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ABSTRACT

ROUGH CUTTING OF GERMANIUM WITH POLYCRYSTALLINE
DIAMOND TOOLS

Yergok, Calar
Ms., Department of Mechanical Engineering
Supervisor: Prof. Dr. M. A. Sahir Ar kan
July 2010, 174 pages

Germanium is a brittle semi-metal, used for lenaad windows in Thermal
Imaging Systems since it transmits infrared enanghe 2 um - 12 um wavelength
range at peak. In this thesis study, polycrystalliitamond is used as cutting tool
material to machine germanium. Diamond is the teird@ost abrasion-resistant
material and polycrystalline diamond is producedcbynpacting small diamond
particles under high pressure and temperature tons]j which results more
homogeneous, improved strength and a durable rakteiowever, slightly reduced

hardness is obtained when compared with naturaiatal.

Different from finish cutting, rough cutting, perfoed before finishing, is used to

remove most of the work-piece material. During toegtting, surface roughness is
still an important concern, since it affects thmedhing operations. Roughness of the
surface of product is affected by a number of flacsach as cutting speed, depth of

cut, feed rate as cutting parameters, and alsoanagjle as tool geometry parameter.

In the thesis, the optimum cutting and tool geognpirameters are investigated by

experimental studies for rough cutting of germaniwitih polycrystalline diamond



tools. Single Point Diamond Turning Machine is usedrough cutting, and the
roughness values of the optical surfaces are measuloy White Light
Interferometer. Experiments are designed by makisg of “Full Factorial” and
“Box-Behnken” design methods at different levelsisidering cutting parameters

as cutting speed, depth of cut, feed rate andgeometry parameter as rake angle.

Keywords: Ultra-precision Machining, Single Point Diamond riiing,

Germanium, Polycrystalline Diamond Tool, Surfaceigmess



0z

POL -KR STAL ELMAS TAKIMLARLA
GERMANYUMUN KABA  LENMES

Yergok, Calar
Yuksek Lisans, Makina MihendisiiBolimu
Tez Yoneticisi: Prof. Dr. M. A. Sahir Ar kan
Temmuz 2010, 174 sayfa

Germanyum gevrek, yar -metal bir malzemedir, leaspencere eklinde Termal
Goruntuleme Sistemlerinde kullan Imaktad r. Germany 2 ym - 12 um dalga
boyu aral nda yuksek k z I6tesi enerji gecirgenhie sahiptir. Bu tez calmas

s ras nda germanyumunlenmesinde, poli-kristal elmas tak mlar kullan Intesdkr.
Elmas, en sert, en yuksek rama direnci olan malzemedir. Poli-kristal elmas,
kicuk elmas parcac klar n yuksek basn¢ ve scaldlknda sktrilmasyla
uretilir. Poli-kristal elmas dal elmas ile karlatrld nda daha homojendir,
daha yiksek mukavemete sahip, dayan kl bir maldamancak sertlii daha

da oktdr.

Biti kesiminden farkl olarak, kaba kesim en ¢ok malkgnylzeyden kald rmak
Uzere yap I r. parcas nn ylzey purtzlili, daha sonra gercekteilecek ylzey
i lemlerini etkiledii icin, kaba kesimde de énemli bir parametrediritim yiizey
plrtzlild G cok say da faktor taraf ndan belirlenir. Kesmeapaetreleri olarak
kesme hz, kesme derinij ilerleme hz ve tak m geometri parametresi akar

tala a¢cs 6rnek verilebilir.

Vi



Bu tezde, poli-kristal elmas tak mlarla germanyunkaia ilenmesi icin en iyi
kesim ve kesici tak m parametreleri deneysel galar yard m yla ardrIm tr.
Elmas Uclu Torna Tezgah nda, poli-kristal elmasatel germanyuma kabaeme
uygulanm tr ve optik ylzeylerin purtzlilik derleri Beyaz | k nterferometre
cihaz nda olcilmitdr. Yaplan deneyler “Tam Faktér” ve “Box-Behnken”
deneysel calma metotlar yla deerlendirilmi tir. Deneysel ¢calma metotlar farkl
seviyelerde, kesme parametreleri olarak kesme kesme derinlii, ilerleme h z

ve tak m geometri parametresi olarak tadg s dikkate al narak dizenlentm.

Anahtar Kelimeler: Ultra Hassas leme, Elmas Uclu Tornalama, Germanyum,

Poli-kristal ElImas Tak m, Ylzey PurtzlGhi
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Infrared radiation is emitted by all objects basedheir temperatures. Humans and
other living things or hot spots in mechanical ahekctrical systems are visible at
cooler backgrounds with the help of thermal imagsygtems which detects

radiation in the infrared range of electromagnsfiectrum. There are a wide range
of applications that these systems are used suctedgal, predictive maintenance,

security, military and other civil applications.

In medical area, thermal imaging systems are usetect illnesses by monitoring
physiological change and metabolic processes onbtty. These systems are
called Thermography or DITI (Digital Infrared Thesimimaging) which measures
the heat radiating from body as shown in Figure dntl so, inflammation is

detected. Also, in 1982 Food and Drug Administrat{fbDA) has approved to use

thermography as a supplement to mammography tetdeteast cancer [1].



Inflammation
Region

Figure 1.1 Inflammation Detection by Thermograhly [2

In addition to illness detection, thermal imaginygtems were started to be used in
airports to measure body temperature of people @sw@t of pandemic diseases.
For instance, in 2002 as a result of Severe AcwspRatory Syndrome (SARS),
elevated temperature of humans was determineddynti imaging systems which
has been accepted as an indicate of infectionr Liat2009 same method is used to

detect swine flu. The usage of thermal cameragpois is shown in Figure 1.2.

Figure 1.2 Thermal Imaging System Usage in Airpf8}s

Moreover, failure of mechanical and electrical iseoould be prevented with the

help of thermal imaging systems. Thermal cameras wmed to identify the



temperature distribution in these systems and mdréeat points detected by
thermal cameras are controlled since they can smuece of problem as shown in
Figure 1.3. Hence, predictive maintenance with rtta¢rcameras helps to detect

these points and early intervention could be peréat.

103 F
TSPOT
60 F
TMIN THAX

Figure 1.3 Predictive Maintenance by Thermal Imgdhystem [4]

In addition to these applications, thermal imagaygtems are used in other civil
applications such as hunting, automotive industy, However, most of the usage
of thermal imaging systems is related with militapplications such as navigation,
surveillance, searching, security, detection oih@yyeetc. Some typical applications

of these systems are shown in Figures 1.4, 1.9 &hd



Figure 1.5 Thermal Weapon Sight PYTON/BOA (CourteSBASELSAN) [5]



Figure 1.6 Airborne Thermal Imaging System ASELFLIR 2QCourtesy of
ASELSAN) [5]

Thermal Imaging Systems have four main parts agphfrared detector, signal
processing unit and display. In optics, planar,esighl, aspheric and diffractive
configurations made up of germanium, silicon, zsutfide and zinc selenide are
most widely used ones because of their high trasswmiiy of infrared energy

which is the primary target of the Thermal Imag8ystem to detect.

1.2 Machining, Finish and Rough Cultting

Machining is generating the required surface batred motions between the work-
piece and cutting tool [6]. Main machining processan be specified as turning,
drilling, milling, grinding, polishing, boring, r@aing, shaping, planning, sawing,
broaching, etc. In all these processes, cuttind temoves material from the
surface of the work-piece in forms of chips. Typicathogonal chip-removal
process is shown in the Figure 1.7. The thickndsth® material that will be

removed on the cutting edge from the surface ile@alndeformed chip thickness



[6]. While the thickness of the chip, that has bakaady removed from machined
surface, is called deformed chip thickness. Theyrat the same and the ratio of
undeformed chip thickness to deformed chip thickngdess than unity. Moreover,
the velocity of the tool during machining of worlepe surface is called cutting

velocity.

There are three main angles formed between thenguttol and the work-piece
during machining, which are the rake angle, cleegaangle and shear angle. Rake
angle is the angle that the tool makes with thekwoece normal. As the rake angle
increases in positive sense, smaller cutting foacesieeded to machine work-piece
surface and smaller deformations are observed. &hien machining is realized at
large positive rake angles, friction and heat gatiem are reduced so that tool life
is relatively higher. As the rake angle becomesatieg, initial shock of the work-
piece is compensated by the face of the tool idsté@dge which prolongs the life
of the tool and therefore higher speeds can beeaetli[7]. Clearance angle is the
angle between the cutting tool and the machinethser Clearance angle prevents
the tool from rubbing on the work-piece. During hemoval, deformation takes
place within a plane called the shear plane. Thase forms an angle with the
machined surface, which is called the shear argyhawn in Figure 1.7.



Cutting Direction

fp—

Rake angle

undeformed chip
thickness ¢

Clearance angle

L 8

Work-piece
Shear angle

Figure 1.7 Single Point Tool Machining Process

There are two main machining modes, namely finigth @ugh cutting. First rough
cutting operation is performed and then desiredasar quality is achieved with
finish cutting. The aim of rough cutting is to aff maximum amount of material
in minimum time without giving any damage to theeggior, machine, work-piece
or cutting tool. So, surface quality has secondrjyi. Cutting velocity and

material removal rate are high during rough cuftingsulting in subsurface

damages.

In contrast, the primary goal of finish cutting og@ns is to obtain surfaces with
high quality and parts with high dimensional accyraAlso, material layers with
subsurface damage and surface stress, generaiad curgh cutting are removed.
Meanwhile, machining parameters such as cuttingoigi, feed rate and depth of

cut are given smaller values during finish cuttopgrations.



1.3 Ductile and Brittle Materials

Material properties affect machining conditions swoifting and tool geometry
parameters should be determined by consideringvtitk-piece material. Ductility

is the ability of material to deform under tenditece [8] and it is measured by
tensile test as elongation or reduction in crosgi@eal area. Ductile materials
generally produce continuous chips during machi@ing positive rake angle tools
are used to machine them. Aluminum, gold and coppetypical ductile materials.

The stress-strain curve of a typical ductile matas given in Figure 1.8.

Another type of material is the brittle materialialn has little tendency to deform
before fracture when subjected to stress [9]. @unrachining, discontinuous chips
are produced and it is more difficult to achievghhiquality surfaces when
compared with ductile materials. Cast iron, glasd eeramics are typical brittle
materials. The stress-strain curve of a typicdttlbrimaterial is also given in the

Figure 1.8.



[Ductile Material

Figure 1.8 Stress-Strain Curve of Ductile andtRriviaterials (adapted from [10])

1.4 Ultra-precision Machining

The need of the growing industries increases tmeade of reaching the highest
dimensional accuracy values. Therefore, the limafs surface finish and
dimensional tolerances are improving. Especialhe #applications related with
computer, optics, electronics and defense indsste vital motivations to this
grow. In Figure 1.9, the growth of the machiningsisen in the 20 and 2
centuries form the Taniguchi’s Chart [11]. The eptlated line of Ultra-Precision
machining shows that beyond 2000s, Ultra-preciditathining will be accepted

under nanometer level.
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According to Taniguchi’'s Chart, there are four mamachining accuracy levels.
Ultrahigh-precision or Ultra-precision Machining ke highest accuracy level.
Some examples of Ultra-precision Machining are iiagppolishing, single point

diamond turning, elastic-emission machining ancedele chemical-mechanical

Figure 1.9 Taniguchi’s Chart [11]

polishing, controlled etch machining and energynb@aocesses [11].

1.5 Aim and Scope of Thesis

Thermal imaging systems have an important placemititary applications.
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Producers of these systems have to make wholeatrfiarts to decrease the cost
and total production time. Optics are one of th@alvparts of thermal imaging

systems. Producing infrared optics with desiredeshigional tolerance and surface
guality is crucial. Therefore, related studies @atinuously performed to decrease

the cost considering that high production rate.

This study focuses on machining of germanium wlisch widely used material in
infrared optics. During rough cutting applicatiorgenerally maximum possible
amount of material is removed where the surfacditguaas less priority. In this
thesis during rough cutting of germanium, in orttedecrease the cost, instead of
mono-crystalline diamond tools, less expensive gghtalline diamond tools are

used in spite of their poorer properties.

During machining, single point diamond turning maehwas used and the results
were compared according to surface roughness. curtaughness measurements
were performed with a white light interferometeurface roughness depends on a
number of factors such as cutting parameters, deometry, work-piece material
properties and defects in the structure, machibeations, inaccuracy in the slide-
ways of the spindle and tool holder, surface damafgehip and build-up edge
formation [12]. It is not possible to evaluatefalttors that affect surface roughness
so, in this study, feed rate, depth of cut anddipispeed as cutting parameters and
rake and clearance angle as tool geometry parasneterre considered as main
factors that affect surface roughness. For invastig the effect of defined
parameters on machining of germanium design of raxeat studies were
performed. Design of experiment methods as 2 abel@| Full Factorial Designs
and Box-Behnken Desigmere used to predict surface roughness of machined
germanium surfaces by mathematical models. Thesdelsmohave helped to
evaluate the results so, cutting and tool geomeanameters could be gathered at
the best and the worst surface conditions.

Mathematical models have given the relationshipsvéen surface roughness of
germanium machined by polycrystalline diamond t@wld parameters which were

11



determined as feed rate, depth of cut, spindlespedke and clearance angles.
Surface roughness measurements have been evahsafed (Peak to Valley), R
(Average Roughness) and rms (Root Mean Square)he Wght interferometer.
Therefore in the study, for these three evaluatioathods, three different

mathematical models have been found.
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CHAPTER 2

LITERATURE SURVEY

2.1 Introduction

Single point diamond turning or ultra-precision rdand turning, one of the

machining applications of ultra-precision machinihgd been a result of demand
in advance science and technology for energy, ctenpalectronics and defense
applications. Actually, ultra-precision machiningsh been referred to highest
dimensional accuracy and surface roughness thabeaachieved at that time by
Taniguchi [11].

Historically, diamond machining started by the depeent of numerically
controlled, polar coordinate aspheric generatinghime for the production of high
quality camera lenses. That generating machine aesloped by Taylor &
Robson in 1950s. For about the same time peri@dyt@sian coordinate machine
that uses a high speed diamond burr to generateeasgurve on glass surfaces

was developed by Bell and Howell [13].

Then, in late 1970s, one more innovative developgmes attained by Lawrance
Livermore National Laboratory in California. Dianmwrurning machine, having a
vertical spindle shown in Figure 2.1, was develog®d that laboratory to
manufacture large optics. Large optical compondikes mirrors for telescopes

were machined using diamond tools and surface meggvalues like 4 nm were
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achieved without subsequent polishing [11].

Further years, the development of diamond turnoginued to satisfy the needs in
various applications and today diamond tools wéhslthan hundred nanometer
waviness are used to machine optical surfaces. riésudt of this, diamond turning
achieves to produce optical components with sulvameter level dimensional
accuracy and surface roughness in nanometer lexkeltas also used to machine

infrared optical materials such as germanium alcbsi

Figure 2.1 Diamond Turning Machine in Lawrance kkmere National Laboratory
[11]

Studies were presented on ultra-precision diamangirtg of optical materials as
silicon and germanium, having similar crystal stawes called diamond cubic
crystal structure. In 1988, Blake and Scattergaad fresented their study in which
they machined silicon and germanium with a diamé&mthing machine. In that
study, optical surfaces having nanometer levelaserfroughness values had been
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produced. During machining, the depth of cut wd2 @o 125ym, feed was 1.25 to
10 mm/min and rake and clearance angles of the tood Weto -30 and 6 to 16

respectively [14]. In 1988, in the study of Smith a., germanium was also
machined by Bryant Symon Diamond Turning Machin&l atcording to that

study, flat surfaces with 5.5 nm, Bhrughness were obtained [15].

Furthermore, in 1989 Blake and Scattergood [16] imadle a study about ductile
regime machining of germanium and silicon. In teatdy, with a parallel axis
ultra-precision lathe shown in Figure 2.2, the acet of germanium and silicon
have been machined. Then, the results of that stuele shared in 1990 and
according to that, 0.8 nm rms roughness was acthiewe diamond turned
germanium surfaces, while surface finish valuesev@eto 4 nm rms for silicon. The
reason of the difference was mentioned as the aseek tool wear. During
machining, the depth of cut, feed rate and cutsipged were 0.12-128n, 1.25-10

mm/rev and 0.84-8.2 m/s respectively.

Support Beam

Diamond Tool

Workpiece

=+— Spindle 1

Figure 2.2 Parallel Axis Ultra-precision Diamondriiing Lathe [16]
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Then, Yu and Yan obtained mirror surface with 6 R@& roughness on single
crystal germanium with (111) plane in 1994. In trstudy, rake angle of the tool
was -25, clearance angle wa$ énd nose radius was 0.8 mm. The feed rate, depth
of cut and spindle speed were 1 mm/min, 2 mm aid BPM, respectively as the

machining conditions [17].

In 1997, Fang machined optical surfaces on silibgndiamond turning using
Precitech Optimum 2800. During machining siliconfaces, a mirror surface with
5.9 nm R roughness has been obtained with 4 mm/min feex tamm depth of
cut and 80 mm/min cutting speed. Moreover, optisaiface with 1 nm R
roughness has been obtained when feed rate wasadedrto 0.4 mm/min [18]. In
2002, Chao machined silicon wafers with (111) ahdOf orientations by using
Rank Pnuemo ASG-2500 machine. Diamond tools witterdint geometries were
used for facing operation. The machining conditiarese such that cutting speed
was from near 0 to 150 m/min, feed rate was up ton@min and spindle speed
was around 1200 RPM. At the end of the study, aepturfaces with 5 nm R

surface roughness were achieved [19].

Later, Jasinenevicius et. al [20] made a study a@mond turning of silicon with
(100) planes in 2004. In that study, the depthubfnicas determined asrBn and the
surfaces were machined with 2.5 anan@/min feed rates. The cutting tool had
0.65 mm nose radius, -2%ake and 12clearance angle. In results, the surface
roughness had been developed as 1.6 pfioRcutting with 2.5mm/min feed rate
and the material removal was fully ductile. Whea feed rate has been increased
to 8 mnm/min, micro-cracks formed on the machined surface brittle mode

prevailed the machining process so, the surfacghmess raised up to 91.25 nm R

In 2008, Cal [18] has made an experimental stumbuaidiamond turning of optical
grade silicon. In that study, the surface roughrasses of machined surfaces were
evaluated with changing machining conditions. Thechining conditions such as
cutting speed, depth of cut and feed rate wereamaied as parameters and with 2

level full factorial design, a mathematical modehswnconstructed between the
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surface roughness and these three parametersuilitsrgt was mentioned that 1 nm
Ra roughness could be attained at machining conditsarch as 90 m/min cutting
speed, Irm depth of cut and 1 mm/min feed rate with a morystalline diamond

tool having -15 rake angle.

2.2 Brittle and Ductile Modes of Machining

Germanium and silicon are brittle materials so,lod&tion motion for these
materials are difficult. During the machining ofitde materials like as ductile
materials, low surface roughness has to be attaiomgoroduce precise surfaces.
Brittle materials can be machined in ductile molettle mode or in transition
between them. If brittle mode of machining prevaitsicro-cracks form on the

surface and surface roughness increases.

Jasinevicius et. al [20] performed a study on naali of mono-crystalline silicon
with (111) orientation by single point diamond tumgy machine. The cutting
applications were performed under different coodsi that result the ductile and
brittle mode machining of silicon. When depth of aas 5nm, tool has 0.65 mm
nose radius and -25rake angle, ductile mode machining resulted 1.6 Rm
roughness where feed rate was 2md/rev. When the feed rate of the process was
increased to 8ml/rev, brittle mode of machining prevailed. So, tbeghness of
the machined surface increased up to 91.25 panB micro-cracks formed. Figure
2.3 shows the difference between the machined casféormed as a result of
ductile and brittle mode machining. Three dimenaioviews were obtained by
atomic force microscope. In (a), the surface is@im@nd the cut grooves formed
by tool can be seen. In that machining, surface fwased as a result of ductile
mode machining. While, in (b), machined surface wesvailed by brittle mode
machining. Surface was not smooth, pitting can densall over the surface and

micro-cracks were formed on it.
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Figure 2.3 Diamond Turned Silicon Surfaces [20]

Yan et. al [21] studied the wear of diamond toolsler machining single crystal
silicon by ultra-precision diamond turning. Insteafdround nosed tool, a straight
nosed diamond tool was used withokearance angle. However, during machining,
tool has been adjusted to achieve®-2fke angle so, clearance angle becanfe 26
The depth of cut was 1 to @m and feed rate was 1@m/rev during cutting
applications. From the study, it was shown that mmang altered from ductile
mode to brittle mode as a result of tool wear. Fegi4 shows the For PV surface
roughness with cutting distance. As shown from ghegoh, until 3.81 km cutting
distance, roughness was almost constant, and @afd8r km roughness started to
increase rapidly. This indicated that after 5.08 &utting distance, brittle mode
machining prevailed to cutting.

18
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Figure 2.4 Ror PV Surface Roughness Change with Cutting Distg1]

Atkins and Mai [22] have made studies about ducdled brittle modes of

deformation on brittle materials. It was seen thahe same material, both ductile
and brittle modes of machining can be realizedthedransition between them can
be controlled by the machining conditions. Therefoa brittle material can be

machined in ductile mode by changing the machicimditions.

2.3 Critical Chip Thickness

Ductile mode machining is preferred to brittle matiece smoother surfaces can be
machined by ductile mode. Shaw has been workingilm-precision diamond
grinding of brittle materials and in that studye thurface and subsurface damages
formed during machining of brittle materials diseps at a critical value of
undeformed chip thickness h [23]. This criticalualhas been termed as critical
chip thickness @ Figure 2.5 shows micro cracks and surface darfaageed at the

region where undeformed chip thickness is abqve d
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Figure 2.5 Critical Chip Thickness [24]

The critical chip thickness changes from matermahtaterial and below a limit,
plastic deformation prevails instead of brittlectltare to material removal process.
The machining of brittle materials by plastic defation is termed ductile regime
or mode as mentioned by O’Connor [23] during thedgtin which fly cutting
experiments were made on silicon. So, as mentiomedhat study when
undeformed chip thickness was above the criticait lifracture damage was left by

tool as a result of brittle mode machining.

Blake [24] was one of the pioneers in diamond tugnof semiconductors with
Scattergood, have showed that germanium and sitioald be diamond turned and
in their study, critical depth of cut phrase wasdidnstead of critical chip
thickness. In that study, an equation was defioedritical depth of cut as given in
(2.1). A similar expression was mentioned by Tidwiblat shows the direct
proportionality betweengdand (K/H)? [25].

d=da(9)* 2y (2.1)
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Where;

dc: Critical Depth of Cut

H: Hardness

Kc: Fracture Toughness g, g Surface Energy
E: Elastic Modulus

Moreover, Blake [24] also mentioned about some ipteseffects that increase
critical depth of cut. First, temperature rise e zone of deformation was given
since elevated temperature reduces the stresshasdnhardness reduces and that
results increase in critical depth of cut. Secamdiigh compressive hydrostatic
stress forms in front of the cutting tool during chiming like indenter so this
inhibits crack formation. Also, Patten [25] emplzasi that this high compressive
hydrostatic stress results a phase transition fsemiconducting to metallic on
germanium and silicon and metallic phase of theatenals behaves like ductile
materials so during machining of these, plastiodeétion occurs. Therefore, high
compressive hydrostatic stress increases critiepthdof cut. Third, specific tool
geometry of single point diamond turning was gianan effect that increases
critical depth of cut, since tool edge generatstodation motion on parallel planes,
needed for plastic deformation. Moreover, cuttihgdf used in machining process
can increase critical depth of cut, since fluidiemwvment, formed by cutting fluid,
may increase tendency for plastic flow at the rsemface of the machined material.
Lastly, phase transition was given as an effedt ith@eases critical depth of cut.
The reason was previously mentioned that metali@sp of materials germanium

and silicon behaves like ductile materials.

Blake [24] also notified the influence of depthaeft and feed rate on critical chip
thickness. Figure 2.6 shows the chip formed durmaghining and its change in
shape with increased depth of cut at (a) and wittreased feed rate at (b).
Therefore, as depth of cut increases, the maximuaneformed chip thickness

increases and a wider chip is formed. However, rifdationship between chip
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thickness and depth that micro-cracks formed doegdrdnge. While, as feed rate
increases, maximum undeformed chip thickness iseeand the thickness of the
chip ascends along all width. So, the critical ctiijgkness formed at higher depth
from the uncut surface of part and thus pittinglddee formed on the machined

surface.

Increased Depth of Cut Increased Feed Rate
=7
s
s
/s /f feed
- . /// Initial
Crltlu.:al Chip S . Critical Chip
Thickness e /s Final Thickness

v Depth of Final
Y Cut Critical Chip \
Initial Thickness
'\ Depth of
Cut

¥

(a) (b)

Figure 2.6 Shape Difference of Chip with IncreaBegth of Cut and Feed Rate
[24]

In another study, Ohta et. al [26] had machinedlsirtrystal germanium lenses
with (111) planes by mono-crystalline diamond todlaving -25 rake angle and

1C° clearance angle and the cuttings were performedifigrent feed rates and
spindle speeds and also by different tools witlfed#nt tool nose radius. In results
as indicated, after tool passed the machined reghenresidual tensile stress could

cause crack initiation when the undeformed chipkifiess was high enough.

Patten et. al [27] also presented a study aboutleuwachining of normally brittle

materials such as silicon and silicon nitride. hattstudy, the key parameter for
ductile machining of brittle materials was givenci$p cross section (critical chip
thickness or critical depth of cut). This criticelhip thickness was given as a

combination of feed, depth of cut, tool nose radind rake angle of the tool. Large
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negative rake angle tool was emphasized to be #alyaous to machine materials

such as silicon, germanium and silicon nitride iy authors.

Jan et. al [28] presented a study about ductilenmegurning of silicon wafers.

However, in this study instead of round-nosed tadtraight-nosed diamond tools
was preferred since, the thickness of the chipywshio Figure 2.7, doesn’t change
throughout the chip unlike the chip formed by rounas$ed tool as shown in Figure

2.6. So, the cutting application became uniform.

Depth

Cutting edge angle x

of cut a

Undeformed
chip thickness h Tool feed f

® Cutting direction €— Feed direction

Figure 2.7 Schematic View of Machining with Straigiosed Tool [21]

In that study, undeformed chip thickness h wasrdeted by tool feed rate f and
cutting edge anglk as described in Equation (2.2).

h=f*sink 2.2)

So, critical chip thickness.decame directly proportional with critical feeg feed
at the ductile to brittle transition. Also, cuttingdge anglek is inversely

proportional to critical chip thickness..dThe equation between, critical chip
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thickness, critical feed and cutting edge angle wa®n in Equation (2.3). In
addition to this information, in that study it wasentioned that the surface of the
silicon wafer was machined by a diamond tool wit’rake angle while feed was
increasing continuously and the Nomarski micrograpthe machined surface was
given. As shown in Figure 2.8, feed was increaseuh fleft to right and the critical

feed { could be determined by observing pitting on themaed surface.

f_=d,/Sink (2.3)

Critical tool feed f
WM - SN

Figure 2.8 Nomarski Micrograph of Machined Surfat&ilicon [28]

In that study, Yan et. al [28] also mentioned thkationship between critical chip
thickness and rake angle of the tool. Two differsiiton wafers with (111) and
(100) orientations were machined and this experinveas made with different
tools having rake angles such & @@ and -46. The effect of rake angle to
critical chip thickness was given in Figure 2.9, 8aan be concluded that large

negative rake angle increases the critical chigktiess.
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Figure 2.9 The Effect of Rake Angle on Critical gHihickness [28]

2.4 High Pressure Phase Transformation

Similar to silicon, germanium has diamond cubicstay structure at atmospheric
conditions up to melting point. This form of german is called semiconducting
phase. Semiconducting phase of germanium transftonmsetallic phase at high
pressures. Under quasi-hydrostatic conditions, @amiliucting to metallic phase

with b-tin structure transformation starts at about 1@ @rssure [29].

During the machining by single point diamond tugpithe diamond tool acts as an
indenter. This indenter results high hydrostatiesgure under the tip of the tool as
shown in Figure 2.10 so, the phase transformatieveldps. This is called high
pressure phase transformation. The studies aboat pghase change of
semiconductors such as silicon and germanium is nest. In the study of
Shimomura et. al [30], silicon and germanium hagerbstudied and it was shown
that amorphous silicon reversibly transforms to altiet phase withb-tin structure

under high pressure. This transition is called Moé&nsition.
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Figure 2.10 Compressive Stress Field at the Tih@fTool

Furthermore, as indicated by Morris et.al [31], ligh pressure over 10 GPa under
cutting tool causes phase transformation for semdgotors like silicon and
germanium from diamond cubic to metallic phase #ma ductility of metallic
phase provides the necessary plasticity to semictods for ductile mode
machining. So, in some studies this phase transftoorm was also expressed as
brittle to ductile transition. However, after theegsure releases as tool move away,
metallic phase transforms to amorphous phase amditorphous phase constitutes
chips. In addition to chip, near surface of the hiaed work-piece transforms to
amorphous phase shown by molecular dynamic sinomisitnade by Boercker et. al
[31]. Figure 2.11 shows the transformation and bimaksformation of phase of

chip, near surface of machined work-piece and semdigcting material.
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Figure 2.11 Phase Transformation and Back Transfoom During Machining
(adapted from [31])

Minomura and Drickamer [14] concluded that pressaodeiced semiconductor-to-
metal transition (Mott Transition) resulted a des® at the electrical resistivity of
germanium and silicon. In that study, it was meme that the electrical resistivity
of germanium dropped five orders of magnitude t@ tmetallic level at

compression near 12 GPa. The same phenomena dededmbout 20 GPa for
silicon. Moreover, according to the study of Gridaest. al, [14] the metallic layer
of semiconductor, formed at high pressure undetingutool, returned back to
semiconducting phase when tool moved away and ymeesell down and the

conductivity of silicon came back to semiconductiegel when pressure removed.
Also, in that study it was also mentioned thatrtretallic layer of work-piece under

the indenter was about 50 nm thick.

In another study, Clarke et. al [14Jpproached a similar result with Morris et. al
and Boercker et. al, silicon and germanium tramséat from diamond cubic to-

tin under indentation because of the hydrostatiesgure and after unloading
thermal energy has been insufficient to form restalization to diamond cubic

structure, therefore a meta-stable amorphous pbeserated at regions where
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phase transformation had occurred. Thus, the pinassformations of silicon and
germanium under indenter or cutting tool dependshenhydrostatic pressure and
thermal energy formed between work-piece and tdable 2.1 shows the high
pressure phases of silicon which gives idea abdwse transformation of

semiconductors during loading and unloading of bgthtic pressure [14].

Table 2.1 High Pressure Phases for Silicon [11]

Designation Structure Pressure Region
I Diamond Cubic 0-11
I Amorphous 11-0
Il Body Centered Tetragonab{Tin) 11-15
11l Body Centered Cubic (BC-8) 10-0
[\ Primitive Hexagonal 14-40
V Hexagonal Closed-Packed 40

In addition to these studies, Morris et. al [25pmssed the semiconducting to
metallic phase transformation of silicon, germanidh@amond and tin under high
pressure corresponding to material hardness. Tloélibu of metallic phase of

these materials was also mentioned and the pldstiormation was stated to
develop during machining of germanium and silicbiowever, high pressure had
to be ensured to establish this transition. Aceaydo that study, the pressure to
obtain phase transformation was 9 GPa for germanwnile 12 to 15 GPa for

silicon.

Furthermore, during the studies of phase transfioms, the thickness of
amorphous layer, left on the machined surface #fietool or indenter had passed
away, was discussed. The results of the amorplayes have been changing from
study to study. Puttick et. al mentioned 100-400 ammorphous layer in grinded
silicon with (111) plane, while Shibata found 10@&00 nm thickness for 2 and 3
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mm depth of cuts respectively for diamond turnectail with (100) plane [32].
Whereas, the thickness of the amorphous layerilioos was defined as 20 to 250
nm thick after diamond machining processes suclgragding, polishing and

diamond turning in the study of Jasinevicius [33].

2.5 Machining by Polycrystalline Diamond (PCD) Tool

In the literature, studies have been shared relaiéd the machining of various
materials by polycrystalline diamond tools. Fortamee, in the study of Zhong et.
al [34], aluminum based metal matrix compositesifogced by either silicon
carbide or aluminum oxide were machined by diammding and grinding and
comparison of these two machining methods have weenpared. Aluminum
based metal matrix composites reinforce with cecgpairticles are widely used in
automobile, aerospace and military industries bseaaf their good damping
properties, low density, high elastic modulus, hitjermal conductivity, high
specific strength and high wear resistance. Howehese materials are machined
with high cost due to their poor machinability [3].

In the study of Zhong et. al [34], rough cuttingsaygerformed by PCD tools and
then Mono-crystalline Diamond (MCD) tools were uded finish cutting with

constant depth of cuts in the range of O torin6 and cutting speed of 10 to 200
m/min in a single point diamond turning machine. a&gesult of the study, 17 nm
Ra roughness was obtained during the machining miosilcarbide reinforced metal

matrix composite and 0/@m was determined as critical depth of cut.

In another study, Sreejith [36hs realized machining of silicon nitride, having a
hardness value of 18 GPa, by polycrystalline diagntmol with high speed lathe.
Machining forces were analyzed with respect toilegtspeed varied from 100 to
300 m/min, depth of cut from 5 to 28n and rake angle from 0 to -20n the

study, ductile machining of silicon nitride was sted by considering that cutting
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force was higher than thrust force by a considerabargin which indicated that
material removal was in ductile manner without fuae. Also, it was mentioned
that as depth of cut increased or more negative @kgle tools were used,

machining forces were increased.

Moreover, Davim et. al [37lnvestigated machinability of glass fiber reinfaice
plastic in turning process by polycrystalline diamdcand cemented carbide tools
K15 in CNC lathe. Surface roughness and specifitngupressure were defined as
two machinability criteria of this composite magdriPCD tool had %rake angle
and 12 clearance angle. For the experiment, cutting spestied from 100 to 400
m/min, and feed rate, varied from 0.05 to 0.2 mm/weere defined as parameters
and it was mentioned that,Poughness increased with feed rate and decreasied w
cutting velocity for PCD tool. During the study, aler roughness values were
obtained by PCD tool and the obtainegdr&ighness values were between 1.22 and
2.91mm for PCD tool while they were between 1.22 and 4d) K15 carbide tool.
After the machining experiments, analysis of vareastudy has been performed in
the study to determine influence of parametersfand rate was stated as highest
physical and statistical influence parameter onfaser roughness and specific
cutting pressure while the effect of cutting vetpavas mentioned as practically

insignificant.

In a different study, Petropoulos et. al [38] hawade statistical studies on peek
composite which is replacing aluminum in some cdmssause of its performance
at high temperatures. This material was machinegdbycrystalline diamond and
K15 cemented carbide tools. During the machinifigake angle and 2Xlearance
angle tool have been used and 2 mm was determsddph of cut. While cutting
speed and rake angle were stated as two machiarragngters. Cutting speed and
feed rate were varied 50 to 200 mm/min and 0.0%B.2omm/rev respectively. As a
result of the study, it was specified that PCD tpabvided smaller roughness
values especially for feed rate less than 0.1 mm/Buring the evaluation of
parameters, analysis of variance study was usedetermine the influence of

parameters and as mentioned feed rate exertedysefect on surface roughness
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while the effect of cutting speed was insignificautten compared by feed rate.

In the study of Morgan et. al [39], polycrystallimdamond tool was used to
machine ultra-low expansion (ULE) glass CorningZ @Y three axis micro electro
discharge machine. The machining parameters wedent® depth of cut, rm/s
feed rate and 3000 RPM spindle speed. As a regsludy, 0.3 nm Rroughness
was obtained by PCD tool during which depth of wais below brittle to ductile
transition so only ductile cutting marks were fodnelowever, it must be specified
that PCD tool had been shaped in three stagesebtifermachining of ULE glass.
First of tool, with wire electro discharge machmiRCD tool was shaped to 1 mm
cylindrical tool. After that, diameter of PCD redwtcto 50nmm by wire electro
discharge grinding and finally, geometric accuratyutting surface was obtained
by micro electro discharge machining.

In another study, Sreejith et. al [40] have evadatthe performance of
polycrystalline diamond tool during the face tuniof carbon/phenolic ablative
composite with CNC lathe. In the experimental stiggyndle speed was defined as
6000 RPM and other cutting parameters as cuttiegdgpfeed rate and depth of cut
were varied between 100 to 400 m/min, 25 to b@rev and 1 to 1.5 mm,
respectively. PCD tool used in the study h8dake angle, 5clearance angle and
0.8 mm nose radius. As a result of study, it wantioned that 300 mm/min was
critical speed considering that specific cuttinggsure and temperature increased
in an accelerated speed. Also, as shown from theltseas feed rate increased,

temperature was also increased in a parallel détitu

In the study of Nabhani [41], an annealed titaniifoy with Knoop Hardness of
4.17 GPa has been machined by polycrystalline dm@noubic boron nitride and
coated carbide (KC 850) tools in a CNC Lathe. Makly parameters were 75
m/min surface speed, 0.25 mm/rev feed rate and 1 depth of cut and all
machining applications were performed without owtfluid. In the experiment,
wear of tools during machining was observed, andvas seen that adherent
interfacial layer was formed on the top of rakeefaaf PCD tool but not a
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significant crater has developed and this causdifference between PCD tool and
the other tools used in experiments. Thereforead stated that PCD tool was not
failed even after 30 minutes machining while coatatbide tool and cubic boron
nitride have failed in 9 and 11 minutes respecgivBloreover, in this study surface
finish results of machined titanium alloy have besrared and as shown from
Figure 2.12, PCD tool cut off the surface with I@tveroughness and its

performance remained same for a longer time wherpeoed with others.

Surface Finish {micron)

Average Surface Finizh

2 3 4 5 B T a 9 10 11
Cutting Tirma (min}

—+PCD -o- CBN -+ KC 850 |

Figure 2.12 Surface Finish of Titanium Alloy withutfing Time [41]

In another study, Cheng et. al [42] have machinedsten carbide and silicon
wafer by micro polycrystalline diamond ball end Imih the study, ductile mode
machining has been investigated with good surfemehf and no pitting. During the
machining, 0.1 mm diameter, -6fake angle PCD tool has been used and to define
the ductile mode of machining, a scanning electmoroscope (SEM) pictures
have been used. First of all, tungsten carbidéokas machined with im depth of

cut and 0.1mm/tooth feed rate and according to evaluation uSHEdM picture, it
was mentioned that ductile mode of machining hasnbachieved because no

pitting or crack had developed at surface. Thdigosi wafer has been machined
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with first 0.1nm depth of cut and 0.0%m/tooth feed rate and then Gvén depth of

cut and 0.Imm/tooth feed rate with cutting fluid in both cas&kerefore, from the
SEM pictures, it was seen that no pitting or craftkened in first case however,
brittle mode of machining prevailed in the secondchining applied on silicon

wafer.

In the study of Belmonte et. al [43], sintered tsieg carbide-cobalt work-pieces
had been machined by cubic boron nitride, chemiapbr deposition diamond and
polycrystalline diamond tools. The machining apgiicn performed at fixed
cutting conditions as 15 m/min cutting speed, O depth of cut and 0.03 mm/rev
feed rate. In the study, one of the drawback of RG@&s were mentioned as the
cobalt binder used during the sintering of crygttticles and this was specified as
the reason of worse performance of PCD tool whenpaved with Chemical Vapor
Deposition (CVD) diamond tool for the machiningtohgsten carbide-cobalt work-
piece. The softening effect of cobalt has been mmeatl for PCD tools in the study.
This was expected because work-piece materialleasabalt content so, material-
tool adhesion occurred during machining. Theretbre resulted a bad machining
performance for PCD tool. Thus, better surface hoags results have been

obtained by cubic boron nitride and chemical vageposition diamond tools.

2.6 Rainbow Appearance of Diamond Turned Surfaces

Rainbow appearance, shown in Figure 2.13, is foraeea@ result of light scatter
under white light. There are a number of reasonitorainbow appearance. One
of the reasons for this phenomenon is the chipitethe tool cutting edge during

machining. Therefore, coolant performance for chgmoval is an important

process to prevent that diffraction. Moreover, wpice material structure may
result in this appearance. Materials with smalktals result a fine grid in surface
finish and if the grid has right dimensions, difftian is seen on the machined

surface. The machining conditions such as cuttpgpd and feed rate have to be
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changed. Machined materials can cause this diftradby impurities in them.
Materials, that have iron and chromium impurityyéaainbow appearance after
machined by diamond turning. Moreover, imbalancbad clamping of insert, tool
or tool holder can cause vibration that damagenguidge of the diamond tool and
may cause rainbow effect [44].

Figure 2.13 Rainbow Appearance of Diamond Turnedr@eium Surfaces

The rainbow effect has been also investigated filerént industries. For instance,
machining of contact lenses, ultra-precision laghisystems are used. These
systems are used to machine toric contact lensagndd machining of some
contact lens materials, chemical erosion has bemeloped between silicone,
contact lens material and carbon atoms of diamamdt®ol get worn. Then,
rainbow effect was seen on the surface which has bechined by worn tool [45].

Sohn et. al [46] made a study to develop a modsinmilate the effects of vibration
on surface finish of diamond turned materials. €fme, in this study surface
roughness of machined plated copper was tried ebesased and a mathematical
model between roughness and feed rate and toolradses was investigated. As a

result of the study, vibration was mentioned toseaimpact on optical surfaces by
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resulting coherent scatter. So, this scatter preduainbow appearance on the

diamond turned surfaces.

In another study, Blake [24]Jad mentioned about rainbow effect. In that study,
rainbow effect was given as a result of ridges futnat the surface of machined
silicon since ridges scatter white light. Accorditogthat study, ridges within the
machining grooves were formed by nicks in the ®ade which is a result of tool

wear.
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CHAPTER 3

EXPERIMENTAL COMPONENTS

3.1 Introduction

This chapter includes the basic components of tesis study. Single Point
Diamond Turning as machining process, Germaniumoptical material and
Diamond Tool as cutting tool are introduced in tbieapter. Also, 2 and 3 Level
Full Factorial Design and Box-Behnken Design methassed to determine the
mathematical relationship between surface roughméssachined germanium
surfaces and machining and tool geometry parametegsmentioned. At the end,

surface roughness and its measurement methodg@essed.

3.2 Single Point Diamond Turning

Single Point Diamond Turning is a typical ultra-gisgon machining process and
this process is also used to machine infrared alpti@aterials such as germanium,
silicon, zinc selenide, zinc sulfide, gallium argkn calcium fluoride, arsenic
trisulfide, amtir and some chalcogenide glasse$ [ingle Point Diamond Turing
Machines are used to machine aspheric, diffractnag freeform surfaces as well as
flat and spherical ones. Generating and polishen@nother way of machining

infrared lens materials, however with that wayfrditive and freeform surfaces
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could not be machined. So, Single Point Diamondinfuideparts from other
production ways with its ability to produce varietyconfigurations with the same
tool and machine setup. However, mass productiorplahar, spherical and
aspheric surfaces can be achieved in a longer @specially for large outer

diameter optics when compared with generating aigdhpng.

As well as infrared optical materials, single potiamond turning is used to
machine high-precision reflective surfaces, useda agirror in optical systems.
Some aluminum alloys are used as reflective madsenahermal imaging systems
and they could be machined by diamond turning nmeshiTherefore, in addition to
infrared optical materials, a variety of materialgh as nickel, copper, aluminum,
tin, zinc and magnesium could be machined by simglat diamond turning

machines. During the machining of infrared opticaterials, submicron level
dimensional accuracy or form tolerance, also namemievel or even under 1
nanometer surface roughness values can be achhgvesingle point diamond

turning.

The production of high-precision optical surfacessingle point diamond turning
machines depends on a number of factors. Vibragsomation is an important
concern for machining. So, there are three maingutons for vibration damping.
At first, precision air bearing spindle allows \alion free rotation of chuck and
work-piece. Second, these machines or lathes aleviath high-quality granite
block, having micrometer level surface finish gtyaliThis gives rigidity and
vibration damping to the machine. Third, granitedl is placed on air suspension
system, keeping the block horizontal and this sysisolates the machine from

vibrations [48].

Before the machining, optical part is attached lie thuck using negative air
pressure or vacuum as shown in Figure 3.1 and lystehtered manually using a
dial indicator. The position of the work-piece Isacritical to manufacture precise
surfaces on optical parts. After the part is placedectly, the rotating work-piece
is machined with a diamond tool as shown on FigBre The properties of
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diamond tools will be mentioned in Section 3.4.

Work-piece

Vacuum Chuck Diamond Tool

Figure 3.1 Diamond Tool and Machining [49]

In this thesis study, as a single point diamondihg machine, Precitech Freeform
700U four-axis diamond turning machine was usedlasvn on Figure 3.2 and
technical specifications of the machine are give®\ppendix A. These four axes
are shown on Figure 3.3. During machining with tnigchine, there are three main
machining configurations. During the machining ptical surfaces when B, X and
Z axes are all active together, smoother surfaaefe machined because waviness
of the cutter does not result unwanted form toleeaon the surface of work-piece
since during this machining, always the same pofntool cuts off the surface.
Also, C, X and Z axes can be controlled togethemtxhine freeform surfaces.
Moreover, only two axes as X and Z axes can beralbed together to machine
flat, spherical, aspheric or diffractive opticalrfages. In this study, for rough
cutting of germanium, two axes as X and Z were radled which is sufficient for

machining of flat and spherical surfaces.

38



Figure 3.3 Four Axes of Diamond Turning Machine

39



3.3 Optical Materials in Thermal Imaging Systems and Gemanium

In Thermal Imaging Systems, germanium and silican the most widely used
materials because of their transmission of inframeergy. These materials are both
IV A Group elements and they have a lot of simpaoperties. Germanium and
silicon are both silvery gray, brittle and semi-gailit materials. Their crystal
structure is called diamond cubic crystal structike as diamond. In the Figure
3.4, diamond cubic crystal structure is shown. Agom this structure are
tetrahedrally coordinated with their neighbor atoj24]. The bonds are covalent

and form fixed angles with each other.

Covalent
" Bonds

Figure 3.4 Diamond Cubic Crystal Structure [23]

Optical germanium wafers are grown by Czochralskis@l Growth Method. In
this study, germanium wafers with {111} planes wesed which were grown by
Czochralski Method and the cleavage plane is (1Whjle the predominant slip
system is {111}[110] for germanium. The tensile atkar stresses act on cleavage

and slipping planes that change during machinirdytae behavior of these planes
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determines whether brittle fracture or plastic defation will occur [51].

Germanium is a semiconductor and it was discovened886 by a German

chemist. In Table 3.1, some basic properties ofngeium can be seen. In Earth,
germanium is obtained from zinc, sulfide ores aodl.cHowever, the average
germanium content in deposits are too low, genenmahge is from 0.001% to

0.1%. Germanium is used in a wide range of appdinat In 2008, for about 25%
of germanium has been consumed for infrared opfisn, a bit less than 25% has
been used for fiber optic systems, for about 30%een used for polymerization
catalysts, for about 10% has been used for sotatred applications and 10% for
others [52].

Table 3.1 Properties of Germanium [53]

Properties Unit Germanium
Standard Atomic Weight g/mol 72.64
Density g/cmi (300 K) 53.234
Melting Point °C 937.4
Boiling Point °C 2830
Specific Heat Capacity J/ImSE 0.3219
Modulus of Elasticity GPa 130
Shear Modulus GPa 50
Poisson's Ratio - 0.3
Knoop Hardness N/m 7644

The transmissivity of germanium is high and homegers within 2 to 12mm

wavelength infrared band in electromagnetic spettas shown in Figure 3.5 and

3.6 and because of this property, it is widely ugedhermal imaging systems.

Moreover, germanium is highly preferred materialnfrared optics because of its

prominent chemical stability and corrosion resis&fb2]. Also, it is more easily
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machined when compared with equivalent infraredcaptmaterials such as silicon,

that decreases the machining cost.

Germanium
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Figure 3.5 Transmittance of Germanium in Electronedig Spectrum [18]
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Figure 3.6 The Electromagnetic Spectrum [54]

During the manufacture of germanium lenses, theeet&o main methods as

Czochralski Crystal Growth Method and Casting. Cgstmanium is always
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polycrystalline. However, when compared, singlestals are preferable to multi
crystals because of their uniformity, lower absiomptand absence of impurities
[55]. Single crystal germanium bar is obtained kging Czochralski Crystal
Growth Method. Then, this bar is sliced up to gerima discs and by further

machining, discs are machined to windows or lef&2}s

In this thesis, flat surface of 40 mm diameter mongstalline germanium disc and
convex lens surface of 62 mm outer diameter andn®d aenter thickness mono-
crystalline germanium lens have been machined. & pests are shown in Figures
3.7 and 3.8.

Figure 3.7 Mono-crystalline Germanium Disk

Figure 3.8 Mono-crystalline Germanium Lens
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3.4 Diamond Tools

Natural diamond is used as cutting tool materiatesi1l940s [11]. Diamond tools
are widely used in machining since they producey wmnooth surfaces. For the
production of optical materials, diamond is a gadwice because of its high
hardness, stiffness, toughness, wear resistanckagdool life. Diamond tools are
divided into three groups as mono-crystalline (Engerystal) diamond,

polycrystalline diamond and synthetic diamond tools

Generally, diamond tools are considered as finigting tools since they produce
smooth surfaces. For the production with high malttelemoval rates, different

kinds of tools are better to use since diamondstaoé generally more expensive
than the others. For diamond machining, machiniagameters are generally
different than other machining methods. For diamtmding operations, depth of
cut varies in micrometer range while, feed ratesgenerally no more than a few

hundreds of mm/min.

However, all materials cannot be machined by diainmols like materials with
unpaired d-shell electrons. Some examples to tmegerials are chromium, cobalt,
iron, manganese, molybdenum, niobium, rhenium, idmgd ruthenium, tantalum,
tungsten, uranium, vanadium. Materials with no umgok d-shell electrons are
machined by diamond tools. Some examples to thesterials are aluminum,
beryllium, copper, germanium, gold, indium, leadagnesium, nickel, plutonium,

silicon, silver, tin, zinc [56].

Natural diamond develops slowly at temperaturesnfre00 to 1,300°C and
pressures from 40 to 60 atm. Nowadays, mono-ctiystadr single crystal diamond
tools are most widely used cutting tools for ultracision diamond turning.
Quality of diamond, crystal orientation and cuttiedge geometry defines the
diamond tool performance. (110) plane of diamondnisthe direction of the
maximum cutting force so in that plane, diamonbrazed onto a tool holder [11].

Figure 3.10 shows typical diamond tool.
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Figure 3.10 Typical Diamond Tool [11]

Polycrystalline diamond tools are formed from highmber of individual diamond
particles under high temperature about 3000 K ardspre about 125 kbars. When
compared with mono-crystalline diamond tools, P©@DI4 have reduced hardness
however they are more homogeneous and cheaperinmgioved strength and
durability [6]. Polycrystalline diamond tools arergerally used for machining of
aluminum alloys, metal matrix composites, titanialoys and plastics. Therefore,

these tools are generally used to machine partd use@utomotive, aerospace,
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electronics and optical industries.

Figure 3.11 Insert of Polycrystalline Diamond T@¢ennametal Inc.)

Synthetic diamonds are also used for machiningnéar by heating graphite under
high temperature about 3000 K and high pressuratalb kbars with nickel as a
catalyst. These tools are generally used for mawpimoulds, laser mirrors,
magneto-optical discs, optical lenses. Therefdrey thave important applications
in industrial fields such as the electronic andiggbttechnology [11]. A typical
synthetic diamond tool is shown in Figure 3.12.

Figure 3.12 Synthetic Diamond Tool [57] (Technodsetninc.)

The machining application in single point diamondhing is generally performed
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by mono-crystalline diamond tools. Mono-crystallai@amond tools can be divided
into two main groups as controlled waviness and-canmtrolled waviness. The
radius waviness is the deviation from true cirahel & is measured from peak to
valley as shown in Figure 3.13 [44]. As the wavse§the tool decrease, surfaces
with better dimensional tolerance can be machinedesthe waviness of the tool
results imperfections on the machined surface. cdmgrolled waviness tools have
nanometer level waviness valussd they are more expensive than non-controlled
waviness tools. Therefore, during rough cuttingy-controlled waviness tools are

preferred to decrease the cost of manufacturing.

Diamond Tool Tip

Magnified View

Figure 3.13 Waviness of the Mono-crystalline Diawhdmol

In this study, instead of non-controlled wavinesslg, lower price polycrystalline

diamond tools and inserts’ usage were investigateagnachine germanium by
diamond turning. In addition to their price, polystalline diamond tools have one
more critical advantage, they can be more easdyiged from the market by much

more number of suppliers.
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3.5 Design of Experiment

Design of experimens a method used to determine relationship betweeoutput
of the process and input parameters or variablesign of experiment needs to
gather information between output and input vadablience, experimental studies
are performed. However, during the experiment, rermbf runs should be
minimum to decrease the cost. Therefore, the chafitke method of experimental
design is vital not to make high number of runs.

The choice of an experimental design depends owljextives of the experiment
and the number of factors or parameters to be figpated. Comparative, Screening
and Response Surface are three main objectivesxpdrienental designs. In
Comparative Objective, the main purpose is to makeclusion about one priori
important parameter. In Screening Objective, thenrparpose is to represent the
few important main effects from less important onés Response Surface
Objective, the main purpose is to estimate optimatess settings and weak points.
Also, Response Surface Objective makes process imegasitive against external
and non-controllable influences [58]. Main desidrexperiment methods are given
in Table 3.2.
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Table 3.2 Design of Experiment Methods [58]

Number of | Comparative Screening Response Surfacl
Factors Objective Objective Objective
1 Factor
1 Completely
Randomized - -
Design
2104 Randomized | Full or Fractional| Central Composit¢
Block Design Factorial or Box-Behnken
Randomized Fractional Screen First to
5 or more Block Desian Factorial or Reduce Number
9 Plackett-Burman of Factors

In this thesis study, three different design of empent methods were used to
predict surface roughness of machined surfacesth®dyest and the worst surface
conditions have been planned to be gathered féhduoperations. As a result of
these methods, mathematical models were obtainechvgave the relationships
between surface roughness of germanium, machinepolygrystalline diamond

tools and factors or parameters as feed rate, ddptht, spindle speed, rake and

clearance angles.

In this study, first of all Two-level Full Factoti®esign, a screening objective
design of experiment method, is performed on twteint configurations as flat
and spherical surfaces. Four parameters have ledestexi as spindle speed, depth
of cut, feed rate and rake angle to define mathiealatlationship between these
parameters and surface roughness. Then, for cosopanvith Two-level Full
Factorial Design, Three-level Full Factorial Desigas performed on flat surface
by considering three parameters as spindle spegth @f cut and feed rate. At the
end, for using a different objective, Box-Behnketp&rimental Design Method has
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been applied on flat surface. After completing #lese experimental studies,
analysis of variance (ANOVA) application was penfi@d to discern the

importance of parameters that were investigated.

In Full Factorials Designs, the experiment is perfed by a number of runs,
defined according to level of the design and nundbgrarameters. Two-level Full
Factorial Design with three parameters has 8 riim® runs are performed at
highest and lowest values of the parameters, gimeRigure 3.14. The highest
points of parameters are shown as (+) and the lopaisits of parameters are
shown as (-). In Two-level Full Factorial Designtlwfour parameters, one more
parameter is added to the experimental study andidi$ are performed. The runs

for Two-level Full Factorial Design with four paraters are given in Table 3.3.

Figure 3.14 Graphical Representation of Two-levall FFactorial Design with

Three Parameters [59]
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Table 3.3 Runs for Two-level Full Factorial Desigith Four Parameters

Parameters

Run A B C D
1
2 + -
3 + -
4 +
5 +
6 + +
7 + +
8 + +
9 +
10 + +
11 +
12 + +
13 + +
14 + + +
15 + +
16 + + +

Three-level Full Factorial Design with three paréeng has 27 runs. The runs are
performed at the highest and the lowest values anthe middle point of the
parameters, as given in Figure 3.15. The highestpof parameters are shown as
(+), the lowest points of parameters are shown)aand middle points as (0). The
runs for Three-level Full Factorial Design withébrparameters are given in Table
3.4.
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Figure 3.15 Graphical Representation of Three-ldudl Factorial Design with

Three Parameters

Table 3.4 Runs for Three-level Full Factorial Desigth Three Parameters

Parameters Parameters

Run A B C Run A B C
1 0 + + 15 0 + -
2 + 0 - 16 0 - -
3 0 0 + 17 + - -
4 + 0 + 18 - 0 -
5 + - 0 19 - - -
6 0 - + 20 0 0 0
7 - + - 21 0 + 0
8 - - + 22 + + +
9 - + + 23 + + -
10 0 - 0 24 - 0 0
11 - 0 + 25 + + 0
12 - + 0 26 + - +
13 0 0 - 27 + 0 0
14 - - 0
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Box-Behnken Design with three parameters has 18. rline runs are performed at
the middle point of at least one parameter andifleest, the lowest values and the
middle point of remaining two parameters, giverrigure 3.16. The highest points
of parameters are shown as (+), the lowest poihfsamameters are shown as (-)
and middle points as (0). The runs for Box-Behnkesign with three parameters

are given in Table 3.5.
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Figure 3.16 Graphical Representation of Box-Behnkeesign with Three

Parameters
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Table 3.5 Runs foBox-Behnken Design with Three Parameters

Parameters

Run A B C
1 0
2 + 0
3 + 0
4 + + 0
5 0
6 0 +
7 0 +
8 0 + +
9 0
10 + 0
11 0 +
12 0
13 0 0 0

Moreover, in this thesis the result of the mathérahimodels were used to make
(ANOVA) studies and the critical parameters for thelationship between
roughness and cutting and tool parameters weraatkfiThe result of analysis of
variance (ANOVA) studies of all the three desigrss Tavo-level Full Factorial
Design with four parameters, Three-level Full Faeto Design with three
parameters and Box-Behnken Design with three paemewill be given in
Chapter 5.

3.6 Surface Roughness

During the machining of work-pieces, no matter wkatd of material, tool or
machining processes are used, irregularities araefd on the cutting surface. The

combination of imperfections on the surface aréedasurface texture. Excluding
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the flaws and lays, short and long spaced repeatiegularities forms surface
profile. Short spaced repeating irregularities eakbed roughness and long spaced
repeating irregularities are called waviness [@&fure 3.17 shows the texture,

roughness and waviness of the machined surface.

Flaw Nominal surface
{unspecified)

Normal section

wrr 777 i

rﬂn.‘nu.wﬂﬂnw-hw Total profile
W R N Waviness profile
Roughness profile

Figure 3.17 Surface Texture and Profile [61]

Surface roughness is composed of two componentieaksurface roughness and
natural surface roughness [6]. Ideal surface roaghns the result of geometry of
tool and feed, while natural surface roughnes$esresult of irregularities in the
machining processes and these irregularities arerghty the consequence of work-
piece material properties and defects in the siract machine vibrations,
inaccuracy in the slide ways of the spindle and hodder, surface damage of chip
and build-up edge formation [7]. Ideal surface fougss is the best surface that can
be achieved and Figure 3.18 shows the scheme alf sdeface roughness for a tool
with rounded corner. For that tool, ideal surfaceighness is expressed with

following formulation (3.1) [6].
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R, = 00321 f2/r, (3.1)

Where;
Ra Arithmetic Surface Roughness
f: Feed

r : Tool Nose Radius

Work-piece

| | Machined
€ Feed | Surface

Tool nose
radius

Figure 3.18 Ideal Surface Roughness for a Tool WRtunded Corner (adapted
from [6])

However, normally it is impossible to reach ideairface roughness, so tool
geometry and feed are not the only parametersaffett the surface roughness. So,
most of the actual roughness of the machined sesface as a result of natural

surface roughness [6].

Surface measurements are performed by differenhadst Contact and non-
contact measurement methods are two main groupga€ameasurement methods
are attained by stylus, which moves laterally asrttee machined surface for a
specified distance with a specified contact forod #he vertical motion of the
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probe defines the form of the surface. The radiispherical stylus is up to

micrometer range. However, in spite of that smagdl fadius of the stylus, it

modifies results a bit as, it rounds sharp endfiosimpeaks and valleys. Also, it
decreases or increases length at steps sincel@t notienter features smaller than
its radius [62]. Some profilometers use contact sueament method to measure
profile of the surface. One example to this is poafeter, used in this study and
results will be shared in Section 6.3. Typical pooheters can measure small
vertical irregularities up to nanometer range. Feg8.19 shows a typical contact

measurement and errors of it.

Spherical
Stylus

'_-" "I'-lr{:"h oy
Machined
Surface
[
=] . [
58 . Es 5 S 5
= =Ea Ll = = b= = :‘5
=) Stk = — e
= E = o =] E =
s2 CEE 2 E 2 s =]
EEs ZS¢& g - s E
té 838 T T S
—_— O —_ ' e
" ™
LT 7\ ;\\ . Profile Measurement

Machined Surface
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Figure 3.19 Typical Contact Measurement [62]

Non-contact measurement is another type of surfam@surement method.
Interferometry is a typical example of non-contamasurement method and this
method depends on optical systems. Interferometrg traditional technique in
which a pattern of bright and dark lines resuloptical difference between beams

reflected from reference and measured surface.lihe is separated inside the
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interferometry device by a beam-splitter. Then, deam is guided to reference
surface, while the other beam is oriented to themed surface, tried to be
measured. After the guided beams reflect from tintases, they interfere inside the
optical system. The name of the interferometry corfrem the interference of
beams. The constructive and destructive interfer@fiche beams produce the light
and dark fringe pattern. Then, three dimensiontdriarogram of the surface is
produced and this is transformed to three dimemsiomage providing surface
structure analysis [63]. In Figure 3.20, schematew of the optical system of

white light interferometry is shown.

Figure 3.20 Schematic View of Optical System of WHhiight Interferometry [64]

In this thesis, Zygo NewView 5000, which is a whitght interferometry device,
was used to measure surface roughness and teclpieefications are given in

Appendix B. In the study, measurements were peddron 0.27 mm x 0.36 mm
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area. So, on that small area, the roughness valfidbe surfaces have been
measured. Figure 3.21 shows the interferometry Udsedhe measurement of

machined germanium surfaces.

Figure 3.21 Zygo NewView 5000 White Light Interferetry [65]

The results of the surface roughness can be istieghtby a number of ways; Br
PV, Rs and R or rms are the most common ones. During the measents of
surface roughness, to interpret the result of miberfierometry first of all, the mean
line of measurement is determined. The total ablewethe mean line is equal to
the area below. In Figure 3.22, mean line, Q, whghhe roughness sampling
length, x axis, in the direction of mean line, andxis, which shows the vertical

deviations of the real surface, are shown [66].
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Figure 3.22 Surface Roughness Measurement [66]

R, or PV is the sum of Rand R where R is the top peak height and R bottom
valley depth on the surface. In Figure 3.230RPV (Peak to Valley) roughness of

the surface is shown.

Figure 3.23 Ror PV Roughness Measurement [66]

Ra is the arithmetic average of the absolute values iais measured with the
formulation (3.2). Ris also defined as center line average. Figuré 8tws the

Ra roughness measurement of the machined surface.
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R, =1/Q “{z(x)}dx (3.2)

Where;

Ra: Arithmetic Surface Roughness or Center Line Agera
Q: roughness sampling length

z(x): roughness curve [67]

mean line

fia

Figure 3.24 RRoughness Measurement [66]

Rq or rms is the root mean square measurement ofutti@ce roughness and it is
measured with the Equation (3.3). Figure 3.25 shtves R, or rms roughness

measurement of the machined surface.

R, =\/1/Q “{22(0}dx (3:3)

Where,
R,: Root Mean Square Roughness

Q: length of the surface
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z(x): roughness curve [67]

Figure 3.25 Ror rms Roughness Measurement [66]

In this study, the surface roughness of the macdhgermanium surfaces were
evaluated by Ror PV, R and R or rms roughness types with Zygo NewView
5000 White Light Interferometry.
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CHAPTER 4

EXPERIMENTAL SETUP

4.1 Introduction

In this experimental study, as a single point diachturning machine, Precitech
Freeform 700 U has been used as mentioned in 8e8tih During machining

applications, X and Z axes have been controllethtsyCNC machine so both axes
move under computer control. In this machine, dpindn which the work-piece is
mounted, is translated by X axis on slides anddb&holder is also translated by Z
axis on slides, which is perpendicular to X axiy. tBe simultaneous control of
these two axes, flat and spherical configuratiggesformed in this thesis study,

could be machined.

The part and the cutter have to be settled ap@imbyi to the machine to

manufacture precise surfaces. For this thesis spuglycrystalline diamond inserts
have been used during machining instead of norrabed waviness mono-

crystalline diamond tools. So, compatible tools evéesigned for PCD inserts and
this situation changed the setup of tool and itsitim on the holder. Thus, this
chapter will give information about the tool ansliistallation to the machine.

As much as the tool, the appropriate settlemerth@fwork-piece is important to
manufacture precise surfaces. This chapter wiltinae to give information about

the work-piece setup for machining of germaniunsimgle point diamond turning.
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4.2 Polycrystalline Diamond Tool Setup

In this study, instead of mono-crystalline diamdnodls, polycrystalline diamond
tools were used as mentioned in Section 3.4. Fogirocutting of germanium,
polycrystalline diamond inserts were supplied. IS@de inserts are sorted out by
their insert shape, clearance angle, tolerances,clmsert feature, size, insert
thickness, cutting corner, cutting edge, cuttingection and type designation.
Therefore, DPGW11T304FST polycrystalline diamondsents, used in
experimental studies have rhomboid shafeake angle, 1’lclearance angle and

0.4 mm cutting edge corner.

Figure 4.1 Polycrystalline Diamond Insert DPGW114BS8T (Kennametal Inc.)

Generally, polycrystalline diamond tools machinetde materials like aluminum
alloys for mechanical applications like in autometindustry in addition to metal
matrix composites, titanium alloys, etc. as mergim Section 2.5 so inserts with
positive rake angle are common in the market. H@newn this thesis study,
germanium, which is a brittle material, has beenaftiand brittle materials are
generally machined with negative rake angle tontsia the literature, tools having

extremely negative rake angles were suggested fachiming of germanium.
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Therefore, the negative rake angle had to be addafiom the tool instead of insert

since negative rake angle PCD insert could notuseh@ased from the market.

For rough cutting of germanium, -2&nd -45 rake angles were selected by taking
the previous studies into account. Since thereoisiegative rake angle inserf, 0
rake angle inserts have been purchased which asestlto negative rake angle.
Then, since tools in the market, compatible withypiystalline diamond inserts,
could not also reach that extreme rake anglesadsof purchasing, two tools with
-25° and -48 rake angles have been designed and manufactuhed teEhnical
drawing of the tools are shown in Appendix C. Igufe 4.2, two different tools,
compatible with DPGW211T304FST polycrystalline diardansert, are seen. These
tools were manufactured from CPPU cold work toekkttechnical specifications
of which are given in Appendix D. Tool, on the Jgftovided -28 rake angle while
tool, on the right, provided -45ake angle. Unfortunately, as tools have had more
negative rake angles, they had more positive alearangles. So, tool with -25
rake angle has 8&learance angle and tool with “4%ke angle has 8&learance

angle as like in the study of Yan et. al [21].

Figure 4.2 Tools with -Z5and -48 Rake Angles
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The manufactured tools had similar dimensions tfop®a same stiffness so not to
change the cutting conditions for them. Also, dgrihe design, the position of the
tool at the tool holder of the single point diamdndhing machine was taken into
account. Two holes at the shank of the tool coméoulpoles on the tool holder.
Actually, the tool holder of the machine is desigjfier mono-crystalline diamond
tools and mono-crystalline diamond tool is placedtte tool holder by a part fixed

to the tool holder by using these holes. Figure ¢h8ws the layout of mono-
crystalline diamond tool to the holder.

Figure 4.3 Layout of Mono-crystalline Diamond Tawol Tool Holder

The same holes on tool holder have been used fertdols designed for
polycrystalline diamond inserts. The tool has bpkated on tool holder from that
holes and fixed to their place by screws before miwg. Figure 4.4 shows the
setup of the tool for PCD inserts to the machingal) position of the tool on tool

holder is seen and in (b) position of the toolha machine can be seen.
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Figure 4.4 Layout of Polycrystalline Diamond Tool Bachine

4.3 Work-piece Setup

As mentioned in Section 3.2, the work-piece is @thon the vacuum chunk by
negative air pressure and held in its position mummachining. However, the
position of the work-piece is critical to manufaetyrecise surfaces. Therefore, the
axis of the lens must be aligned with the axishef $pindle on which the chuck is
located. This application is called centering.

In this thesis study, rough cutting application wasrformed so, 2.54mm
concentricity of axes has been accepted enough nfachining application
according to documents of machine manufacturerréfbee, with the help of a dial
indicator, which has be located on the machine baiseZ axis slide, the
concentricity of axes of work-piece and spindle Hseen measured before all
machining processes.

Thus, the probe of the indicator has been touchedhe outer diameter of the
work-piece and part was rotated by hand for’26@l deviation of the measurement
was calculated. Then according to that, the wodc@iwas placed to its position by
hitting slowly with a plastic stick or hammer onetlhighest point as shown in
Figure 4.5. The measurement and placing by hitinogedure continues up to 2.54
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mm concentricity difference of axes for a full tuoh work-piece. After tool and
work-piece setup applications, part program co@ddaded and germanium work-

pieces have been machined.

Figure 4.5 Centering Application of Work-piece
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CHAPTER 5

RESULTS OF THE EXPERIMENTAL STUDY

5.1 Introduction

In this thesis study, rough cutting conditions efrganium were examined and
these conditions were harsher when compared witishficutting. The previous
manufacturing information in ASELSAN Inc., recomrdations from single point
diamond turning machine manufacturers, diamond nwerhufacturers and previous

studies, mentioned in Chapter 2, have been guidsefection of parameters.

In addition to this knowledge, some trials were m&y polycrystalline diamond
tools on germanium before experimental studiesasnal result of these, parameters
have been selected for rough cutting conditionserdlore, 0.4 mm nose radius
polycrystalline diamond inserts were obtained dral dutting tools were provided
with -25° and -48 rake angles. Spindle speed, depth of cut and fatx were
selected between 2000-5000 RPM, 40-2®0 and 5-20 mm/min respectively as
machining conditions. Hence, spindle speed, fetxlaad depth of cut had constant
values at each runs. However, cutting speed wasgently changing depending

on the diameter of the cutting point during run.

The experimental study of rough cutting of germamiwvith polycrystalline

diamond tools have been started after the fulfiitnef single point diamond

turning machine setup including the setup of thel #nd the work-piece. This

study has included three main machining applicatidn the first experiment, flat
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germanium disk had been machined and the rougtofetee machined surfaces
had been measured by white light interferometryiaevyor a times determined

according to experimental design and the mathealatiiodel between surface
roughness and experimental parameters as feedieqi of cut, spindle speed and
rake angle had been obtained by 2 Level Full Fedt@esign. After that, in the

second experiment the same study has been perfofared convex lens to

compare the results between flat disk and convex [Ehus, the second machining
set was generated.

In addition to these studies, in the third expentak set to improve the
mathematical model, 3 Level Full Factorial Desigas lbeen used to obtain the
relationship between surface roughness and thengseas for machining flat disk
of germanium. However, this time three parameteesewused to decrease the
number of runs since the number has already bempased because of using 3
level model instead of 2. Therefore, the rake amge eliminated from parameters
list and thus cutting parameters as feed rate,hdeptcut and spindle speed
constituted that. Moreover, by selecting a numbeesults that have been obtained
during experiment 3, Box-Behnken Design has beemdd and a different
mathematical model has been obtained. That modelals® a 3 level model and it
was used to compare all results that had beennaotaby 2 and 3 Level Full

Factorial Designs for flat surface.

Hence, this chapter will give information about tlesults of the surface roughness
for the related cutting conditions and rake angfetlee tool. Moreover, the
mathematical models that have been obtained bygmediexperiment studies will
be mentioned and finally the discussions of theioled results will be given in the

further sections of the chapter.

5.2 Results of the Initial Trials

In this experimental study, the most important ghivas to identify that germanium
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could be machined by polycrystalline diamond todi&er that, the mathematical
relationship between the surface roughness angatemeters has been tried to be
identified. Therefore, the experimental studiesenbeen started by the machining
of flat surfaces on 40 mm diameter germanium di8Ker machining, the
roughness results were obtained from a white-ligiérferometry machine. A

typical roughness measurement of germanium diskasvn in Figure 5.1.

Figure 5.1 Surface Roughness Measurement with Wigtet Interferometry

Actually, the generated germanium blanks that iclpased from manufacturers
could be directly cut in finish cutting conditiongithout having rough cutting
previously and the necessary roughness values beulthered. The rough cutting
applications are only done to give shape to wodc@imaterial so, the surface
roughness has second priority. Therefore, consigdhis knowledge the surface
roughness values of the generated blanks were teccéipe highest limit to the
diamond turned germanium in rough cutting condgio8urface roughness of a
number of germanium blanks were measured and tyPM¥arms and Rroughness

values have been measured Br7, 800-850 nm and 600-700 nm respectively.

First of all, a number of cutting applications weperformed to define the
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machining characteristic between germanium and gpgdyalline diamond tools.
Thus, germanium disk has been machined both ormshfidnd rough cutting
conditions. Surface roughness of both conditiond gi@en quite same results as
machining with mono-crystalline diamond tools. Aea high feed rates and depth

of cuts, the surface roughness values were belewdlues of generated blanks.

For instance, surface had 4493.7 nm PV, 441.9 nsnamd 325.8 nm Roughness
when machined with 30 mm/min feed rate, @@ depth of cut and 2000 RPM
spindle speed using -2%ake angle tool. In another example, 801.1 nm P&/2
nm rms and 16.6 nmjRoughness values were obtained with 5 mm/min faésl
250 nm depth of cut and 1500 RPM spindle speed usin§ r2%e angle tool.
Therefore, the results showed that germanium doelchachined by polycrystalline
diamonds for rough cutting applications insteachanh-controlled waviness mono-

crystalline diamond tools.

Hopeful results were also gathered when the susfesemachined at finish cutting
conditions. According to optical requirements spediin technical documents of
ASELSAN Inc., rms surface finish of an optical suxé must be less than 25.4 nm
within its whole surface for germanium lenses. these first trials, the average
roughness (B was measured between 2.5 to 3.8 nm at thregeiffeuns in finish
cutting conditions such as 2.5 mm/min feed ratemddepth of cut and 2000 RPM

spindle speed using -28ake angle tool.

5.3 Two Level Full Factorial Design for Flat Disk

In the experiment, the machining applications weeeformed by cutting fluid,

Dovent IP 175/195. Polycrystalline diamond inseswDPGW11T304FST of
Kennametal. Tools with two different rake anglesavased and the adjusting of
the rake angle of tools affected clearance angld¢osds with different clearance

angles were obtained. The properties of cuttingstaere given in Table 5.1.
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Table 5.1 Cutting Tool Parameters for Experiment 1

Properties Tool 1 Tool 2
Polycrystalline Diamond Insert DPGW11T304FST
Nose Radius (mm) 0.4
Rake Angle Q) -25 -45
Clearance Angle®) 36 56

In the first experimental set, 2 Level Full FacabiDesign with 4 parameters*(2
Full Factorial Design) was used. Thus, flat germmanidisk was machined at high
and low level of four parameters. The parametergwhosen as feed rate, depth of
cut, spindle speed and rake angle and as mention&kction 3.5, they form
corners of rectangular prism. The high and low ll@fgparameters were chosen at
the rough cutting conditions. The selected cutéing tool geometry parameters and

the order of runs are given in Table 5.2.
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Table 5.2 Selected Parameters for Experiment 1

RuUN Feed R_ate Depth of Cut Spindle Speed| Rake Angle
(mm/min) (mm) (RPM) ©
1 5 40 2000 -25
2 20 40 2000 -25
3 5 200 2000 -25
4 20 200 2000 -25
5 5 40 5000 -25
6 20 40 5000 -25
7 5 200 5000 -25
8 20 200 5000 -25
9 5 40 2000 -45
10 20 40 2000 -45
11 5 200 2000 -45
12 20 200 2000 -45
13 5 40 5000 -45
14 20 40 5000 -45
15 5 200 5000 -45
16 20 200 5000 -45

Therefore, at these parameters 16 runs were rdalizee machined surfaces were
measured at Zygo NewView 5000 White Light Interfestry and the measurement
point was taken as the middle of the radius seag 10 mm away from the center
and the outer diameter as shown in Figure 5.2 antesmeasurement results on
interferometry of this experiment are given in Apgx E. Thus, 16 runs,

necessary for 2Full Factorial Design, were completed. The surfameghness of

machined surfaces can be seen in Table 5.3 ancematital relationship between

surfaces roughness and parameters has been foethuising the results in Table

5.3.
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Measurement
Point

Figure 5.2 Measurement Point of Runs in Experinient

Table 5.3 Results of the Surface Roughness Measutsrfor Experiment 1

o Zﬁﬁs r;\’iﬁ;e Degg: of Ssp;;gglg Erigklz Surface Roughness
(mm) (RPM) 0 PV (nm) rms (nm) R(nm)
1 5 40 2000 -25 9552 92.5 70.6
2 20 40 2000 -25 29594 238.4 168.6
3 5 200 2000 -25 1150{5 114.8 88.5
4 20 200 2000 -25 2823\6 270.7 197.0
5 5 40 5000 -25 411 3.8 2.9
6 20 40 5000 -25 6894 45.6 29.5
7 5 200 5000 -25 124)4 5.9 4.4
8 20 200 5000 -25 980|8 79.2 58.0
9 5 40 2000 -45 1831(7 141.5 111.0
10 20 40 2000 -45 5587|3 467.7 346.1
11 5 200 2000 -45 1846[0 166.5 129.5
12 20 200 2000 -45 31935 322.3 244.7
13 5 40 5000 -45 813|3 81.2 63.1
14 20 40 5000 -45 1532\4 183.6 146.2
15 5 200 5000 -45 819|5 87.9 69.3
16 20 200 5000 -45 832|1 89.0 70.1

75




The mathematical formulation, found b§ Bull Factorial Design, is in the form
like in Equation (5.1) and as shown, there wereddfficients from @to a34that
had to be calculated and the equations for coefftsihad been obtained from the
book of Introduction to Design of Experiments witiP Experiments by J. Goupy
and L. Creighton [68]. However, only the equatiéms2? Full Factorial Design are
given in the book so,*Zull Factorial Design equations had been acquied the
examples in the further chapters. The equation&¥6tull Factorial Design can be
seen in Appendix F. Therefore, coefficients havenbealculated according to

equations and they are given in Table 5.4 for P\§ and Rroughness separately.

R=a,+a*f+a,*doc+a,*S+a,*r+a,* f *doc+a,*f*S
+a,* f*r+a,*doc* S+a,,*doc*r +a,,* S*r+a,,* f *doc*r (5.1)
+a,,* frdoc*r+a,,* f*S*r+a,,* f *doc* S*r

Where;

R: Roughness

f: Feed rate

doc: Depth of cut

r: Rake angle
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Table 5.4 Coefficients for Roughness Equation (oA Experiment 1

Coefficient PV rms R
& 1636.265 149.421 112.478
a 688.540 62.634 45.057
& -164.967| -7.376 -4.778
& -907.147 -77.398 -57.035
ay 420.702 43.042 35.028
& -202.352 -14.385 -10.288
a3 -409.014 -35.325 -24.535
a4 40.807 10.532 9.219
33 125.040 0.845 -0.203
Qo4 -219.240 -18.677 -14.323
34 -150.511 -4.644 -3.303
Q123 140.059 5.659 3.373
Q104 -186.976 -19.573 -14.971
Q34 -137.429 -11.985 -8.763
Qo34 85.637 3.204 1.845
Q1034 72.655 2.978 1.316

It must be noted that Equation (5.1) is in codedsurso, the highest points of
parameters are +1 while the lowest points are thénequation. A transformation
must be done to enter the parameters as feeddegtd) of cut, spindle speed and
rake angle in engineering units. After this transfation, the mathematic
formulation became as in Equation (5.2) but thdfaments in Table 5.4 remained

same.
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R=a, +a,*[(f - 125)/75] +a,* [(doc- 120)/80]
+a,*[(S- 3500/1500 +a,* [(r - (- 35))/- 10]

+a,* [(f - 125)/75] * [(doc- 120)/80]

+a,*[(f - 125)/75] *[(S- 3500/1500

+a,*[(f - 125)/75] *[(r - (- 35)/- 10

+a,,* [(doc- 120)/8Q * [(S- 3500 /1500

+a,,* [(doc- 120)/8Q *[(r - (- 35))/- 10]

+a,,*[(S- 3500/1500* [(r - (- 35)/- 10]

+a,,* [(f - 125)/75] * [(doc- 120)/8Q * [(r - (- 35))/- 10]
+a,,*[(f - 125)/75] * [(doc- 120)/8Q *[(r - (- 35))/- 10]
+a, *[(f - 125)/75] * [(S- 3500/1500* [(r - (- 35))/- 10]
+a,,,* [(doc- 120)/80 * [(S- 3500/150Q* [(r - (- 35))/- 10]
+a,,,,* [(f - 125)/7.5] *[(doc- 120)/8Q * [(S- 3500/150Q
*[(r- (-39)/- 10

(5.2)

Finally, the experimental study was finished byA¥OVA study to conclude the
significance of each coefficient for the mathenwdtimodel. The procedure started
with the elimination of some coefficients. Hencegefficients a3 @24, &34, &34
anda;23swere eliminated and the equations take the foriguation (5.3). Surface
roughness was estimated by these 11 coefficiemtshenresults are given in Table
5.5, also difference between the real values aticha®d values are given in Table

5.5.

R=a,+a*f+a,*doc+a,*S+a,*r+a,* f *docta,,*f*S
+a,* f*r+a,,*doc* S+a,,*doc*r +a,, * S*r

(5.3)
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Table 5.5 Estimated and Residual Values for Expemim

Estimated Residual
PV rms R PV rms R
Run| (nm) (nm) (nm) (nm) (nm) (nm)
1 783.9 66.9 50.8 171.4 25.7 19.8
2 3302.1 270.5 192.1 -342.6 -32.1 -23.5
3 1047.0 116.5 90.8 103.5 -1.7 -2.3
4 2755.8 262.6 191.0 67.8 8.1 6.0
5 -161.5 -9.7 -7.2 202.6 13.5 10.1
6 720.7 52.6 36.0 -31.3 -7.1 -6.4
7 601.9 43.4 32.0 -477.4 -37.4 -27.6
8 674.6 48.2 34.1 306.2 31.0 23.9
9 2283.2 178.5 137.6 -451.5 -37.0 -26.6
10 4964.4 424.3 315.8 622.8 43.4 30.3
11 1669.4 153.5 120.4 176.6 13.0 9.1
12 3541.4 341.7 257.5 -347.9 -19.4 -12.7
13 735.8 83.4 66.4 77.5 -2.2 -3.4
14 1781.2 187.9 146.5 -248.8 -4.3 -0.3
15 622.2 61.8 48.4 197.3 26.1 20.9
16 858.1 108.7 87.3 -26.1 -19.7 -17.2

From the columns of residual values, sum of squafesrors were calculated by
squared and summed of residuals and the resulesdiraded by freedom, which is
the number of eliminated coefficients and mean sxjwd errors were obtained.
Then, the square root of the mean square of enars been found to calculate root
mean square of errors and also standard devidatiersquare root of mean square

of root divided by total number of coefficients,shiaeen found. The results were

given in Table 5.6.
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Table 5.6 Summary of Errors and Standard Devidboexperiment 1

PV rms R
Sum of Squares of Errors 1377214.4749246.558§ 5078.865
Mean Square of Errors 275442.8951849.312 1015.773
Root Mean Square of Errors 524.827 43.004 31.871
Standard Deviation 131.207 10.751 7.968

The ratio of coefficient to the standard deviatignt-ratio. Using t-Ratio and
freedom, which is 5 in this model, p-Value can terd. p-Value is the probability
that a coefficient is not significant [68]. Theredp smaller the p-Value, more
significant the coefficient can be concluded and this, significance of the
parameter can be found out. The acceptance praldbil coefficients was set at
p-Value less than 0.1 as mentioned in the bookntfodluction to Design of
Experiments with IMP Experiments by J. Goupy an@ieighton. This means that
the coefficient would be zero 10% of repeated erpemts. So, coefficient would
be significant 90% of experiments. Table 5.7 gawe tesults of t-Ratio and p-
Values for three different surface roughness. Thashown from the Table 5.%, a
ai, &, & and ag are the most significant coefficients for the expental study

because of their low p-Value and this showed tigeiicance of parameters feed

rate, spindle speed and rake angle for the process.
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Table 5.7 t-Ratio and p-Values for Experiment 1

t-Ratio p-Value
Coefficient PV rms R PV rms R
& 12.471 13.898 14.117| <0.00001 0.00004 0.00003
a 5.248 5.826] 5.655| 0.00333 0.00211 0.00240
& -1.257] -0.686] -0.600] 0.26428 0.52322 0.57466
& -6.914| -7.199] -7.158| 0.00097, 0.00081 0.00083
3y 3.206] 4.004] 4.396| 0.02384] 0.01028 0.00705
anp -1.542| -1.338] -1.291] 0.18370 0.23852 0.25317
a3 -3.117] -3.286] -3.079] 0.02634 0.02181 0.02750
a4 0.311] 0.980 1.157| 0.76835 0.37209 0.29954
a3 0.953] 0.079] -0.025| 0.38436] 0.94010 0.98102
=9 -1.671 -1.737| -1.798] 0.15559 0.14290 0.13210
= -1.147] -0.432] -0.415] 0.30329 0.68374 0.69535

5.4 Two Level Full Factorial Design for Convex Lens

In this experiment with convex lens, the machirapglications were performed in
the same conditions as in the experimental designflat disk. So, the cutting tool
parameters and cutting fluid were same. In the reeb@xperimental set, again 2
Level Full Factorial Design with 4 parameter$ Bill Factorial Design) was used.
Therefore, the selected machining and tool geommrameters and the order of
runs was same with the first experimental studyfietrdisk and this whole list is

given in Table 5.2.

This experimental study was similar to first onewgver, it was performed on
convex lens to compare the results with flat dislence, this became a good
comparison for different surface configurationsu$hl6 runs were performed and
machined surfaces were measured at Zygo NewVievd 30trferometry. The

measurement point was taken as the middle poittieofadius as shown in Figure
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5.3 and some measurement results on interferoroéthys experiment are given in
Appendix E. The surface roughness values of madhswgfaces can be seen in
Table 5.8. Mathematical relationship between sedaadoughness and the

parameters has been formulated using the resultahte 5.8.

Measurement
Point

Figure 5.3 Measurement Point of Runs in Experin2ent
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Table 5.8 Results of the Surface Roughness Measmtsrfor Experiment 2

run I(:rﬁ?nd/ nfii;e DeCI:OLT of Sspsf;g's Erzgklz Surface Roughness
(mm) (RPM) O PV (nm) rms (nm) R(nm)
1 5 40 2000 -25 16403 112.3 78.4
2 20 40 2000 -25 33537 345.1 270.1
3 5 200 2000 -25 31830 186.3 116.8
4 20 200 2000 -25 415016 317.8 249.9
5 5 40 5000 -25 9448 49.8 30.4
6 20 40 5000 -25 841/8 80.6 61.7
7 5 200 5000 -25 240)2 8.7 6.3
8 20 200 5000 -25 33229 232.9 141.5
9 5 40 2000 -45 2971)5 186.9 119.9
10 20 40 2000 -45 63405 564.7 413.9
11 5 200 2000 -45 283014 193.0 124.8
12 20 200 2000 -45 6538.1 613.7 442.7
13 5 40 5000 -45 7974 12.7 4.8
14 20 40 5000 -45 3500}2 210.4 111.1
15 5 200 5000 -45 322(7 13.6 8.5
16 20 200 5000 -45 22731 154.1 79.2

The mathematical formulation, found b§/Rull Factorial Design for convex lens, is
in the form like in Equation (5.1). It is same et that was obtained for the
experimental study of flat disk. However, only theefficients were different
because of the different surface roughness vallasined for convex lens. As
shown from the equation, there were 16 coefficiéms g to a»34 and they were
calculated in the same method for Experiment 1\wack given in Table 5.9 for

PV, rms and Rroughness.
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Table 5.9 Coefficients for Roughness Equation (BodExperiment 2

Coefficient PV rms R
& 2703.212 205.170  141.243
& 1086.920 109.740 80.010
& 154.431 9.850 4.961
& -1172.814  -109.820 -85.814
ay 493.539 38.474 21.871
a 126.617 4.863 2.102
a3 -132.816 -35.615  -37.068
A 379.327 32.333 18.595
23 -145.097 -2.883 -1.528
=N -360.095 -9.890 -4.279
=Y -300.571 -36.127| -26.386
a3 177.529 12.158 6.447
Q24 -178.349 -6.644 -3.552
Q34 -170.143 -21.933  -17.271
B34 -74.707 -10.933 -6.223
Q234 -313.920Q -24.674 -13.871

As mentioned in Section 5.3, Equation (5.1) isoded units. So, the highest points
of parameters are +1 while the lowest points arie 4. A transformation must be
done to enter the parameters in engineering uAfiter the transformation, the
mathematic formulation became as in Equation (3®wever, the coefficients,
given in Table 5.9, remained same.

Finally, the experimental work for convex lens wiméshed by an ANOVA study
to conclude the significance of each coefficient ttte mathematical relationship.
The procedure, same as in the experimental studyidb disk, started with the
elimination of some coefficients. Hence, coeffit®®@ 23 8124, &34 &34 aNday234
were eliminated and the equation became as in Bquéd.3). Surface roughness
was estimated by these 11 coefficients and theltsestere given in estimated
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column in Table 5.10, also difference between #a values and estimated values

were given in residual column.

Table 5.10 Estimated and Residual Values for Expeni 2

Estimated Residual

PV rms Ra PV rms Ra

Run (nm) (nm) (nm) (nm) (nm) (nm)
1 1708.5 109.6 71.7 -68.3 2.7 6.7
2 3136.1 325.9 264.4 217.7 19.2 5.7
3 2774.5 145.1 89.0 408.5 41.2 27.8
4 4708.4 380.9 290.2 -557.9 -63.1 -40.3
5 519.8 39.2 30.0 424.9 10.6 0.4
6 1416.2 113.1 74.5 -574.4 -32.5 -12.8
7 1005.5 63.2 41.2 -765.2 -54.5 -34.9
8 2408.3 156.5 94.1 914.6 76.3 47.4
9 3258.3 213.9 139.5 -286.8 -27.0 -19.6
10 6203.1 559.6 406.7 137.4 5.1 7.2
11 2883.9 209.9 139.7 -563.5 -16.9 -14.9
12 6335.2 575.0 415.3 202.9 38.7 27.4
13 867.3 -1.0 -7.7 -69.9 13.7 12.5
14 3280.9 202.2 111.2 219.3 8.2 -0.1
15 -87.4 -16.5 -13.6 410.2 30.2 22.0
16 2832.7 206.1 113.7 -559.6 -52.0 -34.5

From the columns of residual values, sum of squafesrrors, mean square of
errors, root mean square of errors and standarndta@vwere calculated same as in
Experiment 1. The table of results for three ddf@grroughness were given in Table
5.11.
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Table 5.11 Summary of Errors and Standard Devidboixperiment 2

PV rms R
Sum of Squares of Errors 3142399.016 22421.662 9337.853
Mean Square of Errors 628479.803 4484.332 1867.571
Root Mean Square of Errors 792.767 66.965 43.215
Standard Deviation 198.192 16.741 10.804

The ratio of coefficient to the standard deviatiot-Ratio and by using t-Ratio and

freedom, which is 5 for this model, p-value coule found out which gives idea

about significance of parameters as mentioned ati@e5.3. Table 5.12 gives the

results of t-Ratio and p-Value for three differentighness types. So, as shown

from the Table 5.125aa;, a and g are the most significant coefficients for surface

roughness because of their low p-Value and thiswsbothe significance of

parameters feed rate, spindle speed and rake famglee process.
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Table 5.12 t-Ratio and p-Value for Experiment 2

t-Ratio p-Value
Coefficient] PV rms R PV rms R
2 13.639 12.255 13.073 0.00004 0.00006 0.00005
=Y 5.484| 6.555] 7.406[ 0.00275 0.00124 0.00071
2 0.779] 0.588| 0.459] 0.47122] 0.58209 0.66550
& -5.918| -6.560[ -7.943] 0.001963 0.00123 0.00051
ay 2.490[ 2.298| 2.024[ 0.0551f 0.06995 0.09887
a) 0.639 0.290] 0.195[ 0.55094 0.78346 0.85307
a3 -0.670] -2.127[ -3.431] 0.532595 0.08673 0.01862
= 1.914] 1.931] 1.721] 0.11380] 0.11135 0.14587
33 -0.732| -0.172] -0.141f 0.49702 0.8701§ 0.89338
= -1.817] -0.591] -0.396/ 0.12891 0.58022 0.70844
84 -1.517| -2.158 -2.442] 0.18972 0.08340 0.05851

5.5 Three Level Full Factorial Design for Flat Disk

Three level experimental designs were also perfdrmehe study to compare the
results with two level designs. Different from tievel designs, in addition to
highest and lowest levels of parameters, runs \atse performed in the middle
point of parameters and these results were useditton mathematical model. As
mentioned in Section 5.1, instead of four, thrempeters were selected as feed

rate, depth of cut and spindle speed to decreaseuimber of cuts and as a result of

this, 27 cuts have been realized.

In the third experiment, the machining applicatiovese also performed by cutting
fluid, Dovent IP 175/195. Polycrystalline diamomdert was DPGW11T304FST of
Kennametal. Tool with -Z5rake angle was selected for machining since better

results were obtained by that tool in previous &sidThe clearance angle was
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again 36. The properties of cutting fluid and tool wereeagiMn Table 5.13.

Table 5.13 Cutting Tool Parameters for Experiment 3

Cutting Fluid Dovent IP 175/195
Polycrystalline Diamond Insertf DPGW11T304F$T
Nose Radius (mm) 0.4

Rake Angle Q -25
Clearance Angle®| 36

The third experimental study was performed by 3dldwll Factorial Design with
3 parameters ¢{3Full Factorial Design). Thus, flat germanium digks machined at
highest, lowest and center point of each threenpaters. The highest and lowest
points of the parameters, forming corners of reguiéar prism as shown in Section
3.5, were chosen equal to first and second expatahestudy. The selected

parameters and the order of runs are given in Tahké.
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Table 5.14 Selected Parameters and Order of Ruisxfeeriment 3

Feed RateL Depth of Cut Spindle Speed Feed RateL Depth of Cut Spindle Speed
Run| (mm/min) (nmm) (RPM) Run| (mm/min) (nmm) (RPM)
1 12,5 200 5000 15 12,5 200 2000
2 20 120 2000 16 12,5 40 2000
3 125 120 5000 17 20 40 2000
4 20 120 5000 18 5 120 2000
5 20 40 3500 19 5 40 2000
6 12,5 40 5000 20 12,5 120 3500
7 5 200 2000 21 12,5 200 3500
8 5 40 5000 22 20 200 5000
9 5 200 5000 23 20 200 2000
10 12,5 40 3500 24 5 120 3500
11 5 120 5000 25 20 200 3500
12 5 200 3500 26 20 40 5000
13 12,5 120 2000 27 20 120 3500
14 5 40 3500

Therefore, 27 runs were performed in the orderrgiveTable 5.14 and then the
machined surfaces were measured at Zygo NewVievd 30@rferometry as in

previous experiments. However, different from poexa experiments, the
measurements were performed at 3 different poihtsark-piece. The machined
work-piece had 40 mm outer diameter so, measuremee realized 5, 10 and 15
mm away from the center. The measurement pointstaoen in Figure 5.4 and
some measurement results on interferometry of #xigeriment are given in

Appendix E.

Measurement from three different points were useddtermine the relationship
between cutting speed and surface roughness aadmation about this will be
represented in Section 6.2.5. The average surtagghness of three points on the
machined surface can be seen in Table 5.15 andgfbke list is given in Appendix

G. The mathematical relationship between surfacghness and parameters were
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determined according to the average surface rosghredues.

Measurement
Points

Figure 5.4 Measurement Point of Runs in Experindent
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Table 5.15 Results of the Surface Roughness Maasmts for Experiment 3

RuUn Feed R_ate Depth of Cut Spindle Speed PV rms Ra
(mm/min) (nm) (RPM) (nm) (nm) (nm)
1 12.5 200 5000 2010}3 91.8 50.7
2 20 120 2000 41823  321.7 221.5
3 12.5 120 5000 1452|6  104.6 75.8
4 20 120 5000 18120 122.1 74.2
5 20 40 3500 2932/1 217.2 144.8
6 12.5 40 5000 1416/3  109.6 77.5
7 5 200 2000 25935 145.3 97.3
8 5 40 5000 553.]7 23.6 10.9
9 5 200 5000 532.0 19.6 8.8
10 12.5 40 3500 2693|3  147.7 92.3
11 5 120 5000 58.8 3.3 2.5
12 5 200 3500 2737 8.4 4.1
13 12.5 120 2000 17616  128.9 87.9
14 5 40 3500 598.5 23.5 10.3
15 12.5 200 2000 27102 1454 93.9
16 12.5 40 2000 2742|3  214.3 137.1
17 20 40 2000 41008  325.3 226.6
18 5 120 2000 8485 21.9 9.5
19 5 40 2000 1551,8 50.9 17.7
20 12.5 120 3500 8446 34.7 16.6
21 12.5 200 3500 1058,3 37.5 18.3
22 20 200 5000 1631|3 64.0 40.0
23 20 200 2000 4201{6  413.4 315.2
24 5 120 3500 2882 8.2 4.5
25 20 200 3500 1888|1  145.7 109.4
26 20 40 5000 1346/9 88.7 65.7
27 20 120 3500 20198 141.3 105.1

The mathematical formulation, found by Bull Factorial Design, is in the form
like in Equation (5.4). As shown from the equatitirere were 17 coefficients from
a to ap3 that had to be calculated and the equations fefficeents had been
obtained from the software of JMMB. The coefficients have been calculated by the

91



software and results are given in Table 5.16 foy i\ and Rroughness.

R=a,+a*f +a,*doc+a,*S+a,* f *doc+a,* f*S
+a,,*doc*S+a,* f* f +a,,*doc*doc+a,,* S*S
+a,,* f*f*doc+a, ,,*f*f*S+a,, *S*S*f

+a,,,* doc* doc* S+ ag,, * S* S* f +a,,,* S* S* doc
+a,,,* f *doc* S

(5.4)

Where;

R: Roughness

f: Feed rate

doc: Depth of cut
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Table 5.16 Coefficients for Roughness Equation)(@AExperiment 3

Coefficient PV rms R
=Y 1781.600 116.985  78.450
=Y 762.789 69.619 51.584
& -47.031] -5.889 -2.053
& -629.551  -51.707| -36.328
& -75.228 -4.637 -2.443
a3 -213.631 -34.107] -26.732
33 -14.098 -8.894 -0.982
a1 -51.481] 3.012 4.401
) 217.318 13.056 8.523
a3 270.096 22.679] 15.763
Ao 70.013 14.784|  12.409
a3 -220.497.  -18.990] -14.613
a1 -116.722 -3.863 -0.507
Q23 -111.350  -13.236|  -9.658
31 -7.129 4.566 3.708
8332 255.790 14.776 9.670
Q123 84.850 -0.980| -2.223

It must be noted that Equation (5.4) is in codedsurso, the highest points of
parameters are +1, center points are 0 and thestquaénts are -1 in the equation.
Same transformation in previous experiments has deae to enter the parameters
as feed rate, depth of cut and spindle speed inneagng units. After the

transformation, the mathematic formulation becamenaEquation (5.5) and the

coefficients of Equation (5.4) remained same &Eable 5.16.
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R=a, +a,*[(f - 125)/75]+a,* [(doc- 120)/80]
+a,*[(S- 3500/150( +a,,* [( f - 125)/7.5] * [(doc- 120)/80]
+a, *[(f - 125)/75] *[(S- 3500/150Q

+a,,* [(doc- 120)/8Q * [(S- 3500/150Q

+a, *[(f - 125)/75]*[(f - 125)/75]

+a,,* [(doc- 120)/8Q * [(doc- 120)/80]

+a,,* [(S- 3500/1500* [(S- 3500/150(

+a,,*[(f - 125)/75] *[(f - 125)/75] * [(doc- 120)/80]
+a,.*[(f - 125)/75] *[(f - 125)/75] *[(S- 3500/150Q
+a,,, *[(S- 3500/1500* [(S- 3500/150Q* [(f - 12.5)/75]
+a,,,* [(doc- 120)/8Q * [(doc- 120)/8Q * [(S- 3500/150Q
+a,,,* [(S- 3500/1500* [(S- 3500/150Q* [(f - 12.5)/75]
+a,,,* [(S- 3500/1500* [(S- 3500 /1500 * [(doc- 120)/80]
+a,,,* [(f - 125)/75] *[(doc- 120)/8Q * [(S- 3500/150(

(5.5)

Lastly, the experimental study was finished by aNOVA study as previous
experiments to determine the significance of cogdfits for the mathematical
model. For the procedure, first of all two low valcoefficients, &; and azs were
eliminated and the equation became as in Equafd).(Surface roughness was
estimated by these 15 coefficients and this eséichahd residual values were given

in Table 5.17 in related columns.

R=a,+a*f+a,*doc+a,*S+a,* f *doc+a,* f*S
+a,,*doc*S+a,* f* f +a,,*doc*doc+a,,* S*S
+a,,* f*f*doc+a, ,*f*f*S+a,, *S*S*f

+a,,, * doc* doc* S+ a,,,* S* S* doc

(5.6)
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Table 5.17 Estimated and Residual Values for Expeni 3

Estimated Residual
PV rms R PV rms R
Run (nm) (nm) (nm) (nm) (nm) (nm)
1 1722.8 87.7 54.4 287.6 4.1 -3.7
2 3826.7 317.0 227.9 355.6 4.7 -6.4
3 14221 87.9 57.9 30.5 16.8 17.9
4 1699.3 107.4 72.5 112.6 14.7 1.6
5 2645.8 194.5 134.5 286.4 22.8 10.3
6 1333.5 87.7 59.1 82.9 21.9 18.4
7 2687.3 176.9 122.4 -93.8 -31.6 -25.1
8 483.8 20.6 9.7 69.9 2.9 1.2
9 116.6 59.5 34.7 -631.6 -39.9 -25.9
10 2045.9 135.8 89.0 647.4 11.9 3.3
11 601.0 36.4 22.8 -542.2 -33.1 -20.4
12 1399.6 80.7 53.1| -1125.8 -72.3 -49.0
13 2681.2 191.3 130.5 -919.6 -62.4 -42.6
14 1203.2 53.7 27.5 -604.7 -30.2 -17.2
15 3232.9 235.4 166.3 -522.6 -90.0 -72.4
16 2787.1 199.8 131.1 -44.8 14.5 6.0
17 3821.0 311.5 218.0 279.8 13.8 8.6
18 1873.8 109.6 71.2[ -1025.3 -87.7 -61.7
19 1951.1 102.5 57.5 -399.4 -51.6 -39.8
20 1781.6 116.9 78.5 -937.0 -82.2 -61.9
21 1951.9 124.1 84.9 -893.6 -86.5 -66.6
22 1878.0 113.5 78.5 -246.8 -49.5 -38.5
23 4256.3 367.4 273.1 -54.6 46.0 42.1
24 967.3 50.3 31.3 -679.1 -42.1 -26.8
25 2541.3 203.0 150.4 -653.2 -57.3 -40.9
26 1499.1 93.2 63.3 -152.2 -4.5 2.5
27 2492 9 189.5 134.4 -473.2 -48.2 -29.3

As also mentioned in Section 5.3 and 5.4, sum o of errors, mean square of
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errors, root mean square of errors and standardatamv have been found to

evaluate the coefficients. The table of resultsfioee different roughness types are

shown in Table 5.18.

Table 5.18 Summary of Errors and Standard Devidboixperiment 3

PV rms R
Sum of Squares of Errors 8355630.08%50469.964 32587.344
Mean Square of Errors 4177815.04230234.984 16293.673
Root Mean Square of Errork 2043.970 173.882 127.647|
Standard Deviation 11.3Q3 3.297 2.825

As mentioned in previous Sections 5.3 and 5.4,tteR@as calculated and by using

t-Ratio and freedom, which is 2 for this model, ak¥e could be found out which

gives idea about significance of the parameter.leTakl9 gives the results of t-

Ratio and p-Value for three different roughnesety[so, as shown from the Table

5.19, @, &, & and as are the most significant coefficients for surfaceghness

because of their low p-Value and this showed thaitance of parameters feed

rate and spindle speed for the process.
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Table 5.19 t-Ratio and p-Value for Experiment 3

t-Ratio p-Value
Coefficient PV rms R PV rms R
3 157.622 10.350 6.941| 0.00004f 0.00921 0.02013
& 67.488 6.160] 4.564| 0.00022 0.02536 0.04481
2 -4.161] -0.521| -0.182] 0.05319 0.65431 0.87236
& -55.7000 -4.575| -3.214| 0.00032] 0.04461] 0.08469
a2 -6.656| -0.410| -0.216| 0.02184 0.72155 0.84902
a3 -18.901] -3.018] -2.365| 0.00279 0.09449 0.14174
a3 -1.247| -0.787| -0.883| 0.33863 0.51373 0.47038
a1 -4.555| 0.267 0.389| 0.04497| 0.81448 0.73479
&2 19.227] 1.155 0.754| 0.00269 0.36745 0.52953
83 23.897| 2.006 1.395| 0.00175 0.18269 0.29775
Ao 6.194] 1.308] 1.098| 0.02509 0.32100 0.38674
a3 -19.509 -1.680[ -1.293| 0.00262 0.23497 0.32523
a1 -10.327| -0.342| -0.045| 0.00925 0.76495 0.96820
23 -9.852| -1.171] -0.854| 0.01015 0.36223 0.48307
832 22.631] 1.307 0.856| 0.00195 0.32128 0.48219

5.6 Three Level Box-Behnken Design for Flat Disk

In addition to Three Level Full Factorial Desigmré&ée Level Box-Behnken Design
was also performed in experimental study to compheeresults of all designs
realized on flat surface configuration. As mentibme Section 5.5, instead of four,
three parameters were selected as feed rate, @éptht and spindle speed to
decrease the number of cuts and therefore, 27Ax@res made for Three Level Full
Factorial Design. Then, the results of 13 cuts xjpetiment 3 were used for Box-
Behnken Design. So, a different machining applawcatwas not performed. The
order of runs and the result of measurements aosvrshin Table 5.20 for
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experimental study of Box-Behnken Design.

Table 5.20 Results of the Surface Roughness forEBehnken Design

Runin 3 Feed Rate | Depth of Cut Spindle PV rms Ra
Run Ful . (mm/min) (mm) Speed (nm) (nm) (nm)
Factorial (RPM)
Design
1 14 5 40 3500 598/5 23.5 10.3
2 12 5 200 3500 273)7 8.4 4.1
3 5 20 40 3500 2932]1 217.2 144.8
4 25 20 200 3500 1888(1 145.7 109.4
5 16 12.5 40 2000 2742\3 214.3 137.1
6 6 12.5 40 5000 1416{3 109.6 77.5
7 15 12.5 200 2000 2710.2 1454 93.9
8 1 12.5 200 5000 201013 91.8 50.7
9 18 5 120 2000 848/5 21.9 9.5
10 2 20 120 2000 4182|3 321.7 221.5
11 11 5 120 5000 588 3.3 2.5
12 4 20 120 5000 1812|0 122.1 74.2
13 20 12.5 120 3500 8446 34.7 16.6

The mathematical formulation, found by Three LeBek-Behnken Design, is in
the form like in Equation (5.7). There were 10 ¢oednts from @ to as that had to
be calculated and equations for coefficients hazhhmbtained from the software of

JMP® 8 and results are given in Table 5.21 for PV, amg R roughness types.

R=a,+a*f +a,*doc+a,*S+a,* f *doc+a,* f*S

(5.7)
+a,,*doc*S+a,* f* f +a,,*doc*doc+a,,* S*S
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Where;

R: Roughness

f: Feed rate

doc: Depth of cut

Table 5.21 Coefficients for Roughness Equation)(f®i7Box-Behnken Design

Coefficient PV rms R
a0 844.620 34.653 16.579
a 1129.363 93.701 65.450
& -100.868 -21.669 -13.944
& -648.227 -47.071 -32.161
anp -179.818 -14.129 -7.321
a3 -395.152 -45.250 -35.072
a3 156.536 12.790 4.095
an 42.056 20.514 18.853
a 536.447 43.526 31.729
a3 838.714 62.087 41.485

Same as with previous experimental studies, Equg§d7) is in coded units and it
is transformed to engineering units in Equatio®)5Therefore, feed rate, depth of
cut and spindle speed can be entered in engineenitg to the mathematical
formulation to estimate the surface roughness. hewehis transformation did not

change the coefficients given in Table 5.21.
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R=a,+a,*[(f-125)/75]+a,*[(doc- 120)/80]
+a,*[(S- 3500/1500Q

+a,* [(f - 125)/75] * [(doc- 120)/80]

+a,*[(f -125)/75] *[(S- 3500/150(4 (5.8)
+a,,* [(doc- 120)/8Q * [(S- 3500/150Q

+a, *[(f - 125)/75] *[(f - 12.5)/75]

+a,,* [(doc- 120)/8Q * [(doc- 120)/80]

+a,* [(S- 3500/1500* [(S- 3500/1500

Lastly, with an ANOVA study, the experimental stuadys completed similar to
previous experiments to determine the significarafe parameters for the
mathematical model. To fulfill that task, first afl low value coefficients, which
were a; andas, had been eliminated from the mathematical fortmtaas shown
in Equation (5.9) and surface roughness estimdtias been performed by this
equation. The estimated values and difference lmtwbe real and estimated

values can be seen in related columns in Table 5.22

R=a,+a*f +a,*doc+a,*S+a,* f *doc+a,* f*S (5.9)
+a,, *doc* doc+a,, * S* S '
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Table 5.22 Estimated and Residual Values for BolrBen Design

Estimated Residual
PV rms R PV rms R
Run (nm) (nm) (nm) (nm) (nm) (nm)
1 172.8 -8.0 -10.5 425.8 31.5 20.8
2 330.7 -23.1 -23.8 -56.9 315 27.9
3 2791.1 207.7 135.0 141.0 9.6 9.8
4 2229.7 136.1 92.5 -341.6 9.6 16.9
5 2968.9 209.0 135.9 -226.6 5.3 1.2
6 1672.4 114.9 71.6 -256.1 -5.3 5.9
7 2767.1 165.7 108.0 -57.0 -20.3 -14.1
8 1470.7 71.5 43.7 539.7 20.3 7.0
9 807.0 4.9 -10.3 41.5 17.0 19.8
10 3856.1 282.8 190.7 326.2 38.9 30.8
11 300.9 1.2 -4.5 -242.1 2.1 6.9
12 1769.3 98.1 56.3 42.6 24.0 17.9
13 844.6 34.7 16.6 0.0 0.0 0.0

As mentioned in Section 5.3 and 5.4, sum of squafesrrors, mean square of
errors, root mean square of errors and standanati@v for Box-Behnken Design
have been found for the calculation of p-Value waleate the coefficients. The

table of results for three different roughness sypere given in Table 5.23.

Table 5.23 Summary of Errors and Standard DevidboBox-Behnken Design

PV rms R
Sum of Squares of Errors 901064.984 5426.945 3583.139
Mean Square of Errors 450532.492 2713.472 1791.570
Root Mean Square of Errors 671.217 52.091 42.327
Standard Deviation 237.311 18.417 14.965
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Like as the previous sections, t-Ratio was caledlaand by using t-Ratio and
freedom, which is 2 for this model, p-Value coulel found out. Table 5.24 gives
the results of t-Ratio and p-Value for three déferroughness types. So, as shown
from the Table 5.24,,aand @3 are the most significant coefficients for surface
roughness because of their low p-Value and thiswsbothe significance of
parameters feed rate and spindle speed for thdioredhip between surface

roughness and machining parameters.

Table 5.24 t-Ratio and p-Value for Box-Behnken Qgsi

t-Ratio p-Value
Coefficient PV rms R PV rms R
2 3.559 1.882 1.108 0.07068 0.20055 0.38327
& 4.759 5.088 4.374] 0.04143 0.03653 0.04850
& -0.425 -1.177 -0.932| 0.71220 0.36030 0.44973
& -2.732 -2.556 -2.149| 0.11193 0.12500 0.16465
Q& -0.758  -0.767 -0.489| 0.52759 0.52325 0.67321
&3 -1.665  -2.457 -2.344|  0.23783 0.13331] 0.14377
3 2.261 2.363 2.120] 0.15219 0.14193 0.16811
833 3.534 3.371 2.772] 0.07158 0.07786 0.10923

5.7 Comparison of Experimental Designs

As mentioned before in related sections, 2 Levell FRactorial Design was
performed for flat disk and convex lens to make parison of roughness between
different surface configurations. It can be coneldidhat mostly flat configuration
obtained lower surface roughness values when cadpeitith convex one by
evaluating the results in experimental studies.uAlty, different configurations

were not expected to have different surface fiMalues. This may be a result of
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higher lateral forces affected PCD insert during thachining of convex surface
when compared with the flat one, however cuttingds are generally low during
diamond turning. Also, vibrations on lens may bethar result since lens with 12
scale factor have been machined so, vibrationsaffant surface finish at a higher
extent during the machining of convex lens. If lewith higher center thickness
were used, it was expected to have lower surfagshfidifference between these

configurations.

2 and 3 Level Full Factorial Designs and Box-BemEksperimental Design have
been performed for the machining of flat germandisk and mathematical models
have been obtained as a result of these experiimdggayns. The studies with flat
disk were performed to make comparison between enadtical models and make

best estimation of surface roughness at the seélecéehining parameters.

Five surface roughness results have been predigtetathematical models for flat
disk configuration. The parameters were generadiecded between upper and
lower limits excepting rake angle. In only 2 Le¥ill Factorial Design, rake angle
had been a parameter so, always tool witlf rake angle was used for prediction
to make comparison between design of experimerts. clitting parameters that
the machining was performed, predicted and measunsdroughness values and
errors in the predictions are shown in Table 5.25.
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Table 5.25 Error of Mathematical Models of Expentad Designs

Measured Predicted
rms rms

f doc S r |Roughness Designof |Roughnes$ Error
Prediction| (mm/min)| (mm) [ (RPM)| (°) (nm) Experiment (nm) (%)
2* Full Factorial 101.6| 76.70
1 15 150 | 4000 -25 57.5 | 32 Full Factorial 119.8| 108.37,
Box-Behnken 52.2 9.30
2* Full Factorial 227.8| 5.40
2 15 250 | 2000| -25 216.2 | 33 Fyll Factorial 325.5 50.59
Box-Behnken 243.y 12.74
2* Full Factorial 166.8| 21.10
3 17.5 | 100| 3000 -25  137.7) 33 py|| Factorial 195.6] 41.97
Box-Behnken 157.4 14.30
2* Full Factorial 144.4| 24.88
4 10 60 | 2000| -25 115633 py|| Factorial 157.8| 36.45
Box-Behnken 146.6 26.78
2* Full Factorial 165.5| 19.94
5 125 | 40 | 2000 -25  206.7)3%Fy|l Factorial  199.9] 3.29
Box-Behnken 221.8 7.32

According to the study shown in Table 5.25, Box-Bledn Experimental Design

with three parameters has given the best predet@ving less than 26.78 % error
in five examples. While Three Level Full Factoriésign with three parameters

has performed the worst predictions with even mtbian 100 % errors in one

example. Actually, it was expected that Three Léudl Factorial Design executes

more successful predictions than Two Level Full téaal Design because of

performing extra runs between parameter limits.

As mentioned in Section 5.2, it is enough to hawdase roughness of generated

blanks after rough cutting and in these five exasptms roughness was far below
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800-850 nm which is typical rms roughness of geteerdlanks purchased from
suppliers. So, these surfaces were good enoughroiogh cutting. However,
predictions of mathematical models were not suéaksaough. Actually, it was an
expected result since roughness of surfaces, @gmaé machining conditions, had
changed in high altitude in different experimerdakigns which were performed

with different PCD inserts having same geometry.

There were eight runs having same machining canditin 2 and 3 Full Factorial
Designs, the results of which were shared in Sed&i8 and 5.5. The change in rms
roughness of surface machined with same machinomglitons varies between
20.96% and 83.94% at these eight runs. That higtugg changes were also
realized with the same insert. For instance, tenthin 3 Full Factorial Design,
which was executed at 12.5 mm/min feed rate,d0depth of cut, 3500 RPM
spindle speed with -25ake angle tool, was performed again after theegment
with same insert. Rms roughness was measured @sn@8.which was 43.43 %
better than the previous. A number of cuttings haeen performed between these
two machining applications so insert got worn bevehese cuts. Therefore, it
could be thought that this high difference can $@ aesult of worn tool. However,
one more cutting were performed at the same mauigonditions and rms
roughness were measured as 113.5 nm which was36 @@rse than the previous

one.

Flat germanium surface was cut off twice by MCDI tafter cutting by PCD tool at
the same machining conditions as 12.5 mm/min faggl A0mm depth of cut, 3500
RPM spindle speed and the rms roughness of swfaseneasured 2.8 and 2.6 nm,
respectively. So, the change has been 6.10 %. fbineyenigh altitude change of
roughness, between 20.96 to 83.94 %, was onlyecelaith PCD tool and this has
made the predictions of surface roughness by mattiesmh models obtained by

experimental designs really tough.

Hence, mathematical models have been modified keemarst case prediction by

calculating the standard deviation of rms roughnegsgermanium surfaces
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machined by PCD tools. To achieve this, nine mangimuns were performed at
the same machining conditions for all experimeRts. 2 Full Factorial Designs
which had been performed for flat disk and convens| 3. run was selected with 5
mm/min feed rate, 200m depth of cut, 2000 RPM spindle speed with’-2ike
angle tool because roughness values measuredtauthavere close the average
roughness of 16 runs. Fot Bull Factorial and Box-Behnken Designs, 20. rug’of
Full Factorial Design, which is 13. run of Box-Béden Design, was selected with
12.5 mm/min feed rate, 126m depth of cut and 3500 RPM spindle speed

machining parameters which are the center of pasrimits.

5.7.1 Worst Case Prediction of 2 Full Factorial Design for Flat Disk

Rms roughness of surfaces which have been re-nettinith 5 mm/min feed rate,
200nm depth of cut, 2000 RPM spindle speed with’ 12&e angle tool, same as 3.
run of 2 Full Factorial Design, are shown in Table 5.26 &iglre 5.5 shows the
distribution of rms roughness at these runs. Adogrtb results in Table 5.26, rms
roughness has varied between 75.2 and 122.1 nnme wlli#.8 nm had been
measured in Experiment 1. Therefore, the medrafd standard deviatios X of

these 10 runs including the run in Experiment labse 104.7 nm and 13.9 nm,

respectively.

Therefore, the mathematical formulation of Expemning has been modified by
considering Gaussian distribution shown in Figu&dhd to encompass 99.73% of
the distribution,m+3s has been accepted the highest limit of worst easieh

became 146.5 nm. So, the difference between wase @and the result in
Experiment 1 became 27.61%. Therefore, Equatiod) (bas been modified by
multiplying the formula with 1.2761 while the coefénts remained same and the
result is shown in Equation (5.10). Hence, the jotexhs in Equation (5.10) are the

worst case so, it can be mentioned that actualromghness will be always lower
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than the value estimated by that equation.

Table 5.26 Re-machining of 3. Run dfRull Factorial Design for Flat Disk

f doc S r rms
Run (mm/min) (nmm) (RPM) ©) (nm)
Experimen
t 5 200 2000 -25 114.8
1 5 200 2000 -25 752
2 5 200 2000 -25 11248
3 5 200 2000 -25 122]1
4 5 200 2000 -25 105(2
5 5 200 2000 -25 1123
6 5 200 2000 -25 100{5
7 5 200 2000 -25 1095
8 5 200 2000 -25 10716
9 5 200 2000 -25 873
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24Full Factorial Design Worst Case Analysis
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Figure 5.5 rms Roughness Distribution of 9 RunBxperiment 1
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Figure 5.6 Gaussian Distribution [69]
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R=12761*{a, +a,* [(f - 12.5)/75] +a, * [(doc- 120)/80]
+a,*[(S- 3500/150q +a, * [(r - (-35)/- 1]

+a,* [(f - 125)/75] * [(doc- 120)/80]

+a,* [(f - 125)/75] * [(S- 3500/150Q

+ay, *[(f - 125)/75] *[(r - (-39)/- 10]

+a,,* [(doc- 120)/8Q * [(S - 3500/150(

+a,, * [(doc- 120)/8Q * [(r - (- 35))/- 10]

+a,,* [(S- 3500/1500 * [( - (- 35)/- 10]

+a,,* [(f - 125)/75] * [(doc- 120)/8Q * [(r - (- 35))/- 10]
+ay,,* [(f - 125)/75] * [(doc- 120)/8Q * [(r - (- 35)/- 10]
+ay,,* [(f - 125)/75] *[(S- 3500/1500* [(r - (- 35)/- 10]
+a,,,* [(doc- 120)/8Q * [(S- 3500 /1500 * [(r - (- 35))/- 10]
+ay,,,* [(f - 125)/75] * [(doc- 120)/8Q *

[(S- 3500 /1500* [(r - (- 35))/- 10]}

(5.10)

5.7.2 Worst Case Prediction of 2 Full Factorial Design for Convex
Lens

Similar application has been performed for conversl Rms roughness of
surfaces, which have been cut again in machinimgrpeters same as 3. run of 2
Full Factorial Design, are shown in Table 5.27 dAdure 5.7 shows the
distribution of rms roughness at 9 runs. Accordiogesults in Table 5.27, rms
roughness has varied between 131.5 and 208.7 nre WB6.3 nm had been
measured in Experiment 2. Therefameands of these 10 runs including the run in

Experiment 2 became 175.0 nm and 27.5 nm, resdgctiv

Therefore, the mathematical formulation of Expenit2 has been modified by
considering Gaussian distribution and to encom@83% of the distribution,
mt3s has been accepted the highest limit of worst edseh became 257.5 nm in
this case. So, the difference between worst cadettan result in Experiment 2
became 38.21%. Therefore, Equation (5.2) has besdified by multiplying the

109



formula with 1.3821 while the coefficients remairggime and the result is shown
in Equation (5.11). Hence, the predictions in Eoua(5.11) are the worst case so,
it can be mentioned that actual rms roughnesshbagilalways lower than the value
estimated by that equation.

Table 5.27 Re-machining of 3. Run &fRull Factorial Design for Convex Lens

f doc S r rms
Run (mm/min) (mm) (RPM) © (nm)
Experimen
t 5 200 2000 -25 186.3
1 5 200 2000 -25 185]7
2 5 200 2000 -25 2087
3 5 200 2000 -25 1480
4 5 200 2000 -25 172]1
5 5 200 2000 -25 1828
6 5 200 2000 -25 201)5
7 5 200 2000 -25 136/1
8 5 200 2000 -25 131/5
9 5 200 2000 -25 19716
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24 Full Factorial Design Worst Case Analysis
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Figure 5.7 rms Roughness Distribution of 9 RunBxperiment 2

R=13821*{a, +a,* [(f - 12.55)/75] +a,* [(doc- 120)/80]
+a,*[(S- 3500/150Q +a, * [(r - (- 35))/- 10]

+a,*[(f - 125)/75] * [(doc- 120)/80]

+a,*[(f - 125)/75] * [(S- 3500/150Q

+ay, *[(f - 125)/75] *[(r - (-39)/- 10]

+a,,* [(doc- 120)/8Q * [(S- 3500/150(

+a,, * [(doc- 120)/8Q * [(r - (- 35))/- 10]

+a,, *[(S- 3500/1500* [(r - (- 35))/- 10]

+a,,* [(f - 125)/75] * [(doc- 120)/8Q * [(r - (- 35))/- 10]
+ay,,* [(f - 125)/75] *[(doc- 120)/8Q * [(r - (- 35)/- 10]
+ay,,* [(f - 125)/75] *[(S- 3500/1500* [(r - (- 35)/- 10]
+a,,,* [(doc- 120)/8Q * [(S- 3500 /1500 * [(r - (- 35))/- 10]
+ay,,,* [(f - 125)/75] * [(doc- 120)/8Q *

[(S- 3500/1500* [(r - (- 35)/- 10]}

(5.11)
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5.7.3 Worst Case Prediction of 3 Full Factorial Design for Flat Disk

Similar application has been performed férRill Factorial Design for flat disk.
Rms roughness of surfaces, which have been cuachiming parameters same as
20. run of 8 Full Factorial Design, are shown in Table 5.28 &iglire 5.8 shows
the distribution of rms roughness at 9 runs. Acecwdo results in Table 5.28, rms
roughness has varied between 33.5 and 56.6 nm @&4hilenm had been measured
in Experiment 3. Thereforem and s of these 10 runs including the run in

Experiment 3 became 46.7 nm and 8.3 nm, respegtivel

Therefore, the mathematical formulation of Expent& has been modified by
considering Gaussian distribution and to encom@83% of the distribution,
mt3s has been accepted the highest limit of worst @ssé previous sections
which became 71.7 nm in this case. So, the difterdretween worst case and the
result in Experiment 3 became 107%. Therefore, Egud5.5) has been modified
by multiplying the formula with 2.07 while the cdiefents remained same and the
result is shown in Equation (5.12). Hence, the iotexhs in Equation (5.12) are the
worst case so, it can be mentioned that actualromghness will be always lower
than the value estimated by that equation.
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Table 5.28 Re-machining of 20. Run &fRull Factorial Design for Flat Disk

f doc S r rms
Run (mm/min) (mm) (RPM) ©) (nm)
Experimen
t 12.5 120 3500 -25 34.7
1 12.5 120 3500 -25 5610
2 12.5 120 3500 -25 45(3
3 12.5 120 3500 -25 47|15
4 12.5 120 3500 -25 55]7
5 12.5 120 3500 -25 33l5
6 12.5 120 3500 -25 56(6
7 12.5 120 3500 -25 50}2
8 12.5 120 3500 -25 416
9 12.5 120 3500 -25 46|0
3 Full Factorial Design Worst Case Analysis
825
725
. B25
E
=
w 229
:
£ 425
=
o
& 325
]
E
225
125
s? ® © ? 4 ¢ ¢ e 9
1 2 3 4 5 6 [ 8 9
Run

Figure 5.8 rms Roughness Distribution of 9 RunBxperiment 3
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R=207*{a, +a,*[(f - 125)/75] + a,* [(doc- 120)/8(]
+a,*[(S- 3500/150Q +a,,* [( f - 125)/7.5] * [(doc- 120)/80]
+a,* [(f - 125)/75] * [(S- 3500/150Q

+a,,* [(doc- 120)/8Q * [(S- 3500 /150(

+a, *[(f - 125)/75] *[(f - 125)/75]

+a,, * [(doc- 120)/8Q * [(doc- 120)/80]

+a,,* [(S- 3500/1500 * [(S- 3500/150Q

+a,,* [(f - 125)/75] *[(f - 125)/75] * [(doc- 120)/80]
+a,,* [(f - 125)/75] *[(f - 125)/75] *[(S- 3500/150Q
+a,,* [(S- 3500 /1500 * [(S- 3500/150Q* [(f - 12.5)/75]
+a,,,* [(doc- 120)/8Q * [(doc- 120)/8Q * [(S- 3500 /150(
+a,, * [(S- 3500 /1500 * [(S- 3500 /1500 * [(f - 12.5)/75]
+a,,* [(S- 3500/1500* [(S- 3500 /1500 * [(doc- 120) /80
+a,,* [(f - 125)/75] * [(doc- 120)/8Q * [(S- 3500 /1500}

(5.12)

5.7.4 Worst Case Prediction of Box-Behnken Design for FtaDisk

20. run of 8 Full Factorial Design was also 13. run of Box-Bledm Design so, re-

machining results could be also used to modify fivenula for the worst case

prediction of Box-Behnken Design for flat disk. Agntioned in Section 5.7.3, rms
roughness has varied between 33.5 and 56.6 nm @ilenm rms roughness had
been measured in Experiment 3 so, the differentedam worst case according to
Gaussian distribution and the result in Experim@nibecame 107%. Therefore,
Equation (5.8) has been modified by multiplying foemula with 2.07 while the
coefficients remained same and the result is showEquation (5.13). Hence, the
predictions in Equation (5.13) are the worst cagatsan be mentioned that actual

rms roughness will be always lower than the vaktgrated by that equation.
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R=207*{a, +a,*[(f - 12.5)/75] +a,* [(doc- 120)/80]
+a,*[(S- 3500/150( +a,,* [(f - 125)/75] * [(doc- 120)/8(]

+a,*[(f - 125)/75] * [(S- 3500 /1500

+a,,* [(doc- 120)/8Q * [(S- 3500 /1500 (5.13)
+a, *[(f - 125)/75] *[(f - 125)/75]

+a,, * [(doc- 120)/8Q * [(doc- 120)/80]

+a,,* [(S- 3500/1500* [(S- 3500 /1500}
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CHAPTER 6

DISCUSSION AND CONCLUSION OF THE
EXPERIMENTAL STUDY

6.1 Introduction

In addition to mathematical models and ANOVA stsgdisome conclusions were
made about the relationship between various pasmmeand surface roughness by
making use of the experimental results. Also, byking measurements on the
machined surfaces at three different points in d@kperimental study with three
parameters, the relationship between cutting speet surface roughness were
obtained. The transmission and reflection of tightlifrom the machined surface
were analyzed and results were given in this chaptoreover, wear of
polycrystalline diamond tool and recommendationduditure work were mentioned

at the end of the chapter.

6.2 Influence of Cutting Parameters

In this section, the influence of cutting paramgteamely feed rate, depth of cut,
spindle speed and tool geometry parameters naraké/and clearance angles and

cutting speed were evaluated against roughnessaohimed germanium surfaces.
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During the studies, spindle speed, depth of cutfaed rate were selected between
2000-5000 RPM, 40-200m and 5-20 mm/min respectively as machining
conditions and rake angle was betweerf €%l -48 as a tool geometry parameter.

Therefore, conclusions made in Chapter 6 have besle at these circumstances.

6.2.1 Influence of Feed Rate

The experimental studies had shown that feed rae mgally effective on the
surface roughness. This has also been observethddNOVA studies. Coefficient
a was always an effective parameter that shows rtaence of feed rate on
roughness of optical surfaces. As mentioned in @hap, feed rate affects the
critical chip thickness which is an important paeten for ductile to brittle
transition. As evaluated before, critical chip Kmess forms at a higher depth from
the surface when feed rate increases, so pittingremn the machined surface and
surface roughness increases [24].

For the three main experiments mentioned in Chaptethe change of rms
roughness according to feed rate was analyzed wiliiler parameters were kept
constant. For 2 Full Factorial Design studies with flat disk andngex lens,

surface roughness change at maximum and minimuris liof the feed rate was
evaluated. As shown in Figures 6.1 and 6.2, runbmrmat the right of the graphs
show the order of machining where feed rate charaget the other parameters
were constant. The same system was arranged*{&ulB Factorial Design, in

which in addition to maximum and minimum limits fifed rate, center point of
limits was analyzed and as shown in Figure 6.3ietlveere three runs that had
constant parameters except feed rate and they alsvementioned at the right of

the graph.

As seen in Figures 6.1 and 6.2, as feed rate isedeltom minimum to maximum

limit, the roughness of the surface also increadéw same trend was seen in
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Figure 6.3. Therefore, during rough cutting of ganmm with polycrystalline
diamond tools, surface roughness increased withritrease in feed rate in the

circumstances selected in experimental studies.

However, some exceptions were also observed asnshoWwigure 6.3, where the
machining was also performed at the middle pointhef maximum and minimum
limits of feed rate. In one example, surface rowgsnwas lower at 12.5 mm/min
feed rate when compared to the one at 5 mm/mineMar, surface roughness was
lower at 20 mm/min feed rate when compared to the at 12.5 mm/min.
However, these results were exceptions and thew meresult of difference in

surface roughness values realized in Section 5.7.

rms Roughness vs Feed Rate
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Figure 6.1 Change in Surface Roughness with FeéaliR&xperiment 1
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rms Roughness vs Feed Rate
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Figure 6.2 Change in Surface Roughness with FeéaliR&xperiment 2
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Figure 6.3 Change in Surface Roughness with FeéaliR&xperiment 3
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6.2.2 Influence of Depth of Cut

Similar to the influence of feed rate, effect optteof cut to surface roughness was
analyzed. During the ANOVA studies, p-Value of dméént g was always big for
all experimental studies when compared with theffdents a, & and a. This

means the effect of depth of cut was less sigmifitiaan the other parameters.

For the three main experiments mentioned in Chaptethe change of rms
roughness according to depth of cut was analyzezhvitie other parameters were
kept constant. For the* Zull Factorial Design studies with flat disk anoheex
lens, at maximum and minimum limits of the depthcof change were evaluated.
Similar to Section 6.2 run numbers, at the righFafures 6.4 and 6.5 shows the
order of machining where depth of cut changed dmed dther parameters were
constant. The same system was arranged>f&uB Factorial Design, in which in
addition to maximum and minimum limits of depth @ft, center point of limits
were analyzed and as shown from Figure 6.6, the¥ee vthree runs that had
constant parameters except depth of cut and they aleo mentioned on the right

of the graph.
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rms Roughness vs Depth of Cut
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Figure 6.4 Change in Surface Roughness with Dejp@ubin Experiment 1
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Figure 6.5 Change in Surface Roughness with Dejp@ubin Experiment 2
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rms Roughness vs Depth of Cut
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Figure 6.6 Change in Surface Roughness with Dejp@ubin Experiment 3

As shown in Figures 6.4, 6.5 and 6.6, surface rnagh has not shown a definite
characteristic with the change in depth of cut gaderally negligible differences
were observed at the circumstances selected irriemgrgal studies. In some runs
of experimental studies, surface roughness incdeasggle depth of cut increased
however, in some others the opposite has been ierped. The indefinite
characteristic was also seen if Rull Factorial Design. The surface, which was
machined in the middle point of limits of depth aft, had sometimes maximum
and sometimes minimum rms roughness. This negéigffiect of depth of cut was
expected since as obtained from ANOVA studies, ldeptcut was not an effective
parameter for surface roughness and the result® wéfected more by the

parameters.

122



6.2.3 Influence of Spindle Speed

ANOVA studies performed at the end of experimeras shown that spindle speed
was really effective on the surface roughness soumdficients aand as have
always had small p-Value. These results were atsdirmmed by the graphs, in
which rms roughness values were analyzed accotdisgindle speed for constant

feed rate, depth of cut and rake angle.

For the 2 Full Factorial Design studies with flat disk andngex lens, surface
roughness was evaluated at the maximum and minihmaits of the spindle speed.
As shown in Figures 6.7 and 6.8, run numbers atitite of the figures show the
order of machining where spindle speed changedtlamdther parameters were
constant. Therefore, the same system was arranged Full Factorial Design and
in addition to maximum and minimum limits of spiadspeed, machining was

performed at the center point of these limits asshin Figure 6.9.

As seen from Figure 6.7 and 6.8, as spindle speextased from minimum to

maximum limit, surface roughness decreased in ihaurostances selected in
experimental studies. This conclusion was alsotpdiout in the study of Cal and

it was mentioned that raising the spindle speedctdfi the roughness in a good
manner [18]. Moreover, Figure 6.9 gave chance topare surface roughness at
center point of limits of spindle speed and it veéa®wn that in some cases, rms
roughness was lower at 3500 RPM spindle speed wbmpared to roughness at
5000 RPM. However, these results were exceptioms thay were a result of

difference in surface roughness values realize&keiction 5.7.
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Figure 6.7 Change in Surface Roughness with Spiadéed in Experiment 1
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Figure 6.8 Change in Surface Roughness with Spiadéed in Experiment 2
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Figure 6.9 Change in Surface Roughness with SpiBdéed in Experiment 3

6.2.4 Influence of Rake and Clearance Angle

As mentioned before, effect of rake angle was etall for flat disk and convex
lens in 2 Full Factorial Design studies and 22%ke angle tool has 3@learance
angle while -48 rake angle tool has %@learance angle. Therefore, the effect was
not only related with rake angle, the effect ofacéce angle was also included.
ANOVA studies had shown that rake angle was reaffgctive on the surface
roughness since coefficienf has always had small p-Value in experiments with
flat disk and convex lens. These results were atsdirmed from the graphs, in
which rms roughness were analyzed according toake and clearance angles for
constant feed rate, depth of cut and spindle sp&edhown in Figures 6.10 and
6.11, run numbers at the right of graph show tlieioof machining where rake and

clearance angles changed and the other parametszsconstant.

In most of the previous studies, large negatives raikgle tools were mentioned to

be preferable because they produce a compressess dtate in front of the tool
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edge so, that stress prevents creation and propagdtcracks. However, there is a
trade off for each material to which extend that tlegative rake angle could be
increased since further increase results highdriear as mentioned in the study
of Patten et. al [70]. In that study, single crysticon carbide was machined by
mono-crystalline diamond tool in a diamond turningchine and -45rake angle

tool was indicated as optimal tool for ductile miaghg conditions. Since, less-
negative rake angle tools could not constitute tpgessure for ductile machining
while more-negative rake angle tools increasedrguforces which leads to tool
wear. Meanwhile, in another study, Fang et. al ghtioned that a negative rake
angle tool with large edge radius will have muchreneffective negative rake angle
and this could harm the machined surface. Thusghah study, 8 rake angle tool

was specified to produce better surface finish wb@npared with -Z5rake angle

tool.

In experimental studies mentioned in Chapter 5,nviake angle was increased
from -25 to -45, the surface roughness increased in machinedstidaces as
shown in Figure 6.10. Therefore, with °2%ke angle polycrystalline diamond tool,
better surface finish values have been gatherethéomachining of flat disk in the
circumstances selected in the experimental stubiesever, some exceptions have
been obtained at rms roughness values for convex tleat more-negative rake
angle tool resulted better surface finish as shawnFigure 6.11. However,
generally surface roughness increased when rake aag increased from -2%o -
45°. Thus, these exceptions were a result of differéncsurface roughness values

realized in Section 5.7
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Figure 6.10 Change in Surface Roughness with Rakk Glearance Angle in
Experiment 1
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Figure 6.11 Change in Surface Roughness with Rakk Glearance Angle in
Experiment 2
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6.2.5 Influence of Cutting Speed

Cutting speed was not a parameter for experimatgaigns of rough cutting of
germanium since machining applications were peréainat constant spindle
speeds. However, in Experiment 3 the measuremeawts heen made at points 5,
10 and 15 mm away from the center of flat disk.eAth of these points, cutting
speed was different since cutting speed dependsndninversely proportional to
spindle speed and diameter of machined point asngiv Equation (6.1). Spindle
speed was constant during whole machining appdicatbut diameter of machined
point was changing and that caused the differeficatting speed at all machining

points.

V.=p*d*n (6.1)

Where;
V.. Cutting Speed (mm/s)
d: diameter (mm)

n: rotational frequency of work-piece (rad/s)

Three graphs were evaluated which were sorted aagrding to spindle speed at
Experiment 3. As shown from Figures 6.12, 6.13, @ridl, generally curves were
horizontal which indicated that cutting speed wast effective on surface

roughness at constant spindle speeds in the citenoes selected in experimental
studies. The same result was also obtained in que\studies. For instance, in the
study of Cal [18], it was specified that cuttingegd was the least important effect
for surface roughness. However, the general chematit was for increasing

cutting speed from lower radius point to higheriuadpoint, improved surface
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finish. This improvement was also specified by RBIgR4], it was represented that
increased cutting speed improved surface finislg@manium work-pieces. This

conclusion have been also gathered from the grapfigures 6.12, 6.13, and 6.14.
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Figure 6.12 Change in Surface Roughness with GQutBpeed at 2000 RPM
Spindle Speed
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rms Roughness vs Cutting Speed for S: 3500 RPM
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Figure 6.13 Change in Surface Roughness with GQutBpeed at 3500 RPM
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6.3 Other Characteristics of Machined Surfaces

Flat disk and convex lens germanium samples werehimad in rough cutting

conditions by polycrystalline diamond tools and tois study it was also critical to
verify that surfaces, machined by PCD tools, ccagdmachined directly in finish
cutting conditions without any process change afbeigh cutting by PCD tools.
Actually, as mentioned before, blanks could be nmezh in finish cutting

conditions and necessary surface finish valuesdcbelgathered without any rough
cutting application previously. Rough cutting isfpemed only to give necessary

shape to blank, generated by the supplier of geiuman

Therefore, surface finish values as good as blenkds were enough for rough
cutting. The surface finish values of blank lenaese measured and as mentioned
in Section 5.2, typical PV, rms and Rughness values were measured a6/
800-850 nm and 600-700 nm, respectively. For thdazmation of rough cutting
with polycrystalline diamond tool, a germanium Hamas machined at 20 mm/min
feed rate, 200m depth of cut and 2000 RPM spindle speed whichamasof high
rough cutting application and the roughness vatighe machined surface, which
is shown in Figure 6.15, have been measured as. 2828 PV, 376.5 nm rms and
279.1 nm Rroughness. After that, this surface has been madhat finish cutting
condition with MCD tool and the roughness valueshef machined surface, which
is shown in Figure 6.16, have been measured asnt®.BV, 1.9 nm rms and 1.5
nm R, roughness. This result has confirmed that polyatiise diamond tool was
good enough for rough cutting applications sinadgase finish under 25.4 nm rms

could be obtained after finish cutting of germanisumface.
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Figure 6.15 Rough Cut Surface with PCD Tool
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Figure 6.16 Finish Cut Surface with MCD Tool

Furthermore, the interaction of light and germanisuanfaces, machined both by
mono-crystalline and polycrystalline diamond toolsere observed because
germanium surfaces had rainbow appearance at rauttjhg conditions machined
by PCD tools. This appearance was intense at egtreagh cutting conditions and
also seen at machining conditions closer to fiistting while this was not seen for
surfaces machined by MCD tools at the same comditids mentioned in Section
2.6, rainbow appearance is formed as a result gift Iscatter. Therefore, by

necessary measurements, this result was evaluBitednecessary measurements
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were performed by spectrophotometer which is a adewonsisting of two
instruments. Spectrometer part produces light s¢lacted wavelength range and

photometer part measures the intensity of lightassmission or reflection [72].

Actually, a matter responds to incident beam ire¢hmain ways. Light may be
partly reflected, transmitted or absorbed as shiomiigure 6.17. These three main
response appears at the same time but at diffpreportions. So, the total intensity
of beam, which is the magnitude of light, equalsr@fiection, transmission and

absorption intensity expressed in Equation (6.2).[5

=R +T, +A 2p.

Where;

[ Intensity of light

Ri: Reflection intensity

T,: Transmission intensity

A: Absorption intensity

However, reflections depends on the nature of tiréase and reflection can be
divided into two as direct (specular) and diffuseatter). In direct reflection, light
reflected from surface at an angle equal to anfila@dence. While in diffuse

reflection or scatter, light reflects equally i directions and this formed even in
shiny surfaces. Actually, reflections from surfaees the combination of direct and

diffuse reflection called mixed reflection [73].
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Figure 6.17 Three Main Response of Light on Surface

Therefore, to define the difference between machswefaces, 5 mm thickness, 25
mm outer diameter, two same disk samples were medhat finish cutting

conditions such as 2.5 mm/min feed ratem depth of cut and 2000 RPM spindle
speed, one by PCD and the other by MCD tool. Batffiases had rms roughness
below 2 nm so, the surface finish conditions wengilar. To evaluate surfaces,
reflection and transmission of light were measurgdpectrophotometer from 1.5

to 13mm wavelength which corresponds from near infracef@t infrared region.

As shown from Figure 6.18, reflection of light frasurfaces were given. However,
reflection, measured by spectrophotometer, wasctd{sgecular) reflection so, it
didn’t include scatter or diffuse reflection. Blliee indicated proportion of direct
reflection of light from surface machined by PCltowvhile black line indicated

the proportion of direct reflection of light frosurface machined by MCD tool and
as shown from graph, surface machined by MCD tadl higher direct reflection.

In addition, Figure 6.19 shows the transmissiohgbit from machined surfaces. In
this graph, blue line corresponded to surface nmachiby PCD and red line

corresponded to the surface, machined by MCD towl as shown, surface
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machined by MCD tool had higher transmission.

Therefore, as a result of evaluation from these gvaphs, the proportion of direct
reflected and transmitted light was higher for aoef machined by mono-crystalline
diamond tool. The absorption of light for two susda were the same since samples
that had same dimensions were used. So, it coulcbbeluded that scattering of
light from the surface machined by polycrystallidi@mond tool was higher and
this was the result of machining germanium withféecent tool. This could not be

a problem for rough cutting of germanium howevegould be a problem if PCD
tools are used for finish cutting.
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Figure 6.18 Proportion of Direct Reflection of Ligh
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Figure 6.19 Proportion of Transmission of Light

Furthermore, in addition to surface roughness,r aftachining of convex lens
dimensional tolerances of machined surfaces werasuted by Taylor Hobson
Form Talysurf PGI 1240 Profilometer, shown in Fegu6.20. Dimensional
tolerance is generally measured after two finistirog applications. It is performed
to determine the dimensional accuracy and meanwthigeastigmatism of spherical
or aspheric lenses are also measured. Dimensiacalacy is an optical design
criteria so it may change form lens to lens. Theeodiameter of lens is generally
important factor for its dimensional tolerance. Feanvex lens which has been
machined in this thesis study, dimensional toleeahimit can be accepted as

maximum 0.316 nm considering its outer diameter according to @pbtic

requirements in technical documents of ASELSAN, Inc
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Figure 6.20 Taylor Hobson Form Talysurf PGI 1240

Normally, after rough cutting, dimensional accurafylenses was not measured.
However since two finish cuttings are performeamfough cutting and depth of
cut of finish cutting is generally 4m, the dimensional accuracy of machined
surface after rough cutting must be less thaimm8 Therefore, to confirm this,
dimensional accuracy of machined surface of conerg was measured. This lens
was machined at high rough cutting conditions asr2d/min feed rate, 206m
depth of cut and 2000 RPM by 2fake angle PCD tool. As mentioned at Table
5.8, PV, rms and Roughness values for that surface was 4150.6 @am83m and
249.9 nm respectively and form of the surface waasured 3.048m by the
profilometer as shown from Figure 6.21. The higlakppart on the right side of
graph came up to a spike so it was excluded froenntieasurement. Therefore,
form of the machined surface was convenient foisffircutting since it was less
than 8mm. This result was also confirmed that polycrystalidiamond tools can be

used for rough cutting applications.
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Modified Profile deneme3 - Reanalysis Required 05/06/2009
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Figure 6.21 Dimensional Accuracy Measurement oféer After Rough Cutting

Moreover, the form of the surface was also measafegl machining at finish
cutting conditions by polycrystalline diamond to#éirst of all, convex lens was
machined at 2.5 mm/min feed ratenwh depth of cut and 5000 RPM spindle speed
by -25 rake angle tool and 1.946m dimensional accuracy was measured from
surface as shown in Figure 6.22 while PV, rms apdoRghness were gathered
34.1, 1.3 and 0.9 nm, respectively. Again, the tpghk part on right side of graph
was excluded since it came up to a spike. Aftergiambnvex lens was again
machined at 2.5 mm/min feed rateneh depth of cut and 2000 RPM spindle speed
by -25 rake angle tool and 1.588n dimensional accuracy has measured this time
as shown in Figure 6.23 while PV, rms angdr8ughness were gathered 50.4, 3.8
and 2.1 nm respectively. Again, the high peak parthe middle of graph was
excluded since it came up to a spike. From thesentwasurements it was realized
that polycrystalline diamond tools could not bedug finish cutting applications

since dimensional accuracies were highly above @r&h even if rms surface
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roughness values were below 25.4 nm.
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Figure 6.22 Dimensional Accuracy Measurement offéear After Finish Cutting
with 5000 RPM Spindle Speed
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Modified Profile deneme2 - Reanalysis Required 05/06/2009
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Figure 6.23 Dimensional Accuracy Measurement offéer After Finish Cutting
with 2000 RPM Spindle Speed

6.4 Wear of Polycrystalline Diamond Tool

During experimental studies, tool life of polycrgiihe diamond tool has not been
investigated however during machining applicatidos| wear has been observed.
Surface roughness and dimensional tolerance weraffected by tool wear as
much extent since rough cutting has been examinethgl the study so, optical
requirements were not as tough as finish cuttimgs Pproperty of rough cutting has
let the usage of polycrystalline diamond tools east of non-controlled waviness
mono-crystalline diamond tools considering theistcadvantage and easy supply

from market in a more number of sources.

Tool wear of polycrystalline diamond tools were ma@ed with the help of
microscopes and video tool set station of PrecitEokeform 700U Diamond
Turning Machine. Actually, the purchased polycrifsta diamond inserts, not used
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any before, have even had much worse waviness wberpared with mono-
crystalline diamond tools. From Figure 6.24 andbgthe waviness difference of
mono and polycrystalline diamond tools can be sédme waviness of non-
controlled waviness mono-crystalline diamond toould not be gathered under
20x magnification while fractures on the edge ofyprystalline diamond insert
could be easily identified under same circumstances

Figure 6.24 MCD Tool under 20x Magnification Micoope
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Figure 6.25 PCD Insert under 20x Magnification Mexope Before Machining

After initial trials and 2 Full Factorial Design study, for about 35 machinin
applications have been performed at flat surfacgeofnanium and after that, PCD
insert was examined by the 20x microscope againshsvn from Figure 6.26,
some diamond particles, sintered under pressuréeamgerature, have been broken
from tip of the insert and also nose radius bec@ateer. Wear of tool did not
affect surface roughness of machined surfaces oha@um at high extent
considering rough cutting applications. Howeverywass on tip of insert confirms
that polycrystalline diamond tools could not beduser finish cutting of lenses
because during the machining of lenses alwaysfar€lift point of tool cuts off the
surface so, the waviness of tool directly affetis optical quality of surface and
this result was actually obtained in Section 6.3 tiynensional accuracy
measurements.
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Figure 6.26 20x Magnification Microscope View of Ydd®CD Insert

Similar observation was also made after machiningpavex lens with a new PCD
insert and after initial trials and* ZFull Factorial Design study, for about 25
machining applications were performed at convexaser of germanium and after
that, insert was examined by the video tool setiosta which is the optical
microscope of diamond turning machine. As showmfréigure 6.27, similar to
insert which has machined flat germanium surfatehe tip of tool breaks were
formed. Following cuttings of convex lens by sammsert at rough cutting
conditions did not change surface roughness draalgtihowever waviness of tool
could not be accepted for finish cutting since antioned before, waviness of tool

directly affects dimensional accuracy of machinedaxe.
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Figure 6.27 Tip of PCD Insert After Machining of Ba@x Lens

6.5 Recommendations for Future Work

In this thesis study, rough cutting of germaniunthwiolycrystalline diamond tools

has been performed. Normally, mono-crystalline diachtools were used during
the machining of germanium in single point diamdndhing. So, comparison

between these two types of diamond tools were gédganentioned in the thesis.

Rough cutting applications have been performed lgnging parameters of feed
rate, depth of cut, spindle speed and rake angbeveMer, change of rake angle
precipitated change in clearance angle. Therefahe, effect of rake angle could
not be obtained directly. Three main experimentadlies have been performed in
the study and these experiments were realized &ryd23 Level Full Factorial and

Box-Behnken Design. Hence, mathematical model batvwairface roughness and
selected parameters has been obtained.

During the study, it was found that tool wear wasraportant problem during the
machining of germanium by polycrystalline diamomabls. In addition to high

cutting parameters, extreme rake and clearanceesmrtgdlve also triggered tool
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wear. Therefore, it may be beneficial to study dbol life of polycrystalline
diamond tools during the machining of germaniumisTdan also provide a good
economical comparison between mono-crystalline pobcrystalline diamond

tools.

In the study, machining studies were performed2%/ and -45 rake angle tools
considering previous studies with diamond tools dmdng experimental studies in
this thesis, -25rake angle tool has resulted better surface finédhes. Considering
these results, machining can be performed witlesfit rake angle tools to achieve
better surface finish results.

As mentioned in the study, surface finish resuftenachined surfaces were better
than the purchased blanks which were generateddystppliers. Therefore, all
surfaces were good enough for rough cutting. Howeea some machined
germanium surfaces, rainbow effect was seen anthdisated in Section 2.6,
vibration of tool may be a result of that. Therefaiools, which were designed and
produced for polycrystalline diamond inserts instistudy, may be optimized to
suppress vibration and the results of these tamisbe compared considering this

rainbow effect.

In experimental studies, 2 and 3 Level Full Faeiobesign with different number

of parameters and Box-Behnken Design with threamaters were performed and
mathematical models were obtained between surfagghness and parameters. In
another study, different experimental designs camded for comparison to attain

better mathematical models.

In this study, rough cutting of germanium by polstalline diamond tools were
investigated. However, in different studies, difier materials may be searched
such as silicon, zinc sulfide and zinc selenidecilare also widely used in thermal
Imaging systems.

Furthermore, polycrystalline diamond inserts usedexperiments and the worst

case studies were supplied from same manufactmcitteese inserts have same
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coatings. Therefore, it may be beneficial to stpdyycrystalline diamond inserts
with different coatings from same and differentquroers. Also, different cutting
tools such as synthetic diamond, chemical vaporaegbsition diamond (CVD-
diamond) or cubic boron nitride (CBN), some of whiwere compared by PCD
tool for the machining of different materials asntiened in Section 2.5, can be
experimented for the machining of infrared matsridfloreover, finish cutting
performance of polycrystalline diamond tools canrbestigated in a detailed way

for machining of infrared materials.

146



REFERENCES

[1] Xiangyang, J., Nebel, J., Siebert, J.P., “3D Thgraphy Imaging
Standardization Technique for Inflammation DiagsgsiProceedings of SPIE,
Vol. 5640, pp. 266-273, 2005.

[2] Picture My Healthywww.picturemyhealth.corrast visited on 2 March 2010.

[3] Msnbc,http://www.msnbc.msn.com/id/3052386dast visited on 15 February
2010.

[4] Inspection Mastersyww.inspectmasters.cgrtast visited on 15 February
2010.

[5] ASELSAN, Inc.,.www.aselsan.com.ttast visited on 2 March 2010.

[6] Boothroyd, G., Knight, W.A., “Fundamentals of Magimg and Machine
Tools”, Third Edition, Taylor & Francis Group, 2006

[7] Lecture Notes on Mechanics of Metal Cutting,
www.me.metu.edu.tr/courses/me5 &8st visited on 25 February 2010.

[8] Engineers Edge, LLGyww.engineersedge.cqrast visited on 21 March
2010.

[9] State Mastenvww.statemaster.contast visited on 21 March 2010.

[10] Boeing Consultwww.boeingconsult.comlast visited on 15 February 2010.

[11] Venkatesh, V.C. and Izman, S., “Precision Engimegri New Delhi, Tata
McGraw-Hill Publishing Company Limited, 2007.

[12] Lecture Notes on Cutting Fluids and Surface Rougbne
www.me.metu.edu.tr/courses/me5 &8st visited on 2 March 2010.

147



[13] Cheung, C.F. and Lee, W.B., “Surface Generation Uitra-precision
Diamond Turning: Modelling and Practices”, Wiltshir Professional
Engineering Publishing, 2003.

[14] Morris, J.C., “Microstructural Analysis of Plastigiin Low-Load Contact
Damage of Silicon and Germanium”, Rice Universiguston, Texas 1995.

[15] Smith, K., Winger, R., Lettington, A.H., StillwellP.F.T.C., “Diamond
Turning of Mirrors and Infrared Optical Component3burnal of Physics D:
Applied Physics, 21, pp. 67-70, 1988.

[16] Blake, P.N. and Scattergood, R.O., “Ductile Regifvachining of
Germanium and Silicon”, Journal of the American &eic Society, Vol. 73,
No. 4, pp.949-957, 1989.

[17] Yu, J. and J. Yan, “Ultra-precision Diamond TurniafjOptical Crystals”,
SPIE, p. 51-59, 1994.

[18] Cal, S, “An Experimental Study on Single Crystalamond Turning of
Optical Quality Silicon”, Middle East Technical Weirsity, Ankara, 2008.

[19] Chao, C.L., Ma, K.J., Liu, D.S., Bai, C.Y., ShyLT.“Ductile Behaviour of
Single Point Diamond Turning of Single-crystal &in”, Journals of Materials
Processing Technology, 127, pp. 187-190, 2002.

[20] Jasinevicius, R.G., Porto, A.J.V., Pizani, P.S.udixh, J.G., Santos, F.J.,
“Characterization of Structural Alteration in Dianm Turned Silicon Crystal
by Means of Micro Raman Spectroscopy and Transamssklectron
Microscopy”, Vol. 8, No.3, 2005.

[21] Yan, J., Syoji, K., Tamaki, J., “Some Observationsthe Wear of Diamond
Tools in Ultra-precision Cutting of Single-cryst8&ilicon”, Wear, 255, pp.
1380-1387, 2003.

[22] Mai, Y.W., Atkins, A.G., “Elastic and Plastic Frace”, Ellis Horwood/John
Wiley, 1985.

[23] O’Connor, B.P., “The Effect of Crystallographic @mtation on Ductile
Material Removal in Silicon”, The Pennsylvania 8tainiversity, 2002.

148



[24] Blake, P.N., “Ductile-regime Diamond Turning of Genium and Silicon”,
North Carolina State University, Charlotte, 1988.

[25] Patten, J.A., “High Pressure Phase Transformatioalysis and Molecular
Dynamics Simulations of Single Point Diamond Tugiiof Germanium”,
North Carolina State University, Charlotte, 1996.

[26] Ohta, T., Yan, J., Yajima, S., Takahashi, Y., Haw, N., Kuriyagawa, T.,
“High-efficiency Machining of Single-crystal Germam Using Large-radius
Diamond Tools”, International Journal of Surfaceefice and Engineering,
Vol. 1, No. 4, 2007.

[27] Patten, J., Cherukuri, H., “Ductile Machining Phemma of Nominally
Brittle Materials at the Nanoscale”, Selected Papgeom IPMM-2003 The
Fourth International Conference on Intelligent Rs®ing and Manufacturing of
Materials, pp. 459-469, 2004.

[28] Yan, J., Syoji, K., Kuriyagawa, T., Suzuki, H., “Elile Regime Turning at
Large Tool Feed”, Journal of Materials Processieghhology, 121, pp. 363-
372, 2002.

[29] Hochheimer, H.D., Kuchta, B., Dorhout, P.K., YargérL., “Frontiers of
High Pressure Research II: Application of High Bues to Low Dimensional
Novel Electronic Materials”, Nato Science Serigs, 201-302, 2001.

[30] Shimomura, O., Minomura, S., Sakai, N., Asaumi, Kamura, K.,
Fukushima, J., Endo, H., “Pressure-induced Semisciodmetal Transitions in
Amorphous Silicon and Germanium”, Philosophical ezge, Vol. 29, pp.
547-588, 1974.

[31] Morris, J.C., Callahan, D.L., Kulik, J., PattenN.]. Scattergood, R.O.,
“Origins of the Ductile Regime in Single Point Diand Turning of
Semiconductors”, Journal of the American Ceranoci&y, Vol. 78, No. 8,
pp. 2015-2020, 1995.

[32] Jasinevicius, R.G., Porto, A.J.V., Duduch, J.GzaRi, P.S., Lanciotti Jr., F.,
dos Santos, F.J., “Multiple Phase Silicon in Subroreter Chips Removed by
Diamond Turning”, Journal of the Brazilian Socieaiff Mechanical Sciences
and Engineering, Vol. 27, No. 4, pp. 440-448, 2009.

149



[33] Jasinevicius, R.G., “Influence of Cutting Conditso8caling in the Machining
of Semiconductors Crystals with Single Point Diashofiool”, Journal of
Materials Processing Technology, Vol. 179, pp. 116; 2006.

[34] Zhong, Z., Hung, N.P., “Diamond Turning and Grirgliof Aluminum-Based
Metal Matrix Composites”, Materials and ManufactgriProcesses, Vol. 15,
No. 6, pp. 853-865, 2000.

[35] D’Errico, G.E., Calzavarini, R., “Turning of Metd\latrix Composites”,
Journal of Materials Processing Technology, VoB,1dp. 257-260, 2001.

[36] Sreejith, P.S., “Machining Force Studies on DucMechining of Silicon
Nitride”, Journal of Materials Processing Techngloyol. 169, pp. 414-417,
2005.

[37] Davim, J.P., Mata, F., “New Machinability Study Gfass Fibre Reinforced
Plastics Using Polycrystalline Diamond and Cemer@adbide (K15) Tools”,
Materials and Design, Vol. 28, pp. 1050-1054, 2007.

[38] Petropoulos, G., Mata, F., Davim, J.P., “StatistiG&udy of Surface
Roughness in Turning of Peek Composites”, Materals$ Design, Vol. 29, pp.
218-223, 2008.

[39] Morgan, C.J., Vallance, R.R., Marsh, E.R., “Microadhining Glass with
Polycrystalline Diamond Tools Shaped by Micro HilectDischarge
Machining”, Journal of Micromechanics and Microemggring, Vol. 14, pp.
1687-1692, 2004.

[40] Sreegjith, P.S., Krishnamurthy, R., Malhotra, S.KNarayanasamy, K.,
“Evaluation of PCD Tool Performance During Machigpiaf Carbon/Phenolic
Ablative Composite”, Journal of Materials Procegsifechnology, Vol. 104,
pp. 53-58, 2000.

[41] Nabhani, F., “Wear Mechanism of Ultra-hard Cuttimgols Materials”,
Journal of Materials Processing Technology, Vob,1dp. 402-412, 2001.

[42] Cheng, X., Wang, Z.G., Nakamoto, K., Yamazaki, KDesign and
Development of a Micro Polycrystalline Diamond Batd Mill for Micro/nano
Freeform Machining of Hard and Brittle Material§gurnal of Micromechanics

150



and Microengineering, Vol. 19, pp. 1-10, 2009.

[43] Belmonte, M., Ferro, P., Fernandes, A.J.S., CoBtkl.,, Sacramento, J.,
Silva, R.F., “Wear Resistant CVD Diamond Tools Harrning of Sintered
Hardmetals”, Diamond and Related Materials, Vol. 228-743, 2003.

[44] Contour Fine Toolingwww.contour-diamonds.contast visited on 29 April
2008.

[45] Global Contactwww.gclabsite.comlast visited on 21 February 2010.

[46] Sohn, A., Lamonds, L., Garrard, K., “Modeling oftvation in Single-point
Diamond Turning”, Proceedings of the Twenty-firshrAlal Meeting of the
ASPE, 39, 2006.

[47] Riedl, M.J. and Izman, “Optical Design Fundamentafsinfrared Systems”,
Second Edition, SPIE Press, 2001.

[48] Schaefer, J., Scott, S., “Single Point Diamond ingnof Optical
Components”, Texas Instruments Incorporated, Cusdptics Services, 1991.

[49] 4M Micro-Optical Consortiumwww.opticsmanufacturing.neliast visited on
21 March 2010.

[50] Precitech Inc.www.precitech.comlast visited on 4 March 2010.

[51] Yan, J., Maekawa, K., Tamaki, J., Kubo, A., “Expeental Study on the
Ultraprecision Ductile Machinability of Single-Ctgd Germanium”, Japan
Society Mechanical Engineering, Series C, Vol.M@, 1, 2004.

[52] Asians Metal Inc.www.asianmetal.cofrlast visited on 7 March 2010.

[53] Matweb, Material Property Dateyww.matweb.comlast visited on 22
February 2010.

[54] Askeland, D.R., Phulé, P.P., “The Science and Eesging of Materials”,
Toronto, Fifth Edition, Thomson Learning, 2006.

[55] Karow, K.H., “Fabrication Methods for Precision @gt, John Wiley &
Sons, Inc., 1993.

151



[56] Michigan Technological University Mechanical Engenieg,
www.me.mtu.edulast visited on 23 February 2010.

[57] Technodiamant USA Incwww.technodiamant.copfast visited on 5 March
2010.

[58] National Institute of Standards and Technolddip://www.itl.nist.goy last
visited on 23 February 2010.

[59] Krulewich, D.A., "Experimental Design for SingleiRbDiamond Turning of
Silicon Optics”, UCRL-ID-127385, 1996.

[60] Tooling University, LLC www.toolingu.com last visited on 7 March 2010.

[61] Electronics Coolingwww.electronics-cooling.comast visited on 23
February 2010.

[62] Griffiths, B.J., “Manufacturing Surface Technologdurface Integrity &
Functional Performance”, New York, Taylor & FranBisoks, Inc., 2001.

[63] Anderson Materials Evaluatiomww.andersonmaterials.cqoiast visited on
4 January 2010.

[64] Laser Focus Worldyww.laserfocusworld.comast visited on 23 February
2010.

[65] Zygo Corporationwww.zygo.com last visited on 19 July 2009.

[66] Mitsubishi Material http://www.mitsubishicarbide.ndast visited on 5
January 2010.

[67] Smith, G.T., “Industrial Metrology Surfaces and Rdoess”, Southampton,
Springer-Verlag London Limited, 2002.

[68] Goupy, J., Creighton, L., “Introduction to DesighExperiments with JMP
Examples”, Cary, Third Edition, SAS Institute In2Q07.

[69] Department of Physics and Astronomy, Georgia Statriversity,
http://hyperphysics.phy-astr.gsu.edast visited on 19 May 2010.

152



[70] Patten, J., Gao, W., Yasuto, K., “Ductile Regimendlaachining of Single-
Crystal Silicon Carbide”, Journal of Manufacturiggience and Engineering,
Vol. 127, pp. 522-532, 2005.

[71] Fang, F.Z., Venkatesh, V.C., “Diamond Cutting dlicen with Nanometric
Finish”, Annals of the CIRP, Vol. 47, pp. 45-49989

[72] Rice University Experimental Biosciences Introdugtbaboratory Bios 211,
www.ruf.rice.edu last visited on 3 April 2010.

[73] Jacobson, R.E., Ray, S.F., Attridge, G.G., AxfadR., “The Manual of
Photography, Photographic and Digital Imaging”, IBgton, Ninth Edition,
Focal Press, 2000.

[74] Dorrenberg Edelstahl GmbHhttp://www.doerrenberg.ddast visited on 11
June 2010.

153



APPENDIX A

TECHNICAL SPECIFICATIONS OF SINGLE POINT
DIAMOND TURNING MACHINE

Table A.1 Technical Specifications of Precitecheffoem 700U [50]

Machine Property

Description

Base Sealed natural granite base
Ultra-precision, two, three or four axes CNC comitog
Type machine

Programming Resolution

0.01 nm linear, 0.0006G01ary

Slideways Position Feedback Resoluti

on  0.032 nm

Slideways X-axis Straightness

Horizontal: 0.30mm full travel

Slideways Z-axis Straightness

Horizontal: 0.40mm full travel

Slideways Vertical Straightness

X:0.75mm, Z: 0.75mm

Vibration Isolation

Self leveling dual chamber pnstic isolation system

Drive System

AC linear motor

Swing Capacity 700 mm

Slide Travel X- 350 mm, Z- 300 mm
Maximum Feed Rate 4000 mm/min
Workholding Spindle Air Bearing Type| Slot-type tetipearing
Workholding Spindle Motor Integral brushness motor
Workholding Spindle Load Capacity 68 kg

Workholding Spindle Maximum Speed| 7000 RPM
Workholding Spindle Axial Stiffness | 228 Nfim

Workholding Spindle Radial Stiffness | 88 Nfim

Workholding Spindle Motion Accuracy

Axial/Radial25 nm

Thermal Control

Liquid cooled chiller + 0°C accuracy

C-axis Feedback Resolution

0.026 arc-sec

C-axis Position Accuracy + 2 arc-sec
C-axis Maximum Speed 3000 RPM
B-axis Tabletop Size 380 mm
B-axis Load Capacity 454 kg
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Machine Property Description
B-axis Maximum Speed 10 RPM

B-axis Position Feedback Resolution 0.003 arc-sec
B-axis Radial Stiffness 525 Nhm

B-axis Axial Stiffness 875 Nhm
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APPENDIX B

TECHICAL SPECIFICATIONS OF WHITE LIGHT

INTERFEROMETRY

Table B.1 Technical Specifications of Zygo NewViB@00 Interferometry [65]

Property

Description

Measurement Techniqu

Non-contact, 3-D, scanning white-light and optighase-shifting
einterferometry

Objectives

Infinite conjugate interferometric objectives; 1XX, 2.5X, 5X, 10X,
20X, 50X, 100X

Measurement Array

Standard, selectable, includex480, 320x240, 160x120

Vertical Resolution

Up to 0.1 nm

Lateral Resolution

0.45 to 11.8/m, objective dependent

Working Distance

0.55 to 20.5 mm, objective depande

Focus Depth

+ 0.5 to 322.5m, objective dependent

Field of View (H x V)

0.070 x 0.053 to 7.00 x 5.80m, objective dependent

Maximum Slope

1.4%to 33.25, objective dependent

Maximum Data Points

307,200; dependent upon sampliray

Test Part Material

Various, opaque and transparent surface; coatedraocwhted; specular
and nonspecular

Test Part Reflectivity

1-100 %
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APPENDIX C

TECHNICAL DRAWINGS OF TOOLS
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APPENDIX D

TECHNICAL INFORMATION OF TOOL MATERIAL

Table D.1 Technical Information of CPPU Cold Worlol Steel [74]

Property Description
Material Number 1.2379
Code X153CrMoV12

Chemical Composition (%)

C:1.55, Cr: 12.00, M@&@.V: 0.90

Steel Properties

Ledeburitic 12 % chrome steel, very high resistamgminst
abrasive and adhesive wear due to high volume mf tarbides i
the steel matrix

Applications

Cutting, punching, stamping tools, shear bladegatt rolling dies
cold extrusion dies, drawing and bending toolse foutting tools
deep drawing tools, plastic mould for abrasive pwys, flanging
and straightening tools

Conditions of Delivery

Soft annealed to maximum 285
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APPENDIX E

SURFACE ROUGHNESS MEASUREMENTS

mm

Figure E.1 Run 6 of2Full Factorial Design of Flat Surface
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Figure E.2 Run 16 of*ZFull Factorial Design of Flat Surface

Figure E.3 Run 4 of2Full Factorial Design of Convex Surface
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Figure E.4 Run 12 of*Full Factorial Design of Convex Surface

Figure E.5 Run 11 of*3ull Factorial Design of Flat Surface
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Figure E.6 Run 18 of*3ull Factorial Design of Flat Surface

Figure E.7 Run 23 of*3ull Factorial Design of Flat Surface
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APPENDIX F

2° FULL FACTORIAL DESIGN

Information Extracted from

Introduction to Design of Experiments with IMP Exanples [67]

F.1 Interpreting the Coefficients

For a 2 full factorial design, the postulated model is

y=a,ta "X ta,* X, +a,* X * X, (F.1)

Where

y is the response.

X1 represents the level of factor 1.

Xz represents the level of factor 2.

X1*X 2 is the product of the levels of factors (i.e. fmct x factor 2). Using
coded units, this product is equal to —1 ( x1*x2= +1= +1x 1= 1) or
+1 (x1*x2 = 1x 1= +1x +1= +1).

& is the intercept of the model (also called thestamt term).

a Is the coefficient of factor 1.

& is the coefficient of factor 2.

164



a2 IS the coefficient of thexx, (the interaction) term.

This model is called the first-degree model witkeraction, and we now examine

the meaning of each coefficient.

F.2 Interpreting the Intercept

To find the meaning of the intercepg, aimply assign the value O (in coded units)
as the level of both factors. This representatieamental point then corresponds
to the center of the study domain in Figure F.1 ti@dresponse at this point has a

value, denotedgy

Figure F.1 Response Value

The response value at the intercept is at the cehthe domain

Equation (F.1) becomes

Yo =8 +a*0+a,"0+a,*0"0 (F.2)
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Yo =

The value of the intercepb is equal to the predicted response at the cemtigreo
study domain.

F.3 Interpreting the Coefficient of Factor 1

Consider both points, B and D, which are locatettha@tigh level of factor 1,

shown in Figure F.1. The coordinates of these pang, in coded units:

We can obtain the response at B, denotedy using corresponding factor levels
in their coded units:

Y2 =a0+a1*(+1)+az*('1)+a12*(+1)*('1)=ao+a1' a - ap, (F.3)

Similarly, we can obtain the response at D, denbtegh, by using corresponding
factor levels in coded units:

Ve =8 +a* (+D)+a,* (+) +a,* () * (+) =a, +a +a, +ay, (F.4)

Finally, add the two responsesand y:

Yo +Y, =2%(a, +a,) (F.5)
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Next, repeat the same calculation for points A @ndhe lower levels of the factor

1 where the responses are denoted;tgng \ respectively. This gives

Y, +Ys =2%(a,- &) (F.6)

Subtracting the second equation from the firstgines

4*a1:'y1+y2'y3+y4 (F-7)

which can be written as

1 YotYe YitYs (F.8)
272 T2 2

Now note that% is the mean of the responses at the high leveieofactor

1. Call this meany, . The expressionylziﬁis the mean of the responses at the

low level of the factor 1, so call i§_. For factor 1, write;

a =%*[I- v ] (F.9)

The coefficient ais therefore half the difference between the nudahe responses
at the high level of the factor 1 and the mearhefresponses at the low level of the

factor 1.
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Changing from the low level to the high level, tesponse varies, on average, like
the differencelz- y_J If this difference is large, the response vaadst. If this

difference is small, the response does not varyhmiibis, therefore, gives us a
way to know how the response varies due to factdrhis is the reason why the

coefficient of ais called the factor 1 effect, or the effect aftta 1.

F.4 Interpreting the Coefficient of Factor 2

Using the same reasoning, the coefficienis equal to the average variation of the
response when factor 2 passes from level zerogdidph level. It represents the

influence of factor 2 in the study domain. Thigadled “the effect of factor 2.”

Generally, when the selected model is a polynontied, coefficients of the first-

degree terms are the effects of the factors.

Knowing the four responses, it is straight forwardalculate the coefficient of:a

1
a, =Z*[' Yi- Vot Vs + Y] (F.10)

F.5 Interpreting the Coefficient of a

We calculate the coefficientaby an analogous method to the one that was used

for the coefficients gand a. The coefficient g is found to be equal to

1, Ya-¥Ys Yoo Wi (F.11)
2 2 2

ap =
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However,% is the effect of factor 1 when factor 2 is athigh level. It is

half of the variation of the response betwegand .

The expressiony?'ziyl is the effect of factor 1 when factor 2 is at dawllevel. It
Is half of the variation of the response betwegand y.

The coefficient & is half of the difference between the two effetise coefficient
a1» therefore measures the variation of factor 1 when level of factor 2 is
changed. It can also be shown that the same ciegitfiGa,) equally measures the
variation of the effect of factor 2 when the lewélfactor 1 is modified in the same

way.

The coefficient & is called the interaction between the factorsd &n

F.6 Transforming Coded Units into Engineering Units

Since the model is in coded units, we must do #Hieutations in these units and
then transform the obtained results into the naf@mgineering) units. To use the

natural units directly, we need to transform thedeion Equation (G.1) itself.

w=P"A (F.12)
step
Factor 1
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Ai' Ao,l

- (F.13)

% step

Factor 2

X, e olka Y1 (F.14)
step,

Where

Ao is the average of maximum and minimum of factonlengineering
units

Aoz is the average of maximum and minimum of factom2engineering
units

Step is the average of the difference between maximuchramimum of
factor 1 in engineering units

Step is the average of the difference between maximuchramimum of

factor 2 in engineering units

Therefore, the Equation F.1 becomes

— *Ai_AO,l *Az'Ao,z *Ai'Ao,l*Az'Ao,z
y=a+a step J*+a. step ) e, ( step )7 step ) F1D)
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APPENDIX G

ROUGHNESS MEASUREMENT RESULTS OF 3’ FULL

FACTORIAL DESIGN

Table G.1 Results of Surface Roughness MeasurerferiExperiment 3

Position | Feed Rate Depth of | Spindle PV rms R
Run (mm) (mm/min) Cut Speed (nm) (nm) (nm)
(nm) (RPM)
5 2336.5 143.4 87.1
10 3047.6 100.4 47.7
1 125 200 5000
15 646.9 31.5 17.2
Average 2010.3 91.8 50.7
5 4941.4 361.6 244.1
10 3813.9 299.3 209.3
2 20 120 2000
15 3791.6 304.2 211.2
Average 4182.3 321.7 221.5
5 1652.0 115.0 82.2
10 1566.1 100.8 70.3
3 125 120 5000
15 1139.8 98.1 74.8
Average 1452.6 104.6 75.8
5 2103.4 150.9 92.5
10 1655.8 117.4 72.0
4 20 120 5000
15 1676.6 98.1 58.0
Average 1812.0 122.1 74.2
5 4114.2 300.0 192.9
10 2812.9 195.2 127.9
5 20 40 3500
15 1869.3 156.5 113.7
Average 2932.1 217.2 144.8
5 1494.4 133.2 92.4
10 1391.6 95.9 64.4
6 125 40 5000
15 1363.0 99.7 75.6
Average 1416.3 109.6 77.5
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Position | Feed Rate Depthof | Spindle PV rms Ra
Run (mm) (mm/min) Cut Speed (nm) (nm) (nm)
(mm) (RPM)
5 2726.6 166.7 111.8
10 2657.8 153.2 99.4
7 5 200 2000
15 2396.2 116.0 80.6
Average 2593.5 145.3 97.3
5 496.9 27.0 13.6
10 766.6 27.2 111
8 5 40 5000
15 397.6 16.6 8.0
Average 553.7 23.6 10.9
5 704.6 34.9 15.9
10 352.1 12.4 6.0
9 5 200 5000
15 539.2 11.4 4.5
Average 532.0 19.6 8.8
5 24245 171.2 110.6
10 2743.2 158.0 96.3
10 12.5 40 3500
15 2912.3 114.1 70.0
Average 2693.3 147.7 92.3
5 102.0 4.4 3.2
10 41.6 3.0 2.3
11 5 120 5000
15 32.7 2.6 2.0
Average 58.8 3.3 2.5
5 364.5 12.3 5.9
10 325.7 9.1 4.0
12 5 200 3500
15 131.1 3.8 2.4
Average 273.7 8.4 4.1
5 2198.5 132.2 89.0
10 1329.5 120.4 84.6
13 12.5 120 2000
15 1756.9 134.1 90.3
Average 1761.6 128.9 88.0
5 762.4 34.6 15.5
10 528.6 19.6 8.8
14 5 40 3500
15 504.6 16.2 6.5
Average 598.5 23.5 10.3
5 3838.4 184.9 115.9
10 2497.5 136.0 85.8
15 125 200 2000
15 1794.6 115.3 80.1
Average 2710.2 145.4 93.9
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Position | Feed Rate Depthof | Spindle PV rms Ra
Run (mm) (mm/min) Cut Speed (nm) (nm) (nm)
(mm) (RPM)
5 3258.0 238.8 154.8
10 2326.5 190.2 121.3
16 12.5 40 2000
15 2642.3 214.0 135.3
Average 2742.3 214.3 137.1
5 4901.8 389.6 266.3
10 4182.2 327.8 234.2
17 20 40 2000
15 3218.5 258.5 179.3
Average 4100.8 325.3 226.6
5 710.7 20.7 11.2
10 1586.5 35.5 11.5
18 5 120 2000
15 248.4 9.5 5.8
Average 848.5 21.9 9.5
5 1172.8 47.7 19.5
10 1699.1 40.9 14.9
19 5 40 2000
15 1783.3 64.2 18.6
Average 1551.8 50.9 17.7
5 983.9 41.0 19.8
10 563.0 26.5 131
20 12.5 120 3500
15 987.0 36.5 16.8
Average 844.6 34.7 16.6
5 1669.4 53.4 24.8
10 875.4 30.0 15.1
21 125 200 3500
15 630.0 29.3 14.9
Average 1058.3 375 18.3
5 2186.4 82.5 48.9
10 994.1 51.9 34.4
22 20 200 5000
15 1713.3 57.6 36.8
Average 1631.3 64.0 40.0
5 4096.4 418.5 314.4
10 5366.3 422.4 320.9
23 20 200 2000
15 3142.2 399.3 310.4
Average 4201.6 413.4 315.2
5 2315 7.9 5.0
10 202.8 6.9 4.3
24 5 120 3500
15 430.5 9.8 4.2
Average 288.2 8.2 4.5
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Position | Feed Rate Depth of | Spindle PV rms R
Run (mm) (mm/min) Cut Speed (nm) (nm) (nm)
(nm) (RPM)
5 2319.2 173.4 129.1
10 1933.5 144.9 107.5
25 20 200 3500
15 1411.6 118.7 91.8
Average 1888.1 145.7 109.4
5 1235.1 99.6 74.2
10 1185.5 81.7 60.6
26 20 40 5000
15 1620.1 84.9 62.4
Average 1346.9 88.7 65.7
5 2815.1 168.7 121.6
10 1649.9 133.6 100.1
27 20 120 3500
15 1594.1 121.7 93.7
Average 2019.7 141.3 105.1
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