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ABSTRACT

As more attention is attracted to the quality amddpctivity in manufacturing,
innovative strategies such as modifying toolpathsaplying feedrate scheduling have
been alternates to the conventional machining nasthim this thesis an approach to the
modeling of trochoidal milling, a widely used amaliion in hard part machining, is
proposed. In trochoidal milling the cutter tracesachoidal toolpath and the radial depth
of cut always varies along the toolpath. An anattmodel for the engagement of simple
surface machining is derived. Moreover, a numénuwadel is developed for defining the
engagement for complex surfaces containing holeosises on it. Lastly a force model
employing the engagement results is carried opifediction of the cutting forces. In order
to maximize the efficiency in the trochoidal milljroperation, different toolpath strategies
are examined where the back half part of the ptagetvolution motion is shortened with
a linear motion or completely eliminated with daaildtochoidal milling. Moreover, a
forced based feedrate scheduling strategy is apgbe double trochoidal milling for
further maximization of machining efficiency. Phgali experiments are performed in a
three axis vertical machining center and the ptediforces are compared to the measured
forces in three orthogonal directions. It is obserthat the predicted forces and the
measured forces are in good agreement in all tipicapons of the thesis. Finally an
experimental study investigating the wear comparisiotrochoidal and linear milling with

cutting forces and surface roughness aspectsfierped.
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Chapter 1 : Introduction 1

Chapter 1

INTRODUCTION

With in the days of the beginning of the new mitiemm, all types of productions
are getting more complicated and automated. Theldimental requirement for the
competitive behavior of the production world is mgidue to reduction of the life cycle
times of the goods exposed in the world marketi@gnsidering the electronics and
automotive industry, the life cycle times of mampgucts such as cars and electronic
devices have decreased two to three folds in thiedecade [1]. As the world marketing
competition gets harder and harder, the manufastare obliged to update their products
much faster. As a result this situation creates damand for the automation and the
increase in the efficiency of the production systdar the die and mold making industry.

Among all the other production techniques, metathining is probably the most
used one for the die and mold industry [2]. It kasious advantages and disadvantages
compared with other techniques used in the indwstch as electrical discharge machining
(EDM), forming and casting. First of all metal maghg is applicable to all cutting
materials and provides a more accurate surfaceciegl and completely eliminating the
additional cost and times for finishing operatiobsilike EDM or casting operations, the
machining tool is not unique for the applicatianisia simple and standard product. On the
other hand metal machining is not suitable for dtyarproduction, and the final part
geometry is limited with depth and radius.

The metal cutting technology can be classified many subdivisions according to

the geometry of cutting tool, workpiece and thelative motion towards each other such
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as turning, drilling, milling, boring, broaching dugrinding. The metal cutting operation is
formed between the clamped material on the mackooé and the cutting tool. By
removing the excessive material from the blankfihe@ geometry of the part is achieved.
Computer numerically controlled (CNC) machine toalow the production of complex
geometries with the help of the computer-aided giegi computer-aided manufacturing
(CAD/CAM) systems. The metal machining technologyntiues to advance in parallel
with the developments in the machine tools, programaterials and cutters. Several
researches are trying their bests to achieve migi@, accurate and automated machine
tools.

The machining of hardened steel is becoming widgpthroughout the machining
world. The hardened materials are more durablenagaiear and load but on the contrast
machining of hardened materials is much more diffidOne alternate for achieving hard
final parts is to harden the materials after tmalfigeometry is achieved, but the loss of
accuracy due to the expansion of the materialsnspr problem. Even the heat treated
materials should be hard machining in order to @ahithe final part accuracy. Therefore
machining of hardened materials is an inevitabtecgss which should be carefully issued
and performed. High speed machining (HSM) is atswmiuto the machining of hardened
metals especially taking into consideration thdingloperation.

The milling operation is an intermittent cuttingppess using a cutter mounted on
the rotating spindle turning around its axis andaakpiece material fixed on the table of
the machine tool moving toward the cutter. HSM iseav approach in which instead of
conventional milling process with slow and heavysc@a new process consisting of more
lighter and faster cuts is used. The chips prodwredmuch smaller but considering the
total volume machined the process is highly effitie

The primary reason HSM works is that less heakisegated. A smaller axial and

radial of cut is the main way to generate less hmetite cut. With the cutting edge spending
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less time “in the cut” per revolution of the totiere is less heat generated in the cut, and
the spindle speed can be increased. With keepmghip load per tooth the same, or even
increase it slightly, a much higher feed rate canabhieved parallel with the increased

spindle speed.

In this study an approach to the modeling of tragdlomilling, a widely used
application in hard part machining, is proposeachoidal toolpath is embedded in many
CAM programs and strongly advised for hard millagplications. In trochoidal milling,
the cutter traces a trochoidal path along the etithghoperation and the radial depth of
cut is limited and always varies along the toolpdttthelps cooling of the cutter teeth as
they spend less time in cutting and have much toveol.

Chapter 2 contains the necessary background agrdtiite review on end milling
operation. The fundamentals of metal cutting ans|ysutting mechanics and previous
models for prediction of cutting forces in end milj are reviewed. Moreover, the literature
concerning applying different toolpath strategi@s arder to increase the machining
efficiency is analyzed.

In chapter 3 mechanistic cutting force model esented. The mechanistic cutting
force model consists of end milling cutting forceodel and engagement defining
algorithms. Two engagement defining algorithms degeloped for trochoidal milling: An
analytic model for filled surfaces and a numerima¢ capable of defining the engagement
for complex surfaces containing hole or bosseg.on i

Calibration process details are given in chaptewHere the methodology that is
employed to determine the cutting constants forféhee model is described. In addition to
that an experimental study on influence of radgpth of cut in mechanistic identification
of milling constants is carried.

Chapter 5 presents the modification algorithms tfmchoidal milling method.

Different toolpath strategies such as trochoidalgath with straight linear motion at the
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back half planetary revolution and double trochbiddling mechanisms are investigated.
Moreover force based feedrate scheduling algorithith NURBS is introduced to
trochoidal milling method.

Validation tests under various conditions are dbed and their results are given in
chapter 6. Validation tests include simple trochbmilling of filled surfaces and complex
trochoidal milling of a cover of a cylinder headotk of a diesel engine. Moreover,
modified trochoidal milling toolpaths and force bds feedrate scheduling applied
trochoidal milling validation tests are performed.

Chapter 7 presents an experimental study inwsig the comparison of
trochoidal milling with linear milling methods frorwear, force and surface roughness
aspects. Two set of experiments (linear and tratdipare carried with two different cutter
and workpiece material pairs. Tool wear on rake @aedrance surfaces, force profiles and
surface roughness values are experimentally mehf@teveen the samples of the milling
periods and analyzed.

The thesis is concluded with a short summary efprformed study and the future

research.
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Chapter 2

LITERATURE REVIEW

2.1 Introduction

Metal cutting process has wide application ar@agroduction industry. Among the
several machining operations, milling has takemgportant role as it is an excessively used
process in the automotive, aerospace, die and mdigstries. End milling is a special and
rather simple case of milling operation employingedical end mill for slot milling, edge
milling and face milling operations. End milling pgobably the most used type of milling
processes as it is capable of both rough and fimabhining thus allowing the engineers to
produce the final part from the bulk material. Tgrecess is a versatile one and has many
application areas such as very simple face milbhflat surfaces or complex machining of
3D free from surfaces.

A review of the literature pertaining to trochdiduilling can be divided into two
sections, cutting force model development of endingi process and applying different

toolpath strategies in order to increase the mauofiefficiency.

2.2 Cutting Force Model

One of the most important parameters that affextntlachining quality is the cutting
forces excessive of which results in cutter deitectausing shape errors on the machined
part or more dramatically breakage of the cuttersotay complete failure of the machined

part or even the machine tool system. ThereforaHermonitoring and optimization of the
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machining processes a reliable quantitative anditgtiae prediction of the cutting forces is
inevitably required.

The force prediction studies rely on early defugtwork on the geometry of the
milling process by Martellotti [3, 4]. Martellottstated that the united translational and
rotational (around cutter axis) motions of the euturns out the fact the true path of the
tooth of the milling cutter is trochoidal ratherathcircular. For light feed per tooth values
(compared with the radius of the cutter), in p@etthe necessary condition is usually
satisfied, the tooth path is almost circular arel¢hicular tooth path approximation is valid.

Koenigsberger and Sabberwal developed mechanisiitels [5]. These models relied
on the experimentally measured forces during ayttésts and they developed an empirical
coefficient that relate the instantaneous cuttioigds to chip load which is chip thickness
times cut length (axial depth of cut in verticallmg, horizontal width of cut in slab milling)
(Equation 2.1). After analyzing of the tangentiaitting forces the following model is

proposed:

F =K,.(bt,) (2.1)

where K; is the called tangential cutting force coefficiebt,is the chip width and.
undeformed chip thickness. In this approach cutfioige coefficient which relates the
cutting forces to the chip load was establishednflexperimental milling force tests for a
given cutter geometry and tool workpiece matemahbination using an empirical approach.
Tlusty and MacNeil further developed the modelihich in addition to tangential
cutting forces radial cutting forces are predidEduation 2.2). Tangential cutting forces are
the same with the previous model; on the other heamtlal cutting forces are the

multiplication of tangential cutting force with @ampirical constant [6].
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F, = K,.(bt,)

2.2
F =K, .F (22)

whereF, is the radial cutting force ari€i is the radial cutting force ratio.

Cutting edge inclination i

Figure 2.1: Geometries of orthogonal and obliqu&roy processes, orthogonal cutting

shown on the left, oblique on the right side of figere [2].

Gygax simulated the cutting forces for multi-todéice milling from the single tooth
model. After determination of the cutting forcedamgential and radial directions the cutting
coefficients are calculated by dividing the magaéuwf tangential cutting force with the
undeformed chip area [7, 8]. Kline et al. presergedmproved model containing cutter and
workpiece deflection [9, 10] and a model with trepability of handling applications to
cornering cuts [11]. Sutherland and DeVor improusthe’'s studies by presenting an
advanced model for flexible end milling systems abhiakes into account the effects of

system deflections of the chip load and solvesctiip load that balances the cutting forces
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and resulting system deflections [12]. Montgomeng &ltintas presented a method for a
comprehensive simulation model for dynamic millii@]. Armarego and Deshpande et al.
developed an improved model in predicting the mygjliforce coefficients for cylindrical

helical end mills by introducing an edge force comgnts (Equation 2.3) [14].

Ft = [Ktc tC + Kte] b

F =[K 1, +K, ] @3

rc tC

whereKy, K, Kie andK are the tangential and radial cutting force angeecbefficients
respectively.

As an alternative to the mechanistic approach haeics of milling has been studied
to make use of the orthogonal cutting parametarcutters with well defined geometries.
Armarego [14, 15] was among the few researchergapply the orthogonal to oblique
transformations on milling force predictions. Thasike idea is to represent the milling
geometry by segments of oblique cutting proces&slak, Altintas and Armarego
developed a unified mechanics of cutting approashpfediction of the cutting forces in
milling [16]. In this approach milling force coetfents for all cutter geometrical designs can
be predicted from orthogonal cutting data base, (sbear angle, friction coefficient and
shear stress) and the generic oblique cutting aisafgr use in the predictive mechanistic
milling models. This approach eliminated the needthe experimental calibration of each
milling cutter geometry and can be applied to mooenplex cutter designs thus allowing

optimization of the cutter design before manufaotir

2.3 Applying Different Toolpath Strategies and Effciency Maximization

The intermittent geometry of milling operation ults in varying force profiles along

the toolpath for machining complex geometries & tutter is moved with linear paths.
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Varying force profiles not only cause different rhxng tolerances and accuracies but also
lead to loss of efficiency due to long machiningés at constant cutter travel speeds.
Several researchers have worked on optimizatiothefmilling process including toolpath
planning for precision machining [17]. Erdim invigsted the influence of different toolpath
alternatives on cutting forces and surface errbg$. [

Especially for hard material machining avoidinggkarradial depth of cut which
directly increases the cutting temperatures duadk of time for the cutter teeth to cool is
strongly advised [19]. In circular milling methaahalyzed by Kardes and Altintas [20], the
cutters traces a circular path enabling the sli@hghe workpiece gentle by having small
engagement conditions. Due to the small engagedmnain the cutting forces are restricted
therefore the feedrate can be raised in orderadease the machining efficiency. Elger et al.
proposed MATHSM: medial axis transform toward hggeed machining for pocketing in
which the cutter following circular paths with varg diameter [21]. However, in real CAM
application the cutter trails a trochoidal pattheatthan a circular one for the handling of
discontinuities [22]. Tang studied on optimizatgirategy for high speed machining for steel
discussing trochoidal toolpath pattern in slot emiling in order to avoid over-heat [23].

Within the new developments in informatics sectBAD systems have provided
tools for defining parametric curves for solid mibog On the contrary conventional CNC
systems could only support motion along straigigdiand circular paths. Linear and circular
interpolation algorithms are used in conventionAlCmachines but they are not adequate
enough for achieving the desired precision machiruhfree-form geometries. Due to the
free-form shapes required for aerodynamic, ergonoami purely aesthetic reasons, the
machining of complex shapes needs a better toolpatification rather than linear
segmentation of cutter location points. Thereforeay develop and implemented a
parametric representation of the toolpath with NI3R&irves [24]. Cheng et al. proposed a
real-time NURBS motion command generator for CNCInzes to achieve the goal of high-

speed and high accurate machining [25]. Tsai etpesents a novel NURBS surface
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interpolator that is capable of real-time generatb cutter location (CL) motion command

for end milling of NURBS surfaces and maintainingamstant cutter contact velocity along

the CL path [26]. Liu et al. developed a comprehensand generalized parametric

interpolator for NURBS curves, with features acimgva uniform feedrate at most of the

time, confining chord error under the prescribdérance at every point and respecting the
machine dynamics in the interpolation stage [2@]the trajectory planning method a look-

ahead module was developed to detect sharp covnetee NURBS curve and feedrate was
modified at these corners to meet the chord emquirements and satisfy the machine
acceleration and deceleration capacity.

Feedrate scheduling algorithms has attracted gaganhtion for maximization of
machining efficiency. Several researchers employederial removal rate (MRR) based
feedrate scheduling algorithms depending on voltimahalysis of the material removal rate
[28-30]. Ko and Kim et al. presented a NURBS intdapor considering a MRR algorithm
[31]. Besides the MRR models, some researchers tmaréormed off-line feedrate
scheduling based on the mechanistic cutting forodeats. Guzel and Lazoglu represented an
off-line feedrate scheduling system for sculptusefece machining based on the cutting
force model [32]. Erdim, Lazoglu and Ozturk definad advanced force based feedrate
scheduling algorithm capable of 3-D ball end mdliof free form surfaces [33].

Although trochoidal milling method is used in ma@AD/CAM programs it has not
gained enough attention in the academic researdtiest Mechanics of similar toolpath
patterns such as circular milling has been studredyever mechanics of the trochoidal
milling method has never been studied before whith hest knowledge of the author. The
main motivation in this thesis is to perform a dethanalysis of trochoidal milling with a
reliable quantitative force model and a comparigbtrochoidal milling with linear milling

methods from wear, force and surface roughnesstsspe
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Chapter 3

MECHANISTIC CUTTING FORCE MODEL

3.1 Introduction

Milling is one of the most important and compleachining processes and is being
extensively used in the manufacturing world. Itemlplace with the rotating cutting tool
around its axis and the stationary workpiece mateRaw material is converted into final
product by cutting extra material away. Milling oagon is an intermittent cutting process
using a cutter with one or more teeth and the rmyitéiction of the many teeth around the
milling cutter provides a fast method of machining.

Depending on the geometry of the cutting tool drelrelative motion of the cutting
tool and the workpiece various milling operatioms aamed (Figure 3.1). Each type has
specific application areas such as simple faceingilof large workpiece materials or
advanced ball-end milling for sculptured surfaces.

The performance of machining operations dependsnacro (helical-end, ball-end
(Figure 3.2), bull-nose, tapered mills, etc.) anitron geometry of the cutting tool (helix,
rake, clearance angles), the tool material (cendecaebide, PCD and HSS), the coating tool
material (TiN and TiALN), the area of usage (rougémi-finish and finish milling) and the
workpiece material (e.g. steel, Ti, and AL). Mag@ometric properties of the cutting tools
determine the usage area of them. Due to the iittechtutting process geometry, periodic
loading causes cyclic mechanical and thermal stsees the tool leading to a shorter tool
life. In order to soften the mechanic and thernoaldl at the entry of the cutter helical end

mill are produced with helical flutes (Figure 3.Zhe helix on the cutter provides a gradually
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increasing chip load along the helical flutes o #nd mill. The helical end mill has a
constant radius and helix angle along the depttuaf As opposed to the straight-end mill,
the cutting edge geometry of ball-end mill variesdlly in the ball part.

Micro geometric properties are explained as follovgositive rake angle improves
the shearing and cutting actions and decreasdoites, however weakens the cutting edge
and makes it more susceptible to chipping and lagakPresence of clearance angle reduces
the rubbing on the machine surface thus improvestinface finish. However at, the expense
of weakening the cutting edge and more importaittlyeduces process damping and

increases the likelihood of chatter vibrations.

Face Milling Slot Milling Shoulder Milling
S“}CE 2. @ N
= [ / N~

Figure 3.1: Various milling operations from Altist2].
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The quality of the final product manufactured isedtly related to the cutting forces
excessive of which result in cutter deflection e¢agshape errors on the machined part or
more dramatically breakage of the cutter causingpiete failure of the machined part or
even the machine tool system. Therefore for the itmong and optimization of the
machining processes a reliable quantitative anditgtiee prediction of the cutting forces is
inevitably required. The force prediction algorithvhich will be explained in this chapter is
adapted from works of Altintas [2] and employs tie/el engagement defining algorithms

for trochoidal milling situation.

=
Rantd
]

/

—

v

|

Figure 3.2: Macro geometries of a) End mill, b) IRedd mill from Guzel [34].

In trochoidal milling the cutter traces a trochaidpath along the end milling
operation and the engagement conditions always &kmyg the toolpath. The engagement
defining procedures which will be explained in thihapter consist of two different

algorithms: An analytical engagement model for dempurfaces and a numerical



Chapter 3 : Mechanistic Cutting Force Model 14

engagement model for more complex part geomeWith the numerical model any surface

with holes, bosses etc can be handled.

3.2 Mechanistic Cutting Force Model

3.2.1 Introduction

Prior knowledge of cutting forces can assist mamtpand optimization of process
taking into consideration the situations: minimgicutter deflection thus surface errors and
eliminating chatter phenomena by selecting the@ppate cutting conditions such as spindle
speed, feedrate and depth of cuts. For instandee i€hip load is selected to be too high, the
forces cause chipping of the cutting edge or ewehlireakage, while a small chip load will
decrease productivity.

Due to the importance of cutting forces during img| research subjected cutting
force predictions have been the hottest topic fanynyear. Among the many milling models
a mechanistic approach is preferred since accprathction for the cutting forces is aimed.

This section outlines the mechanistic end milliogtforce model used in this thesis.
The mechanistic model can be outlined in two maibsections: chip load geometry and

cutting force model for helical end mills.

3.2.2 Chip Load Geometry

A significant element in the prediction of the oot forces is the chip load on the
cutter. The chip load for a cutter tooth rotatienthie amount of material removed at an
infinitesimal time interval. Martellotti presenteddetailed early analysis of the geometry of
milling process and the chip load calculations usetthis thesis is based on this analysis. He

stated that the combined translational and rotatitaround cutter axis) motions of the cutter
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produces a trochoidal path of the milling cuttesterather than circular. For light feed per
tooth values (compared with the radius of the cytia practice the necessary condition is
satisfied. The tooth path is almost circular arel ¢hicular tooth path approximation is valid.

The geometry of end milling and chip formationh®wn in Figure 3.3.

Figure 3.3: End milling geometry and chip formatioom Guzel [34].

Chip load is equal to the instantaneous chip treskrtimes the axial depth of cut (a)
in end milling. The instantaneous chip thicknesghef cutter tooth for a specific angular
position @ taking into consideration Martellotti’'s circulaodth path assumption can be

stated as follows:

t. =t, [Sin(@) (3.1)

wheret. is the instantaneous chip thicknegss the feed per revolution per tooth agdis

the angular position of cutter tooth in the cut.
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3.2.3 Cutting Force Model for Helical End Mills

In order to simulate a cutting force model for baliend mills, the helical end mill is
divided into several separate discs along the rcaitis (Figure 3.4). The angular position of
the first cutter tooth measured clockwise from thess-feed (y) axis at the lowest axial

position is taken as reference angj® {or the calculations.

+Z
Rotation of
Cutter - 48 TEOHOI’r';
. ==——u' X
Tooth Exit s \_[%
3=0 Radial
Depth of
This Flufe il SRthor Gt
not Engaged »
ip Load
Elements
ol s T Chip Load
Detail
Axial ’,ul'
Depth of Cut
p ~ Dz 3]
Tc=lxsjn3
\4 This Flute
— Not Engaged
Surface Generation . R/ 21anay,

Figure 3.4: End mill with chip load elements frorirte [9].
Due to the helix angle of the cutter, a point oa tipper axial disc elements will be

lagging behind the reference angle (Figure 3.5 [Bg angley) at the axial positionZ{ is

as bellow:

w= 2z tanf (3.2)
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where $ is the helix angle an® is the diameter of the cutter. The start and argles
(@,,@,) are the angles defining the position of the wagkp. The cutting forces are valid in
the presence of the end mill tooth being in thetactnzone @, < ¢ < @,). If the radial and

axial depth of cut large enough, more than onehtooday be cutting simultaneously. The

cutter pitch angle is as follows:

27
@, = W (3.3)

where N is the number of teeth on the cutter. If the bottend of one cutter tooth is

designated as the reference immersion angle the remaining teeth position angles are as

follows:

¢)j(z):¢)+j¢)p; j:o’ 1’ 21"'!K\|'1) (34)

So the immersion angle for tff2tooth at the axial positiorz)is:

2z tanf

5 (3.5)

g (D=p+ig,-

For each disc element taking into considerationlfigeand pitch angles, the chip
thickness @;(2)) is determined and differential cutting forcee aalculated. The tangential
(dF;), radial @F;;) and axial §F,)) differential cutting forces acting on each axiic

element with the heiglizis as follows in the following page:
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i*disc

Figure 3.5: End mill with pitch and lag angles.

dF, (%2 = [K, t. (@,(2)) + K, ] dz
dF,, (@2 =K. t. (@ (2) +K,.]dz (3.6)
dF,,(@2) =K. t. (9 () +K,]dz

whereK., K. andKy, are the cutting force coefficients contributedthg shearing action in
tangential, radial and axial directions, respetyivand K¢, K and K, are the edge
coefficients. These coefficients depend upon theecworkpiece material combination, the
cutter geometry such as rake and clearance angietha cutting conditions such as cutting
velocity. In order to evaluate these coefficierdsilbration tests are performed with constant
radial and axial depth of cut and cutting velocdly varying feedrates. Details of the
calibration process will be given in Chapter 4.
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F
F,
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& Fx
@ i
i
b X

Figure 3.6: End milling differential cutting forces

The differential tangential, radial and axial diren forces are transformed into feed

(x), cross-feedy() and axial ) directions using the transformation:

dF, ;(¢;(2)) = dF ; cosg; (2) +dF, ; sing;(2)
dF, (¢, (2)) = -dF,; sing, (2) + dF, ; cosg, (2) (3.7)
dF,, (¢ (2)) = dF,,

Integration of the differential cutting forces feach axial height gives the total
cutting forces for an angular position of the auttethin the boundary conditions start and

exit angles.
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F (@ = Zde,; (% (2)
F(9) = ZdFy, [(@(2) (3.8)

F.(9) = ZdFZ,j ((2)

In Figure 3.7 the summary of the flow chart foe throposed mechanistic milling
approach is represented. The mechanistic cuttimgefonodel consists of three basic
modules: calibration, engagement defining procedanreforce calculation. The cutting force
and edge coefficientK(, K, Ka, K Kre and Kye) are determined from the calibration
process and used as an input for the force modabrewnith engagement region determined
from the engagement defining procedure for eachercubcation (CL) point. Using the
coefficients; tangential, radial and axial direntiifferential cutting forces are calculated and
thereafter these forces are transformed into tardegonal directions (X, Y, Z). Integration
of these forces within the engagement limit condisi results in with the total cutting forces
for an instantaneous angular position of the cuttdich can be compared with the
experiments.

Figure 3.8 represents a pseudocode for end millorge simulation algorithm.
Matlab software is employed for the simulation @®x of the mechanistic cutting force
model. The input variables for the simulation aitjon are the cutting parameters such as
spindle speedn], feedrate f}, axial depth of cutd), start and exit angles for each cutter
location point determined from the engagement definprocedure(@s, @ey), cutting
coefficients, cutting tool geometric parametershsas diameter[), helix angle §) and
number of teeth) and simulation parameter such as integrationea@igb) and integration
height (2. The output of the simulation algorithm is thetitig force history for each cutter

rotation angle along every cutter location point.
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Mechanistic Cutting Force Model

1
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Figure 3.7: A summary flow chart for the proposeegtcimanistic approach.




Chapter 3 : Mechanistic Cutting Force Model 22

Inputs:
Cutting conditions

Tool geometry
Cutting coefficients
Integration angle
Integration height

Outputs:
Cutting force history
Variables:
_2n
¢p _W
k=2"
de
_ D
2[dz
i=1toK
Fe() =Fy () =F.()=0
j=1toN
k=1 toL
z(k) =kldz
. . 2tan
@, =1 g+ (g, - 2%
if gst < gi,j,k < ge><
tc :tx BIn(eljk)
dI:t = [KIC tC + Kte] dZ
dFI’ = [KI’C tc + Kl'e]dz
dFa = [Kac tC + Kae] dZ

dF, =dF, cosg, ;. + dF, sin%j,k

dF, =-dF sing,, +dF,. cosg,

dF, =dF,

F.(i) = F(i) +dF,

F, (i) =F, (i) +dF,

F, @) =F,(i) +dF,
end

end
end

n (spindle speed)f (feedrate)a (axial depth of cut),
@ & D (start and exit angles)
D (diameter)g (helix angle)N (number of teeth)

KtC! KrC! KaC! Ktea KrE! Kaea
dg

dz

E(9), K (9), R(9)

. Cutter pitch angle

: Number of angular integration steps

: Number of axial integration steps

: Angular integration loop

. Initialize the force integration registers

: Calculate the force contributions of allttee
. Integrate along the axial depth of cut

: Axial position

: Immersion angle of toothat thei™ angular and™ axig

position
: Force calculation criteria
: Chip thickness

: Differential forces in tangential, radial, axditections

: Differential forces in orthogonal directions

: Sum the cutting forces

Figure 3.8: Pseudocode for end milling force sirtiataalgorithm.
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3.3 Engagement Defining Procedure

In trochoidal milling the cutter traces a trochadittajectory thus resulting in extreme
variations in engagement conditions. Although maeats of milling with fixed cutting
conditions have been extensively studied in tleediture [5-13], there are very few models in
the literature published about the mechanics ofhspoocesses. Kardes and Altintas
investigated the mechanics of circular milling noeth[20]. However in real CAM
applications trochoidal milling is used insteaccw€ular milling method and the modeling of
the mechanics of the trochoidal milling method haser been the concern of study before
with the best knowledge of the author. The engagérdefining procedure has significant
importance in the force prediction algorithm asupplies the boundary conditions for the
integration process of the cutting forces. The niati@ntion in employing such a procedure is
the determination of angular portion of the cuttdich is engaged with the workpiece for a
specific cutter location.

The engagement defining procedure proposed in $eistion consists of two
approaches. The first one is the analytical engagémefining procedure which defines the
engagement angles for simple trochoidal millingrapgen with filled surface. The second
approach is the numerical engagement defining #hgor capable of defining the

engagement for complex surface containing holémeses in it.

3.3.1 Analytical Engagement Defining Algorithm

The toolpath of the cutter along the machining apen is shown in Figure 3.9
indicating the necessary parameters. The parametedsin the analytical engagement model
are as follows:

Ry: Radius of the planetary revolution,

R.: Radius of the cultter,
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c: stepover value between each planetary revolution,

0: Angle defining the position of the cutter

b;, by: Dimensions of the workpiece which are definedhesvertical distance from
the center of the planetary motion to the upper kwebr part of the workpiece

respectively.

Yfli Previous Cwrrent
| ToolPath  Tool Path

Pl"ll]l| to Fllﬂ

to ﬂlL‘ Wi F)l kpiec l.‘

Enfrance to
the Workpiece

Previously The Surface
Machined Cwrenty being
Swmface Machined

|
|
|
|
J

-— -

Previously
Machined
Swmface

Exit from the
Workpiece
After the Exit 1IN
‘L from the Workpiece

Figure 3.9: Cutter locations for two adjacent ptangrevolutions.

The cutter traces a trochoidal path and the logatiothe cutter center (poift) is

determined with the parametric equations:

X. =R,sin@+(cO)/2m

Y. =R, cosd 3.9)
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In the current planetary revolution, the periphegyation of the cutter is:
(x=x)+(y-y.) =R’ (3.10)

wherex. andy. are determined from Equation 3.9. The equatiothefworkpiece geometry

produced by the previous planetary revolution pBinis defined parametrically as follows:

\
X, = (Rp + Rc)s;int9+;—762

Yi = (Rp + RC)COSH’ ; (3.11)
cd 2 2 _ 2
(Xl_ZTj v _(Rp+Rc) y,

It should be noted that the poirRg P, are valid for both previous and the current planeta
revolutions with a 2 increment ind angle for the current one. The poifg, and P, are
defined as the points on the previously machinexhgry with the minimum value in feed
direction at the upper and lower parts of the warkp respectively. Using the Equation 3.11,
pluggingyen= b1 andyex= -b, thex coordinates of the poinf., andPe,are found.

yen = b1 = (Rp + RC)COSHen, (312)

6., = arccoE b, J
R, +R

carccoE by J
R, + R

2n (3.13)

Xer = (R, + R b2 +
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yex = _b2 = (Rp + RC)COSHex

0., = arccoE_—bZ]
R, +R

carccoE R_+2RJ
Xex = \/(Rp + Rc)2 _b22 + 2np

(3.14)

(3.15)

In order to find the coordinates of the entrance @xit pointsPen: andPeyy Yent= b1

andyex= -b, are plugged in the current planetary revolutioniamtutter periphery equation
respectively (Equation 3.10). Two quadratic equetiare obtained and from the solution of

these equations the points with the greatest vahagsare the preceding points at the feed

direction are selected.

X =264 +b 4y -2y, ~R7 =0

_ _01+V012_4czco

Xent
2c,

wherec,=1, C1= -2 X, Co= X2+b12+y2+2by—R2.

X2 =2x x+ x> +b’+y’-2by -R? =0’

2
_—C +1/cl —-4c,c,

X =
2c,

ext

(3.16)

(3.17)

(3.18)

(3.19)
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wherec,=1, ¢1= -2 X, Co= X02+b22+y02+2 bzyc—Rcz-

The pointP; (the point with the lowest y coordinate on the pleery of the cutter
intersecting with the previously machined surfasegchieved solving the current planetary
revolution motion cutter periphery equation (Eqoati3.10) and the previous planetary
revolution motion workpiece equation (Equation 3.dilnultaneously.

(R, +R)sing=x.J' + (R, + R Jcoso-y. ) =R )

6’2(4(:7; j + 9(‘ ;‘TCJ + %me{@j +sing(-2(R, +R )x.)

+cos8(-2(R, +R )y, )+ (R, +R.f +x7 +y,*~R* =0

Y

(3.20)

This equation is solved with numerical methods Wit initial guess such @sangle
in the current revolution and the solutiéms plugged into Equation 3.11 in order to achieve
point Pa(x2, ¥2).
All the necessary points are derived for calcuratsd the engagement. The engagement
of the cutter is defined as follows in five diffateegions:

» Prior to entrance to the workpiece (. —R: > b1 , yc + Rc > by and Xent < Xen)

The cutter tracing a trochoidal path has not ygaged with the workpiece, therefore
the start and exit angles defining the engagemietiteocutter with the workpiece are
all zero.

=0, ¢,=0.
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Entrance to the workpiece {. + Rc>b; and Xent> Xen)

The cutter has just engaged with the workpiece. Stk angle of the engagement is

—

defined with the angleRP PR

ent

shown in Figure 1 and the exit angle of the

engagement is defined with the angleé F, .

The lengths of the line segmen®R|, PenPd|, [P2Pc|, |PiPend and PiP,| are

calculated as given in the following equations belespectively:

LlC = Lentc = LZC = RC \
L =706 = %)+ (= Ve (3.21)
L, = \/(Xl % )2 + (y1 - Y, )2

~/

The start and exit angles are defined as follows:

Lentc2 + L1c2 B Llent2
=arcco
b E 2L, L

1c —entc

, (3.22)

L1c2 + |-2c2 - lezj

=arcco
qoex E 2Llc L2c

Continuous engagementyg < bs andy, > —by)

In this region the cutter performs a continuous Im@ing operation with zero start

angle. The exit angle of the engagement is defs@dar to the previous region.
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|-1c2 + L2c2 B lez]

=0, @, =arcco
# “ E 2I-1c ch

» Exit from the workpiece (y < —b,andy; >-by)

The cutter has just finished the continuous engagémegion and slowly retracts

from the workpiece. The start angle of the engagensezero as it is in the previous

—

sections and the exit angle defined with anglE R,, is approaching to zero as the

xt

cutter completely exits from the workpiedéhe lengths of the line segmen®s,P|

and P1Pey{ are calculated as given in the following equabeiow:

Leic = \/(Xext - Xc)2 + (yext - Y. )2 (3.23)

Llext = \/(Xl - Xext)2 + (Y1 - yext)2

The exit angle is defined as follows:

2L, L

1c —extc

¢ — arCCOE Lextc2 + L1C2 B Llethj
(3.24)

« After the exit from the workpiece (y1 < —by)

The cutter has just retracted from the workpie@retore the start and exit angles
defining the engagement of the cutter with the wa@&e is all zero until the next

planetary revolution.
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@=0,@,=0.

3.3.2 Numerical Engagement Defining Algorithm

In this section a new algorithm capable of predgtihe engagement for any given
surface will be introduced. The analytical modepleined in the previous section can only
perform the engagement predictions for basic sagfaghich do not contain any holes or
bosses in it. However, most of the mechanical paesg machined have complex
geometries and the prediction of the engagementtardfore cutting forces is of great value
for the automation and the optimization of the pgst The algorithm that will be explained
in this section can utilize the prediction of thigagement for any given flat surfaces.

The algorithm uses the Unigraphics software asuacsofor the surface that will be
machined. The STL (Standard Triangulation Languam&put of the desired surface is
exported and used as a source for the point clepesentation. Meanwhile, NURBS based
G-code created by the Unigraphics software is epguldor the precision representation of
the CL points.

Due to the free-form shapes required for aerodyoaemgonomic or purely aesthetic
reasons, the machining of complex shapes needstex b@olpath verification rather than
linear segmentation of cutter location points. linand circular interpolation algorithms are
used in many CNC machines but they are not adeqraiagh for achieving the desired
precision machining of free-form geometries. Recessearch enabled the machining of
complex geometries with NURBS applications. A NURBSbreviation for Non-Uniform
Rational B-Spline, curve is defined as follows [25]
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n

2 Nim(Ow R

P(t) = i:(:] (Xm—l sts< Xn+l)

z Nlm(t)vvl

i=0 (3.25)

whereN; , (t) are the blending function defined by the recur$orenula:
]'(Xi st< Xi+ )
N;,(t) = { '
O(t < Xy Xy < t) (3.26)

(t=%)N; (1) + (Kisket)Nispiea (1)
X ~ X X ™ Xin

Ni,k(t) =

where ‘P;” and ‘w;” denote respectively a control and the weight lo& ¢ontrol point, i’
denotes the rank, and the NURBS curve of ramk i a curve of the r-1)" order, %
denotes a knot{ < x.+1), and an array of knotsd x; X ... X.m] is referred to as the knot
vector.

However the CL points file will not be sufficienh@ugh to define the engagement.
The pointPi(x1, y1) is obtained using center and radius of curva(Bge The center of the
planetary revolutionBq (Xc0, Yeo) IS defined (Figure 3.8) as below:

X1=X0t (Ry+ Re) cod), y1 =Yeo+ (Ry + Re) sind }
X=f(t), ye=9(t) (3.26)

f12+ 12% 12 12 1 12 12 1
R;F% X0 = f — f, ,Tg ,.g. yco=g+w
[frg"-f"g] f'g'-f g f'g-f"g (327



Chapter 3 : Mechanistic Cutting Force Model 32

d d® , . d " " d®
_)% _dt)z(c’g =y, :i’g =y "= Ye

dt’ dt dt? '

and R, is the radius of curvature. The time differencewssn each cutter location is

where f' =x. ' = f'"=x"=

achieved by dividing the distance traveled by teifate.
Afterwards the engagement defining procedure isleyed. The procedure is rather
simple but versatile as it is capable of dealinghvéll types of discontinuities within the

surface. The algorithm uses the following logic.

* For each CL point obtained by using the NURBS pdator, the algorithm defines
the points within the surface enveloped by therpeter of the cutter.

« Employing these points the engagement of the cufiterthe workpiece is calculated.
The closest point to the poify (which is farthest point form the center of the
planetary revolution) is used in calculating thertsangle and the farthest point from
the pointP; is used in calculating the exit angle of the ergagnt.

» After calculation of the engagement for a CL pothg points enveloped by the cutter

are deleted and the same procedure is applietidangxt CL point.

3.4 Conclusions

This chapter presents the mechanistic cutting fomedel used for the force
validations in this thesis and the engagement ofimlgorithms employed in the force
model. The mechanistic cutting force model is takem the previous studies of Altintas
[2], and the engagement defining algorithms foclmdal milling operation where the cutter
traces a trochoidal toolpath are recently developaa different approaches are used for the
engagement defining procedures: an analytical moajehble of the defining the engagement
for simple, filled surfaces and a numerical model domplex surfaces containing holes or

bosses on themselves.
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Chapter 4

CALIBRATION

4.1 Introduction

The accuracy and reliability of the force predinti@mgorithms rely on the calibration
process. Once the calibration process of the guttol workpiece couple is carried out for
specific cutting conditions and the cutting coeéits are determined, the force prediction
algorithm becomes useable for every engagementitcmmadvithin those specific cutting
conditions.

The cutting coefficients for the cutting tool ancterial couple can be determined in
the presence of knowing the cutting tool geometarameters (diameter, rake and clearance
angles), material parameters of the cutting todl\&orkpiece material (density, specific heat
capacity and conductivity) and some coupled pararsetshear angle, friction angle and
shear stress) obtained from the orthogonal cutesy The superiority of this method is that
the cutting coefficients of cutting tool workpiegair can be determined even before
manufacturing of the tool. Thereafter optimizatiminthe tool parameters such as helix and
clearance angles can be carried out in order tamze the efficiency of the cutting tool.
However, due to the complex geometry of some ayttitiges of the tools, the evaluation of
the cutting constants with orthogonal cutting daése may not give appropriate results or
even shut the door on determination of the obliqu#ing constants. In such cases the
mechanistic identification of the cutting constants a good approach for simple

determination of the cutting constants for the twotkpiece couple.
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4.2 Mechanistic Identification of Cutting Constants

The proposed algorithm for the mechanistic idecdtion of cutting constants is
based on Altintas’s approach [2]. In this methosktof milling experiments are performed
with constant cutting velocity at varying feedrakeeping the radial and axial depth of cut
constant and the average forces per tooth periateasured. In order to avoid the influence
of the disturbances such as runout the averagedquer spindle revolution are measured.
Equating the analytically derived average cuttiogcé expressions to the experimentally
measured average cutting forces, the mechanigmtifetation of cutting constants in milling
is carried out.

If we plug the tangential, radial and axial dirent differential cutting force
expressions (Equation 3.6) in the three orthogatie¢ctions differential cutting force
equations (Equation 3.7), with the necessary togugtric operations and simplifications the
three orthogonal directions differential cuttingde can be expressed in terms of cutting
coefficientsKy, K, Kac ,Kie, Kre andKye), feed per tooth per revolutiofy)(, immersion angle

(@) and integration height as follows:

s )
X, \¥) + [Kte cosg (2) + K. sing, (z)]

dF, (¢ (2)) = %[— K @—cos2¢ (2) + K, sin2¢ (z)] dz )
v (@ + [_ K Sing (2) + K, cosp, (z)]

dF, (9 (2)) = [K.t, sing, (2) + K, oz

The presence of the helix angle in end mills saftére entrance of the cutter tooth to
the workpiece but on the other hand it has no @mfbe on the total amount of material

removed per tooth period. Due to this fact the agercutting force are independent of helix
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angle. Replacing integration height with radial tthepf cut @z = g, eliminating the lag
angle and multiple tooth influence on the immersamyle(g; (z) = ¢) in Equation (4.1)
and integrating them over one revolution and divyddy the pitch angleg,) outcomes with

the average milling forces per tooth period asofed:

_ 1
Fo=—["F.(pdg
qﬂp (2%
= _ 1 (e
F, = ’ j% F,(@)dg (4.2)

= 1 (e
F,=—["F.(@dg
qﬂp 2%

The integration limits are set ag and @ex since the tooth cuts in the engagement

region. Integrating the average milling cuttingdes yields the following average cutting
force expression in three orthogonal directions.

Pex
{N tX[ K, cos2¢+ K., (2¢—sin2¢)]+2|—lj[Ktesingo—Kre cosﬂ}
2%

%X
{Natx [ K. (p-sin2¢) -K coquo] +§—;[Kte sing+ K, cosqo]} (4.3)

2%

Na
F, =—[- K,t, cosp- K, g%
z 2n[ ac-x S(D aerlp

A simple analysis on this equation yields out fiéet that the average milling cutting
forces can be expressed in terms of a linear fonctf the feed per revolution term
contributed by the cutting forces and an offsetticbated by the edge forces. A set of
milling experiments are performed with constanttiogt velocity at varying feedrates

keeping the radial and axial depth of cut constenat the average forces per tooth period is
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measured at each feedrate, and the average catithgdge components, I?qe; g=x,y,2

are estimated by a linear regression of the cuttatg.

Fv=F

Fy=Fy+Fye (4.4)
F.=F

Equalizing the analytical cutting force expressiqiquation 4.3) to the
experimentally measured average cutting and edggaoents; tangential, radial and axial
direction cutting end edge coefficient are obtained

Mechanistic identification of cutting constants nsost convenient with full slot
cutting milling experiment ¢t = 0 and @ex = 7). These integration limits simplifies the

average cutting force expressions as follows:

Fo=tay r+ Nk,
4 Vi
— Na Na
Fy=- 4 K ot e Kie (4.5)
F =Dy + N,
4 Tl

The cutting force and edge coefficients are evallias below:

K =—_ - ye
‘C Na '~ Na
4F,, 7F
Krc = —m, Kte = - Na (46)
= 2F.
K — ]FZC , K - ze
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The experiments for calibration were performed oazbk FJV-200 UHS Vertical
Machining Center (VMC) with 25000 rpm spindle mot#r2.5 micron sensitivity and, = 0.7
micron repeatability. A Carbide high performanc®I8 end mill cutter from CoroMill Plura
series of Sandvik with 2 flutes, 12 mm diametelQ b@n total length, 38 mm flute length,
25° helix angle used for the calibration tests.e Thorkpiece material was aluminum
(AI7039) block of size 250 x 170 x 40 mm. KistlercBmponent dynamometer (Model
9257B), a Kistler charge amplifier (Model 5019) am#llational instruments I/O box (Model
BNC-2110) have been used to measure cutting fofdes.3-component dynamometer has
been fixed to the machine table using fixtures #edworkpiece blocks were attached to the

dynamometer using two M8 screws as seen in Figdre 4

Spindle

4
|
)
Tool Holder i

>

End Mill | —» & -

= |
-

L ——— gt

Figure 4.1: Workpiece and 3-component dynamometed fon top of each other to vertical

machining center machine table for cutting tests.
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The cutting forces are sensed by the piezoeletctnsducers in the dynamometer and
an electric charge output is the outcome of thix@ss. This electric charge is later taken by
the charge amplifier and converted into voltagepotutThe sensitivity values for the three
channels (x, y and z) in the amplifier were -7.87,90, and -3.69 pC/N respectively.
Amplifier gain for the device was set to 100 N/ % and Y channels and 50 N/V for Z
channel. Subsequently, through use of a properatafaisition card with 200 kS/s sampling
rate, + 5 V analog input and software, the voltaggput is displayed and recorded as cutting
forces in Newton. Displaying and recording of theasured data was realized with a data
acquisition program, MALDAQ module of CutPro 6. €SEigure 4.2 for a sample output

screen of CutPro). The complete actual testingrenment can be seen in Figure 4.3.

o @@ +-®-a@a PN

IR RRRRRRN RN

1 11

ns
% 9.161e-UUT, ¥: U.UUUe+UUU

For llcip. press I
hstare ||| (A1 @5 || 8 currro funteiod

Figure 4.2: Samplé o]
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Vertical
Machining
Center

e =,

Cutting forces forms an | Charge output is amplified and  Cutting forces are

electric charge output from send to the DAQ card via I/Q recorded via digital signal
the piezoelectric sensors on Box achieved from the DAQ

the dynamometer card

Figure 4.3: The experimental setup for measuremiecutting forces a) Actual testing
environment, b) Detailed illustration of the compats.
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4.2.1 Sandvik 12 mm End Mill Calibration

As explained in the previous section a set of ngllexperiments at constant cutting
velocity, axial and radial depth of cut with vargifeedrates is carried out and the average
cutting forces per spindle revolution are determinEhe 60-150 mm/min feedrate interval
with 30 mm/min increments at 600 rpm spindle sp@edhas been tested for Sandvik 12 mm
end mill — aluminum 7039 material pair. Specifioa8 and visualization of the Sandvik
cutter are given in Table 4.1 and Figure 4.4 retbpelg. Force measurements are carried out
at 1000 Hz sampling frequency rafg,(constituting 3.6 ° sampling rotation angheg) for
the cutting conditions under investigation. In orde minimize the effects of local
disturbances, average forces per 100 spindle reonlyperiods were collected. Moreover

two sets of experiments were performed to incréaseeliability of the results.

n

2r—
Ap=—00 (4.7)

Table 4.1: Cutter specifications.
Cutter CoroMill Plura High Performance ISO N End Mill
Number of flutes 2
Diameter 12 mm

Total length 100 mm

Flute length 38 mm

Helix angle 25°

Figures 4.5, 4.6 and 4.7 indicate the feed, cresd-fand axial directions cutting
forces per spindle revolution period for the feéelranterval 90-150 mm/min at test 1

sampled at every 3.6 ° spindle revolution.
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Figure 4.4: Sandvik 12 mm CoroMill Plura end mill.

F_IN]

0 - 180 degree Immersion Feed Direction Forces
250 . .

60 mm/min
71— 90 mm/min
— 120 mm/min

j -/ /|~ 150 mmimin ||
100+ &L W ........... :

200

150

50 [ S—
O ................. ..... ] .:::"". ............ ..................... .................

-50 | ' ..................... .................

400 _____________ J . ..................... __________________

-150

0 100 200 300 400
Rotation Angle [deg]

Figure 4.5: 0 - 180 ° immersion feed direction iogjtforces.
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0 - 180 degree Immersion Cross-feed Direction Forces

300
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Figure 4.6: 0 - 180 ° immersion cross-feed direttatting forces.
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Figure 4.7: 0 - 180 ° immersion axial directiontmg forces.
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Tables 4.2 and 4.3 indicates the feed, cross-d@edaxial directions average cutting
and edge forces; and tangential, radial and axrakctions cutting and edge coefficients
respectively for Sandvik 12 mm end mill and alunmm@039 workpiece material pair. In

Figure 4.8 average cutting forces versus feedmateevin X, Y, Z directions is given.

Table 4.2: Feed, cross-feed and axial directioesame cutting and edge forces.

Feed Direction Cross-feed Direction Axial Direction
Average Average Average Average Average Average
Cutting Edge Cutting Edge Cutting Edge

Force Force Force Force Force Force
F xc [N/mm] F xe [N] Fye [N/mm] Fye [N] F zc [N/mm] F ze [N]
253.9 24.6 845.9 26.6 132.8 1.9
Average Cutting Forces vs Feedrate
60
Z 5
I—l>< 40 ............................................................... ........... -
20 1 | 1 1 | 1
0 0.02 0.04 0.06 0.08 01 012 0.14
Feedrate [mm/rev-tooth]

2x ! ! ! ! ! !

0.04 0.06 0.08 0.1
Feedrate [mm/rev-tooth]
20 T T T T T :

0 0.02

0.04 0.06 0.08 0.1 0.12
Feedrate [mm/rev-tooth]

Figure 4.8: Sandvik 12 mm end mill — Al 7039 averdg Y, Z directions cutting forces

00 0.02 0.14

versus feedrate.
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Table 4.3: Cutting and edge coefficients for Sakd? mm end mill and Al 7039 workpiece

pair.
Tangential | Tangential Radial Radial Axial Axial
Cutting Edge Cutting Edge Cutting Edge
Coefficient | Coefficient | Coefficient | Coefficient | Coefficient | Coefficient
KtC Kte Krc Kre Kac Kae
[N/mm?] [N/mm] [IN/mm?] [N/mm] IN/mm?] [N/mm]
874 14 218 13 118 1.3

Using these coefficients force model explainechim previous section was employed
for slot cutting conditions with 2 mm radial depthcut at 120 mm/min feedrate and 600
rpm spindle speed. Figures 4.9, 4.10 and 4.11ateliihe feed, cross-feed and axial direction
measured and simulation cutting forces. The exparial and simulation cutting forces are
in good correspondence with each other.

0 - 180 deg Immersion Feed Direction Forces
200 ! T .
: . | —— F_ Simulation
N b4
150 i oo \ \ ....................... e FX Expenmental .
4 \ :
!‘
100+ lf' ............ ‘ ..................... oo oo i
4 \ :
P 1 \ p
|_|>< 50 S ................ , ...................................... -
(TR ] A\ ;
Y
0 ...................... "‘ .......................................................
\
|
S b “1 ................................................ |
-100 i | i
0 100 200 300 400
Rotation Angle [deg]

Figure 4.9: Feed direction experimental and sinmhatutting forces at 120 mm/min.
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0 - 180 deg Immersion Cross-feed Direction Forces
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200 Ly Pl r R S T R o N =
f :
:‘ 5
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- : ;
= :
|_|}‘100 ................................................ ;‘ ................... =
L, 1 § 3
: i
50 b R e e S T R e o B A R ‘ ....... o
] S .................. 1 — F Simulation |
W/ : ! Y .
¥ | ——~F_Experimental
-50 i i ! I
0 100 200 300 400
Rotation Angle [deg]

Figure 4.10: Cross-feed direction experimental &uwdation cutting forces at 120 mm/min.

0 - 180 deg Immersion Axial Direction Forces
35 . ;

—— FZ Simulation
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g | W

0 100 200 300 400
Rotation Angle [deg]
Figure 4.11: Axial direction experimental and siatidn cutting forces at 120 mm/min.
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The determination of the cutting constants can bésperformed using the tangential,
radial and axial cutting forces. First of all thegalar phase differences were detected for all
the collected data and by accounting these diftaemll experimental force data have been
equally aligned. Thereafter, using the inverseheftransformation matrix given in Equation
3.7; collected force components(Fy, F,) were transformed into tangential, radial and laxia
componentsHK;, F, Fs) (Figures 4.12, 4.13). Assuming the axial deptlbudfis small enough
resulting to very small lag angle the transformatian be performed easily ignoring the lag
angle. The experimental measurements were cartie@dtoa 3.6 ° sampling rotation angle

(A @) thus causing the precision of the transformatias + 3.6 °. Average tangential, radial

and axial direction cutting forces per spindle tation period were plotted versus average
chip thickness in order to obtain the cutting cioefhts (4.14). Determination of the cutting
constants from experimental data is summarized iguré (4.15). Tables 4.4 and 4.5
indicates the tangential, radial and axial diredi@verage cutting and edge forces; and
tangential, radial and axial directions cutting @atje coefficients obtained from tangential,
radial and axial direction cutting forces respesiv

Table 4.4: Tangential, radial and axial directiamsrage cutting and edge forces.

Tangential Direction Radial Direction Axial Direction

Average Average Average Average Average Average

Cutting Edge Cutting Edge Cutting Edge
Force Force Force Force Force Force

Fe INNMM] | Fe[N] | Fe [NNmm] | Fre [N] | Fze [NNMmM] | F o [N]
1635.6 40.6 508.6 38.6 132.8 1.9
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0 - 180 deg Immersion Tangential Direction Forces
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Figure 4.12: 0 - 180 ° immersion tangential directcutting forces.
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Figure 4.13: 0 - 180 ° immersion radial directianting forces.
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Average Forces vs Feedrate
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Figure 4.14: Sandvik 12 mm end mill — Al 7039 ageré&angential, radial and axial
directions cutting forces versus average chip tiesk.

& F=K.0) ti+ (K. dd

Cutti
Hting First degree equation in the form of: Y = a X+ b

force [N]

Kp.dz{ I I

Figure 4.15: Determination of the cutting coeffiti® from experimental data from Guzel
[34].
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Table 4.5: Cutting and edge coefficients for Sakd@ mm end mill and Al 7039 workpiece

pair obtained from tangential, radial and axialrage cutting forces.

Tangential | Tangential Radial Radial Axial Axial
Cutting Edge Cutting Edge Cutting Edge
Coefficient | Coefficient | Coefficient | Coefficient | Coefficient | Coefficient
Ktc Kte Krc Kre Kac Kae
[N/mm?] [N/mm] [IN/mm?] [N/mm] IN/mm?] [N/mm]
818 20 254 19 118 1.3

Using these coefficients force model explainechim previous section was employed
for slot cutting conditions with 2 mm radial depthcut at 120 mm/min feedrate and 600
rpm spindle speed. Figures 4.16 and 4.17 indidaefeed, cross-feed and axial direction

measured and simulation cutting forces. The exparial and simulation cutting forces are
in good correspondence with each other.

0 - 180 deg Immersion Feed Direction Forces
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Figure 4.16: Feed direction experimental and sitrarlecutting forces at 120 mm/min.



Chapter 4 : Calibration

50

Figure 4.17: Cross-feed direction experimental sintulation cutting forces at 120 mm/min.
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4.3 Influence of Radial Depth of Cut in Mechanistiddentification of Milling Constants

feedrates but at constant immersion and axial defptht. Although full immersion milling

experiments are most convenient any immersion ¢ondtan be employed. By equalizing

Mechanistic identification of milling constants @xpnents are conducted at different

Equation 4.3 and 4.4 the following expressionglfiercutting constants is obtained.

where

27T Pex

IExc Kte =B Ifxe Kac — NaCOS@) EZC
'Eyc ’ Kfe 'Eye , Kae ﬂ Eze

Nag

2]

(4.7)
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ex Bex
ﬁcoseqa) Na 2¢-sin2y) Na sin(@) ﬁcos@)

A= 8mr 8mr B=| 217 2T (4.8)
- Na : - Na ' Na Na . '
——2¢p-sin(2g) ——cCcosRy) —COos) —sin(@)

8mr 8mr a, 2r 2r a,

En experimental study was carried on in order mopleasize the influence of
immersion conditions on the cutting force and edgefficients. Two sets of calibration tests
were done for 7 different immersion conditions (@80° slot cutting, 0 — 120° up milling,
60 — 180° down milling, 0 — 90° up milling, 90 —Af8down milling, 0 — 60° up milling, 60 —
180° down milling) with TaeguTec 8 mm end mill @artand DIN 1.2842 steel at 50 HRc
couple. Specifications and visualization of the guekec cutter are given in Table 4.6 and
Figure 4.18 respectively. The 15-60 mm/min feednatierval with 15 mm/min increments at
1200 rpm spindle speedh)(has been tested for TaeguTec 8 mm end mill - 2842
material pair. Charge amplifier parameters areasedillows: The sensitivity values for the
three channels (x, y and z) in the amplifier wefe89, -7.93, and -3.69 pC/N respectively.
Amplifier gain for the device was set to 200 N/ % and Y channels and 10 N/V for Z
channel. Force measurements are carried out at PRR0@ampling frequency ratd)(
constituting 3.6 ° sampling rotation angleg) for the cutting conditions under investigation.
The tangential, radial and axial directions cuttangl edge coefficients for the 7 immersion
condition is given in Table 4.7 (Slot cutting 0180°, 0° - 120°, 60° - 180°, 0° - 90°, 90° -
180°, 0° - 60°, 120° - 180°).

Table 4.6: Cutter specifications.

Cutter TaeguTec HES 2080T TT9030
Number of flutes 2
Diameter 8 mm
Total length 60
Flute length 20
Helix angle 30
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Figure 4.18: TaeguTec 8 mm end mill.

Calibration results show that cutting force caméints are in strong correlation with
the immersion conditions. Tangential and axial aioe cutting coefficients are higher for
down milling rather than up milling condition. Olnet contrary radial cutting coefficients are
higher for up milling rather than down milling catidn. Similarly radial and axial direction
edge coefficients are higher for down milling rattlean up milling condition. However,

there is no constant correlation for tangentialeedggefficients.

Table 4.7: Cutting and edge coefficients for Taegu& mm end mill and DIN 1.2842 steel
workpiece pair obtained for various immersion cdiods.

Cutting 0-180° | 0-120° | 60 —180° | 0—90° |90-180°| 0-60° | 120 — 180°

Coefficients SI(_)t _U_p D_O\_/vn _U_p D_O\_/vn _U_p D_O\_/vn

Cutting Milling Milling Milling Milling Milling Milling

Kie [N/mm?] 4339 3936 4879 4699 5430 5305 7141
Kie [N/mm] 88 92 82 97 82 75 79

Kye [N/mm?] 4764 6586 4668 7562 4760 8398 5843
Kre [N/mm] 117 94 115 107 114 83 108

Kac [N/mm?] 1127 605 1084 1049 1389 1368 1752
Kae [N/Mmm] 67 33 71 61 80 47 97

These obtained coefficients are used in the mesti@aforce model algorithm for the
7 immersion conditions. At every discrete angutaation the root mean square (RMS) of

the difference between experimental and simulabeckfvalues are determined. The results
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are shown in Table 4.8. Interpretation of the ressiridicate that O - 180° immersion slot

cutting tests gives the best calibration coeffitsefor all the immersion conditions. Using

coefficients obtained from 0 - 180° immersion sboiiting tests, the errors between the
results of the force simulation program and expental data are lower than 20 % on the
average in feed, cross-feed and axial directioiugiré 4.19 shows the average of the RMS of
the error between the experimental and simulatiaines for coefficients obtained from 7

different immersion conditions.

Table 4.8: RMS of the error between the experimiemtd simulation values for all the 7

immersion conditions indicating the immersion caiodi from which the coefficients are

obtained.
Situation Used

Error RMS 0-180| 0-120 | 60—-180 | 0—90 [ 90-180 | 0—-60 | 120 - 180
% Slot Up Down Up Down Up Down
Cutting Milling Milling Milling Milling Milling Milling
[ x| 0-180 | 182 18,1 17,6 27,9 17,7 14,6 13,4
[y | Slot 23,9 20,4 231 20,3 23,9 14,3 17,3
z | cutting 15,1 18,7 14,7 15,2 15,9 9,8 18,1
| x | 0—120 | 22,7 14,1 24.4 23,0 23,5 14,7 15,8
(y| Up 28,5 19,0 24,7 15,1 24,5 10,1 19,1
z | Miling | 374 39,3 37,6 35,4 26,9 30,4 17,8
| x | 60-180 | 17,1 18,7 17,0 27,8 16,8 13,9 13,0
[y | Down 23,8 217 231 215 237 14,7 17,5
©|z| Miling | 403 | 413 39,5 373 | 285 | 320 18,7
21x| 0-90 | 481 32,4 41,9 22,8 33,7 21,0 18,8
Ely| Up 38,3 255 347 21,0 32,5 14,0 23,8
2|z Milling 31,2 46,2 32,2 30,9 22,8 26,7 15,6
g |x|o0-180 | 182 16,3 18,3 26,2 16,8 13,8 12,4
©ly| Down 27,2 25,7 25,8 24,8 24,8 15,9 17,9
z | Milling | 544 66,2 51,2 46,5 37,7 39,3 24,6
[ X | 0-60 | 446 28,0 39,9 16,3 33,3 15,2 19,9
[y| up 31,9 229 30,2 16,4 28,4 10,4 22,0
z | Miling | 546 40,0 27,4 24,8 19,2 21,1 14,9
| X |120-180| 31,2 22,0 26,6 21,0 19,9 18,4 13,6
|y | Down 46,2 42,8 43,4 34,8 36,7 18,4 23,3
z | Milling 76,4 84,8 69,4 61,5 52,5 50,9 35,1
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Figure 4.19: The average RMS of the error betwberekperimental and simulation values

for coefficients obtained from 7 different immensioonditions.

4.4 Conclusion

This chapter presents the determination of theinguttcoefficients with the
mechanistic approach. After performing a set oflingl experiments with constant cutting
velocity at varying feedrates keeping the radial arial depth of cut constant, the average
forces per tooth period is measured. Equating tiadytcally derived average cutting force
expressions to the experimentally measured aveadéng forces, the mechanistic
identification of cutting constants in milling iaried out.

Sandvik 12 mm end mill is calibrated using the haegstic approach. Moreover an

experimental study on influence of radial deptlewtfin mechanistic identification of milling

constants is carried
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Chapter 5

MODIFICATION OF TROCHOIDAL MILLING TOOLPATH

5.1 Introduction

Trochoidal milling is used in many commercial CAINM programs especially for
hard milling applications due to the restricted agmgment conditions that both lowers the
cutting forces and heat generation on the cuttgp cbntact face. However, due to the
trochoidal toolpath of the cutter machining cyadlads increase in a considerable amount
depending on the radius of the planetary revoluaon the stepover value between the
planetary revolutions. Due to the nature of thehoddal toolpath, after completing half of
the planetary revolution where the cutter perfoguting operation, there is another half
planetary revolution where the cutter does notquerfcutting. The main motivation in this
section is to optimize trochoidal toolpath in ortiereduce the machining cycle time.

Feedrate scheduling has attracted great attentiorthe recent years for the
improvement procedure of the machining efficien®esearchers employed different
strategies for the feedrate scheduling algorithuth s material removal rate (MRR) based
and force based feedrate scheduling (FFS). MRRduigselrate scheduling algorithm relies
on only the volumetric analysis and the feedratepmized using an inverse proportion to
the average or instantaneous volumetric matermabywal rate. On the other hand FFS relies
on the physics of the cutting mechanism and therilgn ensures a smoother maximum
force profile. As we already have a reliable guatitie force model, FFS is applicable to
trochoidal milling easily in order to reduce cydlmes without sacrificing the machining

quality.



Chapter 5 : Modification Of Trochoidal Milling Towéth 56

5.2 Toolpath Modification for Trochoidal Milling

As the cutter traces a trochoidal path along theerailling operation engagement of
the cutter with the workpiece shows an inconsisbettavior. During the back half of the
planetary revolution in the feed direction contaicthe cutter with the workpiece is no more
valid. Therefore half of the production cycle iscutting. In order to avoid this situation, two
toolpath modification algorithms are consideredochoidal toolpath with straight linear
motion at the back half of planetary revolutionféed direction, double trochoidal milling
mechanism.

The first one is trochoidal toolpath with straightear motion at the back half of
planetary revolution in feed direction. With thdphef this toolpath not only the machining
time is shortened but also the generated forcaagltnochoidal milling are kept unchanged
as the toolpath modification algorithm is employkdling the interval that the cutter does not
perform cutting. The toolpath for the cutter cenfey) for trochoidal milling operation is
given in Equation 3.9 considering small incrementsangle defining the position of the
cutter teeth. Figure 5.1 indicates the toolpath for trochoiddling with the parameters 20
mm planetary revolution radiu®{) and 5 mm stepover between each planetary regaluti

In the modified algorithm the toolpath of the cuttenter is given as follows:

Rpsin9+c—6 if 0<f<sm
X, = 2’59 (5.1)
R, sin(x + 77)+2— it m<@<2m
Vs

Y. =R, cosd

where k is{ziJ. In Figure 5.2 the cutter center toolpath for nfiedi trochoidal milling
T

algorithm with straight linear motion for back halanetary revolution is shown.
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Toolpath For Trochoidal Milling
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Figure 5.1: Sample trochoidal milling toolpath.

Toolpath For Trochoidal Milling With Straight Linear
Motion For Back Half Planetary Revolution
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Figure 5.2: Sample trochoidal milling with straidimear motion for back half planetary

revolution toolpath.
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The other toolpath modification is double trochéidalling. In double trochoidal
milling, after completion of downwards half of tipanetary revolution, the cutter performs
an upwards planetary revolution motion. Therefaige production cycle time of the
trochoidal face milling operations is halved. Tlwlpath of the cutter center for double

trochoidal milling is given as follows:

R sing+%% it o<osn
X, = 21 (5.2)
, co .
Rpsm(—6)+— if m<@<2m
2
Y. =R, cosd

Figure 5.1 indicates the toolpath for double tradhabmilling with the parameters 20

mm planetary revolution radiuR{) and 5 mm stepover between each planetary rewaluti

Toolpath For Double Trochoidal Milling

o]
o

—r
Q

Y Distance [mm]
o o

R
=]

-10 0 1|0 20 30 40
X Distance [mm]
Figure 5.3: Sample double trochoidal milling todipa
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However due to the change of direction betweenhtié planetary revolutions and
milling orientation, problems can be generated e machined part considering tolerance
errors and surface roughness. The possible proldemsrated by this mechanism were not

examined in this study.

5.3 Force Based Feedrate Scheduling for TrochoidMilling

Due to the competitive behavior of the productioorid, machining efficiency has
gained a lot of importance. In commercial CAD/CANograms, conservative constant
feedrate values have been mostly used which dyrestricts the machining efficiency since
the generated for profile is not constant all altimg toolpath and some parts of the toolpath
can be machined with higher feedrates. Feedratedsting is an optimization process that
adjusts the feedrates of the NC code of the madhpaet in order to cut with varying
feedrates at an altered performance and efficiehey different strategies are used for the
feedrate scheduling: material removal rate (MRR)eblaand force based feedrate scheduling
(FFS). Previous studies result out the fact thatefdbased one is more productive and
reliable considering the generated force profiled.|

FFS regulates the original constant feedrate acuprit the reference cutting force
all along the toolpath. Calibration tests for Tabgu 8 mm end mill and DIN 1.2842 steel
pair yields out the fact that the average cuttioigds can be expressed in terms of a linear
function of the feedrate term contributed by thé&iog forces and an offset contributed by
the edge forces (Figures 5.4, 5.5). The averaggnguforces are measured for seven
different immersion conditions (Slot cutting 0°180°, 0° - 120°, 60° - 180°, 0° - 90°, 90° -
180°, 0° - 60°, 120° - 180°). The relation betwéige cutting forces and feedrate is used in

force based feedrate scheduling algorithm.
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Feed Direction Average Cutting Forces
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Figure 5.4: Feed direction average cutting foreesfaeguTec 8 mm end mill DIN 1.2842

steel pair.

Cross-feed Direction Average Cutting Forces

140 0t & Do

120 -

100 - —+—0-180
= —=—-0-120
< 80
S o0 = 60 - 180
p— + _

e —
0 /./-/' 0-90
2 e— . ) —%—90 - 180
0 : : ‘ ‘ ‘
10 20 30 40 50 60 ——0-60
Feedrate [mm/min] ——120 - 180

Figure 5.5: Cross-feed direction average cuttingde for TaeguTec 8 mm end mill DIN
1.2842 steel pair.
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The force model introduced in chapter 3, relates dfiferential cutting forces in
tangential, radial and axial directions to cuttiogefficients times chip load plus edge
coefficients times cut length (Equation 3.6). Tiusovides to derive a linear relation

depending on feedrate.

dF = ALf +B (5.3)

The model is processed to keep the resultant far¢ee desired constant limit level

along the toolpath for the CL points; the modelsubee contact region defined for each CL

point. The limiting feedrate formula for tHéh CL point is given as follows;

fo—1f
flim,i = (Fiim,i-F, )-ﬁ + 1
2i ~Fj (5.9)

wherei = 1, 2, 3,....,C andC is the total number of CL points in the toolpdihimm/min) is
the original constant feedrate for the toolp&t{mm/min) is two, three or any number times
f, in order to obtain the linear relation for tH& CL point. Fy(Newton) is the maximum
resultant force value for tH& CL point forf, feedrate valueF, (Newton) is the maximum
resultant force value fof"™ CL point for f, feedrate valueF;n; is the limiting constant
resultant force threshold value which the cuttiogcés will be under this threshold value and

fimi iS Obtained as scheduled in (mm/min) forifA€L point.
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Chapter 6

FORCE VALIDATION TESTS

6.1 Introduction

In order to validate the proposed force and engage models, various trochoidal
milling tests including the optimized ones werefpened. The NURBS based toolpaths for
trochoidal milling algorithms was obtained with graphics NX 2.0 CAM module with a
special postprocessor code generated for Koc WsityefFace milling area operation from
the manufacturing module was used. The same expetainsetup used in the calibration
tests was used for the validation tests (Figuresdd 4.3). The cutting conditions and results
of the performed cutting tests were described enfttiowing sections of this chapter.

The validation tests were performed for analytanadl numerical engagement models

and the modification algorithms for trochoidal nmd.

6.2 Analytical Engagement Model Validation Test

The analytical engagement model developed for tioleth milling is only capable of
predicting the engagement for simple filled surfaeathout containing any holes or bosses
in it. The validations of the proposed model wasied out with simple 2 %2 axis trochoidal
milling situation. For Sandvik 12 mm CoroMill Plui®O N mill and aluminum 7039
workpiece pair, the feedrate and the spindle spesd been chosen as 240 mm/min and 600
rpm respectively corresponding to 0.2 mm/rev/todite axial depth of cut was 2 mm. The
radius of the planetary revolution was 14 mm ane stepover between the planetary
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revolutions is 1 mm. The process was slot cuttimgj the dimensions of the workpiece were
b; = b, = 20 mm. Sampling frequency was taken as 1000 Hiztwcorresponds to 3.6°
rotation angle for the cutting conditions. The taald cutting parameters are summarized in
Table 6.1.

Table 6.1: Trochoidal milling validation tests entf conditions.

Cutter Sandvik 12 mm
Workpiece Material Al 7039
Spindle Speed 600 rpm
Feedrate 240 mm/min
Axial Depth of Cut 2 mm

Radius of Planetary Revolution | 14 mm
Stepover 1mm
Workpiece Dimensions (la/b,) 20/20 mm
Sampling Frequency 1000 Hz

Figure 6.1 indicates the engagement resultsrémhoidal milling with 12 mm end
mill, 14 mm planetary revolution radius and 1 mrapsiver. The start and the exit angles
both start from approximately 4°. The start anglawerges to 0° as the cutter retracts from
the workpiece. The exit angle increases with aesesing slope at first, reaches the maximum
value approximately 40° and converges to 0° astitter retracts from the workpiece.

Figures 6.2 and 6.3 point out the feed, cross-Beetiaxial directions simulation and
experimental cutting forces for a spindle and plaryerevolution respectively. The simulated
and the measured forces are in good correspondeiticecach other for both revolution
periods. As the cutter has two flutes, two peakshefcutting forces in each direction are
observed in a single rotation of the cutter comesing to 360°. Due to the small
engagement regions almost 2/3 of the cutter rotate cutter teeth do not perform cutting

which help further cooling of themselves.
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Figure 6.1: Engagement conditions.
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Figure 6.2: Comparison of the experimental and Kitian forces for one spindle period.
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Figure 6.3: Comparison of the simulation and experital cutting forces for one planetary
revolution.
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6.3 Numerical Engagement Model Validation Test

The numerical engagement model developed for tidehamilling is capable of
predicting the engagement for complex surfacesamoing holes or bosses in it. The
validations of the proposed model was carried oith wimple 2 %2 axis trochoidal milling
situation. The same cutter and workpiece materal psed in the numerical engagement
model validation test were used. The cutting patarsesuch as spindle speed and feedrate
were kept constant with the previous test. Thelaapth of cut was 1 mm. The radius of the
planetary revolution was 22 mm and the stepovewdsn the planetary revolutions is 1 mm.
Sampling frequency was taken as 1000 Hz which spamrds to 3.6° rotation angle for the
cutting conditions. The workpiece used was the &escmodel of the cover of a cylinder
block of Motosan one cylinder diesel engine. Figdra shows the Unigraphics 3D CAD
drawing of the machined workpiece with the necgsdanensions. The toolpath was created
via UG NX 2.0 face milling area operation. The gabed toolpath starts with smaller
planetary revolution radius and it continuouslyreases until the steady state value. A
section of the NURBS g-code file and point cloudresentation of the cylinder block with
the toolpath are given in Figure 4-b,c.

In Figure 6.5 complete force profile along thelpaoh is shown for both simulation
and experiments. The simulated and the measuredsare in good correspondence with
each other. The main reason for the increase icefamplitudes at the beginning of the
trochoidal milling operation is larger engagemengions due to the small planetary
revolution radius. In order to emphasize the cdjigsi of numerical engagement model
such a complex workpiece was chosen for the vatidaest. The holes and the cavities in
the milled surface cause gaps in the generateck fprofiles with respect to full surface
milling. Three regions consisting of half planetagyolutions were investigated with details
with aim of emphasizing the quantitative and qa#ilie properties of numerical engagement
model. Figures 6.6, 6.7 and 6.8 indicate the sitrariaand experimental cutting forces for
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the regions I, Il and Il respectively. The simegldtand the measured forces are in good

correspondence with each other.

a b
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Figure 6.4: a) CAD drawing, b) A section of the NBRg-code file, c) Point cloud
representation of the cover of a cylinder blockwite toolpath, d) Photograph of the
machined workpiece.
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Figure 6.6: Comparison of the simulation and experital cutting forces for one planetary
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Figure 6.7: Comparison of the simulation and experital cutting forces for one planetary
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Figure 6.8: Comparison of the simulation and experital cutting forces for one planetary

in the region 111
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6.4 Toolpath Modification Algorithms Validation Tests

Validation tests result out that due to the tradhbtoolpath of the cutter machining
cycle time increases in a considerable amount dipgnon the radius of the planetary
revolution and the stepover value between the pdayerevolutions. Previous chapter
introduced the toolpath modification algorithms fimochoidal milling operation for the
maximization process of the machining efficiency. drder to emphasize the effects of
toolpath modification algorithms, Al 7039 squaréspr blocks with dimensions 36 x 36 x 2
mm were trochoidal milled with Sandvik 12 mm endlmihe cutting parameters such as
spindle speed and feedrate were kept constanttigtiprevious tests. The axial depth of cut
was 2 mm. The radius of the planetary revolutios w2 mm and the stepover between the
planetary revolutions is 1 mm. Experimental measems were carried out at 1000 Hz
sampling frequency.

First of all a block was simple trochoidal milldéigure 6.9 indicates the toolpath and
the boundaries of the workpiece. In Figure 6.11 gamson of simulation and experimental
cutting forces along the full toolpath is showneTimulated and the measured forces are in
good correspondence with each other. Experimentalliected time data from the DAQ
setup states the total machining time is 908.6 sré@hoidal milling operation.

The first toolpath modification algorithm is trambal toolpath with straight linear
motion at the back half of planetary revolutionfeed direction. This toolpath not only
shortens the machining time but also the generfategs during trochoidal milling are kept
unchanged. Toolpath modification algorithm is emplb during the interval that the cutter
does not perform cutting. Figure 6.10 presentarbdified toolpath algorithm for trochoidal
milling. Figure 6.12 indicates comparison of theglation and experimental cutting forces
along the full toolpath. The generated forces @ kinchanged with the original trochoidal
milling equation. Experimentally collected time aatates the total machining time is 749.2

s for the modified trochoidal milling operation.
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Toolpath For Trochoidal Milling
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Figure 6.9: Toolpath for trochoidal milling of 3636 x 2 aluminum block.
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Figure 6.10: Toolpath for trochoidal milling witltraight linear motion at the back half of

planetary revolution in feed direction of 36 x 3@ mluminum block.
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Figure 6.11: Comparison of the simulation and expental cutting forces for trochoidal
milling.
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Figure 6.12: Comparison of the simulation and expental cutting forces for trochoidal
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The second toolpath modification algorithm is deultrochoidal milling. The
production cycle time of the trochoidal face miffioperations is halved with this approach
due to the fact that the cutter is always in canteth the workpiece performing cutting.
Figure 6.13 indicates the toolpath for double tmdhal milling. Although double trochoidal
milling shortens machining time, there is a dradtrection change at the end of each path.

In Figure 6.14 comparison of the simulation angdezimental cutting force along the
full toolpath is shown. The simulation results sha@wod correspondence with the
experimental results. Figure 6.15 presents thelaimoun and experimental cutting forces for
two half planetary revolutions: one downwards am& apwards. Due to the reason that
milling orientation changes within the downwardsd arpwards motions there is a slight
increase in the maximum force magnitude at the xeatal measurements. Experimentally
collected time data states the total machining timé51 s for the modified trochoidal

milling operation.

Toolpath For Double Trochoidal Milling
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Figure 6.13: Toolpath for double trochoidal millin§36 x 36 x 2 aluminum block.
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Figure 6.14: Comparison of the simulation and eixpental cutting forces for double
trochoidal milling along the full toolpath.
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Figure 6.15: Comparison of the simulation and eixpental cutting forces for double
trochoidal milling for two half planetary revolutis.
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Further optimization of the toolpath modificatialgorithms is carried out with force
based feedrate scheduling. In order to validateRR8 algorithm experimental tests were
performed with the same experimental setup on tlublé trochoidal milling operation. The
resultant force in the original operation was alidth N. The feedrate scheduling algorithm
was employed in order to achieve a constant maxiriauoe profile at a level of 275 N. The
original feedrate value was 240 mm/min. For safegsons the maximum feedrate value is
restricted with 500 mm/min. Figure 6.16 indicaté® tcomparison of the constant and
scheduled feedrates and the first lines of the NBRBcode sections. The experimental
measurements and the simulation results for fulldgrofile along the toolpath and two half
planetary revolutions are given in Figure 6.17 &B respectively. The simulation results
are in good agreement with the experimental measemts both quantitatively and
qualitatively. Experimentally collected time datatss the total machining time is 323 s for

the double trochoidal milling operation.
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Figure 6.16: a) Comparison of the scheduled andtaahfeedrate, b) A section of the FFS
NURBS g-code file.
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Figure 6.19 shows the resultant cutting forcescfamrstant feedrate and FFS double
trochoidal milling for a half planetary revolutigreriod. It can be easily noticed that after
implementation of FFS algorithm the resultant fommefile has become smoother. The
resultant cutting forces were kept around 275 Ne dilacrease at the ends of the revolutions
is due to the feedrate limitation at the level 30G/min for safety reasons. Half planetary
revolution takes 9.31 and 7.41 s for original deubiochoidal milling and FFS double
trochoidal milling respectively.
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Figure 6.19: Half planetary revolution a) Simulatiand experimental resultant cutting forces
for double trochoidal milling b) FFS double troctiai milling.
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6.5 Conclusion

This chapter contains the experimental validatbrthe proposed engagement and
force models. Various tests were performed fordadion. First of all analytical engagement
model was validated for simple trochoidal millilfterwards simulations of the numerical
engagement model of trochoidal milling of the coeéra cylinder block of one-cylinder
diesel engine were compared with experimental nreasents.

The next section contains the validation test®ofpath modification algorithms for
trochoidal milling. The first toolpath modificatioalgorithm was trochoidal milling with
straight linear motion for back half planetary rexmn. Afterward double trochoidal milling
mechanism validation tests were carried out. Moseosimulation of force based feedrate
scheduling (FFS) algorithm applied over double hmdal milling were validated with
experimental tests. In all the phases of the stimdypredicted simulation and measured
experimental cutting forces are in good agreenikgible 6.2 summarizes the improvements
in cycle time within the toolpath modification algbms. FFS double trochoidal milling
algorithm enables 64.4 % reduction in cycle timenpared with original trochoidal milling

operation.

Table 6.2: Comparison of cycle time for varioustroidal milling algorithms.

Algorithm Used Cycle Time [s]| Reduction in Cycle Time

Trochoidal Milling 908.6 0%
Trochoidal Milling with

0,
Straight Linear Motion 753.6 17%
Double Trochoidal Milling 451 50.4 %
FFS Double Trochoidal 323 64.4 %

Milling
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Chapter 7

COMPARING WEAR IN LINEAR AND TROCHOIDAL MILLINGWIT H
SURFACE ROUGHNESS AND CUTTING FORCE ASPECTS

7.1 Introduction

As the competition in world marketing gets hardethim product life cycles gets
shorter. A product that had a life cycle of thyears five to ten years ago might have a life
cycle of just one year today [1]. Therefore themmabtivation in die and mold industry is to
increase productivity and reduce production costsl @ycles. In order to increase
productivity several strategies are used. One emths applying different toolpaths in
machining operations. Commercial CAM programs ufferént toolpath strategies such as
zigzag, peripheral, circular and trochoidal patfise previous chapters enclose the modeling
of engagement domain for trochoidal milling foreedtictions.

The present chapter includes comparison of troeh@dd linear milling upon usage
characteristics. The comparison issues consisthiet subsections: wear characteristics

comparison, cutting forces comparison and surfaaghness comparison.

7.2 Tool Wear

Cutting tools are confronted to drastic conditi@hsing machining processes. The
extremely severe friction conditions due to largmphtude cutting forces and high

temperatures causes tool wear. The gradual lossobimaterial during cutting causes tool
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wear. Cutting tools are useful as long as surfagehf and dimensional accuracy are kept in
the specified tolerances. Extreme tool wear resaltsol reach its life limit, and tool change
is unavoidable.

Tool wear mainly occurs not only at rake face dughe high contact stress between
tool rake and chip face; but also at the cleardace due to the friction between the flank
and machined surface. Excessive wear or mechaamal thermal overload may cause
chipping or even tool breakage.

Tool wear phenomena relies on several mechanisnehwhn be listed as abrasion,
adhesion, diffusion, chemical and fatigue wear fjrasion wear can be defined as tearing
of small particles from a soft material with a hardnaterial. On the other hand, softer
material also removes particles from harder mdtavith a slower rate. Adhesion wear
occurs in the presence of sliding of two smootHam@s over each other and fragments of
softer material are pulled off and adhere to thedéraone at localized contact areas.
Adhesion wear results in built-up edge where thigesanaterial of the chip adheres to the
tool. At highly elevated temperatures, the atom#hwigher concentration at one material
(tool or chip) diffuse to the other one where tlo@aaentration is lower resulting in diffusion
wear. Moreover, high temperature and the presehed ¢O,) cause the formation of new
molecules at the tool chip contact face. Fatiguarneecurs during repeated stress that builds
up and ebbs. Surface crack formation results iakure of the surface.

Tool wear generally occurs at the contact surfdmdsveen the tool, chip and the
work material. There are two prevalent wear medmasi crater wear and flank wear. Crater
wear forms at the contact face between the toolchi (rake face of the tool). Due to the
chip flowing across the rake face under heavy lpadsere friction conditions and high
temperatures occurs. Under these circumstancestiex shape wear pattern is formed behind
the cutting edge. The crater wear affects the rggtthechanism not only by increasing the
rake angle thus lowering the cutting but also weakée strength of the cutting edge

enabling any probable breakage. Flank wear ocaurth® clearance face of the tool in the
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presence of the friction between this face anditbhehined workpiece surface. Abrasion and
adhesion wear mechanism takes place either tottlearadhere to workpiece surface and
sheared off or hard tool and workpiece particles téf tool material. Nose and notch wear
and edge chipping occur due to adhesion and wehkerutting edge.

Rake face
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Figure 7.1: Tool wear types [35].

7.2.1 Tool Wear Measurement Setup

Tool wear on the rake and clearance faces of thienguools were observed using
Nikon Eclipse LV100D microscope with 5x magnificati Capturing of the images were
carried out with PixeLINK megapixel firewire digitaamera (Model No: PL-A662) and
“PixeLINK Capture SE” software. Two types of weaene observed on the investigated
surfaces. These were chipping and flank wear orh lmbtarance and flank surfaces.
Maximum chipping and wear lengths perpendiculathi cutting edge were measured for
linear and trochoidal milling situations.
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Figure 7.2: Experimental setup for tool wear measiants [36].

7.3 Surface Roughness

The performance of the machining operation can kessidied taking into
consideration many parameters such as form andestudgrances, surface roughness and
residual stresses. Surface roughness is one ohdisé important requirements in machining
operations since micro cavities on the surfacestdarther cracking and complete part
failure. During end milling operation various paeters related with tool, workpiece and
environment affect surface roughness. Related b geometry such as nose radius, flank
width, runout and wear; to the workpiece mater@idness and machinebility and finally
related to cutting conditions including feedratetting speed, axial and radial depth of cut

and cutting fluid determine the surface roughness.
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7.3.1 Surface Roughness Measurement Parameters

This section gives the definitions (calculation hoets) of the roughness parameters
used along the section.
» Arithmetic mean deviation of the profile, R
R, is the arithmetic mean of the absolute valueshefgrofile deviationsY;) from the

mean line.

_1
R =Y, (7.1)

Don m/\ m«/\/\/m\
/ W/\\J y "M‘WW

Figure 7.3: Surface roughness profile and meareviate [37].

* Root-mean-square deviation of the profilg, R
Ry is the square root of the arithmetic mean of tpeases of profile deviation&;} from
the mean line.

RIRY
:(Né“] (2)
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* Ten-point height of irregularities, R
R, is the sum of the mean height of the five highesfile peaks and the mean depth of

five deepest profile valleys measured from the migen

1 1
R, =§_Z:1:Ypi +§Z:1:Yvi (7.3)

Yp2 -
Yp1 p3 Yp5

A A [ andh /?F“\ i
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Yv3 YV5 Yv4
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Figure 7.4: Surface roughness profile and meareviale forR,method [37].

7.3.2 Surface Roughness Measurement Setup

Surface roughness measurements were carried onawifitutoyo SJ-301 surface
roughness tester. The measurement probe was taaelevaluation length of 2.5mm with
0.8 inch/second traverse speed. 6 measurementsirediol feed and cross-feed directions

were performed for each pass and the mean valuesreerded.
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7.4 Comparison of linear and trochoidal milling

In order to compare wear, surface roughness arithgubrce aspects of linear and
trochoidal milling, two set of experiments were fpemed with each milling type. Makina
Takim Endustrisi (MTE) 9 mm HSS end mill cuttersdaflSI H 13 steel workpiece pair
were used. Specifications and visualization ofdiiger are given in Table 7.1 and Figure 7.6
respectively. Feed, cross-feed and axial directicuising forces were measured for each
pass. After the end of each pass, images of clearamd rake faces of the both cutters were
captured and the amount of wear was measured. Adw@pletion of all the tests, surface

roughness of the machined surfaces was measured.
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Table 7.1: Cutter specifications.

Tool properties Parameters
Model DIN 844 BN B0027618090(
Material HSSE 8 % Co
Diameter 9 mm

Pens diameter 10 mm

Total length 69 mm

Flute length 19 mm
Projection length 30 mm

Helix angle 30°

Rake angle 12°
Clearance angle 8°

Number of flutes 4

Table 7.2: Machining conditions

Machining conditions | Parameters
Spindle speed 1415 rpm

Cutting velocity 40 m/min

Feedrate 170 mm/min

Feed per tooth 0.03 mm/rev/tooth
Axial depth of cut 1 mm

7.4.1 Linear Toolpath

The linear toolpath tests consist of 6 passeshiWwigéach pass a rectangular block
with dimensions 162 x 9 x 1 mm was machined. Thelength was 162 mm and the full
immersion slot cutting (9 mm cutter diameter) wasf@med at 1 mm axial depth of cut.
The spindle speed and the feedrate were set as rpfi5and 170 mm/min respectively

corresponding 40 mm/min cutting velocity and 0.0 ieed per revolution per tooth value
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(Table 7.2). The rake and clearance face imagéseofutter teeth 1 to 4 are given in Figures
7.8-7.15. The results are summarized in Table Ad3Fagure 7.7.

Table 7.3: Wear and chipping lengths on clearanderake faces for linear milling.

Tooth 1 (um) Tooth 2 (um) Tooth 3 (um) Tooth 4 (um)
Wear | “Chipping” |Wear | “Chipping” | Wear | “Chipping” | Wear | “Chipping”
Pass | Clearance | 47 21 58 8 61 13 58 14
1 Rake 117 10 239 14 109 13 66 13
Pass | Clearance | 71 26 66 22 70 18 73 19
2 Rake 241 20 242 23 177 18 93 21
Pass | Clearance | 104 28 117 39 99 23 117 27
3 Rake 256 31 256 58 188 34 117 24
Pass | Clearance | 182 36 134 52 132 36 190 30
4 Rake 270 40 263 83 223 52 146 30
Pass | Clearance | 210 43 164 58 344 58 220 41
5 Rake 278 60 267 93 242 58 154 42
Pass | Clearance | 272 47 182 67 386 71 239 49
6 Rake 303 89 281 103 256 67 162 47
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Figure 7.7: Linear toolpath average wear for atheat each pass corresponding to 162 mm
length, 9 mm width, 1 mm depth.
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Figure 7.8: MTE 9mm end mill tooth # 1 linear toatlp rake face wear a) Fresh tool, b-g)
After pass 1-6 (each 162 mm length, 9 mm width,M depth).
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Figure 7.9: MTE 9mm end mill tooth # 1 linear toatlp clearance face wear a) Fresh tool, b-

g) After pass 1-6 (each 162 mm length, 9 mm wititmm depth).
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Figure 7.10: MTE 9mm end mill tooth # 2 linear to&th rake face wear a) Fresh tool, b-g)
After pass 1-6 (each 162 mm length, 9 mm width,M depth).
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Figure 7.11: MTE 9mm end mill tooth # 2 linear foath clearance face wear a) Fresh tool,

b-g) After pass 1-6 (each 162 mm length, 9 mm witithm depth).
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Figure 7.12: MTE 9mm end mill tooth # 3 linear foath rake face wear a) Fresh tool, b-g)
After pass 1-6 (each 162 mm length, 9 mm width,M depth).
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Figure 7.13: MTE 9mm end mill tooth # 3 linear h clearance face wear a) Fresh tool,

b-g) After pass 1-6 (each 162 mm length, 9 mm witithm depth).
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Figure 7.14: MTE 9mm end mill tooth # 4 linear foath rake face wear a) Fresh tool, b-g)

After pass 1-6 (each 162 mm length, 9 mm width,M depth).
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Figure 7.15: MTE 9mm end mill tooth # 4 linear foath clearance face wear a) Fresh tool,

b-g) After pass 1-6 (each 162 mm length, 9 mm witithm depth).

In Table 7.4 and Figure 7.16 mean absolute cutforges were summarized.
Experimentally collected time data states the tatachining time is 62.5 s for the linear

milling operation.
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Table 7.4: Mean absolute cutting forces for lineatpath.

Fx (N) Fy(N) | Fr(N)
Pass 1 77.1 137.7 162.9
Pass 2 72.3 138.4 160.9
Pass 3 80.1 137.3 164.1
Pass 4 96.9 140 174.7
Pass 5 99.3 148.6 183.9
Pass 6 93.8 147.4 179.7
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190 L
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Figure 7.16: Linear toolpath mean absolute cuttimges at each pass corresponding to 162

mm length, 9 mm width, 1 mm depth.

Measured feed and cross-feed directions surfaoghress values were given in
Tables 7.5, 7.6 and visualization of average serfacghness was given in Figure 7.17. The
measured surface profile for the nearest sampkbdcaverage of all the measurements at

each pass was given in Figures 7.18, 7.19 for &@eldcross-feed directions respectively.
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Linear Toolpath Surface Roughness
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Figure 7.17: Linear toolpath surface roughnesseh @ass corresponding to 162 mm length,
9 mm width, 1 mm depth.

Table 7.5: Feed direction surface roughness memasumts for linear toolpath.

Sample | Sample | Sample | Sample | Sample |Sample
1 2 3 4 5 6

Ra(um)| 061 | 1.06 | 1.23 | 064 | 062 | 056 | 0.79
Palss R,(um)| 431 | 573 | 6.13 | 532 | 413 | 4.15 | 4.96
Rq(um)| 0.81 | 1.30 | 1.49 | 0.83 | 0.79 | 0.72 | 0.99
R.(um)| 060 | 0.60 | 041 | 0.64 | 070 | 0.71 | 0.61

Mean

PZSS R,(um) | 4.46 | 4.40 | 359 | 443 | 461 | 461 | 435

R,(Um)| 077 | 0.77 | 056 | 0.87 | 094 | 0.94 | 081

oo | Retm) | 0.75 | 085 | 103 [ 1.00 | 0.65 | 0.73 [084
ass

3 R (um) | 5.12 6.17 6.64 8.02 4.35 5.03 | 5.89
Rq (Um) | 0.95 1.15 1.30 1.36 0.81 0.95 | 1.09
Ra (um) | 0.82 1.05 0.89 1.18 1.21 1.32 | 1.08
R, (um) | 5.96 6.87 6.22 7.08 6.57 7.22 | 6.65
Ry (um) | 1.04 1.38 1.16 1.50 1.48 1.58 | 1.36
Pass Ra (um) | 1.63 1.81 1.73 1.84 1.89 1.89 | 1.80

5 |R.(um)| 7.01 7.90 7.06 7.28 7.80 7.38 | 7.41
Rq (um) | 1.89 2.09 1.99 2.08 2.16 2.12 | 2.06
Pass Ra(um) | 1.37 1.39 1.78 2.06 1.03 0.94 | 1.43

6 | Rz(um)| 6.52 6.42 7.53 8.22 5.55 496 | 6.53
Rg (um) | 1.61 1.60 2.03 2.28 1.24 1.11 | 1.65

Pass
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Figure 7.18: MTE 9mm end mill linear toolpath fegicection measured profiles for surface
roughness that are closest to the mean valuepsftsr 1-6 (each 162 mm length, 9 mm
width, 1 mm depth).
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Figure 7.19: MTE 9mm end mill linear toolpath fesicection measured profiles for surface
roughness that are closest to the mean valuepsftsr 1-6 (each 162 mm length, 9 mm
width, 1 mm depth).
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Table 7.6: Cross-feed direction surface roughnesssorements for linear toolpath.

Sample | Sample | Sample | Sample | Sample | Sample

1 2 3 4 5 6 | Mean
Pass Ra (M) | 0,63 0,52 0,42 0,49 0,58 0,46 | 0,52
1 |[Re(m)| 321 | 302 | 221 | 285 4,29 29 | 3,08
Rq (HM) | 0,84 0,63 0,52 0,61 0,78 0,58 | 0,66
Ra(Um) | 0,41 0,65 0,42 0,63 0,51 0,79 | 0,57

Pass

5> |R(Mm)| 2,05 4,3 4,13 4,09 4.4 4,79 | 3,96
Rq (M) | 0,51 0,81 0,6 0,85 0,71 1,05 | 0,76
Pass Ra (M) | 0,67 0,61 1,07 0,63 1,07 0,67 | 0,79
3 |Re(Um)| 443 | 4,69 6,3 3,21 6,54 4,43 | 4,93
Rq (MM) | 0,83 0,8 1,35 0,84 1,44 0,83 | 1,02
Pass Ra(um) | 1,24 0,98 0,88 1,03 1,01 0,63 | 0,96
4 |R.(m)| 578 4,98 4,20 4,93 5,27 3,53 | 4,78
Rq (M) | 156 1,17 1,06 1,27 1,29 0,78 | 1,19
Pass Ra(Um)| 0,8 0,85 1,27 0,82 1,19 0,88 | 0,97

5 |R.(km)| 453 5,75 7,17 4,13 6,46 444 | 541
Ry (M) 1 1,12 1,53 1 1,46 1,05 | 1,19

p Ra(um) | 1,29 1,15 1,28 0,84 1,28 1,04 | 1,15
ass

6 |R.(um)| 7,28 5,44 6,10 3,98 8,21 557 | 6,10
Ry (um) | 1,53 1,36 1,51 1,08 1,71 1,27 [ 1,41

7.4.2 Trochoidal Toolpath

The trochoidal toolpath tests consist of 6 passéss 27 x 1 mm. The spindle speed
and the feedrate were set as 1415 rpm and 170 mniespectively corresponding 40
mm/min cutting velocity and 0.03 mm feed per retiolu per tooth value. The radius of the
planetary revolution was 9 mm and the stepover éetwthe revolutions were 1 mm. The
rake and clearance face images of the cutter te&h4 are given in Figures 7.20-7.27. The

results are summarized in Table 7.7 and Figure. 7.28
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Figure 7.20: MTE 9mm end mill tooth # 1 trochoittablpath rake face wear a) Fresh tool, b-
g) After pass 1-6 (each 54 mm length, 27 mm wititmm depth).
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Figure 7.21: MTE 9mm end mill tooth # 1 trochoittablpath clearance face wear a) Fresh
tool, b-g) After pass 1-6 (each 54 mm length, 27 width, 1 mm depth).
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Figure 7.22: MTE 9mm end mill tooth # 2 trochoittablpath rake face wear a) Fresh tool, b-
g) After pass 1-6 (each 54 mm length, 27 mm wititmm depth).
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Figure 7.23: MTE 9mm end mill tooth # 2 trochoitlablpath clearance face wear a) Fresh
tool, b-g) After pass 1-6 (each 54 mm length, 27 width, 1 mm depth).
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i ]

Figure 7.24: MTE 9mm end mill tooth # 3 trochoittablpath rake face wear a) Fresh tool, b-

g) After pass 1-6 (each 54 mm length, 27 mm wititmm depth).
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Figure 7.25: MTE 9mm end mill tooth # 3 trochoitlablpath clearance face wear a) Fresh
tool, b-g) After pass 1-6 (each 54 mm length, 27 width, 1 mm depth).
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Figure 7.26: MTE 9mm end mill tooth # 4 trochoittablpath rake face wear a) Fresh tool, b-
g) After pass 1-6 (each 54 mm length, 27 mm wititmm depth).
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Figure 7.27: MTE 9mm end mill tooth # 4 trochoitlablpath clearance face wear a) Fresh
tool, b-g) After pass 1-6 (each 54 mm length, 27 width, 1 mm depth).
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Table 7.7: Wear and chipping lengths on clearanderake faces for trochoidal milling.

Tooth 1 (um) Tooth 2 (um) Tooth 3 (um) Tooth 4 (um)

Wear | “Chipping” | Wear | “Chipping” | Wear | “Chipping” | Wear | “Chipping”
Pass | Clearance | 154 38 271 34 121 23 93 21
1 Rake 144 46 134 43 109 43 89 32
Pass | Clearance | 456 51 321 40 253 42 319 69
2 Rake 153 58 147 70 137 62 142 51
Pass | Clearance | 550 63 556 52 552 96 413 119
3 Rake 171 71 160 76 161 81 172 72
Pass | Clearance | 606 64 618 58 606 107 509 178
4 Rake 178 89 176 89 167 90 174 83
Pass | Clearance | 694 66 700 69 667 117 631 181
5 Rake 186 94 178 98 172 98 206 117
Pass | Clearance | 739 81 728 84 703 120 666 227
6 Rake 200 122 210 151 196 134 241 187

Trochoidal Toolpath Wear

800
—_ —*— Clearance
g. 700 A // Face Wear
= 600
s —e— Clearance
< 500 | Face
e Chippin
S 400 pping
g Rake Face
r}u 300 - Wear
S 200
= ¢ —m— Rake Face
'-g 100 Chipping

0 T T T T T
1 2 3 4 5 6

Number of Passes

Figure 7.28: Trochoidal toolpath average wear fiotreath at each pass corresponding to 162

mm length, 9 mm width, 1 mm depth.
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In Table 7.8 and Figure 7.29 mean absolute cutforges were summarized.
Experimentally collected time data states the toiathining time is 1257 s for the trochoidal
milling operation. Measured feed and cross-feedations surface roughness values were

given in Tables 7.9, 7.10 and visualization of ager surface rough

7.30. The measured surface profile for the neasashple to the average of all the
measurements at each pass was given in Figures7/321for feed and cross-feed directions

respectively.

ness was given in Figure

Table 7.8: Mean absolute cutting forces for trodabtoolpath

Fx (N) Fy (N) Fr (N)
Pass 1 11.5 17 22.6
Pass 2 17.8 24.4 33.3
Pass 3 23.3 31.7 43.4
Pass 4 24.3 33 45.2
Pass 5 29.2 36.5 51.8
Pass 6 34.8 40 59

Trochoidal Toolpath Mean Absolute Cutting Forces

/I

275

225 -
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125

./

Cutting Force (N)

—— Trochoidal
Fx

—%— Trochoidal
Fy
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Fr

75
1 2 3 4 5 6

Number of Passes

Figure 7.29: Linear toolpath mean absolute cuttimges at each pass corresponding to 162

mm length, 9 mm width, 1 mm depth.
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Table 7.9: Feed direction surface roughness mem&mts for trochoidal toolpath
Sample | Sample | Sample | Sample | Sample | Sample
1 2 3 4 5 6

Pass Ra(bm) | 1.41 1.30 1.26 0.84 1.16 1.10 | 141

1 | R (bm)| 7.33 6.51 5.57 5.70 6.73 6.51 | 7.33
Rq(Mm) | 1.73 1.56 1.45 1.06 1.50 1.36 | 1.73
Pass Ra(Mm) | 0.99 0.97 1.60 1.18 0.99 1.11 | 0.99
5 | R (um) | 6.03 5.76 6.87 5.51 6.05 5.63 | 6.03
Rq (um) | 1.23 1.24 1.82 1.37 1.22 1.34 | 1.23
Pass Ra(um) | 1.72 1.79 1.42 1.68 1.87 156 | 1.72

3 | R (m)| 7.70 7.57 6.11 7.51 8.40 7.27 | 7.70
Rq (Mm) | 2.02 2.05 1.65 1.93 2.14 1.84 | 2.02
Pass Ra(Mm) | 1.39 1.26 1.50 1.44 1.27 1.39 | 1.39
4 R (um) | 6.51 6.98 7.24 7.07 6.57 6.51 | 6.51
Rq(um) | 1.68 151 1.76 1.73 1.50 1.68 | 1.68
Pass Ra(vm) | 1.30 0.80 0.99 1.25 1.07 1.06 | 1.30

5 | R (vm)| 7.10 5.54 5.76 6.91 6.28 6.57 | 7.10
Rq (M) | 1.55 1.03 121 1.52 131 1.34 | 155
Pass Ra(Mm) | 1.00 1.39 121 1.33 111 1.31 | 1.00

6 |R(Um)| 6.34 6.73 6.02 7.18 6.67 6.90 | 6.34
Rq (um) | 1.26 1.60 141 1.57 1.37 155 | 1.26

Mean

Trochoidal Toolpath Surface Roughness
8,00

—e— Feed direction

] ‘\,/ —=— Feed direction
— 6,00
@ Ra
o 5,00 Feed direction
= | Rqg
g 4,00 Cross-feed
x 3,00 direction Rz
) —x— Cross-feed
é 2,00 1 direction Ra
3 100 m —s— Cross-feed

direction Rqg

0,00 T T T T T

Number of Passes

Figure 7.30: Trochoidal toolpath surface roughragssach pass corresponding to 162 mm
length, 9 mm width, 1 mm depth.
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Table 7.10: Cross-feed direction surface roughmesssurements for trochoidal toolpath

Sample | Sample | Sample | Sample | Sample | Sample

1 2 3 4 5 6 |Mean
Pass Ra (um) | 0,45 0,51 0,97 0,62 0,36 0,87 | 0,63
1 |[R.(um)| 268 | 316 | 630 | 333 2,7 536 | 3,92
Rq(Mm) | 1,55 0,64 1,27 0,78 0,46 1,1 0,97
Ra (um) | 0,63 0,32 0,9 0,5 0,51 0,51 | 0,56

Pass
5 R, (um) | 3,03 2,64 4.8 2,7 3,16 2,84 | 3,20
Rq (M) | 0,74 0,41 1,12 0,6 0,64 0,6 0,69

Pass Ra(Um) | 0,75 0,32 0,66 0,81 0,42 0,93 | 0,65
3 |[Re(m)| 39 241 | 396 | 3,72 2,72 421 | 3,49
Rq (MM) | 0,95 0,4 0,81 0,96 0,52 1,09 | 0,79
Pass Ra (um) | 0,83 0,60 0,79 0,68 0,58 0,65 | 0,69
4 |Re(um)| 470 | 397 | 469 | 3,94 4,45 436 | 4,35
Rq (UM) | 0,99 0,76 1,00 0,83 0,76 0,83 | 0,86
Pass Ra(Um) | 0,74 0,62 0,98 0,81 0,91 0,80 | 0,81
5 |R.(Wm)| 456 | 356 | 6,17 | 5,14 5,32 546 | 5,04
Rq (MM) | 0,90 0,76 1,26 1,02 1,09 1,02 | 1,01
Pass Ra(um) | 1,02 0,74 0,81 0,8 0,9 0,84 | 0,85
6 |Rz(Mm)| 557 | 475 | 486 | 4,91 5,84 556 | 525
Rq (MM) | 1,26 0,93 1,01 1,91 1,13 1,04 | 1,21
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Figure 7.31: MTE 9mm end mill trochoidal toolpa#eé direction measured profiles for
surface roughness that are closest to the meaa aétler pass 1-6 (each 54 mm length, 27
mm width, 1 mm depth).
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Figure 7.32: MTE 9mm end mill trochoidal toolpatioss-feed direction measured profiles
for surface roughness that are closest to the walae after pass 1-6 (each 54 mm length, 27
mm width, 1 mm depth).
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7.4.3 Comparison of Wear, Surface Roughness and Fa& Aspects

First of all the machining time for trochoidal nmilg§ operation (1257 s) is
approximately 20 times of the one for linear mdlioperation (62.5). This significant
disadvantage was expected to be defeated congjddmenwear aspects as the engagement
conditions are lighter in trochoidal toolpath. Expeental studies figured out the fact that in
the investigated cutting conditions trochoidal pmah showed worse wear characteristics
than linear probably due to the longer cutting egadn the toolpath. In Figures 7.33, 7.34
average feed and cross-feed directions surfacehnmsg values for trochoidal and linear
toolpath are shown. The average surface roughredgesrare higher for trochoidal toolpath
rather than linear toolpath. Figure 7.35 presemésrean absolute cutting forces for each
pass normalized over the first pass. The incre&dbeocutting forces with respect to the
passes in trochoidal milling is two to three tingesater than linear one. Finally Figure 7.36
illustrates the average tool wear after each gaake and clearance face chipping and wear

values are higher for trochoidal milling.

Feed Direction Surface Roughness
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Figure 7.33: Trochoidal and linear toolpaths fegdadion surface roughness comparison at
each pass corresponding to 162 mm length, 9 mnmhywidtnm depth for linear toolpath and
54 mm length, 27 mm width, 1 mm depth for trochbtdalpath.
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Cross-Feed Direction Surface Roughness
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Figure 7.34: Trochoidal and linear toolpaths criessd direction surface roughness
comparison at each pass corresponding to 162 myihled mm width, 1 mm depth for
linear toolpath and 54 mm length, 27 mm width, 1 depth for trochoidal toolpath.
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Figure 7.35: Comparison of trochoidal and lineadpaths cutting forces normalized over
the first pass at each pass corresponding to 162emgth, 9 mm width, 1 mm depth for
linear toolpath and 54 mm length, 27 mm width, 1 depth for trochoidal toolpath.
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Wear Comparison

4/.—%{ Face Wear
200 "

‘%k - —e— Trochoidal Clearance
100 | Face Chipping
L d B /_/-’/T

o I —— ‘ | | | —=—Trochoidal Rake
Face Wear

—e— Linear Clearance
800 Face Wear

g 700 —= Linear Clearance
- Face Chipping
— 600 -
g —a— Linear Rake Face
< 500 Wear
% 400 - Linear Rake Face
g Ipping
% Chippi
s 300 —x— Trochoidal Clearance
G
S
S
=

1 2 3 4 5 6 _
—+— Trochoidal Rake
Number of Passes Face Chipping

Figure 7.36: Trochoidal and linear toolpaths weamparison at each pass corresponding to
162 mm length, 9 mm width, 1 mm depth for linearpath and 54 mm length, 27 mm
width, 1 mm depth for trochoidal toolpath.

7.4.4 Temperature Simulations of the Investigated dolpaths

Metal machining process is associated with highpenatures due to the fact that the
thermal aspects of the metal machining seriousfgcafthe accuracy of the machining
process. The high cutting temperatures have semounsequences on both tool and the
workpiece such as tool wear, tool life and form aeduracy errors and residual stresses on
the workpiece. Therefore determination of the ogtttemperatures is very critical in
machining in order not to reach the fatal tempeegatf the cutting tool and coating since
then there is a rapid deterioration of the cutialge, which increases force and temperature

of the tool and part.
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Radial depth of cut determines the temperaturashedd because it settles on how
long the teeth stay in cutting and cooling. Sinegial depth of cut in trochoidal toolpath is
lower rather than linear one the cutting tempeestare also expected to be lower.

The model used in predicting the cutting tempeestuineeds orthogonal cutting test in
order to obtain parameters for the cutter workpipag such as shear stress, friction and
shear angle. Schematic representation of orthogartahg process is shown in Figure 7.37.
In orthogonal cutting process, a cutting tool watstraight cutting edge perpendicular to the
cutting velocity shears away chip with a width bf &nd depth of cuthj which is the uncut
chip thickness. There is a two dimensional plaiaistdeformation generating tangentigj) (

and feed forced) in the direction of velocity and uncut chip thidss respectively.

Figure 7.37: Geometry of orthogonal cutting prod@s

The experimental setup for orthogonal cutting testhown in Figure 7.39. The same

data acquisition system used for the milling expents was used. In order to determine
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shear angle, friction angle and shear flow stregbpgonal cutting tests were carried out in a
Mazak Nexus 150 CNC turning center. The materiad wa AlSI H13 steel workpiece with
the outer diameter of 40 mm and an inner diamdt86anm, a wall thickness of 2 mm. The
dynamometer was connected to the turret of thartgroenter via a special made adapter.
The cutter with 25 x 25 mm dimensions was mountedhe dynamometer using another
special made adapter. The MTE 9 mm end mill ha8 ddke angled;) and 8 ° clearance
angle Clp). In order to simulate the same cutting conditian®ITE cutter insert with 8 x 8
mm dimensions was grinded to achieve the same swagleshown in Figure 7.38. The rake
and clearance angles were measured with CMM Ditu$S#5.5 with a probe diameter of 1

mm as 12.5° and 10° respectively.

Figure 7.38: Visualization of the cutter and thgeirt.
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e

Figure 7.39: Experimental setup for orthogonalingtprocess via turning.
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The original linear and trochoidal milling testene carried out 1415 rpm spindle
speed and 170 mm/min feedrate corresponding 0.080rem feed per tooth value and 40
mm/min cutting velocity. The orthogonal cuttingte were also performed at same cutting
velocity and between 0.015~0.060 mm uncut chipktiess interval with 0.015 mm
increments enclosing the chip thickness value far milling tests. Due to the shearing
mechanism chip thickness changes after cuttingthistmoment the chip compression ratio
(ro) is identified as:

(=1 (7.4)

whereh is uncut chip thickness ang is the cut chip thickness. The cut chip thickness
measured 0.065 mm with Nikon Eclipse LV100D micogse. The shear angle is a function
of chip compression ratio and rake angle of thé (@9 and the friction angle is a function of

the tangential and radial cutting forces and raigdeaas follows:

¢c = tan_l ﬂ (75)
1-r;sina,

—1 Ff

B, =a, +tan = (7.6)
t
The shearing stress is:

F
I, = K (7.7)
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whereFs is the shearing force which can be determined fifmmresultant cutting force and

the rake, shear and friction angles, &gt shear plane area as follows:

F.=Fcos@.+p(,—-a,) (7.8)
_ h
A= bsin¢c (7.9)

The measured cutting forces with respect to theuurahip thickness are shown in
Figure7.40. Table 7.11 indicates the necessarynpeas for the temperature simulation

code.

Cutting Forces vs Uncut Chip Thickness
400 , g ; ! !
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Figure 7.40: Experimental setup for orthogonalingtprocess via turning.
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Table 7.11: Necessary parameters for temperatmaagion

Linear Milling | Trochoidal Milling
Feedrate (mm/tooth) 0.03
Spindle speed (rpm) 1415
Entrance angle 0°
Exit angle 180° \ 46.22° (max)
Tool diameter (mm) 9
Rake angle 12°
Clearance angle 8°
Shear angle 26.53°
Friction angle 41.32°
Shear stress 1134 MPa
Workpiece (AISI H13) Tool (MTE 9 mm End Mill)
Density 7.6 kg/dm 7.9 kg/dm
Specific heat capacity 520 J/(kg.K) 460 J/(kg.K)
Conductivity 26 W/(m.K) 19 W/(m.K)

The engagement conditions always vary for trochloidilling and the maximum
engagement angle is approximately 46° for the iigyated toolpath. The milling temperature
code can predict the temperatures of the tool amg@ only for constant engagement
conditions. Therefore the maximum engagement adgfe is used for the temperature
prediction with trochoidal toolpath. Taking intormderation the lower engagement angles,
the real cutting temperatures are expected todierl than the predictions. On the other
hand, the temperature code works only for up ngliso the temperature predictions for
linear toolpath are performed with the engagememhaln 0-90°. However the cutting
temperatures are expected to be greater than #aécpons for linear milling. Figure 7.41
and 7.42 presents the variation of the maximum tewlperature with respect to rotation
angle for linear and trochoidal milling respectixelrhe maximum tool temperature for linear
milling is 372 °© C and 307 ° C for trochoidal milyj. In Figures 7.43 and 7.44 the variation of
the tool rake face temperature is presented f@atirand trochoidal milling. Figures 7.45,
7.46, 7.49 and 7.50 shows the contour and Figurés, 7.48, 7.51 and 7.52 shows the

distribution of the tool and chip temperature biathlinear and trochoidal milling.
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Maximum Tool Temperature vs Rotation Angle
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Figure 7.41: Variation of maximum tool temperatwiéh rotation angle for linear milling.
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Figure 7.42: Variation of maximum tool temperatuiith rotation angle for trochoidal

milling.
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Rake Face Temperature from Tool Tip
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Figure 7.43: Rake face temperature from tool tigifeear milling.
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Figure 7.44: Rake face temperature from tool tiptfochoidal milling.
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Figure 7.45: Tool temperature contour for lineallimg [° C].
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Figure 7.46: Tool temperature contour for trochbrddling [° C].
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Tool Temperature Distribution
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Figure 7.47: Tool temperature distribution for Bmenilling [° C].
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Figure 7.49: Chip temperature contour for linealting [° C].
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Figure 7.51: Chip temperature distribution for &nenilling [° C].
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Chapter 8

CONCLUSIONS

Commercial CAM programs use different toolpatratgigies in order to increase
efficiency and machinebility. Toolpaths such aswar and trochoidal are extremely used to
lighten the engagement conditions especially ford haart machining with High Speed
Machining (HSM) strategies. Although mechanics iofwdar toolpath has been investigated
[20], there is not any available study for troctabichilling with the author’s best knowledge.
The objective of the thesis has been to develogiablte quantitative and qualitative force
prediction algorithm for trochoidal milling proceard further optimize the process [38].

The force prediction algorithm consists of engagemand force models. The
engagement defining procedure has significant itapoe in the force prediction algorithms
as it supplies the boundary conditions for thegradon process of the cutting forces. Two
novel engagement models were developed for troahondling in this thesis. The first one
is analytical engagement model which defines trgagament angles for simple trochoidal
milling operation with filled surface. However, miag the mechanical parts being machined
have complex geometries. Thus a second approautwnarical engagement model capable
of defining the engagement for complex surface aaimtg holes or bosses in it, has been
developed.

Due to the nature of trochoidal toolpath machinieyrcle times increase in a
considerable amount. Modification of the processaisied on with introducing two different
toolpath: Trochoidal toolpath with straight linearotion at the back half of planetary
revolution in feed direction and double trochoidalling mechanism. Force based feedrate

scheduling algorithm was applied over double tradhidoolpath in order to further optimize
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the process and 64.4 % reduction in cycle time @ag with original trochoidal milling
operation was achieved.

In all the phases of the thesis validations of shulations were performed with
experimental studies. The proposed toolpaths wenergted with Unigraphics software and
applied using Mazak 3 axis vertical machining cenfdne generated cutting forces were
collected and digitized via Kistler dynamometer aaodarge amplifier and National
Instruments /O box and DAQ card. The simulatedticgt forces showed good
correspondence with the experiments in all the gsed algorithms.

The last chapter of this thesis includes compar@iottochoidal and linear toolpath
upon usage characteristics such as wear chardéicerisomparison, cutting forces
comparison and surface roughness comparison. Tperieental study performed with hard
materials figures out that trochoidal toolpath ist mn optimized algorithm within the
investigated cutting conditions because not onljlecyime is 20 times of the one for linear
toolpath but also the cutter edge wears out moté wochoidal toolpath lowering the
lifetime of the cutter. Moreover, the surface rongbs of the machined workpiece is worse
for the trochoidal toolpath.
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