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Abstract — This paper reports on the tuning of dynamic
properties of an experimental device used for ifieation

of complex cutting forces that form a new force mipd
which should ensure a higher accuracy of the tabil
prediction. The dynamic properties of the devicd k@ be
tuned because of the natural frequency presenthén t
working range. An investigation of the approprittickness
and composition of plate springs and damping iatens as
well as the type of contact grip of the plate sgsiris the
main task of the paper.
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Fig. 1. Schema of the workpiece, tool and totedéd~y and Fz

complex

For this reason, an experimental device was dedigne
that would create an unstable cutting process. dédce
comprises a backlash-free kinematic chain (paogtam)
consisting of flexible plate springs allowing ofailon of

When machining, technologists are often faced withhe tool during the cut at the required frequenayd a

vibrations existing only at the time of machininghe
vibrations are called self-excited oscillations tbe tool
against the workpiece, in short chatter. The resué very
wavy surface of the workpiece, which is unaccemgtdigth
for roughing and finishing. To predict chatter-freetting
conditions in machining, the stability diagram ised,
showing the limits of the width of the chip (turgjnor the
axial depth of cut (milling) depending on the speédhe
workpiece or tool. The diagram calculation is basedthe
measured frequency response function between theha
the workpiece. The accuracy of the calculation ddpeon
the form of the cutting force model. There are save
dynamic forces acting on unstable cutting duringnifg
operations. The forces must be identified expertalgn
using a test rig described in the paper.

2. EXPERIMENTAL DEVICE FOR TOOL
OSCILLATION

In order to verify the new cutting force model, ist
necessary to measure dynamic forces under the toorgli
of an unstable cut, i.e. to create a cutting preoahsing
which the tool and the workpiece mutually oscilldigring
machining at a specific frequency. See Fig. 1. @l this
state occurs naturally, the occurrence is neitakabile nor
repeatable. Moreover, it is hard to keep this staiéh
constant amplitude for the whole time of measurégmen

amplitude (see the scheme of the device in Fig.A).
electrodynamic shaker is used as a source of dgnforge

and required displacement. The force arising indyr@amic

cut is measured using three three-axis dynamomeieals
the current displacement of the tool is measuredguan

accelerometer or an optical distance sensor.
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Fig. 2 Kinematic schema of experimental device

The phase shift between the tool oscillation and th
waves on the workpiece surface is changed duriagdbts
in the range from 0 to 360 °. The phase shift engfed by a
modification to the frequency of tool oscillatiofhe change
in phase shift leads to a change in the orientatibthe
arising cutting forces.

The resultant of the forces in the direction of tieemal
and the tangent to the machined surface is caémlilas a



sum of readings from individual dynamometers incéfie  can be seen in Fig. 4. The modal hammer was hih fro
directions. Next, a relative phase shift at theqfiency above into the weight and structural response weasored
identical with the set-up tool oscillation frequgnés by an accelerometer mounted on the lower side ef th
determined from the spectra of the measured foigeak weight using beeswax.
and excited displacement of the tool.
The instrumentation used for tests is listed below:
3. ADJUSTING DYNAMIC PROPERTIES OF THE

DEVICE — PLATE SPRING TEST RIG * modal hammer PCB 086C04 sens. 1.15 mV/N
_ * accelerometer 352A21, sens. 9.46mV/g
3.1. Purpose of thetest rig NI cDAQ 9178; NI 9234

Unfortunately, the designed device did not vyield
satisfactory dynamic properties during initial gesiThe
natural frequency of the experimental device wasit$n
working range and the results were affected withagite
vibrations. Therefore, it was necessary to expertaiby
adjust stiffness and damping of the plate springsdbecting
their composition and using various damping laysrghat
their natural frequencies and damping of the expental
device increased. Due to the nonlinearities in ¢batact
layers we preferred the experimental tests inste&d
analytical (computational) way. For that purposesiraple

late spring test rig was used in which it was fbbssto RECELEROMETER FREE GRIP
Fneasur% th%se progerties simply. See Fig. 3. e — 4\ - 3

Fig. 4. Measurement of dynamic properties of tla¢epspring
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S5 M Variants of plate springs from one piece of sheetain

from various materials were compared with idenkjctdick
sandwich structures. The sandwich structures cienkisf
plate springs of smaller thickness and interlayfmm
damping materials. PVC foil and paper were used as
damping materials. A sandwich from steel sheet haid
polyurethane adhesive as well as a layer of grbatgeen
two steel sheets was also used in variants teJikdse
interlayer materials and their labelling used fandwich
composition can be seen in Fig. 5. The type arakiigiss of
the composed material used in final tested sandsicdre
described in the legend placed under each of th& FR
graphs. Single plate springs or sandwiches havayalwhe
same dimensions: 120mm by 50mm.

Fig. 3. Plate spring test rig

3.2. Arrangement of tests

As was the case with the experimental device foi to
oscillation, the basic frame of the test rig comsaiwo types
of plate spring grips (free grip and closed grip¢e Fig. 3.
and Fig. 4. With the closed grip, the thicknesshef groove
is made for a specific width of the plate springs(Bim, 4.0
mm and 4.5 mm). Plate springs of any thickness lman
clamped into the free grip. The end weight has gbénmhe
same type of grooves as the basic frame of the rigst
During the test procedure many combinations ofeslatnd
dampers were used. The influence of the grip types w
investigated as well.

Fig. 5. Interlayer materials used in sandwiches

The measurement was performed in the following . . .
manner: the measured plate spring (or compositiquiate The sandwich was formed by simply stacking these
springs and dampers) was clamped into preparedvgsoo COmponents and clamping them in grips. Fig. 6 sheovse
and using a modal hammer and accelerometer itsdrezy of the tested sandwiches; from above: 3x sheet®fmim

transfer function (FRF) was measured. Excitatiahtigue  With @ PVC interlayer, 3x sheet of 1.0 mm with epea
interlayer of square shape (V7 — see Fig. 5.) andh@et of



1.0mm with a grease layer. All of them bolted ie tihee
grips.

Fig. 6. Examples of sandwiches (PVC, paper, grease)

3.2. Test results

Using these experimental tests,
composition of the sandwich was identified and thius

natural frequency of the experimental device foolto

oscillation outside its working range was increased

A slight influence of the grip type can be obsenned
Fig. 7. In this case the single plate springs 6ffBm and 4.5
mm thickness bolted in both types of grips were suesd.

Change of natural frequency of plane spring
(3.5mm,4.5mm thickness)

abs(FRF)
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frequency [Hz]
3.5 mm, (1x sheet 3.5mm), FG 42,6 Hz
3.5 mm, {1x sheet 3.5mm), CG 432 Hz
4.5 mm, (1x sheet 4.0mm,1x sheet 0.5mm), CG 58.8 Hz
4.5 mm, (1x sheet 4,0mm,1x sheet 0.5mm),FG 584 Hz

FG-freegrip  CG-closed grip

Fig. 7. Influence of the grip type

the most suitabl

The difference in the natural frequencies and dags
very small. The free grip type is more suitable forr
purposes due to the possibility of clamping higtiéckness
of plate and in consequence better damping of thelev
sandwich (to be discussed in the next paragrap$).
course, by increasing the plate thickness, the raltu
frequency rises.

If we compare sandwiches composed from 1.0 mm sheet

metal and a damping interlayer, as can be seeigirBFwe

can conclude that 1) by increasing the number @fesh
metals the natural frequency rises (owing to higiiesolute
thickness), 2) more interlayers lead to better dagpf the
sandwich. If the sandwich is composed of thickertaine
sheets, the final natural frequency will be higt@nmpared
with the variant of the same thickness but compasied
higher number of metal sheets.

Change of natural frequency of plane spring
(3.0mm,4.0mm,5.0mm thickness)
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frequency [Hz]
3.0 mm, (3x sheet 1.0mm), FG 28.6 Hz
4,0 mm, (4x sheet 1.0mm), FG 39 Hz
5.0 mm, (5x sheet 1.0mm), FG 484 Hz
5.0 mm, (2x sheet 2.5mm), FG 65 Hz

FG-freegrip  CG-closed grip

Fig. 8. Influence of the number of damping inteels

The influence of various interlayer types on dargmand
natural frequency shift is summarised in Fig. 9ingsthe
PU glue helps only very slightly as well as usihg grease
layer between the metal sheets. If we consider e pu
sandwich without damping interlayers, natural freogy is
always slightly lower. Adding interlayers raisemdaich
thickness and thus natural frequency. The paperlayer
gives better results than PVC. Especially a thjetaof PVC
caused lower natural frequency; damping was onghty
different. If we focus on the sandwich composedsioéet
metal and paper, using paper of square shape ifvaria,
see Fig. 5 and Fig. 6), we obtain better dampinignbare
nonlinearity in FRF. Thus we recommend using iatgsts
of the same shape as plate springs.

These results can be confirmed by analysing the
measurement done for the sandwich of a nhominaknkeiss
of 5.0 mm; see Fig. 12 in Appendix A. All the reald tests
are summarized here and divided into three grapeedon
the nominal thickness of the sandwich.



Change of natural frequency of plane spring [2]
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frequency [Hz]
(8]
3.0 mm, (3x sheet 1.0mm, 2x PU glue layer), FG 32.2 Hz
3.0 mm, (3x sheet 1.0mm, 2x PVC layer 0.1mm(V8)), FG 29.2 Hz
3.0 mm, (3x sheet 1.0mm, 2x paper layer 0.33mm(V7)), FG 334 Hz
3.0 mm, (3x sheet 1.0mm, 2x paper laver 0.33mm(V5)), FG 34.4 Hz [9]
3.0 mm, (3x sheet 1.0mm), FG 28.6 Hz

FG-freegrip  CG-closed grip

Fig. 9. Influence of the interlayer type
4. CONCLUSIONS

This paper reports on the design of an experimental
device for tool oscillation in the cut and on afjuatinent of
its dynamic properties. Based on an experiment, a
composition of a sandwich from steel plate spriagsl
paper interlayers was optimized so that the nafteguency
of the experimental device for tool oscillation veunot
reach its working range. It was shown, that by clog of
appropriate sandwich composition dynamic propecasdd
be tuned effectively.

A sandwich from four sheet metals with a thicknegs
1.0mm and one sheet metal with a thickness of 0.%vitm
paper interlayers with a thickness of 0.18mm wasified
as the most suitable for the given configuratioii. l&yers
were bolted together on the edge of the sandwithearfree
arip.

Following the above-mentioned tuning of the dynamic
properties, further tests of the functionality loé redesigned
experimental device for tool oscillation on the imae were
successfully run. The implementation in experimean be
seen in the Appendix B.
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APENDIX A Change of natural frequency of plane spring

s (5.0mm thickness)

The complete results of the tests see to nextdiguFor 10— ‘

better orientation all the results are divided ititeee graphs

(Fig. 5, 6 and 7.) based on plate spring thickn€éks.legend 4
below the figures provides the thickness of sanbdwic &
components and sandwich composition as well as tF L
appropriate measured natural frequency. %
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Change of natural frequency of plane spring

-6|

(3.0mm,3.5mm thickness) 10 A ———r
10%——— . 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
frequency [Hz]
5.0 mm, (2x sheet 2.5mm), FG 65 Hz
-|5,0 mm, (2x sheet 2.5mm,1x PVC layer 0,05mm (V1)), FG 62.8 Hz
--|5.0 mm, (2x sheet 2.5mm,1x PVC layer 0.14mm (V3]), FG 65.4 Hz
5.0 mm, (2x sheet 2.5mm,1x paper layer 0.33mm(V5)), FG 69.2 Hz
5.0 mm, (2x sheet 2.5mm,1x paper layer 0.15mm(Vv4)), FG 67.5 Hz
----- 5.0 mm, (2x sheet 2.5mm, 1x paper layer 0.09mm(Vé)), FG 66.4 Hz
----- 5.0 mm, (5x sheet 1.0mm), FG 48.4 Hz
----/5,0 mm, (5x sheet 1.0mm, 4x PVC layer 0.1mm(V8}), FG 48.8 Hz
-/ 5.0 mm, (2x sheet 2.5mm, 1x PVC layer 0.1mm(V8)), FG 64.4 Hz
6 FG-freegrip  CG-closed grip

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
frequency [Hz]
Fig. 12. Results of the FRF measurements thicknmass 5

[—|3.5 mm, (1x sheet 3.5mm), CG 432 Hz
-/3.5 mm, (1x sheet 3.5mm), FG 42.6 Hz
3.5 mm, (1x sheet 2.5mm,1x sheet 1.0mm), FG 39.8 Hz

----- 3.0 mm, (1x sheet 2.5mm,1x sheet 0.5mm), FG 32.2 Hz
----- 3.0 mm, (3x sheet 1.0mm), FG 28.6 Hz
3.0 mm, (3x sheet 1.0mm, 2x paper layer 0.33mm(V5)), FG 34.4 Hz
---/3.0 mm, (3x sheet 1.0mm, 2x paper layer 0.33mm(V7)), FG 33.4 Hz
3.0 mm, (3x sheet 1.0mm, 2x PVC layer 0.1mm(V8)), FG 29.2 Hz

3.0 mm, (3x sheet 1.0mm, 2x PU glue layer), FG 32.2 Hz

FG-freegrip  CG-closed grip

Fig. 10. Results of the FRF measurements thicknéssm3

Change of natural frequency of plane spring
(4.0mm,4.5mm thickness)
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frequency [Hz]

10

4.5 mm, (1x sheet 4.0mm,1x sheet 0.5mm), CG 58.8 Hz
4.5 mm, (1x sheet 4.0mm,1x sheet 0.5mm), FG 58.4 Hz
4.0 mm, {1x sheet 4.0mm), FG 50 Hz
4.0 mm, (4x sheet 1.0mm), FG 39 Hz
4.0 mm, (4x sheet 1.0mm,3x paper layer 0.33mm(V5)), FG 47 Hz
4.0 mm, (4x sheet 1.0mm, 3x PVC layer 0.1mm(V8)), FG 39.7 Hz

FG-freegrip  CG-closed grip

Fig. 11. Results of the FRF measurements thickrmass dnd
4.5mm



APENDIX B

After the dynamic properties of the experimentalice
had been adjusted, tests of tool oscillation onrtaehine
were run based on the method shown in Fig. 1 imp#per.
The clamping of the experimental device in the duris
shown in Fig. 13. For the detail of sensor placemnsse
Fig. 14.

Fig. 13. Device installed on the machine tool

Final composition of the sandwich used in the
experimental device in Fig. 14. — see the redircl

\ N N

Fig. 14. Cutting tool with sensors



