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Abstract: In this study, the application of chatter stability diagrams ndustrial
operations is presented with representative cases. Challergieg dtie to the practical
aspects of production systems are discussed in detail. Effedtsolpftool holder,
spindle and CNC machine on chatter stability diagrams are prdseiitee
implementation of the stability diagrams under such challenges is preti&otegh real
application examples showing significant reduction in machining times.
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1. INTRODUCTION

Chatter is one of the most important problems in machining caugihgchtting forces,
drastically reduced tool lives, and undesired surface qualitidslinge increased
machining costs. In general, intuitive solutions cannot suppress chiasézad
scientific based approaches should be considered.

The mechanics of instability in cutting processes was tinsterstood by Tlusty
[Tlusty et al., 1963] and Tobias [Tobias et al., 1958]. It was observed that the mddulate
chip thickness due to vibrations affects cutting forces dynarpjcathich in return
increases vibration amplitudes yielding a process named a®dbaerative chatter.
They also observed that the depth of cut was the key processeparamthe cutting
process stability. Tlusty [1963] analytically showed that for depth of cuts higher
than the stability limit, the magnitude of the dynamic foraed ascillations increases
yielding instability, thus chatter vibrations.

Although chatter is a common problem for all machining operationss it i
particularly critical for milling applications. First of althatter is very common in
milling due to the low dynamic rigidity existing in many cas®n the machine tool
side, spindle-holder-tool assembly generally represents &lfesiructure due to many
interfaces and slender tools. On the other hand, flexible parts suthnawalled
structures also reduce the dynamic rigidity of the milbggtem. The stability analysis
of milling is complicated due to the rotating tool, multiple cuttiegth, periodical
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cutting forces and chip load directions, and multi-degree-of-freedtmrctwral
dynamics, and has been investigated using experimental, numandahnalytical
methods. In the early milling stability analysis, Tlusty [2000¢dushis orthogonal
cutting model considering an average direction for the cut. LateevewTlusty et al.
[1981] showed that the time domain simulations would be required for acstahiigy
predictions in milling. Minis et al. [1990, 1993] used Floquet's theorsirttze Fourier
series for the formulation of the milling stability, and numahcsolved it using the
Nyquist criterion. In a later study Budak and Altintas [Alts&t al., 1995, Budak et al.,
1998] developed a stability method which leads to analytical detdromnaf stability
limits. The method was verified by experimental and numeriedults, and
demonstrated to be very fast for the generation of stability lobe diagrams.

The studies presented above are only applicable to 3 axis end mgkngtions. In
later studies the chatter models for ball-end mill tools [Sharebtd., 2009, Altintas,
1998], and 5 axis milling operations [Ozturk et al, 2007, 2008, Budak et al, 2069] we
also developed.

In practice, stability diagrams can be used in selection of cutépths and speeds
in order to suppress chatter. However, implementation of these dmgrgmmoduction
presents some challenges. This is mainly due to the nature adpaee production
operations where many different parts are manufactured alt gnaatities. In order to
increase flexibility, a part can be machined on different mashvmeere same part
programs are desired to be used. In those cases, stable conditonson to all
combinations of tools, tool holders and machines need to be identified. Istubig
implementation of the stability diagrams in airframe part prbdocis presented.
Increased productivity through chatter suppression is demonstratéd several
example applications. It is shown that significant improvementsilimgncycle times
can be achieved through stable cutting conditions obtained from stability deagram

2. CHATTER STABILITY DIAGRAMS

In this section, milling process dynamics and stabilitysanmmarized. The details
of the formulation can be found in [Altintas et al., 1995, Budak et al., 19%.
milling cutter and workpiece are considered to have two orthogonal rdimdetions as
shown in Figure 1. Milling forces excite both cutter and workpiesgsing vibrations
which are imprinted on the cutting surface. Each vibrating cuttind teanhoves the
wavy surface left from the previous tooth resulting in modulated tbiggness which
can be expressed as follows:

hj (@) =[Axsin qoj +Ay cosqoj ] (1)

where ¢ is the angular immersion of tooth) (and Ax and Ay are the dynamic
displacements at the given directions.
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Figure 1: (a) Cross sectional view of an end mill showing regeneration and dynamic
forces, and (b) a closer look to the dynamic chip thickness.
The static part of the chip thickness is neglected in the s$yabitalysis. The
dynamic displacements are defined as follows:
DX = (% = %e) = (4 = %)
By =(Ye =~ ¥e) ~ (Y~ Yaw)
where (X, Yc) and (X, Yw) are the dynamic displacements of the cutter and the
workpiece in thex and y directions, respectively. The superscript (0) desothe
dynamic responses in the previous tooth period hvare imprinted on the cut surface.
The dynamic cutting forces on toot}) ¢an be solved in order to obtain the relation
between the chatter frequency and the spindle dBestik et al., 1998]:
wT =¢e+2km £=m-2tan"k n= % (3)
wherec¢is the phase difference between the inner and oubelulationsk is an integer
corresponding to the number of vibration waves with tooth periodn is the spindle
speed (rpm)N is the number of teethy is the chatter frequency, amdis the term
which includes the Frequency Response Function YFRREhe system. Finally, the
stability limit is obtained as follows [Budak et,a1998]:
271\R ( 2)
im="—-—"|1+« 4
Bim NK, (4)
wherekK; is the cutting force coefficient at the tangentimection. Therefore, for given
cutting geometry, cutting force coefficients, tad workpiece FRF’s, and chatter
frequencya the corresponding spindle speed and the stabifity tan be calculated
using equations (3) and (4). When this procedureefeated for a range of chatter
frequencies and number of vibration waugsstability lobe diagram for a milling
system is obtained. Among the other inputs theeet@p important parameters when
developing the stability diagram: cutting force ffioeents and FRF of the cutting
system.
The cutting force coefficients can be directly oféa from calibration tests, or by
using the mechanics of milling approach proposedioyarego et al. [1985] and Budak
et al. [1996]. FRF of the system is generally measgwsing modal analysis techniques.
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3. PRACTICAL ASPECTS OF IMPLEMENTING STABILITY DIAGRANG

In practice, stability diagrams can be mostly a#dcby two parameters: material and
the FRF of the cutting system. Changes in matehatacteristics result in variations of
stability limits since the stability limit has anverse relationship with the cutting force
coefficient (Eq.4). As for the FRF there are selvergortant parameters. First of all,
the FRF of the cutting system is represented attihef the milling tool which is
affected by the spindle-tool holder-tool assemblgaimics. Hence, parameters such as
tool length, clamping type, tool holder materiatlaapindle design have different effects
on the tool point dynamics, and thus stability dgs. In this section, these effects are
demonstrated together with practical solutions medpction applications. All the
examples given in this section are real product@mplications, and their stability
diagra(rrgs are calculated for uncoated carbide taots AL 7050 work material using
CutPro.

3.1. Cutting Tool
The length of the cutting tool generally determitesnodal frequencies, and thus the
stability pocket positions and the stability limlf. the tool length is increased, the
location of the stability pockets move to the lefe. slower spindle speeds, and the
stability limits become lower. The stability diagra obtained for three different tool
lengths can be seen in Figure 2. Although incregsinl length decreases the stability
limit, it may sometimes be favorable in obtainiig tstability pockets at lower speeds.
Observing Figure 2 it can be seen that there imlailisy pocket at 10300 rpm for the
tool with 53 mm length and a stability pocket aD@Gpm for the tool with 78 mm
length. Therefore with a CNC machine having maximl@600 rpm spindle speed, the
tool with 78 mm length serves the best for theibtalpocket position. However since
the stiffness of the tool becomes lower as it lerigtincreased, the deflections during
the operations should also be taken into accoufdréeleciding for the optimum
cutting parameters.
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Figure 2: Sability diagrams for three different tool clamping lengths of the same tool
having 20 mm diameter in slot milling



Another important issue is the selection of therditer of the tool. Although the
tool diameter is very much related to the dimensiohthe features on the workpiece
and the maximum torque of the spindle, it may lileitimized in terms of stability.
Such an example can be seen in Figure 3. As expenterease in the diameter
increases the stiffness of the tool, resultingicréased stability limits.
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Figure 3: Sability diagrams for three different tool diameters with half-immersion.

3.2. Tool Holder Effects

Tool holder is another important component whidecs the dynamics at the cutting
tool tip. The example in Figure 4 represents tlabibty diagrams for shrink fit tool
holders having two different holder lengths. Obgegwigure 4, it can be seen that the
tool holder length do not effect the absolute ditgdimit in this case. Therefore, it can
be concluded that the most flexible component ef glgstem is not the tool holder.
However, the dynamics of the tool holder may siffiect the stability diagram. For
instance, the holder with 105 mm length resultstability lobes which trims some
stability pockets around 12500 rpm and 14500 rpheré&fore, this should be taken into
consideration if different holders are used in picicbn for the same tool
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Figure 4: Sability diagrams for two shrink fit holders with different lengths.



In addition, tool holders with same length but eliéint cross sections are compared
(Figure 5). As can be observed from Figure 5, thekttool holder’'s stability limit is
around 6 mm where it is 2 mm for the slim tool lwldAnother important parameter in
terms of stability is the type of the tool holdbr.this study three different tool holder
types are considered: shrink fit, hydraulic, andletachuck. The calculated stability
diagrams can be seen in Figure 6. Firstly, comgahe absolute stability limits, shrink
fit type tool holder provides the best result whishL mm better than the other tool
holder types. It is interesting to note that thexests a common favorable pocket for all
types around 19000 rpm.
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Figure 5: Sability diagrams and experimental surface for two holders having same
length but different cross sections.
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Figure 6: Sability diagrams for three different types of tool holders. Tool diameter and
radial depth of cut is 20 mm.

3.3. Spindle Dynamics
Spindle is one of the most problematic componemteims of the application of the
stability diagrams in practice. The problem ariéesn the change in the dynamic



characteristics of the spindle over time which igsity related to the wear of the ball
bearings. Therefore, a stability diagram that isetlgped for the new spindle may
change over time. Moreover, when the spindle isnghd a new stability diagram
should be calculated in order to select the bestinguparameters. In Figure 7
comparisons of two stability diagrams calculateébiee (old spindle) and after (new
spindle) the change of a spindle can be seen. Adeabserved from Figure 7 some
favorable areas became unstable regions after taage which resulted in higher
absolute stability limit and wider stability pockefThus, it can be deduced once again
that, conditions which are very close to the sigbbloundaries should not be selected
since even slight variations in the dynamics maff e stable cutting regains.
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Figure 7: Sability diagrams for old and new spindle.

3.4. Effects of Machine Tool

In many production lines there are multiple simdarexactly the same machine tools to
create additional capacity and flexibility. It isvery well known problem that the
gualities of the parts manufactured on separatéhimes of the same brand and model
may differ even if the same cutting conditions arged. Therefore, the stability
diagrams determined for a specific machine tool may be valid for the other
machines of the same series. On the other handwoukl like to use the same CNC
part program on all machines in order to reducarptay time. Such an example can be
seen in Figure 8 which shows stability diagramsféur different high speed, 5 axis
machining centers of the same brand and model.aAAsbe observed from this figure,
even the machine brand and the models are the Hane is no common stability
pocket. However, a common stability boundary camliained which is shown by the
bold line in Figure 8 indicating a common favoralgecket around 15000 rpm.
Therefore, this common stability diagram can beduse select the best cutting
parameters for these 4 machine tools.
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Figure 8: Sability lobes for 4 different machines having the same brand and model. The
bold line is the trimmed stability diagram.

4. IMPLEMENTATION OF STABILITY DIAGRAMS IN PRODUCTION

Chatter suppression in high speed milling of aimfea components through
implementation of stability diagrams has been don@urkish Aerospace Industries
Inc. (TAI). Tap testing and modal analysis techesjthave been used in order to
measure FRF's of all milling tools that are beinged in machining of these
components. The combinations of the same tool @ardint machines, with different
tool holder types and clamping lengths have alsnleken into consideration. After
obtaining the FRFs, TAI uses CutPreoftware in order to obtain stability diagrams
which determine the stable regions in terms of ldebtcut and spindle speed. TAI also
conducts cutting mechanics simulations using CltRramrder to calculate the cutting
torque and power needed for a machining operatitwentually torque limits are
embedded in the stability diagrams for a selected fate. Such a diagram can be seen
in Figure 9. By the help of this diagram, the imtggpn of feed rate effect is also
achieved and can be used to determine maximumhpesiable material removal rate.
In order to build a systematic approach in the camyp TAI generated a database of
FRF’s and stability diagrams of all cutting toolkiah are used in selection of optimal
machining conditions for increased productivity.

The selection of best cutting parameters for ae@spart programs is achieved
by using the stability diagrams. An example appiwcais presented here. The part in
this example case is made of AL7050 and all theérngutools are uncoated carbide end
mills. The two faces of the part are machined enslime milling CNC machine, one by
one with appropriate fixtures. There are four mglitools that are used on the top side,
and three milling tools used for the other sidee Bld and updated parameters and the
machining time comparisons can be seen in Tabkslan be observed from Table 1
the total cycle time is reduced 45%. The part phafiequality inspections.
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Figure 9: Sability diagram together with the spindle torque limitation.

5. CONCLUSIONS

In this study, challenges that may arise duringapplication of stability diagrams in

practice are discussed. Effects of several parametech as tool dimensions, tool
holder type and length, spindle, and manufacturamyironment on the stability

diagrams are presented with the real industrialiegdons. It is shown that these
challenges can be overcome by proper analysis gsignsatical approach yielding

significant savings in cycle times. Although seVerecommendations are presented
throughout the paper, as a general conclusiors recommended to select favorable
regions in the stability pockets which are not vepse to the stability boundaries.

Table 1: The old and updated cutting parameters using science based approachesin

milling for an example part.

Axial Depth| Spindle Speed | Increasein |OLD Mach.[NEW Mach.| Diff.
Side Tool (mm) (rpm) Performance| Time (min) | Time (min) | (%)
OLD/NEW | OLD/NEW (%)
20mmdial 5545 | 15000/ 18000 70 62.2 35.1 437
Short
20 IT)rr:‘gd'a' 254/5 | 15000 /16800 68 23.8 10.3 -56.7
Top
12 mmdia] 1.27/3 | 15000/ 17500 63 16.9 6.5 61.4
10mmdial 52,5 | 15000 /20000 26 46.1 23.3 -49.6
5 mm rad.
20mmdiaf 5545 | 15000/ 18009 70 36.1 197|  -454
Short
Down | 12 mmdia.| 1.27/3 15000 / 17504) 63 26.7 13.8 -48.2
10mmdiaf ;52,5 | 15000 /2000 26 48.4 22.6 53.4
5 mm rad.
TOTAL 283.8 154.9 -45.4
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