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Abstract. The current study presents the results from the experimental research conducted on the
influence of the regime parameters on the process for a five-dimensional Ball Burnishing (BB) fin-
ishing process with the help of a CNC milling machine on the Regular Reliefs (RR) obtained on
complex functional surfaces. The elements of the technological system, necessary for the formation
of RR of type IV on the complex surfaces, are presented. A planned factorial experiment is realized,
through which the significantly affecting parameters of the BB process on the size and shape of the
RR cells, are determined. The results obtained are statistically confirmed by a dispersion analysis
(ANOVA) carried out. Conclusions, regarding the possibilities of obtaining RRs of type IV on com-
plex surfaces through a process of five-axis simultaneous BB, are made.

Keywords: finishing processing, regular relief, surface plastic deformation, simultaneous multi-
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1 Introduction

A large number of the details, used in the modern machine industry, plastics industry, power engi-
neering, heating and ventilation equipment as well as in the various means of transport in order to fulfil
their functional purpose, need to have surfaces of a complex shape, different from the most common
cylindrical, conical and/or planar surfaces. Examples of such details are injection molds, pump impel-
lers, turbine blades, propellers of the sailing vessels, construction elements of the engines of cars, trains,
planes, etc. (Shiou & Chen, 2003; Shiou & Chen, 2010; Msanos, OmokuH, Paunos & CaMoiiIeHKO,
2014; Kiumog, XKartkun, lleapun & Korresa, 2015; Kpasuenko, 1978; Jlokanor & Mapkosckuii, 2016;
ITerpoBa, Mexnu & Tapacos, 2015; Tackaes, 2010). Their operational characteristics depend largely on
the macro shape, which they are constructively designed to have and the material they are made of.
Often, however, the condition of their surface layer also has a significant influence, through the quality
parameters, such as: size and texture of roughness, residual tension in the surface layer, hardness, oil
retention capability, fluid flow resistance, corrosion resistance, etc.

There are numerous examples in the technological practice for studies, which show that the reliefs,
produced through a process of vibration surface plastic deformation (VBB) both on planar and cylindri-
cal functional surfaces, optimize to a great extent the operational characteristics of the details, processed
via this method (T'eoprues, CiaBos & umurpora, 1999; I'eoprues & Caasos, 2003a, 2003b, 2003c;
Crasos, 2014; Cyuxos, KsprmakoB & Kocraguuos, 1980; Akkurt and Ovali, 2014; Sagbas, 2011;
Odintsov, 1987; Rodriguez, Lopez de Lacalle, Celaya, Fernzndez & Lamikiz, 2011; Gharbi et all,
2015; Grochata, Berczynski & Grzadziel, 2014; Maximov, Anchev, Duncheva, Ganev & Selimov, 2016;
Loh,Tam and Miyazawa, 1989a, 1989b; Babu, Ankamma, Prasad, Raju & Prasad, 2012; Prevéy, Jaya-
raman & Cammett 2005; Schneider, 2001, Slavov & Dimitrov, 2016, 2018). In the process of machining,
a deforming element (of a spherical or cylindrical shape) moves on a complex (close to a sinusoidal)
trajectory, pressing with a certain force on the machined surface (Schneider, 2001). As a result, over-
lapping traces of a material with plastic deformation are obtained on the surface of the machined detail.
Thus, the so called “regular relieves” (RR) are formed that have a specific texture of the roughness, as
well as improved physical and mechanical characteristics of the surface layer.
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With the introduction of MM with CNC control and the computer software system for automatic
design (Computer Aided Design — CAD), and the computerized preparation of the manufacturing (Com-
puter Aided Manufacturing — CAM) methods for obtaining RR through a BB process are developed,
realized with the help of such equipment (Cnasos, 2010a, 2010b, 2014; Rodriguez et al., 2011). They
do not need the deforming element to vibrate in order to obtain a RR of the desired type, and the required
sinusoidal trajectory is achieved by mathematical generation of the tool path and its subsequent pro-
gramming in a program for MM with CNC (Slavov, 2017, 2018). The source (Rodriguez et al., 2011)
shows an example for the implementation of the BB process for finishing processing of different sur-
faces and types of materials, used in the Machine industry with the help of MM with CNC. All of them,
however, are related to studying the possibilities of the so-called "smooth" BB, where the process is
used to reduce the surface roughness and to form certain physical-mechanical characteristics in the sur-
face layer. There is no evidence in the specialized literature that the BB has been used to form RR of
type IV on complex non-planar surfaces.

For this reason, the main objective of the present work is to study the possibilities of obtaining RR
of type IV on complex surfaces by means of the BB process, realized on a five-axis MM with CNC and
to determine the influence of the basic regime parameters on the characteristics of the cells of the relief.

2 Methodology for experimental study of the influence of the regime parameters on
the five-axis BB process on the size and the shape of the obtained RR cells of type
V.

2.1 Elements of the technological system for formation of RR of type IV on complex functional
surfaces -

The technological provision of the operation for the implementation of multi-axis BB on complex
functional surfaces in order to obtain RR type IV, using modern MM with CNC includes:

o A specially designed BB tool (see pos.1 fig. 1, a), that allows adjustment and measurement of the
instantaneous value of the deforming force F, N, as well as changing the diameter of the deforming
elements in a certain range (dc = 5 -8, mm) (Slavov & lliev, 2016);

Fig. 1. a) Technological system for five-axis BB operation on complex surfaces; b) Drawing of the experimental
specimen; ¢) Experimental specimen, with formed RR of type IV on the side surfaces through five-axis BB pro-
Cess.

e Three-axis milling machine HASS, model VF-3 (see pos. 2 of Fig. 1,a), equipped with two-axis ro-
tating table HAAS, model TR-110 (see pos. 3 of Fig. 1,a), the two components forming a five-axis
processing machine with simultaneous control of the five axis;

o CAM software (NX Siemens) for modeling the required trajectory of the movement of the deforming
tool and generating the corresponding control program for the multi-axis MM with CNC;

o Test specimens (see pos. 4 of Fig. 1, a) of duralumin, mark 2024-T3 (BJIC EN 754-3:2008), which
have the shape and the size, shown on Fig. 1, b, on whose side surfaces with complex shape, RR of
type 1V are formed through the process of five-axis BB operation (see Fig. 1, c).
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2.2 Methodology of the experimental study

In order to achieve the experimental objective of the present study, the methodology of the planned
factor experiments (Montgomery, 2017) is used. The study of the references (Odintsov, 1987; Shneider,
2001; Slavov & Dimitrov, 2018) leads to identifying four main influencing parameters of the process
on the characteristics of the resulting RR on the surfaces processed. They are, as follows:

e dp, mm — diameter of the hard-deforming element used (i.e. of the ball bearing);

e F, N — the pre-set (nominal) deforming force, applied to the deforming element of the spring of the
tool;

e ¢, mm - the set half of the amplitude of the sinusoidal trajectory, on which the tip of the deforming
tool moves. This regime parameter defines the size of the RR cells in horizontal direction;

o i —the set value of the number of the sine waves, within the length of the trajectory n*Do, mm. This
regime parameter defines the length of the period of the sine waves from the motion trajectory and
hence the size of the RR cells in vertical direction;

Table 1. Design of the full factorial experiment of the type 24

No Full factorial experiment — encoded values Full factorial experiment — real values
B db, (mm) F, (N) e, (mm) i db, (Mm) F, (N) e, (mm) i
1 -1 -1 -1 -1 6 250 0.5 1650.15
2 -1 -1 -1 1 6 250 0.5 2500.15
3 -1 -1 1 -1 6 250 1 1650.15
4 -1 -1 1 1 6 250 1 2500.15
5 -1 1 -1 -1 6 380 0.5 1650.15
6 -1 1 -1 1 6 380 05 2500.15
7 -1 1 1 -1 6 380 1 1650.15
8 -1 1 1 1 6 380 1 2500.15
9 1 -1 -1 -1 8 250 0.5 1650.15
10 1 -1 -1 1 8 250 0.5 2500.15
11 1 -1 1 -1 8 250 1 1650.15
12 1 -1 1 1 8 250 1 2500.15
13 1 1 -1 -1 8 380 0.5 1650.15
14 1 1 -1 1 8 380 0.5 2500.15
15 1 1 1 -1 8 380 1 1650.15
16 1 1 1 1 8 380 1 2500.15

A full factorial experiment design of the type 2*is used to conduct the study. This factorial design
includes four factors, which change in two levels — low and high (Montgomery, 2017). This experi-
mental design is orthogonal and has 16 unique combinations of low and high levels of the contributing
factors. The combinations of the values in encoded and natural values of the regime parameters of the
process for five-axis BB operation are shown in Table 1.

2.3 Methodology for determining the shape and size of RR cells

As a measuring instrument for studying the shape and size of the resulting RR cells on the non-planar
surface, a DigiMicro Lab 5.0+ digital microscope (dnt, Germany), is used, for obtaining digital images
of the processed through five-axis BB operation surfaces with a high resolution (12 MPix) and a spe-
cialized software, allowing the measurement of the size and the shape parameters of the RR cells. The
microscope is capable of maximum magnification of x 500 times and allows recording of the images
captured directly on an external computer via a USB 2.0 serial port.

Fig. 2 shows the measuring device for determining the geometrical parameters of the RR cells,
formed on the processed specimen’s surfaces. The processed through five-axis BB operation specimen
(see pos. 1) is positioned on the worktable of the digital microscope (see pos. 2), fixed towards the lens
by means of plastilin mats. The table of the microspore can be moved up and down in vertical direction,
adjusting the level of the magnification of the obtained image of RR, as well as the number of cells
included in the digital image. Thus, the set focused image of RR is captured and sent via USB port to a
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specialized software for processing. Each of the four surfaces with RR of the 16 experimental specimen
is put on the table of the microscope, as described above and a digital image of the RR is taken.

The calibration of the digital microscope is performed, using the etalon calibration ruler from the set
it comes with, in accordance with the manufacturer's methodology, separately for each image captured,
by calculating the corresponding magnification factor, which is then used to recalculate the measured
distances and calculate their values with a dimension millimeter.

Through the methodology described above, digital images of RR, shown on Fig. 3, are obtained.
They serve as the basis for measuring the dimensions of the RR cells.

.

Etaloni

Fig. 3. Digital image of RR with cells with a rectangular
shape via digital microscope DigiMicro Lab 5.0+ with
indicated parameters of the cell to be measured.

Fig. 2. Digital microscope Digilab5.0+, connected
to a computer to obtain RR images of high resolu-
tion

For the purposes of the present study, the following parameters of the sizes of RR cells are measured
(shown on Fig. 3):

o Step A, mm, which is the distance between the adjacent cell-forming structures in ascending direction
of their alignment on the processed surface;

e Step B, mm, which is the distance between the adjacent cell-forming structures in direction of their
alignment on the processed surface;

o Diameter Dc, mm, of the inscribed, within the cell borders, circumference

e Angle 8, °, between two adjacent cell-forming structures, through which the distortion of its shape is
monitored

The RR cells are formed both by the set parameters of the motion trajectory of the deforming element,
and the obtained plastic deformation of the surface layer of the material. Whereas the overlapping of the
motion trajectory on the processed surface, when processing by BB process on CNC milling machine
of planar surfaces is with a high repeatability, which results in obtaining RR cells with very close sizes
and shape, the plastic deformation of the material in the surface layer is a nonlinear process.

In spite of the fact that the RR cells, formed by the five-axis scheme for BB of non-planar surfaces,
shown on Fig. 3 appear to be of the same shape and size, the plastic deformation, in combination with
the processing of non-planar surfaces, can result in certain changes of some of the parameters of their
sizes.

As on each processed surface of the experimental specimens a humerous cells are formed (in the
range of several hundreds), measuring the size of each one of them is not possible. That is why the
above-mentioned parameters are measured for five randomly chosen cells within the processed non-
planar surface. For these five cells the values of steps A and B, the diameter of the inscribed within the
cell circumference and the angle between the adjacent cell-forming structures for the 16 specimens on
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their 4 sides, are measured. The measurement data are recorded in specially formatted MS Excel tables,
in the form of table 2.

Table 2. The measured values of steps A and B, the diameter Dc of the inscribed within the cell circumference and
the angle & between the adjacent cell-borders for experimental specimen No.1.

RR cells parameters Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Mean

id Step A, mm 0,66 0,67 0,75 0,59 0,67 0,67

ﬁ/llagnl Step B, mm 0,97 0,94 0,92 1,01 0,90 0,95

%119 9.6 Diameter- Dc, mm 0,36 0,35 0,37 0,33 0,34 0,35

? Angle 5, ° 88,20 98,17 95,36 93,08 89,23 92,81

id Step A, mm 0,58 0,58 0,63 0,58 0,57 0,59

ﬁ/llagnz Step B, mm 0,89 0,85 0,89 0,93 0,86 0,88

; XI164.3 Diameter- Dc, mm 0,33 0,33 0,33 0,32 0,33 0,33

- i Angle 5, ° 89,91 86,81 88,63 82,71 89,58 87,53
[}
IS

g_ Side 3 Step A, mm 0,59 0,62 0,63 0,75 0,62 0,64

» Magn. St.ep B, mm 0,85 0,86 0,90 0,85 0,91 0,87

«114 35 Diameter- Dc, mm 0,34 0,35 0,36 0,37 0,38 0,36

? Angle §, ° 100,32 99,67 92,45 97,30 94,05 96,76

Side 4 Step A, mm 0,81 0,64 0,65 0,63 0,63 0,67

Magn. St.ep B, mm 0,81 0,81 0,96 0,87 0,90 0,87

11329 Diameter- Dc, mm 0,34 0,35 0,36 0,35 0,35 0,35

? Angle §, ° 92,95 87,70 89,89 88,96 85,99 89,10

3 Results from the experimental study

3.1 Identifying the influence of the regime parameters of the BB process on the main
parameters and the shape of the cells of the obtained RR

The obtained arithmetic mean values for the parameters of the cells steps A and B, diameter Dc and
angle 6, are shown in Tables 3 to 6, for the 16 specimens with a four-fold repetition of each row in the

factor plan.
Table 3. Results for step A of the RR cells in the experimental plan
Experimental design Experimental results (trials)
Run . Step A, mm | Step A, mm | Step A, mm | Step A, mm
iy | N & ' (gide 1) (SFi)de 2) (SFi)de 3) (S?de 4)
1 6 250 0.5 1650.15 0.67 0.59 0.64 0.67
2 6 250 0.5 2500.15 0.49 0.54 0.59 0.64
3 6 250 1 1650.15 0.99 0.88 1.03 1.00
4 6 250 1 2500.15 0.85 0.80 0.90 1.17
5 6 380 0.5 1650.15 0.55 0.69 0.55 0.61
6 6 380 0.5 2500.15 0.67 0.71 0.70 0.57
7 6 380 1 1650.15 1.13 1.11 1.02 1.07
8 6 380 1 2500.15 0.62 0.73 0.72 0.83
9 8 250 0.5 1650.15 0.60 0.58 0.62 0.63
10 8 250 0.5 2500.15 0.59 0.51 0.57 0.59
11 8 250 1 1650.15 0.95 1.00 1.07 1.03
12 8 250 1 2500.15 1.05 1.09 1.17 1.10
13 8 380 0.5 1650.15 0.63 0.58 0.59 0.58
14 8 380 0.5 2500.15 0.57 0.51 0.54 0.55
15 8 380 1 1650.15 0.99 1.05 0.96 1.05
16 8 380 1 2500.15 0.89 0.97 0.91 0.99
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Table 4. Results for step B of the RR cells in the experimental plan

Experimental design Experimental results (trials)
Run . Step B, mm Step B, mm Step B, mm Step B, mm
by | SN ' (gide 1) (S?de 2) (S?de 3) (S?de 4)
1 6 250 0.5 1650.15 0.95 0.88 0.87 0.87
2 6 250 0.5 2500.15 0.66 0.70 0.66 0.59
3 6 250 1 1650.15 1.03 0.99 1.07 1.05
4 6 250 1 2500.15 0.59 0.49 0.45 0.62
5 6 380 0.5 1650.15 0.76 0.96 0.80 0.86
6 6 380 0.5 2500.15 0.50 0.60 0.60 0.62
7 6 380 1 1650.15 1.16 111 1.05 1.13
8 6 380 1 2500.15 0.47 0.50 0.52 0.43
9 8 250 0.5 1650.15 0.83 0.81 0.85 0.88
10 8 250 0.5 2500.15 0.68 0.59 0.71 0.70
11 8 250 1 1650.15 0.98 1.06 1.06 1.12
12 8 250 1 2500.15 0.48 0.42 0.52 0.43
13 8 380 0.5 1650.15 0.86 0.81 0.77 0.78
14 8 380 0.5 2500.15 0.72 0.61 0.62 0.67
15 8 380 1 1650.15 112 111 1.03 1.12
16 8 380 1 2500.15 0.46 0.53 0.48 0.45
Table 5. Results for the diameter of the inscribed circumference Dc in the experimental plan
Experimental design Experimental results (trials)
Run . Dc, mm Dc, mm Dc, mm Dc, mm
i W || S0 D . (Side 1) (Side 2) (Side 3) (Side 4)
1 6 250 0.5 1650.15 0.70 0.66 0.72 0.70
2 6 250 0.5 2500.15 0.58 0.59 0.54 0.56
3 6 250 1 1650.15 1.02 1.06 1.02 1.10
4 6 250 1 2500.15 0.60 0.77 0.68 0.83
5 6 380 0.5 1650.15 0.58 0.72 0.58 0.62
6 6 380 0.5 2500.15 0.53 0.54 0.62 0.52
7 6 380 1 1650.15 1.05 0.92 1.03 0.96
8 6 380 1 2500.15 0.70 0.68 0.66 0.64
9 8 250 0.5 1650.15 0.66 0.59 0.68 0.66
10 8 250 0.5 2500.15 0.50 0.54 0.57 0.56
11 8 250 1 1650.15 0.97 0.90 1.03 0.97
12 8 250 1 2500.15 0.70 0.76 0.78 0.65
13 8 380 0.5 1650.15 0.64 0.65 0.60 0.62
14 8 380 0.5 2500.15 0.53 0.50 0.52 0.49
15 8 380 1 1650.15 0.99 0.94 0.90 0.96
16 8 380 1 2500.15 0.69 0.67 0.68 0.70
Table 6. Results for angle & between the adjacent cell-borders of the RR in the experimental plan
Experimental design Experimental results (trials)
Run . Angle 5, © Angle , © Angle 9, © Angle 8, ©
U mm | SN G o ' (Side 1) (Side ) (Side 3) (Side 4)
1 6 250 0.5 1650.15 92.81 87.53 96.76 89.10
2 6 250 0.5 2500.15 90.60 86.55 77.72 85.38
3 6 250 1 1650.15 84.83 132.53 78.91 79.02
4 6 250 1 2500.15 114.90 126.22 100.36 92.29
5 6 380 0.5 1650.15 90.37 90.59 86.72 86.17
6 6 380 0.5 2500.15 87.70 86.52 87.95 88.46
7 6 380 1 1650.15 81.22 88.40 75.23 76.62
8 6 380 1 2500.15 138.60 151.61 113.47 100.33
9 8 250 0.5 1650.15 85.12 85.61 89.10 90.06
10 8 250 0.5 2500.15 89.72 91.06 86.10 92.20
11 8 250 1 1650.15 79.69 81.05 81.71 79.91
12 8 250 1 2500.15 110.19 116.53 117.78 111.22
13 8 380 0.5 1650.15 85.96 87.38 86.26 88.13
14 8 380 0.5 2500.15 86.10 83.21 80.19 91.53
15 8 380 1 1650.15 76.32 76.97 77.07 79.13
16 8 380 1 2500.15 113.36 119.53 115.35 109.51
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In order to determine the influence of the regime parameters studied on the process for five-axis
BB on steps A and B, the diameter of the inscribed circumference Dc and the angle 6 between the
adjacent cell-borders, the following formulae are used:

1 .
AvgXj® = (T, X{)j 1)
. ) -—
AvgX['" = = (T8 X)) )
Eff:i(db)r(F),(e)r(i) — Ang;ligh —AUgX}OW (3)

where:

e (Xj")i — are those i= /...8 of the values in Tables 3 — 6 for j regime parameter (j = 1...4), calculated
for their low values;

e (X"9"); —are the rest ;= 9...16 of the values in Tables 3 — 6 for j regime parameter (j = 1...4), calcu-
lated for their high values;

Since in this case there is a four-fold repetition of the results obtained for each of the parameters
studied of the RR cells (see Tables 3 — 6 for (Xj"*")i and (X;"¥"), the arithmetic mean values, calculated
for the corresponding rows of the planned factor experiment, are taken. After being calculated as per

formulae (1) and (2) the values for AvgX }"W and AvgX ;”gh , they are also calculated for the magnitude

of the effect Ef fj(db)'(F @D of the corresponding regime parameter as per formula (3). Using formulae

1 — 3 the effects of the four regime parameters of the process are determined and the results are shown
in Table 7.

Since there is a four-fold repetition of the results obtained in this study too, the arithmetic mean
values of the calculated for the corresponding rows of the planned factor experiment (see Tables 3 — 6)
are taken. The effects of the four regime parameters of the process, determined in this way and the
results, are shown in Table 7.

Table 7. Effects of the regime parameters in five-axis BB

Experimental factor Effects for Step 4

(BB regime parameter) EffSta 'ow EffSta hioh Eff
db, Mmm 0.773 0.797 0.024
F, N 0.800 0.770 -0.030
e, mm 0.598 0.973 0.375
i 0.816 0.754 -0.062

Effects for Step B

EffStg v EffStj high Eff
db, mm 0.767 0.758 -0.009
F, N 0.769 0.756 -0.013
e, mm 0.743 0.782 0.038
i 0.960 0.565 -0.395

Effects for the diameter, Dc

EffDc v EffDc high Eff
do, mm 0.735 0.707 -0.028
F, N 0.740 0.702 -0.038
e, mm 0.597 0.845 0.248
i 0.819 0.623 -0.197

Effects for Angle, &

Effé low Eff& high Eff
db, mm 95.172 91.970 -3.201
F, N 93.829 93.312 -0.517
e, mm 87.770 99.372 11.602
i 85.822 101.32 15.499
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Based on the calculated data for the resulting effects from Table 7, the corresponding graphical in-
terpretations, shown on Fig. 4, a-h, are made. In order to rank the regime parameters by degree of sig-
nificance, Pareto-histograms are constructed, using the halves of the absolute values of the Eff; effects
in accordance with formula (3). As a result, Pareto-histograms and cumulative curves are obtained,
shown on Fig. 4 a—d, arranged in descending order by the degree of significance of the regime param-

eters.
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Fig. 4. Effect diagrams and Pareto-histograms of the influence of the regime parameters of the five-axis BB pro-
cess on:: a), b) Step A; ¢), d) Step B; e), ) Diameter Dc; g), h) Angle 3.

From the results obtained from Table 7 and Fig. 4, a - h, it is clear that:

o On step A of the RR cells the greatest effect is caused by the regime parameter of the BB process —
e, mm, when it increases from 0.5 to 1 mm, the step also increases. Analyzing the data in Table 7, it
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can be seen that the measured steps A have close dimensions to the set low and high levels of e (0.5
and 1 mm). The rest of the regime parameters do not have great effect on step A,;

o On step B of the RR cells the greatest effect is caused by the regime parameter of the BB process —
i, when it increases from 1650.15 to 2500.15, the step decreases. Analyzing the data in Table 7, it can
be seen that the measured steps B corresponds to the low and high levels of i. This is logical as the
highest the value of parameter i, the denser the arrangement of the sine waves of the motion trajectory
of the deforming element, consequently this step will be obtained with lower value. The rest of the
regime parameters do not have great effect on step B.

o The diameter of the inscribed circumferences Dc, mm in the RR cells, is an integral criterion for
measuring their sizes, as compared to steps A and B. As it can be seen on Fig. 4, e, f, a significant
effect on it is caused by both parameters of the regime e and i, and their direction of effect remains
the same as in steps A and B (see Fig. 4.10, a - d). At lower values of e and higher values of i, the
RR cells obtained are of smaller size, and vice versa. The other two regime parameters F and db do
not have a great effect on the diameter Dc.

e The angle & between two adjacent cell-borders of RR can be used to characterize the shape of the
cells of the relief obtained on the processed surface. As it can be seen from Table 6, it obtains values
in two areas: the first area, which changes within the range of 80 — 95° (for the rows from the exper-
iment 1-3, 5-7, 9-11 and 13-15) and the second area, in which it obtains values 105 - 150° (rows 4, 8,
12 and 16). If these results are compared to the corresponding images of RR from Appendix 5, it
becomes clear that at angle & = 80 — 95° cells of a shape close to a rectangle are obtained, and at angle
& =105 - 150°, they are of a shape close to a hexagon. Comparing the latter with the combinations of
low and high levels of the regime parameters from the experimental plan in table 6, it is seen that the
bigger angles (or the RR cells with hexagonal shape) are obtained, when both regime parameters, e
and i, have high values. This is also confirmed by the calculated effects from table 7 and the diagrams,
shown on Fig. 4, g, h.

3.2 ldentification of the regime parameters of the five-axis BB process that significantly
influence the dimensions and the shape of the RR cells

An additional statistical check is performed to determine the so-called “threshold” value of the
effect, which distinguishes the significantly affecting from the insignificantly affecting factors of the
experiment through a Dispersion (ANOVA) analysis (Antony, 2014). A standard calculating methodol-
ogy is used, based on the calculating procedure in MathCAD 15.0 (PTC).

For a given level of confidence p=(1 - a)*100 = 95%, and degrees of freedom dfa = 1 and dfe, =
59, the critical value of Fisher is determined F, =4.004.

The calculated values of the dispersion analysis made are shown in tables 8 — 11 for determining
the regime parameters, significantly affecting the parameters of the cells: steps A and B, diameter Dc
and angle 6.

From the results obtained for the Fisher’s criterion (F-test) from the dispersion analyses, shown
in Tables 8 — 11, it becomes clear that:

e On step A of the RR cells a great effect causes the regime parameter ,,Amplitude of the sine waves —
e, mm“of the BB process, whose F-test = 245.061. Here the Fisher value F-test = 5.733 of the regime
parameter ,,Number of the sine waves — i*“ also exceeds the determined threshold value Fa =4.004,
which although with a much lower effect than e , also determines it as significant. The Fisher values
of the other two regime parameters do not exceed the threshold value, and can be considered as in-
significantly affecting;

o On step B of the RR cells a great effect causes the regime parameter ,,Number of the sine waves — i
of the BB process, whose F-test = 196.207. here, however, the Fisher values of the other three regime
parameters do not exceed the threshold, and can be considered as insignificantly affecting;

e On the diameter Dc of the RR cells main effect cause the two regime parameters: ,,Amplitude of the
sine waves — e, mm* with F-tect = 224.59 and ,,Number of the sine waves — i with F-test = 141.605,
but also Fisher F-test = 5.394 for ,,Nominal deforming force - F, N* exceeds a little the significance
threshold. The regime parameter ,,Diameter of the ball — dc, mm™ does not exceed the threshold
value, therefore it is considered as insignificantly affecting.
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Table 8. Results from ANOVA for the significance of the effect of the regime parameters on step A.

P-value—Probability

ssquurgr(gs Dfergggzsn(‘)f Mean squares o of rejecting th_e fac-

Parameters F-statistic | tor based on its F-
MSE statistic when in fact

ey df, dfer it is significant

Diameter of the ball tool - db, mm 0.009 1 0.009 1.008 0.319

Nominal deforming force - F, N 0.014 1 0.014 1.547 0.218

The amplitude of the sine waves —e, mm| 2.252 1 2.252 245.061 0

Number of sinewaves - i 0.062 1 0.062 5.733 0.012

Error 0.542 59 0.009 - -

Total 2.88 63 - - -

Table 9. Results from ANOVA for the significance of the effect of the regime parameters on step B.

P-value—Probability

Sum of | Degrees of e
squares | freedom Mean squares o of rejecting the fac@or
Parameters F-statistic | based on its F-statis-
MSE tic when in fact it is
SScv dfa, dfer significant

Diameter of the ball tool - db, mm 0.001 1 0.001 0.105 0.748
Nominal deforming force - F, N 0.003 1 0.003 0.200 0.656
The amplitude of the sine waves —e, mm| 0.024 1 0.024 1.860 0.178
Number of sinewaves - i 2.501 1 2.501 196.207 0
Error 0.752 59 0.013 - -
Total 3.281 63 - - -

Table 10. Results from ANOVA for the significance of the effect of the regime parameters on the diameter Dc.

P-value—Probability

ssquurZr(;fs Dfergggisn?f Mean squares o of rejecting th_e fac-
Parameters F-statistic | tor based on its F-
MSE statistic when in fact
sy fa, dfer it is significant
Diameter of the ball tool - db, mm 0.013 1 0.013 2.897 0.094
Nominal deforming force - F, N 0.024 1 0.024 5.394 0.024
The amplitude of the sine waves —e, mm| 0.981 1 0.981 224.590 0
Number of sinewaves - i 0.619 1 0.619 141.605 0
Error 0.258 59 0.004 - -
Total 1.894 63 - - -

Table 11. Results from AOVA for the significance of the effect of the regime parameters on the angle 3.

P-value—Probability

Sum of | Degrees of L
squares | freedom Mean squares o of rejecting th_e fac-
Parameters F-statistic | tor based on its F-
MSE statistic when in fact
Sy dfa, dfer it is significant

Diameter of the ball tool - db, mm 163.981 1 163.981 0.898 0.347
Nominal deforming force - F, N 4.279 1 4.279 0.023 0.879
The amplitude of the sine waves — e, mm| 2153.517 1 2153.517 11.798 0.001
Number of sinewaves - i 3843.442 1 3843.442 21.056 0
Error 10769.691 59 182.537 - -
Total 16934.91 63 - - -

o Onthe angle 6 of the RR cells a significant effect cause again the two regime parameters: ,,Amplitude
of the sine waves— e, mm“with F-test = 11.798 and ,,Number of the sine waves — i with F-test =
21.056, the latter being dominant. The Fisher values of the other two regime parameters do not exceed

the threshold value, therefore they can be considered as insignificantly affecting.
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4 Conclusions

Based on the results obtained for the shape and dimensions of the resulting RR cells after five axis
BB process, the following conclusions can be made:

e Step A of the RR cells is mainly affected by the regime parameter ,,Amplitude of the sine waves —e,
mm* of the BB process and to a lesser extent by the regime parameter ,,Number of the sine waves —

1

e On step B of the RR cells great effect is caused by the regime parameter ,,Number of the sine waves
— i, and for the other three regime parameters it is found out that they have insignificant effect;

e On the diameter Dc of the RR cells main affect cause the two regime parameters: ,,Amplitude of the
sine waves — e, mm* and ,,Number of the sine waves —i*“. The regime parameter ,,Nominal deforming
force - F, N*, although exceeding a little the significance threshold, can be considered, together with
the regime parameter ,,Diameter of the ball — dc, mm* a parameter of an insignificant effect. The
diameter of the circumference, inscribed in the cell Dc, mm, can be used as an integral criterion, with
the help of which to determine the overall dimensions of the RR cells, instead of using steps A and
B, because, as it can be seen from Fig. 4, e, f and Table 10, its value is significantly affected by the
two regime parameters e and i;

¢ On the angle & between two adjacent cell-forming structures of RR cells again a significant effect is
caused by the two regime: ,,Amplitude of the sine waves — e, mm* and ,,Number of the sine waves —
i, the latter being dominant. The Fisher values of the other two regime parameters do not exceed the
threshold value, therefore they can be considered as insignificantly affecting.

Summarizing the results obtained, it can be concluded that the assumption that the shape and the
overall dimensions of the RR cells in five-axis BB, as per the scheme proposed, will be mainly affected
by those parameters of the process (i.e. e and i), which are related to the setting of the shape and the
characteristics of the polyline, defining the motion trajectory of the tool on the non-planar surface, is
confirmed. Respectively, the other two regime parameters (F, N and dc, mm), related to the plastic
deformation on the surface layer of the processed surface, although obtaining for some of the results
from the dispersion analysis Fisher-assessments as significantly affecting, they can be ignored during
subsequent optimization studies of the process, thus simplifying these studies in terms of time and re-
sources used.
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