compromise strategy for both the
average surface roughness (on micro-level) and flatness (on
macro-level), too.

Results bring forth further research and challenges. The PA6
polymer hardness measurement could not be performed, because
the hardness measuring instrument is not suitable for polymer,
however, there exists specials hardness measurement instruments
designed especially for polymers. In case of X6CrNiTi1811 austen-
ite steel, it is well known that the austenite microstructure is trans-
formed into martensite by mechanical loads, this effect can be
analysed, too. Another, short term plan is the measurement of
the surface profile macro-geometrical change after burnishing,

until now the effects for the surface topological macro-accuracy
were not yet explored.
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