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Abstract

Although a considerable amount of research exisigammetrical aspects of 5-axis flank milling, the
dynamics of this efficient milling operation havetiyet been given proper attention. In particular,
investigating machining chatter in 5-axis flanklmg remains as an open problem in the literature.
The axial depth of cut in this operation is typigauite large, which makes it prone to machining
chatter. In this thesis, chatter in 5-axis flanking is studied by developing analytical methodis o
examining vibration stability, generating numerisathulations of the process, and conducting

experimental investigations.

The typical application of 5-axis milling includdse machining of thermal resistant steel alloys at
low cutting speeds, where the process damping daesrthe machining vibration. The results of
experimental study in this thesis showed that ffextof process damping is even stronger in flank
milling due to the long axial engagement. Accortimthe first part of the thesis is devoted to
studying process damping, and in the second pe&ritnbdeling of chatter in flank milling is

presented.

Linear and nonlinear models have been reportedetiterature that account for process damping.
Although linear models are easier to implementredizting stability limits, they could lead to
misinterpretation of the actual status of the €ut.the other hand, nonlinear damping models are
difficult to implement for stability estimation aytcally, yet they allow the prediction of “finite
amplitude stability” from time domain simulatiori@is phenomenon of “finite amplitude stability”
has been demonstrated in the literature using noateimulations. In this thesis, that phenomerson i
investigated experimentally. The experimental wioduses on uninterrupted cutting, in particular
plunge turning, to avoid unduly complications asastet! with transient vibration. The experiments
confirm that, because of the nonlinearity of thegass damping, the transition from fully stable to
fully unstable cutting occurs gradually over a ref width of cut. The experimental investigatien i
followed by developing a new formulation for pros@amping based on the indentation force model.
Then, the presented formulation is used to comih@etability lobes in plunge turning, taking into
account the effect of nonlinear process damping. déveloped lobes could be established for
different amplitudes of vibration. This is a depagtfrom the traditional notion that the stabilitpes

represent a single boundary between fully stabdifalty unstable cutting conditions.



Moreover, the process damping model is integratedthe Multi-Frequency Solution and the
Semi Discretization Method to establish the stgbitibes in milling. The basic formulations are
presented along with comparisons between the twooaphes, using examples from the literature. A
non-shallow cut is employed in the comparisonseasig the performance of the two methods is
conducted using time domain simulations. It is showat the Semi Discretization Method provides
accurate results over the whole tested range thgugpeed, whereas higher harmonics are required
to achieve the same accuracy when applying thei [Ardguency Solution at low speeds. Semi
Discretization method is modified further to caltel the stability lobes in flank milling with tools
with helical teeth. In addition to the tool helingle and long axial immersion, the effect of
instantaneous chip thickness on the cutting foosgficients is considered in the modified

formulation of Semi Discretization as well.

Considering the effect of chip thickness variationthe cutting force coefficients is even more
important in the modeling of 5-axis flank millingghere the feedrate, and consequently the chip
thickness, varies at each cutter location. It abstes along the tool axis due to the additiontdmo
and tilt axis. In addition to the feedrate, thel tand workpiece engagement geometry varies at each
cutter location as well. The actual feedrate aheagter location is calculated by the dynamic
processing of the toolpath. The tool and workpiegagement geometry is calculated analytically
using the parametric formulation of grazing surfatée previous and current passes. After
calculating the instantaneous chip thickness aoldtorkpiece engagement geometry, they are
integrated into the Semi Discretization Method iaxis flank milling to examine the stability of
vibration at each cutter location. While the présdrchatter analysis results in establishing stgbil
lobes in 3-axis flank milling, it results in devplag a novel approach in presenting the stability o
the cut in 5-axis flank milling. The new approanhmely “stability maps”, determines the unstable
cutter locations of the toolpath at each spindkesp The accuracy of established 3-axis flank mglli
stability lobes and 5-axis stability maps is vexdfiby conducting a set of cutting experiments and

numerical simulations.
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Chapter 1

Introduction

Machining of curved surfaces is a critical stagéhi production of many industrial parts such as
dies, molds and jet engine turbine blades. Becaliges high dimensional accuracy and surface
finish requirements, the machining cost of sucliems is high, typically $15,000 to $50,000 for a
small impeller. Flank milling leads to higher eféincy in the production of curved surfaces, where
the machined surface is cusp-free and the matenabval rate is high due to the large axial
immersion. Nevertheless, the low radial immerstbm chip thickness, and flexible workpiece make
the process highly prone to machining chatter énfiishing passes. The excessive vibration of the
tool and/or workpiece can result in damage or hafhse finish of such expensive parts.
Accordingly, a good measure to reduce the prodoadast would be to avoid machining chatter
while maintaining or even increasing the mategahoval rate.

Because of simplicity in programming, 3-axis madingnis commonly used to machine curve
surfaces. However, 5-axis machining brings morieieficy to the process by adding increased
flexibility to the toolpath planning. This is due the possibility of matching the curvatures of tbel
and surface in a 5-axis toolpath, leading to atehdoolpath and scallop height. Therefore, 5-axis
machining has been a topic of interest for resemscbver the past few decades, especially for those
concerned with the geometrical aspects of the ggddany methods have been presented in the
literature for the determination of the tool’'s gasi and orientation on the surface. These methods
employ the geometric properties of the tool andiesdr, such as the tangent planes and curvatures, to
find the optimum orientation of the tool at eactieulocation.

Mechanistic modeling of 3-axis flank milling haselbedeveloped extensively in the literature,
including methods to improve dimensional accuragyrinimizing tool deflection. Yet little research
exists about the mechanics and dynamics, espectadiger in 5-axis flank milling. Without chatter
predictive models, one would most likely use congtve removal rates, which result in lower
productivity. In other words, including the dynamiia the planning of 5-axis flank milling appeass t

be a necessity if productivity in the machiningcafved surfaces is to be enhanced.



1.1 Thesis Objective

The main objective of the thesis is to establishatter predictive model for 5-axis flank milling.
The model will be used to predict the stabilitwidfration at each cutter location along the todipat
As well, the stability analysis method needs tatmputationally cost effective to be applicable in
the stability analysis of toolpaths at differenttitilg parameters, such as spindle speed and feedrat
This goal will be achieved by extending the chatredictive models already in the literature.
However, several research goals must be met t@mrebe necessary tools for extending these
models.

Because of the large axial immersion in flank mdli ploughing forces are an important ingredient
of this operation. These forces are recognizeti@siajor source of process damping in machining.
Empirical models of process damping are applicahlg for the tested tool geometry and vibration
amplitude. Therefore, in this thesis, an analyfprakcess damping model is developed and then
employed in the modeling of 5-axis flank milling.

Due to the tilt and rotary motions in 5-axis miglirthe tool/workpiece engagement geometry varies
at each cutter location. Indeed, calculating tlodworkpiece engagement geometry has been a
favorite topic for many researchers. However, tkisteg methods are not efficient in the finishing
passes where the chip thickness is thin. In tl@sifh an analytical method is developed to caleulat
the tool/workpiece engagement geometry in theting passes. The calculated geometry will be
employed in the mechanistic modeling of cuttingés and in formulating chatter in 5-axis flank

milling.

1.2 Thesis Organization

This thesis is divided into two parts. The firsttpacludes the development of the process damping
model, which is implemented in the modeling of t&ain milling in the second part. The first pat i

presented in Chapters 3 and 4, and the secondthpg@tapters 5 and 6.

In Chapter 2, the main literature and backgroursdeiated with modeling regenerative chatter,
process damping, and 5-axis flank milling is revéein Chapter 3, an experimental study is carried
out to investigate the effect of process dampingnashining chatter. In Chapter 4, an analytical
process damping model is developed and used ifnedheency domain calculation of stability
borders in plunge turning. In Chapter 5, the pred=smping model is employed in the frequency and
time domain calculations of stability borders iflimg. The efficiency and accuracy of the time and

frequency domains are compared to each othersrctidpter as well. In Chapter 6, the chatter
2



predictive model of flank milling is developed. Timstantaneous chip thickness and tool/workpiece
engagement geometry are calculated by post progest toolpath; these are then employed in the
time domain analysis and numerical simulation af& flank milling. In the final chapter, Chapter 7

some concluding remarks and suggestions for futori are provided.



Chapter 2

Background and Literature Review

In this chapter, some geometric parameters ofrigrand milling that are used throughout this thesis
are defined. Then, the various cutting force modats methods of combining them with the dynamic
model of machine tools to formulate the regeneeativatter model are reviewed. This is followed by

a study of the geometry and dynamics of 5-axiskfiariling.

2.1 Geometry of Turning and Milling Operations

In this section the machining parameters usedigthiesis are defined. Geometry of plunge turning i

explained first, followed by milling with helicag¢éth.

2.1.1 Turning

b Q
AR Salh Rl R "yT—’z
— v ¥
tool *
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Figure 2-1: Schematic of plunge turning

A schematic of plunge turning is shown in Figuré. ZFhe tool moves in the X direction with a
constant feedrats, provided by the machine tool servo motor. Theicgtspeedy, depends on the
spindle rotational speed,, and cuter radiu®}: v= R. The hatched areas in Figure 2-1 (a, b) show
the uncut chiph designates uncut chip thickness, dnis width. According to Figure 2-1, the chip
thickness in plunge turning is equal to the feedsatThe shown plunge turning follows the
orthogonal cutting geometry where the cutting edgeerpendicular to the cutting velocity. In most
of the common machining operations, the cuttingeadgiot perpendicular to the cutting velocity; in

such cases, it is described by the oblique cugemmetry [1].
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2.1.2 Milling

Figure 2-2 shows the schematic of flank millinghwat cylindrical tool with helical teeth. The helix
angle is denoted by. In this operation, the cutting speed is deterchiog the tool rotation speed,
and its radiusR. Unlike the single cutting edge of turning, théteuhas several cutting edges in
milling; j=1..n. The location of each cutting edge is determingthk angle measured clockwise
from Y direction. Each cutter is engaged with tharkpiece only for some part of its rotation period,
between the start and exit anglegs < . The start and exit angles are determined byattial
immersionb,. Moreover, the chip thickness varies at eachimtangle, unlike turning where it is
constant. Mertolutti [2] showed that the real topéath is trochoidal, but it can be approximatedby

circular path if the feedrate is negligible compght@ the cutting speed. Assuming a circular tooth
path, according to Figure 2-2, the chip thickndssagh rotation angle is

h=gsin(/ ) (2.1)

According to Equation (2.1), the chip thicknes&igure 2-2(b) varies betweesin  at the start
and zero at the exit. This type of milling is knoasmclimb or down-milling, where the cutting speed
and feed are in the same direction. When thesenrgeoppose each other, the process is called up-

milling or conventional, for which the chip thiclegestarts from zero and finishesain .

St

(b)

Figure 2-2: Schematic of down-milling with endmillswith helical teeth.



Following the notation of plunge turning, the codtiforces at the tool/workpiece interface are
resolved into the normal to the machined surfagecton,F,, and tangent to i&,. In addition to
these two elements, the cutting force has anottraponent in the direction parallel to the tool axis

(the Z direction), due to the oblique cutting getme
2.2 Cutting Forces

2.2.1 Analytical Modeling

Merchant [3] assumed the orthogonal cutting sheae 2o be a thin plane, shear plane. The cutting

forces were then computed by applying the lawdastjzity on the shear plane:

cog b- ) si(b- &)
Ft:bh [s — 7 — , Fr :bhts — . L
sm/ccog( b oa ) $in ¢0$Q+a- )

In Equation (2.2),s, & , b ,and . are the shear stress on the shear plane, toohrajte, friction

(2.2)

angle and shear angle, respectively. The sheaeangis calculated analytically [3] or measured
experimentally [1]. Likewise, Lee and Shaffer [#idaPalmer and Oxly [5] developed the cutting
forces based on the thick shear plane assumption.

According to Equation (2.2), the cutting forces arfeinction of the uncut chip arda. In the next

section, the cutting force models are briefly pnéseé.

2.2.2 Mechanistic modeling

In the mechanistic modeling, the cutting forcesratated to the uncut chip thickness through

empirical cutting force coefficient&; andK; [6 and 7].

F, = K,bh F =K bh (2.3)

This cutting force model is adopted for various hiaing operations in the literature [8-10]. The
cutting force coefficients are specific to each hiaing operation and are extracted from cutting
experiments. For example, in turning the cuttingds in the X and Y directions are measured at
different feedrated), and constant chip width, Then the cutting coefficients are extracted hgdir
curve fitting of the recorded forces at differehipcthicknessed). In milling, the linear curve fitting
is performed on the average magnitude of cuttimgefe

Although the established models are employed sefidgsin the analysis of machine tool

dynamics, surface error, etc., they have to beatepeor each machining operation with different
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cutter geometry and workpiece material. To avoithstostly experiments, the cutting force
coefficients in a variety of practical machiningeogtions such as turning, drilling and milling are
calculated by mathematically incorporating the expentally measured orthogonal cutting force
coefficients in the oblique cutting mechanics a@&rth[1 and 11-13].

Koenigsberger and Sabberwal [14] showed that thtienguforce coefficients are actually
exponential functions of uncut chip thicknelssConsidering the exponential relation between the
cutting force coefficients and uncut chip thicknesse can rephrase the linear cutting forces moidel
Equation (2.3) to the following exponential modEb[:

R =bK T (2.4)
F =bK h™

Since the uncut chip thickness varies around tkienguarc in milling, application of the
exponential cutting force model results in a mareusate simulation of this process. Many
investigations have been carried out in the liteato study the effect of variable cutting force

coefficients on the predicted cutting forces antlimg dynamics [16-19].
2.3 Machining Chatter

2.3.1 Stability Lobes

Tobias and Fishwick in [20] and Tlusty and Polatef1] identified the feedback between
subsequent cuts — regeneration — as the main solvderation instability in machining. To briefly
explain the mechanism of regeneration, the undptttickness in plunge turning shown in Figure
2-1(b) is modified by considering the tool dynaméflection in the feed directioX(t), as

demonstrated in Figure 2-3. The total uncut chigktiess consists of not only the feed-generated
part,s, but also the part generated due to the phasseliite between the surface waviness produced

during the previous and present tool passes:

h=g+X(t)- X(t T) (2.5)

X(t) is the tool deflection and is the tool passing period. The phase differertevden the two

consecutive waves is denoted by Figure 2-3.



Figure 2-3: Regeneration of waviness on the machidesurface

The authors of [20] and [21] also formulated theatyics of regenerative chatter by combining the
structural dynamics of the machine tool and thehaets of orthogonal cutting, resulting in a linear
Delay Differential Equation, DDE, with constant ffa@ents. They solved the DDE to determine the
border of stable width of cut at each spindle spgatiestablished the “stability lobes”. A schematic
of stability lobe diagram is demonstrated in Fig+. These lobes determine the width of cut at
which the vibration becomes unstable for each $pigpleed. The gray area above the lobes shows
the unstable region, and the white area below tslgows the stable region. At the widths of cut
below the critical width of cuty,, the cut is stable for any spindle speed.

width of cut

Stable Ocr

spindle speed

Figure 2-4: Stability lobe diagram
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The critical width of cut corresponding to the gherturning of Figure 2-3 depends on the
tangential cutting force coefficients and on thal part of the frequency response function between
the tool and workpiec&e(G)

_ -1
bcr - .
2K, min( R¢G))

(2.6)

The stability diagram is a practical tool to aclimgvhigher productivity. In milling operations, the
cutting force direction and chip thickness varywen the arc of cut due to tool rotation. Therefore,
the dynamics of regeneration is described by a RBRE time varying coefficients [22]. In [23], the
average direction was used and the single pointestenalysis approach was applied to milling.
Opitz and Bemardi [24] also used the average vafitlee coefficients to calculate the stability
borders. Recently, Budak and Altintas [25] appraatied the coefficients by a finite number of
Fourier expansion coefficients. Although they fofated the Multi Frequency Solution, MFS, they
showed that only the first term of the Fourier engan, the zero order, suffices for most of the
milling operations. Insperger and Stepan [26] usedSemi Discretization Method, SDM, to examine
the stability of milling. These authors showed theglecting the higher orders of the Fourier
expansion coefficients in [25] results in the efiation of period-doubling instability in highly
interrupted milling operations. Merdol and Altinf@5] obtained results similar to [26] by using a

large number of higher harmonics in the MFS of [27]

2.3.2 Process damping

The results of cutting experiments in the literatconfirm the accuracy of predicted stability bosde
at high cutting speed, but the theoretical predingiat low speed were significantly lower than ¢hos
observed in actual cutting tests. Figure 2-5 shibsstability lobes which agree better with

experimental evidence.

Sisson and Keg [28kcognized that the damping generated at the tutisepiece interface is the
main source of the high stability at low speed.d¢ly, Huang and Wang [28&rried out a
theoretical and empirical study to detect the sesiaf process damping and evaluated their
participation in the dissipation of energy at lowiting speed. They summarized the sources of
process damping as deriving from the change irctiine and magnitude of shear and ploughing
forces. According to their study, the energy diatgd by the change in the magnitude of ploughing
force is ten times greater than for other sourelsughing forces are generated from the interaction

of the tool cutting edge and flank face with wodqe surface undulations.
9



width of cut

Spindle speed
Figure 2-5: Increased stability at low cutting spee due to process damping

To enhance the accuracy of stability estimatioiowatspeed, Peteket al.[30] modeled the inner
and outer Dynamic Cutting Force Coefficients, DCRE complex numbers to include the process
damping in the prediction model. These coefficiemse obtained experimentally using sinusoidal
excitations while executing turning operations.styu31]analyzed the DCFC measurements carried
out in several laboratories in a CIRP keynote pdperas realized by all laboratories that the
imaginary part of the inner modulation of DCFC esants the process damping; it depends strongly
on the material being cut, tool clearance angld, wear, cutting speed and feedrate. Tlusty and
Heczko [32] estimated the inner modulation coegfitifrom transient vibration instead of sinusoidal
excitation. By using complex cutting coefficientstead of real numbers at each cutting speed,
independent of the instantaneous vibration amgdittioe process damping model remains linear.
Recently, Altintaet al. [33] measured the damping in the cut also usingssiidal excitation. They
identified the damping value by explicitly repreSeg the process damping as an additional dashpot
in the vibratory model whose coefficient is invdysgroportional to the cutting speed.

Although the experimentally determined damping nt®dee linear and accordingly simple to use
in the analytical prediction of process stabilitye identification process should be repeated for
different workpiece materials, tool geometries tgatirates. Indeed, Tlusty in his critical revieW][3
found significant discrepancies in the measuredjinay part of the DCFE. Perhaps such
discrepancies can be attributed to variations ératimplitude of excitation or tool conditions.

Wu [34]presented a model in which the tool and workpieteraction is represented by an

indentation of the workpiece surface undulationshgytool. In this model, the ploughing force is

10



assumed to be proportional to the volume of theerrsdtextruded under the cutting edge and flank
face. Elbestawet al.[35] and Leeet al.[36] applied this ploughing force model in numerical
simulations and showed that the ploughing force bt an additional damper. This model was
employed in other numerical simulations of machgnihatter in ball-end milling [37] and [38] and
was shown to represent reality more closely. lusthbe noted, however, that the numerical
computations of the extruded volume requires ggolution in discretizing the surface undulations
which makes establishing the stability lobes diageatime-consuming task. In addition, the
indentation model is nonlinear, since the extrug@dme is computed only for the part of the
vibratory cycle when the tool is moving into thenkiece; otherwise, it is zero when the tool is
moving away from the workpiece. It is also nonlineacause it depends on the surface undulations
amplitude. Chiotet al.[39 and 40] represented the indentation pulse kgthrst order Fourier
transform and thus managed to approximate the mzarlidamping model with a linear model. A
basic assumption of small amplitude vibration waslenin that approximation. The authors in [39]
and [40] integrated that approximate linear modtd their analytical development for establishing
the stability lobes.

While the viscous model of process damping has beplemented in several works to establish
the lobes in turning (e.g., [41] and [33]), few eshave been reported for milling. Budak and Tunc
[42] considered the effect of process damping aadalitional damper in the zero order MFS. They
identified the additional damping coefficients bgasuring the stability limits experimentally and
fitting the results to the stability model. Kuratigal. [43] identified the process damping coefficient
through inverse chatter analysis of plunge turnémgl then used it in the prediction of stabilitpds
in milling. Eynian and Altintas [44] integrated te&perimentally identified viscous dampers in the
zero order MFS as well, but they used rotating motles to alleviate the effect of neglecting higher
harmonics. Bachrathy and Stepan [45] used Liangsewise linear damper in SDM to calculate the

stability lobes, linearizing the damping model arduhe periodic solution of the vibratory system.
2.4 5-axis Flank Milling

2.4.1 Tool Placement

A considerable amount of research has been repiortbé literature that aims at increasing the
geometrical accuracy of surfaces produced by fraitlkng [46]. Most of these efforts have focused

on developing tool placement and movement stragegienachine ruled surfaces [47-54].
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The primary methods of tool placement [51] in flaniling employ the ruled lind,,, on the
surface to orient the tool, as shown in Figure Edg.this reason, the tool’s axis is planned to be
parallel toL, while it is tangent to a point on the ruled likggure 2-7 shows the projections of the
tool and workpiece on the plane perpendiculdr tdhe machined surface will be exact only at the
tangent pointA, and overcut happens at the other points alemiyie to the natural twist of the
surface. Moving the tangent point along the ruled tesults in the distribution of error along the
ruled line. Rubicet al.[51] chose the contact point to be at the midgle

Several methods have been developed to decrease#maum overcut by shifting the tool or by
twisting it around the surface normal at the conpaint [52, 48, 55 and 56]. Stug¢ al. [57], giving
up the idea of orienting the tool parallel to théed line, defined the tool position using the
coordinates of two points on its axis. These cowmidis are obtained by shifting the intersection
points of the ruled line with the guiding railsthe direction of surface normal. Liu [47] chose the
two contact points to be at the quarter and thusgtgr distance from the guiding rails. Rubtal.
[58, 59 and 50] first placed the tool paralleltie tuled line while it touches its middle point.efi
by twisting the tool around the surface normalytfaaind two points on the guiding rails that thelto
could touch. Mathematically, it is achieved by nuiced solution of a system of seven algebraic
equations. The method provides smaller overcuashiggher computational cost.

Due to the high computational cost of the Rubio&thmod, it could not be used in commercial
programs. Bedét al. [54], neglecting the ruled line on the surfacacpd a cylindrical tool tangent to
both the guiding curves at the same parametricevdlhis way, the tool's axis sweeps a ruled
surface. They further improved their method usinggtimization scheme to place the tool tangent to
three points on the surface [53]. Using these nukthitney also calculated the grazing surface
analytically as an offset surface to the ruledatafswept by the tool’s axis. This method will be
further discussed in Chapter 6. Recently, some oalstemployed the swept surface formulation to

minimize the overcut in the tool path planning @l 61].
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Figure 2-6: Placing a cylindrical tool on a ruled srface parallel to the ruled line, L,

L

Figure 2-7: Projection of a cylindrical tool and aruled surface on a ruled line, showing the

overcut along the ruled line

2.4.2 Mechanics and Dynamics of 5-axis Flank Millin g

Besides the geometric improvement of toolpath,aasing productivity of machining curved
surfaces by optimizing the cutting parameters le&hlof great interest. For this reason, predictive
models have been established to analyze the mashamil dynamics of 5-axis machining. The
predictive models calculate the actual feedratetaoldworkpiece engagement by kinematic and
geometric analysis of the toolpath, respectivehethey incorporate the calculated feedrate and
tool/workpiece engagement in the mechanistic moafetsitting forces. In the following two
sections, the variation of actual feedrate andutation of the tool/workpiece engagement are

reviewed, after which the mechanistic modeling-@ixs milling is addressed.
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2.4.2.1Variation of feedrate

The rotational motion of the tool results in difet feedrates along the cutter axis. Also, dependin
on the rotational to translational motion raticeath point along the toolpath, the actual feedssite

be smaller than the programmed feedrate. AltintasFerry in [62], and Larue and Altintas in [63],
calculated the different feedrates along the cutiés by the dynamic analysis of the 5-axis motion.
They showed the effect of the feedrate variationthencutting force level but did not study its effe
on chatter. Ismail and Ziaei [64] conducted som#iray experiments to investigate the effect of
feedrate variation on chatter. They used offlinedfate scheduling for chatter suppression in 5-axis
milling of a turbine blade. Although a significaithprovement in stability is observed in their

experiments, they did not provide any mathemathbaltter prediction method in 5-axis milling.

2.4.2.2Calculation of tool/workpiece engagement

The tool/workpiece engagement calculation has lmeenof the interesting topics in the literature.
The presented methods for tool/workpiece engagen@atlation can be categorized into: analytical
methods, vector-based methods, solid modelersraagd-based methods.

El-Mounayri et al [65] obtained the engagement area by applyingliaesrepresentation of the
cutting edge. They determined the engaged pointalmylating the intersection of the cutting edge’s
curve with the solid model of the workpiece, andnttused the engaged area approximation in a
mechanistic model to predict the cutting forcea Braxis ball end milling. Their method can be used
for general 3-D milling operations. Fussetl al. [66] used the Z-map method to approximate the
tool/workpiece engagement area. In this methodp#heis represented by a set of vectors parallel t
the Z axis. The vector set is updated at eachtamlement according to its intersection with the
tool's swept envelope. Later, they generalizedrtteghod using a vector set parallel to the surface
normal [67]. In these methods, the ray tracing meshare implemented to calculate the intersection
of the vectors with the tool swept envelope. Ba#g¢l. [68] employed a solid modeler method to
predict the cutting forces in 3-axis machining eésdand molds. Rotlet al. [69] employed the
rendering engine of computer graphics to trackdhiting geometry. Ferry and Altintas [62] also
used a solid-modeler to determine the engagememditamn in flank milling of engine impellers.
While numerical methods for tool/workpiece engagetnage useful in roughing operations where the
radial immersion is large, they may not be efficienthe finishing cut where that immersion is low
and essentially uniform. Such low immersion wouktessitate high resolution in discretizing the

tool and stock to achieve reasonable accuracyeicemputed cutting forces.

14



2.4.2.3Mechanistic modeling of 5-axis flank milling

In the above works, dynamic cutting force modeliag been neglected. Budak and Ozturk [70]
developed a mechanistic cutting force model in 8-Ball end milling. They calculated the
engagement condition analytically due to the shigigrward formulation of the ball part of the tool
They extended their work later to simulate the dyicacutting force in the same process [71]. They
also calculated the stability lobes for 5-axis leaitl milling of sculptured surfaces. Recently, ¥err
and Altintas [62] presented a mechanistic cuttovgé model to calculate the static force in flank
milling. They later developed their model to stildg chatter in flank milling [72]. Although they
used the Nyquest criterion to determine whetheptbeess is stable or not, they did not calculage t

stability lobes.

2.5 Summary

The feedback between the subsequent cuts causggerative chatter and vibration instability in
machining. Regenerative chatter has been formulatatklay differential equations in the literature.
These equations are obtained by combining the méstiamodels of cutting forces and the dynamic
models of machine tools. For the stability analgdithe delay differential equations, both time and
frequency domain methods are presented in thatitex. The result of the analysis is presentelen t
form of stability lobe diagrams that determine loeder between stable and unstable depth of cuts at
each spindle speed. Stability lobes provide a lisedlifor optimizing the cutting parameters and
increasing the productivity while avoiding adveeftects of machining chatter.

Recently, the mechanistic models of cutting fottage been extended to simulate 5-axis flank
milling. To extend the existing mechanistic model§-axis flank milling, most of the investigations
in the literature have focused on complicated veaikpiece engagement and chip thickness
calculations due to the tilt and rotary axis. Ybe established models are limited to the simutadio
cutting forces without considering machining chati¢ost recently, the frequency domain solution
of machining chatter has been extended to 5-axikfinilling, but the model under-estimated the
stability borders due to neglecting the processpiagy the long axial immersion results in a
significant source of process damping. Therefer@ddition to the calculation of tool/workpiece
engagement and instantaneous chip thickness, améeaodeling of process damping is required to
model chatter in 5-axis flank milling.

The indentation of material under the flank facéhef tool has been recognized as the main source

of process damping. This model has been employ#dtkeinumerical simulation of several machining
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operations. A few empirical and analytical dampimgdels have also been presented in the literature
based on the indentation force. These models hese ised in the time and frequency domain
methods of stability analysis. Nonetheless, theigoah models are applicable only for the testeal to
geometry and vibration amplitude, and the analytivadels have been developed based on the small
amplitude assumption.

In this thesis, the indentation force is approxedaby an equivalent viscous damper to simulate
process damping. The coefficient of presented dampmlculated analytically in terms of the tool
clearance angle, amplitude of vibration, the lergftenerated waves, tool wear and workpiece
material. Having developed the equivalent viscoosi@hof process damping, this is integrated into
the time and frequency domain methods of modelivagter in turning and milling, leading to the
development of an accurate and efficient time domaddel of chatter in 5-axis flank milling. The
presented model is used to establish the staditigrams for 5-axis flank milling toolpaths, asythe

determine the stable and unstable cutter locatlmesighout these paths.
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Chapter 3
Experimental Investigation of Process Damping Nonli nearity in

Machining Chatter

In this chapter, the indentation model of ploughioige is integrated into the numerical simulatidn

turning operation to investigate the effect of ms&damping on the stability of machining chatter.

In the next section, the vibratory model used nouate the machine tool dynamics is explained.
The indentation model of ploughing forces is giesection 3.2. The numerical calculation of
extruded material volume and the effect of simolatiesolution on the calculated volume are
discussed in Section 3.3. Then, the presented ricaheimulation scheme is used to examine the
accuracy of the stability lobes established usiviggltnear process damping models from the
literature: the empirical model of [33] and the lgtieal model of [39]. While the steady state oblto
vibration is either stable or unstable, accordmtht linear process damping model, the numerical
simulation shows an intermediate situation of &ratmplitude stability due to the increased process
damping at higher vibration amplitude. The expentakresults presented in Section 3.5 confirm the

state of finite amplitude of stability and the effef process damping on its development.

3.1 Dynamic Model

The vibratory model used in this chapter to desctiite dynamics of turning is shown in Figure 3-1.
To simplify the simulation and concentrate on thedeling of process damping, the tool is assumed
to be rigid in the tangential directioX, and is modeled by a single degree of freedonesyst the
feed directiony. The workpiece is assumed rigid in both directidriee equation governing the

motion of the tool in the feed direction, normathe cut, is:
My+Ky+Cy=F (3.1)

M, K, andC are the modal mass, stiffness, and damping dbtblerespectivelys, in Figure 3-1
stands for feed per revolutioy(t) is current vibrationy(t-T) is the vibration in the previous
revolution, T is the time of one revolutioR is the workpiece radius, ands the phase angle between
the current vibration displacement and the vibratisplacement in the previous revolution.

The tool oscillatory motion in the feed directigit), along with its transition motion in the cutting
direction,x(t), generate waviness on the machined surface, asmshd-igure 3-1. The generated

wavelengthl, depends on the chatter frequeficgnd the cutting velocity;
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Figure 3-1: Vibratory model and regeneration of wainess

The chatter frequency is usually close to the @hfuequency of the system. The cutting forces
exerted on the tool in the fede|, and cuttingF,, directions consist of shearing and ploughingdsrc

F=F.+F

y ys w (3.3)

F=FstFe

In Equation (3.3), the indgxstands for ploughing and the indesesignates shearing. The
shearing forces are obtained using the mechanesjenerative force model, as follows:

Fo=bKh,and F,=KF_; h=s+yt-T)- ¥} (3.4)

In Equation (3.4)b, K, K, andh are the width of cut, radial, and tangential agftiorce
coefficients, and chip thickness, respectively. Thip thickness consists of the feed per revolution
and the regenerative teriy(i- T)-y(t)) The chip thickness cannot be negative becausgites tool

disengagement. In this case:0.
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The ploughing forces are added using the indemtdticce model presented by Wu [34]. The
mechanism of the indentation and the numericaltation of these forces are given in the next

section.

3.2 Ploughing Force Model

The ploughing forces in [34] and [3&fise due to the indentation of the tool into trerkpiece
undulations. The material extruded under the fkadke and wear land of the tool, as it moves in& th
generated undulation, is shown in Figure 3-1 agdifeéi 3-2. The radial ploughing force is
proportional to the extruded volume according to:

Fo()=KV(¥; V(¥=g¥t 35

S(x) the dark area in Figure 3-1, is the cross-seatiarea of the extruded volume. For a unit
width of cut,b=1 andS(x) =V(x).In the tangential direction, the ploughing fore&edomputed
assuming coulomb friction with coefficientfrom:

Fo(X) = mF (%) (3.6)

Kspis a constant coefficient that depends on theipalyproperties of the material. Wu [34]
estimated this coefficient using an analogy with fibrce required for the indentation of unit volume
of similar material under a cylindrical indentersibly this analogyKs, was determined from:

K=o

1.29r (- 2)

whereE and are the Young modulus and Poisson ratio, respégtivés the extent of the

(3.7)

deformation zone, which is obtained by measurimegrésidual stresses resulting from the plastic
deformation of the material. This value is usuyween 0.2 and 2 mm; for AISA 1018 steel (the
material employed in this work), it was measurefiram. Takinge=207 GPa and=0.3, K, will be
4x10" N/m. The volume of the extruded material is eithecakated by numerical integration or

approximated analytically.

3.3 Numerical Calculation of the Extruded Volume

A considerable task in the application of the irtdéan model is to calculate the volume of the
extruded material accurately. A numerical chatt@utation example is provided here in which the
indentation force model is used to represent tbhaghling forces. Although similar time domain
simulations exist in the literature [35-38], themwerical procedure is briefly explained here for the

sake of completeness and to highlight the parasétet affect the indentation force.
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In a numerical simulation of machining chatterhie time domain, at each time stepthe chip
thickness and consequently the cutting forces @milated using Equation (3.4). To compute the
indentation forces at time stgpone needs to keep track of the tool displacensnisevious time

steps, fron{i-1) to (i-J). The shaded are&(x), shown in Figure 3-2 at time stes calculated from:
J-1 VDt
S(x)= (z+ F+1)7 (3.8)
j=0

Jis the number of points on the surface undulationlved in the computation of the extruded
volume; they are indicated by solid circles in Fi&y8-2. Thel points are obtained by numerical
search of the differencess, between the coordinates on the surface undulatidrthe

corresponding coordinates on the flank face and \aeal.

Figure 3-2: Numerical computation of extruded volune due to indentation of the tool into

surface undulations

Elbestawiet al.[35] showed that the ploughing force acts as apdainit was shown that the
extruded volume wave has 9fhase difference with the displacement, and itmeaszero for the
negative range of the vibration velocity where i@ was moving into the workpiece undulation.
Outside that range, it was zero. The pBase difference with the displacement maked ihga

damping force, and having a non-zero value ovesrign of the vibratory cycle makes it nonlinear.
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Figure 3-3 shows several case$ef, computed for different values of: a) clearancdangb)
wave lengthL, c) vibration amplitudé, and d) wear lanV. As expected$y., and hence process
damping, increases for: smalleshorterL, and largeW. Such behavior is indeed intuitive and
agrees with experimental observations. The relakignwith the amplitudé, however, needs some
discussion. Figure 3-3c shows the strong dependefnitye process damping on the vibration
amplitude: it increases rapidly at higher amplitudghis strong relationship shows the limitation of
the linear damping representations, whether complekC or explicit viscous damper, obtained
from cutting tests using sinusoidal excitationpaticular amplitudes. It also shows the limitatain
the linear approximation developed by Cheital. [39] by assuming small amplitude vibration. The
adequacy of linearization of the nonlinear proassping “pulse” is demonstrated in Section 3.4.
Also examined in Section 3.4 is the performancknefr and the nonlinear damping models in

assessing the stability of the cut. The compansitirbe conducted using the experimental data and
vibratory model of Altintagt al. [33].
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Figure 3-3: Theeffect of , A, L and W on the volume of the extruded materiaper unit width

of cut
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3.3.1 The Effect of Simulation Resolution on the Ca  Iculated Ploughing Force

The biggest portion of time in the numerical sintiola of chatter is consumed in calculating the
indentation area at each simulation time stes. ithportant to investigate the resolution shown in
Figure 3-1, required to represent the indentatideepaccurately. This investigation is described
below.

Figure 3-4 shows the numerically calculag{a) while the tool indents a sinusoidal undulation of
lengthL=3.7 mm and amplitudd=0.03 mm, for =0.1, 0.07, 0.05, 0.03, and 0’0They are
drawn in solid lines with increasing thickness,hitite thickest being associated with the highest
resolution of 0.0%. Also shown in Figure 3-4 is the analytically edftedS(x)as a broken line. The
procedure used for computigx)analytically is explained in the next chapter.iBgreasing the
simulation resolution from 0.1° to 0.01°, the numerically compute8l(x)converges to that
obtained analytically. The figure shows that, & ¢barse resolution of G,Jonly a small fraction of
the pulse is captured, which would translate imttsg underestimation of the process damping. The
situation improves as the resolution increases@d,®.05, and then to 0.83t is only with the
highest resolution of 0.(’that the numerically computed area is practicalgntical to that evaluated
analytically. To put things in perspective, for the=0.07 resolution required to achieve accurate
results, the number of simulation steps for a simgl/olution of the workpiece will be 36,000. At
each simulation step, the indentation area neels tmmputed, which involves searching for the
engaged section of the tool into the surface utidmacomputing the elemental areas, and summing

them up. This is a lengthy procedure that takesnaiderable amount of time.
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Figure 3-4: Effect of discretization resolution orthe accuracy of numerically computed

indentation areas for L=3.7mm, =7 , W=0.04mm, and A=0.03mm

3.4 . Linear versus Nonlinear Process Damping

In this section, two linear process damping modetsstudied and compared with the [34] nonlinear
indentation model. The first (approximate) lineavdel was developed by Chietial.[39], assuming
small amplitude vibration, which allowed computithg extruded volume analytically. Accordingly,

the volume of the extruded material per unit widtlcut is computed from:

0 y> |

S= _w2 (3.9)
'VE O
v y y

This model will be referred to as Model 1 in thigpter. Equation (3.9) shows the damping to be

proportional to the square of the wear ladMdnd inversely proportional to the cutting spgeBigure
3-5 compares the extruded volume per unit widtbudfS, computed from Equation (3.9) with that
calculated numerically for two waves of differem@itudes — namely, a small amplitudefsf
0.003 mm and a large amplitudeAsf0.03 mm. Figure 3-5 shows that the extruded voltnoma
Equation (3.9) is close to reality at the small dimge, whereas it deviates significantly from the

actual volume at the larger amplitude. As will eers later in this section, the amplitude of vilmati
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at the stability limit depends on the feed per hation, s; accordingly, the assumption of small
amplitude could lead to underestimating processpitagrfor typical feedrates.

In addition to the small amplitude assumption, @rdbal.[39] approximated the nonlinear
process damping “pulse” with its Fourier transfdirst harmonic term. This, in effect, linearizeath
process damping and allowed the authors to useearlmodel in establishing the stability lobes
analytically. Figure 3-6 shows this approximatieraabroken line. It is a crude approximation, and

deviates significantly from the actual pulse in thger regions.

The other linear model considered here is thatlthtaset al. [33], which will here be designated
as Model 2. In this model, the process dampingpsessed as:

C
Fyp = S¥y (3.10)
\/
3 m N umerical, A=0.030 mm
=mniodel 1, A=0.030 mm
—Numerical, A=0.003mm
""""" Model 1, A=0.003mm
+ 2F -
(=}
%,
(o]
E
£
n 1r 1
o) 4 i s
0 05 1 1.5 2

time (ms)

Figure 3-5: The indentation area calculated numerially and using Model 1 [39]

approximation for two waves with different amplitudes
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Figure 3-6: Indentation area computed numerically ad its approximation using the first

harmonic term of its Fourier Transform

Equation (3.10) shows the damping term as an additiviscous dashpot whose vahg/v is
inversely proportional to the velocity c,was named by the authors as the “process damping
coefficient” and was determined experimentally freimusoidal excitation. The tools used had a
flank clearance angle of. &, was obtained for different materials using toolthwiarying amounts
of flank wear. The experiments in [33] showed adinrelationship between the wear land and the
process damping, unlike the model presented intf&8]considered the relationship to be quadratic.
The results from cutting tests of AISI 1045 steshg sinusoidal excitation at an amplituéke 0.035
mm yieldedc, = 0.611x16(N/m).

Next, a case study is presented that comparesabuity predictions from Model 1 and Model 2.
The vibratory model is that of [33], whose parameteereK = 6.48x16 (N/m), M = 0.56 (Kg), and
C = 145 (N.s/m). The cutting force coefficient forg411045 in the normal to the cut direction was
estimated aK, = 1384 MPa. The operation was a plunge turning38 enm diameter shaft at a
feedrate of = 0.05 (mm/rev). A smalV = 0.04 mm is assumed to account for tool edge saainal
to allow comparing between the two models. It stdng mentioned that the assumption of such a
wear land does not affect the prediction from Mdledincec, = 0.611x16(N/m) associated with a
new tool will be used. On the other hand, as vélkken, in the range of examined speed, the effect

that wear land is small on the stability predictioom Model 1.
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The established stability lobes from Models 1 arate2shown in Figure 3-7.The details regarding
establishing these lobes can be found in [39] &hd¢spectively. Figure 3-7 also shows results of
experiments conducted in [33], where a solid ciatiicates a stable cut and + indicates an unstable
cut. The following observations can be made fromm fiqure:

Model 1 fails to identify the status of the cut akhin all cases, especially for speeds below
1500 RPM. The assumption of a wear land of only @dn helped increase the lower
stability slightly at the lower speed, but in geaiethe lower stability border is close to what
would have been obtained had the damping beenadradtogether.

Model 2 succeeds in identifying the status of thieilc most cases. Apparently, it fails to
identify that the process is unstable in four cagesd below 1000 RPM. This apparent
failure might be due to misjudging the processretable, whereas in reality it is in a state of
“finite amplitude stability”, as explained below.

In establishing stability lobes using a linear tframodel, the amplitude of vibration is assumed to
stay constant at the border of stability, decretsesro below the border, and increases till tiod t
starts jumping out of the cut beyond the bordee @implitude of vibration at the border of stabilgy
not defined. The amplitude at which the tool stansping out of the cut was considered by Shin and
Tobias [73] as the critical amplitudg, that, from geometry, could be obtained from:

A= Zsin?eIZ) (3:11)

To examine the amplitudes of vibration associatéd lnear models, numerical simulations were
conducted of Model 2 at 1000 RPM. As can be sean frigure 3-7, at 1000 RPM, the limit width of
cutis 1.1mm. The simulations were conducted belod above that limit &=0.7 and 1.2 mm,
respectively. The results bt0.7 mm showed the vibratigndied down to zero, the force normal to
the cutF, reached a steady, DC, value of 45 N, and the nieis$h reached a steady value of 0.05
mm, which is equal to the feedrate-0.05 mm/rev. Ab=1.2 mm, the vibratioy continued to grow
until it stabilized close to the end of the cuaatonstant value of 0.033 mm, the chip thickrreas
that latter section dropped to zero periodicaliyd e correspondin, also dropped to zero
periodically. The picture just described has besowkn for a long time (see, for example, Tlusty and
Ismail [74]). The important issue here is the atoplé at which the vibration stabilizes. This
amplitude is actuallp.,, which could be computed from Equation (3.11), amithe current case, is
0.033 mm. If we assume that the amplitude of vibreat the boundary of stability &, , then we
can see the potential source of error in emplogipgocess damping coefficient, likg obtained
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from sinusoidal excitation at a different amplitudewould be accurate if it has also been estimated
using excitation amplitud@... Needless to say, estimatiggfrom sinusoidal excitation at amplitudes
that would cover one lobe for a range of feedratesld be an arduous and time-consuming task.
Addressing such a task could be a subject for éutessearch.

Numerical simulations were also conducted usinghtrdinear indentation force model. The same
vibratory model, feedrate and cutting coefficiehAdintas et al. [33] were used. A wear land of 0.04
mm was assumed aidy= 4x10*N/m® was utilized. The extruded volume at each timp stas
computed numerically following the procedure ddsediin Section 3.3. Figure 3-8(a), (b), and (c)
show the simulation results at 1000 RPM and feeddd@5 mm/ rev., fob=0.5, 0.7 and 1.0 mm,
respectively. Ab=0.5 mm, Figure 3-8(a), the cut is stable, theatibn oscillation dies down to zero,
the corresponding, stabilized at 30 N, ankdlreached a static value of 0.05 mm.b&D.7 mm,

Figure 3-8(b), the vibration grows and stabilizkse to the end of the cut at an amplitude of 0.02
mm, the correspondirfg, had a strong AC component but did not drop to,zamdh also stabilized
and did not drop to zero. This is a case of fiaitgplitude stability. Ab=1 mm, Figure 3-8(c), the
vibration grows and stabilizes at an amplitude.688 mm (which is equal t&), the corresponding
F, grew and dropped to zero periodically, &ndgrew and also dropped periodically to zero,
signaling the tool jumping out of the cut. The babain Figure 3-8(a) and (c) for the nonlinear
damping model are similar to that observed empipfire linear model for fully stable and fully
unstable, respectively. The difference betweenitiear model and nonlinear model is the case of
finite amplitude stability in Figure 3-8(b) assdeid with the nonlinear model.

Many simulation runs were conducted for the no@imaodel at 1000 RPM. Figure 3-9
summarizes the results obtained expressed in tgfrthe amplitude of vibration. The blank circles
are associated with the cuts using a tool with vaeadt of\WW=0.04 mm. Plotted in the figure, solid
circles are also the results of simulations wheoegss damping was neglected altogether. From
Figure 3-9, the following observations can be made:

For both cases, with and without process dam@gat which the tool jumps out of the cut
is the same. ActuallyA is also the same when a linear process dampinglmade
employed.
When process damping is neglected, the transitiam ffully stable, where the vibration is
zero, to fully unstable, where the tool jumps duthe cut with amplitudd, is sharp.
Including the process damping effect witl-0.04 mm shifted the limit of full stability from
b=0.4 mm tob=0.5 mm.
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For the worn tool, the transition from fully staltefully unstable occurs gradually over a
range of width of cut frorb=0.5 mm tob=1 mm. This gradual transition was also reported
by Chandiramani and Pathala [75] and JemielniakVditibta [76].

The comparisons conducted above between the ltl@@aping models showed the deficiency in
Model 1 where small amplitude vibration was assurasdvell as a potential source of error in
Model 2, due to estimating the process dampingmpater from sinusoidal excitation at particular
amplitude. It also showed the ability of the noain damping model to predict cases of finite
amplitude stability. These finite amplitude casesendemonstrated using numerical simulations.

Cutting experiments are presented next to verigydtcurrence of these cases of finite amplitude

stability.
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Figure 3-7: Stability lobes established from Model [39] and Model 2 [33], and experimental

results: circles stable and + unstable from [33]
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Figure 3-8: Numerical simulations using the nonlinar model at 1000 RPM for a)b=0.5 mm,
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3.5 Experimental Evidences of Finite Amplitude Stab ility

Numerical simulations employing the process dampimgjinear model demonstrated the
occurrence of “finite amplitude stability” [75, 76[his finite amplitude stability implies that, ova
range of width of cut, the vibration amplitude $liab at values between zero and the critical
amplitude A, given in Equation (3.11), at which point the tetdrts jumping out of the cut. There
has been some experimental evidence of graduaaserin surface roughness and peak spectral
value of measured acceleration [77], as the cut Wwem (according to the definition of the authors)
stable, to marginal, to unstable. The experimeh@ancy and Shin [77] showed the peak spectral
acceleration to increase more gradually for a st@hbcompared to that recorded for worn tools.
This inconsistency might have been due to thedfifiégquency resolution used in measuring the
acceleration spectra, or to the width of cut notéasing sufficiently for the vibration amplitude t
reachA,,. It should be mentioned, however, that the obyjeadf Clancy and Shin [77] was to develop
a multi-dimension chatter model in turning ratteart to study the effect of process damping on the
vibration amplitude. To the best knowledge of thaent author, there has not been a study reported
in the literature that explicitly investigated thleenomenon of finite amplitude stability
experimentally. Such a study is conducted in thoskw

A schematic of the experimental setup is depiateféigure 3-10. Because of equipment
availability, the experiments were conducted oraxi8 milling machine rather than on a lathe. The
workpiece was clamped in a tool holder that wasmtediin the spindle. The tool was clamped in a
fixture mounted on a Kistler 9255 table dynamometdtich in turn was clamped to the machine
table. In effect, the required plunge turning cgufation was achieved, in which the workpiece
rotates and the tool executes the feed motionandtial direction.

A parting tool with a TiN insert of a 4mm edge and clearance angle was used. The tool was
mounted on the table dynamometer such that thewdgearallel to the spindle axis in the Y-Z
plane of the machine. The AISI 1018 steel workpieaeé a 100 mm (4") diameter for a length of 50
mm and a 25.4 mm (1”) diameter for 76 mm lengtlvds clamped in a 1" collet chuck and the

overhang length could be adjusted to achieve tipeineed modal parameters.
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For an overhang length of 90 mm, the measured RRifei Y direction at the bottom end of the
workpiece is shown in Figure 3-11. It shows a sirotode at 390 Hz. The flexibility on the tool side
was negligible compared to that on the workpiedecuétting tests were conducted with the feed in
the Y direction. This direction is also normal e tcut surface, and accordingly the vibratory model
could be represented by a single degree of freeysitem. By curve-fitting the Frequency Response

Function (FRF) in Figure 3-11, the modal parameterse found to be:
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Figure 3-11: Measured frequency response functiont@he end of workpiece in the feed

direction

All tests presented here were conducted at a feedf®.05 mm/rev. Instead of measuring the
vibration displacement using, for instance, a proii probe, the cutting force signal was employed
to assess the finite amplitude stability phenomeRatall that when the tool starts jumping out of
the cut, the amplitude of vibrationAg, or greater, the chip thicknesshis 0 mm, and the cutting
force becomes zero. A low-pass filter was appleethe measured forces to attenuate frequencies
higher than 700 Hz. To illustrate the effect of iexpenting the filter, the measured force and its

spectrum for filtered and un-filtered signals drewsn in Figure 3-12. The cut was conducted at 300
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RPM with a sharp tool and width of dut1.8mm. As can be seen, the filtering does notaffee
signal at 390 Hz, whereas it attenuates the sigrfaéquencies higher than 700 Hz.
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Figure 3-12: a) Filtered and unfiltered measured ctiing forces at 300 RPM andb=1.8mm,

using a sharp tool; b) the corresponding frequencgpectra
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A set of cutting experiments was conducted at 5BMRThe feed was in the Y direction in the Y-
Z plane, which meant that the feed was in the tatifiaction of the workpiece. The average length of
cut was 18 mm. For the 550 RPM and 4"diameter,rtiéant that the cutting speed varied from 175.5
m/min on the outside to 113.3 m/min at the enchefdut closer to the center of the workpiece. This
variation in speed, as the cut progressed towhelsdnter, translates at the 390 Hz frequency into
variation in surface wave length from 7.5 mm atdheside to 4.8 mm at the inside. Two tools were
used, a sharp tool and a worn tool with a wear tz#r@®08 mm. Figure 3-13 shows the measured
forces for the sharp tool for widths of cut: 1.5 nm¥igure 3-13(a) and 1.6 mm in Figure 3-13(b). In
Figure 3-13(a), the cut was stable and we can yas# any oscillatory component in the signal.
However, in Figure 3-13(b), the cut was unstalble dscillatory component dominates the signal,
and the force fluctuates over the whole cut betwssga and 130 N. The chip was broken into small
pieces due to the tool jumping out of the cut régaig. Figure 3-13 indicates that the process
damping associated with this sharp tool for surfawgdulations 4.8-7.5 mm in length was negligible,
and that the transition from completely stable.&trim to completely unstable at 1.6 mm was steep.
This picture will change for the worn tool, as mneted next.

For the worn tool, the cutting tests were conduetedidths of cutb=2.7, 3.0, 3.1, 3.3, 3.4, and
3.5 mm. Figure 3-14(a), (b), and (c) show the messtorces ab=2.7, 3.3, and 3.4 mm,
respectively. The cut at 2.7 mm in Figure 3-14¢a)ampletely stable. The cut at 3.4 mm in Figure
3-14(c) is completely unstable, where the forcéopiizally drops to zero and the chip is in the form
of small pieces associated with the tool’s repedisengagement. Figure 3-14(b) shows the force in
the first 10 seconds of the cut to contain an [aoily component; however, it is not big enough for
the force to drop to zero. The collected chip dterfirst 10 seconds shows variation in thickngss,
it is small and does not cause the chip to bretakamall pieces. The remainder of the cut in Figure
3-14(b) shows it to be completely stable. Overfits¢ 10 seconds of the cut, the wave length of
surface undulations varies from 7.5 mm to 6.8 man.tRis range of wave length, the process
damping was insufficient to make the cut complegtaple, and thus the process can be classified as
a case of “finite amplitude stability”. The measiiferce profiles obtained at 3, and 3.1 mm were
similar to that in Figure 3-14(b).

The amplitudes of the oscillatory (AC) componerftthe measured forces at 550 RPM were
divided by the corresponding widths of cut andteldtin Figure 3-15 to help assess the change
profile of the vibration amplitude as the procegntMrom completely, o7r fully, stable to complgtel

unstable. The solid triangles show the normalizades for the sharp tool, whereas the solid circles
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show the normalized values for the worn tool. As ba seen, the transition associated with the sharp
tool is steep, from fully stable bt1.5 mm to fully unstable &t=1.6 mm. On the other hand, the
transition is gradual for the worn tool, from fuliyable ab=2.7 mm to fully unstable &= 3.4 mm;

in between, the process is in a state of “finitektonde stability”. It is interesting to see thédr both
tools, the normalized AC component of the forcehea the same value of 63 N at full instability.
This should be expected, since both occur at thee sabration amplitudé,,.

Computer simulations were also conducted for tlsesat 550 RPM. The measured modal
parameters at the end of the workpiece given aliogether with the cutting force coefficient in the
direction normal to the cut &,.=1330 MPa ants, =4x10* N/m®, were utilized. The normalized
amplitudes of AC forces obtained from simulations @so plotted in Figure 3-15. The blank
triangles correspond to the sharp tool and thekitacles to the worn tool. The simulations agree
with the experimental results for the sharp toot they also show the same sharp transition from
fully stable to fully unstable. The simulations @sated with the worn tool show the transition & b
more uniform and smooth than that obtained froneerments. This smooth behavior agrees with the
numerical simulations reported in [75] as welllasse shown above in Figure 3-9. The discrepancy
in behavior over the transition region between &ition and experiment could be due to the
underlying assumptions of the indentation force ebpglspecially those employed in Equation(3.7);
this discrepancy warrants further investigationvéttheless, both simulations and experiments show
the transition from fully stable to fully unstalite the worn tool to occur over a range of width of
cut. For the worn tool, the process damping isiggmt, and it is the nonlinearity of this damping
model that causes such gradual transition frony &itible to fully unstable.

A further experimental proof of the “finite amplie stability” is shown in Figure 3-16 and Figure
3-17. The cutting experiment was conducted at 380 Rwidth of cut,b= 1.8 mm), using a sharp
tool. It should be mentioned here that an attengst made to use a worn tool and, due to excessive
process damping, the cut was completely stableeafiuil width of the cutting edge. Because of the
shorter wave lengths associated with the lowercspé800 RPM, process damping did arise with the
sharp tool, and it increased as the cut progreslsedr to the center of the workpiece. Figure 3-16
shows the measured force over 47 seconds. Thefewrrdarkened sections of the force time trace,
labeled: A, B, C and D. The corresponding surfawulation wave lengths are: 3.9, 3.5, 3.4 and 3.3
mm, respectively. Figure 3-17 shows photograptib@tollected chips corresponding to sections A,
C and D. In section A, the force periodically drépzero, indicating a fully developed chatterthia

photograph the corresponding chip is broken intalkpieces, clearly showing the result of the tool
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jumping out of the cut at the chatter frequencye Tdrce in section D and the corresponding smooth
chip show a fully stable cut. In this section, gnecess damping is high enough to make the cut full
stable. In section B, the AC component of the fasdarge but not large enough to cause the farce t
drop to zero periodically. In section C, the AC gmment is smaller than that in section B, butilk st
significant. The chip corresponding to section Gve strong undulations due to the large vibration
amplitude, yet this amplitude is not large enougbause the chip to break into small pieces similar
to that in section A. To summarize: the measurecefoand the collected chip clearly show the cut to
be fully stable in D, fully unstable in A, and irstate of finite amplitude stability in sectionsaBd C.
The frequency spectra corresponding to the difteseations of the measured force in Figure 3-16
are shown in Figure 3-18. The spectral line atB20ncreases in amplitude, from zero at section D,
to 6 at B, to 25 at C, and finally to 90 at A. Wpectra in B, C and D might lead one to assess the
status of cut as simply unstable, and that chhtieitaken place. From a practical point of vievs, th
would be a reasonable conclusion, since the prabisadaces in the three cases are unacceptable.
The problem arises, however, when cutting experismare conducted to verify a linear chatter
model. If, for instance, the cut is judged unstatueording to the spectrum in B, it would mean that
the linear model has predicted the stability limi@orrectly. This example accentuates the diffieslt
encountered in discerning the boundary of instigtdihd in verifying linear chatter models at low
cutting speeds where process damping is promitteaito demonstrates the importance of properly

addressing the nonlinearity of that damping intdihing chatter models.
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Figure 3-13: Measured cutting forces at 550 RPM usg a sharp tool: a)b=1.5 mm, and b)
b=1.6mm
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Figure 3-14: Measured cutting forces at 550 RPM wit worn tool: a) b=2.7mm, b)b=3.3 mm,
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Figure 3-15: The measured and simulated amplitudefdAC component of the cutting force

normalized by its corresponding width of cut:  Measured with the worn tool, simulated
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Figure 3-16: Measured cutting force at 300 RPM withsharp tool andb=1.8mm
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Figure 3-17: Produced chip at 300 RPM: A) unstableC) Finite amplitude vibration, D)
stable cuts
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Figure 3-18: Measured frequency spectra correspondg to sections A, B, C and D given in
Figure 3-16

3.6 Summary

The two linear process damping models investightzd showed that the model based on small
amplitude vibration leads to underestimating tlaisity limit, and that the accuracy of a damping
model obtained from sinusoidal excitation depenuhe amplitude of excitation in relationship to
the feedrate employed in the verification experiteelhe experimental work conducted in this
chapter confirmed the finite amplitude stabilitygplomenon associated with nonlinear process
damping. This phenomenon makes it difficult to drscthe boundary of stability in verification
experiments of linear damping models. The experimalso showed that, in the presence of process
damping, the transition from fully stable to fulipstable conditions occurs gradually over a rarige o
width of cut. This is in agreement with numeridahslations reported in the literature as well as
those conducted in the current work. The numesiralilations, however, showed gradual change to
be smoother than that observed here experimentdilg.discrepancy might be due to the underlying
assumptions in the ploughing force model, whichramts further investigation. Nevertheless, the

general behavior from experiments was consistetht sinulations in terms of the change in
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vibration amplitude from zero to a critical valu® tases where process damping was negligible as
well as for cases where it was significant.

Although numerical simulations have allowed thegnation of nonlinear indentation force into
machining chatter models, it requires high diseedibn resolution for accurate numerical simulation
as has been shown in this chapter. Needless tes@plishing the stability lobes in this way oser
typical range of cutting speed using time domamusation would be a lengthy task. Developing a
new process damping model that can be employdtkianalytical methods of calculating stability

lobes and preserves finite amplitude stabilityddrassed in the next chapter.
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Chapter 4
Analytical Stability Lobes Including Nonlinear Proc ess Damping

Effect on Machining Chatter

The objective of the current chapter is to devedipearized model of the process damping while
preserving the vibration-amplitude dependence @fitdentation pulse on the resulting stability. The
developed process damping model will be used tbésh the stability lobes analytically taking into
account the effect of nonlinear process damping. déveloped lobes could be established for
different amplitudes of vibration. This is a depagtfrom the traditional notion that the stabilitpes
represent a single boundary between fully stabdifalty unstable cutting conditions.

The analytical computations of the new process dagnmodel are described in the next section.
These involve the computations of the indentati@aand equivalent viscous damping of the
indentation force. A faster method for computinig tquivalent damping will also be presented; it
will be shown to greatly speed up the establishroéstability lobes. Section 4.2 will present an
approach to establishing the lobes at particulglitues of vibration as well as boundary lobes
analytically. For this reason, the established @seaamping model is integrated into the frequency
domain calculation of stability lobes. The analgtig established lobes will be tested in the
subsequent section against time domain simulatiengell as against the lobes presented by Altintas
et al.[33], using an empirical damping model. This Jé followed by experimental verifications of
the proposed approach using plunge turning of steglemploying sharp and worn tools. It will be
shown that the analytically established lobes ypekttically the same results obtained from time

domain simulations, and that they are in good agesg with results obtained from cutting tests.

4.1 Analytical Representation of Process Damping

In this section, the geometry of the indentatiazaawill be discussed, along with the analytical
computation of that area. This is utilized in folating the equivalent viscous damping that will be
employed in establishing the stability lobes. Aalgitical formula to compute the equivalent

damping will also be presented.
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4.1.1 Analytical Computation of Indentation Area

L>L

(b)

(c) (d)

Figure 4-1: Geometry of indentation area: a) W=0, kL*, b) W=0, L>L*, c) W o, L<L*, and
dW o, L>L*

Figure 4-1 shows the indentation areas for diffesémations: (a) and (b) are for sharp tools, wher
(c) and (d) are for a worn tool with wear land In (a) and (c), the clearance angles greater than
the maximum magnitude of slopeof the wave, which is smaller than the slope naiid (d). Cases
associated with sharp tools were discussed prdyiqé8]; clearly, in Figure 4-1(b), there is no
indentation and thus process damping is not inebl\dis situation will occur at wave lengths equal

to or greater thah’, for which becomes equal to

tan( )= tang )= AZL’D 4.2)

Below L", even for a sharp tool, the process damping weoldtribute to the stability of the
system. In Figure 4-1(c), the flank face intersedth the back side, (0/4), of surface undulation,
whereas in Figure 4-1(d), it intersects with thenfrside, (/4-3L/4), creating a triangular shape.
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Liang and co-workers [39, 40] treated the casef@)which they assumed small amplitude vibration
and expressed the indentation area by the equation:
0 y> 0

o KJ)% y yEC “2
wherev is the cutting speed in the tangential directiime approximation in Equation (4.2) will be
utilized in the current work in establishing thever bound stability lobes, where the vibration
amplitude is close to zero. Notice that Equatia2)#& only valid fonM>0 and accordingly does not
deal with sharp tools. In time domain simulaticadsthe possibilities of indentations in Figure 4-1
are treated in the same way which, as mentiond@eaonsumes considerable time. Here, the area
of indentations will be computed analytically, ahdrefore one must recognize the different
scenarios above and compute that &8¢®), accordingly.

Figure 4-2 shows a cross-sectional area inXkeglane of the extruded volume at tool position
(x,y). The indentation area(x)(dark area) is surrounded by three geometriefasaiundulationy),
wear landy,), and flank face of the tool{]. Each of these boundaries can be describedwsctidn
of andx, as follows:

y.(c)=Asinfc ;1 =p IL
y;(c)=Y, +b(x- W- ¢) ,b= targ 4.3)
Yu(€) = ¥s(X)

The flank face is shown to intersect with the bsicle of the wave at the poif¥, y’). Hence, the

area bounded by these geometries is

X (X) X
L 3L
S(}= (w(©e)- yle)d+ (ye)- ye)d, < x=— (4.4)
: 4 4
X (%) X (%)
To perform the integrals in Equation (4.4), theeiaection poin{x’,y’) must first be found. To
simplify finding this intersection, the sine wasréplaced by two "3 order polynomials, one for the
back side, in the rangd._/4 toL/4, and the other for the front side, in the rabffeto d./4. These two

polynomials are

3 . -L L
a,c” +ac, T<c <Z

c)= 4.5
% 2 % 2 4 4



Note thata, anda, =0, because the back side is asymmetric around trelY axes. The front side
of the wave is a mirror image of the back side atow= L/4. The coefficients; anda; were found
by equating the original sine with the polynomigpresenting the back side at two points (e.g., at
x=L/6 andL/12). They were found to ba; = - 38.58A/L® anda,= 6.27A/L. Figure 4-3 shows the
polynomials superimposed on the original sine wave wave of amplitudd=0.03mm and wave
lengthL=3.7 mm.

The intersection poir(ix’,y’) between the flank face and the surface wave @tlgositionx will

be obtained from:
ys(¢)=v:(c) (4.6)
The intersection point is obtained by simply firglihe roots of the cubic equation Equation (4.6).
The intersection will be assumed first to occutwiite back side of the wave, bukif L/4, then the
polynomial in Equation (4.6) will be switched tattof the front side. With the tool positigay) and

intersection poin{x’,y") now available, the integrals in Equation (4.4) pegformed to obtain the

indentation are&(x)analytically.

¥s(x, x)

Figure 4-2: Geometry of tool indentation into surfa&e undulations
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Figure 4-3: Polynomials used to approximate a sin@ave of L=3.7mm, A=0.03mm

The indentation area is updated for the tool pms&tiduring the downward motion of the tool in the
range ofx=L/4 to 3./4. Thus, multiplying by the width of cbtandKs, we get the indentation force
pulse responsible for process damping. The damipitigs way is nonlinear, since it operates over a
portion of the vibratory cycle and is zero over temainder of the cycle. Presented next is the
development to replace this nonlinear damper bgcaivalent linear viscous damper that will allow

establishing the stability lobes analytically.

4.1.2 Equivalent Viscous Damping

The idea of replacing a nonlinear damper, for exarapcoulomb friction, by an equivalent linear
viscous dampelC,, is well accepted [79] in evaluating the steadyestesponse of a vibratory
system under harmonic excitation. This idea iszadtil here to replace the nonlinear process damper
by a viscous damper to establish the stability sodrealytically. In these lobes, the response of the
system in the frequency domain will be employedliait in establishing the lobes from the
behavior of the vibratory system in the frequencndin is that the system is vibrating at steady
amplitude at the chatter frequency. Recently, Buatak Tunc [41 and 42] used the equivalent viscous
damping approach to estima{g, from chatter experiments. In the current wdtk,is assumed
available and the objective is to develop a metbagstablish the lobes that account for different

states of the cut, namely fully stable, fully uféa and finite amplitude stability. The developren
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of Ceqwas described in [42]. It is also described nexhaintain consistency in the terminology
utilized throughout the current work.
The energy dissipated by the indentation forcenia @bration cycle of amplitudé& and

wavelength_ is E;:

3L/4 dy
= K bS(¥— d» 4.7
0S( % @4.7)

L/4

Since the toolpath is assumed to be a sinusoidat whamplitudeA and length., y(x) and,

consequently,d—y are
dx
y=Asin(/ x); —== A cof X/, :2—’5
substituting dy/dxin Equation (4.7)E; will be:

3L/4

=AK  (Ag W, D)= S(Ncod xd

On the other hand, the energy dissipated by a wscamper with coefficien€eq on a similar
wave is
L
dy dy’
e CerI dy=v C " dx= VA ? (;q (cog ¥ d)c ¥A?
0
By equatingg; andEg, one can findC.qin terms ofA, L, and W

_ Kb i(A,g,W,L)
T

(4.8)

The effect ofA, L, W,and on Cy is shown in Figure 4-4 for a range of tool andratton wave
parameters.Cy depends on tool and vibration wave geometry amrdetbre can be considered the
“shape damping factor”. As expecte@y increases by increasing and W, but decreases by
increasing andL. It is interesting to see the decline in dampimgompanying the increase in
clearance angle. That might explain the decreas#alnility associated with the presence of a stable
built-up edge that could increase the effectivargdace angle. It is also important to see the gtron

dependence of the damping on the amplitude of tidora
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Figure 4-4: Variation of Cy in relation to: a) clearance angle , b) wave length L, (c)vibration

amplitude A, and (d) wear land width W

Although Equation (4.8) represents an analyticamidation for Cg4, it is not a closed-form
equation explicit in terms ok, , L andW. It relies on the computations of the indentativeaS(x)
that in turn depends on the intersection point betwthe tool flank or wear land and surface
undulations. The intersection point, in case of flaek face, is obtained from solution of a cubic
equation, as described earlier. All in all, expregS(x)explicitly in the above parameters that would
lead to performing the integral in Equation (4.8)lgtically proved unmanageable. Instead, the
integral was evaluated numerically by using=L/50. This process also consumes time, albeit much
shorter than that used in time domain simulatidmsaddress this shortcoming, it was decided that a
data base foC, that covers a typical range of the parametersiwegbshould be generated. This data
base was envisioned to be in the form of look-upethat would circumvent the need to perform
the computational elements required to fiid, in every iteration, in the course of establighthe
lobes. Fortunately, the effort to generate suclata ase has resulted in a concise expressi@y, of

as described next.

4.1.3 Analytical Formulation of Equivalent Damping

The analytical and empirical process damping moidetise literature, [40] and [33], took the form:
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C, =aw? (4.9)
Equation (4.9) shows the effect of tool w&drHowever, it is evident from the behavior@f in
Figure 4-4 that the strong effect of the clearaangle and especially the vibration amplitude
cannot be overlooked. For this reason, computatidrs; were conducted for all of the following
parameters:

Clearance angleat 5, 7 and 9

Wear land widthw: 0.02-0.12 mm at increments of 0.02 mWw&0 was also computed for
cases where<L*.

Wave length_: 0.6L*-2L* at increments of OLZ, and 3L* -10L* at increments of 1L*.

Amplitude of vibrationA: 0.01-0.10 mm at increments of 0.01 mm. The c&g&=0.005 mm
was also computed to demonstrate that the modskpted here approaches that of Liang
and co-workers [39 and 40], as the vibration amgétapproaches zero.

In total, 2046 computations were performed to obthie shape damping fact@y using the
procedure described in Section 4.1.1. Initiallyemipts were made to have a single expressidzy of
through curve fitting all of the generated data thaludeL, W, andA. The correlation coefficient
was poor and the decision was made to l@ughat is, a function of andW) for a particular and a
particular level of vibration amplitude. An examgiecomputed data and their curve fitting is shown
in Figure 4-5. The circles show the computed vafoeslifferentL for the cas&=0.03 mmW=0.06
mm and = 7°. It showsCy to behave differently in the regidreL* from that whereL<L*. This
behavior was consistent for all other cases, amdrdmgly the data was fitted into two different
functions: linear folL.<L* and exponential fot>L*. The solid line in Figure 4-5 shows the results
of curve fitting. Although there is discontinuity slope at_=L*, the fitting in the two regions is
excellent. The expressions 18§ are given in Equation (4.10).

_a(Lvw- L) w1 L

C, = ) ) (4.10)
p(L - L+ awr™™  LE L
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Figure 4-5: Computed data and curve fitting resultsof C4 at A=0.03mm, =7 , and W=0.06

mm

W andL in Equation (4.10) are in millimeters. HosL* , C, takes the same form as that suggested
by Liang and coworkers [39 and 40], except thatakponent folL is now | instead of zero. For
L<L*, the linear expression f@y is new and, to the best of my knowledge, has nehlveported in
the literature. The values of coefficients and s obtained from curve-fitting of the different
cases are listed in Table 4-1. Also listed in Tablgé are the values of the coefficientand the
exponent y associated with the Liang model, where the assompt small amplitude vibration was
made.

The following observations can be made from Tabkle 4

w is practically 2 for all cases, which is consistith Liang’s model.

The absolute value of, reaches a steady value of -0.33 for large ammg&udvhile for
smaller amplitudes it diminishes in the directiomardsA=0.

The absolute values of the coefficieptand exhibit a consistent trend of increasing with
the increase in the amplitude of vibratién They also show a consistent decreasing trend
with the increase in the clearance angle

The consistent increase in absolute valuep @nhd in the direction of increased vibration

amplitude is of particular interest. It led to cedfitting these coefficients over the amplitudegairin
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Table 4-1, and excellent results were obtainedthgd p into a linear relationship with, whereas

was fitted into a quadratic relationship. The clatien coefficients were 0.99 for both fittings.

Accordingly,p and are expressed as:

p=d,A+d
a=aN+g A+d

(4.11)

The coefficienta’, anda’, associated witlp, anda’ , a® anda® associated with are listed in

Table 4-2 for =5, 7 and 9.

Table 4-1: Computed , w,

vibration amplitude

L and p for different combinations of tool clearane angle and

7 9
A(mm) a W L P09 | & w L px109) | & w L Px10%)
Liang[39] | 0.250| 2.00| 0.00 - 0.250 2.00 0.00 - 0.250.00 | 0.00 -
0.005 0.254| 1.98| -0.21 0.17 0.27( 197 -0.16 0.42.29®| 1.99| -0.14| 0.09
0.01 0.410| 1.98| -0.28] 0.34 0.331 1.97 -0.25 0.34 30®.] 1.98| -0.20f 0.19
0.02 0.540| 1.99| -0.32] 0.68 0.454 1.98 -0.31 0.49 40D.| 1.97| -0.30f 0.38
0.03 0.625| 2.00| -0.33 1.03 0.554 1.99 -0.32 O0.J3 49®. 1.99| -0.32| 0.57
0.04 0.670| 2.00| -0.33 1.37 0.618 2.00 -0.833 0.97 56D.| 1.99| -0.32| 0.75
0.05 0.756| 2.00f -0.33 1.71 0.667 200 -0.33 1.32 60®. 2.00| -0.33| 0.94
0.06 0.805| 2.00f -0.33 2.05 0.714 200 -0.33 1.46 65D. 2.00| -0.33] 1.13
0.07 0.848| 2.00f -0.33 2.39 0.755 200 -0.33 1.J0 68®.| 2.00| -0.33| 1.32
0.08 0.881| 2.00f -0.33 2.74 0.791 2.00 -0.33 1.'5 72®.| 2.00| -0.33] 151
0.09 0.924| 2.00f -0.33 3.08 0.824 2.00 -0.33 2.I9 7.5@.| 2.00| -0.33] 1.70
0.10 0.957| 2.00f -0.33 3.42 0.854 2.00 -0.33 2.I4 78®.| 2.00| -0.33] 1.89
Table 4-2: Coefficients of Equation (4.11)
ag( 107 at( 107 a;’ a: aj
-0.0044 34.26 0.254 13.300 -65.140
-0.002 24.38 0.231 11.580 -55.210
0.0015 18.87 0.238 9.333 -39.71»0
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Equation (4.10) and Equation (4.11) along with €abll and Table 4-2 provide a much simpler
and faster approach for computi@gat different amplitudes, wavelengths, clearanggesnand flank
wear widths. Obtainin@, in this way provides a great advantage in estaibiisthe stability lobes

using the iterative approach described next.

4.2 Establishing Stability Lobes Including Process Damping

In establishing the lobes in this work, other sesrof process damping such as changes in the
magnitude and direction of the shear force areautgtl in comparison with the indentation of
material underneath the flank face of the tool sTikia reasonable assumption, based on the study
conducted by Huang and Wang [29], where the asithioowed that the energy dissipated by the
other sources is small compared to that dissigayeatie indentation.

The dynamic model used in this part is the santeesne presented in Chapter 3. A similar shear
force model is also used, but the ploughing fosceepresented by the equivalent viscous damper
developed in this chapter. Thus, the equation dfanas

My+Ky+Cy=Kb(s+ y- ¥); G ¢+ GO ALX (4.12)

According to Equation (4.10¥;, is a function ofA, L, W b and , but onlyA, bandL depend on
the cutting conditions. andW are parameters of the tool and are known a pfoni.this reasorCe,
appears in Equation (4.12) as a function of dgqljpandL.

If there is no process damping a@d,=0, then Equation (4.12) will be the classic regatiee
chatter formulation, which is well developed ine thiterature [7]. In this case, the stability lolzes
obtained by sweeping the chatter frequency, (rad/s) in the vicinity of the system’s natural

frequency, and calculating the depth of lo@ind spindle speed at the border of stability from

2
b:i, L= K- Mu/+ Ciw,
2K, Re( )
T=2np +e, n=0,12,..e=p- 3 (4.13)
,/‘:tan'l—lm(l')
Re()

In Equation (4.13)n is the lobe number, which is actually the numtfefub vibration waves over
one revolution of the workpiece,is the phase angle between waves in subsequesititiens, T is

the time of one revolution, anfl is the phase angle between the displacement ofitivatory
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system and the exciting forcRe () andim ( ) are the real and imaginary parts of the frequency
response function, FRF, of the vibratory systergpeetively. In this section, Equation (4.13) wid b
employed in an iterative solution to find the sli&piobes in the presence G, which is a function
of A, bandL.

Before describing the iterative procedure, it istiwavhile recalling that, due to the nonlinear natur
of process damping, the process can be in thréesstally stable, where the amplitude of vibratien
zero; fully unstable, where the amplitude of vilatis A;; or slightly larger; and finite amplitude
stability, where the vibration stabilizes at an #tuge between zero arfl,. This suggests that there
are two distinct outer boundaries: one betweery &itible and finite amplitude stability, and thibest
between finite amplitude stability and fully undiabln theory, one might even have a particular
boundary within the finite stability region at sged amplitude, say\, below which the amplitude
is smaller tharA;, whereas it is greater thagabove that boundary. The procedure to establish the
lobes at a particular amplitude is designated hsré-ixed Amplitude Lobes”, while the procedure to
establish the lobes for the upper bound or lowembostability lobes will be designated “Boundary

Lobes”. The former is described first.

Fixed Amplitude Lobes:

1- Choose a chatter frequency,, in the vicinity of the tool natural frequency andhe lobe
number.

2- SetCq~0.

3- Calculateb andT from Equation (4.13).

4- Updatel = fl , Wheref. is chatter frequency in Hz. The speaeid obtained fronT and the

Cc
radius of the workpiece.
5- UpdateC.{AsL,b) using newL, b and Equation (4.8) or Equation (4.10)
6- Repeat steps 3-5 unblconverges to the desirable tolerance.
The tolerance for convergence will be discusse8antion 4.3. The procedure above is repeated
using increments of . over a frequency range that depends on the wandenn, and then the
whole procedure is repeated for differant

Boundary Lobes:

Lower bound: amplitudé& O;
In this case, the same procedure described abovixéal amplitude lobes is followed with the

provision thatC.q is what would be obtained from Liang’s model, tfiiae in Table 4-1. Notice that
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this model is only applicable far>L". This is fine, since for small amplitude of viticat, Equation
(4.1) shows that" also becomes small. This situation could only malize at extremely low cutting
speed combined with high frequency of vibrationjaolilis not the focus of this work.

Upper bound: amplituda= A,.

Equation (3.11) showg\, to be a function of , which is obtained from Equation (4.13).
Consequently, in addition toandb, the amplitudéA should be updated as well in each iteration.

1. Choose a chatter frequencys, in the vicinity of the tool natural frequency,dathe lobe
numbem.

2. Set C0.

3. Calculateb, andT from Equation (4.13).

4. UpdatelL = fl .
5. UpdateA. using Equation (3.11).
6. UpdateC.{Ac,L,b) using Equation (4.8) or Equation (4.10) for newA,; andb.
7. Repeat steps 3-6 unblconverges to the desirable tolerance.
Similar to the procedure above, steps 1-7 are tegassing the increments of ., and the whole
procedure is repeated for different wave nuntber
Assessing the performance of the above procedsiamiducted in the next section. The
assessment is done against numerical simulationglhas the lobes established using an empirical
process damping model [33]. The vibratory systemamaters given in [33] will be utilized along

with the cutting coefficients. The specific indeida coefficientks, = 4x10 N/mm® will be utilized.

Altintas et al. [33] conducted plunge turning experiments to tigvan empirical model for the
process damping. They represented the process damfiect by an additional dashpot acting on the
vibratory system. Accordingly, they expressed ttee@ss damper for AlSI 1045 steel in the
following form:
6.11 10 b

%

C =

. N.s/ m (4.14)

The authors obtained, by harmonic excitation at 0.035 mm amplitude. Theameters of the
vibratory model in [33] wereK = 6.48x16 (N/m), M = 0.56 (Kg), andC, = 145 (N.s/m). The cutting
force coefficient for AISI 1045 in the feed diremtiwas estimated &;,=1380 MPa. The workpiece

was a 35 mm diameter shaft cut at a feedxat®.05 (mm/rev). The tool had a clearance angie
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7°. The above parameters will be employed in thisi@edo establish the lobes following the
developed procedures above and to compare witlolles computed using the empirical damping
factor in Equation (4.14). Although the tool used33] was sharp, a smaW = 0.04 mm is assumed
here to account for tool edge radius (hone radius).

Before comparing the lobes obtained using the phaes developed here with the Lobes and
experimental results in [33], it is important fitsttest the accuracy in determining the equivalent
damping using Equation (4.10) with that followirtngtdetailed computations described in sections
3.1 and 3.2. Notice that the equivalent dampingpdated in each iteration involved in establishing
the width of cut at a particular chatter frequengyand wave numbaer. For this test, we will

establish the upper bound lobe®atand fixed amplitude lobes Af =0.020 mm. Notice that, from

Equation (3.11), the minimum value &f occurs am,zi; and accordingly, fo§=0.05 mm/rev,

V2
the minimumA, will be 0.035 mm. Figure 4-6 shows the computdxbtousing the fast (section
4.1.3) and detailed method (section 4.1.2), thenéoris drawn in a broken line, whereas the laster i
drawn in a solid line. The lobes from the two meithooincide for 20 m andA.; amplitudes. With

such excellent agreement, the fast method willrbpleyed for the remainder of this chapter.

o
LN
T

1

OgOO 960 10I00 11100 12|00 13|00 14IOO 15I00 16100 17|00
RPM
Figure 4-6: Upper bound and fixed amplitude lobes@mputed using equivalent damping
from quick method of Equation (4.10), (broken line} and detailed method of Section 4.1.2 (solid
line)
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Figure 4-7: Convergence of b and L at 1000 RPM wheecomputing the lobes shown in Figure
4-6

Another issue should also be resolved before cdamduthe comparisons with [33], namely the
convergence tolerance allowed in the iterative @doce. Figure 4-7shows the convergence of the
width of cutb and wave length for a point at 1000 RPM on the upper bound lobdsigure 4-6.

The criterion used was for the percentage chanpeninwo subsequent iterations not to exceed a set
value. The figure shows the effect of tightening thlerance from 4% to 1% to 0.01%. It shows that
1% is sufficient, that insignificant improvementsygained by using 0.01 %, and thus 1% was chosen
as the convergence tolerance. Figure 4-7showd tiwatk only 7 iterations fob andL to stabilize.

An important test of the proposed method is to camjit with the time domain simulation. In the
time domain simulation, the nonlinear nature ofititentation pulse is treated directly, while ie th
proposed method the nonlinear pulse is replacezhisquivalent viscous damper. The test is now
described by comparing with the lobes in Figure 448 results of this simulation are presented in
Figure 3-8 to explain finite amplitude stabilityajiiatively. However, they are repeated here to
compare the results with the developed stabilibey quantitatively. The simulations were
conducted at 1000 RPM for three depths of dutf:5, 0.7 and 1.0 mm. The results of simulations
are shown in Figure 4-8. Fbr=0.5mm, which is below the stability lobes, theraifion dies down to
zero. Fob=1.0 mm, which is above the upper stability lolibe,vibration amplitude stabilizes at

0.035 mm, which is equal ... Forb=0.7mm, the vibration stabilizes at 0.02 mm. Asaiter of
57



fact, the point at 0.7 mm width of cut is closette fixed amplitude stability lobes shown in Figur
4-9 that were established/t=0.02 mm. This test demonstrates the viabilitgmiploying the
equivalent damping approach in establishing theddbom the frequency domain and establishing
lobes at a particular amplitude of vibration.

Having demonstrated the accuracy of the iteratpm@ach, it is also important to compare the
times needed for the different methods of computiregstability including process damping: time
domain simulation, iterative approach using theitkd computation method described in sections
3.2, and the iterative approach using the quickpmaation method of section 3.3. On a PC with a 2.2
GHz processor, it took three hours to compute tibady state vibration of case (b) in Figure 4-8 in
the time domain simulation using 36,000 steps/neua; it took ten minutes to compute one single
lobe at a frequency resolution of 0.5 Hz usingdéwiled method; and it took only two seconds to

compute the entire, upper or lower, bound stabitibhes using the quick method. This is a drastic
reduction in computation time.

001 1 T | 1 | 1 | I
N S
E 0 T
>
'0'010 0.2 0.4 0.6 0.8 1 1.2 1.4 16 1.8
(a)
005 T T T T T T T
e e
E o — &
>
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0'050 0.5 1 1.5 2 25 3 35 4
(b)
0.05 . .
€
é Ot _
>
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(c)

Figure 4-8: Tool vibration from numerical simulations in the time domain at 1000 RPM and:
a) b=0.5 mm, fully stable, (b) b=0.7 mm, finite amigude stability at As =0.02 mm, and (c) b=1.0
mm, fully unstable (Repeated from Chapter 3)

Figure 4-9 shows the upper and lower bound stgldlies established using the current
procedures and those established using the empidogping model of Altintas [33]. Recall that the
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damping factor in [33] was determined from harmaicitation at amplitude of 0.035mm.
Accordingly, this coefficient would be most acceritthe vibration amplitude during cutting is also
0.035mm, as it could lead to inaccuracies at aihgglitudes. In the present case, the feedrat®s 0.
mm/rev, and®. will be close to 0.035 mm. This makes the compariat this feedrate between [33]
and the upper bound lobes associated Ajttmore meaningful. Figure 4-9 shows the lobes
established usinG, to be higher, especially below 1500 RPM, thanujer bound lobes
established using the procedure developed in thi& .\ his difference could be attributed to thetfac
that, in our procedure, the indentation of the totw the workpiece is considered to be the only
source of process damping, whereas the empiricdemocludes all potential sources. The results of
cutting tests conducted in [33] are also includeBigure 4-9, where + designates cases that were
considered unstable andlesignates those considered stable. It is integeid see that four of the
unstable cases are below the empirical lobes byttao of them are below the upper bound lobes.
Figure 4-9 also shows the lower bound lobes inlihin It shows four experimental cases that were
judged stable to be above these lobes. Since inaamentioned in [33] how the stability condition
was recognized, it is difficult to make a reasopatwnclusion in terms of accuracy of the lobes
established using the indentation equivalent daghaimd those using empirically determined damper.
For instance, some of the points within the upperlawer lobes could be cases of finite amplitude
stability that were misclassified one way or thieeot To illustrate this point, lobes at fixed arnyadie
of 0.01 mm are also included in Figure 4-9. Twehaf cases considered to be stable are below these
lobes, with a third point being close to the border

Further comparisons with time domain simulatioresgiven in Figure 4-10(a). The objective of
this figure is to further prove that the analytistdbility lobes can be established at specificlauge
of vibration, sayA, other than those associated with the lower bauntth, The figure shows the
lobes established at= 10 m over the speed range 500- 1400 RPM. The figwe silows the lobes
atAs;=20 m, as well as the lower bound lobes for compari§auor sets of pointd, Q),i =1-4, are
chosen above and belagw=10 m for time domain simulations. They are choserb& 525, 750
and 1000 RPM. The widths of cut at these point@et<lose to the corresponding widths on the
lobesAs=10 m but none of them lies exactly on lobes themselve$iould be realized that the
closer the test point gets to the analytical Iahedonger simulation times it takes for the vilatto
stabilize at constant amplitude. Having the poaxactly on the lobes would make the simulation
time unmanageable. The simulation results are showigure 4-10(b) for the four sets. The

corresponding amplitudes of vibration at steadiestiae listed in Table 4-3. Also listed in Tablard
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the widths of cuby’s at the lower bound as well as the widths oftgis at theA; = 10 m lobes.
From the table, it can be seen that the resultimglitudes at the four sets of points, regardlegh®f
differences in speed and width of cut, are inddeskecto 10 m. At 1000 RPM, the deviation in
amplitudes from10m appears larger & andQ,, 0.31 and 15.15m, respectively. At this speed,
due to the large wavelength, the area between Ibauend A=10 m, andA=20 m is narrow, and
the slightest shift in width of cut leads to ladgviation in vibration amplitude. Figure 4-10(a)
showsP, located closer t&s=20 m lobes, and its amplitude of 15.16 is thus closer to 20m, as
it should beQ, point on the other hand is below the lower boumdii¢s vibration amplitude of

0.31 mis negligible compared to the vibration amplitssdemputed at the other test cases.

A =0.01mm
210 y : .
W4 1 ——upper bound
— 1.5 0 + i .
£
£ o
2 1t o \o .
hN
0.5¢ "‘\__‘ """"" o
Lower\bound
O 1

500 1000 1500 2000 2500 3000 3500
RPM

Figure 4-9: Stability lobes computed using the emgical damping model in [33] and the
developed iterative method: Experimental results rproduced from [33]: + judged fully

unstable, judged fully stable
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Figure 4-10: a) A=10 m and A=20 m specific amplitude, and lower bound analytical

lobes; b) numerical simulation results at Pand Q ,i=1..4

Table 4-3: Widths of cut at points P and Q and theicorresponding amplitudes of vibration

obtained from time domain simulations.

Width of cut [mm]

Vibration amplitude [m]

' RPM bo Qi b1o Pi Qi Ago Pi

1 550 0.7266 1.00 1.1350 1.30 7.65 10 10.43
2 625 0.6698 0.78 0.8421 0.90 7.85 10 12.25
3 750 0.6166 0.66 0.6691 0.70 8.85 10 10.28
4 1000 0.5607 0.50 0.5611 0.62 0.31 10 15.15

Presented next are experimental results to furibefy the proposed method of constructing the

stability bands.

4.4 Experimental Verification

The experimental setup of Section 3.5 is usedigngction to verify the accuracy of the

established stability boundaries. The force sigvad utilized in assessing the status of the cu. Th

experiments were conducted at moderate speedsyntaiallow comparisons between the sharp and
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worn tools. Such comparisons are important in destnating the viability of the iterative approach to
establishing the lobes analytically including preedamping.

The cutting force coefficients in the feed direntiwere estimated from stable cutting to Kes
1800, 1330 and 1130 MPa fg=0.035, 0.05 and 0.075 mm/rev, respectively. Atsoefach feedrate,
two different tools were used in the experimentsharp and a worn tool with=0.08 mm wear land.
For the sharp tool, a wear landWw#0.04 mm was assumed to account for the tool ealtjes.

The boundary lobes calculated for each feedratstaren in Figure 4-11, Figure 4-12, and Figure
4-13. Each figure consists of two subfigures: (a)the worn tool and (b) for the sharp tool. These
figures also show the results of the experimenittirg tests: + for fully unstable, for fully stable,
and for finite amplitude stability. When the measumdting force signal at steady state stayed
above zero, the cut was judged to be either fuéliple or at a state of finite amplitude stabilitywas
fully stable when the force signal showed no appi#e oscillations; otherwise, it was a state of
finite amplitude stability. When the measured syestdte force dropped to zero at some portionsof it
vibration cycle, the cut was judged fully unstaldero cutting force is an indicator of tool/workpée
separation due to vibration amplitude exceedig In this case, the produced chip is broken into
small pieces due to the periodic tool/workpiecesdigagement. While the chip is continuous for
stable and finite amplitude stability cases, in ldtter case, it shows significant thickness vérat
Examples of measured forces and their spectra bhasvphotographs of the chip can be found in the
investigation of the nonlinearity of process dangpieported in Section 3.5.

In Figure 4-11, fors=0.035 mm/rev, the lower and upper bound stabitibes are close to each
other with a narrow region of finite amplitude stigyp For $=0.05 mm/rev in Figure 4-12, the finite
amplitude stability region is wider than that asatexd with the 0.035 feed in Figure 4-11. Now, sase
of finite amplitude stability can be seen betwdsm upper and lower bound lobes, even for the sharp
tool. Fors=0.075 mm/rev, in Figure 4-13, the region of fireplitude stability is even larger than
that at 0.05 mm/rev. Although the cutting test hssare inconsistent with the calculated lobes in
some cases, the agreement is good between exp&almerasurements and the analytical lobes. The
discrepancy between experimental points and cataillmbes is more visible f&=0.035. It seems
that, at this low feedrate the contribution of otfectors (e.g., workpiece runout) cannot be igdore

in determining the stability of the cut.
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Figure 4-11: Upper bound (thick line) and lower bound (thin line) lobes for $=0.035 mm/reyv;

cutting test results: + fully unstable, o fully stdle, finite amplitude stability
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Figure 4-12: Upper bound (thick line) and lower bound (thin line) lobes for S=0.05 mm/rev;

cutting test results: + fully unstable, o fully stédble, finite amplitude stability
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Figure 4-13: Upper bound (thick line) and lower boud (thin line) lobes for $=0.075 mm/rev;

cutting test results: + fully unstable, o fully stédble, finite amplitude stability
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Figure 4-14: Upper and lower stability lobes compugd for a sharp tool assuming W=0.03 mm
at a) §=0.035 mm/rev, b)s =0.05 mm/rev, and c)s =0.075 mm/rev

To explain some of the discrepancies observed alithethe sharp tools, recall that a small wear
landW=0.04 mm was assumed to account for the effectitbing edge radius. As observed by Budak
and Tunc [41], the existence of edge radius affdeschip formation process as well as the process

damping. Moreover, the edge radius results in ticstadentation component [34] that operates along
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the full length of the surface undulation,x8x, whereas in the presented model, only the dynamic
part in the rangd./4<x<3L/4 is considered. For the sharp tool in our expents, this radius was
measured at 50m. Further work is needed to better integrateettfiect of the edge radius into the
stability lobes computations. Nevertheless, theirmgsion of having a small wear land was based on
observations of cutting tests conducted at highedpehen compared with the analytical lobes
established with and without wear. The 0.04mm védaes to reasonable results, except for the cases
mentioned above. However, the stability lobes wedone assumingy=0.02 and 0.03 mm. The
0.02mm led to lower stability lobes that were igder disagreement with the experimental results,
while W=0.03 mm, on the other hand, led to better agreeineseveral cases. Figure 4-14(a), (b)
and (c) show the lobes associated with the shaig,toe-established witih=0.03 mm for the three
feederates 0.035, 0.05 and 0.075 mm, respectiBglgomparing these figures with those established
with W=0.04 mm, the following observations can be made.
In Figure 4-14a), the fully unstable case bt1.2mm andv=111 m/min is now above the
upper bound stability lobes as it should be, irbtafdbeing in the region of finite amplitude
stability in Figure 4-1D).
In Figure 4-14b), the fully unstable case bt1.8mm andv=97m/min is now above the
upper bound stability lobes, as it should be, edtef being in the region of finite amplitude
stability in Figure 4-12). However, the fully stable case in Figure 40)zhas now moved
inside the finite stability region in Figure 4-bJ.
In Figure 4-14c), the two fully unstable cases lat2mm, v=177m/min, b=2.2mm and
v=177min are now above the upper bound stabilite$olas they should be. However, the
case of fully stable in Figure 4-18 has now moved inside the region of finite anojolé
stability in Figure 4-14&).

The above discussion shoWsin the range 0.03-0.04mm accounts reasonablyfarethe effect of
edge radius. It is one potential source of unaetfaiAnother source of uncertainty in establishimg
lobes including process damping, whether for slbamgorn tools, is the value of the specific
indentation coefficienKs, In the current work{s, = 4x106 N/mnt was chosen for AISI 1018 steel.
This value was obtained from [34], and as couldd®n from the experimental results described
herein, it led to good agreement with the anal{/stability lobes. Budak and Tunc [41] conducted
chatter experiments and in a reverse approachaisitiis, at 0.7x10 N/mnT for AISI 1050 steel.

The physical and mechanical properties of 10181&4d are close, which would not explain the
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large difference between the two values. Neveriselene must recognize potential sources of
uncertainty and assess the impact of changing salfisome parameters on the resulting stability.

The iterative procedure developed here should &sdpss such impact, as it is concise and fast.

4.5 Summary

An iterative procedure was developed to establiststability lobes analytically including process
damping. Upper and lower bound stability lobes vwestablished instead of the traditional stability
lobes that represent a single boundary betweefestabl unstable regions. Having two boundaries of
stability allowed having a region in between whitr@ process is in a state of finite amplitude
stability. In this way, the effect of process dangphonlinearity was preserved. It was also showh th
stability lobes can be established for specifieglémdes of vibration. The developed approach
produced the same results obtained from time dosiaialations and agreed reasonably well with
cutting experiments. The developed approach relreceplacing the nonlinear damping pulse by an
equivalent viscous damper. A compact expressighisfdamper was developed, whose coefficients
were computed from tables. While a large numbeoafiputations were conducted to compile these
tables, further work will be needed to expand #i#ds to cutting speeds lower than those covered
here; further work will also be need to determir@énvalues of tool clearance angle and larger
amplitudes of vibration. A drastic reduction in qauations time was achieved with the developed
iterative approach when compared with time domeimukations. On a PC with 2.2 GHz processor, it
took three hours of simulation time to computesteady state vibration of case (b) in Figure 48, b
only two seconds of computation time to establighentire stability lobes over a wide range of

cutting speeds. This drastic time reduction wagsih& achievement of this work.

In the next chapter, the developed damping modéb&iemployed in time and frequency domain

methods of calculating the stability lobes in miji
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Chapter 5
Stability Lobes in Milling Including Process Dampin g

In this chapter, the equivalent viscous model otpss damping is integrated into two well accepted
methods of calculating the stability lobes in migji the Multi-Frequency Solution (MFS) and the

Semi Discretization Method (SDM). Assessing thdgrenance of the two methods is conducted

using time domain simulations. It is shown that8seni Discretization Method provides accurate
results over the whole tested range of cuttingdpebereas higher harmonics are required to achieve

the same accuracy when applying the Multi Frequ&ualdytion at low speeds.

Moreover, the finite amplitude stability is shovendccur in milling, as well. The amplitude
dependent equivalent viscous damper model is us8®M to calculate the upper stability lobes. A
set of cutting experiments are conducted to vehéyaccuracy of the predicted upper and lower

stability lobes.

The 2DOF dynamic model used in this investigat®dédscribed in the next section. Since
numerical simulations are used to compare the padnce of MFS and SDM, a brief description of
the numerical simulation model is presented iniSed&.2. In this section, a more effective approach
to identifying the onset of instability from tharsilation results will be presented. The formulasion
and computation steps of MFS and SDM are givereiti8ns 5.3 and 5.4, respectively. Section 5.5
will present the results of examples conductedtapare the two approaches in establishing the
lobes. Moreover, the effect of including higherrhanics in MFS and choosing a proper
discretization size in SDM will be discussed inttbection. In these examples, the cut is not highly
interrupted (non-shallow immersion). It will be stothat the zero order MFS stability lobes agree
well with the ones obtained from SDM at high cugtspeeds. The two methods, however, disagree
considerably at low speeds and high damping whezeho order is utilized. This disagreement
diminishes by adding higher harmonics to MFS atetkgense of longer simulation time. The
occurrence of finite amplitude stability in milling investigated in Section 5.6. Having demonstrate
that finite amplitude stability also happens inlimg, computing the lower and upper stability lobes
in milling is addressed in the subsequent seckaperimental verifications of upper and lower
stability lobes will be presented in Section 5.fie$e experiments show the close agreement between

the lobes from SDM and the actual cutting tests.
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5.1 Dynamic Model

The 2DOF system, shown in Figure 5-1, is used serilge the dynamics of the vibratory model. The
modal stiffness, mass and damping in the cuttingnd feed, X, direction&,, K, My, M,, C, and

C., are usually obtained from experimental modalysisl The tool hasl cutting edges and the
immersion angle of th&'jtooth, i» J=1..N, is measured clockwise from tNalirection. One can

express the immersion angle as a function of tintetaol rotational speed,, as

. . 20

/=W "'(J 1)W (5.1).

The cutting force components on tfdgoth arer, andF; in the radial and tangential directions,
respectively. The forces arise due to the sheanimgploughing mechanisms. Therefore, the
tangential and radial cutting forces are compogebdeoshearing, with subscrigtand ploughing with
subscriptp, according to:

F(t) =R (t)+F(t);F (t) =F(t) +F, (t) (5.2)
The shear forces are computed from:
. A O / i 7 ex OV ‘<
Fts = th(/ i)bh’ I:rs = Kr Fts; g( i) = 1 ] J o /F : (5.3)
st j ex

whereb is the axial depth of cut ar andK;, are the tangential and radial cutting force coedfits
measured experimentally. In Equation (5¢),) is a window function between the tool engagement
start and exit anglesy;, and . In Figure 5-1(b), the uncut chip thickness cassid the part
produced by the tool rotation and feed motion, #edother part by the regeneration of surface

waves:
h(t)=ssinf/, ) +(r(1)-r(t- 7)) 54
wherer(t) is the tool displacement in the radial directiandT is the tooth passing period:
T=20/NW
In Equation (5.4), negative chip thickness imptesngagement of the tool from the workpiece
due to the vibration amplitude reaching high valueshis case, the chip thickness is actually zero

The tangential and radial forces are divided ittartnonic”,F", and “regenerative’F™®, parts as

follows:
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Fts = FtsH + Ftsreg
RS =g/ ) Kbssy R =g ) K (- (¢t 7))

The regenerative part is associated with the vtmmah subsequent cuts, while the harmonic part is

(5.5)

associated with the rotational angle and the feedgwth. It is called “harmonic” because the stati

force “pulse” could contain a significant numberhairmonics, depending on the cut geometry.

Figure 5-1: (a) 2DOF vibratory model, (b) uncut chp thickness, and indentation of

undulations under the flank face of the tool
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The ploughing force is calculated using Wu’s indéinn model [34], where the radial ploughing
force is assumed to be proportional to the voluiepf the material extruded underneath the flank

face:
F,=0(/ ) K,V;V=bs (5.6)
where K, is the specific indentation force; it is measuregegimentally [39, 43] or computed

analytically [34]. The tangential ploughing foreemodeled using the Coulomb friction:
F, = mF

tp P

where is the Coulomb friction coefficient. In Equatioh.§),S,shown in Figure 5-1(b), is the area
of the cross section of the extruded material.dvdglg the development in Chapter 4, the process
damping effect is represented by an equivalenatingscous damper. It is expressed as:
K PCy

Fip » CegliCeq = v

r

(5.7)

wherev is the tangential velocity ar(@, is designated as the “shape damping factor”, sirise
computed from the geometrical parameters of thieaied surface undulations. In this section, small

amplitude vibration will be assumed, and ti&4swill be obtained from:
C, =0.25M\°
whereW s the wear land width shown in Figure 5-1(b).sTleiads to the following expression for the

equivalent damper:
2

Camp o

The small amplitude vibration assumption is justifin establishing stability boundaries below
which the vibrations die down. Above these bouredarihe vibrations grow and eventually stabilize
at finite amplitudes. In fact, such boundariesam@monly used in the literature to define stability
limits.

The summation of radial and tangential forces gatin all teeth engaged in the cut results in the

total cutting forces acting on the tool in the Xiandirections:

F, N F -coy . - sin .
F= = T, ;T = 09 i (5.8)
T sin/; - CO5

Substituting the chip thickness from Equation (3the mechanistic force model of Equation

(5.3), the radial and tangential shearing forcesoftained in terms of tool deflections in the ahdi
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direction. Also, the ploughing forces are obtaiimeterms of the tool radial velocity in Equation{p
The radial deflection of the tool can be expresedgdrms of its components in the X and Y
directions:

r=rp;r,=sinj, cos,; ;p = y(t) (5.9)

Therefore, one can express the tangential andl fadies in terms of tool deflections in the X and

Y directions as:

Cosgli)kb o n S ap(9p(e T o )G Trp () 10)

r r

Substituting Equation (5.10) into Equation (5.8 total cutting forces are obtained:
S

F =bA 0 + p +Bp
p=p(t)- p(t- T) (5.11)
_ 1 : m N N
A =g(/;)KT, < r: B, =af )G, ,iA = AB =B,
; j=1 i=1

Having calculated the cutting forces, the goverrgggation of the system is expressed as:

Mp +Kp +Cp =IA 3 + p +Bp
(5.12)

which is a linear DDE with time varying coefficient
Presented next is a procedure to accentuate thtfidation of the onset of process instability

from the results of time domain simulations of Bipra(5.12).

5.2 Numerical Simulation

In this part, Wu'’s indentation force model, Equati(b.6), is used in a numerical scheme to
simulate the tool vibration. The 2DOF vibratory tgys and the cutting force model described in the

previous section is used in the simulation.
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The total simulation time is divided into finiterte intervals of t. The tool deflection at each time

step,p, = p(gDt), is then calculated by employing the cutting fercemputed at the previous time

step in Equation (5.12) . The entire procedureescdbed in the following steps:

1-
2-

Divide the tool revolution period intid; divisions: t=NT/ N.
Record the undulation height at each discrete poimt vector ofi\; elementsz, assuming

that all of the elements afare zero at=0. Also, assume that the tool vibration startsnfro
Po =P, =0

At each time step,q, calculate the immersion angle for each tooghl..N, from
. . 20
J; =aDtWH | -1)W

If << j< e, calculate the regenerated chip thicknesas,, wherez, is the undulation
height associated withy and extracted from vectar Add the feed produced chip thickness,
ssin( j), to the regenerated part to obtain the total d¢hipkness,h. Also, calculate the
indentation force using the numerical search erplhin Section 5.2.1. Ifs> j, > & OF
h<0, then the total cutting forces are zero.

Substitute the calculated chip thickness and egtfudlume in Equation (5.5) and Equation
(5.6), respectively, to obtaiR, andF,. Then, resolve them into X and Y directions, add a
them together fop=1..N to obtain the total cutting forces at time step

Having calculated the total cutting forces at tistepq, the tool deflection at the following

time stepg+1 is estimated from
P,=-MKp,-M €Ep +F
Pge =PoDX
Paes =PDX .

Update the undulation height in the correspondiegent of vectoe. If h>0, then update
it with rp4.1. If h<0, deductssin( ;) from the current height.

5.2.1 Computation of Extruded Volume

The volume of the extruded material is calculatedifthe shaded area shown in Figure 5-1(b) and

the axial depth of cub. The shaded area is bounded by the tool flankdadethe workpiece surface

undulations. This area is calculated at each simunléime step numerically. Figure 5-2 illustrates

how the shaded area is calculated. The tool edagepsint A, whereas B is the point on the surface

undulation generated by the tool edge in the prevtome step. The corresponding point on the flank
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is point C. The distance d = (B — C) is checkedr#fater than zero, then there is penetration faad t
area ABC is calculated and multiplied by the agigth of cut. The points 8™, etc. are the points
on the workpiece surface at (t4, (t-3 t), .., where t is the simulation time step. The

corresponding points on the flank face ai%C, ... The elemental shaded area, sagBC'C?, is
calculated fronB °B'C'C 2= dez RD/ , whereRis the radius of the cutter, and is the
incremental cutter rotational angle correspondingtt Note thaRR  is an approximation of the
length of the elemental area, which necessitats thbe kept small. This would mean the
simulation takes longer when taking into accountpss damping. For more details on computing

the indentation area, also see [37].

Figure 5-2: Calculation of the extruded material vdume

We should mention that the indentation forces pmied when the cutting tooth is penetrating into
the workpiece, and that they are zero when thétisahoving out from the workpiece. The above
model of process damping is a simplification of arencomplicated interaction between the cutting
edge, the flank face and the workpiece materiak iheraction is highly dependent on the edge

condition and, in particular, on tool wear.
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5.2.2 Case Study

The parameters of the 2DOF system given in [25] kel utlized in the current simulations. The

modal stiffnesses, natural frequencies and danmgoedficients in the X and Y directions are:

K,=5.6" 10N /m,f= 60Hz C_ 115.2N s I
K,=5.7 10N /m,f = 66€Hz C_ 95.3% s /n

The cutting force coefficients for the Aluminum Wprece arék,=700 Mpa and;=0.07. The
specific indentation force for Aluminum is reportaiKs=1.5x10 N/mn in [35]. The friction
coefficient is 0.3. The tool is a 25.4mm diametedreill with three straight (nonhelical) teeth. The
clearance angle of the tooth is The simulation is conducted at feedrgt®.07 mm/tooth, ¥2
immersion up-milling, and speed 1500 RPM. Two défe axial depths of cut are employed: 2 and
2.5 mm. The total tool displacements in the feedatlion for both depths of cut are shown in Figure
5-3(a) and( b). All traces are normalized by theesponding axial depth of cut. These normalized
displacements seem to be the sante=atand 2.5 mm. However, by looking closely at the
components of the total displacement, a dramatfierdnce emerges. According to Equation (5.5),
the cutting force, and consequently the total teflection, consists of the harmonic and regengrati
parts:

p=p" +p

The harmonic componerﬁ,”, is independent of tool vibration, and the regatiee part P,

reg

determines the stability of the c&®™ is comprised of the vibrations in subsequent dfithe
amplitude ofP™® dies down to zero, the system will be stable; mtiee, it will be unstable. To
extractP™ from the total displacement, the simulation iseaed by leaving out the regenerative part
of the chip thickness. In other words, the simolais run once to compute the total displacerfent
and a second time without the inclusion of the neggive part of the chip, to obtaiy. P is
obtained by subtracting” from P. This procedure was followed to obtain the noraeali
displacement components at the depths obs@tandb=2.5 mm. They are shown in Figure 5-3(c)
and (d). Now the difference between the two casetear: the regenrative componé¥if dies down
to zero ab=2mm (it is a stable cut), while, on the other hai® grows at=2.5 mm (it is an
unstable cut). Eventuall{?™?stabilizes at a finite amplitude due to nonlingesiin the system [74].

Figure 5-4 shows the frequency spectra of the tiames shown in Figure 5-3. The triangles show
the tooth passing frequency and its harmonics, the bold circle shows the ehdtequency, ., and
the thin circles indicate side bands at the toatsfmg frequency around the chatter frequeagy,
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W, £ w,. The tooth passing frequency, 75 Hz, dominatesabietotal vibration signals in Figure 5-4

(a) and ( b). In (b), however, the chatter freqyesmic643 Hz is also visible, albiet much smallerrth
the spectral line at the tooth-passing frequentg Situation is completely different when the spect
of the regenerative components in Figure 5-4(c)(dh@re examined. The distiction between the
stable cut in (c), where the chatter frequencyaislly visible, and the unstable cut in (d), whére t
chatter frequency dominates, is indeed very claéth this enhaced method of identifying stability
boundaries, the comparison between MFS and SDMbippresented in Section 5.5. The algorithms
of MFS and SDM including process damping are preskfirst in the following two sections.As

MFS and SDM algorithms are already available inliteeature [25 and 26], the emphasis in the next

two sections will be on including the viscous damgpmodel into these algorithms.

b=2mm b=2.5mm

0 05 1 15 2

(a)

x/b [mm]
S A b o own
gl\)

(x-x")/b [mm]

2 0.5 1 15 2 % 05 1 15 2
time [s] time [s]

(c) (d)

Figure 5-3: The total deflection and regenerative @rt in the feed direction, normalized by the
depth of cut at 1500 RPM and=2mm (a and c), andb=2.5mm (b and d)
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Figure 5-4: Frequency spectra of the time traces ifigure 5-3

5.3 Multi-Frequency Solution (MFS)

In this section, the equivalent viscous damper rhotiEquation (5.7) is integrated into the MFS of
[25] to calculate the milling stability lobes. Senthe chip component associated with the feedrate a
tool rotation is not involved in the stability pess, it is not included in the cutting forces iru&tipn
(5.11), which leads to:
F=bA p+Bp (5.13)
The directional coefficient matrice& and B are periodic with the tooth passing peridd,

Therefore, they can be expressed in the Fouriexresipn form:

A= Ad"“B= BéEé"A ==A¢"dB ==Bd7T d (5.14)
|=-¥ E-¥ T 0 T 0

At the border of stability, assume a harmonic sotuat the chatter frequency.:

A8

p=pe™ (5.15)
Consequently, the delay term in Equation (5.13) is

p :r)(l- e‘iWJ) an (5.16)

Substituting Equations(5.14), (5.15) and (5.16tquation (5.13), the cutting forces can be

expressed in the Fourier expansion form, as well:
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F=  Felerhn) (5.17)

Moreover, the response of the linear system of Egua5.12) to the harmonic excitation of
Equation (5.17) can be expressed in terms of theesy frequency response functi@y, ), at the

frequencies of excitation:

¥ - -1
p= FG(w +ku) "™ G (n) =(K -M w+C in) (5.18)

k=-¥

By substituting Equations (5.17) and (5.18) intou&ipn (5.13) the following expression is

obtained:

.y - (5.19)
b(1- &™) AFG (w+ ku)d ™%+ BF, (w+ kn)G (m+ k) B
I1=-¥ k=-¥ 1=-¥ k=-¥

Applying the orthogonality property to both siddsguation (5.19), the coefficients of the cutting

force,Fy, are expressed in the following recursive equation

F,=b(1- &™) ' A, FG(ws+ kw)+ "B s Fd(wg kw)G (w# kw), p=0,£122,..
k=-¥ le-¥

(5.20)
Equation (5.20) can be cast in the following magéguation:

F=L F+BFL=b(: e")

Fo AoGo A-Ql AG-l A-(QQ A@- Q
Fl AlGO A(Ql Ag;-l A-lqu A+1<§;-Q
E= F—l - _ A-lGO A-g‘l ASB_ 1 A--lqp‘Q A, 1(9 Q
l:Q AQGO AQ-lGl AQp-l AgQ A29-Q
F—Q A—QGO A-QlGl A+Q§ 1 A ZQGQ AOG-Q 2(20+1) {2+ }
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G, =G (w, +kw,)

BGd (%) B.Gi(w+w) BG i(uw- w) B Hh(wtQw) BG i w:Q w)
BGd(w) BGi(wm+w) BG.i(w- w) B, S h(w+Qw) B, & i w:Q w)
5. B.Gd(m) BGi(m+w) BGi(w-w) B.Sip(wiQw) B, & iy(m:Qw)
BQGOi(Wc) BQlGli(Wc"'Ws) BouG.4 (Wc' Ws) BG é(WE"Q Wg B.&. b( w;: Q W)
B»QGoi(Wc) B Qleli(Wc"'Ws) B.oG i(Wc' Ws) B.& b( wEQ W) BG. iQ( w-Q W)L:-

whereQ is the number of harmonics considered in the EmluEquation (5.21) is rearranged into the

following eigenvalue problem:

F=LCF,

_ N1 — _ (5.22)
C=(1-B)"AL=b(x ")
Having calculated. from the eigenvalues E}, b will be the real part of
i
LR—!‘T" (5.23)
@-ew)

wherel g and L | are the real and imaginary partslef Also, because the width of cbtis a real

guantity, the imaginary part of Equation (5.23) tabe zero. Applying these two conditions, the
axial depth of cut at the border of stability is:

_L§+Lf
KL s

SinceCegq in matrix C depends on the axial depth of cut itself, at egmhdle speed the following

(5.24)

iterative procedure is performed to determine thial @epth of cut at the border of stability:
1- Choose a frequency grid for, in the vicinity of tool dominant natural frequency

2- Set initial axial depth of cuh=0.
3- Calculate ,B and C from Equations (5.21) and (5.22), respectivelyeftalculate

corresponding to each eigenvalueéofFor all of the with negative real part and

L

1748

1o =0, calculate the depth of cut from Equation (5.24).
- e c

Im

4- Update the initiab with the minimum value obtained from the entireginency grid.
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Repeat steps 3 and 4 until the change in the adataiepth of cut becomes smaller than a pre-
defined tolerance. To calculate the stability lgltbgs procedure is executed for a span of

spindle speeds.

5.4 Semi-Discretization Method (SDM)

In this section, the equivalent viscous damperludier 4 given in Equation (5.7) is integrated into
the SDM of [26] to calculate the stability lobegmar to MFS, the harmonic part of the cutting

force is neglected. Accordingly, Equation (5.1&h de re-written in the state space form:

p
q=Lq(t)+Rq(t-T);0= )
C K
< 0 X 0 (5.25)
. 0 ! _ 0 o0 _M LM,
C bMTA- M B- ’_bl\/l‘lAO’_O&’_oﬁ
MY My

This equation can be transformed into the disadttime domain. To do so, the state of tool

vibration,q(t), during one delay period, is represented by discrete time intervals of length

t=T/m. In the following derivation, the system stateath discrete timegy t), and the time
varying coefficients at each discrete tirh€, t) andR(i t), will be denoted by, L; andR;,
respectively.

At each interval, the time varying coefficients assumed to stay constant; for example, during the
i" interval,L (t) andR(t) are approximated Hy; andR,, respectively. Also, if the time interval length
is small enough, the system delay teqtt;T), during thei" interval can be estimated by G@5{+q;.
m+1)- Applying these approximations, the DDE of Eqoiat{5.25) is transformed into the following

linear ordinary differential equation in thie {, (i+1) t] time interval:

1
g, =Lg; +§Ri (Qi m i 1) (5.26)

By combining the homogeneous and particular satstaf Equation (5.26), the system state during

thei™ time interval is obtained as
et 1 .
qi(t):el-l(t t‘)C:O-El‘ilRi (qi—m+1+qi—m) (527)

whereC, is a constant depending on the initial conditibtool vibration and is determined by
applying the continuity condition &ti t:
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1, . 1.
Q; :CO_ELilRi (qi-m+1+qi-m)® Co: q+ _2Li:Ri (qi-m+1+qi-m) (5.28)

Moreover, by applying the continuity condition letother end of intervati=(i+1) t, the system

state at th¢i+1)" discrete point is obtained in terms of its statdai™, (i-m+1)", and(i-m)" time

steps:
L. Dt 1 O -
qi+1 =€ qi +§(él ) I)LI:RI (qi-m+1+qi-m) (529)
One can rearrange Equation (5.29) into the follgwimatrix form:
LDt 1/, 0 ) 1,0 . o
e™ 0 E(é -1LR, E(é 1L R, 0.
O I 0 0 q.,
w= ¢, & 0 0 | 0 0 ;o= (5.30)
qi—m+1
0O 0 O I 0 A

which, in turn, leads to the following recursiveuation, mapping the system state during one delay
period to its state during the following delay perthrough the system transition matrix,
= o= ¢ ¢ .¢

i+m i

(5.31)

According to the Floquet theorem, if all of theengalues of the transition matrix were located
inside a unit circle in the complex plane, the sgsts stable; otherwise, it is unstable. Applying t
theory, the stability of the cut at a certain spenatational speed,=1/N.T, and axial depth of cut is
examined. At each spindle speed, this critericedeedo be applied on a grid of depths of cut to
determine the border of stability. This is in castrto MFS, where the limit width is calculated
following an iterative procedure. To plot the sli#piobes in SDM, the falling inside the unit diec
criterion is applied on a grid of spindle speeds depths of cut.

Presented next are examples comparing the perfee@VIFS and SDM in establishing the

stability lobes in milling including the linear wisus model of process damping.

5.5 Stability Lobes from MFS and SDM

In this section, the lobes computed using SDM aiEMiill be compared for the Y2immersion up-
milling example given in [25]. The dynamic and gt coeficients of this example were given in
Section 5.2.
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In the first case, a tool wear widtk=0.08 mm will be assumed to account for processpilagn
The stability lobes computed using SDM are showRigure 5-5. Also shown in this figure are the
results of numerical simulations at several spisgkeeds; the circles designate stable cut, whereas
crosses indicate unstable cuts. An excellent ageaeoan be observed between the lobes computed
using SDM and the numerical simulations. All ciscfall below the stability boundaries and all
crosses fall above these boundaries. This agreeragfies that the SDM algorithm including the
linear viscous damping model of process dampiragcsirate in predicting stability over the whole
tested speed range. Having said that, it mustddezee that the accuracy of SDM depends on the
resolution of discretization represnted by the peaterm. According to Equation (5.30), a higher
number of divisions results in a bigger transitioatrix, , and consequently lengthier computations
to extract its eigenvalues. Therefore, choosingritiemum number of devisions), to achieve the
desired accuracy is critical for enhancing thecefficy of SDM. To illustrate this point, Figure 5-6
shows the calculated limit depth of cut at 1000 RiHihg different values ah. By increasing the
number of divisions frorm=30, in increments of 5, the calculated limit deptltut decreases from
14 mm and converges to 5.5 mm. Increasing of tinebew of devisions was stopped when the
percentage change in the calculated depth of ogpdd below 1%. Figure 5-7 shows the results of
investigating the effect oh at different spindle speeds, for the worn toohwit= 0.08 mm as well as
for a sharp tool withV=0 mm. At each spindle speed, the minimum numbelivaions to meet the
1% criterion was determined. Figure 5-7 shows liiglter number of divisionsy, is required for:

Lower spindle speed.
Higher level of process damping.

The first reason is understandable, since a lopeed means a larger tooth-passing period, and
thus a largem would be needed to cover that period accuratdig. Jecond reason to increasehe
higher process damping, is not obvious: is it tteedase in process damping or the increase in
damping in general that neccessitates using arlar@éttempts to answer this question will be given

later.
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Figure 5-5: Stability lobes computed using SDM an#FS; numerical simulation results:

stable (circles) and unstable (crosses)
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Figure 5-6: Depth of cut at stability border computd using SDM with different numbers of

division
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Figure 5-7: Minimum number of divisions required to achieve 1% accuracy in the prediction

of axial depth of cut using SDM

The stability lobes computed using the zero ordeSMre also shown in Figure 5-5; the lobes
agree closely with those computed from SDM at ihbdr speed range above 2300 RPM. Below
2300 RPM, however, the zero order solution devisigsificantly from the lobes obtained from
SDM. Below 2300 RPM, the zero order solution al®dds lobes that are in disagreement with the
simulation results; all of the circles are abowesthlobes. This disagreement clearly shows that eve
for this non-shallow cut, the zero order solutioerestimates the boundary limits at the low speed
range. The MFS approach improves drastically bluding the first and then both the first and
second harmonics. By adding these harmonics, theslobtained from MFS converge to those
obtained from SDM and get closer to the time donsaimulations.
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1200 RPM, b=5.5mm 8000 RPM, b=1.3mm

2 2
o
1.5 : 15
o
(=)
X,
Q 1 (o] 1
IA
»
%
0.5 1 0.5
O \
\
O [ Il.(‘_l)..?u(ﬁl d[\jiu..i Al 0 ? H/"'ﬁ‘["‘"‘”"f’ ﬁ»h’“”w-»w. 5?
0 500 1000 1500 0 500 1000 1500
Freq. [Hz] Freq. [Hz]

(a) (b)

Figure 5-8: Frequency spectra of the regenerativegsts of tool displacement normalized by
the axial depth of cut: (a) at 1200 RPM and b=5.5 m, and (b) 8000 RPM and 1.3 mm

Figure 5-8 shows frequency spectra of the regemerparts of the tool displacement in the X
direction, normalized by the axial depth of cutttee cases: (a) 1200 RPM and depth ofost®.5
mm, and (b) 8000 RPM armt1.3 mm. The cut in both cases is unstable. FigtBé&) shows a high
spectral line at the chatter frequency, and the kahds at the tooth passing frequency correspgndin
to 8000 RPM to be small. In comparison, the spetwiithe tool displacement at the low cutting
speed of 1200 RPM shows the spectral line at thaerhfrequency to be smaller and the side bands
at the tooth passing frequency to be much morefigignt. Whereas the vibration energy is
concentrated at a single frequeny for the higheedmwf 8000 RPM, it is spread over several
frequencies dictated by the tooth-passing frequendlye lower speed of 1200 RPM. This explains
the need to include higher harmonics in MFS atd$peed, even for the current non-shallow
immersion cut. This may also explain the need ghigher resolution, biggen, in SDM to discern
among close eigenvalues resulting from the solutfdhe transfer matrix.

It is also examining if the need for higher harnosrin MFS and largenin SDM is associated
with increased damping in general. For this reasoaxample is given here where process damping
is excluded by using a sharp tool wit-O mm. The example will show two cases: (a) usigsame
parameters given in Section 5.2 where the modapaanratios are,=0.039 and ,=0.035., (b) using
the same parameters in (a), except the dampirggrate artificially doubled tg=0.078 and

87



,=0.070. Figure 5-9 shows that the computed lolma the zero order MFS agree closely with those
obtained from SDM over the entire tested speedadmgthe low damping case. These lobes also
agree well with the numerical simulations condu@tdeveral speeds. Figure 5-10, at twice the
damping ratios, shows that the zero order soluidnaccurate at low speed and two harmonics had
to be included to bring the lobes closer to thdst@ioed from SDM and to the simulation results. In
other words, it is the increase in damping, irresige of the source, that dictates including higher
harmonics in the MFS approach. For the SDM appraasthi20 was used throughout the entire speed
range based on the results presented in Figurediniously, that was an overly conservative
approach, and a better procedure should be dektoputomate the selectionrofat different

speed intervals. Such a procedure was not atterhptedand could be a subject for future reseach.
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Figure 5-9: Stability lobes without process damping ,=0.039 and ,=0.035; stable (circles)

and unstable (crosses) obtained from numerical sinfations
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Figure 5-10: Stability lobes without process dampig but with double structural damping,
«=0.078 and ,=0.070; stable (circles) and unstable (crosses) abted from numerical

simulations

Figure 5-11 further explains the need to includghar harmonics in the MFS at increased damping
and low speed. It is an adaptation of the explanaiiven by Merdol and Altintas [27]. In [27],
however, the explanation was illustrated usingréaé part of the frequency response function of the
vibratory system. For better visual impact, thegmary part ofG( ) is utilized here.

Figure 5-11(a) and (b) correspond to the lightlypndad system, whereas (c) and (d) correspond to
the highly damped system. (a) and (c) are assadcvwate the low speed of 1200 RPM, while (b) and
(d) are associated with the high speed of 8000 RRMIl casesG is evaluated at the chatter
frequency . (thick line) as well as by shifting it toct ¢ (thin lines), where s is the tooth-passing
frequency. At high speed, Figures (b) and (d),ahepractically no interference between the side
response functions and the middle one. This explidie accurate results from the zero order solution
at high speed, regardless whether the dampingovasi high. At low speed and light damping, in
(a) there is some interference, which increasasfgigntly in (c) when the damping is doubled. This
example clearly shows the reason for the needctade higher harmonics in the MFS approach at

low speed and high damping, as these harmonicsilootet significantly to the dynamics of the

system.
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Figure 5-11: The imaginary part of frequency respose functionsG( ), thick line, and G(
* ), thinline: (a) x=0.039 and ,=0.035, 1200 RPM, (b),=0.039 and ,=0.035, 8000 RPM,

(c) ,=0.078 and ,=0.070, 1200 RPM, and (d),=0.078 and ,=0.070, 8000 RPM

It is intersting to see that Figure 5-10 showsltiweer border of stability to increase below 2500
RPM. The computed stability from the three indegenianethods, MFS with two harmonics, SDM

and the time domain simulation agree on this irgingatrend. It is an example where the only source
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of damping is that associated with the vibratorydeloThis increasing trend of stability at the low
speed can be attributed to the strong modulatidheofystem vibration by the tooth harmonics. Such
modulation could prevent the concentration of vilbraenergy at any particular frequency and thus
lead to higher stability. It should be realizedwewer, that the damping ratios in this theoretical
example, ,=0.078 and ,=0.070 were made unusually high and not typicdhofe measured on
machine tools. Perhaps, for this reason, the isorgdrend in stability at low speed independent of
process damping has not been reported in thetliterao the best knowledge of the current author.
The above comparisons show that SDM is consistafaler to the simulation results, and

accordingly will be adopted in the remainder o§tbinapter.

5.6 Finite Amplitude Stability in Milling

Figure 5-12(a) shows a schematic of chip thickneasation during “2immersion up-milling
operation, which was addressed in Section 5.1higvdperationh” (shown as the gray area) varies
from zero at =0 tos at ;=90 . Because of the zeld' at the beginning of the cut, the tool jumps
out of the cut even for the smallest vibration atode. Therefore, finite amplitude stability due to
process damping nonlinearity is not possible is thperation. In other words, when the minimum
magnitude ofh™ is zero, the lower stability lobes separate the states: stable and unstable.
However, if the minimunh™ is greater than zero, finite amplitude stabilityedo process damping
nonlinearity may occur in milling. Figure 5-12(a@vs a schematic of chip thickness variation when

the tool enters the cut at=45 and exits at ,=135. In this operation, the chip thickness varies

3

betweenﬁand s, and the amplitude of vibration can stabilize doethe additional process

damping, without the tool jumping out of the cut.
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Figure 5-12: Schematic of the total chip thicknesm (a) %2 immersion up-milling operation,

and (b) arc of cut between =45 and (=135
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Figure 5-13: (a) Lower lobes calculated for %2immeien up-milling (b) lower (thin line), and
upper (thick line) lobes for =45, and (=135 ; numerically simulated stable (circles),

unstable (crosses) and finite amplitude stabilityt(iangles) points
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Figure 5-14: The regeneration component of tool difction in the feed direction, and total

cutting forces resulting from simulation atP; (a and b) andP, (c and d) for ¥ immersion up-

milling
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Figure 5-15: The regeneration component of tool difction in the feed direction, and total
cutting forces resulting from simulation atP; (a and b) andP, (c and d), where the cutting arc is
between ;=45 and =135
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Figure 5-16: The regeneration component of tool difction in the feed direction, and total
cutting forces resulting from simulation atP; (a and b) andP, (c and d), where the cutting arc is

between ;=45 and =135

The lower lobes, calculated using SDM for Y2immaersig-milling, are reproduced from Section
5.5 in Figure 5-13(a). Also shown in this figuree dahe numerically simulated stable and unstable
cases. According to this figure, at the same sptexdunstable and stable points are close but at
opposite sides of lower stability lobes. No firdmplitude stability is detected between the stahk
unstable points. For illustration purposes, thelltesof simulation aP; andP, are shown in Figure
5-14. The regeneration component of tool deflecod cutting force are normalized by the axial
depth of cut. The amplitude of regeneration compomges down to zero &;, below the lower
stability lobes, and grows &%, above the lobes. The vibration amplitude stadésliat 3 m due to the
tool periodic disengagement from the cut. The drbiine cutting force to zero is an indication ablto
disengagement.

The lower lobes are computed also for milling betwe,=45 , and =135 . The lower bound
lobes are shown in Figure 5-13(b). Numerical sitioites are carried out to examine the steady state
of a set of cutting points; in this figure, thetataof the cut is demonstrated with circles, triaag
and crosses. The circles stand for stable, theglesa for finite amplitude stability due to process
damping nonlinearity, and the crosses for the hstaoints. The amplitude of regeneration

component dies down to zero at the stable poimislag to P, in Figure 5-13(a), but it increases at
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the unstable and finite amplitude stability poifits.compare the finite amplitude stable points with
the unstable ones, the results of numerical sinaulat B and Rare shown in Figure 5-15. The
amplitude of regenerated vibration atsfabilizes at 100m, and the cutting force drops to zero due
to tool disengagement. Ag,Rhe amplitude of vibration stabilizes at 3, but the steady state
cutting force never drops to zero during any tqualsing period. At§the amplitude of vibration is
even larger than the amplitude of unstable poiptinP2immersion up-milling. The frequency
spectra of the regeneration component of tool dedle at R, P,, P; and R are shown in Figure 5-16.
The amplitude of regeneration at the chatter fraquat R is almost zero. At the rest of the points,
the amplitude increases fromt® P,. Although the amplitude atks twice its magnitude atRthe
tool does not jump out of the cut at Phat is why the cut at this point is regardedirite amplitude
stable due to process damping, whereas it is uestiB. Accordingly, the finite amplitude stability
due to process damping occurs in this particulaiere the minimum thickness of the harmonic

component of chip is greater than zero.

5.6.1 Upper Bound Lobes in Milling

The region of finite amplitude stability due to pess damping falls between the lower and upper
stability lobes. Having calculated the lower sti#ipilobes in Section 5.5 and demonstrated the
feasibility of finite amplitude stability in millig in the previous section, the calculation of upper
stability lobes in milling is presented in this gen. Apart from calculating the coefficient of
equivalent viscous damper, the rest of the proedusimilar to that of the lower lobes presented i
Section 5.5.

The upper lobes determine the axial depth of cuwntath the tool jumps out of the cut. The
amplitude of vibration in the radial direction &etmoment of disengagement dependshénin
turning,h™ equals the feed per revoluticg,but in milling, it changes according to

h" = gsin(/ ) (5.32)
where is the angular position of the engaged tooth. €quently, depending on the angular position
of the cutting tooth at the moment of separatitve, &amplitude of vibration varies. In this work,
however, the disengagement is assumed to happéme angular position corresponding to the
minimum value oh" between i and . for example, in Y2immersion up-milling, this anggte0 ,
and in down-milling, it is 180 Substituting the minimum value &' into Equation (3.11), the

amplitude of vibration in the radial direction hetpoint of separation is obtained as
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_min(s sin(/ ))

- ;.st £ ex 5.33
A 7 [«¥ K (5.33)

This amplitude, unlike in turning, does not stayst@ant during any one tooth-passing period at
steady state. The amplitude of vibration varies tduthe cutting interruption and harmonic excitatio
at the tooth-passing frequency. The variation bfation amplitude, in turn, results in the variatiaf
the viscous damping coefficient. To simplify therqmutation of the damping coefficient in Equation
(4.10), the amplitude of vibration in the radiatedition is assumed to stay constant during onétoot
passing period. For instance, in the case of Fiftk8(b), the minimunh™ is 0.05mm and happens at

=45 =135 A is calculated at 0.035mm from Equation (3.11). &hwlitude of
vibration in the radial direction is assumed toystanstant at 35m during one tooth engagement,
and the following steps are executed to calcutaaupper stability lobes shown in Figure 5-13(b):

1- ForA.,=35 m, and =7, the constants in Equation (4.10) are extractethffable 4-1 at

=0.586, =2, and =-0.33.

2- The natural frequency and modal stiffness of tlud tothe X and Y directions are typically
close to each other. Therefore, the chatter frequén assumed to be equal to the average
natural frequencyt=(f+f,)/2. If the tool structural stiffness in the X and Yalitions were
different, the chatter frequency would be seleatgdal to the natural frequency of the
compliant mode.

3- Having calculated the chatter frequency in stefh@ wavelength is obtained frdox R/f;

By substitutingL from step 3, and=0.586, ,=2, [ =-0.33, andW=0.08mm in Equation
(4.10),Cqis calculated at each spindle speed.

The calculatedC.qis employed in the SDM, presented in Section t®.4alculate the upper bound
lobes. The computed finite amplitude region reabynagrees with the results of numerical
simulation. The slight over-estimation of the uplodres is associated with the assumption made
about the amplitude of vibration. Tool deflectiontie radial direction during one tooth-passing
period atP, is shown in Figure 5-17. In the beginning of eragagnt, where the tool jumps out of the
cut, the amplitude of vibration is close to 85 Although the amplitude stays fairly constantiaigir
the rest of the tooth-passing period, it is less1tB5 m. In the next section, this issue will be further

elaborated.
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Figure 5-17: The regeneration component of tool difction in the radial direction during one

tooth-passing period at the steady state fdP,, shown inFigure 5-13(b)

5.7 Experimental Verification

In this section, a set of milling experiments aresgnted to verify the accuracy of the developed
methods in the prediction of stability borders. 24nm diameter endmill with a single carbide insert
was used to eliminate the effect of runout. Thargace angle was ,7and a flank wear width of 0.08
mm was generated by grinding. The feedrgteyas kept constant at 0.05 mm/tooth. Impact &sts
the free end of the tool in the X and Y directiovere performed. The following modal parameters

were obtained:

N N
K,=474 _ K, =427 f =346Hz, f, =336Hz, C,=65.30N s /m,

C,=60.78Ns/m
z,=z,=0.015

The cutting force coefficients for the Aluminum Wprece were obtained from a set of cutting

tests using a sharp insert:

K, =900MPa, K = 0.€
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The specific indentation forc&s, , and the coulomb friction coefficient, for the Aluminum
workpiece were reported at 1.5%10//m® and 0.3, respectively, in [35]. The workpiece wksnped
on a Kistler 9255 table dynamometer, which in twas clamped to the DCKEL-MAHO 5-axis
milling center. Impact tests were also conductethenvorkpiece in the X and Y directions. These
tests showed the rigidity on the workpiece sideganuch higher than that measured on the tool, and
thus the flexibility of the workpiece as mountedtba machine table could be neglected.

The cutting forces were recorded at each axialhdeptut and spindle speed. Chatter development

was identified from the force time plots.

5.7.1 Half and Full Immersion Cuts

Two cut geometries are utilized in this sectionn¥nersion up-milling and full immersion. Because
the minimum chip thickness is zero in both of thesses, a finite amplitude stability region due to
process damping will not exist, and a single boupnttibes is established. Figure 5-18 shows the
measured forces for the Y2 immersion cutting anédi®&00 RPM; (a) at axial depth of cut 1mm (a

stable cut) and (b) at 1.5 mm (an unstable cut).
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Figure 5-18: Samples of measured cutting forces & immersion up-milling test: (a) stable
point, 1500 RPM, b=1 mm, (b) unstable point, 1500 RV, b=1.5 mm
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Figure 5-19 and Figure 5-20 show the stability kbemputed using SDM for the %2 immersion
up-milling and full immersion, respectively. Thesvdts from experimental tests are also shown in
these figures. In both cases the experimentalteeate in close agreement with the SDM lobes. This
further verifies the SDM as an accurate and effeatiay for establishing the lobes in milling using

the viscous damping model of process damping.
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Figure 5-19: Stability lobes computed using SDM, ahexperimentally measured stable

(circles) and unstable (crosses) points for ¥ immsion up-milling
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Figure 5-20: Stability lobes computed using SDM, ahexperimentally measured stable

(circles) and unstable (crosses) points for full imersion

5.7.2 Cutting Between =45 and =145

This test is designed to study the occurrencenitefeamplitude stability due to process damping
when the minimunh" is nonzero. The upper and lower stability lobesshin Figure 5-21 are
computed using SDM. To compute the upper stabidibes, the procedure of Section 5.6.1 is
employed, and the amplitude of vibration during to@h engagement is assumed to remain constant
atA,=25 m. Since the feedrate in this test is 0.05 mm/tothassociated with the minimum chip
thickness is calculated at 25. Also shown in this figure are the experimentatlgasured stable,
unstable and finite amplitude stability cuts demi@isd by circles, crosses and triangles,
respectively. Some samples of the measured statdegble and finite amplitude stability cutting
forces are shown in Figure 5-22. The drop of th&rguforces to zero, depicted in Figure 5-22(s), i
regarded as an indication of tool disengagemenuasthble cuts. All of the stable points are lodate
below the lower lobes. However, many unstable gdait below the upper lobes. To investigate the
reason of stability over-estimation, numerical dation is conducted at 950 rpm abd2.5 mm,

which is an unstable point according to the expenits and finite amplitude stability point according
to the computed upper bound. The regeneration coendaf the radial deflection of tool during one

tooth-passing period at the steady state is shovigure 5-23. According to this figure, the
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amplitude of vibration gradually grows and reack&sm at the end of engagement where the tool
jumps out of the cut. Thus, assuming 26 for the amplitude of vibration during the entioeth-
passing period will result in the over-estimatidrvibration amplitude and increased process
damping. The upper bound lobes computed u8ipgl0 m andA.=15 m are shown in Figure
5-21. The lobes calculated usiAg=15 m still over-estimate the finite amplitude stalilttorders,

but the ones &,=10 m seem to be close to the experimental evidence.

6 T T T T T T T

o o

900 1000 1100 1200 1300 1400 1500 1600
RPM

Figure 5-21: Calculated lower bound lobes (thin lie), upper bound lobes usind\,,=25 m
(dotted line), upper bound lobes usind\.; =15 m (dashed line) and upper bound lobes using,,
=10 m (thick solid line) for (=45, and =145 ; experimentally measured stable (circles),

unstable (crosses) and finite amplitude stabilityt(iangles)
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Figure 5-22: Samples of (a) stable, (b) finite amjlide stability, and (c) unstable cutting
forces measured in (=45 and =145; (a) 920 rpmb=2mm, (b) 920 romb=3mm, and (c) 910
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Figure 5-23: The regeneration component of tool difction in the radial direction during one

tooth-passing period at steady state: 950 rpm, b=2mm of =45, and =145.

For further investigation, the stability lobes agdculated for the same cutting system, but with

four cutting teeth and no runout. Figure 5-24 shidvweslower and upper bound lobes obtained for a
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system similar to Figure 5-21, except that the nemab cutting teeth is now four. By increasing the
number of teeth, the cut becomes less interruptddiree amplitude of vibration stays relatively
constant during the tooth engagement. Figure 53@%s the regeneration component of the tool
deflection in the radial direction simulated at #®M, b=1mm, and\N=4 during one tooth passing
period; the amplitude of vibration stays close 5orf during the entire period. The stability of the cu
at a set of spindle speed and depth of cuts is imeahusing numerical simulations and the resuls ar
shown in Figure 5-24. In this case, the upper bdabes obtained frorA,=25 m accurately predict

the border between finite amplitude stability amdtable cuts.

500 1000 1500
RPM

Figure 5-24: Computed upper (thick line) bound lobs using A;=25 m and lower bound
lobes (thin line) of (=45, (=145, and with four cutting teeth; stable (circles), ustable

(crosses) and finite amplitude stability (triangle¥ points obtained from numerical simulation
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Figure 5-25: The regeneration component of tool difction in the radial direction during one
tooth-passing period at steady state, 750 rpm, b=Imof =45, =145, and four cutting
teeth

5.8 Summary

The basic formulation of the Multi Frequency apmtgavFS, was extended in this work to include
the effect of process damping at higher harmoiid¢ss been long argued in the literature that the
zero order is sufficient to establish the stabiliyes for most milling operations, and that higher
harmonics are only needed in cases of shallow imiorecuts. In this work, it was demonstrated that,
even for non-shallow cuts, these higher harmomesiaeded at lower cutting speeds and higher
damping levels.

The linear viscous damping model of process dampagalso added in the formulation of the
Semi Discretization Method. SDM was found to yielatellent results throughout the tested speed
range, provided that a sufficient number of diszegion points within the tooth period are utilized
The effect of this number on the accuracy of themated stability boundary was investigated. It was
found that larger number of divisions is requirétbaver speeds and higher damping. Accordingly, a
conservative large number of divisions was utiliiethis work to assess the performance of MFS
and SDM. Even with that large number, SDM was nam@urate and generally faster in establishing
the stability lobes than with MFS. For instance adAC with a 2.2 GHz processor, the lobes in Figure

5-5 for % immersion up-milling example were cal¢ethin 40, 290 and 690 seconds using zero, zero
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+ first, and zero+ first + second order MFS, regipety. While the accuracy improved by adding
higher harmonics, the computation time increaseadtarally. In comparison, it took only 100
seconds to compute the same lobes accurately 88y

In this chapter, an effective procedure was alseld@ed to better recognize the onset of
instability from time domain simulations. This wascomplished by running the simulation with and
without the regenerative component of the chipkiféss, and identifying the onset of instabilitynfro
the vibration associated with the regeneration aomept only. This method of simulation will be
used in the remainder of the thesis to distingatable from unstable milling.

Moreover, it was found that at higher levels ofistural damping, the stability of the process
increases at low speed (beyond the obvious incidzseo the elevated level of damping). This was
demonstrated on a theoretical example with unustéih modal damping ratios of 7 and 7.8% and
in the absence of any damping due to tool/workpietsaction. This finding could help design tools
to machine particular materials, like Titanium|at speeds.

Besides establishing the stability lobes for milinthe occurrence of finite amplitude stability in
this operation due to process damping was studsetvell. The results of numerical simulation
showed that finite amplitude stability is feasibike milling if the thinnest part of the harmonic
component of chip was nonzero. Then, the lowerupmer bounds of finite amplitude stability region
were developed using SDM and amplitude dependertteps damping model. The accuracy of the
presented upper and lower bounds were examinedbgucting a series of cutting experiments.
While the experimental results showed a great ageee with the lower bound, they also revealed

that the accuracy of the upper bound depends ocottiect approximation ;.
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Chapter 6
Modeling of Chatter in Flank milling

In this chapter, the Semi Discretization Method Mgy employed to model chatter in flank milling
using cutters with helical teeth. Process dampsrigaluded in the model using the equivalent
viscous damper approach. The development is demabedtfirst in straight cutting of plain surfaces.
Stability lobes are established for these surfasesy an effective flank wear that also accounts fo
tool radial runout. A new approach of presentirggtability of the cut at different locations along
the toolpath is developed; it is designated asthlility maps. The stability maps are establisioed
5-axis flank milling of three surfaces. Unlike gtap lobes, stability maps are toolpath specifod

are verified in this study using numerical simuwas and cutting experiments.

In the next two sections, the coordinate systerds@oipath planning strategy used in this chapter
are described briefly. In Section 6.3, the goveagréquations for tool vibration are derived; a 2rdeg
of freedom (2 DOF) vibratory system will be empldyte represent the dynamics of the system. The
system’s flexibility is restricted to the tool sidnd the workpiece will be assumed rigid. A nogdin
mechanistic model will be used to formulate thdiogtforces. The start and exit angles and the
actual feedrate at each cutter location are caklia Sections 6.4 and 6.5, respectively. Nex, th
Semi Discretization Method (SDM) for the helicattie and including process damping will be
presented in Section 6.6. In Section 6.7, the ptedanethod will be illustrated in straight cuttiof
flat surfaces to establish the stability lobesbilitg maps will also be presented in this sectibhe
accuracy of stability lobes and maps for flat stefais verified by conducting cutting experiments.
section 6.8, the developed method will be appleeexamining the stability of the cut at each cutter
location in 5-axis flank milling of three curvedrfaces. These predictions are verified using
experimental measurements and numerical simulattonally, stability maps are established for the
flank milling cases and shown to agree with nunasanulations over a wide range of spindle

speed.

6.1 Coordinate System

In tool path planning of 5-axis flank milling, topbsition is determined in a coordinate system
attached to the workpiec€,,,. This coordinate system is shown in Figure 6-1oDther coordinate

frames are used in this chapter: the tilt/rotabjgdrameC; and the tooC, frame.C; is attached to
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the tilt/rotary table center and does not rotati e table. This frame is used to calculate dloé t
and workpiece relative motion, which determinesabieial feedrateC, is attached to the tool tip, and
it does not rotate with tool. This frame is suitafdr following the dynamics of the tool, and was
used in the previous sections to describe toohtitn (XYZ). In this part the flexibility is assummh¢o
be dictated by the tool. In cases where thin blaseisthe like are being machined, the flexibility o
the workpiece should also be taken into account.

Z wp
X
wp pr
pr
Utr—>wp ! £
; v
!I'- Ct
n L Yt

Figure 6-1: Coordinate frames of tilt/rotary table, workpiece and tool

6.2 Tool Path Planning

Knowing the parametric formulation of two curvE§v) and S(v) on a surface i, Bediet al.

[53, 54] placed a cylindrical tool on the surfacelsthat the tool would be tangent to both curtes a

the same parametric coordinate, as shown in Figure 6-2. Since the tool is tangetite guiding
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curves (rails), they are precisely machined. Howeweercut might yet happen at other points on the

surface.

R(wv)

Figure 6-2: Tool path planning strategy: cylindricd tool tangent to two curves on the surface

Details of the derivations to find the tool locaisoand tool axis orientations along the path are
available in [53 and 54]. For the sake of complessnthese derivations are briefly recapitulated

below.

Applying the tangency condition at each tool positiv i ji=1..N, as illustrated in Figure 6-2,
results in the following set of nonlinear algebraguations:

p,cosh, +q, sinb, = R

6.1
p, cosb, +q, sinb, = R (61)

where

p,=(R; -S)) R, * S, Ry Rsin b, + S, Ry Rcosb,
6 =(R;-S) R, + S, R, Rsinb,+ §, R, Rcosb,
p,=(R; -S) St Ry S, Rsin b, + R, S Rcosb,

4 =(R; -S,;) R, + Ry S Rsin b, + R, S Rcosb, -
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In this equationR; andS; are the values of the curv@év ) andS(v ), respectively, atv i and

(Ryi, Roji, Rmp) and (S, Syji» Swyr) arethe Frenet frames at the tangent points [BO% the radius of the

cutter. The numerical solution of Equation (6.b), éach value of/ i yields the two unknown

angles , and ;. These are the angles between the surface nomidha lines connecting the tool
center to the contact points on the guiding cur@asce these angles are located in the planes horma
to the guiding curves, one can use them to calketifet coordinates of two points on the tool aXig,
andVy;. Having calculate®/;; andVy;, the tool position and orientation are now fulbfided at
locationj,. This process is repeated at all locatigad,..N,, to generate the cutter location file, CL,
along the path.

Having calculated the coordinates of two pointghentool axisVy; andVy;, the tool orientation
vector is obtained as the vector connecting the@segobints:a(v)=V,(Vv )-Vi(Vv ). The magnitude of

this vector represents the axial depth of bufa(v )|.
It was shown by Bedit al.[54] that the tool axis will sweep a ruled surf&#,V ), whereu is

the parametric variable along the tool axis. Onatier hand, the imprint of the tool on the
workpiece, which is the machined surface, will netessarily be a ruled surface. This imprint is

referred to as the “grazing” surface; it is deter@ai by shifting the surface swept by the tool axis,
S(u,Vv), in the direction normal to it by the radiRsAccordingly, the analytical formulation of the
grazing surface is written as:

dS(u,v). a

v (V)
G(u,v)=Suyv)+ ‘dS(u,v), a(v)‘ R. (6.2)
dv

For a surface made in several passes, the grazifags left in the previous cut, s@'p(u,v ),
will represent the original material to be remotedjenerate the machined surfeéu,V) in the
current pass. In this papdg(u,V ) will be the finishing pass. Botfs(U,V )and G p(u,v)WiII be

utilized to compute the start and exit angles efahtting edges into the stock, as will be shown in
Section 6.4.
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6.3 Dynamic Model

The dynamic model of the system is shown in FigiaBeand is described in the tool coordinate
system. The structural model has two orthogonalesdd the Xand Y, directions. The workpiece is
assumed rigid as well as the tool in the axialdiiom. In Figure 6-3K,, M, andC, are the modal
stiffness, mass and damping coefficients in thdidection, respectively. Likewis&,, M, andC, are
the modal stiffness, mass and damping coefficiethé Y, direction. These parameters are obtained
from impact modal testing performed at the free eithe tool. The modal parameters are assumed
not to change at different cutter locations thraughhe toolpath.

The equation governing the vibration of the toalhia X and Y, directionsp, is

Mp +Kp +Cp =F; M My O K o 0 C O O 6.3
=+ = " = " = " = .
PP D = 0 M, 0 K, 0 C, 63)

In this equationk- is the vector of total cutting forces and is cidted by adding together the

elemental cutting forces along the tool axis, gdaRred below.

(b)

Figure 6-3: (a) Discretizing engaged length of thimol and feed vectors. (b) Dynamic model,

chip thickness, and start and exit angles of the & elementj,
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Figure 6-3 (a) shows the engaged part of the topbsitionj; j, =1..N. The distance betwean;

andV,; determines the axial engagement of the tool:
b, =|V,, -V, (6.4)

The tool is divided int?N, disks of equal thicknessz=b;/N.. The center of thp™" diskat position
Ji is designate@ j, . This center i%/1; at the top disk, and, ; at the bottom disk; these designations
were kept the same as those used by Beali.[53, 54]. In the following, however, the subscsipt
andj. will be dropped whenever extra subscripts are @g¢a describe variables, or wherever it is
intuitive to follow those variables. At each digls1..N,, the position of cutting tootl,=1..N,, is
determined by its angular positiorwith respect tdr; according to:

- 1)Dz tary
R

F=we o, -2). 224 L

c

(6.5)

whereN; is the number of teeth, is the tool helix angle, and is the spindle rotational speed. Notice

that subscripts of some variables are dropped wieerike definition of the variable is obvious. For

example, the angle could have subscripts to define the tooth, andetémental disk, but that is

easily understood. If falls between the starty, and exit, <, angles, then the" tooth is engaged in

the cut. The start and exit angles in 5-axis mangimary at each cutter location and at each

elemental disk. The calculation of these anglekheiladdressed in Section 6.4.

The elemental tangential and radial forces areutatied using the following force model:

AL (6.6)
F=F+F,

F andF, are the incremental tangential and radial sheaefoacting on thig" tooth respectively,

and similarlyF, andF,, are the ploughing forces.

The ploughing forces are modeled using the equitaiscous model established in Chapter 4:
Fo=9(/ )Cyli Coe=K,Cy

sp
Ftp = g(/. )W'Frp

wherer is the tool radial deflection at the axial elemigrind tooth., and ” designates the first

Dz'g():l jstqﬁex
Cog/’ O /st# OU' j> ex (67)

degree time derivative. In this chapter, the damimape factoCy , is 0.25\7, whereW is the tool
wear. This implies that small amplitude vibratisrassumed. For a cutter with helical teeth one
would expect the wear to vary from one tooth tortbet as well as along the tooth edge. This is

further complicated by tool runout. In the presmoidel a uniform wear land of a constant value will
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be assumed for all the elemental disks. The vl will be designated “effective wear” and will be
estimated from experimental evidence. The estimaifeeffective wear and its effect on the predicted
stability borders will be discussed in Section 6.7.

In the previous chapters, the shear forces werevass to be linear functions of the uncut chip
thickness and the cutting force coefficients westtneated empirically. Yet, the estimated coeffitgen
are shown to be nonlinear functions of the uncug ttickness [14] themselves. Due to the additional
rotational axis in 5-axis machining, the feedrata] consequently the uncut chip thickness, vaties a
each cutter location and each elemental disk. Afingly, instead of applying the linear mechanistic
model of previous chapters, the following nonlinegachanistic force model is used to simulate the

shear forces:

F.=9(/ )K.h".Dz, F, =¢f )K.H .D: (6.8)
whereh is the instantaneous chip thickness. ., K; andK; are the constant cutting force

coefficients, which are estimated experimentalipr aluminum alloy 6061-T6 [17], they were

estimated at:

K, 21250\ 4 = 0.93:
mnt
. (6.9)
K, =568— a = 0.789
mnt

In Equation (6.8), to obtain the radial and tanggshear forces in N using the coefficients of
Equation (6.9), one needs to insert the chip thaskih, and element thicknessz, in mm. The
instantaneous chip thickness consists of a harmonic componemﬁ,, due to the tool feed motion,

and a regeneration componemt?, due to the vibration in subsequent teeth engageme

h=h" +H®; h" = {sing,H* =r- 1" g= / 7 e upmillin-g. (6.10)
e/ downmilling
wheref, is the feed/tooth on elemggtat cutter locatiofy. The chip harmonic component, over the
elemental disk engagement in the cut, is shown thghgray area in Figure 6-3. The regenerated part
of the chip thickness at each angular positiomraslpced due to the tool vibration in the currerit cu
and the undulations left on the surface machinethéyreceding tooth. Keeping track of workpiece
surface undulations in 5-axis machining is not asydask. In the current work, the tool vibration

during the preceding tooth engagement will be tasethe surface undulation. This assumption is
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reasonable as long as the tool tangential spemdds higher than the feed motion, which is the
situation here.
The tool radial displacement,is composed of the displacements in thand ; directions

according to:
r=r(/)p;rf )=[sih gos]p = §8 (6.11)

Substituting the uncut chip thickness from Equaf@®a0) in Equation (6.8) results in the

following:

a

FtS:g(j)Kt(fasiray +r - rT)
F. :g(/')K,(fasira] +r - rT)ar

Landers and Ulsoy in [17] employed the nonlineacéanodel in the frequency domain calculation

(6.12)

of stability lobes. For this reason, they lineadiziee cutting force model around the harmonic pfrt

chip thickness:
Fe» g(/ ) Kt( f sig )at + g(. ) IZt(r- rT) ;Kta th(StSm )at-l
Fo» (/) K, (fsim )" +af )K (r-r7)iK = K (ssin )"

In Equation (6.13), the first terms of radial anddential forces do not affect the stability of the

(6.13)

cut. Therefore, by neglecting these parts, oneegaress the shear forces as
F.= g(/ ) Kt(r- I'T)
Fo=9(/ )R,(r- rT)

Equation (6.14) is a linear mechanistic modelwbich the cutting force coefficient:l;it and Kr ,

(6.14)

vary at each elemental digks1..N,, and tooth rotation angle,
Combining the shear and ploughing forces from Hqng6.14) and (6.7), respectively, the total

tangential and radial cutting forces on the cuttagthj,. of thej. element is obtained as:
F=g(/ )K(r-rT)+af i Cur
F=g(/)K (r- rT)+ af )Cur

Substituting the tool radial displacement from Bepra(6.11) in Equation (6.15) returns the

(6.15)

tangential and radial cutting forces in terms @l weflection in the Xand Y, directions:
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.

r

g
oU)  re@-p D} of ) " Gy (6.16)

These forces are projected onto thead Y, directions:
FX
F

y

N . -coy - sin
T TS )= .
U) e )= G - oo (6.17)

The total cutting forces are computed by the sunumaif the elemental forces acting on all
cutting teethj.=1..N,, of all elemental disk$e=1..Ne:

F= 5 6.18
c (6.18)

Je=lic=t Ty
By inserting Equation (6.16) into Equation (6.1aMd then the result into Equation (6.18), the total
cutting forces are calculated in terms of the tiaflectionsp:
F=DeA( p) +Bp;
p=p(t)- p(t- T)

AL =o0)TL) 2 ()8, =e( )6l () {7 () e19

Ne Nt Ne Nt
A= A  B= B. .
JC']e JC’Je

je=1i6=1 J oI (=1

>

N

By substituting the total cutting forcE, as a function of tool deflection in the X and ivedtions,
p, from Equation (6.19) in Equation (6.3), the egpragoverning the vibration of the 2 DOF system
is obtained as a DDE with time-varying coefficientsSection 6.6, SDM will be used to determine
the stability of the system described by this DBEfore doing so, the calculation of start and exit
angles, as well as the actual feedrate at eacleatahdisk and each cutter location, will be exjdal

in the next two sections.

6.4 Start and Exit Angles
The start, &, and exit, ¢, angles associated with each elemental disk depertige grazing

surface generated in the previous @tp(u,v ), and the grazing, or the machined surfds¢u,V ),

in the current cut. This is illustrated in Figurd Gor the down-milling operation. In this casg,is

determined by the intersection of the disk \@tp(u,v), whereas ¢ is found at the tangent (grazing
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point) of the disk with the machined surf&€U,V ). Both the tangent and intersection points are

determined in the workpiece coordinateg,.0'hey have to be transferred to the tool cooréin&t,

to compute the entry and exit angles as explaieéab

G, (u.v)

Figure 6-4: Start and exit angles for down-milling

The tangent point is obtained by simply substigtin Equation (6.2), the I andv ; parameters

corresponding to the elemental djskand tool movement stgp This yieldsG (u Vi ). As

indicated in Figure 6-4, its corresponding Cartesiaordinates are,, Yex andZe,in C,p. The
subscript &€x” refers to exit. While obtaining the tangent pasnstraight-forward enough, finding the
intersection point between the elemental disk Aedstirface grazed in the previous cut is more
involved. This is illustrated with the help of Figu6-5.
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Figure 6-5: Intersection of sphere and normal planavith the surface generated in the

previous cut

The intersection point can be thought of as thergeiction point of three geometrical entities: a
sphere, whose center coincides with the disk ce@jgr; and its radius equal to the tool radius; the

plane of the disk that contai@ and is normal to the tool axis; and the surfdég(u,v ), grazed

in the previous cut. Mathematically, this intergaets obtained by solving the following equations:
Gyluv)ay ;)-C;, a0 ;=0

l6,wv)-C, - R= 0 (6.20

The numerical solution of Equation (6.20) yield®twtersection points, as shown in Figure 6-5.
Knowing the initial conditions and the directionrabtion of the tool, the proper intersection pagnt
selected. The Cartesian coordinates of this intéisepoint will be designated, Yy, andZ;where
the subscriptst’ refers to start. Again, this intersection posibbtained in (.

Since the simulation of the dynamics is done inttiwé coordinate system, the ey, YexZeup
and entry(Xs;, YsiZsdwp POINts in Gy must be transferred (Key, YexZex) and(Xs;, YsiZsy), respectively, in
C.. This transformation is conducted according togkgression in Equation (6.21):
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X X
Y Y
7 =RXZRt®Wp 7 (6.21)
1, 1
where;
1 0 0O O co€ s 0O
R = O cosA simlA 0- silC co€ 0 O
0 -sinA cosA 0 O 0 10
0 0 0O O 0 0O 0O
1 0 0 -V,
R _ 010 -V,
0 0 1 -V)
0 00 1

A andC are the tilt and rotary angles, and{W.’, V,°) are the Cartesian coordinates of the tool
tip in Cyp. Having obtainedX., YexZey) and(Xs, YsiZs) following the above transformation, the start
and exit angles, which are measured from thea$the tool coordinate frame,@re obtained
from Equation (6.22).

. Xq : X
Jq=tant =/ =tan' Yex (6.22)

st X

6.5 Chip Thickness

h is the uncut chip thickness at the togitelemental disk,, and tool locatiofj. It consists of
harmonich™, and regeneratet®®, components, as expressed in Equation (6.10)h@haonic part
depends on the feedratg,which varies at each cutter location and elemelisl. The calculation of
actual feedrate is addressed in this section.

Due to the tilt and rotary axes, the feedrate vefotoeach disk is different [62, 69]. This is
indicated in Figure 6-3(a). This feedrate vectahisrelative velocity vector between the tool &mal
workpiece; for diske, it can be determined from:

C

.. -C. .
— —hitLie Jide
filrje —T (623)
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where Dt is the time it takes for the disk center to mowfithej"™ to the |+1)" position. This time

is determined by the programmed feedrate and teepiolation strategy that the post-processor uses
for the synchronization of linear and rotationaésxin the DECKEL-MAHO 5-axis machining
center, TNC 430 used in the current work, the gsoeemploys the pseudo-distance parameter (of

inconsistent units) for interpolation, as follows:

ds=,/DX,2 +DY2 +DZ? +B* +D? (6.24)
where:

Dxlr
DY, =(V,

tr

Dz

-V, ) (6.25)

tr

Vy; is the tool tip location at stgpwith respect to the tilt/rotary frame, Q\otice that, in our setup,
the increment\(y:1-Vz ) in G is the same ad/; .1-V, ;) measured relative to a fixed datum (home
position) on the machine [81]. To apply Equatiérg),V,; ji =1..N, must be transformed first from
Cupto G,. For this change, the transformation in Equat®ag) is applied:

X X 1 0 0 O co€ siC 0 O
Y Y O cosA simMA O - siC co€ 0 O
= RXZ'Rtr®Wp' ' RXZ = . !
Z Z O -sinA coA O 0 0 10
1. 1 wp 0 0 0 0 0 0O 0O
1 00 -Utf®wp
R, =010 Uy (6.26)
tr® wp 0 0 1 'Utf®wp
0O 0O 1

In Equation (6.26)Aand C are in degrees andi, wp IS the vector, as shown in Figure 6-1, which
goes from the origin of £to that of G,.

Having calculated the pseudo-distance parametegldpsed time to move from positipto j, +1
is obtained from:

Of = ds
f

program

(6.27)

wherefpogam IS the programmed feedrate. Substitutidg in Equation (6.23), we gdt . . In this

e
study, a straight cylindrical tool is used, andstionly the component (ﬂme perpendicular to the tool
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axis,f, , contributes to the chip thickness. As such, thip thickness expression presented here is

a simplification of that developed by Ferry andirtts [62] for tapered endmills. The subscrift “
refers to the “tangent” to the tool. This tangesed component determines the feed per tdoth,
Equation (6.28) gives this feed per tooth actingliskj. at tool positiorj,. Notice that, in Equation
(6.28), full subscripts are included for clarifiicat:

- ftilvje . a(v JI)

(6.28)

6.6 Stability Analysis Using SDM

The cutting forces obtained in Equation (6.19)<sarestituted in Equation (6.3), and the resulting

DDE is rearranged in the following state space form

p
q=Lqg(t)+Rq(t-T); q= -
A Ke g
_ 0 | 0 0o M, M,
" DMA- MB- ' DaMA 0 _o&’ _oﬁ
My MY
(6.29)

The presented state space equation follows the Bamat as Equation (5.25), with the difference
between the two equations being in the formatiothefdirectional coefficient matrice&,andB. In
Equation (6.29), they are made of the elementaficestobtained from each axial digk1..N.. For
each disk, the start and exit angles vary, as eadulting force coefficients at each angular positf
cutting tooth. After calculating the directionaledficient matrices, they are applied in the SDM
procedure explained in Section 5.4 to determinesthbility of cut. In the next section, the method
will be illustrated in the machining of flat surigusing straight cuts. The results will be pressirt

the form of stability lobes, and the stability magmcept will be introduced.
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6.7 Milling of Flat Surfaces Using Helical Tool

In this section, SDM is used to develop stabililgds and maps of milling of flat surfaces at
different radial immersions. A set of cutting eXxpents is also carried out to verify the accuraty o
the presented method in the prediction of cuttiadiity. The tool used in the experiments was a 4-
flute 25.4 mm diameter HSS endmill with helicalttesnounted on a DECKEL-MAHO 5-axis
machining center. The following parameters weratified from the modal analysis of the frequency

response functions, FRF, measured at the free fethe ¢ool, using hammer impact:

f =338Hz,K =1.8 16szz 0.0¢
m (30)

f, =350Hz,K, = 0.9 10Ezy: 0.0
m

As the workpiece was aluminum alloy 6061-T6, thitieg force coefficients of Equation (6.9) are

used. AlsoKs, for the aluminum alloy was reported at 1.5%1M0/m® in [35].

6.7.1 Stability Lobes

In 3-axis machining, the tilt and rotary anglesitifized machine are kept at zero; hence, the tgedr
remains constant throughout the toolpath and is&hnge along the tool axis. The start and exit angle
sand ., are determined with respect to the tool radiaharsion, and,, the feed/tooth, follows the
programmed feedrate. In the conducted flat sunfaiiang experiments the feedrate was maintained

at 0.05 mm/tooth. Note that although constant f&ted, is used in this part, the variation in the

instantaneous chip thickness is still consideregstablishing the lobes.

At each point in a grid of spindle speeds and adégiths of cut, the maximum eigenvalue of the
transition matrix of Equation (5.31) is calculatadd the stability criterion is applied. Then, the
stability lobes are established by plotting thetoanof stability outcome on the grid. Figure 6-6
shows the stability lobes of %% immersion up-mglioperation. Three sets of stability lobes are
established at wear laM#=40, 60 and 80m.
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Figure 6-6: Stability lobes of ¥2 immersion up-millng computed for different wear:
W=0.04mm (dashed line), W=0.06mm (solid line), and/=0.08mm (dotted line); Experimentally

measured stable (circles) and unstable (crosses)ipis
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Figure 6-7: Time traces of measured cutting forcem %2 immersion up-milling at 500 RPM
and: (a) b=1.5mm, (b)b=2mm, and the corresponding power spectra at: (c)tdo=1.5mm, (d)
b=2mm
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The stability of the cut is also examined experitaliyn at the points shown with the crosses and
circles in Figure 6-6. The cutting forces wereoréled using a Kistler 9255 table dynamometer, and
the force signal was employed to determine if tltewas stable, o, or unstable, +. Examples of the
recorded stable and unstable forces are showrgind-6-7. The spindle speed was 500 RPM, and the
forces were normalized by the axial depth of chie Trequency spectra of the demonstrated signals
are shown in parts (c) and (d). According to tlegfrency spectra, the amplitude of the force at the
chatter frequencys, is close to 10N/mm d=2mm, and zero d&=1.5mm. The former is shown as an
unstable cut (with a cross) in Figure 6-6, andalier as stable (with a circle).

Comparing the experimentally measured stable asthble points with the computed lobes, it can
be seen that they agree, for the most part, wétbtrders predicted usivg=60 m. This agreement
is a source of concern, considering the fact thsdtaap tool was utilized in the cutting tests. @mest
keep in mind, however, that there could be otharees of damping in the cut besides the indentation
mechanism. Also, tool runout was not included mtiodel. In the present experiments, the radial
runout of the tool was measured at &b This value of runout relative to the feed/tootb0 m
could affect the stability limit by disturbing timatural regeneration of the chip thickness, acogrdi
to the study carried out by Grenon [ 82]. Thera iged either to modify the model to explicitly
include tool runout, or to compile more experiméptadence to provide better estimates of process
damping values for typical tools and set ups. Suoebstigations were not conducted in the present
work and could be a subject for future research.

NonethelessW=60 m was used as the effective tool flank wear toutate the stability lobes of ¥
and immersion up-milling, shown in Figure 6-8 and Rig®-9, respectively. With the exception of
a few points, in both cases the calculated lobeseageasonably well with the measured stable and
unstable points. This provides a further justificatfor the approach of employing an effective wear
value that is established empirically. The agreeratso verifies the accuracy of the presented
method in the prediction of stability borders irllmg with helical teeth and including process
damping.

Having verified the formulation using cuts with gil® uniform geometry, a new concept is
developed next to present the stability of a cutasf/ing geometry. Rather than establishing the
stability lobes, which show the limit width of cugrsus speed, a stability map will be establisioed f
known toolpath and workpiece/engagement geometsugespeed. First, the stability map will be
established for symmetric flat surface to showdllese association between stability maps and

stability lobes.
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Figure 6-8: Computed stability lobes of ¥4 immersiomup-milling, and experimentally

measured stable (circles) and unstable (crosses)iis
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Figure 6-9: Computed stability lobes of immersion up-milling, and experimentally

measured stable (circles), and unstable (crossesjipts
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6.7.2 Stability Maps
Figure 6-11 shows the cutting forces recorded whilenmersion up-milling of the flat surface
illustrated in Figure 6-10. The feedrate was ke&gt.@5 mm/tooth in the Mirection , and the axial

depth of cut varied between 1 and 6 mm along tigen2 long toolpath.

200

[N¥]
(SR
L Sl

h=1 Yt Ji
mm

200mm

v

Figure 6-10: The triangular flat surface geometry

In Figure 6-10, the total length of the cut is 2061. The stability of the cut will be evaluated at
increments of 1 mm along the toolpath. Accordingh/l..200 along the path would indicate cutter
location. With respect to the geometry of the stefdhe tool tip has movgedmm in Y, direction at
thej, " cutter location, and its axis is aligned with Faelirection. The recorded forces are
demonstrated in terms of the cutter location irgteaime. The profile of the cutting force at 425
RPM, part (a), follows the variation in the axiajpdh of cut, which changes from 1mm at either end
to 6 mm in the middle, as does the recorded fardd@0 RPM, except for the excessive vibration
observed between cutter locations 60 and 140. Aowgto the immersion stability lobes
established in Figure 6-9, at 425 RPM, the cutdble for axial depths of cut less than 6 mm, and i
unstable for axial depths of cut more than 3mmla@0IRPM. With respect to the geometry of the flat
surface, at cutter location 60, the axial depthutfexceeds 3mm, and stays above that until cutter

location 140.
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Figure 6-11: Measured cutting force in the Y direction for the triangular surface at: (a) 425
RPM, and (b) 1100 RPM.

The stability of immersion up-milling at each cutter locatigns1..200, and a grid of spindle

speeds is examined by calculating the maximum egjer of the transition matrix in Equation
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(5.31). The contour of the instability criteriontoome is plotted in Figure 6-12. The points inglake
gray areas are unstable, while the ones inside/liite areas are stable. The map is symmetric around
the middle of the cut §t=100, with the upper half being a mirror imageha lower half; it simply
follows the symmetry of the triangular surfacefdnt, the lower half of the majp,=1..100, is an
alteration of the immersion stability lobes, shown in Figure 6-Stvwmenb=1 and 6mm, in which

the vertical axis of the depth of cut has beenaegd by the cutter location number. This diagrath wi
be referred to as the stability map; it shows thble and unstable cutter locations of a toolpath

versus spindle speed.

Cutting experiments of the flat triangular surfassre conducted at several spindle speeds. The
cutting forces were recorded similar to Figure Gahil were used to determine the stable and
unstable cutter locations. The results of measunesrae also plotted in Figure 6-12. At each sgind|
speed, the stable cutter locations are markedaiitkes and the unstable ones with crosses. Extelle
agreement is observed between the computed mapgheedperimental results.
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Figure 6-12: Stability maps of immersion up-milling of flat triangular surface, and
experimentally measured stable (circles) and unstéd (crosses) cutter locations

Stability maps were established for ¥4 immersiomnilting of the flat triangular surface, as shown
in Figure 6-13. Also shown in this figure are txperimentally measured stable and unstable cutter
locations throughout the toolpath. Similar to Feg6r12, the stable cutter locations are marked with
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circles and the unstable locations with crosses.Urstable cutter locations all fall inside theygra
areas and the stable ones inside the white aralysain565 RPM are some stable cutter locations
detected inside the gray areas. However, thesdspaia adjacent to the stability borders, and
therefore even small fluctuations in spindle sp@eag cause the vibration to fall in the stable ragio

Having verified the developed method in milling thengular flat surface at 2 immersions, the
method will be applied next to 5-axis flank milliofjthree curved surfaces.
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Figure 6-13: Computed stability map of ¥ immersiorup-milling of the flat triangular

surface, and experimentally measured stable (circ$ and unstable (crosses) cutter locations

6.8 5-Axis Flank Milling

In this part of the study, a time domain simulati®uised to investigate chatter in 5-axis flanKingl
of three curved surfaces. The cutting forces amguis during the finishing pass of three curved
surfaces are also measured to examine the acoofréfoy simulations. SDM is then used to
determine the stability of the cut at each cutteation, and the stability map associated with each
surface is established and verified by numericaltitions.

The basic surface chosen for testing is construcsedy two quadratic Bezier curveés(v ) and

L4(V ), with the following parametric equations:
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) 35 65 110
L,v)= PB3W)P,= -15 P= - 45 P= - 60

=0 0 0 0
(6.31)
, 50 65 95
L,(v)= PB{Ww)P,= 0 ,P,= -45 P,= - 75
=0 -30 - 30 - 30

whereB?(v ), i=1..3, are the quadratic Bezier basis functidngv ) andL,(Vv ) are plane curves;
they are defined in £ and their coordinates are in millimetef(v ) andL.(Vv ) are separated in the
Z,,, direction by 30mm, which translates into surfaeght of 30mm. Two other surfaces are also
tested; one is bounded by the curkgsy ) andL,(Vv ) and its height is 5mm, and the other is
bounded by;(Vv ) andL,(Vv ), with a height of 15mm, whete,(Vv ) andL(V ) are constructed out
of Ly(v ) andL4(V ), as shown in Equation (6.32).

L.(v)= 5 L)+ S L.6)

(6.32)
La(v) =

ol NP

5
L,(v)+ EL“(V)

A top view in the direction oZ,, of the bounding curves of the three surfaces isrgin Figure
6-14. For each tested surface, the bounding cueves,Li(Vv ) andL4(Vv ), would correspond to
R(v ) andS(v ), respectively, shown in Figure 6-2. Table 6-1 IR{¥ ) andS(v ) combinations of
the three test surfaces, along with their heights.

For each test surface, the tool path is generatedling a 25.4mm diameter, 4-flute cylindrical
tool with 30 helix angle on its corresponding top and buttavest For force calculations and
chatter prediction, the surface machined in theipus pathGy(U , v ), is generated using the same
tool path, with the exception that it is offsetdgonstant amount of 2mm in thg,direction, to
produce the machined surfa@eu , v ) in the current cut. This relationship is giverEiguation

(6.33).

0
G, (uv )=Glyv )+ 2 (6.33)
0
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Figure 6-14: Top view of test surfaces, with theigenerating curves (rails)

Table 6-1: Geometry of test surfaces

Test surface R(V) S(v) Surface height (mm
1 L4(v) L,(v) S
2 L,(v) L,(v) 15
3 L,(v) L4(v) 30

6.8.1 Numerical Simulation and Experimental Results

For the numerical simulation, the engaged parheftool is divided into 60 elemental disks. At each

tool position along the pathg and . are calculated for all the disks using the meth@$ented in

Section 6.4. For instance, Figure 6-15 shows thagées at a point midway along the path used to

machine Surface 3. As can be seen, these anglesovalisks at different heights from the tool tip.

For the same disk, these angles also vary fronawigosition to the next.

The tool used was 25.4 mm in diameter, with foetttet a helix angle of 30The spindle speed

was set at 1750 RPM, and the programmed feedra0@0 mm/min. The actual feedrate for each

elemental disk was calculated following the procedaresented in Section 6.5. As an example, the

actual feedrate at the tool tip for test surfaée shown in Figure 6-21(a); its maximum value i$/on

750 mm/min at the end of the tool path, while @k drastically to a mere 145 mm/min in the
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middle section of the cut. The feedrate is usezhtoulate the feed/tooth and the resulting harmonic
component of the chip thickness, as explained ai@e6.5. The regenerated component of the chip
thickness is calculated from the vibrations asgediavith the previous time step. With the chip
thickness now available, the cutting forces actingeach tooth are calculated, along with the
ploughing forces using the indentation model. Tamythen resolved along the tool coordinates X
andY;, summed up for all teeth engaged in the cut, fatisks, to account for the total forces acting
on the tool at one position. These forces are dpgatied to the tool dynamic model to compute the
resulting vibration. In essence, beyond findingchg thickness and the entry and exit angles, the
procedure of simulating chatter in the time domaithe same as that already available in the

previous chapters, and so the details of the stual@rocedure will not be repeated here.
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Figure 6-15: Start, ¢, and exit, ¢, angles for all of the elemental disks of the topt

midpoint along the tool path to generate Surface 3

The same three surfaces were also machined onghis HEECKEL-MAHO machining centre,
employing the same cutting conditions: spindle dp&&50 RPM and programmed feedrate= 2000
mm/min. An impact test was used to measure thetacee at the tool tip, as is shown in Figure
6-16. The modal parameters are extracted by thediiting of the measured receptances; the fitted

curves are shown in this figure, as well. The esttd modal parameters are also reported in Table 2.
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Figure 6-16: Measured receptances in the 2and Y, directions, and the curve fitted on them

to extract the modal parameters

In the tested frequency range, the frequency respfimction shows two modes in theditection

and only one mode in the ¥irection.

Table 2: The modal parameters of the tool in the Xand Y, directions.

KIN/m] f.[Hz]
Mode 1 2x10 390 0.02
X Mode 2 0.87x1b 433 0.02
Y 1.1x10 389 0.02

Since only one degree of freedom in consideredett direction, the most flexible mode of
direction X is taken into account and the one at 433Hz isawtgdl in the modeling. The low natural
frequencies reported here are associated wittotiiehd rotary dynamometer assembly as they are
mounted in the machine. A Kistler rotary dynamometas mounted in the spindle. For each surface,
the workpiece was first prepared for the finishirags by following a tool path that is offset by &hm
in Y, from the final path. This, in effect, left 2mm ralddepth of cut that had to be removed in the

finishing pass.
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The simulated and measured cutting forces and ¢oagaociated with the first test surface (height
5mm) are shown in Figure 6-17. There are differsrate¢he beginning and end of the plots between
the simulated and measured values; these diffeseareeattributed to extra material at these lonatio
associated with the tool leading in and out ofgtoek that were not included in the simulation. It
should also be mentioned here that, in machinirggriairrow surface, 5 mm, at the low immersion of
2mm, tooth impacts and tool runout would contagmgicant harmonics that could excite the
structural modes and possibly get magnified becatidee dynamic response of the dynamometer
itself. As can be seen, in the spectrum of theilteréd data in Figure 6-18(a), the™and 1%
harmonics of the tool rotational speed are maghif@mpared to the lower harmonics. For this
reason, a low pass filter was applied, as showiigare 6-18 (b), to reduce the effect of the
“magnification factor” and bring them closer to thigher harmonics of the forces generated in the
simulation. This is evident by comparing the spettiof the filtered measured force in Figure
6-18(b) with the corresponding spectrum obtainedhfthe simulation in Figure 6-18(c). Fortunately,
the filtering was only needed for the measureddsm@ssociated with the 5 mm surface, and no
filtering was applied for the measured forces whiarchining the 15 and 30 mm surfaces. No
filtering was applied for the measured torquedtierthree surfaces. With the above in mind, we can
see the close agreement between the measuredauidtsid torque and force plots. Close ups of the
measured and simulated torque and forces obtanoetié the middle of the tool path is also included
in Figure 6-17; again, excellent agreement careba.sNo chatter was observed, either in simulation
or in experiment, while machining Surface 1. Tceasghe role of process damping, the simulation
was also run for this surface without including gheughing forces. Figure 6-19 shows the simulated
torgue in this case; it indicates machining indighin the mid section of the tool path where the
feedrate drops to a low level. This obviously cadicts the experimental evidence presented in
Figure 6-17 and shows, beyond a doubt, the impoetahincluding the process damping in the

simulation model for the present surface and ayitionditions.
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Figure 6-18: Power spectra of: a) un-filtered meaged (b) filtered measured, and (c)

simulated force in machining Surface 1, height 5mm
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The simulated and measured torque and cutting$ab&ined in machining test surface 2, height 15
mm, are shown in Figure 6-20. Here, there was el te filter the measured force signals. As can be
seen, the agreement between simulated and meadstyad and forces is excellent, and no chatter
was detected in machining this surface.

Results of simulation and experimental worktést surface 3, height 30mm, are shown in Figure
6-21 and Figure 6-22. Chatter occurred in machitiigsurface. In Figure 6-21(a), the feedrate
computed at the tool tip is plotted against théaaice traveled along the tool path. It can be Hemn
the feedrate throughout the travel is well belo/ phogrammed feedrate of 2000 mm/min. In
particular, the feedrate drops drastically arouredrhidpoint, where there was a considerable rotary
motion combined with little translation of the toBigure 6-21(b) shows the same feedrate along the
path, this time plotted against travel time. Fige#21(c, d) show the simulated and measured torques
respectively. Apart, from the beginning and enthefplots, the agreement is good. Figure 6-22
shows the measured and simulated forces obtain@aahining this surface. Figure 6-22 (a) and (b)
show the simulated components while figures (c) @pahow the corresponding measured values.
Close ups of the measured and simulated forcesrisyposed on one another, are shown in Figure
6-22 (e) and (f). Two regions are indicated in Fé&gG-22(a) and (c); part A around the middle of the
path, and part B close to the end. The power spettthe simulated and measured time traces of
these regions are shown in Figure 6-22 (g), (hg,FEigure 6-22 (i), (j), respectively. The power
spectra of the simulated and measured forces inmd&yshow the rotational speed and {tsadd %'
harmonics. No chatter was observed in this regionthe other hand, chatter was detected in the
power spectra of region A, where the tool vibratioades modulated by the rotational speed are
clearly visible at 420 Hz and 478 Hz. In this regithe feedrate, and consequently the chip thicknes
become so small and the dynamic cutting force @wefit so large, that machining instability takes
place. Such observation was also made by IsmaiZ&m® [64] in 5-axis machining of a turbine
blade.
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Figure 6-21: Results for test Surface 3, height 30dm, a) feedrate at the tool tip versus

distance travelled along tool path, b) feedrate ahe tool tip versus time, c) simulated torque, d)

measured torque
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6.8.2 SDM Results and Stability Maps

The SDM is applied to study the stability of toddnation while it travels along the toolpath ofebr

surfaces. At each cutter location the maximum aigkre of the transition matrix is calculated from
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Equation (5.31). Notice that the actual feedratk start and exit angles vary at each cutter looatio

and at each axial elemental disk.
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Figure 6-23: Flank milling of Surface 1, height 5 m: (a) computed maximum eigenvalue of
the transition matrix, (b) measured cutting torque (c), and (d) the frequency spectra of the

measured cutting torque at t=6 sec and 11 sec

Figure 6-23 (a) shows the calculated eigenvalumsgathe toolpath of Surface 1 of 5mm height.
According to this figure, the maximum eigenvalueereexceeds 1, indicating a stable cut at all ef th
cutter locations. This agrees with the measuretthgutorque in (b). Figure 6-23(c) and (d) show the
frequency spectra of the measured torque at thevayidf the toolpath, at t=6 sec, and at the end, at
t=11 sec. Neither spectrum exhibits vibration at¢hatter frequency. The eigenvalues calculated for
Surface 2 are shown in Figure 6-24(a). Except atdha middle of the toolpath where the maximum
eigenvalue merely exceeds 1, it stays below 1most all of the cutter locations. The measured
cutting torque while machining Surface 2 and iesjfrency spectra at t=6 sec and t=10 sec are shown
in (b), (c) and (d), respectively. They show tlin whole cut was stable, which agrees closely with

the stability predicted by SDM.
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Figure 6-25: Flank milling of Surface 3, height 30nm; (a) maximum eigenvalue of the
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For Surface 3 of height 30 mm, the curve of maxingigenvalue is shown in Figure 6-25(a). It
stays below 1 at the beginning and end of toolgaihfairly exceeds 1 at the middle of the toolpath
This curve predicts a stable cut at the beginnimbend, and an unstable cut in the middle secltion.
agrees well with the cutting tests. The torque spetat the midway of toolpath, t=10sec, shows
clear peaks at the chatter frequency, which isaegiby circles in part (c) of the figure. Thesakse
disappear at the end of toolpath at t=15sec.

The maximum eigenvalue of the transition matrix wakulated at each cutter location for a grid
of spindle speeds to plot the stability map forreswurface. Note that the feedrate values at each
spindle speed would change to preserve the feeprafiée shown in Figure 6-21. Figure 6-26 shows
the stability map of Surface 1. The points insite gray areas are unstable, and the points inséde t
white areas are stable. At 1750 RPM, the cut ldst@roughout the entire toolpath, which agrees
with the experimental results. However, by incregdhe spindle speed, the effect of process
damping decreases and unstable region appear8@REM. By further increasing the spindle
speed, the size of unstable regions increases.rtielass, there remain some entirely stable
channels, such as those around 2800 RPM or be#ghand 6000 RPM.
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Figure 6-26: Computed stability map of Surface 1 oheight 5 mm, and numerically simulated

stable (circles) and unstable (crosses) points
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Figure 6-27: Computed stability map of Surface 2 oheight 15 mm, and numerically

simulated stable (circles) and unstable (crossesdipts
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Figure 6-28: Computed stability map of Surface 3 oheight 30 mm, and numerically

simulated stable (circles) and unstable (crossesdipts
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The stability map of Surface 2 is shown in Figw276 At 1750 RPM, the cut is stable for most of
the toolpath. Only at the middle is it close to blmeder of instability. By increasing the spedu t
unstable regions emerge and increase in size. Hnersome stable channels (e.g., between 5000 and
6000 RPM), albeit narrower than those observedinfeSe 1.

Figure 6-28 shows the stability map of surface Baght 30 mm. At around 1750 RPM, the
unstable regions start to appear around the midww#ye toolpath, but the cut is stable at the
beginning and end. By increasing the cutting spéedunstable regions grow. After 2000 RPM, the
cut is unstable during the entire toolpath, exéepthe two stable regions around 3000 RPM and
between 5000 and 6000 RPM. Note that these twomegippear as closed areas inside the unstable
region. The numerical simulation was executed 803%PM, and the computed torque is shown in
Figure 6-29. Excessive oscillations are observed Abthe beginning, 0<t<2.1, and at the end of the
toolpath, 3.9<t<4.9, but the middle of cut is stalals predicted by the map.

Figure 6-29: The cutting torque obtained by the nurarical simulation of machining Surface 3
at 5500 RPM

Also shown in Figure 6-26, Figure 6-27, and Figeu28 are the results of numerical simulations at a
set of spindle speeds and cutter locations. Tiuesishow the stable points, and the crosses mark t
unstable points. In each case, the regeneratiopaoemt of tool displacement in the direction was
extracted following the method presented in theviptes chapter. Examples of simulation results at
the 30" cutter location of surface 1 and (a) 5000 RPMylstaoint, and (b) 3500 RPM, unstable

point, are given in Figure 6-30. Hesels the total tool deflection and is the harmonic component,
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and thusy-y indicates the regeneration component. At the stpbint, the amplitude of the
regeneration component of tool deflection dies dtavrero, while at the unstable point it increases
and stabilizes when the tool jumps out of the €4{.[The stability at all points, shown with cirsle
and crosses in Figure 6-26, Figure 6-27, and Figt28, was determined in a similar fashion. The

results of numerical simulations further verify @necuracy of the stability maps.

Figure 6-30: Results of numerical simulations for Brface 1 of height 5 mm; regeneration
component of tool deflection in Y direction at cutér location 30 for: (a) 5000 RPM and (b) 3500
RPM

The stability maps can be used in toolpath planoinig selecting the spindle speed to avoid
chatter. As an example, Figure 6-31(a) shows tktenguorque obtained from numerical simulation
of machining Surface 2 at 4500 RPM. To maintainfdeglrate profile employed at 1750 RPM, the
programmed feedrate was increased proportionaflyotRmme#5143 mm/min. However, it might not
always be possible to maintain the same feedrafdegwhile changing the spindle speed if one or
more of the feed axes hits a saturation pointhiswork, it is assumed that no saturation point is
reached. For Surface 1, one can predict the stafuleinstable cutter locations from the stabilitypma
in Figure 6-27; there, all of the cutter locatimighe toolpath are unstable except for those betwe
positions 42 and 64'. The simulated cutting torque shows chatter vibreat the first and final two
seconds of the toolpath; otherwise, it is stableatween. This agrees with the stability map. The
map, however, shows all the cutter locations tethble at 5500 RPM. The numerical simulation was

143



repeated at 5500 RPM and the programmed feedratehenged accordingly fQogramme#6285
mm/min. The simulated torque is illustrated in gait which shows the chatter disappearing at the
beginning and end, as planned.

According to the stability maps, an entirely staolelpath can be achieved by using different
spindle speeds at different cutter locations (byimp between the gray areas). Yet, one should
notice that, changing the spindle speed durindlém& milling of blades or impellers might resutt i
a bad surface finish. Therefore, the spindle sjpEeestommended to be set at a value inside one of

the stability channels, and then, be kept constiaiftat speed for the entire toolpath.

Figure 6-31: Numerically simulated torque while mabining Surface 2 at height 15 mm with
(a) 4500 RPM, unstable at the beginning and end tdolpath, and (b) 5500 RPM, stable along
the full toolpath

6.9 Summary

A discretized time domain model of chatter was @nésd for flank milling. The dynamics of the
tool was represented by a 2 DOF vibratory systamshear forces were modeled by a nonlinear
mechanistic model to account for the instantanebusthickness, and the effect of process damping
was considered using the equivalent viscous mddabaghing forces. The Semi Discretization
Method was employed to determine the stabilityudfat each cutter location of 3- and 5-axis flank

milling toolpaths.
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The stability lobes of 3-axis flank milling weretalslished using the presented time domain model.
Moreover, stability maps were presented in thisepas toolpath-specific stability diagrams that
determine the stable and unstable cutter locatitorg) the toolpath at each spindle speed. The
stability maps thus provide an effective meanofatimizing the cutting parameters to achieve higher
productivity in flank milling without encounteringachining chatter. They are also computationally
more efficient than the numerical simulation. Feample, while the simulation of each case in
Figure 6-31 took eight hours on a PC with a 2.2 @Hxessor, the entire stability map in Figure

6-27 was generated in two hours.
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Chapter 7

Conclusions and Future Work

In the first part of this thesis, presented in Ghep3 and 4, the effect of process damping on
machining chatter was investigated. The conducteelstigation led to establishing stability lobes fo
continuous cutting that depend on the vibrationlgoge. These lobes define the finite amplitude
stability region where the vibration stabilizescattain amplitudes without tool/workpiece

disengagement.

Time and frequency domain methods along with thevadent viscous model of process damping
were employed in the second part of the thesi€hiapters 5 and 6, to determine the stability of the
cut in milling. For illustration of the developecethod, stability lobes in straight cutting of flat
surfaces were established. This led to establistsitadpility maps” as a new concept that preserds th
stability in milling of general surfaces along ptal toolpaths. The main contributions of this work

are summarized below.

7.1 Contributions

a) Experimental confirmation of the phenomenon ofdiamplitude stability due to the non-

linearity associated with process damping.

In the conventional assessment of chatter usimgtimodels, the machining is either stable or
unstable; the vibration amplitude dies down to Zerhe former and it increases until the tool
disengages from the workpiece periodically in #itéek. Previous numerical studies showed that the
transition from the fully stable to fully unstaldet occurs gradually over a range of widths ofdue

to the nonlinearity associated with process dampihis phenomenon, however, was not studied
experimentally until it was addressed successfaliye current work. The experimental
investigation provided a much-needed insight ineadhatter phenomenon by helping to better assess
the stability of the cut, and to explain a majourse of uncertainty involved in linear process
damping models. In fact, the accuracy of two lingacess damping models, existing in the
literature, was re-examined in light of the newuttss The analytical model, based on small
amplitude assumption, was found to be accurateibitlyvas used to predict the lower border
between the stable and finite amplitude stabilitiscThe other model, extracted from experimental

data, was found to be accurate only if it was usqatedict the stability where the tool/workpiece
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disengagement occurs at the same amplitude at wlécsinusoidal excitation of the tool was carried

out in the identification tests of the damping dioéfnts.
The results of the experimental investigation waiblished in [83].
b) Developing a new formulation for the equivalentwiss model of process damping.

The equivalent viscous damper approach has beenrusdee literature to represent process damping.
The coefficient of the equivalent damper was eithe@racted from experimental data collected at

specific vibration amplitude and tool geometryjtawas approximated using the assumption of small
amplitude vibration. In either case, employing daenping model to compute the stability borders led

to errors in establishing the stability lobes.

In this work, a new formulation was presented fa équivalent viscous model of process
damping. The new damping formulation includes taaeipendent parts: the first part was referred to
as the “"damping shape factor”; it depends on gearatentities only that include: the wear land and
clearance angle of the cutting edge, the vibratimplitude and wavelength of the undulations left on
the machined surface. The second part, the spéuifantation force and coulomb friction
coefficients, depends on the mechanical propeofitise workpiece. While the second part can be
obtained from experimental work reported in therliture, the formulation of the first part was
developed in this work. One can compute quicklydbefficient of the equivalent viscous damper at
different wear, tool clearance angle, wavelengtil, \dbration amplitude for a wide range of
geometries.

Having developed the new amplitude-dependent faatiaul of process damping, it was integrated
into the frequency domain method for establishiaditity lobes. It enabled estimating the lobes at
specific amplitudes. It is a novel approach todbemonly used stability lobes where the vibration
amplitude is not defined. The lobes associated svithll amplitudes define the lower bound of a
finite amplitude stability region due to processngiéng, and the ones associated with the feedrate
define the upper bound. Using the new approachilisgebands could be defined rather than “single
border” boundary stability lobes.

The formulation of the equivalent damper and coinguihe amplitude-dependent lobes was

published in a journal article [84].
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¢) Formulating the Semi Discretization Method (SDMJ &ulti Frequency Solution (MFS) in

the presence of process damping to establish #talubes in milling.

The equivalent viscous damper was integrated imtocommonly used methods of computing the
stability lobes in milling: Multi-Frequency SoluidMFS) and Semi-Discretization Method (SDM).

In the literature, SDM and zero order MFS were gindoviead to similar stability lobes, except for
highly interrupted cuts where the higher harmooics!FS had to be included for accurate prediction
of stability. In this thesis, the inclusion of thigher harmonics in MFS was shown to be necesdary a

low speed and high damping, even if the cut wasightly interrupted.

The stability lobes in milling including the effeat process damping were established and verified
experimentally in this work. An article has beebmitted to the Journal of Machine Tools and
Manufacturing on formulating the MFS and SDM in gresence of process damping.

The formulation of SDM and MFS including processngang was published in a journal article
[85].

d) Modeling chatter in 5-axis flank milling

A dynamic model was developed in this thesis tautate chatter in 5-axis flank milling. The
tool/workpiece engagement geometry and actual &edvere computed by post-processing the
designed toolpath, and then they were integratediie numerical simulation of tool vibration while
it travels along the 5-axis toolpath. Comparingrésults of numerical simulation with the
experimental evidences verified the accuracy offéaeeloped dynamic model. It also showed the
important role of process damping in stabilizing tibration in flank milling; the effect of process
damping was included in the simulation using trdeirtation force model. The results of numerical

simulation and experimental measurements were ghédiin [86].

e) Determining the stability of the cut in flank millj using SDM, and introducing the stability

maps

The SDM was used to determine the stability ofdiiein flank milling. In the first step, the statyl
lobes in milling using tools with helical teeth wateveloped for straight cuts of plane surfaces. In
developing the stability lobes, the effect of pisgdamping was included using the equivalent
viscous model, and the effect of instantaneous tthikness was considered using a nonlinear
mechanistic model. In the second step, the stalbifithe cut at each cutter location of a known 5-

axis toolpath was determined using the developed &Pmulation. The developed method of
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determining the stability of the cut is computatithy efficient and thus one can repeat the anabfsis
different spindle speeds and feedrates for optitisimgurposes. This was not viable when using the

numerical simulations, due to their long computatime.

For straight cuts where the geometry of the cutfaadrate stay constant throughout the toolpath,
stability lobes are used to determine the stabieuaistable depth of cut at each spindle speed. In 5
axis flank milling the geometry of the cut and attieedrate vary at each cutter location, and
therefore, stability lobes are difficult to estahbli In this work, “stability maps” were presentasdaa
novel method of demonstrating the stability of ¢uéin 5-axis flank milling; they determine the
stability of the cut at each cutter location ob&sdlank milling toolpaths over a range of spindle
speeds. Having designed the toolpath, the tool/piede engagement and actual feedrate at each
cutter location are computed using the various ougtavailable in the literature. These data ane the
integrated into the SDM formulation presented is thesis to produce the stability maps for a
particular toolpath. The stability maps provideragtical means to adjust the cutting parameters) su
as spindle speed and feedrate and avoid machihgttec throughout the toolpath. These maps can

be established for the machining of curved surfaces

7.2 Future Work

a) Modifying the formulation of equivalent viscous gemwith respect to the complexities
involved the geometry of cutting edges.

In computing the coefficient of equivalent viscalznper, the complex geometry of the cutting edge
was neglected and only the flank wear was repreddnt a flat wear land. According to this
approximation, process damping is zero for shasfstanless the clearance angle is smaller than the
surface undulation slope. Nevertheless, experirhemtdence shows the effect of process damping at
low cutting speed, even for sharp tools at rel&fil@ver undulations slope. Therefore, one needs to
rectify the geometric modeling of the cutting edlyeomputing the coefficient of the equivalent
damper. For instance, the hone radius of the guétitge was neglected in this thesis. Although the
hone radius is negligible for worn tools, ignoritépr sharp tools causes inaccuracies. The effect
the hone radius was compensated by an effecting fleear that was determined experimentally.
Better modeling of the geometry of the cutting edge result in eliminating the need for determining

effective wear from experimental data.
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b) Including the effect of run-out in the formulatiohSDM in milling using tools with helical
teeth

In this thesis, a constant effective tool wear estimated from experimental measurements to
account for the variable wear along the helicahte the milling tool. The estimated value of the
effective wear, 60m, in the experiments was higher than expectethfosharp tool used in the
cutting. This was explained by the effect of taotout. Such runout is inevitable for cutters with
multiple teeth and it tends to increase the stslnli the cut. Therefore, considering the effect of
runout in the formulation of SDM presented in thigrk would result in more realistic
approximations of tool wear.

c) Determining the stability of the cut in flank mmllj using tools with more complex geometries

In the machining of blades and impellers, the tgbaxial engagement of the tool is higher than the
values studied in this work. The higher engageriseathieved by using stiffer tools such as conical
and tapered endmills. Using tools with alternatimedjx or uneven pitch has further contributed t® th
stability of the cut in flank milling. In this thiss the cutter used for flank milling was a cylirogd
endmill with helical teeth. This tool was utilizéalsimplify the geometry of the cut and concentrate
on the concepts and methodologies investigatedrhétgtending the presented modeling to tools
with more complicated geometries that are commadhenmachining of curved surfaces can make it
more useful in a wider range of engineering appbcs.

d) Employing the stability maps in increasing praility by optimizing the cutting

parameters

The main purpose of developing the chatter pradiatodels is to identify the chatter-free range of
machining parameters, and then to adjust themnvittat range to achieve higher production. In this
thesis, stability maps were developed to deterhisehatter-free spindle speeds associated with the
designed toolpath and feedrate. One can intedragetmaps in procedures to maximize the material
removal rate and to define the chatter-free rariggtimized cutting parameters. Computationally,
generating these maps is efficient, and accordjngby are suitable for determining the stability o
the cut at a range of cutting parameters suchiadlsspeed and feedrate in the optimization
procedure.

Moreover, stability maps determine the unstabléeclbcations of the toolpath at a range of

spindle speeds. They can therefore be used to yntbiftool placement strategy at the unstable icutte
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locations and avoid chatter. They can also be eypglin scheduling the feedrate, or spindle speed,

throughout the toolpath.
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