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Abstract. The present research is focused on continuously measuring the variability of the burnish-
ing force during conducting ball-burnishing process for specimens with surfaces with 3D shape, by
using CNC milling machine with dual rotary table installed. For measuring the burnishing force
and its variability, the specifically developed ball-burnishing tool with miniature force sensor was
used. To assess the degree of influence of the main regime parameters on the variability of the
burnishing force, the four factorsfull factorial experiment design with two levels per factor and four
replications per run has been carried out. The experimental results are processed statistically and
techniques such as Pareto and ANOVA were used after that, for sorting them by degree of signifi-
cance. Some conclusions about the magnitude and the causes of the obtained variability also are
given.
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1 I ntroduction

It is well known, that implementation of ball-bushing (BB) or vibratory ball-burnishing (VBB)
processes as finishing operations in the processgingachine parts with different macro-shape, leads
to some operational improvements such as bettéscguroughness, increase of the fatigue strength,
corrosion and wear resistance, etc. There are eeanyples from conducted experimental studies (Ak-
kurt et all, 2014; Sagbas, 2011; Odintsov, 198fdzdde Lacalle et all, 2011; Gharbi et all, 2015;
Grochata et all, 2014; Prevey et all, 2004, 20G5r@ider, 2001), which confirms the positive impact
of these processes on operational parameterstsfyaiin different functions and applications. Maofy
them are related to study the effects of the regiarameters of the BB processes on the surfacéygual
and/or physical and mechanical characteristick®@burnished surfaces. However, most of them were
carried out using work-pieces, which have relayiv@inple macro-shape of the burnished surfaces (for
example cylindrical or planar macro-shape). Thezditure sources (Prevéy et all, 2004, 2005; Sckneid
2001) referred to some schemes for BB or VBB preee®f surfaces with more complex macro form,
such as hemispherical and/or elliptical reflec{@rsm lighting or heating units), ship propelleadés,
turbine blades, etc., in order to obtain a specdigghness and improve their operational properties
usually requires the ball tool to perform compleatsal motions in three-dimensional space, follayvin
macro-curvature of the work-piece surface. Theef@NC milling machines that can perform multi-
axis simultaneous milling operations are often usedheir realization. This is necessary because i
order to obtain homogeneous qualitative, physarad, mechanical parameters overall complex surface
processed by BB or VBB, it is not enough the badlHonly to travel equidistantly, but its axis ghs-
metry must always be perpendicular to the momeraryature of the burnished surface (Apro, 2009).
For example in Fig. 1, a) is shown a simplifiedgdéan for BB process of two kinds of surfaces: dos.

- planar (2D) and pos. 2 - three-dimensional (3Djaxe. In the case of a 2D surface, the reactatov

R1, [N] (assuming ideal contact conditions) is dieel perpendicular to the opposite direction of the
burnishing force F, [N] (see pos. 3), and this pasiis kept constant during the operation. When th
burnished surface has 3D macro-shape, the reaatictor R2, [N] constantly changes its angle and
direction, depending on the momentary curvaturthefcomplex surface, even when magnitude of the
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burnishing force F, [N] is constant. This will leéml permanent changes in the regime parameters of
burnishing operation, which will inevitably havenagative impact on the quality of surface finish.
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Fig. 1. a) Simplified diagram for BB process: pos. 1 t@la(2D), and pos. 2 - complex 3D surface; b) Miiuig!
BB operation for complex 3D surface by using CAMtware; c) Set the option “Normal to part” in thettings
of finishing 5-axis milling operations in CAM sofare.

This problem can be avoided by implementation efdpecial algorithms for dynamic tilting the tool
axis so it is remains always normal to the insta@bas curvature of the ball burnished surfacedor t
multiple surfaces) of the CAD model. All contempgr&AM software products have built-in such
algorithms, and they can be used as additionabojntithe most 5-axis simultaneous milling operagio
(Apro, 2009) (see Fig. 1, b, c). However in oraeattually perform a BB operation on the real mgli
machine, the calculated in CAM toolpath must begrogessed in a suitable NC-code and then red and
executed by the CNC system of the machine. Evemtaitay's advances in CAD/CAM capability, due
to incorrect choice of suitable postprocessor (g th unsuitable adjustments in it), and dependmg
the capabilities and quality of the CNC multi-adisving system, it is possible certain deviationdé
obtained in the real toolpath versus the calculateCAM optimal (smoothed) trajectory of the ball
tool (Apro, 2009). This, along with the dimensiodaliations, the clearance in the joints and thstel
deformations of the elements of the technologietlgwill lead to a certain variability of the bigihing
force F, [N] during the BB operation. Thereforeisiinteresting to research what is actually theéava
bility of the burnishing force during multi-axisnsultaneous ball burnishing process, as this mag hav
an impact on the degree of uniformity of resultplgstic deformation in surface layer, and can reduc
the effect of the improvements in the surface lafghe burnished workpieces.

In this regard, the main objectives of the presenk are to experimentally determine the degree of
variability of the compressive force against itsmal value, as well as to identify the main parterse
of the regime of the ball-burnishing process tigi§cantly influence this variability..

2 Methodology of experimental investigation

2.1 Setup for experimental measuring the burnishing force during BB process

In Fig. 2, a, b, are shown the basic componerttssoéxperimental setup, used for initially adjustine
of the nominal values and for measuring the vditgtf the burnishing force F, [N] during BB pro-
cessing of complex (3D) surfaces. It is consisthgpecially designed deforming ball tool whit inte
grated miniature force sensor type FCMo(E5 kN) (Slavov & lliev, 2016, 2017) (pos. 1), a treal
CNC milling machine HAAS VF3 (pos. 3) with installelual rotary table type HAAS TR110 (pos. 2)
on which are fastened test specimens (pos. 4)mEasurement signal from the miniature force sensor
enters the conversion device (pos. 5 and 6), whiaimplifies and converts from analogue into digita
form and then transmitted to the PC (pos. 7), witlereugh specialized software (pos. 8) the data is
visualized in digital form and as a graph. Thewafe allows recording the measured data in CSV
(comma-separated values) file format, supporteMByExcel for further statistical analysis of theada
(Slavov & lliev, 2017).
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Fig. 2. a) 5-axis setup for BB processing of the 3D sw@$ab) Burnishing force measuring system.

2.2 Design of the experimental research
2.2.1. Description of the experimental specimens

The experimental specimens are made of aluminwy edd, type 2024-T3 with a diameter(o#0,
which has physical and mechanical properties, kowfs: p=2780 kg/m; E= 73 GPa, Re= 345 MPa,
Rm=483 MPa, A=18%, and HRB=75. The shape and dimessf the specimens, after implementation
rough and finish milling operations to obtain ne®@® surfaces for BB process, are shown in Fig. 3,
a. The BB process is carried out as 5-axis simetiaa milling operation with a locked spindle anthwi
enabled mode “Inverse Time” feedrate (G93 codeainug). Every single specimen has four identical
surfaces with 3D shaped profile, which correspogdiirnthe four replications of the experimental dasi
plan (see Table 1). Figure 3, b shows examplespkaimen, which have specific roughness patterns on
the profile surfaces after implementation 5-axisugtaneous burnishing process.

a)

Fig. 3. a) Test specimen with 3D profile surfaces; b) Seegular shaped roughness on specimen’s 30Iprof
surfaces after implemented BB operation.

2.2.2. Design of the experimental research.

To determine the degree of influence of the magime factors of the BB process, four factors full
factorial experiment with two levels per factortgbe 2 and four replications per run (Slavov & lliev,
2017) is carried out. The DOE is shown in “Experinta¢ design” section of Table 1.

Based on conducted preliminary studies of the BEgss implemented on CNC milling machines
(Slavov & Dimitrov, 2016), the significant (adjubta) regime parameters, which mainly affect the
characteristics of the processed surface, have dmahlished. They are as follows:

- dv, mm — diameter of the used ball as burnishing aasteel ball from rolling bearing);

- F, N—applied external (burnishing) force by tle¢idal spring of the ball tool;

- e, mm —the set half of the amplitude of the siaweay related to the width of the obtained cells
from roughness with regular microshape;

— i—the set number of the sinusoids along the patkelled by instrument (Slavov, 2017), which
determines the height of the obtained cells frogula roughness;
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Table 1. Full factorial design plan and results for coééfitts of variation of the burnishing force F.

RuN Experimental design Experimental results (coefficients of variation)
do,mm | F,N e, mm [ CV (Repl.1) | CV (Repl. 2) | CV (Repl. 3) | CV (Repl. 4)
1 6 250 0.5 |1650.15 4.351 4.307 4.263 4.229
2 6 250 0.5 |2500.15 2.550 2.867 3.046 2.809
3 6 250 1 1650.15 2.848 2.858 3.149 3.078
4 6 250 1 2500.15 3.512 3.635 3.719 3.721
5 6 380 0.5 |1650.15 0.178 0.177 0.179 0.172
6 6 380 0.5 |2500.15 0.362 0.357 0.355 0.353
7 6 380 1 1650.15 0.324 0.533 0.327 0.321
8 6 380 1 2500.15 0.461 0.461 0.441 0.422
9 8 250 0.5 |1650.15 4.086 4.074 4.095 4.274
10 8 250 0.5 |2500.15 3.946 3.982 3.972 4.154
11 8 250 1 1650.15 4.385 4.455 4.398 4.441
12 8 250 1 2500.15 4.875 4.928 4.919 4.897
13 8 380 0.5 |1650.15 1.148 1.138 1.100 1.035
14 8 380 0.5 |2500.15 0.571 0.670 0.653 0.669
15 8 380 1 1650.15 0.508 0.550 0.597 0.574
16 8 380 1 2500.15 0.372 0.435 0.484 0.491

For calculation of the slope and the interceptdtednine whether the measured data for the bur-
nishing force have significant slope trend a leagtares linear regression is used. The magnitudes o
the deviations of burnishing force are assessemhstgte least squares fitted regression fige =

= a-t+ b. Thus, the effect of the irregularities in the getric shape and dimensions of the exper-
imental specimens is reduced.

2.2.3. Satistical processing of measured data

The Descriptive Statistics analysis tool add-itM8 Excel is used for every run and replication of
the experimental design in Table 1. Because fdemint rows of the experimental plan the samples
have different sizes and different mean valuesyéhnbility of the force is assessed by usingdbef-
ficient of variation (CV) (Kutner et all, 2004). €ICV is calculated as ratio between the standard de

ation ©) and the mearX{), using the following formula:
cV = (a/X)-100 (1)

In the “Experimental results” section of the Tablare given calculated CVs by using equation (1).
To build the effects plot (see Fig. 4.a), the ageraffects Avgw and Avgigh are calculated for the four
regime parameters, using the following equations:

1 1 1
Avgioy =5 (T CVI™) Avgpign =5 (ZiCVM") 2)

where: CVilow — are those eight results from Tablevhere the regime parameters have low level
values; CVihigh — the other eight results, wheeeghrameters have high level values.

The effect of each of the four regime parametershenburnishing force variability is calculated
using results from the equations (2) and the foamul

Ef fap), ), e),0) = AVGnigh — AVGiow (3)

For sorting the regime parameters according to teeéls of significance (see Fig. 4.b) Paretoanal
ysis technique is used, based on calculated by esjnation (3) values of the effects. Additionalty
analysis of variance (Kutner et all, 2004) (see Eig) is carried out to calculate the Fisher-valog
the factors. For confidence level 95% and totalreleg of freedo®F = (Runs - Repplications) —
—1=(16-4) — 1 = 63, the critical Fisher value is 3.993.
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3 Results and discussion

Carried out Pareto analysis (see Fig. 3.b) shoastlie variation of the burnishing force mainly
depends on the magnitude of its nominal value arallesser degree from the diametgofithe used
ball as tool. With increasing the magnitude of bluenishing force, proportionally decreases observed
variability AF and vice versa, and when increasing the ball eliarthe observed variabilin# also
increases. The other two regime parameters (ieam@ve a much smaller impact on the variability of
the burnishing force. After conducted ANOVA ana$y8@ee Fig. 3.c), the factors F anavwere assessed
as significant at the 95% level of confidence sitegr Fisher-values (F=1078.746 and-dB8.608) are
greater than critical Fisher value = 3.993. Théx&isvalues of the other two regime parametersess |
than the determined critical Fisher value. Thusdoeted analysis of variance reinforces the subgct
conclusion derived from the Pareto histogram plot.
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Fig. 4. a) Effects plot of the regime parameters; b) Ran&ttogram and cumulative graphs, based on tleetsff
c) ANOVA table with calculated statistics and Fiskialues of the BB process factors.

Obtained results about absolute ranges of the shing force variations shows following trends:
when the burnishing force has low nominal value38=Rl, the variability is amended froffnin=37.4
N to AFma=53.6 N. At the high level of the force F=380 Nistamendment is fromFmnin=4.5 N to
AF=26.9 N. Thus, the range of variability is amenftedh 15 to 21.5% at low values and from 1.5 to
7.1% at high values of the nominally assigned lalning force. The lower percentage of the obtained
force variability is due to a more rigid contactween 3D profile surfaces of the specimen and #le b
tool, at the higher values of the nominal burnighiarce F=380 N, than at lower values F=250 N.
Increasing the diameter of the ball of the burristo®| from 6 to 8 mm leads to slightly increasehef
observed variabilitAF. This is mainly due to the lower degree of ptag@formation in the surface
layer at the larger diameter of the ball-tool, vehire contact conditions are more unstable.

4 Conclusions

Based on the conducted experimental research andnitiertaken analysis of the obtained results
could be made following conclusions:

The experimental setup for 5-axis simultaneous B&@ss (see Fig. 2 a, b) including multi-axis
CNC milling machine with dual rotary table, a babl with miniature force sensor, device for ampli-
fication and signal conversion, and specially @daoftware, allows precise measuring the burngshin
force during BB process of 3D profile surfaces frepecimens. The specially developed software al-
lows visualization and recording the measuremetat itha*.CSV file format in real time. This provides
reliable subsequent statistical processing of thasurement data in suitable software such as M8 Exc
Mathcad, S-Math, etc.

The observed variability of the burnishing forté during BB process carried out by implementing
5-axis CNC milling machine on 3D profile surfaceainty depends on the pre-set magnitude of the
regime parameter F and to a lesser extent on #meader of the ball-tool,dThe remaining two regimes
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parameters (i and e) have a negligible impact envériability of the burnishing force. This gives
grounds they do not take into consideration fonrfeiresearch of the multi-axis BB process.

The measured burnishing force variability reachesaximum of 7 % (x 3.5%) at the nominal pre-
set level of the burnishing force F= 380 N and 73%0.5%), at F= 250 N. Largely, this mainly due to
non-optimal contact between the ball-tool and tBes8rfaces of the specimens at lower values of the
nominal burnishing force. The adjusted degree efatcuracy of the postprocessor for generating NC-
code for BB process, as well as to smaller stifrefshe used dual rotary table can also be coreside
as possible reasons for that.

Further investigations have to be done on the énfte of postprocessing conditions on the degree
of the variability of the burnishing force, espdlgiaabout the impact of “standard” command G94
(units/time minutes) feedrate and G93 (inverse Yifeedrate when the move between the current posi-
tion in the tool-path and the destination shoulccbmpleted in 1 divided by the calculated by CAM
software feedrate value (Apro, 2009).
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