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Abstract

Turn-milling is a relatively new machining process technology offering important
advantages such as increased productivity, reduced tool wear and better surface finish.
Because twaonventional cutting processes turning and milling are combined in turn
milling, there are many parameters that affect the process making their optimal
selection challenging. Optimization studies performed on-miing processes are

very limited and cosider one objective at a time. In this work, orthogonal-tailting

is considered where spindle and work rotatispeeds, cutter (toavork axes) offset

depth of cut and feed per revolution are selected as process parameters. The effects of
each paranmter on tool wear, surface roughness, circular@ysp height,material
removal rate (MRR) and cutting forces were investigated through process model based
simulations and experiments carried out on a rtatking CNC machine tool.ool life

and surfaceaughness are formulated including cutter offset for the first time in this
present work. Also, for the first time, tumilling process is defined as a multi
objective problem and an effective method is proposed to handle this optimization
problem. Minimumsurface error, minimum production cost and minimum production
time are aimed at the same time, and results are generatsdldoion of optimal

cutting process parameters. After optimal parameter sets are found, they are compared
with the parameters pposed by tool suppliers in machining tests. In addition,
orthogonal turn-milling process is compared with conventional turning process

comprehensively in ordeo demonstrat¢éhe process advantages.

Keywords: Turn-milling, Multi-objective optimization Cutting parameterselection,
Cutteroffset, Circularity Material removal rate (MRR)
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CHAPTER1 INTRODUCTION

Manufacturing is the process of transforming raw materials into finished goods to use
them functionally. Basically it is a valwedding activity, where the conversion of
materials into products adds value to tginal material. Thus, the objective of the a
company engaged in manufacturing is to add value and do so in the most efficient

manner, using the least amount of time, material, money, space, and labor.

Manufacturing processes are often grouped into tow@ s i ¢ 1 fsacastihg] e s o0,
deformation consolidationand material removgbrocessesCasting processesxploit

the properties of a liquid as it flows into and assumes the shape of a prepared container,
and then solidifies upon coolingdeformation processesexploit the ductility or
plasticity of certain materials, mostly metals, and produce the desired shape by
mechanically moving or rearranging the soltbnsolidation processdsiild a desired

shape by putting smaller pieces together. Included a&ex welding, brazing, soldering,
adhesive bonding, and mechanical fastenEng material removal processesmove
selected segments from an initially oversized piece. Traditionally, these processes have
often been referred to asachining a term usedo describe the mechanical cutting of
materials. The more general termmaterial removal,includes a wide variety of

techniques, including those based on chemical, thermal, and physical processes.

Machining €.g.turning, milling, drilling) is the most wilespread metal shaping process

in mechanical manufacturing industry. It is the process of removing unwanted material
from a work piece in the form of chips to obtain desired geomethere tight
tolerances and finishes are requirch perform theoperation, relative motion is
required between the tool dmwork. This relative motion iachieved in most machining
operations by means of a mmary motion, called the cuttingpeed, and a secondary
motion, called the feed. The shapiethe tool and its gnetrationnto the work surface,

combined with these motions, produces the desired geometityeafesulting work



surface.The predominant cutting actioin machining involves shedeformation of the
work material ® form a chip; as the chip iemovedby using cutting tool that is harder
and stonger than work piece materiah new surface is expose@onventional
operations, turning, milling, bexhing, drilling, grindingand nortraditionaloperations,
EDM, LBM, EBM are the basic metal cutting operaso

Turningis a machining process in which a cutting tool, typically a-roary tool bit,
describes a helicabolpath by movinginearly while the workpiece rotatesWhen
turning, a piece of relatihe rigid material (such as metal, plastic wood) is rotated

and a cutting tool is traversed along 1, 2, or 3 axes of motion to produce precise
diameters and depthsin Figure 1.1 simple externakturning operation can be seen.
Turning can be either on the outside of the cylinder or on the inside (also known as
boring) to produce tubular components to various geomefiesturning processes are
typically carried out on a lathe, considered to keedldest machine tools, and can be of
four different types such as longitudinadrning, profile turning, face turning and
external groovingln general, turning uses simple singleint cutting tools.Turning
processes can produaglindrically symmetric materials such as straight, conical,
curved, or grooved worgiece.

Workpiece Rotation

Workpiece

Figurel.1l: Longitudinal urningprocess

Several cutting processes and machine tools are capable of producing complex shapes
typically with the use of multitooth cutting tools. Milling is one of the most versatile

machining processes, in which a lttooth cutter rotates along kiaus axes with

2



respect to the workiece. Milling includes a number of vetie machining operations
that usea milling cutter, a multitooth tool that produces chips. The type of milling
operations such as slab milling, face milling, end milling are some of the examples for

milling operationsFace milling operatiosan be seen iRigurel.2.

Tool Rotation

O Face Mill

Machined Surface

Workpiece

Figurel.2: Face millingprocess

1.1 Problem Definition

Turn-milling is a promising method for machining of cylindrical and ‘ooaxial
(eccentric) parts with improved productivity. This method consists of turning and
milling operations. Essentially it is a turning operation carried out using a milling
cutter. In turamilling cutting tool and work piece rotate aroutideir own axes
simultaneasly. Owing tothese special aspectarn-milling offers several advantages.
First of all, due to rotational movements of both tool and work piece, high cutting speed
can be achieved in tuimilling operations. This is an important advantage particularly
for parts with large diameter which cannot be rotated at high speeds. Furthermore,
because of the interrupted cutting in turn milling, chips are broken and cutting
temperature reduces which in turn decreases tool wear and increases thowlde.
cutting temperaturesmake also higher cutting speeds gsible. Additionally high
surface qality and low cutting forces can lobtainedn turnmilling [1,2].



Turn-milling is a relatively new concept in manufacturing technology, where in both,
the workpiece andhe tool, are givem ot ar y movements simultane
as products become increasingly complex and-eneeasing demands of production
efficiency, shapes have become more intricate, and precision, efficiency and other
requirements have becomeore sophisticated. In many cases, conventional processes
may not meet these requirements. Conventional manufacturing processes, e. g. turning
or milling, often approach their limits with regard to technology and economy
espeailly in manufactumg of difficult parts either due to their shape, size, material or
quality requrements. For example, in turning the rotational speed is limited by the
centrifugal forces particularly for parts with largeameter.Turn-milling which is a
combination of these two rpcesses opens new ranges of application in the
manufacturing. The productivity could be much greater in comparison to the

conventional turning.

Figurel.3: Orthogonal turrmilling operation.

Even thoughturn-milling offers many advantagegis use is not widespread. This is
primarily caused by implementation of tummlling operation is complicated and
relatively difficult than other methods. In addition, the process consist more cutting
parameters but éne is no proposed method for the selection of these parameters. In
order to overcome this lack of knowledge, process must be described comprehensively
and an appropriate cutting parameter selection method should be provided for turn
milling processes. M@over, to obtain all the benefits of this new machining approach,

optimization studies must be carried out within parameter selection process.

4



1.2 Literature Survey

At the end of the 1800s Tilghman [3] used milling cutter instead of turning tool to
reducetemperature at the contact zone. Academic studies omtilimg, on the other

hand, started in 1990s. Schulz et al. [4] stated that by integrating conventional turning
and milling machine tools with each other in the creation of hew machine tools, in
paticular setup time is reduced and it is possible to shorten production time and reduce
costs. Schulz [5] divided tummilling operations into two groups: orthogonal and co
axial. In the study, plain bearing half liners are machined and it is showed tteait be
surface roughness is achieved in comparison to turning operation. In another study of
Schulz [6] kinematic conditions and its influence on the tool wear and surface

roughness are handled.

Recent studies on tumilling have mostly focused on experintehinvestigation of the
surface quality. Kopac and Pogacnik [7] investigated effects of tool position according
to the work piece and vibrations on the surface quality. In same study, they indicated
eccentricity (tool-work axes offsét effect on surfaceaughness in orthogonal turn
milling. Choudhury et al. [8] studied effects of spindle speed and feed rate for different
work piece materials for orthogonal tumilling and compared the surface roughness
with those obtained by conventional turning. Theyincléhat 10 times better surface
quality can be achieved by tumilling compared to turning. In a later study,
Choudhury et al. [9] continued their work on the surface roughness in orthogonral turn
milling this time including effects of work piece rotatibrspeed, cutter diameter and
depth of cut. They indicated that the surface roughness imtiliing is also better than

the conventional milling. Neagu et al. [10] researched the kinematics of orthogonal
turn-milling based on circularity, cutting speeddamol geometry. As a conclusion they
claimed that turrmilling can achieve up to 20 times higher productivity than turning.
Savas and Ozay [11] investigated effects of cutting parameters on the surface roughness
in tangential turrmilling which is anew methodleveloped by themAs a result of their
studies, they observed that the obtained surface roughness is close to the grinding
quality. Filho [12] studied orthogonal tumilling by using a five axis machining center

to measure cutting forces andmpared them with the analytical model predictions. Cai

et al. [13] carried out orthogonal tumilling experiments with different machining
parameters and obtained conabuns about cutter wear and waplece roughness. Zhu

et al. [14] described surfac®pography in orthogonal tumilling, and proposed
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mathematical models to describe theoretical surface roughness and topography of

rotationally symmetrical work piece.

Previous researels [15] in machining process optimizatiorhave focused on
mathematicamodeling approaches to determine optimal cutting parameters with regard
to variousobjective functions. Alsdhe latest techniques for optimizatiorclude ant
colony techniqueparticle swarm optimization (PSQ)enetic &gorithm (GA), Taguchi
techniqueandresponse surface methodolo@@SM) are being apped successfully in
industrial applications for optimal seleom of process variables in the area of
machining.Three main objectives have been recognizexstly as part of the single
objective optimization problemsl) minimizing surface roughnesslg27]; 2)
minimizing productionor machiningcost R8-47]; and 3)maximizing production rate
or minimizingcycle time [4855]; or a combined criterion based anveighted son of
these [5663].

Beside these ones, researchers have begun to include more than one objective into their
studies to make the problem more realistic by using robjgctive optimization
approaches for cutting parameter optimizatidulti-objective optimization (MOO)
addresses the issue of competing objectives using concestsintroduced by
Edgeworth [64, then expanded and developed Bgreto [6} the FrencHtalian
economist who established an optimality concept infifld of economics based on
multiple objectives. A Pate front [64 is generatedhat allows designers to traaéf
one or more objectives against anotherThe first application of evolutionary
algorithms in finding multiple tradeff solutions in one singlsimulation run was
suggested and worked ourt 1984 by David Schaffer [67]. That first method was
developed on selection, crossowr and mutation operations. But the field was not
atracted researchers untl 1989when David Goldberg [68] suggesteda non-dominated
sotting methodin his book aboutgenetic algorithmsn 1989.Furtherdevelopmentson
multi-objective evolutionary algorithms were happened strting from 1993 and stil
continues to desfop today.

In the area of machinindKarpat andOzel [69] studied threeobjective optimization
problembased orsurface roughness, machining time and material removalarate
they introduced a procedure to formulate and solve optimization problems by particle

swarm optimization techniqué@bburi and Dixit [70Jused GA and sequential quadratic



programming (SQP) methods to minimize total production tintle @onstraints ofool
life, surface finish, cutting force and machine pow&ng and Natarajan [71] achieved
to obtain optimal set of machining parameters famimum tool wear and maximum
material removal rate in turning process using eéltisndominated sorting genetic
algorithm (NSGAIl) approach. Aotherstudies about application @hulti-objective
optimizationmethods ormachining processes catso be found in the literature 72-
78].

Optimization studies on tummilling stated with Pogacnik and Kopac [[/9This
experimental study presents guidelines on how to avoid dynamic instability by using
optimum entryexit conditions which can be achieved througphraper seup of the
process parameters. As a result, they proposed aatedmgram. Savas and Ozay
[80] performed a study of cutting parameter optimization to minimize surface
roughness in tangential tumilling process using genetic algorithrbased on

expermental results.

1.3 Organization of the Thesis

This thesis is divided into 7 chapters.

After this introductory Chapter 1, fundamentals, configurations and parameters-of turn

milling processes are presented in Chapter 2.

In Chapter 3, objectives of eéhoptimization process are presented. In order to define
tool life and surface roughness objectives completely some experiments are needed

which are also given in this chapter.

Chapter 4 is dedicated to mudtbjective optimization methods which adescussed

extensively in this chapter.

In Chapter 5, the proposed optimization methods are applied into our problem and

results are presente@ptimization procedure and results are discussed.

In Chapter 6conventional turning process is compared witthagbnal turAmilling

process in all aspects. Some experimental results argiaso

In Chapter 7 conclusions obtained from this study are presentedsults are

summarized antlture workis outlinedin this area.
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1.4 Summary

In introduction chapter, information is given about machining processes and turn
milling. Problems encountered in tummlling processes are also defined. Due to
rotation of the work piece and tool at the same time;ituiting has relatively complex
geonetry and as a result there are more cutting parameters to be selected. An overview
of previous studies on tumilling processes is given in hel@etailed literature survey

is also provided on optimization of machining processes and solution methods. In
addition, gotimization studies in turmilling are also mentioned. Finally layout of the

thesis is given at the end of this chapter.



CHAPTER 2 TURN-MILLING PROCESSES

2.1 Fundamentals of Turn-Milling Process

Conventional manufacturing processes, e.g., turning or milling, often approach their
limits with regard to technology and economy. In turning operations, high cutting
speeds are limited due to the centrifugal stress of the clamping chuck. In milling, the
limitation is due to the centrifugal forces acting upon the tool. These limitations can be
overcome if the rotation of the work piece is combined with the motion of the rotating

tool.

Turn-milling is a relatively new concept in manufacturing technologyenehin both,
the work piece and the tool, are given a rotary movement simultanebusigder to
understand this new process, turning and milling must be known thoro@hiynulti
tasking machines many operations such as turning, milling and drillingbean
performed, although limited operations can be carried on turning or milling machines.

In general, as an advanced technology -tuiting is widely used in machining of
crankshafts, cams and other complex parts. With the help of-taeili tools, it bs the

ability to dotain high surfacguality with high production rate. It offers an ability to get

flat and also cylindrical shapes. It has several advantages compared to conventional

turning and milling however, it has more complex geometry than these other methods.

2.2  Mill -Turn Machine Tools

Despite alladvantages, turmilling requires integrated milurn machining centers.
That is an obstacle in spreading this technology over areas with lower economic power.
Yet, there is also possible approach to make this technology closer to metal cutting
industry by combining turning centers with live tooling. This combination might be

done in an acceptable manner and can be effectively performed on universal lathes.



Mill -turn centers are machines that are capable of both retatiigpiece operations
(turning) aml rotatingtool operations (namelynilling and drilling). Generally these
machines are based on lathes. The machine is typically recognizable as a horizontal or
vertical lathe, with spindles for milling and drilling simply available at some or all of
the Dol positions.The function of millturn machines is similar to the combination of
the 3axis NC lathe, the-4axis NC mill and the drill machine [82]. The turrets on mill
turn machines are equipped with common turning cutters and live tools. Live tools
provide milling, drilling, counterboring, slotting, rolling, sawing, deburring, broaching,
and even thread cuttingithin the same setupVith a machine such as this, a part
requiring a variety of operations can be machined in one setup, particularsuf a
spindle allows the part to be passed from one $pital another during machining
[82,83].

More recently introduced millturn machines depart from the lathe design into
somethingmuch more like a hybrid machinmMany shops have discovered that, even
though these machines developed from lathes, they are not necessarily limited to round
parts. Various nomound parts can be machined on the same platform as efficiently.

Advantages of using mitlurn machines include significantly higher tolerances and
lower machining cycle times since a work piece can be completely machined from raw

stock to finished part on the same machine in a single setup [81].

2.3 Configurations of Turn -Milling

Basically there are three types of tumilling operation depending on the rotation axes
of cutting tool, workpiece and contact area between thé&imst, orthogonal and co
axial turn-milling processes were introduced1990 by Schul#5], after, in 2007 Savas
and Ozay[11] developeda new method which they called tangential turmilling.
Movementsystemsand contact conditions of these methodssavn inFigure2.1.
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orthogonal co-axial

tangential

Figure2.1: Turn-milling types and motion systems.

The position of the tool determines whether it is orthogonakxtal or tangential.
Depending on the type, the cHirmation differs but as common in all three types the
chip is formed by embination of two motions: workiece rotation and feed in axial
direction. As a result of this we have two different feed rates, circumferential and axial
feed rates. Circumferentideed includes relative motion of tool and work piece
rotations where degree of penetration is related to the ratio of tool and work piece
rotational speeds. For the axial feed, the mechanism is similar to conventional milling

where tool radius and feeate important for the engagement limits.

2.3.1 Orthogonal Turn-Milling

Orthogonal turAmilling operation can be seen in Figure 2.2 schematically In
orthogonal turamilling the cutting tool is perpendicular to the work piece rotation axis.
That's why in orthogonal turmilling the chip is formed by the action of side and
bottom part of the cutting tool. In orthogonal tumilling, cutting motion comes from
tool rotation andfeed motion omes from verk piece rotation withtool movement

which isparallel toaxis ofthework piece
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Figure2.2: Orthogonal turamilling.

In this type of turamilling, it is possibldo offset the tool in¥Y-axishoweveras result of

this chip thicknesschanges Parameter that defines this arrangements between work
piece and tool is called todtaxis compensation or shortly eccentridgitycutter offset
When cutting toolrotation axis and workpiece rotation axis intersect, operation is
called concentric orthogonal tumilling, otherwise if there is no interseaticoperation

is calledeccentricorthogoral turnmilling. These twacase areshown inFigure?2.3.

Concentric orthogonal turmilling

Ecentric orthogonal turamilling

Figure2.3: Cutteroffsetin orthogonal turemilling.
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Cutter offset is a peculiar parametein orthogonal turmmilling. This compensatiom
orthogonal turmmilling causes cangein chip formation whereas offset valuereases

only side of the cutting tool is involved in the chip formation.

Figure 2.4 showsthe procedure to obtain the uncut chip geometry. The uncut chip
geometry is a basic information needed in process modeling, and can be obtained by

considerimg the initial and the final positions of the tool within one tool revolution.

I
g [ Tw | Uncut chip

\I\(:}'s-section

Figure2.4: a) Orthogonal turmilling operation b) Uncut chip geometry in orthogonal
turrnrmilling [84].

2.3.2 Co-Axial Turn -Milling

Co-axial wrn-milling is operation thaaxis of cutting tool and worlpiece are in the
same direction. It enables to machining of inner and outer surface of thepigogk
However in this type of turmilling, total machininglengthis limited by the cutter

length.Configuration of this type of turmilling processs shown inFigure2.5.
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Figure2.5: Co-axial turnrmilling.

Figure2.6 describeghe procedure for determining the uncut chip geometry faxial
turn-milling. Unlikely the orthogonal turmilling there are no line boundaries in-co

axial turnmilling, the chip geometry in this case is formed by arcs.

Feed direction

Uncut chip

5 e . Cross-section
Vd
a) /
/
/
I 1
\ ,'
L /
\\ 7
P4
~ Iool _ - b)

—_am =-—

Figure2.6: a) Caaxial turnmilling operation b) Uncut chip geometry in-eaial turn
milling [84].
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2.3.3 Tangential Turn-Milling

Tangential turamilling is another type of turmilling operation in which cutting tool is
tangent to the workiece.This process is more suitable fasing end milling cuttersin

this type of turAmilling the chip formation mechanism different from orthogonal
turn-milling.

Figure2.7: Tangentiaturn-milling.

Unlike in the case of orthogonal tumilling, in this case the chip is formed by only
periphery of the cutting to@s shown irFigure2.8a. The procedure for determining the

uncut chip geometry iRigure2.8b is similar to the case of orthogonal tumilling.

Uncut chip
Cross-section

/

Feed direction

-
Tool - e

a) V=" b)

Figure2.8: a) Tangential turimilling operation b) Uncut chip geometry in tangential
turn-milling [84].
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2.4 Process Geometry and Parameters

Turn-milling has a complex geometry due to rotational motions of both cuttoigual
work piece. Figure 2.9 illustrates the geometry of orthogonal tumilling and the

parameters in the process.

The cylindrical surface of work piece results from the interaction of two rotational
motions. First motion is made by the work piece, with the number of revolutioasd

the second is made by the tool, with the number of revolutignespectively. Sged

ratio is defined asn where ratio ofn/nw. In addition, there are two different feeds in
turn-milling; axial and circumferential feeds. Axial feed is the translation motion of the
cutting tool along the work piece similar to conventional milling; on the other hand,
circumferential feed is defined as the tool rotational motion around the work piece
which is a result of the work piece rotation and axial feed. Hagas the feed per
revolution in the axial directionThe combined motions of two feed rates result in a
helical tool path and feed per tooth in this path is indicatefd &doreoveray, Ry, R

represents depth of cut, radius of tool and radius of work piece respectively.

Figure2.9: Process geometry and parameters in orthogonahtillimg [17].

Figure 2.9 also tellsus that turAmilling can be defined by an analogy to conventional
milling operation. If one assumes that the work piece is stationary and the tool moves
around it, the circumfereial feed corresponds to the feed rate in conventional milling
where axial feedag) defines the radial depth of cut.
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2.5 Summary

In this chapterbasics of turamilling and machine tools which are suitable to carry out
turn-milling are given. Then,types of utrnmilling are introduced and their
configurations demonstrated visualBecause of uncut chip geometry is important to
analyze cutting force, temperature and stabilibg toolwork piece contact area is
shown and chip geometries angroduced for orthogonatangentialand ceaxial turn
milling. Process parameteds turn-milling are also handled within this chapter.

17



CHAPTER 3 FACTORS THAT AFFECT PARAMETER SELECTION
STRATEGY IN TURN-MILLING

Intelligent manufacturing achieves substantial savings in terms of money and time if it
integrates an efficient automated proepsining module. Process planning involves
determination of appropriate machines, tools for machining parts, cutting flteduoe

the average temperature within the cutting zone and machining parameters under certain

cutting conditions for each operation of a given machined part.

Turn-milling is a relatively new corept in manufacturing technology 1't 6 s an adyv
cutting approach that can meet the demand of dimensional accuracy, surface roughness
and residual stress of the wapkece. Turamilling is not bound by the limitations of

both turning and milling. However, parameter selection is quoigortant for process

efficiency.

The machining economics problem consists in determining the process pardmeter
orthogonalturn-milling processcutting speed, work piece rotational speed, ¥akis
compensation, axial feeahd depth of cut are desd to findoptimally. A number of
objective functions by which to measure the optimality of machining conditions
include minimum surface errorsminimum unit production cost andiinimum
production timeTheseare actually definedith tool life, surfaceaoughness, circularity
and material removal rat8everal cuttingonstraints that should be considered inturn
milling proces include:cutting force constraint, power, stable cutting region constraint,
chip-tool interface temperature coratit and rouging and finishing parameter

relations.

In this sectionthesecriteria for turn-milling are handled one by on&hese factors or
criteria areespeciallyimportant because theégrm the basis of optimization study in

turn-milling.
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3.1 Tool Wear and Tool Life

Tool life improvement is crucial to reduce the cost of production. Cutting tools have a
limited life due to inevitable wear and consequent failure, and ways must be found to
increase tool life. Cutting tools fail either by gradual or progressive wear tingcu
edges or due to gbping or plastic deformation [85The change of shape of the tool
from its original shape, during cutting, resulting from the gradual loss of tool material is
called tool wen[86]. Generally a tool wear criteria is defined afir@shold value of the

tool life.

Tool wear is a process which depends on time. As cutting proceeds, the amount of tool
wear increases gradually. But tool wear must not be allowed to go beyond a certain
limit in order to avoid tool failure. The most impantavear type from the process point

of view is the flank wear as can be seekigure3.1, therefore the parameter which has

to be controlled is the width of flank wear latB. This parameter must not exceed an
initially set safe limit. The safe limit is referred to as allowablear land (wear
criterion), VB asshown inFigure 3.2. The cutting time requiretbr the cutting tool to
develop a flank wear land of widtWiB is caled tool life, T (min), a fundamental

parameter in machining.

Berts

_.'-“., is
Jalray
s

1 5 5
N y
e X gnfh‘."

Figure3.1: Wear on flank face of the tool.
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Flank wear

Depth-of-cut line

Flank face

Figure3.2: Flank face of the tool.

Parametersyhich affect the rate of tool wear in tumnilling are as follows [2];
i cutting conditions (cutting spe&d cutteroffsete, and depth of cudy)
1 cutting tool geometry
1 work material
i cooling condtions (dry, with fluid or MQL)

It is well known that from thee parameters, cutting spleis the most important one for
tool life [89. As cutting speed is increased, wear rate also increases, so the same wear
criterion isreached in less time. Taylor [B@pproximated this by the following well

known equation:

VT"=C (3.1)

wheren andC are constants whose values depend on cuttingitcmmsl work and tool
materialsand tool geometryln order b construct tool life equatiofor turn-milling
processthese case dependent congahbuld be determined firdly conducting some

experiments

As can be seen from tlaboveequation there is noutteroffset effect for tool life, to
investigate andnclude this effegtsome experimentalsoare carried on. Effect of the

offsetis expressed and includéaltool life formula as a functioas follows

T=5C§md(e) (3.2
Ve |
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3.2 Surface Roughness

The quality of machined surface is characterized by the accuracy of its manufacture
with respect to the dimensions spedf by the designer. Every machining operation
leaves some characteristic marks on the machined surface. This pattern is known as

surface finish or surface roughness.

Surface roughness is a widely used index of product quality and in most cases there is a
technical requirement for products. Achieving the desired surface quality is of great
importance for the functional behavior of a part. Surface roughness value can be

measured by analyzing roughness profile.

Z A

Im
(Evaluation length)

Rt = Maximum roughness depth (peak to valley) along I

Ra = Arithmetic roughness average

Figure3.3: Roughness profile.

For orthogonal turmilling operation theoretical surfaceughnessRa (O nhis defined
as follows[14]:

a ~ 2. - ] 2-"J:I
Ra=1R - \/RZ- fnw (ih +(..2'0..(F§W %)) ]Ehd(e) (3.3
i i 2O, {]g,/

whereR: = radius of tool (mm)nw = work piece rotationaspeed (rpm)ae=axial feed
(mm/rev);Ry = radius of work piece (mmg, = depth of cut (mm)z = number of teeth;

nt = spindle speed (rpm) ari(e) = function ofcutteroffset(mm). Effect of cutter offset

on the surface roughness is also investigated experimentally and results are presented
within this chapter.
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3.3 Circularity

In turnr-milling process, since cutting tool and work piece rotate simultaneously, it is not
possible to produce an ideal circle and tesulting machined part cross sectisna
polygon as shown irfrigure 3.4. Polygon vertices create deviation from ideal circle

causing circularity error.

Deviation

Final polygon
shape

Desired circular cross

section

Figure3.4: Partialcross section of worgiece produced irutr-milling.

The difference between the desired and the machined shapes can be deO&€aras
The definition of circularityerror, Ce (O i for orthogonal and tangential cases can be

derived from the geometry as folloy:

o

C. =OB- OA=(R, - ap)@gc 1 Q
¢

- 13
os(p ) /(zQ)) =

(3.9
This expression representbe relation between the cutting parameters and the

circularity error Hence, one can optimize the circumferential surface roughness through

selection of cutting parameteis. addition,it is obvious that, has a significant effect
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on circularity where the depth of cut has a slight effect. As a result, it can be suggested

that the ratio of rotational speeds should be increased in order to improve circularity.

3.4 Cusp Height

Cusp which is another form error iart-milling and shownn Figure 3.5, is the height

of remaining material during tool motion and directly associated with the tool, work
piece diameter and step over. Step over
diameterthat is engaged in a cut. In conventional milling process, feed rate and cutting
tool radius havelirect effects on the cusp heighgin turn-milling processs equivalent

to radial depth of cut in conventional milling process. Increasaiig order toachieve

higher MRR, results in high cusp height.

Cusp Height

Figure3.5: Cusp height form error in tuimilling.

The geometrical representation of cusp height is;

2.

> a1so GM aa, ozo
(R -3) a%e e(*‘R )*tanae— weé |(-§ 5 U (R (3.5
3, 5 8 G , guugg 2 0 v -9

As it can be seefrom Eq. 3.5 the cusp heighth (O n depends on many parameters.
The formulation of cusp height geometry is ffiderived by Uysa|88], while previous
studies considered circularity as the ofdym error in turamilling. The analytical
formulation predicts that unlike the circularity form error, cusp height is an avoidable
case.

ae can be increased up to the critical value, which is represenfelowing equation,
without producing any cus@y this way, MRR can be increased without sacrificing
surface quality.aecrit represents the projected lengt)( of tool onto workpiece as
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shown inFigure2.9. If acis defined higher than this value, tool leaves uncut surface on

the workpiece. The peak of that wncsurface is the cusp height.

& cD Y Q Y h DhE (3.6)

3.5 Material Removal Rate (MRR)

Manufacturing time, cost and quality of machined work pieces affiected by
productivity. Material removal rate (MRR) ian indicator of the productivityas it
represents the removed material volume in unit tiddénough higher MRR is possible
in turn-milling it may cause increaseircularity error and cusp height formation in

finished surface.

The equation below represents the M@RR/min) for turn-milling proces$89:
MRR=V, c‘hp Gy (3.7
whereVs is feed speed,;

vV, =f 0 Q (3.8)

3.6 Cutting Forces

In orthogonal turmmilling, using the chip thickness expression cutting forces are
calculated includingcutter offset by Karaguzel[l, 84 according to mechanistic
modeling described in9D, 91]. Karagmel developed and simulated cutting forces by
oblique transformation of orthogonal cutting data and the chip thickness expressions.
Turn-milling forces can be detetined by dividing the uncut chip into elements within

the cutting zone. TangentialK; ;), radial @F,;j), and axial @F,,;) forces acting on a

differential flute element with heigliz areexpressed as follows [90, 91
dF;(F,2) = [Kh, (7, (2) + K. Jdz
dF,; (f,2) = |K..h; (F, () + K, Jdz (3.9

dFa,j (f1 Z) = |,Kachj (fj (Z)) + Kae dZ
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In this study, a simulation prograisdeveloped based on proposed cutting force model

and it isused when calculating resultant cutting force.

3.7 Experiments

There is no general formulation for tool lifes it strongly depends omork piece and
tool materials.In order toformulate tool life for selected work piece and taolthis
case some experiments must be conducted to determine related constants before
starting optimization studyAdditionally, a survey has to be carried out to finow

cutteroffseteffects tool life and surface roughness.

3.7.1 Experimental Setup

Experimeits on orthogonal turmilling are carred out on Mori Seiki NTX 2000 mutki

tasking machinetool shown inFigure36a i n Sabancé Universit
Research Laboratory (MRL)Primary axes and milling spindle are shownFigure

3.6b. Tool pindle can rotate around on¥taxes but can move lineardfong theX, Y

and Z axes. As aresult of this configuratignturning, milling and turAmilling

operations can be performedsilyon this machine.

Figure3.6: (a) Mori Seiki NTX 2000 multitasking nachine (b) Possible axes on the
machine tool.

Cylindrical work piece ofAlSI 1050 steel off 100 mm diameter and 150 mm length

were fixed bawveen three jaws universal chuck as inFgure3.7.

25



Figure3.7: AISI 1050 stekbar,” 100 mmx 150 mm.

AISI 1050 is a high quality structural plain carbon steel and it is very commsetyio
manufacturing. This carbon stes used in parts of ships, automobiles, aircrafts,

weapons, railways, pressure vessels. The metallurgical properties of AISI 1050 are seen
in Table3.1.

Table3.1: Metallurgical properties of AISI 1050 steel.

Element C Mn P S Fe

Content (%) 0.47-055 0.6-0.9 00.04 00.05 Balance

Density of AISI 1050 alloy is 7850 kgfnThe mechanical properties and thermal
properties are founith Table3.2 andTable3.3, respectively

Table3.2: Mechanical properties of AlISI 1050 steel.

Property Metric Unit
Tensile Strength 635 MPa
Yield Strength 515 MPa
Shear Modulus 80 GPa
Bulk Modulus 140 GPa
Elastic Modulus 190- 210 GPa
Poi ssonds 0.27-0.3
Elongation at Break 10-15%
Reduction of Area 30-40 %
Hardness, Brinell 187-197 HB
Impact Strength 16.9J
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Table3.3: Thermal properties of AISI 1050 steel.

Property Metric Unit
Specific Heat Capacity 0.486 J/kgA C
ThermalConductivity 49.8 W/m*K
Coefficient of Thermal Expansior] 11.3*10% AC

Plain carbon steels have the best machinability properties compared to other steel types.
Carbon content is the main affecting parameter of machinability. High carbon steels are

difficult to cut since they are strong and they may contain carbide particles. On the other

hand, low carbon steels are very soft such that these alloys are gummy and stick to
cutting tool causing BUE at the tool tip with shortened tool life.

In turn-milling experiments 850 mm Seco Qu a40e5¢18-4Amillinge 220 . !
tool with four cutting teeth was ed with CVD coated MP2500 gradeserts which are
recommended for high speed machining of stél@hor cutting edge length of the tool

insert is 4 mm. Citing tool and insert used in the experiments can be sddgune3.8.

Figure3.8: (a) Cutting tool; (b)Cutting insert.

Experimantal setup is given iRkigure3.9. Experiments were performed under dry

cutting condition.
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Figure3.9: Experimental setup.

3.7.2 Measurements
Tool fl ank wear was me assriace entktrolbgy systeann o F o ¢

Measurement procedure can be deelow in

Topography measurement devic;

Placement of the worn insert
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Topographyof the insert !

Cutting edge

Measurement preparatiorfocusing to

the sample Flank face

Figure3.10: Tool wear measurement procedure.

Surface finish was determined using MITUTOYO SJ 301 surf test instrument as shown
in theFigure3.11.

of -

Figure3.11: Surface roughness measuremaguipment

Setup that is shown in Figure 3.12 was designed after the machining process to
determine surface roughness of the cylindrical wadces. Topredse measurement
detectorof the instrumentvas attached to the spindheadof the machine tool to be
able to gairsensitive positioning
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Figure3.12: Surface roughness measurement setup.

Surface roughness measurements were taken in the aliredtiaxial feed which is

parallel towork piece rotatioraxis

3.7.3 Tool Life Experiments
Firstly, for the selected wottool materials and thtool geometry,C and n constants
were icentified. In order to do thierthogonal turmmilling expeiment were carried out

at twodifferent cutting speeds. Result daaseen irfrigure3.13.
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