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Applications of high frequency vibrations for surface milling

J. Grazevic¢iuté*, I. Skiedraité**, V. Jurénas***, A. Bubulis****, V. OstaSeviius*****

*Kaunas University of Technology, A. Mickeviciaus str. 37, 44244 Kaunas, Lithuania, E-mail: jurgita@baltec-cnc.com
**Kaunas University of Technology, A. Mickeviciaus str. 37, 44244 Kaunas, Lithuania, E-mail: inga.skiedraite@ktu.lt
***Kaunas University of Technology, Kestucio 27, 44312 Kaunas, Lithuania, E-mail: vytautas.jurenas@ktu.lt

**** Kaunas University of Technology, Kestucio 27, 44312 Kaunas, Lithuania, E-mail: algimantas.bubulis@ktu.lt
***x% Raunas University of Technology, Studenty g. 65, 51367 Kaunas, Lithuania, E-mail: vytautas.ostasevicius@ktu.lt

1. Introduction

The vibrocutting or cutting by using vibrations is
obtained after applying ultrasonic frequency vibrations to
the cutting tool edge [1]. The absolute value of impulsive
forces during vibrocutting is decreasing, which also de-
creases the average cutting temperature generated in the
contact zone (it becomes equal to the room temperature).

New technologies are needed to be introduced for
achieving higher manufacturing productivity. Present
manufactures require shorter production time and better
surface quality of manufactured parts. These factors are
influenced by temperature, tool wear and cutting forces
during the cutting process.

The first experiments were carried out by using
the turning process for different types of materials apply-
ing ultrasonic frequencies vibrations [2]. The results turned
out to be better compared to conventional turning.

The next step was to apply ultrasonic vibrations in
milling process.

One ultrasonic machining application used for
machining ceramic materials is by applying water compris-
ing abrasive slurry and small abrasive particles supplied
between the tool tip and the workpiece. Material removal
occurs when the abrasive particles, suspended in the slurry
between the tool and the workpiece, impact the workpiece
due to the downstroke of the vibrating tool. Vibrations in
this process are only applied in vertical motion, but not
rotational, the tool (shaped conversely to the desired hole
or cavity) oscillates at high frequency (typically 20 kHz)
[31].

The experiments presented in this paper were car-
ried out by applying ultrasonic vibration up to 20 kHz in
the rotational and the longitudinal motions.

2. Dynamic model of research system

The theoretical two-degree-of freedom model has
been used as a preliminary methodology for understanding
the interactive behavior within typical industrial ultrasonic
milling components. Ultrasonic energy is generated within
a piezoelectric exciter, which is inherently nonlinear, and
which is coupled to horn, and to a material cutting tool, for
example. The horn/tool configurations are also nonlinear,
and within the whole system there are response features
which are strongly reminiscent of positive and negative
cubic stiffness effects.

It has also been shown experimentally that cou-
pling of ultrasonic components with different nonlinear
characteristics can strongly influence the performance of
the piezo-horn-tool-workpiece system. Further experiments

have shown that a multiple horn-tool configuration can,
under certain circumstances, display autoparametric re-
sponses based on the forced response of the desired longi-
tudinal mode parametrically exciting an undesired lateral
mode.

The actual characteristics of ultrasonic cutting
system components depend on many factors which have
been recently investigated [4] such as individual compo-
nent geometry, coupling mechanics such as thread depth,
diameter and tightening torque, excitation level, tool shape
and workpiece material. These observations clearly show
that there are definable system characteristics which can be
conveniently and usefully phenomenological modeled by
means of straightforward spring-mass-damper systems, as
shown in Fig. 1.
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Fig. 1 Dynamic model of ultrasonic cutting system

The equations of motion for this system are de-
rived using conventional principles and after parameteriza-
tion take the following form [5]
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where X, , = x ,(f) and also noting that x; , = x*]ﬂz/xrgf ‘ given
that x"/ is a reference displacement. The time # is dimen-
sionless and defined by ¢ = a)glt*, where w,; is the first mo-
de eigenvalue. The damping, cubic nonlinearities and the
excitation terms are all ordered to &' based on the reaso-
nable assumption that they can all be contrived to be of
similar magnitude in this hypothetical system, thereby lea-
ding to readily obtained generating solutions from the zero



order perturbation equations. The various coefficients and
other quantities within (1) and (2) are defined as follows
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Egs. (1) and (2) are initially solved using the ap-
proximation method of multiple scales up to and including
first-order terms in the two perturbation series
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Numerical analysis of Egs. (1) and (2) has shown
that both chaotic and steady state regimes of vibrations are
possible, depending on the parameters of vibrating system
and excitation forces. To solve the problem of electric en-
ergy conversion into mechanical vibration one, the steady
state vibration regimes with the largest amplitude are of
great interest.

3. Experimental setup

The influence of ultrasonic frequency vibrations
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was studied during the milling process. Experiments were
carried out by using DMU 35M CNC milling machine,
with workpieces made of aluminium AIMgSi0,5 (EN AW-
6060) and plastic PA6. The special tool holder / (shown in
Fig. 2) with piezoceramics elements for generating ultra-
sonic vibrations on the cutting edge of the mill /0 was cre-
ated [6, 7]. A ceramic stack piezoelectric transducer is the
source of mechanical oscillations. It transforms the electri-
cal power received from the power supply. The ultrasonic
power supply generates up to 200 W with sinusoidal wave-
form; a stack of two rings § piezoelectric transducer con-
verts the electrical power into mechanical vibrations with a
typical 60-70% of efficiency. However, the amplitude of
the resulting ultrasonic vibration is inadequate for realiza-
tion of the cutting process and a waveguide focusing de-
vice (“stepped horn-concentrator”) 9 is fitted onto the end
of the transducer, where it is designed to enhance the vi-
bration amplitude at its output end, with, of course, a cor-
responding decrease in area. The upstroke of the oscillation
can be tuned up to 20 um. Table 1 summarizes the key
performance parameters of ultrasonic transducer and actua-
tor.

Table 1
Ultrasonic transducer and actuator specification
Specification Value Specification | Value
Ultrasonic power | 200 W | Horn material | Steel
Resonance fre- 18.4 Mill diameter 10
quency kHz mm
Transducer im- Maximum 20
16 Om .
pedance amplitude um

Fig. 2 Structure of mill holder (a): / — standard holder (Weldon) DIN 6359, 2 — cylinder, 3 — textual cylinder, 4 — collector
rings, 5 —nut, 6 — bolt, 7 — collet, § — piezoceramic rings, 9 — concentrator, /0 — mill. Experimental setup (b)

Table 2
The experimental data
Material Aluminium AIMgSi0,5 | Plastic PA6
Regimes 1000 rpm; 150 mm/min; 0.5 mm | 1500 rpm; 150 mm/min; 0.5 mm
Experiment 1 2 3 4 5 6 7 8 9 10 11
Excitationam- || 150 | 450 | 200 | o0 | 100 | 150 | 200 | 0 | 150 | 200
plitudes, V




Fig. 3 Structure of aluminium AIMgSi0,5 surface after milling with 1000 rpm: (a) without vibration and with excitation
amplitudes of vibrations at (b) 100 V, (c) 150 V and (d) 200 V (image enlarged by 50 times)

Fig. 4 Structure of aluminium AIMgSi0,5 surface after milling with 1500 rpm: (a) without vibration and with excitation
amplitudes of vibrations at (b) 100 V, (c) 150 V and (d) 200 V (image enlarged by 50 times)

The mill /0 attached to the end of the concentra-
tor, therefore the conventional rotation of the tool is super-
posed by an ultrasonic oscillation in axis direction of the
tool. In order to increase the vibration amplitude the vibra-
tory system is designed to be driven at resonance, i.e., its
length is equal to an integral number of half-wavelengths
at a given frequency. The vibratory system formed by the
transducer, concentrator and tool is rigidly clamped to the
standard holder / at a nodal (zero amplitude) point. This
solution prevents losses of vibratory energy through dissi-
pation into the body of the machine. The ultrasonic head is
designed for 18.4 kHz operation; a suitable feedback
system acts on the generated frequency to track changes of
the electromechanical impedance of the piezo-horn-tool-
workpiece system.

4. Carried out experiments

The experiments were carried out with this re-
gime: speed at 1000 and 1500 rpm, feed — 150 mm/min
and cutting depth at 0.5 mm. Excitation frequencies during
all the experiments were kept constant at 18.4 kHz, but
excitation amplitudes were variable. The experimental data
are shown in Table 2.

5. Results

The workpieces after the experiments were
checked by measuring their surface roughness and by tak-
ing the surface image with Nikon EPIPHOT optical micro-
scope; the image was enlarged by 50 times. The surface
roughness results are shown in Table 3 and the structure of
surfaces is shown in Figs. 3, 4 and 5. Dependence of sur-
face roughness on excitation amplitudes of piezoactuator is
shown in Fig. 6.

b

Fig. 5 Structure of plastic PA6 surface after milling with
1500 rpm: (a) without vibration and with excitation
amplitude of vibrations at (b) 200V (image

enlarged by 50 times).
Table 3
The surface roughness results

Workp rece Aluminium AIMgSi0,5 Plastic PA6

material
Experiment 1 2 3 4 5 6 7 8 9 10 11
Excitation 0 100 | 150 | 200 0 100 | 150 | 200 0 150 | 200

amplitudes, V
Ra, um 0.94 0.75 0.74 0.64 1.11 0.62 0.73 0.97 1.88 1.9 1.92
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Fig. 6 Dependence of surface roughness from excitation
amplitudes

6. Conclusions

The results of the experiments showed that the
surfaces of aluminium after the milling process with ap-
plied high frequencies vibrations is smoother than milling
by the conventional method. Better results can be achieved
in the future, if they were carried out by using the vibration
resonance control system. The main aim of the experi-
ments to receive better surface quality was achieved by
milling aluminium workpieces. But plastic material did not
have any difference in the surface quality after milling with
and without vibrations. The main reason for it is that plas-
tic absorbs vibrations.

Further experiments will be carried out to find the
efficiency of vibrocutting. Also milling process with vibra-
tions has to be tested out on a different type of materials
with changing excitation frequencies and amplitudes.
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AUKSTOJO DAZNIO VIBRACIJU PRITAIKYMAS
FREZUOJANT PAVIRSIUS

Reziumé

Metaly apdirbimas naudojant aukstojo daznio vib-
racijas yra racionalus metodas. Buvo tiriamas frezavimo
procesas. Tam tikslui buvo sukurtas specialus frezavimo
irankio laikiklis su piezokeraminiu ultragarsiniu vibracijy
zadintuvu, kuris suteikia jrankiui sukimosi ir isilgines vib-
racijas. Rezultatai parodé, kad naudojant vibracijas, detalés
pavirsius apdirbamas glotniau.
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APPLICATIONS OF HIGH FREQUENCY
VIBRATIONS FOR SURFACE MILLING

Summary

Metal cutting by using the high frequency vibra-
tions is a rational method. Research was applied in milling
process. For this purpose a special milling tool holder with
ultrasonic vibration actuator of piezoceramics was devel-
oped to create rotational and directional vibrations. Results
showed that by using vibrations the surface quality of ma-
chined detail could be improved.

1O. I'paxssuurore, U. Cxenpaiire, B. IOpenac,
A. Bybynuc, B. Ocramssudtoc

ITPUMEHEHME BBICOKOYACTOTHBIX BUBPALIM
JJI1 OBPBOTKHU ITOBEPXHOCTEU ®PE3OBAHUEM

PezowMme

O0paboTka MeTajula pe3aHHueM HCIIOJNIb3Yys BBICO-
KOYaCTOTHBIE BHOpAaLUM SBJIAETCS PALMOHAIBHBIM METO-
JgoM. MccnenoBanus NpoBOAMINCE NIPU 00paboTKe MeTal-
na ¢pesepoBanueM. Jl1g 3Toi mesnu OBUI CO3/aH CIIELU-
aNbHBIN (hpe3osepxkaTesb ¢ YIbTPa3ByKOBBIM ITbE30IPH-
BOJIOM BHOpamuy /jisi CO3JaHMsl BpAIlATENIbHBIX W TIPO-
JIOJIBHBIX BHOpanmii HHCTpyMeHTa. Pe3ynbrarsl mokasanm,
YTO TPH MCHOJIB30BaHNM BHOpauii moaydeHa Oojee riai-
Kas MOBEPXHOCTh 00pabaThIBaEMOM JCTANH.
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