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Abstract

5-axis milling operations are common in several industries such as aerospace, automotive
and die/mold for machining of sculptured surfaces. In almost all of these operations, the
dimensional tolerance integrity and surface quality are of utmost importance. Part and tool
deflections under cutting forces may result in unacceptable part quality. Process models can
be used to determine the proper or optimal milling conditions for required quality with higher
productivity. Majority of the milling models have been developed for 3-axis operations, even
the ones for ball-end mills. In this thesis, a complete kinematics and force model is presented
for 5-axis milling operations using ball-end mills. The effects of lead and tilt angles are
included in the model, and presented in the thesis. Tool deflections due to the cutting forces
are also formulated for 5-axis milling. Model predictions for cutting forces are compared and

verified by experimental results.
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Ozet

5 eksen freze operasyonlari havacilik, otomotiv ve kalipcilik sektorlerinde karmasik
yiizeylerin talagh imalatinda siklikla kullanilir. Biitiin bu operasyonlarda boyut toleranslari
ve yiizey kalitesi ¢ok Onemlidir. Parcada veya kesici takimda kesme kuvvetleri nedeniyle
olusan deformasyonlar kabul edilemeyecek parca kalitesine sebep olabilirler. Istenilen
kalitenin daha yiiksek bir verimlilik ile saglanmasi i¢in gerekli olan en iyi frezeleme kosullari
siire¢ modelleri kullanilarak bulunabilir. Kiiresel uclu freze takimi igin gelistirilenler de dahil
olmak tizere, freze modellerinin ¢ogu 3 eksen operasyonlar i¢in gelistirildi. Bu tezde, kiiresel
uclu takim kullanilan 5 eksen freze operasyonlari i¢in gelistirilen bir kuvvet modeli sunuldu.
Lead ve tilt agilarinin etkileri modele dahildir. 5 eksen frezeleme igin, kesme kuvvetlerinden
dolay1 olusan kesici takim tizerindeki deformasyonlar formiile edildi. Kesme kuvvetleri i¢in

modelin tahminleri deneysel sonuglarla karsilastirildi ve dogrulandi.

il



Table of Contents

ADSEEACE cuueveiinneeeiinniecinneiinsneecisnnecssnneesssssesssssaecssssssesssssasssssssessssanessssssessssssssssssnsssssanseses 1i
OZt . uevereeeceereesieseesssssssssssssssesssssssssssessssssssssssessssssssssassssssssssessssssssssesessssssssessssssssssssesssns iii
Table Of CONTENLS ...cuuueeeeiiurienirniiniineeiiisnrecssneecsssnecssseneessssecssssneessssssessssasesssssssssssassssssansesssssassse iv
LiSt Of TADIES ccccoeunureiiinnieniinieecnnniiiiinreccsneeccssnneessssnnecsssnsecssssnessssssssssssssesssssasssssssessssaaseses vi
LSt Of FIGUIES..uuuuueiiiiiiiiniiiiiiiniinntiicisssssinntiicssssssnssenessssssssssssssssssssssssssssssnsssssssssssssssssses vii
ACKNOWIEAZEMENL ......cccueeenirriiiiiisnniiiiiisessseeressssssssseniossssssnsssnssssssssssssssssssnsssssssssssssssnsses ix
Chapter 1 INtrodUCION .....ccceceevvvneriiiiissisinnriiccisssssnnenecsssssssssesssssssssssnessssssssssssssssssssssasssss 1
1.1 RESEATCH ODJECLIVE ...uvviiieiiiiiiieiee e ettt te e ettt e e e e et ee e e e eeetteaeeeeeetareaeaeesessssnnaeaeeansnnes 2
1.2 Organization 0f the TRESIS .......vveiiciiririiiee et e et e st e et e e eneaee e ennneeeeneneas 3
Chapter 2 Literature REVIEW ......uueciiceiiivnsniiicsssssssnneiccssssssssesssssssssssssssssssssssssssssssssssssasssss 4
2.1 FOTCE MOMEL ...ttt ettt et et e s 4
2.2 FOrm E1ror MOdEl......coouuiiiiiiiiiiiiiiiie ettt et e 6
B B 11111 10 1 PO PPPPR 7
Chapter 3 Geometry of Ball-End Mill .......cciioiiinnnniiiccniisnsnniicsssssssnnsssssssssssssssssssssssssssssssssssssssssssses 8
31 INEEOQUCTION ..ttt ettt sttt et et e bbb s e e 8
3.2 Ball-End Mill GEOMELIY ....ccccuviiieiiiieeiiiieeeiite e esiteeeeitee e e siaeeeeieeeeseesaeeesnaeeeensseeeennsaesennsens 8
3.3 Uncut Chip ThiCKNESS. ... ..uveiiiiiieeciiieeeiite et e e eiite et eeettee e streeeseereeesssseeeennseeesssneennns 14
3.4 Engagement Boundaries in 3-axis MilliNg .........cccoveiieiiiiiiiiiiieieiiiiee e 15
3.4.1 The first case: Machining of a cubic SOlid ...........coeeviiiiiiiiiiiiiiiiee e 15
3.4.2 The second case: Machining of a previously machined surface............cccccceeeeeiinnnnennnnn. 19
3.5 SUMIMATY ..ottt ettt e ettt e e e e ettt e e e eeseetaaeeeeeesntareeeeseasssaseeeesansnssseeaesanssnssseeaennn 21
Chapter 4 5-axis Milling GEOMELIY ........ueeeriieisisrnnriieicsssssnntniecssssssssenecssssssssssssssssssssssssssssssssssssess 22
4.1 INEEOAUCTION ..ttt ettt ettt e e ettt e ettt e e sabte e e ettt e e ensbeeesbbeeeanns 22
4.2 5-axiS MIllING GEOMEIIY ... .eeiiieiiiiiiiieeeeiiiiitieeeeesiittteeeeeseiebreeeeeessnbbeeeeseeensnreseeaeeessnsssees 22
4.3 Engagement Boundaries in 5-axis MillNg ........ccoeeiiiiiieiiiiiiiiiie e eeeieeee e 25
4.3.1 First Approach: Analytical method..............ooooeiiiiiiiiiiiii e, 25
Engagement Boundary Calculation for both lead and tilt negative case ...........ccceceeevveennennn 27
4.3.2 Second MeEthOd.......coocueiiiiiiiiii ettt e 31
4.4 UNCUt Chip ThiCKNESS.......uviieiiiieeiiiieeeiie e eitee ettt e e et e et eesreeeesssaeeenbeeeesnaeeanns 32
I 11111 1 1 1y U PTUPPUP R 33
Chapter 5 Force MOodel ........ccovnueiiiccniisssnniiicssssssssnesesssssssssssssssssssssssssssssssssssssssssssssssasssss 34

v



ST INEEOAUCTION ...t e et e e et e e et e e e et e e e taeeeeaaas 34

5.2 FOTCE MOMEL.....ciiiiiiiiiii ettt ettt et e e 34
5.3 SUMIMATY ...ttt e e ettt e e e e ettt et eeseebttteeeeesenbbteteeesesnnstaeaeeeessnes 37
Chapter 6 FOrm EXTOr ....uciiiiiiinniiiiccninnnneiiiossissnssiisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 38
6.1 INETOQUCTION ... outiiiit ettt ettt et et ettt e enaee e e 38
6.2 FOrm E1ror MOdEL.......cooiiiiiiiiiiiiie et ettt et 38
6.3 SUIMIMATY ..ottt eee ettt e e ettt e e e ettt e e e s saattteeeeesantbbbteeessannssaeeeeeennnneseeeean 41
Chapter 7 Simulations and Experimental ReSults..........cccccerieeiissssnneieccsscssnnsssosssssnsasenes 42
7.1 EXPEIIMENLS ....evvieeiiiieeeiiieeeitieeeiieeestteeeeseteeeesseeesssseeeassseeesnseeeanssseeesssseesensseeesnssseennns 42
7.2 Comparison of Simulations and EXperiments.............cccceeervieeeeciieeeniieeeniieeeeeieeesseneeenns 43
7.3 Optimum combination of lead and tilt angles .............cccveiriiiiriciie e 49
7.3.1 FOrce MINIMIZALION .....vveeeiiiiieiiiie ettt ettt ettt e eb e ettt e e sttt e e eaibeeesbbeeeenns 49
7.3.2 Form Error MINImMiZatiOn ... ...ccooiuuitiiiiiie ittt ettt ettt e e eibe e e eibee e 50
Chapter 8 CONCIUSIONS ....ccciiiiiiivnnerieiiiisssnnniiiccsissssnetncssssssssssnnesssssssssnssssssssssssssssssssssssssssssssssassssess 52
8.1 Future Research DIr€Ctions ..........cooueiriiiiiieiiiiieiieesi ettt 52
L1 0Y 10T e 00} 1] 1 53



List of Tables

Table 5-1 Orthogonal database ............cooieciiiiiiiiiiiiiiiie et ee e e e e estareeee e e nnaaaaeeeeeas 34
Table 6-1 Transversal forces vs. K and A @ ......ooovvvuueeiiiiiiieeeee e 40
Table 7-1 Cutting CONAILIONS ...eeuuviiiiieeeiiiiiiieeee ettt e e e ersitreeeeeesittaeeeeeessssaraeeaesessnsaseeaessssnssseeeenas 43
Table 7-2 Lead and tilt angles applied in the teStS .........ccovreiiiiiieiiiiiiiiiee e e 43
Table 7-3 Maximum Force Values in Y and Z directions; Experimental and simulated .................... 49
Table 7-4 TOOI PATAIMETETS .......ccccuviieeiiiieesieeeeetteeeeeeteeetreeessrteeetreeeesssseeessssaesansseesssssaeessssneessnsseens 50

vi



List of Figures

Figure 1-1.Cutting modes in 5-aXiS MillINE .......cccoeiiiiiiiiiiiiiiiiieie et earre e e e e eeaaae s 2
Figure 3-1 Ball-End Mill........oooiiiiiiiiiiiiiiecee ettt ettt e e e rtee e e e e e e beaae e e e e naraaae s 8
Figure 3-2 Geometry of ball-end mill .........cccvviiiiiiiiiiie e 9
Figure 3-3 Helix angle i, at the ball and shank meeting boundary............cccccoeeeiiiiiieenniiiiieeee e, 11
Figure 3-4 Local radius at @ CrOSS=SECHION ......uvviiieeeiiiiiiieeeeeiiiiieeeeeeeeiiieteeeessserreeeeeeesnnnreaeeseessnssseees 11
Figure 3-5 Geometric representation of differential cutting area...........ccceeeeveeeiiieieeeniiciiieee e, 14
Figure 3-6 Machining of @ cubic SOIId.........ccuviiiiiiiiiiiiiie e e e 15
Figure 3-7 TUStration 0f § Qnd @.........eeeeeiiiiiiiiiiiieeeciee et etee e e e e e rreee e e e e eeeaaeas 16
Figure 3-8 /10 defINItION .....eeeiiieiiiiiie ettt e et etee e te e ettt e e sabaeesastaeeeensaeeeennnaesensneeas 16
Figure 3-9 R(@) definition........ceeiiuviieiiiieeecciiie et eiiee et e e ette e st eeeetee e s sesaeessstaeesensaeessssnaesennseeas 17
FIGUIE 3-10 5 K R(@) CASC...euvineimieiietieiieteteet ettt ettt ettt b ettt see e 18
Figure 3-11 Machining of a previously machined surface ...........ccccoeeeviiiiiiniiiiiiiieeeeeeiee e, 19
Figure 3-12 Scallop height h definition.............oeiiiiiiiiiiiiiie e e 20
Figure 4-1 XYZ (WCS) and xyz (TCS) coordinates 11lustration .............cccceeeeeeivieieeensniiiieeeeeeeeeen, 22
Figure 4-2 Lead angle representation..........cccuvviiieeeiiiiiiiie e eeiiiieeeeeeeiieteeeesetieeeeeeeeenreaeeeeessnsseeas 23
Figure 4-3 Tilt angle 11IUStration ...........ooeiiiiiiiiiiie et e et e e e e e e e eee e e e e essaeas 23
Figure 4-4 Illustration of the case when lead and tilt are both negative...........cccccceeveeniiiciiiiieeennnen, 27
Figure 4-5 Top view along the tool axis for lead and tilt negative case; z<zjy ZONE......cveveeeeeennnnee. 29
Figure 4-6 Start and exit angles in the first engagement region.............occvveeerciieeerciieeeecieeesiiee e 30
Figure 4-7 Start and exit angles in the second engagement reioN .............ceevvveeervreeeririeeerenneesennenns 30
Figure 6-1 Structural Model of the ball-end mill in x and y directions..........ccccceeveernierneeenie e 39
FIGUIE 7-1 TSt SEIUD ..eeieiieiiiiiieie ettt e ettt e e ettt e e e e e etbbeeeeseesssabeeaeeeeannsbaeaeeeesnsnseaaeeeeensssnees 42
Figure 7-2 Test 1: lead 15 deg & tilt 15 deZ...uuviiiiiiiiiiiiiee e 44
Figure 7-3 TeSt 2: tilt 15 deg..uueeiiiiiieiiiiee et etee ettt et e et e e s setae e et e e e ensaeesensnaesensneeas 44
Figure 7-4 Test 3: lead -15 deg & tilt 15 deg...cccviiiiiiiieiiiiie ettt e 45
Figure 7-5 Test 4: 1€ad 15 dEZ ..eevuviieiiiieeeeiiie ettt ettt et et e e st ae e e seae e s ensaeeesssnaesennneeas 45
Figure 7-6 Test 5: lead 0 deg & tilt 0 de@.......eeeeviiiiiiiieieiie et eeree e s 46
Figure 7-7 Test 6: 1ead =15 d@E ...cceoueiiiiieie et e e e e e e ae e e e e e eeaaes 46
Figure 7-8 Test 7: lead 15 deg & tilt =15 deg....uuiiiieiiciiiiiie et 47
Figure 7-9 Test 8: tllt =15 A .uviiiieiiiiiiie ettt e e e e trre e e e e e e earaee e e e ennsaaeas 47
Figure 7-10 Test 9: lead -15 deg & tilt =15 deg.....covvviiiiieriiieeiie e 48

vii



Figure 7-11 Deformations for lead 0 deg & tilt 15 deg case..
Figure 7-12 Deformations for lead 15 deg & tilt 15 deg case

viii



Acknowledgement

I would like to express my sincere appreciation to my research supervisor Dr. Erhan Budak
for his perpetual guidance, support and encouragement throughout my graduate studies at the

Sabanci University.

I am grateful to my colleagues in the Industrial Automation Laboratory. They have shared
their knowledge, experience with me, which have made my life at Sabanci University easier
and more enjoyable. I would like to thank Mehmet Giiler, Emre Ozlii, Liitfi Taner Tung, and
Evren Bal for their friendship and endless support. My special thanks are to my love, Nese
Tiifekgiler, for being the joy of my life.

Finally, I am deeply grateful to my beloved parents, Vural and Pakize Oztiirk; my dear
brother; Ozcan for their constant support, patience and encouragement during my graduate

study. I dedicate this work to my family.

ix



Chapter 1

Introduction

S-axis ball-end milling is an important process for aerospace, automotive and
die/mold industries. It is used extensively in manufacturing of free form surfaces such as dies
and molds, turbine engine and aircraft structural components. In many cases the
manufacturing tolerances are very tight due to the required high quality and dimensional
surface integrity. Tool and part deflections are major contributors to the dimensional errors.

They can be predicted and kept under control by modeling the 5-axis milling forces.

In 5-axis milling, there are two more cutting parameters in addition to the 3 axis
milling. The first one is the lead angle, angular rotation of the cutting tool about the direction
perpendicular to the feed direction, and the second one is the tilt angle, angular rotation of the
tool about the feed direction. These angles can be positive, zero and negative. If the 3 axis
milling case is excluded in which lead and tilt angles are zero, there are 8 different cutting
modes in 5-axis milling (Figure 1-1). For a given cutting process, selecting the optimum
cutting mode and corresponding optimum lead and tilt angle values are challenging.
Modeling of 5-axis milling forces and form errors can turn these challenges to an

opportunity.

In industry, generally lead and tilt angles are selected based on experience or by trial
and error. Hence, the 5-axis milling model presented in this thesis will be significantly

beneficial for the industry.



Figure 1-1.Cutting modes in 5-axis Milling

1.1 Research Objective

The thesis has the following objectives:

- To be able to predict cutting forces in 5-axis milling operations

- To model the tool deformation under cutting forces

- To find the optimum combination of cutting parameters for a 5-axis milling operation



1.2 Organization of the Thesis

The thesis is organized as follows: The review of related literature is presented in
Chapter 2, followed by the geometry of ball-end mill in Chapter 3. Cutting edges of the ball-
end mill are divided into oblique cutting elements with varying geometry according to its
location on the cutting edge. Geometry of ball-end mill is modeled considering the local
helix, lag angle and local uncut chip thickness. Then engagement boundaries are defined in
3-axis ball-end milling. Unlike flat end milling, start and exit angles are not constant for a
given cutting process in ball-end milling, they are function of the axial position on the ball-
end mill. In Chapter 4, 5-axis milling geometry is presented. Effect of lead and tilt angles on
ball-end mill geometry, engagement boundaries and uncut chip thickness is expressed. Force
model is presented in Chapter 5, followed by optimum lead and tilt angle predictions in
Chapter 6. Form error formulation is given in Chapter 7 where predicted cutting forces are
used in the modeling of tool deflections. In Chapter 8, simulation and experiment results are

presented. Thesis is concluded with the summary of contributions in Chapter 9.



Chapter 2

Literature Review

Due to the need for higher quality in machining industry, force and form error analysis
have become a major consideration in high precision applications. In the past years, many
researchers have done significant amount of work in modeling of 3-axis ball-end milling.
However, in only a few of these studies 5-axis milling has been considered. An overview of

the major relevant published works is given in the chapter.

2.1 Force Model

Metal cutting mechanics can be analyzed by orthogonal and oblique models.
However, nearly all practical cutting processes are oblique. Mechanics of oblique cutting has
been investigated in several works, two important ones being by Armarego [1] and Merchant
[2]. Although the formulation of the process mechanics in many of the studies is similar,
there are significant differences in the approach used in implementing the models for force
prediction of practical processes. The main difficulty in machining process modeling is
obtaining the material data, and this is where the approaches vary from completely analytical

to completely experimental.

One analytical approach is to use the flow stress and thermal properties of the
workpiece material in the analysis. Shatla, et al. [3] divided ball-end mill into oblique cutting
elements that have geometries and cutting conditions that vary with the location of the
element on the cutting edge. Using flow stress relation and the thermal characteristics of
TicAl4V alloy [4,5] for each element, they predicted ball-end milling forces. Another
analytical approach is so called, thermomechanical modeling. In this approach, the work
material is described by a material model such as the Johnson—Cook law. The material

characteristics such as strain rate sensitivity, strain hardening and thermal softening are



considered. This is the approach used by Moufki, et al. [6] where a thermomechanical model

was employed for the oblique cutting process.

In the mechanistic approach, edge and cutting force coefficients are calibrated for
different workpiece and cutting tool material pairs through milling tests which has also been
used for ball-end milling. Gradisek et al. [7] presented a procedure for identification of
specific cutting and edge force coefficients from milling tests with an arbitrary radial

immersion for a variety of end mill shapes, such as cylindrical, taper, ball and bull nose, etc.

Yucesan, et al. [8] and Lazoglu [9] are among the authors who modeled 3-axis ball-
end milling using the mechanistic approach. Yucesan’s model is based on the analytic
representation of ball shaped helical flute geometry, and its rake and clearance surfaces. The
pressure and friction coefficients are identified from a set of slot ball-end milling tests at
different feeds and axial depth of cuts, and are used to predict the cutting forces for various
cutting conditions. Lazoglu presented a mechanistic force model that has the ability to
calculate the workpiece/cutter intersection domain automatically for a given cutter location
(CL) file. An analytical approach was used to determine instantaneous chip load and cutting

forces considering run-out.

In the mechanics of milling approach, the cutting force coefficients are predicted
using the oblique cutting model and the orthogonal cutting database. Budak, et al. [10]
presented the method for orthogonal to oblique transformation. Shear stress, shear angle and
friction angle are identified from orthogonal turning tests and they are inserted into oblique
cutting model for calculating cutting force coefficients. Edge force coefficients are directly
taken from orthogonal cutting tests. Mechanics of milling approach was employed by several
authors for cutting force prediction in 3-axis ball-end milling. Lee, et al. [11] , Yang, et al.
[12] , Sadeghi et al. [13] and Tai, et al. [14] are some of these authors. In these studies,
engaged cutting edge is divided into differential oblique elements. Corresponding orthogonal
database is transformed to these differential oblique elements and differential cutting forces
are calculated. For each tool rotational position, the cutting forces are found by summing the

differential cutting forces.



Although there have been several works on the modeling of 3-axis ball-end milling
processes, this has been very limited for 5-axis operations. The work of Lazoglu and Liang
[15] on modeling of ball-end milling with cutter axis inclination was a bridge between
modeling of 3-axis and 5-axis milling operations. Lazoglu represented the effect of
inclination angle on the cutter-workpiece engagement domain. In one of the important works
on ball-end milling, Lee and Altintas [11] modeled 3-axis ball-end milling using orthogonal
to oblique transformation. Geometric modeling of 3-axis milling in this thesis is mostly based
on their work. Fussel, et al. [16] used discrete geometric models of tool and an extended Z-
buffer model of the workpiece to determine the tool-workpiece contact area. Similarly,
Clayton, et al. [17] discretized the tool and workpiece in order to find the contact area. Zhu,
et al. [18] modeled the cutting edge profile in analytical form and determined the engaged cut
geometry by classification of the cutting point positions with respect to the workpiece
surface. In all these studies, mechanistic model was applied to estimate the cutting forces

acting on the tool for 5-axis force modeling.

In this thesis, cutting forces in 5-axis ball-end milling are modeled by using
mechanics of milling approach, i.e. orthogonal to oblique transformation. This method needs
orthogonal cutting data for a given work material. However, once this data is obtained, it can
be applied to any cutter geometry, unlike mechanistic approach where the force coefficients

have to be calibrated for each material and cutting tool pair.

2.2 Form Error Model

There are several works on the prediction of form errors due to the 3 axis ball-end
milling. Budak, et al. [19] calculated form error for flat end milling by using both FEM and
beam models. Moreover, they presented a method that will give the optimum feed and radial
depth of cut values to keep the form error at a minimum. Kim, et al. [20] predicted cutting
forces in 3-axis ball-end milling by determining the cutting engagement boundary using Z-

map and created a form error model by modeling the cutting tool as a cantilever beam.



Similarly, Ryu, et al. [21] predicted form error in flat end milling by using the beam theory.
Up to now, no work, that predicts form errors due to 5-axis ball-end milling, has been
encountered in the literature. In that sense, this thesis is an original contribution to the

literature.
2.3 Summary
In this chapter, an outline of the literature in metal cutting mechanics, force and form

error models in 3-axis ball-end milling and force models in 5-axis ball-end milling has been

presented.



Chapter 3
Geometry of Ball-End Mill

3.1 Introduction

Ball-end mills are mainly used in semi-finishing and finishing operations in 3-axis
and 5-axis milling. In order to model 3 and 5-axis ball-end milling forces and form errors,

geometry of the ball-end mill is presented in this chapter.

Figure 3-1 Ball-End Mill

3.2 Ball-End Mill Geometry

The detailed geometry of a ball-end mill is shown in Figure 3-2. A Cartesian
coordinate system xyz is defined at ball tip. The z-axis is the axial direction of the cutter

whereas x axis is collinear with the feed direction, y axis being normal to the both.
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Figure 3-2 Geometry of ball-end mill



Axial location of a point on a cutting edge can be defined by three parameters: lag

angley , axial position z and angle K (Figure 3-2). They can be written in terms of each

other as:
= ROW _p 1-cosk) G.1)
tani(y)

where R(y)is local radius, i(y ) is the local helix angle and K angle is defined in

Figure 3-2 and Figure 3-4.

For cutters which have constant lead length, at any two different points on a cutting

edge, the following relation is valid.

A _ %2 (3.2)
i ¥
So from Eq. (3.1) and Eq. (3.2)

tani(y) B tani(y,) B tani,

Rearranging the terms in Eq. (3.3), it is seen that local helix angle is scaled by a
radius factor, and can be expressed in terms of i, where i, is the oblique angle at ball and

shank meeting boundary (Figure 3-3):

R(y)
n (3.4)

tani(y) = tani,

4

10



Figure 3-3 Helix angle i, at the ball and shank meeting boundary

[Picture is from Kennametal Catalogue]

Eq. (3.1) now can be defined in such a way that only the variables are z and lag

angley :
R

z=—"—y (3.5)
tani,

Figure 3-4 Local radius at a cross-section
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The local radius of ball-end mill changes with the axial distance from ball tip. At z=0
(tool tip) local radius is zero, whereas it equals to R, at z=R, .By using the geometric relation

in Figure 3-4, the local radius can be expressed in terms of z as:

Rz =R, (R, -=2)* (3.6)

Using Eq. (3.5) and Eq. (3.6), the local radius can be expressed in terms of the lag

angle as follows:

R(y) = Ryl (w coti,, —1)2 (.7)

A vector r is drawn from the ball center to a point P on the cutting edge in Figure 3-2:

r(y)=0P-0C (3.8)
R(y)sin ¢j

OP =| R(y)cos g, (3.9
R,y coti,

OC =Rk (3.10)

From Eq. (3.8)-(3.10),

R(y)sing,
ry)=| R(y)cosg, @3.11)
R, (ycoti, —1)

12



The length of the infinitesimal curved cutting edge dS along the ball part is computed
from

dS =|dr| = (R'(p)* + R2(p) + R, cot® i, dy (3.12)
R'(y) is the derivative of R(y) with respect to

- R,(ycoti, —1)coti,
\/1—(g//coti0 —1)2

R'(y)=

(3.13)

Immersion angle ¢; defines the angular orientation of a point on the cutting edge of a

flute according to ball-end-mill’s longitudinal axis, measured from +y direction as shown in
Figure 3-2:

By = by + =1y =22 =y + (=1, —v

=@,er +(J—1D¢, —tani,(1-cosK) (3.14)
where

¢, = 2 and K = sin_l(R—(Z)) = sin_l(M) (from Figure 3-4) (3.15)
n R, R,

n denotes the teeth number on the ball-end mill and subscript j defines the

corresponding tooth.

13



3.3 Uncut Chip Thickness

Uncut chip thickness depends on feed per tooth f, immersion angle ¢,
and calculated by the equation below.

- and K angle

1(¢;,K)=f;sing;sink

(3.16)
Chip width db, shown in Figure 3-5, which is tangent to cutting edge:
db=—% (3.17)
sin K

—————
L

-

Figure 3-5 Geometric representation of differential cutting area
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3.4 Engagement Boundaries in 3-axis milling

Since the radius of the ball-end mill is changing in z-direction, engagement
boundaries, namely start and exit angles, are function of axial position z, unlike flat-end
milling where start and exit angles are constant along the axial position of the cutter. Ball-end
mill is divided into differential disc elements having height of dz and start, exit angles are

determined for each element. The calculation of start and exit angles are explained below.

There are two different cases in engagement boundary calculation. In the first case,
the tool cuts a non-machined cubic solid and in the second case it cuts a previously machined
surface. Slot cutting, is the common point of these two cases. Start and exit angle calculations

are given below for both of these cases.

3.4.1 The first case: Machining of a cubic solid

Figure 3-6 Machining of a cubic solid

In this case, in addition to the fact that the engagement boundaries vary in the axial

direction, their definition also change after a critical point at a height of ¢ which depends on
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the radial depth of cut s, the axial depth of cut a and the radius of the ball-end mill R, Ac is

shown in Figure 3-8 and can be obtained by the equation below.

Figure 3-7 Illustration of s and a

he =R, —\|R,> — (s - R(a))? (3.18)

Figure 3-8 Ac definition

R(a) is the radius of the ball-end mill at z=a and it can be calculated by the following
equation (Figure 3-9):
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R(a)=+R,” — (R, —a)’ (3.19)

Figure 3-9 R(a) definition

Immersion boundaries calculation is different for down-milling and up-milling cases.

1. Down milling

In down milling exit angle is always 7 ; start angle depends on axial, radial depth of

cut and axial position z when the axial position z is above the /c. In this case:

R(a)-s
R(z)

By (2)=m—cos™( ) (3.20)

In the case when the axial position z is at a lower level than /c, there are 2 different

situations according to the radial depth of cut value. If radial depth of cut is greater than R(a),

start angle is:

¢st(z) =0 (3.21)

If radial dept of cut s is less than R(a) (Figure 3-10), then there is no cutting below Ac

level and start angle is also .
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R(a)

Figure 3-10 s £ R(a) case

2. Up milling:

In up milling start angle is always zero; exit angle depends on axial, radial depth of

cut and axial position z when the axial position z is above the /c. In this case:

R(a)-s

-
Por(z) =cos™ ( R

) (3.22)

In the case when the axial position z is at a lower level than /¢, there are 2 different

situations according to the radial depth of cut value. If radial depth of cut is greater than R(a),

exit angle is:

Pex(2) =7 (3.23)

If radial dept of cut is less than R(a), then there is no cutting below Ac level and exit

angle is also zero.
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3.4.2 The second case: Machining of a previously machined surface

Figure 3-11 Machining of a previously machined surface

Scallop height is a measure of surface quality. Scallop height on part surface depends
on radial depth of cut s and radius of the ball-end mill R,. Scallop height 4 is determined
from the geometric identity in Figure 3-12 and calculated by the equation below.

h=R,—|R>-"— (3.24)
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e

Ro-h e

Figure 3-12 Scallop height h definition

Immersion boundaries are different for down-milling and up-milling and cases.

1. Down milling

In down milling exit angle is always 7 ; start angle depends on radial depth of cut and

axial position z when the axial position z is above the scallop height 4. In this case:

s
R(2)

by ()= —cos™ (1-——) (3.25)

In the case when the axial position z is at a lower level than scallop height 4, the

cutter is in full immersion, in other words start angle is zero.
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2. Up milling:

In up milling start angle is always zero; exit angle depends on radial depth of cut and

axial position z when the axial position z is above the scallop height 4. In this case:

S

— -l _
for(2)= 05”1

)

In the case when the axial position z is at a lower level than scallop height, the cutter

is in fill immersion, so exit angle is equal to 7z .

3.5 Summary

In this chapter, the geometry of ball-end mill is presented. In ball-end mills, radius
decreases as the tip point is approached. For that reason, cutting speed changes at each cross-

section. Helix angle is also variable due to the changing radius. Lag angle y is zero at the

tool tip and it reaches its maximum value of tan(i,) at z=R, The uncut chip thickness was
formulated as a function of the feed per tooth, and position of the cutting point on the ball-
end mill. Engagement boundary calculations for cases of solid and previously machined
surface ball-end milling were presented. These relations will be used in the following

chapters for cutting force and form error modeling.
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Chapter 4
5-axis Milling Geometry

4.1 Introduction

In the previous chapter, geometry of ball-end milling is explained and engagement
boundaries and uncut chip thickness are defined for 3-axis milling. In this chapter, lead and
tilt angles are defined; the effect of lead and tilt angles on engagement boundaries and uncut

chip thickness is demonstrated.

4.2 5-axis Milling Geometry

In the 5-axis model, two coordinate systems are used: a workpiece coordinate system
(WCS) XYZ and a tool coordinate system (TCS) xyz, in both of the systems the origin is
taken at the ball center unlike in 3-axis milling where the origin is at the ball tip. Feed
direction is taken as the X axis, Z axis is through the part’s surface normal and Y axis is
determined according to the right hand rule. In the tool coordinate system z axis is in the
direction of the tool axis and when both lead and tilt angle are zero, x and y directions are

collinear with X and Y directions, respectively (Figure 4-1).

Figure 4-1 XYZ (WCS) and xyz (TCS) coordinates illustration
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In 5-axis milling, there are two more additional parameters. The first one is the lead
angle, angular rotation of the cutting tool about the direction perpendicular to the feed
direction, and the second one is the tilt angle, angular rotation of the tool about the feed

direction.

Figure 4-2 Lead angle representation

tilt

Figure 4-3 Tilt angle illustration
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Any point on the cutting edge of the ball-end mill in TCS can be transformed to WCS

by the transformation matrix T. T is defined as:

cos(lead) 0 sin(lead)
T =| sin(tilt)sin(lead) cos(tilt) —sin(tilt)cos(lead) 4.1)
—cos(tilt) *sin(lead) sin(tilt)  cos(tilt)cos(lead)

(4.2)

N ~ >
I
H

N R

For given lead and tilt angles, there is a constraint in axial depth of cut to make sure
that only the ball-end part cuts the workpiece since the model considers only the cutting in

the ball-end part. The allowable maximum axial depth of cut in the model is:

=R,(1-siny) (4.3)

a max

y is the angle between Z and z-axis (Figure 4-1) and is calculated in 3 steps:

1. Define a unit vector u; along the tool axis in TCS

u = 0 (44)

2. Find the unit vector u, in XYZ corresponding to u;.
X,

u2=T*u1= Y2 4.5)
Z,
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3.y= cos_l(Zz) (4.6)

Any point in WCS can be transformed to TCS also. Inverse of the transformation

matrix T is used in this conversion.

X
yl=T7"Y 4.7)
z VA

4.3 Engagement Boundaries in S-axis milling
As in 3-axis ball-end milling, engagement angles are changing along the tool axis

direction, z. Engagement boundaries in 5-axis milling are considered by two different

approaches.

4.3.1 First Approach: Analytical method

This approach uses the intersection points of geometric entities in order to calculate
start and exit angles. These geometric entities are ball-end mill, top surface of the workpiece
and cylinder that is created by the ball-end mill. The analytical equations of these are written
in WCS and the intersection points (Xj,Y1) are found.

1. The equation of the ball-end in WCS

First of all, the equation of the ball-end in TCS is written

x> +y?+z2=R?  for z<0 (4.8)
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The ball-end mill equation is transformed to WCS. Transformed equation of the ball-

end in WCS is:

X2+Y*+27?>=R? for —R, <Z<—(R, -a) (4.9)

2. Boundary 1 is the cylinder created by the ball-end mill, the equation of it in WCS is:

Y?+2z?=R? ,for —-R, < Z<—(R, —a) (4.10)

3. Boundary 2 is the top surface of the workpiece. It’s equation in WCS is:

Z=—(R,—a) (4.11)

As stated in Chapter 1, there are 8 cutting modes in 5-axis milling if 3-axis milling
case is excluded. For each cutting mode a different algorithm is needed to calculate the start
and exit angles. In this thesis, the mode in which lead and tilt angles are both negative will be

explained to be representative.
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Engagement Boundary Calculation for both lead and tilt negative case

Figure 4-4 Illustration of the case when lead and tilt are both negative

There are two critical points P; and P, with coordinates in WCS (Figure 4-4):

0
A =|{R,} ~(R, —a)* @.12)
_(Ro _a)
0
Py =| R’ = (R, —a)’ (4.13)
_(Ro _a)
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They are transformed to TCS by the inverse of the transformation matrix T to find the

critical axial positions zjiy,; and zjim; as follows:

X1
Pes =T7'P =| » (4.14)

Zlim1

oY)
.
Pores =T "B =| » (4.15)

Zlim2

The ball-end mill is discretized into differential disks with a height of dz. For each

differential disc, the following procedure is repeated.

In axial direction, there are 3 different zones. In the first one is z is between 0 and

Ziim1- In this range, there is no cutting.

The second zone is between zjiy,; and zjim. There is only one engagement region for
each differential disc in this zone. The cutter first intersects with the boundary 1, the cylinder.
The equation of the ball-end mill and boundary 1 are solved simultaneously and intersection
point (x;,y;) is determined. Corresponding start angle measured from the +y direction is

calculated by the atan2 function.

thetal = atan2(x;, ) (4.16)

The second intersection is between the cutter and the boundary 2, the top surface of

the workpiece. The intersection point (x,,y>) is used to calculate the exit angle,theta2:

theta2 = atan2(x,,y,) (4.17)
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When the z-coordinate of differential disk is less than zj,,, there are 2 engaged
regions. In the first engagement region, start angle is determined by the intersection of the
ball-end mill and the boundary 1 which is (x;,y;). Likewise, exit angle is governed by the
intersection of the cutter and boundary 2 that is (X2,y2). The tool goes out of the cut for a
while and again engages with the workpiece at the start angle of the 2. engagement region
where the tool intersects with the boundary 2 again at the point (x3,y3) . The tool stays in cut
until it intersects with the boundary 1 at (X4,y4). Respective angles corresponding to

intersection points are again determined by the atan2 function.

1.Engaged region

2.intersection point
(x2y2) )

1.intersection point (x1,y1) j‘

Nthetal thita2

\ N ‘3.intersection
4.intersection point (x4.y4) | |/ point
\ (x3,y3)

2.Engaged regio'h

Figure 4-5 Top view along the tool axis for lead and tilt negative case; z<zjim2 zone.

To be representative, engagement boundaries for a slot milling operation with lead
and tilt angles of —15 degrees were analytically calculated and represented in the following
graphs with respect to axial position z. A 12 mm. diameter ball-end mill and axial depth of

cut of 3 mm are used in the calculations.
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Theta1,Theta2 vs z
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Figure 4-6 Start and exit angles in the first engagement region
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Figure 4-7 Start and exit angles in the second engagement region

This method is only applied to slot cutting, however it can be implemented for all
radial depth of cut values by considering the cylinder created in the previous pass also. The
disadvantage of the analytical method is that the algorithm to find start and exit angles is

different for 8 different cutting modes. In the model, second method which is explained
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below is preferred for engagement boundary consideration. Moreover, second method is
easier to apply since it’s just a modified version of engagement boundary calculation in 3-
axis ball-end milling and there is no need to calculate the start and exit angles in TCS in the

second method.

4.3.2 Second Method

The ball-end mill is divided into differential disc elements, having height of dz as in
the first method and each disc is divided into differential angles. For a disc element at a
height of z, x and y coordinates of the points on the cutting edge are found for each

immersion angle ¢ as follows:

x=R(z)sing (4.18)

y=R(z)cos¢ (4.19)

where R(z) is the radius of the ball-end mill for the particular axial position
R(z)=+R,*> -2° (4.20)

The coordinates of the points on the cutting edge are transformed to WCS
X
Y|=T|y (4.21)
VA

The immersion angle in the WCS can be found by atan2 function
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Pwes (z,4) = atan2(X,Y) (4.22)

In 5-axis milling, start and exit angles are calculated as in 3-axis milling. But they are
written for each Z level in 5-axis milling which is in surface normal direction, not for z levels
in the tool axis direction. Then a control is applied whether the point on the cutting edge is in
engagement with the workpiece or not. If the point (X, Y, Z) is engaged with the workpiece it

has to satisfy the following two conditions.
1. Z coordinate of the point must be between —R, and — (R,-a).
-R,<Z<—(R,—a)

2. Immersion angle at that point in WCS must be between the start and exit angles at the

corresponding Z level

¢st(Z) < ¢WCS(Z’ ¢) < ¢ex(Z)

4.4 Uncut Chip Thickness

In 5-axis milling, uncut chip thickness at a cutting point on the cutting edge is

calculated by using the immersion angle ¢y~ and Kyg angle that are transformation of

immersion ¢ and K angles to WCS, respectively.

where Kycs 1S

Kyes = Sin_l(%z)) (4.24)
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and R(Z) is the radius at the Z level

2 2
R(Z)=+R,"-Z (4.25)

Chip width db, shown in Figure 3-5, which is tangent to cutting edge:

dh=—% (4.26)

sin KWCS

4.5 Summary

In this chapter, 5-axis ball-end milling geometry is presented. Two different ways to
deal with the cutter-workpiece engagement was shown. While the first one is only applied to
slot milling, the second one is valid for any radial depth of cut. It was shown that after
making necessary transformations, 5-axis milling can be handled like 3-axis milling for
determining engagement boundaries and uncut chip thickness; these relations will be used in

the following chapters for cutting force and form error modeling.
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Chapter 5

Force Model

5.1 Introduction

Geometry of the 5-axis milling has been presented in the previous chapters. Ball-end
mill is divided into differential oblique elements and oblique cutting mechanics has been
applied to find differential forces on these elements. Parameters such as shear angle, friction
angle and shear stress are obtained by orthogonal to oblique transformation. Force model
basically sums the elements that are engaged with the workpiece for each immersion angle

and calculates resultant forces in TCS and WCS.

5.2 Force Model

In the force model, orthogonal database derived by Budak, et al. [10] for Ti6Al4V

alloy is used. Shear stress on the shear planer, edge force coefficients in tangential and
radial directions, chip thickness ratio r and friction angle £ are given in the below table; t is

uncut chip thickness in mm and « is the rake angle of the tool in degree.

7, =613 MPa
£ =19.14+0.29« (rad)

r=rt

o

r, =1.755-0.028c
a=0.331-0.0082c

K, =24N/mm
K,,=43N/mm
K, =0

Table 5-1 Orthogonal database

34



Normal shear angle ¢, and normal friction angle f, are calculated by the equations

below [1].

_ r(cosn/cosi)cosa
tan(¢,) = 1—r(cosn/cosi)sina 1)
tan(f,) = tan(f) *cosn (5.2)

i is the oblique angle and 7 is the chip flow angle. In the model, Stabler’s rule [23] is

used. Stabler assumes that oblique angle is equal to chip flow angle.

Cutting force coefficients K., K. K, are calculated as follows [22]:

_ T " sin(f3, —«a)

c . % . .
sin @, * cosi \/cosz(¢n +f, —a)+tan’ *sin’ B,

Tg %

sin ¢, \/cos2(¢n +8,—a,)+ tan? 77 *sin? B,

cos(f, —a)+tani* tann *sin S,

Kt =

C

(5.3)

Ty 4

sing, \/cos2 (g, + B, —a,)+ tan? 7 *sin> B,

cos(f, —a)*tani —tann *sin S,

ac —

Edge force coefficients K., K. K, are directly taken from orthogonal database.
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Differential cutting forces are separated into edge and shear cutting components.

dFrj (¢1 K) =K, dS+ K, * t(¢j ,K)* db

dE, (¢, K) = K yodS+ K, * t(¢; K)* db

The term dS appearing in the above differential force equations is defined in Eq.
(3.12)

Differential forces in tangential, radial and axial directions are found as follows in

tool coordinates system TCS [22]:

dF (¢ ;.K) dF i (¢ ;.2)
dF yi (¢j’l<) = Txyz dth(¢j:Z) (5.5)
szj(¢j:I<) dFaj(¢j’Z)
—sinK*sing; —cosg; —cosK*sing,
T,,, =|—sinK*cos¢; sing, —cosK*cos¢, (5.6)
cosK 0 —sinK

Immersion angle ¢ 5 and K angle is defined in Figure 3-2.

Cutting forces in TCS are calculated by summing the differential forces acting on the

oblique elements engaged with the workpiece for each immersion angle.

Fx(¢) =Zdej(¢jsK)
F (p)=2dF;(¢;,K) (5.7)
F.(§) = SdF, (¢,.K)
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Cutting forces are then transformed to WCS by using the transformation matrix T:

Fx(#) F(9)
Fy (@) |=T| F,(9) (5.8)
F7(#) F.(9)

5.3 Summary

In this chapter, force modeling of ball-end milling is presented. Cutting and edge
force coefficient calculations are determined using mechanics of milling method. In this
method, orthogonal to oblique transformation is used for the calculation of cutting force
coefficients. The procedure is demonstrated on TicAl4V alloy database. Expressions for
forces on differential oblique elements are demonstrated together with the necessary
transformations to find forces in TCS and WCS. Finally, differential forces are summed to

calculate the cutting forces in xyz and XYZ directions for each immersion angle.
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Chapter 6

Form Error

6.1 Introduction

Form error is a measure of quality of a finished product. The usual procedure to
maintain the tolerance integrity is through using conservative cutting parameters such as feed
and depth of cuts and/or measuring the form errors and offsetting the tool path. These results
in decreased productivity due to the conservative cutting parameters and several scrap parts
until a proper offsets identified. However, if the form error is modeled for a cutting process
before machining, the part can be machined right at the first try by offsetting the tool path by

the error amount predicted. This is the motivation for modeling the form error in this thesis.

6.2 Form Error Model

For predicting the form error in a cutting operation, tool and workpiece are
structurally modeled and cutting forces are applied on these structural models to determine
deformations. Form error is the relative deformation between the tool and workpiece . Since
the form error presented in this thesis is a general model, and the structure of the workpiece
in 5-axis milling is application specific, only the deformation in the tool is considered. If

necessary, the part deformations can be determined through the Finite Element Analysis.
Ball-end mill can be modeled as a cylindrical cantilever beam as shown in Figure 6-1.
Cutting forces on the ball-end mill in x and y directions are transversal loads, whereas the

cutting force in axial z direction is an axial force.

There is a surface generation point at each engaged differential disk. If the process is

up-milling, at surface generation point immersion angle is equal to 0. However, if it’s down-
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milling surface is generated when immersion angle is equal to 7. There are two geometric
variables in calculation of the tool deformations based on the beam model [19]. v; and v,
,which are the distances of the surface generation point and the force application point from
the connection point of the tool and the tool holder, respectively (Figure 6-1). Forces in x and
y directions are assumed to be acting at the average axial position of the surface generation

points.

_________________________________

kg @~

Figure 6-1 Structural Model of the ball-end mill in x and y directions

The tool holder is assumed to be rigid and tool is connected to the tool holder by
linear spring k, and torsion spring k¢ in x and y directions. k and k@ are identified by
applying loads on the tool and measuring the deformation of the tool at two different
positions.

The mentioned identification procedure was applied the tool which is used in the 5-axis
cutting experiments for four different force levels. The results of these studies are tabulated

in the below table.
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F(N) K(N/mm) kg (N.mm/rad)
250 6250 1.624*10"
500 6410 1.671*10"
750 6356 1.666*10"
1000 6211 1,663*10"

Table 6-1 Transversal forces vs. k and kg

Since the cutting forces generally encountered are below 1000 N, an average value of
6306 N/mm for k and 1.656*10” N.mm/rad for k@ can be used in the deformation model for

the corresponding tool. The tool is clamped to the tool holder by a shrink fit machine.

Deformation in x and y directions are found by the following formulas [19]. If vy, is
greater than vy, in other words if force application point is at a lower level than surface

generation point:

F Fov, v
5,(2) = e

pVk r
Bv,—vp)+—+— p=xy (6.1)
El " k kg

In the other case where force application point is at a higher level than surface

generation point,

2

5 Fpvm 3 F,
= -V, +—+
p(A) == (v =vn)+— k,

Fpv,vi

p=xy (6.2)

Deformation in z direction can be modeled as an axial deformation of a cylindrical

beam element as:
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F,*L
S(2)=—"

(6.3)

where £ is Young’s modulus, / is the area moment of inertia of the cutter and L is the

overhang.

Deformations in TCS are transformed to WCS by the transformation T:

ox(2) 6,(2)
5y(2) |=T|5,(2) (6.4)
6,7(2) 6.(2)

Deformation in the surface normal direction is calculated by the following relation:

0,(Z)=0y(Z)sinKycg +07(Z)cos Ky g (6.5)

6.3 Summary

Tool deformation is modeled in this chapter. Only the deformation of the tool is
considered in this thesis since workpiece is a process specific variable. The tool is modeled
as a cantilever beam and beam equations are used to model the deformation of the tool.
Deformations in TCS are calculated and they are transformed to WCS. Finally, calculation of

deformation in the surface normal direction is demonstrated.
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Chapter 7

Simulations and Experimental Results

7.1 Experiments

5-axis milling tests were conducted on a Deckel Maho DMU 50 Evolution Machining
Center. A Kistler table type dynamometer was used to measure the forces during milling
(Figure 7-1). Cutting conditions for the cutting tests are given in Table 7-1. Nine cutting tests
are performed where lead and tilt angles were changed between -15, +15 deg. Corresponding

lead and tilt angles for the tests are tabulated in Table 7-2.

Dynamometer

Figure 7-1 Test setup
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Workpiece

TicAl4V

12 mm diameter,

Tool 1 tooth carbide ball-end mill
30 deg. helix angle

Cutting .

Type Slot Cutting

Axial depth 3 mm

of cut

Feed 0.1 mm/(rev*tooth)
Cutting

Speed 269 rpm

Table 7-1 Cutting conditions

lead tilt
Test No (deg) (deg)

1 15 15
2 0 15
3 -15 15
4 15 0
5 0 0
6 -15 0
7 15 -15
8 0 -15
9 -15 -15

7.2 Comparison of Simulations and Experiments
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Table 7-2 Lead and tilt angles applied in the tests

Cutting conditions of these 9 tests with corresponding lead and tilt angles were
inserted to the 5-axis force model and cutting forces were simulated for one revolution of the

cutting tool. Simulated and measured cutting forces are compared below.




Simulated and Measured Cutting Forces
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Figure 7-2 Test 1: lead 15 deg & tilt 15 deg
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Figure 7-3 Test 2: tilt 15 deg
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Cutting Forces(N)

Simulated and Measured Cutting Forces
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Figure 7-4 Test 3: lead -15 deg & tilt 15 deg
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Figure 7-5 Test 4: lead 15 deg
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Simulated and Measured Cutting Forces
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Figure 7-7 Test 6: lead -15 deg
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Simulated and Measured Cutting Forces
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Figure 7-9 Test 8: tilt -15 deg
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Simulated and Measured Cutting Forces
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Figure 7-10 Test 9: lead -15 deg & tilt -15 deg

The waveform and magnitudes of the simulated forces are in reasonably good
agreement with the experimental data except the cases where lead angle is negative. When
lead angle is negative, it is observed that simulation is underestimating the cutting forces.
The reason for this situation is that the tip of the ball-end mill is in contact with the
workpiece and feed vector has a nonzero component in the tool axis direction. Hence, the
tool tip is trying to enter to the workpiece .This phenomena can not be explained by cutting
mechanism since cutting speed is zero at the tool tip. Since there is a contact between the tool
and workpiece at the tool tip, a certain contact pressure occurs. This pressure needs to be
modeled for accurate prediction of forces in 5-axis milling. Nevertheless, the model’s
predictions for forces in 5-axis milling can be used as a reference keeping in mind the

underestimation when lead angle is negative.

For nine tests, max values of forces measured and predicted by the simulations in Y
and Z directions are tabulated in Table 7-3. X direction is not taken into consideration, since
it doesn’t have effect on the surface generation mechanism. Combinations of lead and tilt
angles resulting in the minimum force are shown in green and the combinations resulting in

the maximum force are highlighted with red.
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lead | tilt | FY(max) | FZ(max) | FYsim(max) | FZsim(max)
(deg)|(deg)| (N) (N) (N) (N)
15 | 15 740 469 684 404
0 15 700 430 659 446
-15 | 15 570 567
15 0 347 723 310
0 0 756 268 708 268
151 0 653 505 604 346
15 | -15 778 379 283
0 | -15 772 227 731 294
-15 | -15 696 359 731 246

Table 7-3 Maximum Force Values in Y and Z directions; Experimental and simulated

7.3 Optimum combination of lead and tilt angles

There can be different objectives for finding the optimum combination of lead and tilt
angles. Two objectives are presented in this thesis. The first objective is force minimization

and the second one is form error minimization.

7.3.1 Force Minimization

In the experiments, the force in Y direction is minimum when lead angle and tilt
angle combination of (-15, 15) deg is applied. Simulation also predicts that minimum force in
Y direction is at (-15, 15) deg combination. At (-15, 15) deg combination, however, force in
Z direction is maximum both in the experiment and in the simulation. The force in Z
direction is minimum at (0,-15) deg combination in the experiments and it’s minimum at
(-15,-15) combination. This difference is due to the underestimation behaviour in the
simulation when lead angle is negative. At the combinations where the force in Z direction is
minimum, force in Y directions are close to maximum in both experiments and in the
simulations. An important result from these comparisons is that the response of forces in Y
and Z directions to lead and tilt angles are quite contradictory. Unless there is a specific

objective to minimize the forces in one direction or to minimize the resultant forces, it’s not
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possible to decide on an optimum lead and tilt angle combination by just checking the

magnitudes of the forces.

7.3.2 Form Error Minimization

As presented in Chapter 6, tool deformation in surface normal direction is a function
of forces in Y and Z directions, so their contradictory behavior is combined in calculation of
tool deformation. Therefore, form error minimization is suitable to be an objective function

for finding optimum lead and tilt angle combination.

Deformation model were run for the same conditions as in Table 7-1 and Table 7-2.

The parameters related to the cutting tool are:

L 65 mm
Young’s Modulus,E 200 GPa
k 6306 N/mm
ko 1.656*10" N.mm/rad

Table 7-4 Tool parameters

As a result of the simulations, it is observed that minimum tool deformation in
surface normal direction occurs at (0, 15) deg combination and it is maximum at (15, 15) deg
combination. So, using the lead and tilt angle combination of (0, 15) deg is preferable for the
given cutting conditions. The tool deformation in surface normal direction with respect to Z

coordinates of the surface generation points for these two cases are graphed below:
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Figure 7-11 Deformations for lead 0 deg & tilt 15 deg case
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Figure 7-12 Deformations for lead 15 deg & tilt 15 deg case
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Chapter 8

Conclusions

The modeling of cutting forces and form error in 5-axis milling is presented in this
thesis. The formulations for the geometry and the forces are given in detail by demonstrating
the effects of lead ant tilt angles. Simulated and measured milling forces are compared and it
is demonstrated that the model can predict the 5-axis milling forces with reasonable
accuracy. The effects of the lead and tilt angles on the forces and form error, and preferred 5-
axis milling conditions are determined for minimizing the form error in surface normal

direction.

8.1 Future Research Directions

The form error predictions of the model are to be compared and verified by

experimental results.

The model currently takes cutting parameters such as axial, radial depths of cut, lead
and tilt angles by user input. By another work going parallel with this thesis, from an APT
code of a part the stated parameters will be extracted. This will increase the industrial

applicability of the thesis.

The encountered underestimation problem in cutting forces when lead angle is

negative needs to be modeled in order to predict cutting forces more accurately.

Dynamics of 5-axis ball-end milling are to be modeled to find stable depth of cuts in

order to have a chatter free cutting operation and avoid possible chatter marks on the surface.
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