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ABSTRACT

AN EXPERIMENTAL STUDY ON SINGLE CRYSTAL DIAMOND TURNING
OF OPTICAL QUALITY SILICON

Cali, Serdal
M.Sc., Department of Mechanical Engineering
Supervisor: Prof. Dr. Mustafa ilhan Gokler

January 2008, 102 pages

Silicon is commonly used in infrared (IR) imaging systems. The surface quality is
an important issue in optics manufacturing since surface roughness affects optical
performance of imaging systems. Surface quality of an optical component is
determined by number of factor, including cutting parameters; cutting speed, depth

of cut and feed in radial direction.

In this thesis, an experimental study has been performed to investigate the relation
between cutting parameters and average roughness of the surface of silicon. In the
experiments, silicon specimens, which have a diameter of 50 mm, were face turned
by using a 2-axis CNC single point diamond turning machine. The specimens were
machined by using either constant spindle speed or constant cutting speed. Two
different tools with rake angles of -15 degrees and -25 degrees were used. The
attained surfaces were measured by using a white light interferometer, which has a

resolution of 0.1nm.

iv



The experiments were designed according to the “factorial design” method,
considering cutting parameters. The effects of cutting parameters and tool rake
angles on surface quality of silicon were observed. The best average surface
roughness obtained was about 1 nm which is quite better than the acceptable

average surface roughness level of 25 nm.

Keywords: Ultraprecision Machining, Silicon, Optics, Surface Roughness, Design

of Experiment
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OPTIK KALITEDE SILIKONUN TEK KRiSTAL ELMAS ILE
TORNALANMASININ DENEYSEL OLARAK INCELENMESI

Cal1, Serdal
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Mustafa Ilhan Gokler

Ocak 2008, 102 sayfa

Silikon kizilotesi goriintiileme sistemlerinde yaygin olarak kullanilmaktadir. Bu
sistemlerdeki optik elemanlarin yiizey kalitesi, cihazlarin performans: agisindan
onemli bir kriter olarak degerlendirilir. Tornalanarak elde edilen optik yiizeylerde;
kesme parametreleri ve takim geometrisi yiizey piiriizliiliigi acisindan belirleyici

faktorler arasindadir.

Bu calismada kesme parametreleri ile ortalama yiizey piiriizliiligii Ra arasinda bir
iliski incelenmigtir. 50 mm c¢agh silikon yiizeyler, degisik kesme parametreleri
kullanilarak tornalanmistir. Kullanilan tezgah 2-eksenli CNC bir tornadir.
Deneylerde, silikon yiizeyler sabit devirde yada sabit kesme hizinda islenmistir.
Deneyler esnasinda kullaillan takimlarin talas agilari -15 derece ve -25 derece
olarak degistirilmistir. Islenen yiizeyler, 0.1 nm ¢oziiniirliiklii bir interferometere

ile dl¢iilerek Ra degerleri elde edilmistir.
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Deney tasarimi “faktoriyel tasarim” esaslari kullanilarak yapilmigtir. Yapilan
calisgma sonucunda kesme parametrelerinin ve talas agisimin yiizey piriizliiliigii
tizerindeki etkisi incelenmistir. Lineer bir regresyon modeli elde edilerek belirli
kosullar altinda Ra degerinin 6ngoriilmesini saglayan bir formiil elde edilmistir.
Bunlarin yanisira, silikon malzenin islenmesinde kristal yoneliminin etkisi
gozlenmistir. Elde edilen en iyi Ra degeri yaklasik olarak 1 nm olup, kabul

edilebilir iist sinir olan 25 nm’nin ¢ok altindadir

Anahtar Sozciikler: Hassa tornalama,Silicon, Optik, Yiizey Piiriizliiliigii, Deney

Tasarimi
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CHAPTER 1

INTRODUCTION

1.1 Use of Thermal Imaging Systems

Thermal imaging systems have growing utilization in different areas. Military, law
enforcement, hunting, observation of wild, security, hidden objects detection,
entertainment and medical can be counted as usage areas of thermal imaging
systems. However, usage of thermal imaging systems is more vital for military
application than the others. Reconnaissance, surveillance and aiming at night
conditions are the main requirements of military for these devices. Some of
Aselsan Inc. thermal imaging products for military applications are shown in

Figures 1.1- 1.3.

Police uses thermal systems mostly only for surveillance for law enforcement.
Besides, in order to determine the place where a victim is buried, thermal systems

are used as well.

Figure 1.1 ASELFLIR-200 Airborne Thermal Imaging System [1]
(Courtesy of ASELSAN)



Hunters sometimes aim with thermal sights, which can be bought in the market or

at least pursue their hunts in darkness.

Figure 1.2 ASIR Thermal Imaging System [1]
(Courtesy of ASELSAN)

Figure 1.3 Thermal Weapon Sight [1]
(Courtesy of ASELSAN)

Although, most of the applications are focused on military requirement, civilian
applications are also increasing. In medical field, cancer cells are sought by
making use of thermal imaging applications. In Figure 1.4, a group of cancer cells

is figured out and can be seen as white region. It is clearly seen that the region



around the cancer cells is hotter than the other parts of the body. An industrial
application is carried out by the car manufacturing company BMW [2]. As seen in
Figure 1.5, the driver is more aware of the surrounding of the car by using the

thermal view provided by the thermal imaging system installed in the car.

|

Figure 1.4 Medical Applications of Thermal Imaging Systems

Figure 1.5 Thermal Camera Usage in BMW [2]



1.2 Working Principles of Thermal Imaging Systems

Naked human eye can see a very small portion of the electromagnetic waves
around us. Electromagnetic spectrum, which is given in Figure 1.6, covers all the
rays in the universe. The visible part of electromagnetic spectrum starts from 370
nm and ends at 720 nm. Below 370 nm, there exist ultraviolet (UV) radiation, X-
rays and gamma rays. Beyond 720 nm, infrared (IR) radiation, microwave, radio

rays take place.

Even tough, with naked eyes we can only see a very small range of the
electromagnetic spectrum, by making use of some instrument; it is possible to
visualize things that we cannot see. Thermal imaging systems utilize infrared range

of electromagnetic spectrum.

Infrared spectrum extends from 0.72 um, which is the boundary of the visible light,
to 1000 pm, which is the boundary of the microwaves. IR band is situated between
the visible light and the microwave band. Therefore some properties of IR seem
like visible and some other microwave. IR radiation can be focused or reflected
like visible light, on the other side, it can be transmitted to long distances like
microwave radiation [3]. IR band is divided into three sub-bands because different
type of devices is optimized for each part of the IR band. The subdivisions in IR

spectrum are given as

. Near IR :0.7umto 1.3 um
. Middle IR 1.3 umto 5.6 um
. Far IR :5.6 um to 1000 um
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Figure 1.6 Electromagnetic Spectrum [4]




The living and non-living objects emit most of their thermal radiations in the range
of 3-5 um and 8-12 um, respectively. These are the tactical and natural target for
military applications [5]. Thermal imaging systems use these parts of energy
received from environment and transforms this energy to image. Since any object
always emits IR energy, thermal imaging system can be employed during day and

night. Besides, snow, fog or rain do not prevent using systems.

The main elements of a thermal system, which is used in a military application, are
depicted in Figure 1.7. The IR energy of the targets is received by the imaging
system. Some optical components like windows, lenses and mirrors make the IR
light follow a predefined path and focus on the detector. The detector transfers the
information brought by the IR light into electrical signals. The signals are

processed by the image processing unit and fed to the monitor.

SIGNAL
PROCESSING

INFRARED
DETECTOR

¥ y /
DPTICS
0 j .,

& o’

INFRARED
ENERGY

STANDARD
¥IDED
MONITOR

Figure 1.7 Basic Elements of Thermal Imaging Systems [6]



1.3 Optical Components in Thermal Imaging Systems

The optical components in thermal imaging systems are similar with the optics
used in daylight. However, the optics in IR systems is made materials which have
a high transmission for IR energy. The most common materials employed in this

field are germanium and silicon.

Properties of silicon and germanium are given in Table 1.1. Comparing
mechanical properties of silicon and germanium, it can be stated that the density of
silicon is less than half of density of the germanium. This is especially important
for military applications in which weight is a constraint. Young modulus and shear
modulus of both do not differ so much. Silicon is harder than germanium and has
higher melting point. Thermal expansion coefficient of silicon is lower than that of
germanium. This property makes the design with silicon more stable. In addition,
silicon has a better transmission in the range of 3-5 um. The transmission curves

of silicon and germanium are given in Figures 1.8-1.9.

Table 1.1 Properties of Silicon and Germanium [7]

Property Unit Silicon Germanium
Density gr/cm3 2,32 5,32
Young Modulus GPa 1124 130
Shear Modulus GPa 43,9 50
Hardness(Vickers) N/mm? 11270 7644
Poisson’s Ratio - 0.38 0,3
Meting Point °C 1420 9374
Refractive Index @589nm - 3,49 3,99
Thermal Expansion @20°C pm/m°C 2,49 6,1
Thermal Conductivity W/mK 124 64
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Figure 1.8 Transmittance of Silicon in the Spectrum [8]
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Figure 1.9 Transmittance of Germanium in the Spectrum [8]

1.4 Production of Silicon Optics

Conversion of silicon ingots into optics or wafers in electronics industry requires
some machining operations. In the electro-optics industry lenses and mirrors are
traditionally fabricated by multiple processes; grinding, lapping and polishing.
However, this production method is time consuming and costly. Besides, only

simple profiles such as spherical and flat shapes are possible. The alternative



method for these manufacturing steps is single point diamond turning (SPDT) [9].

Detailed information on SPDT is given in Chapter 2.

1.5 Previous Studies

In 1991 Ikawa et al. [10] presented a review on ultra precision metal cutting
technology which is aiming micrometer or sub micrometer form accuracy and
nanometric surface roughness in optical, electronic and mechanical components. It
1s stated that, historically, the ultra precision metal cutting in the present sense had
begun to be investigated in the 1960’s with the demand in advanced science and
technology for energy, computer, electronics and defense applications. The
Lawrence Livermore National Laboratory carried out the pioneering works in the
field. In 1970’s the experimental work was performed in its application to optical
components of complex forms. In 1980’s , these excessive efforts have resulted in
the developments of highly advanced machine tools with sophisticated metrology

and control of diamond tools of reliable quality.

Ju and Yan [11] presented their study on ultra precision diamond turning of optical
crystals in 1994. In the study, the main factors influencing the machined surface
quality were reported. It is stated that cutting speed has no obvious influence on
machined surface quality and low feed rate of the cutting tool is essential to ductile
cutting of brittle materials. They demonstrated that, brittle optical crystals can be
machined by ductile regime cutting, which is described in Chapter 2, under the

optimized cutting conditions and therefore fine optical surfaces can be obtained.

Fang in 1997 [12] obtained high quality silicon surfaces by single point diamond
turning. Surface integrity and cutting conditions were analyzed in this work. The
experimental study was performed by making use of a Precitech ultra precision

machine, Optimum 2800. The surface roughness values were measured with an



interferometric surface analysis microscope, Zygo. It is reported that at a depth of
cut of 1um, a feed of 4 mm/ min, and a cutting speed of 80 m/min, a mirror surface
of roughness R, of 5.9 nm was obtained. Furthermore, decreasing this feed rate 10

times to 0.4 mm/min gives a roughness of R, equals to 1 nm.

Fang and et.al gave away another experimental study in 1998 [13]. In this work
they tried different tools with rake angles of 0° and -25° at different cutting speeds
and different depth of cut on silicon. Mirror surface of R,=1 nm roughness is
achieved where a depth of cut of 1um, feedrate of 0.4 mm/min and a cutting speed
of 90 m/min. It is claimed that these parameters satisfied ideal ductile cutting

conditions.

Xiangdong [9] presented a technical report in 2000 and published his experimental
result on single point diamond turning of different optical materials. One of the
materials investigated was silicon. He stated that machining in ductile mode is
important to produce optical quality surfaces on brittle materials. However, he
added that “the basic physical mechanism underlying the ductile-regime machining
is not fully understood”. In this, work mirror surfaces with 1 nm roughness were
achieved by a depth of cut of 1um, feedrate of 0.4 mm/min and a cutting speed of
80 m/min. The tool had a rake angle of 0° and a radius of 0.5 mm. The tool was
waviness controlled. In experimentation Precitech — Optimum 4200 ultra precision

lathe was utilized.

Machining silicon and germanium similarly has some challenges due to being a
brittle material. This condition of these materials has been the subject of some
studies. Morris and Callahan (1995) [14] investigated ductile regime single point
diamond turning of brittle materials such as silicon and germanium. They

concluded that machining parameters such as large negative rake angles, sharp
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cutting edges and small depths of cut help to promote ductile behaviors in brittle

materials.

Another research on ductile regime cutting was by Leung et.al in 1998 [15]. They
investigated the effects of cutting parameters and diamond tool rake angle. They
turned their specimen at a spindle speed of 10000 rpm and three different depth of
cut; 1, 5, 10 um and two different feedrate such as 10, 20 mm/min. They stated that
the best surface is attained at a depth of cut of 1um and a feed of 1 pum/rev. The

achieved R, was 2.86 nm.

Blake et.al [16] have prior studies on ductile regime machining of silicon and
germanium. They brought out that silicon and germanium can be diamond turned
in a regime where material removal was by plastic flow without introduction of
fracture into the surface. They defined a critical chip thickness above which the
damage created by a tool pass could not be cleaned up by subsequent passes. Their
work showed that, the critical chip thickness is a function of feed rate, crystal
orientation and tool rake angle but it is relatively insensitive to cutting speed. In
addition, it was shown experimentally that as the rake angle became more

negative, the resulting critical chip thickness increased.

Ductile regime machining is an important point in silicon machining. Ductile
cutting of brittle materials is explained by Sreejith et.al [17, 18]. In these studies, it
is stated that, ductile regime cutting can be argued from a consideration of material
removal energy. Ductile regime occurs if the energy required for plastic
deformation is lower than the energy needed for fracture. Besides, it is affirmed
that a Ra of 1 nm was attained with a depth of cut of 1 nm, feedrate of 0.4 mm/min

and a cutting speed of 400 m/min in single point diamond turning.
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Furthermore, the transition of material removal from brittle to ductile was observed
by Zhou et.al in 2002 [19]. They observed the transition by continuously changing
the cutting depth. It is shown that the mode of material deformation can shift from
brittle to ductile when the depth of cut is less than a critical value. For generating
optical surfaces on brittle materials by using the diamond cutting process, the
selection of tool geometry and machining parameters are important if the work
material is to be deformed in ductile mode. Besides the tool rake angles influence
the brittle-ductile transition in diamond cutting of silicon single crystals. The
surface quality generated with a tool of -25° rake angle is much better than that

produced with a tool of 0° rake angle.

Yan et.al [20] performed a study on ductile regime turning of silicon substrates.
They proposed ductile regime turning using a sharp nosed diamond instead of a
round nosed diamond tool. They stated that adopting a very small cutting edge
enables ductile regime turning at a large tool feed up to a few tens of micrometers.
The investigation was performed by making use of a Toyoda ultra precision lathe
and the surfaces of the specimens were measured with a Form Talysurf device. The
cutting parameters were selected as spindle speed of 1500 rpm, depth of cut 1 um
and feed of 100 um/ rev. The resulting surface roughness was obtained as R,=7.3

nm.

Chao et al. [21] studied ductile regime machining of silicon. They concluded that
under some chosen cutting conditions, it is possible to machine silicon ductile
manner. However, silicon machining is orientation dependent. In their work, it is
shown that the depth of cut in which ductile behavior starts, changes with crystal
orientation and the directions in the crystal. Easily fractured directions disclose a
critical depth of cut of 0.2 pm- 0.5 pum. On the other side, the other directions have
a critical depth of cut approximately 1 um. Tool geometry is also effective on

critical depth of cut.
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In the study of Hung et al.[22], the effect of crystallographic orientation in ductile
regime machining of silicon wafers was investigated. Single crystalline diamond
tools were used to machine the wafers at either constant depths of cuts or a taper
mode to vary the depths of cut up to 1 um. the feedrates were normalized as
percentages of tool nose radii, and the machining process was performed using an
ultraprecision machining system. The surface and subsurface integrity were then
characterized with an atomic force microscope, a phase shit interferometer, and an
ion beam system. It was reported that a ductile regime cutting was performed along
the <110> directions when the maximum chip thickness of less than 0.5 pm.
Machining conditions that formed thicker chips led to pitting. Surface roughness
below 10 nm was measured in ductile regime machined area, but was as high as
170 nm in damaged areas. When the depth of cut was the magnitude of the tool
edge sharpness, the surface finish was degraded by radial cracks in the lateral plane

owing to rubbing between the tool and the workpiece.

1.6 Scope of Thesis

Optical systems with silicon material have important potential in Aselsan Inc. To
manufacture silicon optics with the desired surface quality is critical to achieve

high performance in imaging systems.

The surface roughness which comes out as result of turning process depends on a
number of factors. The factors which are inputs of the process are cutting speed,
feed, and depth of cut, tool nose radius, tool rake angle, clearance angle and cutting
fluids. Rigidity of the machine, vibration, environmental factors such as,

temperature, and humidity and operator are other factors.
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The main scope of this study is to develop a mathematical model that lets us
predict the surface roughness of mono crystal silicon substrates. The mathematical
model will put the relation between the cutting parameters and the surface
roughness metric Ra. Understanding the relation is of importance in achieving the

best surface, or the surface that meets the minimum requirements.

In order to explore effects of parameters, a design of experiment study has to be
carried out since there are lots of input parameters. Otherwise, it is practically

impossible to explore all the effects simultaneously and come to a conclusion.

In this study only cutting speed, depth of cut and feed rate are selected as variable
parameters. And others are all kept as constants. Besides the environmental effects
are neglected even though, they have some influence on the result in ultra-

precision machining process.

In Chapter 1, general information about the thermal imaging systems and the
optical materials used in production of these systems have been introduced.
Besides, significance of silicon among these materials has been emphasized. The
previous studies about ultra precision machining of silicon has been summarized.
In Chapter 2, the Single Point Diamond Turning (SPDT) technology and the tools
being utilized in SPDT are presented. Furthermore, a critical issue about machining
of silicon, ductile regime cutting, is described. In Chapter 3, roughness parameters
and the techniques used in measurement of roughness have been given. In Chapter
4, experimental setup takes place. In this chapter, the CNC machine tool, the single
crystal diamond tools used in this study and the measurement device are
introduced. In Chapter 5, the results obtained in this study are presented and

discussed. A mathematical model is derived in order to predict Ra value within the
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defined ranges of cutting parameters. In Chapter 6, conclusions and suggested

future works are presented.
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CHAPTER 2

SINGLE POINT DIAMOND TURNING

2.1 Cutting Parameters in Turning Operation

The operating parameters in a turning process are the cutting speed (V), feedrate
(f) and depth of cut (d). These parameters are shown on the geometry of a turning

operation given in Figure 2.1.
The cutting speed is determined by the rotational speed of the spindle. Thus the
cutting speed at the tool is

V =72DN (2.1)
where N is the rotational speed of the spindle and D is the diameter of the

machined surface. Therefore the average cutting speed is expressed by

av 2 (22)

Laad
anghs

Figure 2.1 Turning Operation
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The feed (f) is the tool advancement per revolution along its cutting path, in
mm/rev. Whereas, the feedrate (fr) is the speed at which the tool advances into the

part longitudinally, in mm/min [23]. The relation between feed and feed rate is

fr=N 23)
Thus, to turn a cylindrical workpiece of length /,, the required machining time is

estimated by the formula:

t, =~ (2.4)

The depth of cut determines the depth of material removed from the workpiece in a

single-point cutting operation [24].

The material removal rate is expressed by

Z =AV 2.5)

w ¢ av

where A, is the cross-sectional area of uncut chip and equals to

A =fd (2.6)

C

2.2 Single Point Diamond Turning

Taniguchi defined ultra precision machining as “the process by which the highest
possible dimensional accuracy is achieved at a given point in time” and showed
the available machining techniques and the accuracy values achieved by making
use of these techniques on chart which is given in Figure 2.2 [25]. Ultra precision
machining is defined by Ikawa et al. as “a cutting technique which enables us to
produce optical, mechanical and electronic components with micrometer or sub-
micrometer form accuracy and surface roughness to within a few tens nanometer”

[10].
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Single Point Diamond Turning (SPDT) is a kind of ultra precision machining and
by making use of SPDT submicron form accuracy and nanometer level surface
finish can be attained. In the latest decades ultra precision machine tools, precise
diamond tools and control technology have shown a rapid development and
parallel to this advancements in the base technologies SPDT has improved.
Compared with the traditional grinding and polishing methods, SPDT has some
advantages. First of all, SPDT has a higher material removal rate, which results in
less machining time relatively to traditional methods. SPDT is easier to be
computer controlled. Therefore, automatic production is available. Furthermore,
SPDT can produce highly accurate surfaces. The last but not the least, SPDT can
produce not only spherical and flat surfaces but also aspheric surfaces which have

a growing usage in modern optical devices [11].
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Figure 2.2 Machining Accuracies of Different Techniques [25]



2.3 Tools Used in SPDT

As it is stated in the name SPDT, single point diamond turning tools are mode of
diamond crystals. Diamond is known to be the hardest of all the materials and
utilized as a cutting tool where other materials cannot operate in an effective
manner. Diamond tools are worn less and have a longer tool life than other tool
materials such as carbides or oxides [26]. Some diamond tools are depicted in

Figure 2.3.

Figure 2.3 Diamond Tools [27]

Diamonds used for tool production might be natural or synthetic. Besides,
diamonds are also divided into two groups as single crystalline and polycrystalline.

A view of single crystal natural diamonds is given in Figure 2.4.

Single crystal natural diamonds are commonly used for production of optical
instruments and gold jewellery since production of high accuracy and finish is
attainable for this tool material. Orientation of cubic structure is of important for

single crystal diamond tools. Therefore the optimum orientation is selected and
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diamonds are lapped according to the required shape and mounted in tool holders

[26].

Figure 2.4 Single Crystal Natural Diamonds

Synthetic diamonds are produced by heating graphitic carbon at high temperatures
above 1500° ant at ultra high pressures. By this way, small diamonds of few tenths
of millimeters are obtained. Turning tools are attained by sintering of these small
particles. However, it is not possible to achieve a perfect cutting as a natural

diamond [26].

Single point tool geometry is defined as given in Figure 2.5. In cutting process the
chip flows over the surface so called rake face. The cutting edge is formed by the
intersection of the rake face with the clearance face or flank of the tool. The rake
face 1s inclined at an angle to the axis of the bar of the work material and this angle
can be adjusted to achieve optimum cutting performance for particular tool
material. The nose of the tool is at the interaction of all three faces and may be

sharp, but more frequently there is a nose radius between the two clearance faces.
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Figure 2.5 Description of Single Point Tool Geometry [28]

The diamond tools used in SPDT are grouped as “controlled waviness” and “non-
controlled waviness” according to waviness control of tool radius. For the tools
which are ‘“non-waviness controlled”, the tool radius is expected to have a
waviness value smaller than 1.0 pm. However, “controlled waviness” tools are
guaranteed to have better waviness such as 0.75 pm, 0.50 p, 0.25um, 0.15um and
even 0.05 um. Note that, decreasing waviness value of the radius, causes a rise in
the prices of the tools [27]. On the other hand, by utilizing waviness controlled
tools, better surface roughness values can be obtained. Figure 2.6 shows the

difference between “waviness controlled” and waviness non-controlled tools”.
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controlled

Figure 2.6 Waviness Controlled and Waviness Non-controlled Tool Radii [27]

Diamond tools with different tool radiuses from .020” to .060” are available in the
market [27]. In selection of the right tool, it must be considered that, a large radius
gives a better surface finish but has greater cutting forces and may distort the part.
In contrast, a small radius exerts less cutting force but has more frequent turning
lines within the surface finish. The difference between a large tool radius and a

small tool radius is graphically represented in Figure 2.7.

mat erial can be
pushed

Figure 2.7 The Difference Between Large Small Tool Radii [27]
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24 Ductile Regime Machining of Silicon

2.4.1 Brittleness vs. Ductility

Materials are classified as brittle and ductile according to their response to tensile
stress before fracture. If a material can withstand extensive deformation without
failing under high tensile stress, it is considered ductile. Thus, ductile fracture of a
metal occurs after extensive plastic deformation. This manner of materials is called
ductility. Gold, copper, aluminum, and steel express high ductility. On the other
side, some materials fracture with very little plastic deformation. This called brittle
fracture and the manner is named as brittleness. Glass, most ceramics, tungsten,

germanium and silicon can be counted as brittle materials. [29, 30].

Toughness is measure of the amount of energy, a material can absorb before
fracturing [29]. Therefore, ductile materials have higher toughness values than
brittle materials. Fracture toughness is determined by the area under stress-strain
curve. In Figure 2.8, stress-strain curves for ductile and brittle materials are given.
It is clearly seen that, the area under the curve for a brittle material is smaller than

the area of a ductile material.

Toughness

Brittle fracture

Ductile fracture

Stress

0 Strain

Figure 2.8 Stress-Strain Curves for Ductile and Brittle Materials

23



Fracture toughness values of some materials are given in Table 2.1. It is seen that,

silicon has a very low fracture toughness compared with aluminum, titanium and

steel.

Table 2.1 Fracture Toughness Values of Some Materials[29, 31, 32]

Material Fracture Toughness
[MPa-m"?]

Aluminum 2024-T851 | 26.4

Aluminum 7075-T651 | 24.2

Titanium Ti-6A1-4V | 55

Steel 4340 60.4

17-7 pH 76.9

Soda-lime-glass 0.7-0.8

Silicon <111> 0.83-0.95

2.4.2 Ductile Regime Machining

The studies on optical quality surface machining have shown that brittle materials
are to be machined in a ductile regime and this is possible under some carefully
chosen machining conditions [15, 21]. The chips in the ductile regime machining
are continuous. However, when ductile machining cannot be provided
discontinuous chips form. Continuous chip formation produces better surfaces.
Nonetheless, discontinuous chip formation produces rougher surfaces due to the
fracture in chip formation zone. Continuous and discontinuous chip formations are

depicted in Figure 2.9 and 2.10., respectively.
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Continuous chip
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Figure 2.9 Continuous Chip Formation[33]

Segmented chip

Iregular surface due
to chip segmentation

Figure 2.10 Discontinuous (Segmented) Chip Formation[33]

Ductile regime machining of a brittle material is determined by “critical chip
thickness”. The critical chip thickness is defined as the thickness of the chip
where, the damage occurred during cutting cannot be removed by subsequent
passes of the tool [34]. Material removal and chip formation in SPDT is
schematically represented in Figure 2.11. When a tool passes through the material,
it brings about some micro fracture damage under the surface of the material, as
seen in Figure 2.12. Chip thickness ¢ is the main factor influencing the stress field
of cutting zone and the occurrence of microfracture. If the chip is maintained at a
small value, the stress field of cutting zone will be too small to induce

microfractures. So along the tool edge, there exists a critical value of chip
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thickness 7. In the region where t > t., microfractures take place in the work
material during cutting. But, in the region where t < t. , work material is removed
by plastic deformation without fracture. This means that ductile regime machining
is performed in this region. However, the location of t. is largely depends on the
tool feed. As the feed decreases, chip thickness t decreases too. Then, t. moves
upward along the tool edge. The fracture damaged region rises away from the
machined plane and will be removed by the later several revolutions of the cutting
tool. At the same time, the region where the work material is removed plastically
is enlarged. So, given the low tool feed, smooth surface can be obtained by ductile
regime machining. The cutting speed has a minimum effect on the surface finish,

but a reduction of the feedrate provides an improvement of the surface finish [22].

Feed motion

—>

Diamond tool

(rake face)
\ Tool

shank Cutting
Machined direction

surface

Depth-of-cut, d

Figure 2.11 Schematic Representation of Material Removal in a SPDT [34]

The effect of depth of cut is relatively small. As it is seen in Figure 2.12, the
increasing depth of cut cannot change the location of critical chip thickness. If the
feedrate is large enough, ductile regime machining can be performed even under

large depth of cuts. However, when the depth of cut is extremely small, no matter
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how much is the feedrate, the surface quality goes seriously bad. One of the
reasons is that, extremely small depth of cut significantly increases the cutting
pressure between the tool edge and the workpiece. Thus, the material is in bad
deforming condition of highly concentrated stress state. A lot of microfractures
take place on or below the machined plane and damage the machined surface.
Another reason is that, the vibration and runout of the machine tool spindle
unsteadily varies the very small depth of cut. This causes a fluctuation in the
deforming volume of workpiece, and sometimes even drops the cutting depth
below the limiting depth of cut of the cutting tool itself. The damaged surface is

formed by the serious pressing of the tool edge on the workpiece [11] .

Feed per rev,

}_\Iii-:ﬁcitid tool

Microfracture
damage zone

Machined
surface plane

Figure 2.12 Schematic Representation of Microfracture Damage Zone
Formation in a SPDT Pass [34]

A study by Leung [15] showed that, while depth of cut is increased, the thickness
of the chips increases. In parallel, the average roughness value of the machined

surface rises. But, when a critical value of depth of cut, and critical chip thickness
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are exceeded, an extreme rise is observed in the roughness of the surface. The

relation between chip thickness and roughness is given in Figure 2.13.

Rake angle of the tool affects the critical chip thickness, either [15, 20]. In Figure

2.14, it is seen that increasing negative tool rake angle, causes a rise in critical chip

thickness. This condition is valid for different oriented silicon crystals.
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Figure 2.13 Effect of Chip Thickness on Roughness [15]
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Figure 2.14 Effect of Tool Rake Angle on Critical Chip Thickness [20]
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2.4.3 Effects of Crystallographic Orientation

In diamond turning of silicon some radial pitting damage zones can be observed.
These zones are dependent on the cubical structure of silicon [35]. It is explained
that, orientation dependent machining damages are due to the changes in tensile

stress in different slip planes of silicon [36].

The crystal structure is important in understanding the damaged zones. Silicon has
diamond cubic structure at room temperature (see Figure 2.15) [29]. The atoms in
a silicon lattice are not isotropically distributed in space. This situation can be
noticed in Figure 2.16. The anisotropy is effective on orientation dependent
results, attained in machining; mechanical properties such as modulus of elasticity,

hardness and fracture toughness are dependant on the directions in the lattice. [35].

Stlicon .-/ —

|
atom & |
v |
% 7 [ ! (.543 nm
: - |
Covalent \
bond
\ " : Y .\\ ‘

Figure 2.15 Diamond Cubic Crystal Structure of Silicon [35]
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Figure 2.16 Silicon Crystal Lattice Viewed from [1 0 0] Direction [35]

Fracture toughness is also important in explaining the phenomena. Table 2.2

shows the variations in toughness values in different slip planes.

Table 2.2 Variations in Fracture Toughness in Different Slip Planes [36]

Crystal Fracture Toughness
Plane [MPam1/2]
(100) 0.95

(110) 0.90

(111) 0.82

In literature it is presented that, different surface figures can be observed, when
different planes in a crystal are machined. In ( 1 0 0 ) plane damage with fourfold
symmetry is remarkable, which is seen is Figure 2.17. Likewise, the schematic
representation of damages which occur in slip planes (1 1 0) and (1 1 1) are given
in Figures 2.18 and 2.19. Consequently, damage observed on machined surfaces of

diamond cubic crystals like silicon depends on the cutting direction.
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Figure 2.17 Schematic Representation of Damage in (1 0 0) Plane [36]
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Figure 2.18 Schematic Representation of Damage in (1 1 0) Plane [36]
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Figure 2.19 Schematic Representation of Damage in (1 1 1) Plane [36]
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CHAPTER 3

SURFACE ROUGHNESS AND MEASUREMENT METHODS

3.1 Roughness Parameters

Due to the nature of machining operations, obtaining a perfect surface is not
possible. There are always some unavoidable imperfections on the surface of a
machined part. The surface finish of a machined part is composed of two

components which are waviness and roughness [24].

Waviness refers to deviations in the surface with relatively long wavelengths or
equivalently lower frequencies. Waviness may result from clamping errors, errors

in the tool geometry or vibration in the machine tool [23].

On the other hand, roughness is defined as the deviation in surface profile with
shorter wavelengths than those of waviness. Hence, roughness is a finer
irregularity than waviness and superimposed upon waviness [24]. Roughness is
dependent on feedrate, tool nose radius, tool rake angle and cutting speed. Besides,
tool wear, inhomogeneities in the workpiece material, high frequency vibrations of
the machining system and damage to surface caused by chip contact can also bring

about roughness [23]. In Figure 3.1, waviness and roughness are depicted.

Furthermore, another characteristic of surface finish is lay. Lay is the term used to
refer to the direction of the predominant tool marks, grain, or pattern of the surface
roughness. All surface roughness measurements or comparisons are normally
taken across the lay, as this direction gives the best comparative value [37]. Some

examples to the lay types are given in Figure 3.2.
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Figure 3.2 Some Lay Types [38]

Surface roughness is characterized by some parameters. These parameters are
defined in national and international standards as ASME B46.1-2002, ISO
4288:1996, ISO 4287:1997 and DIN 4768:1990 [23]. Another standard is TS 971,
a national standard, which covers the parameters, their values and general rules for

specifying requirements at surface roughness [39]

The parameters most often used for determining the surface roughness, which are
defined in the standards, are average roughness Ra, root mean square (RMS)
roughness Rq, maximum peak height Rp, maximum valley depth Rv and peak-to-

valley height Rt [23].
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The average roughness is defined as the average absolute deviation of the
workpiece from the mean line [23]. Ra is the most common roughness parameter

used in practice [40]. Average roughness is given by the formula [41]

R, = %'([|z(x)|dx 2.1)

Root mean square roughness is defined as the root mean square average of the

roughness profile ordinates [42]. It is formulated as [41].

R, = |[+2* (x)dx (2.2)

Average roughness and root mean square roughness are graphically represented in

N~ =

Figure 3.2.

Mean line

Figure 3.2 Average Roughness And Root Mean Square Roughness [42]

The maximum peak value above the mean line is Rp the maximum valley depth

below mean line is Rv. These metrics are defined as follows [23], for O<x<L
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R, = max z(X) (2.3)

R, =I'min z(x) | (2.4)

Furthermore the maximum peak-to-valley deviation is given as

R =R, +R, (2.5)

3.2  Measurement of Surface Roughness

Surface roughness measurement can be attained by different measurement
methods. Direct measurement method and non contact measurement technique are
widely used in field. Besides, surface roughness can be measured by utilizing

comparison method and on-process comparison technique [43].

3.2.1 Direct Measurement

In direct measurement technique, surface roughness is assessed by utilizing stylus
probe drawn over the surface, shown in Figure 3.3. This type of instruments
operate by amplifying the vertical motion as it is drawn across the surface [24].
The displacement of the stylus is converted into electrical signals which can be
analog or digital [38]. Afterwards, electrical signals are processed and required

data is obtained.

Cut-off length is an important consideration for an accurate measurement. Cut-off
length determines which part of the profile belongs to waviness. If the undulations
have much larger wavelength than our examination length this means that our
sample will include very little undulation but it concentrates on roughness.
Maximum wavelength considered is known as cut-off length [40]. Cut-off length
is standardized in ISO, TSE at 0.08 mm, 0.25 mm, 0.80 mm, 2.50 mm, 8.00 mm,
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and 25.00 mm that is selected depending on the surface being explored. Cut-of

length and other significant lengths are shown in Figure 3.4.
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Figure 3.3 Stylus Probe Instrumentation [44]
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Figure 3.4 Significant lengths in roughness measurement [44]

What is more, sampling length is also of importance for a roughness measurement.

Samples are taken by dividing the surface data into equal sample lengths as shown
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in Figure 3.4. The sample length is equal to the cut-off length. Namely, data is
divided into pieces of cut-off length. In most cases five samples are used for
roughness analysis [44]. The five consequent sampling lengths make up evaluation

length [42].

Additionally, that total length that the stylus moves is called traverse length. The
first part of traverse length is named as pre-travel and the last part is post-travel
length [42]. These are shown in Figure 3.4. Pre-travel and post travel lengths are

evaluated in filtering the data.

3.2.2 Non-Contact Measurement

Non-contact measurement techniques depend on optical instrumentation. This kind
of instruments is divided into two main groups, such as profilers and
interferometers. Profilers are utilized to measure waviness on the specimen.
However interferometers are the equipments that measures roughness of the

surfaces. Interferometers are commonly named as “white light interferometers”.

When light is incident on a rough surface a proportion of it, depending on the local
physical properties of the surface, is reflected. The reflected beam carries
information about the roughness of the surface [45]. White light interferometry
works on this principle. In this technique, the intensity of interfering light is used

to determine the topology of a surface.

In white light interferometry, a light beam passes through an interferometric
objective containing a beam splitter that reflects half of the incident beam to a
reference surface and passes half of the test surface. Light reflected from the test
and reference surfaces recombines and interferes, forming a pattern of dark and

light bands, or fringes, called an interferogram. The objective is translated, altering
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the optical path difference between the test and reference surfaces. As it translates,
several interferograms are sequentially imaged, and height data are calculated
from the interference data. Working principles of white light interferometry is

schematically represented in Figure 3.5. Interferometers can measure 0.1 nm Ra

roughness values [40].
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Figure 3.5 White Light Interferometer [46]

Modern interferometers are sophisticated devices working on a computer program
which translated interferograms into images on the screen. Once the data is taken,
the program calculates all the roughness parameters and presents an oblique and a

solid plot of the measured are. A sample outpour screen is given in Figure 3.6.
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Figure 3.6 A output screen with white light interferometer

3.2.3 Other Methods

Besides the methods mentioned above, there exist some others which are utilized
in order to evaluate the surface roughness of a specimen. “Comparison techniques”
use specimens of surface roughness produced by the same process, material and
machining parameters as the surface to be compared. Visual and tactile senses are
used to compare a specimen with a surface of known surface finish. [43].
Furthermore, “machine vision” is employed for measuring roughness. A light
source illuminates the surface and the view of the surface is sent to a computer to
be analyzed in digital format. The digitized data is evaluated with a correlation

chart, and actual roughness value is figured out [43]. “Acoustic radiation” interacts
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with rough surfaces in a similar way with light. Therefore sound is also used to

measure surface roughness [45].

3.3 Filtering

In roughness measurement, waviness is separated from the result by employing
some filters. These filters might be applied in graphical, electrical, mechanical, or

digital means [37].

Graphical filtering is applied by decomposing the profile into a number of
consequent equal sample lengths. Here, sample length should be shorter than the
wavelength of the waviness of surface profile (see Figure 3.7). To each sample
length, a separate straight mean line is fitted, by least squares or an equivalent
method, and then all the mean lines are joined in a single straight line shown in
Figure 3.8. [45]. However, if the sample wavelength is larger than wavelength than
the filters data will contain waviness information in the output which is depicted in

Figure 3.9

L |L ‘
e

Figure 3.7 Sample length smaller than wavelength [45]
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Figure 3.9 Sample length is larger than wavelength [45]
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Electrical filtering can be attained by a resistor-capacitor (RC) circuit. A sample
RC circuit is shown in Figure 3.10. The aim is to apply a high-pass filter to
eliminate waviness and to separate roughness data from the profile [45]. A similar
circuit might be utilized in order to filter high frequency data and observe
waviness of the surface. A surface profile filtered by electrical means is given in

Figure 3.11.
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Figure 3.10 RC Filter [41]
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Figure 3.11 Electrically filtered data [41]

Mechanical filtering is performed by using a skid sliding over the surface and
establishing a reference line for measurement. In Figure 3.12, a mechanical filter is
shown. The skid is recommended to be at least 50 times larger than the stylus.
Since the radius of the skid is larger than the spacing of the peaks, the movement
line is almost straight and up and down movements of the skid is insignificant. The
rounded skid tends to follow the undulation therefore widely spaced undulations

are eliminated [41].

Skid

Figure 3.12 Mechanical filtered roughness measurement [47]

Computerized surface measurement instruments such as, interferometers or some
digital stylus probe instruments, digitizes collected surface data and store it in the

computer memory. This data is filtered computationally. This process is named as
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“digital filtering” The advantage of this approach is that the same raw data can be
filtered multiple times with different cut-offs or different filtering algorithms to

compare the results [38].
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CHAPTER 4

EXPERIMENTAL SETUP FOR SILICON MACHINING

4.1 Machining Setup

In this experimental study, machining operations are held by utilizing single point
diamond turning (SPDT) machine, Nanoform 350 [48], shown in Figure 4.1.
Features of the machine are given in Appendix A. Besides, the part code program

run in the operations is provided in Appendix B.

As seen in Figure 4.2, a vacuum chuck is used and the work piece is held by the
chuck without applying any force at the peripheral of the workpiece, which is a

crucial point in manufacturing of lenses.

In general diamond turning operations, the work is held by a rotating spindle and
the cutting tool is fed into the workpiece. Unlike conventional lathe, Nanoform
350 has the workpiece holding spindle mounted on the X axis, perpendicular to the
cutting tool on Z axis. Both X and Z axis slides move under computer control,
allowing the generation of any surface of revolution that can be described
mathematically. Coordinated simultaneous movement of the axes allows precision
manufacture of spheres, aspheres, hyperbolas, parabolas and other precision
components. On the other hand, due to being a 2-axis CNC machine, the machine
tool cannot perform operations with constant cutting speed and feed, at the same
time. If constant tool advancement in radial direction per revolution is required,

then the operation must be performed with constant spindle speed.

To align the axis of the workpiece and the spindle axis is defined as “centering”.
Centering the workpiece is rather significant in turning. For this aim, a dial

indicator is used. The dial indicator is coupled with the controller computer of the
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lathe. The stylus of the indicator is touched on the lateral surface of the workpiece
as it is shown in Figure 4.4, and the dial indicator is set to zero. Then, the chuck is
slowly rotated by hand. If the reading on the screen (Figure 4.4-b) deviates, this is
interpreted as the workpiece is not in the center. Thus, the workpiece is moved to
the center by gentle hits with an appropriate tool such as a plastic hammer. The
position is checked again and the workpiece is repositioned, if it is necessary. This

procedure has to be performed for every workpiece mounted on the chuck.

Figure 4.1 A view of Nanoform 350 — Ultra precision machining system [48]

In machining operations, NO20TG and NO20WG type turning tools of Contour
Fine Tooling Company are employed. The detailed information on nomenclature
of the tool types and properties of the tools are given in Appendix C. Nevertheless,
NO20TG describes a tool whose radius waviness in non-controlled. The tool has a
nose radius is 0.50 mm, rake angle of -15°,and clearance angle of 10°. In addition,
in NO20WG the difference is rake angle which is -25°. Further information about

tools and tool geometries is available in Chapter 2. Moreover, on other component
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of machining is cutting fluids. In this study, Clairsol 330 is used as a cutting fluid.

Properties of Clairsol 330 can be found in Appendix D.

Vacuum Chuck

Tool

Workpiece

Figure 4.2 Machining Setup
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Figure 4.3 Schematic Representation of Nanoform 350 [49]
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(@) (b)
Figure 4.4 Centering the Workpiece with a Dial Indicator

4.2  Surface Roughness Measurement

The surface roughness of machined silicon substrates is measured by using Zygo
Niewview 5000, shown in Figure 4.5, which is a non-contact, scanning white-light
and optical phase shifting interferometer [50]. White light interferometry is
powerful method to measure surface roughness values accurately. Vertical
resolution of New View 5000 is 0.1 nm. Specifications of New View 5000 are
given in Appendix E. Principles of white light interferometry has been introduced

in Chapter 3. A sample measurement has been given in Figure 3.6.

Figure 4.5 Zygo New View 5000 White Light Interferometer [50]
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4.3  Design of Experiment

In a machining process, there exist several factors affecting the result. Exploring
all the factors would require huge number of experiments, which is impractical. In
turning process; the factors affecting the surface finish can be counted as: cutting
speed, feedrate, depth of cut, tool nose radius, tool rake angle, clearance angle and
cutting fluids. Moreover, environmental factors such as temperature, humidity may
be effective on the result. Besides, the machine tool itself is a factor on the result,
either. Consequently, the experimentation strategy must be designed according to

the requirements, constraints such as, time, cost and precision.

“One factor at a time strategy” is a common engineering practice. In this method, a
starting point and a range for each factor is selected. Then each factor is applied in
different values while other factors kept constant at their starting point values to
find out the effect of that factor in the process. However, the “one factor at a time
strategy” is not considering the interactions between the factors and their effect on
the process when they are changed together. As the one factor at a time strategy
fails to consider any possible interaction between the factors, it may give poor
results. Therefore, the factorial experiment method is used which also consider the

interaction effects [51].

A full factorial design contains the complete matrix of every possible experiment.
The full factorial design requires many experimental runs. Although the results
from a full factorial design look like more comprehensive, the full set of
experiments is rarely necessary, especially for a screening experiment and takes a

long time. Therefore, it is often not economical and practical.[52].

In general, factorial designs are the most efficient experimental method for the

types of experiments when there is an interaction between the factors. By a
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factorial design it is meant that in each run of the designed experiment, all possible
combinations of the levels (values) of the factors (parameters) are investigated
[53]. The factorial design provides the result by limiting the number of

experiments and it saves time and effort compared to full factorial design.

In this experimental study, only the cutting parameters; cutting speed, feedrate and
depth of cut are taken into account. The other parameters are kept as constants in
the experiments. The experimentation strategy is selected as 2° factorial method,
since affects of only cutting parameters are investigated. Information about 2’
factorial method is given in Appendix F. The selected values for experiments are

given in Chapter 5.
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CHAPTER 5

DISCUSSION OF EXPERIMENTAL RESULTS

During the study, silicon specimens were machined under different cutting
conditions. The experiments were conducted with three groups. In the first group
of experiments, the spindle speed was kept constant during machining. In the
second and the third groups, the cutting speed was constant; however the tools
with different rake angles were used. The experiment groups and discussion of the
obtained results are given in the following sections. The results are evaluated by
comparing the results with the optical requirements specified in the technical
documents of Aselsan Inc. In these documents, the roughness criterion is given as

the maximum value for the average roughness equals to 1 u” (25 nm) [54].

5.1  First Set of Experiments

In the experiments, the cutting fluid was selected as Clairsol 330, on which
additional information is given in Appendix D. The tool was NO20TG of Contour
Fine Tooling Company. A tool with a rake angle of -15° was used. The clearance
angle of the tool was 10°. The cutting fluid properties and the tool parameters are

given in Table 5.1.

In this set, the experiments were conducted with constant spindle speed. For rough
cut, all the specimens were cut with a spindle speed of 2000 rpm, a depth of cut of
Sum and a feedrate of 5 mm/min. These values are recommended by the machine
tool manufacturer [27]. This operation was carried out in order to standardize the
surfaces of all the specimens, before the finish cut. For finish cut, an upper and a
lower value were selected for each cutting parameters. The selected lower and the

upper values of parameters were 1000 rpm and 3000 rpm for spindle speed; 2 um
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and 5 pm for depth of cut and 1 mm/min and 3 mm/min for feedrate.
Consequently, regarding “2% factorial design approach”, each combination of
cutting parameters formed a corner of the rectangular prism shown in Appendix G.

The selected cutting parameters are given in Table 5.2.

Table 5.1 Cutting Fluid and Tool Parameters

Cutting Fluid Clairsol 330
Tool NO020TG
Tool Radius 0.50 mm
Tool Rake Angle -15°
Tool Clearance Angle 10°

Table 5.2 Cutting Parameters for Set 1

Experiment Spindle Speed Depth of Cut Feedrate
Number [rpm] [um] [mm/min]

1 1000 2 1

2 3000 2 1

3 1000 5 1

4 3000 5 1

5 1000 2 3

6 3000 2 3

7 1000 5 3

8 3000 5 3

Cutting speed, depth of cut and feedrate have influence on roughness [33]. Thus,
the roughness values deviate in radial direction, in constant spindle speed facing
operation. Considering this situation, the measurement points were selected at
different distances as 4 mm, 8 mm, 12 mm, 16 mm and 20 mm from the center of
the workpiece, as shown in Figure 5.1. The measured Ra values are presented in

Table 5.3. In the table specimen number is designated as “Spec. #’ and the
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measurement point number on that specimen is named as “Meas’t #.
Measurement radius refers with the distance of the measurement point form the
center of the specimen. Cutting speed is calculated for each measurement point.
The relation between the cutting speed and the spindle speed has been given in

Equation 2.1.

OMeasurement Polnts

Figure 5.1 Surface Roughness Measurement Points in Set 1

Figure 5.2 graphically shows the changes of Ra for the spindle speeds N=1000
rpm and N=3000 rpm. In this experiment, the depth of cut was 2 um and the
feedrate was selected as 1 mm/min. It is clearly seen that, N=3000 rpm provides a
better surface finish than N=1000 rpm. This observation is supported by the other

plots in Figures 5.3- 5.5. Further discussion is available in Section 5.4.

In Figure 5.3, a depth of cut of 2 um and a feedrate of 3 mm/min were utilized.
This case is very similar with the one, discussed above. Increasing the feedrate
slightly raised the Ra values for N=3000 rpm. On the other hand, for N=1000, Ra

shows dramatic rise and a drop down is observed with increasing cutting speed.
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Table 5.3 Ra Values Measured in Set 1

Spec. | Meas. g:gisuts' N \" ' d fr ' Ra
# # [mm] [rpm] | [m/min] [um] [mm/min] | [nm]
1 1 4 | 1000 12,57 2 1 6,0
1 2 8 1000 25,13 2 1 3,9
1 3 12 1000 37,70 2 1 4,5
1 4 16 1000 50,27 2 1 5,1
1 5 20 | 1000 62,83 2 1 4,9
2 1 4 | 1000 12,57 2 31 29,3
2 2 8 1000 25,13 2 31 27,7
2 3 12 1000 37,70 2 31 21,2
2 4 16 1000 50,27 2 31 20,1
2 5 20 1000 62,83 2 31 13,0
3 1 4 1000 12,57 5 1] 145
3 2 8 1000 25,13 5 1] 11,6
3 3 12 1000 37,70 5 1] 12,3
3 4 16 1000 50,27 5 1] 10,0
3 5 20 1000 62,83 5 1] 148
4 1 4 1000 12,57 5 31 14,5
4 2 8 1000 25,13 5 31 14,3
4 3 12 1000 37,70 5 31 10,3
4 4 16 1000 50,27 5 3 9,4
4 5 20 | 1000 62,83 5 31 10,1
5 1 4 | 3000 37,70 2 1| 23
5 2 8 | 3000 75,40 2 1 2,5
5 3 12 | 3000 113,10 2 1 2,0
5 4 16 | 3000 150,80 2 1| 22
5 5 20 | 3000 188,50 2 1 2,3
6 1 4| 3000 37,70 2 3 3,2
6 2 8 | 3000 75,40 2 3 1,8
6 3 12 | 3000 113,10 2 3 3,0
6 4 16 | 3000 150,80 2 3 1,7
6 5 20 | 3000 188,50 2 3 1,7
7 1 4 1 3000 37,70 5 1 2,3
7 2 8 | 3000 75,40 5 1 8,0
7 3 12 | 3000 113,10 5 1 9,5
7 4 16 | 3000 150,80 5 1 5,7
7 5 20 | 3000 188,50 5 1 2,8
8 1 41 3000 37,70 5 3 2,0
8 2 8 | 3000 75,40 5 3 2,1
8 3 12 | 3000 113,10 5 3 1,4
8 4 16 | 3000 150,80 5 3 1,4
8 5 20 | 3000 188,50 5 3 1,7
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In Figure 5.4, the depth of cut is 5 pm and the feedrate is 1 mm/min. Again
N=3000 rpm provides a better surface than N=1000 rpm. Although, both curves do
not represent a meaningful trend, 3000 rpm presents better surface quality than

1000 rpm.

In Figure 5.5 a depth of cut of 5 uym and a feedrate of 3 mm/min were used.
N=3000 rpm spindle speed gives a better surface than N=1000 rpm, which is
parallel with the previous results. Besides, the Ra roughness for N=3000 rpm is

about 2 nm.
d=2 um f=1 mm/min
7,0
_ 60 1«
E 50- \/\.
§ 4,0 4 —e—N=1000 rpm
_g, 3,0 —=— N=3000 rpm
é 2,0 e, a———s
1,0
0,0 ‘ \ \
0,00 50,00 100,00 150,00 200,00
cutting speed [m/min]

Figure 5.2 Cutting Speed vs. Roughness (d=2 um, fr=1 mm/min)
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Figure 5.3 Cutting Speed vs. Roughness (d=2 pm, fr=3 mm/min)
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Figure 5.4 Cutting Speed vs. Roughness (d=5 pm, fr=1 mm/min)
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Figure 5.5 Cutting Speed vs. Roughness (d=5 pm, fr=3 mm/min)

5.2 Second Set of Experiments

In the second set of experiments the same cutting fluid and tool with the first set
were used. The cutting fluid and tool parameters have been given in Table 5.1.
This set of experiments was conducted with constant cutting speed. The upper and
lower values for cutting speed were selected as 50 m/min and 150 m/min. In
addition, the maximum spindle speed was set to 3500 rpm. The spindle speed goes
to infinity as the tool approaches to the center of the workpiece in constant cutting
speed face turning operations. The relation between spindle speed and cutting
speed has already been given in Equation 2.1. In the first set of experiments, the
upper and the lower values of cutting parameters had been selected too close to
each other. Therefore, in the second set of experiments, the upper and the lower
values of cutting parameters are changed as 1 um and 10 pm for depth of cut and,
1 mm/min and 10 mm/min for feedrate, in order to observe within a wider range.
Table 5.4 - 5.6 present the cutting conditions and the measured Ra values in three

repeated experiment groups.
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Furthermore, in this set, three areas were defined on the surface of the specimens.
The outer region is the annulus between ¢50 and ¢30 diameters. The second region
is bounded by ¢30 and ¢10 diameters. The third one is the inner region of @10
circle. In the first and the second regions three arbitrary measurement points were
selected as shown in Figure 5.6. No measurements were taken in the inner circle,

because constant cutting speed was not achievable inthere.
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Figure 5.6 Surface Roughness Measurement Points in Set 2-3

The first two replicates were cut with the same tool, which had been also used in
the first set of experiments. Regarding the unrepeatable results, the tool was
changed with a new one to avoid the effect of worn tool. Nevertheless, the results
did not differ as shown in Table 5.6. The comparison of three replicates is given in
Table 5.7. It is clearly seen that, totally different Ra values can be obtained with
the same cutting conditions. Even using the same cutting parameters very different

surface textures have been observed as in Figure 5.7 and 5.8.
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Table 5.4 Cutting Parameters and Measured Ra Values in 2" Set-Replicate 1

Exp. \% d fr Ra [nm] Ra [nm] Ranm)] Ra [nm]

Num. | [m/min] | [um] | [mm/min] | Msr.1 Msr.2 Msr.3 Avg.
1 50 1 1 0.4 1.0 0.7 0.7
2 150 1 1 6.5 7.8 10.6 8.3
3 50 10 1 3.8 2.2 4.0 33
4 150 10 1 16.1 14.5 7.7 12.8
5 50 1 10 34 10.4 15.2 9.7
6 150 1 10 12.4 4.6 53 7.4
7 50 10 10 2.5 8.4 12.4 7.8
8 150 10 10 13.0 6.2 5.2 8.1

Table 5.5 Cutting Parameters and Measured Ra Values in 2" Set-Replicate 2

Exp. \% d fr Ra[nm] | Ra[nm] Ra [nm] Ra [nm]

Num. | [m/min] | [um] | [mm/min] | Msr.1 Msr.2 Msr.3 Avg.
1 50 1 1 2.9 1.9 3.3 2.7
2 150 1 1 24.3 18.8 26.4 23.2
3 50 10 1 2.2 1.9 7.3 3.8
4 150 10 1 16.7 9.5 5.2 10.4
5 50 1 10 2.4 4.1 8.9 5.1
6 150 1 10 7.8 5.8 10.3 8.0
7 50 10 10 5.9 4.1 2.8 4.3
8 150 10 10 9.9 7.2 6.4 7.8

Table 5.6 Cutting Parameters and Measured Ra Values in 2" Set—Replicate 3

Exp. A\ d fr Ra [nm] | Ra[nm] Ra [nm] Ra [nm]

Num. [m/min] | [um] | [mm/min] | Msr.1 Msr.2 Msr.3 Avg.
1 50 1 1 0.7 1.8 1.5 1.3
2 150 1 1 8.6 21.6 194 16.5
3 50 10 1 1.9 3.1 3.6 2.8
4 150 10 1 1.7 1.6 1.3 1.5
5 50 1 10 1.0 0.4 0.9 0.8
6 150 1 10 14.9 10.3 9.6 11.6
7 50 10 10 23.7 26.1 28.6 26.1
8 150 10 10 15.6 17.2 16.9 16.6
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Table 5.7 Comparison of Replicates 1-2-3

Exp. \Y d fr Ra Average Ra Average Ra Average

Num. [m/min] | [um] | [mm/min] | Replicate 1 Replicate 2 Replicate 3
1 50 1 1 0.7 2.7 1.3
2 150 1 1 8.3 23.2 16.5
3 50 10 1 3.3 3.8 2.8
4 150 10 1 12.8 104 1.5
5 50 1 10 9.7 5.1 0.8
6 150 1 10 7.4 8.0 11.6
7 50 10 10 7.8 4.3 26.1
8 150 10 10 8.1 7.8 16.6

a) Ra=1.0 nm

b) Ra=2.9 nm

¢) Ra=1.5 nm

Figure 5.7 Views from Surfaces Face Turned with Cutting Parameters:
V=50 m/min, d= 1pm, fr= 1 mm/min

a) Ra=13.0 nm

b) Ra=6.4 nm

¢) Ra=17.2 nm

Figure 5.8 Views from Surfaces Face Turned with Cutting Parameters:
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In this set of experiments, it has also been observed that some patterns of cloudy
regions occur as described in Chapter 2. The patterns are shown in Figure 5.9-

5.12.

Inner Annulus V=50 m/min, d=1pm, fr=1 mm/min
Outer Annulus V=150 m/min, d=1pum, fr=1 mm/min

Figure 5.9 A View of Cloudy Region Formation with Num: 1-2

Inner annulus V=50 m/min, d=10um, fr=1 mm/min
Outer Annulus V=50 m/min, d=10um, fr=1 mm/min

Figure 5.10 A View of Cloudy Region Formation Exp. Num: 3-4
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Inner annulus V=50 m/min, d=10 pm, f=1 mm/min
Outer Annulus V=150 m/min, d=10 pm, f=1 mm/min

Figure 5.11 A View of Cloudy Region Formation Exp. Num: 5-6

Inner annulus V=50 m/min, d=10 um, f=10 mm/min
Outer Annulus V=50 m/min, d=10 pm, f=10 mm/min

Figure 5.12 Cloudy Region Formation with Exp. Num: 7-8

As previously discussed in Chapter 2, Blackley [36] stated that, these patterns
occur depending on crystal orientation of the silicon and cutting parameters.
Besides Blackley, the patterns were also reported by Leung [15], Chao [21] and
O’Conner [35]. It was mentioned that, the cloudy regions are dependent on

orientation. Different orientations of silicon crystals present different patterns. The
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figures observed in this set of experiments, which ara given in Figure 5.9-5.12,
have different number of cloudy zone arms as shown in Figures 2.17, 2.18 and
2.19. Therefore, it is understood that, the silicon specimens used in this study have

different orientations.

The results presented above could not be used to build a mathematical model due
to the huge differences between the repeated experiments. Despite of this, two
more experiments were conducted. In the first one, the cutting parameters
providing a Ra of 1 nm, according to the literature, were used. These parameters
are; a cutting speed of 90 m/min, a depth of cut of 1 um and a feedrate of 1
mm/min [9, 11, 12, 15]. The results, attained using this set of cutting parameters,
are given in Table 5.8. Secondly, the average values of the lower and the upper
values of the cutting parameters were used. In this experiment cutting parameters
were a cutting speed of 100 m/min, a depth of cut of 5 um and a feedrate of 5

mm/min. The results of this experiment are given in Table 5.8.

Table 5.8 Measured Ra of a Surface Generated with Cutting Parameters
V=90 m/min, d=1 pm, fr= 1 mm/min; Tool Rake Angle= -15°

Measurement Mirror'-like Cloudy Region
Number Region
1 1.5 21.9
2.5 17.2
3 2.7 18.3

According to the results seen in Table 5.8, 1 nm Ra could not be obtained with a
tool rake angle of -15°. In addition, there is a big difference in average roughness
values between the mirror like regions and the cloudy regions. The same situation

is also valid for the results in Table 5.9.
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Table 5.9 Measured Ra of a Surface Generated with Cutting Parameters
V=100 m/min, d=5 pm, fr= 5 mm/min; Tool Rake Angle= -15°

M?f}zli;gem Mirror-like Region Cloudy Region
Replicate 1 Replicate 2 Replicate 1 Replicate 2
1 2.7 1.4 11.4 18.9
2.3 1.6 5.8 17.6
3 1.5 1.7 8.2 17.6

5.3  Third Set of Experiments: Constant

The repeatability problem and formation of cloudy regions, in the second set
forced to change the tool. In this set of experiments NO20WG type tool, which has
-25° rake angle was used. The tool parameters are given in Table 5.10. The cutting

fluid, Clarisol 330 was used as the previous experiments.

Table 5.10 Cutting Fluid and Tool Parameters

Cutting Fluid | Clairsol 330
Tool NO20WG
Radius 0.50 mm
Rake -25°
Clearance 10°

At the beginning, the first specimen was cut with a cutting speed of 240 m/min, a
depth of cut of 1 um and a feedrate of 10 mm/min. This set of parameters resulted
with the patterns on the surface. Therefore, the feedrate was decreased until no
cloudy regions were observed. It was found that 5 mm/min is the maximum
feedrate. At this point, the depth of cut was increased until there cloudy regions
appeared again. It was observed that 6 um was the maximum depth of cut. Thus, 5

mm/min of feedrate and 6 pm of depth of cut were evaluated as upper values for
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depth of cut and feedrate. The lower values for these parameters were selected as 1
pum and 1 mm/min, respectively. The cutting parameters used in this set of

experiments and the measured Ra values are given in Table 5.11

Table 5.11 Cutting Conditions and Measured Ra Values in 3rd Set

Exp. \% d fr Ra [nm] Ra [nm] Ra [nm] Ra [nm]
Num. | [m/min] [um] | [mm/min] | Msr.1 Msr.2 Msr.3 Avg.

1 120 1 1 1.1 1.2 0.8 1.0
2 240 1 1 1.4 1.2 1.3 1.3
3 120 6 1 1.6 1.5 1.5 1.5
4 240 6 1 1.7 1.6 1.8 1.7
5 120 1 5 2.7 2.8 2.8 2.8
6 240 1 5 3.0 2.9 3.5 3.1
7 120 6 5 3.9 3.5 3.3 3.5
8 240 6 5 4.5 3.5 3.1 3.7

5.3.1 Estimation of Parameter Effect

The main and the interaction effects of cutting parameters are evaluated as given
in Appendix F. The effect values are presented in Table 5.12. Considering the
main effects, A- cutting speed is the least important one among the others, where
C- feedrate has the most significant effect on the result. B-depth of cut can be
interpreted as it has a more important effect on the result than cutting speed but,
this influence is not as much as feedrate. The interaction effect of A-cutting speed
and B-depth of cut factors is the least significant one. The Interaction effects
including C-feedrate have considerable values. It is remarkable that, all the two
factor interactions; AB, AC and BC, have negative values, which is unexpected.

This can be interpreted as two factors interactions have decreasing effects on the
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surface roughness. In contrast, three factors interaction has a positive effect on the

result.

Table 5.12 Main and Interaction Effects on Ra

Effect Value
A 0.3

B 0.5

C 1.9
AB -0.1
AC -0.7
BC -0.7
ABC 0.9

5.3.2 Ra Prediction Formula

The prediction formula is derived using the inputs of the experiments; the cutting
parameters and the outputs which are the Ra values of generated surfaces. The

calculation details are given in Appendix F.

The formula derived is:

Ra=0.14+2.667x107V +0.11d +0.44 fr —2.083x107"Vd 5.0)
—4.167x107*Vfr +5x107 fd +4.167x 10 Vdfr '

where Ra (nm) is average roughness, V (m/min) is cutting speed, d (um) is depth

of cut and fr (mm/min) is feedrate. The change in Ra with respect to the cutting

parameters is graphically represented in Figure 5.13-5.15.
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The prediction formula was tested with two control experiments. In the first
control experiment a cutting speed of 180 m/min, a depth of cut of 3 pm and a
feedrate of 2.5 mm/min were used. These values are the average of the upper and
the lower values used in the experiments. In the second control experiment a
cutting speed of 90 m/min, a depth of cut of 1 ym and a feedrate of 1 mm/min
were used. The second set of cutting parameters are said to provide a Ra of 1 nm,
in the literature[9, 11, 13, 15]. The cutting parameters and the results obtained

using these sets of cutting parameters are given in Table 5.13.
The Ra values, for the cutting parameters of control experiments, were predicted

by making use of Equation 5.1.The predicted Ra values and the errors in the

predictions are given in Table 5.14.

67



Table 5.13 Cutting Conditions and Measured Ra Values Control Experiments

\% d fr Ra [nm] | Ra [nm] | Ra [nm] | Ra [nm]
Experiment | [m/min] | [um] | [mm/min] | Msr.1 Msr.2 Msr.3 Avg.
Control 1 180 3 2.5 1.7 2.2 1.8 1.9
Control 2 90 1 1 0.9 1.2 0.9 1.0

Table 5.14 Calculated Errors for Control Experiments

Experiment | Observed Ra [nm] Predicted Ra [nm] | Error [nm] Error %
Control 1 1.0 0.9 -0.1 -10
Control 2 1.9 2.0 0.1 -5

The results of the experiments are discussed in Section 5.4. However, it can be
noticed that, using a depth of cut of 1 um, a feedrate of 1 mm/min and a cutting
speed of 90 m/min resulted a Ra of approximately 1 nm. This result is parallel with
literature by Fang [12, 13] and better than the surface roughness obtained by
Leung [15]. The measurements screens are given in Appendix G. Hence, it can be
concluded that the prediction formula is valid for the selected range of cutting
parameters. The maximum values of depth of cut and feedrate are proposed as the
upper limits for finish cut of silicon. The formula cannot be used since the cutting
regime differs beyond these values. The minimum values of depth of cut and
feedrate are selected so small that, smaller values are not practically used for finish

cut.

54 Discussion

5.4.1 Effect of Tool Rake Angle

Surface quality gets distinctly better when cutting with negative rake angle

diamond tools. Negative rake angle produces a kind of compressing stress state in
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front of the tool edge, which can prohibit the creation and propagation of cracks.
In addition, negative rake angle is helpful to ductile cutting. Another study
supporting the idea is by Yan [20]. In his work, it is suggested that performance of
0° rake angle diamond tool can be improved by adjusting the rake angle to a
suitable negative value. On the contrary, there is a study which argumented that 0°
tool rake angle has some advantages over -25° such as providing a more ductile

[55].

Tool manufacturer’s catalog recommends rake angles from -15° to -25 ° to
machine silicon, as seen in Appendix C. However, in many studies the tool rake

angle of was selected as-25° to investigate silicon machining [9, 19, 56].

In this study, comparing the second and the third sets of experiments, it can be
deduced that, increasing the negative rake angle from -15° to -25° improved
surface finish. This can be explained as in the study of Leung [15]. Increasing
negative rake angle increases the maximum critical depth of cut in ductile regime.

The result is also supported by the studies of Yu [11] and Zhou [19].

5.4.2 Effect of Spindle Speed and Cutting Speed

In the first set of experiments, the constant spindle speed was used. Cutting
parameters and obtained results have been given in Section 5.1. It was observed
that by using constant spindle speed, the required surface roughness values could
be achieved. In this set of experiments, raising the spindle speed from 1000 rpm to
3000 rpm affected the surface roughness in a good manner. Besides, the
experiments with 3000 rpm imply that cutting speed has no significant influence
on surface roughness. Nevertheless, N=1000 rpm condition does not match this

argument.
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In the second and the third sets, the constant cutting speed was used. The effect
estimation analysis using the data from the third set of experiments has shown that
the cutting speed has the least important effect on the surface roughness. This
result is also compatible with the results obtained in the first set of experiments.

Furthermore, this argument is parallel to the literature [11, 57]

The constant cutting speed operation provides a homogenous cutting condition for
the whole surface, regarding only the cutting speed parameter. The machine tool
controls the spindle speed so that the cutting speed is kept constant. This can only
be achieved by changing the spindle speed with respect to the cutting diameter. In
Figure 5.16, the changing in the spindle speed with respect to the diameter, to
provide a cutting speed of 120 m/min is given. The formulation of this change is

given in Equation 2.1. Rearranging this equation,

N=— (5.2)

Thus, it is seen that the spindle speed is inversely proportional to the cutting
diameter. Therefore, as the cutting diameter approaches to zero, the spindle speed
tends to go to the infinity. Since infinite spindle speed is impossible, an upper

limit, which is 3800 rpm, has to be set for spindle speed in the part program.
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Figure 5.16 The Change in Spindle Speed in a Facing Operation with
Constant Cutting Speed

5.4.3 Effect of Feedrate

The analysis carried out shows that feedrate is the most important factor in
machining of silicon. In Table 5.14 it has been shown that increasing feedrate from
1 mm/min to 5 mm/min increased the average roughness by 1.7 nm, while other

cutting parameters were kept at their minimum values.

The significance of feedrate, according to this study, shows conformity with the
literature. Sreejith describes feedrate as the prime in ductile regime machining [18].
As it has been detailed in Chapter 2, feedrate determines the critical chip thickness

which limits ductile regime machining.

Xiangdong [9] showed that increasing feedrate degrades the surface quality. In his
work degradation is graphically represented as linear. However, it can be argued
that exceeding the critical limit can increase the surface roughness enormously and

unpredictably. An other conclusion about significance of feedrate is by Leung [15].
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It is stated that, there exits a clear relationship between ductile regime machining

and feedrate.

The crucial point about feedrate is its being dependent on spindle speed. The
relation between feed and feedrate has been given in Equation 2.3. Rearranging

this equation, it is obtained that

f=fIN (5.3)

According to the equation, the feed is directly proportional to the feedrate. On the
other side, it is inversely proportional to the spindle speed. If constant feedrate is
specified in a part program for a constant cutting speed in facing operation, the
machine tool decreases the feed as the spindle speed increases towards the center
of the specimen, in order to keep the feedrate constant. This relation is graphically
represented in Figure 5.17. Because of this relation, the advancement of the tool
(i.e. feed in radial direction) into the part differs with diameter. The outer regions
are machined with bigger advancements of the tool, compared with the inner
regions; even though the feedrate is kept constant. The difference in feed in radial
direction causes roughness variations in the specimen. This problem is not
encountered in the constant spindle speed facing operations. Hence, it can be
deduced that regarding the minor influence of the cutting speed on roughness, the
constant spindle speed can be used in facing operations to overcome this problem,

since this provides constant feed in radial direction.
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Figure 5.17 The Change in Feed in a Facing Operation with Constant Cutting
Speed

5.4.4 Effect of Depth of Cut

In the analysis, it has been shown that effect of depth of cut is less effective than
the effect of feedrate on the result. Increasing depth of cut from 1 pm to 6 ym
increased the surface roughness by 0.6 nm, while other cutting parameters were

kept at their minimum values.

The result obtained in this study is complies with the conclusion of Sreejith [18]
mentioned in the section on the effect of feedrate. Leung [15] expressed that the
surface finish had become very smooth as the depth of cut was below 5 pm.
However, it was shown that a depth of cut of 10 um had given damaged surface,

even with a feedrate of 1 mm/min.
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In the study of Yu [11], the depth of cut above 5 um caused unacceptable surface
quality Moreover, many studies show that, the best surface can be achieved by 1

pm depth of cut [9, 11, 13, 15].
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

Silicon is widely used in manufacturing of infrared optics for thermal imagining
systems which are especially utilized in military applications. In silicon optics
production, single point diamond turning (SPDT) is considered to be a viable

method for fabricating high quality surfaces.

In this experimental study, the effects of cutting parameters; cutting speed, depth
of cut and feedrate, on single point diamond turning of optical grade silicon have
been investigated. In experiments, mono crystalline silicon substrates with a
diameter of 50 mm have been used. The study includes only finish cut
experiments. Through out the study, beyond various cutting conditions, cutting
tools with two different rake angles were utilized. Three sets of experiments have
been realized by considering “2? factorial design method”. A mathematical model

between average roughness and cutting parameters has been established.

The general conclusions of this study on ultra-precision machining of optical grade
silicon can be summarized as follows:

1. The first set of experiments was conducted with constant spindle speed.
The lower and the upper values of the spindle speed were selected as 1000
rpm and 3000 rpm, respectively. The upper and the lower values for
feedrate were 1 mm/min and 3 mm/min and for depth of cut 2 um and 5
um. It was observed that facing with 3000 rpm provided surface quality Ra
values generally between 2nm and 5 nm. This range of average roughness

is below the maximum acceptable Ra value of 25 nm.
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. In the second set of experiments constant cutting speed was used. The

lower and the upper values for cutting speed were selected as 50 m/min
and 150 m/min. The lower value of feedrate was 1 mm/min and its upper
value was 10 mm/min. The depths of cut values were 1 pm and 10 um.
The rake angle of the tool was —15°. In this set of experiments,
unrepeatable Ra values were obtained. Most of the measured Ra values
were above the acceptable Ra limit, which is 25 nm. In addition, cloudy
region patterns were observed. The patterns observed are similar to the
ones described in Chapter 2 and literature [35, 36]. It is concluded that
material orientation is important for optics manufacturing and it must be

specified in technical documents used for purchasing of silicon material.

The third set of experiments was conducted with constant cutting speed.
The values for cutting speed were 120 m/min and 240 m/min. The feedrate
values were 1 mm/min and 5 mm/min. The values selected for depth of cut
were 1 um and 6 pm. The results of this set could be used for building a
mathematical model for prediction. The empirically derived prediction

formula is,

Ra=0.14+2.667x107V +0.11d + 0.4 fr —2.083x107*Vd
—4.167x107* Vfr +5x107° fd + 4.167x107 Vdfr

where

Ra : Average Roughness [nm]

V : Cutting Speed [m/min]

d : Depth of Cut

fr: Feedrate
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In order to test this formulation, two additional experiments were carried
out. As a result these experiments, it was seen that the formulation is valid
within the specified ranges. On the other hand, in parallel with literature it
was seen that, using a cutting speed of 90 m/min, a depth of cut of 1 um
and a feedrate of 1 mm/min provides average surface roughness of about 1

nm.

The following tool features and cutting parameters by using constant
cutting speed mode are recommended as a result of this particular study;
Tool Radius: 0.50 mm
Tool Rake Angle: -25°
Cutting Speed: 120-240 m/min
Depth of Cut: 6 um

Feedrate: 5 mm/min

. It was observed that, a cutting tool with a rake angle of -25° is more

appropriate than a cutting tool with a rake angle of -15°, for cutting optical

grade silicon.

. Feedrate is figured out to be the most effective parameter on surface

roughness. Increasing feedrate degrades surface quality. Thus, it 1is
beneficial to use the maximum feedrate which provides acceptable surface
quality for time saving. In this study, surface qualities with Ra better than 5
nm have been obtained by employing a feedrate of 5 mm/min. This surface
quality is within accepted surface quality, which is Ra= 25 nm. When the
recommended feedrate of 2.5 mm/min is considered, the machining time is

reduced by 50%, by using a feedrate of 5 mm/min.
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6. Itis concluded that cutting speed is the least effective cutting parameter on
surface quality of silicon. Besides, most ultraprecision machine tools, like
the one used in this study, cannot perform operations with constant cutting
speed and constant feed [mm/rev] at the same time. Therefore, machining
with constant spindle speed is recommended. Using constant spindle speed
in facing operation provides uniform advancement of the tool per

revolution through the diameter of the specimen.

7. Tt is difficult to predict ultra-precision machined surfaces. In dealing with
nano level roughness values, deviations of few nanometers affect the result

in a great manner.

6.2 Future Work

Some proposed future works to this study can be given as follows:
1. In this study, only the cutting tools with -15° and -25° rake angles were
used. Effects of employing different rake angles regarding surface finish,
tool wear, machining economy may be analyzed. A prediction formula can

be pursued using different rake angle tools.

2. Effect of lubricant, which was not included in this study, is another
important parameter for micromachining,. Therefore the effects of different

lubricants can be investigated.

3. Tool wear is an important factor for surface finish. Besides, it is significant
from economic aspects. Not only cutting parameters but also tool angles
influence tool wear. Hence, tool wear in silicon machining may be studied

in order to determine the most economically efficient cutting conditions.
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4. It is known that some critical frequencies may induce chatter during
machining. The critical frequencies and stiffness of machine tool can be
analyzed. Besides, the fluctuations in power supply and vacuum supply of
the system may also be effective on the machining. The effects of these

parameters on the system can be studied.

5. Chip formation in silicon can also be studied in order to develop a better

understanding of the ductile regime cutting.
6. Time and cost optimization of silicon optics manufacturing can be studied
in order to determine the optimum cutting conditions for minimum time or

minimum cost considerations.

7. A similar study can be carried out for spherical and aspherical surfaces.
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APPENDIX A

NANOFORM 350 ULTRAPRECISION MACHINING SYSTEM

Nanoform 350 is a machining system manufactured by Precitech, Inc. Nanoform
350 is a 2 axis diamond machining system designed for precision manufacturing of
optics, optical molds and mechanical components in ferrous and nonferrous

materials.

The systems is on sealed natural granite base to eliminate machine contamination.
Self leveling isolation system minimizes vibration influences during machining.
The system is driven by linear motors and hydrostatic oil bearing slideways with

advanced stiffness characteristics provide ultimate performance.

Nanoform 350 is equipped with a spindle, which provides 25 nm motion accuracy.
The feedback resolution of the machining system is 1.4 nm. Additionally, the

programming resolution is 1.0 nm.

Properties of the machining system can be summarized as follows:
Slide Trave: X-350 mm , Z-250 mm

Maximum Feedrate: 1500 mm/min

Swing Capacity: 350 mm

Load Capacity: 68 kg

Workholding Spindle Speed: <5000
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Table A.1 Nanoform 350 Machine Technical Specifications
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raaterial Steel shaft/brorze journal Steel snaft/aluminum anodized joumal
i Load capacity & nose / 50mm (2°) out |48Kg [150 1os] / 4Bkg [105 Ibs) 68Kg (150 Ios) / 57Kg (125 Ibs) 18Kg (401bs) ¢ Adkg [101lps) f
E Axial sfifiness & 100 FSIG 298 Myum (1,300,000 | 70 1/ (400,000 14004/ 5m {800,000 IDs/i 20 P3|
‘G| Radial sfifness & 100 PIG @ spindie nos=| 88 H/um |500,000 Ibs/in.| 22 Hgpm (1 24 1/ [S00,000 Ibs/in.) @ 120951
'3‘ Molion accurecy Axial/Radial £ 25nm {1 AxialfRadial £50nm [2u] AxialyRodial £ 50nm [2y7) AxialfRodial £25nm [107)
ﬁ Thermal confrel Liguid cocled motor housing fJoumal bedring
2 |rive amplifier D Brusniess 5in Drive ‘E-:rcse D Brushiess
E C-axis feedback resolufion 0.05 - 0.72 arc-58c \a. 3-2.16 arc-sec 5- 0.72 arcsec ‘C'.:lé QIC-5EConds

C-mis speed 275 A ‘BZC EPM |£.-'5 RPM 2000 2N
spindle speed |2500/5000/7000 REM ‘ &L00 RPM |'| 5,000 RPM 10,000 BRM
Included features Mechanical lecking mecnanism, nen-infiuencing vacuum feed througn
High speed Toofing Spindles | standora: itech SP7SFF spindle Cptionak: 2.35
Type Precitech built Air bearing spindle witn siot type thrust beaoring.
raaferial Steel shaft/Brorze journal steel shoft/Aluminum anodized journal components
speed 15,000 RPM 50,000 RPM
standard swing capacity 125mm Digmeter.
JLoad copacity & nose / 50mm (27) out |18kg (40105 / 11Kg (25 o5 ] 20K (44 Ibs.|

- | axial stifiness @ 100 PSIG

70 H/um {400,000 Ibs/in.|

.6 N/ (392,000 Ips,

Radial stifiness & 100 PSIG & spindle nose|

24 H/um {150,000 Ibs/in.|

2.6 1y

30,000

ofion accuracy

Axigl/Radial < 50nm (24

AxialyRodial £ 50nm [2y7)

rtounfing location Vertical, horizontal, 45 degree or on Rotary B-axi Verlical, horizontal, 45 degree or on Rotary B-axis
Thermal conlrol Liguid cooled mator housng,/Journal Bearing Liquid cooled motor housing

. | Drive amplifier 3-phase 3-phase
Rotary B-Axis Precitech HydroRound B-Axis SMALL [11330] Precitech Hy B-Axis LARGE [1700]
Type Bi-conical, self compensated, oil hydrostafic Bi-conical, s2if compensated, al hydrostatic
raaterial High-Allzy s7esl High-Alloy Steel
standard swing capacity 200mm [2] Diameter. 0mm (12 Diameter.

Load capacity (limited by 7 table)

295Kg {50011

455K,g (1000 ios.) {safety factor of &)

Axial stiffness

525 M/pm (3

1750 M/pm [10,000,000 lbs/in |

Radial sfiffiness

175 M/pm

525 H/pm [3,000,00C Ios/in)

rofion accuracy

Axicl/Radial £0.10um (4],

Axial/Rodial < 0.10um [4y7).

Rotafional B-Axis

‘Coning Error 1.0rimymim [1.04/in.) 1.0nmy {10}
Drive amplifier 3-phase 3-prase
Feedback resolufion Availabie 0 L34 arc-sec Avoiiaie 0.02 7 are-sec

Posifion accuracy

+/- 2.0 are-se¢ [compensateg)

+i- 2.0 arg-5ec [compensated)

speed 10 BN confinuous - 50 B2N Infermittant 10 RPW continuous - S0 RPM intemittent
Machine Uflities 350 and 700 Plafform
Power 205 or 230VAC -1 phase - 50/ 60HZ
Air supply Typical: 12 SCFM @ 100951

|| Floor space - machine foslprint

1930mm x 1220mm x 2043mm (74" x 48" x 507}

Floor space - wiconliol/peripherals

2050mm x 3807mm x 2043mm {1157 x 150" x 80"
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APPENDIX B

AN EXAMPLE PART CODE USED IN THE STUDY

Silicon Machining

; Job description: : silicon-No20 WG

; Calculated maximum tool radius: 10000000000.000000
; Total SAG (z_start - z_end) of all segments: 0.000000
; Tool radius: 0.50000

; Tool top rake angle (deg.): -25.000000

; Tool clearance angle (deg.): 10.000000

; Tool offset angle (deg.): 0.000000

290

gl8

g01

M3

2965100 ;rough cut speed (V)

G92S53500 ;maks. spindle speed
x27z3F500

m7.2

x27z0F10 ;rough cut feed (f)

X0Z0

204£0.5

z1F10

x27F100

G96S240 ;1. section cutting speed hizi (V)
Z-0.001F6 ;1. section depth of cut (d)
X15F5 ;1. section feed (f)

Z1F10

X15.6

G96S120 ;2. section cutting speed hizi (V)
GO04F6

z-0.001

X0f6 ;2. Bolge feed (f)

GO04F0.5

Z1F10

Z3F500

m9

X27
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APPENDIX C

DIAMOND TOOLS

Tool numbering system of Contour Fine Tooling Company and suggested tool

rake angles for different materials are given in Table C.1 and C.2, respectively.

Table C.1 Tool Numbering System

S= Sumitomo
(S/M) « M= Monodyne
Character) | No prefix if natural diamond is
used
. § Type of Tool Radius
C Character) C: Controlled
N: Non-controlled
(3 Radius Size
OZO(M) b e_g_ 020= .020"
Character) 6.0 050M= 0.50 mm
* (1
L Character) See Table C.2
Front Clearance
E=15°
F « F=12.5°
Character) | G=10°
H=7.5°
J=5°
* (1 [Fa Xl .
(C) Character) If "C" is stated conical clearance
i * (1 LLH U .
(i) Character) | ! 'T"iS stated insert system
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Table C.2 Suggested Tool Rake Angles for Different Materials

K L M N R T W
Top Rake . . . . .
P +2.5¢ 0e -2.5° -5@ -10° -15° 252
" > <+ >
Materials Plastics Zinc Sulphide
with e - Zinc Selenide
Suggested -+ >
%%k e Aluminum
© Electroless Nickal Germanium
Angles Beryllium Copper Silicon
Erass GallliumArsenide
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APPENDIX D

CUTTING FLUIDS

Clairsol 330 is a trademark of Petrochem Carless,Inc. In Table D.1 propertied of

Clairsol 330 and some other cutting fluids are given

Density @15C

Flash point Abel C

Aniline pt "C

Initial beiling poirt
Dry beiling poirt .

Aromatics % vol

Benzene content ppm
n-Hexare cortent ppm
Eramine index mg/100g

Colowr Saybolt

Refractive index @20°C

Litres/tonne

Table D.1 Properties of Different Cutting Fluids

ALIPHATICS
WHITE SPIRIT AND SPECIAL KERDSINES

Clairmsol
310

0375 0.a08 0Aa0nd 0.E23 0.7495 0.775 0 0767 0797 0816
42 65" 7" 104* a0t 39 48 43 475 1
731 8.7 749 789 750 568 EBA £9.z E1.0 636
163 195 i} | 05 153 168 156 160 170

134 220 %0 mott 240 153 192 245 m* i
0.3 013 (R NIL 0E 1e3 17E 142 17 18.5
1] 1] 1] ] ] 4 5 1 1 1

] 0 ] <10 =10 =10 =10 <10

=100 =100 <100 <100 <100 =500 <500 <G00 <500 <500
+30 +30 +30 +30 +30 +30 +30 +30 +15 +18
1.430 1437 1442 1.441 1.441 1.432 1.435 1449 1448 1.449
1250 1241 1244 1215 1258 1290 1287 1241 1235 1241
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NEW VIEW 5000 INTERFEROMETER SPECIFICATIONS

MoDELS
5010

5022

5032

SYSTEM
Measurement
Technique

Objectives

Image Zoom

Field of View

Part Viewing
Focus

Tlluminator

Measurement
Array
Sample Stages

Computer

Software

APPENDIX E

Base model with high resolution
camera and open loop transducer

Model 5010 plus turret compatible
and closed loop transducer

Model 5022 plus high speed camera

Non-contact, three-dimensional,
scanning white light and optical
phase-shifting interferometry

Infinite conjugate interferometric
objectives; 1%, 2X, 2.5X, 5X, 10X,
20X, 50X, 100X

Standard; continuous variable zoom
with six indexed positions:

0.4, 0.5, 0.8, 1.0, 1.3, 2.0;
repeatable to 0.2%

From 0.04 to 17.5 millimeters; larger
area imaged with field stitching;
objective dependent; see Objective
Specifications

Standard; 9-inch b&w monitor

Standard; moterized manual and auto
focus

Filtered white light with selectable
coherence, long-life tungsten halogen
lamp

Standard, selectable, include:
640x480, 320x240, 1601120

Manual and motorized versions
available; see Options

Late-generation Dell PC configured
with hard drive, 500 MB RAM,
CD-R/W, floppy drive, and 17-inch flat
panel monitor; printers optional

Zygo MetroPro software running
under Microsoft Windows 2000

PHYsICAL

Dimensions
(HxW=xD)

Weight

PERFORMANCE
Scanner

Vertical Scan
Range

Vertical
Resolution

Lateral
Resolution

Data Scan Rate

System:

62 % 52 x 35 in. (157 x 132 x 89 cm)
NewView 5000:

32x23x16in. (81 x 58 x 41 cm)
Vibration Isclation Table:

30 %24 x 24 in. (76 x 61 x 61 cm)
Workstation:

33.5x 52 x35in. (85x 132 x 8% cm)

System: = 950 Ib (430 kg)
NewView 5000: = 200 Ib (90 kg)
Vibration Isolation Table: = 600 Ib
(272 kg)

Model 5010: Open-loop piezo-based
transducer

Models 5022 and 5032: Closed-loop
piezo-based, with highly linear
capacitive sensors

Model 5010: 100 pm (3937 yin)
Models 5022 and 5032: 150 pm
(5906 pin)

Optional up to 5 mm (0.20 in.)

Up to 0.1 nm
(0.004 pin)

0.45 to 11.8 pm;
objective dependent

Models 5010 and 5022: up to

4.9 pmysec

Model 5032: up to 10.5 pm/sec; rate
depends upon sampling array

Maximum Data 307,200; dependent upon sampling
Points array
Step Height Model 5010: < 3.0%
Accuracy Models 5022 and 5032: < 0.75%
Step Height Model 5010: £ 1.5% @ 1o
Repeatability Model 5022: < 0.5% @ 1o

Model 5032: £0.1% @ 16
UTILITY REQUIREMENTS
Input Voltage 100 to 240 VAC, 50/60 Hz
Power < 280 watts (manual stages),
Consumption < 400 watts (motorized stages)
Compressad 60 to 80 psi (4.1 to 5.5 bar); 1/4 in.
Air input; dry and filtered source (1%

humidity, 5 pm particulate filter)

ENVIRONMENTAL REQUIREMENTS

Temperature

Rate of
Temp. Change

Humidity

Vibration
Isolation

90

15 to 30°C (59 to 86°F)
<1.0°C per 15 min

5 to 95% relative, noncondensing

Required for vibration frequencies in
the range of 1 Hz to 120 Hz



NewView™ 5000 Specifications

OPTIONS TEST PART CHARACTERISTICS
Stages Manual Tip/Tilt/X/Y with =6° tip/tlt, Material Various; opague and transparent
+2 in. x/y, 230° rotation surface; coated and uncoated;
Motorized Tip/Tilt/X/Y with £4° specular and nonspecular
tip/tilt, £3 in. x/y ) .
Motorized Tip/Tilt/Y/Theta with +4° Preparation Mone (typically); measurements are
tip/tilt , y/theta with 3 in. v travel and nencontact and nendastructive and
360° rotation parformed under ambient conditions
Objectives Standard: 1X, 2.5%, 5¥, 10X, 20X, Maximum Size 3.5%8x8in.
50%, 100X; (HxWxD) (80 % 203 x 203 mm);
LWD versions: 2¥, 5X, 10X larger sample sizes accommodated
Turrets Model 5010: Single objective dovetail with special configurations
mounting Reflectivity 1-100%
Models 5022 and 5032: Manual or
Motorized 5-position turret Roughness Model 5010: < 100 um Rp standard
o 2 2 <
Vibration vibration Isolation System sr:lg?malafg?h and 5032: <150 um Rp
Isolation recommended Slope dependent; see Objectives
Filters Sats Standard, Rough surface, and
Combinaticn filter sets
Standards NIST tracezble step height standards;

lateral calibration standards; precision
referance flat

NOMINAL OBJECTIVE SPECIFICATIONS AT 1X*

Power 1% 2X 2.5X 5X 5X 10X 10X 20X
LWD LWD LWD
Sys Mag 20X A0 50X 100% 100X 200X 200X 400K
MNA 0.030 0.055 0.075 0.130 0.140 0.300 0.280 0.400
Working Dist (mm) 8.5 20.5 10.3 9.3 20.5 7.4 18.8 4.7
Focus Depth (um)  £322. 950 %516 #1727  %14.8 £3.2 +3,7 *1.8
Inter Depth (um) 4.0 4.0 4.0 4.0 4.0 4.0 4.0 3.6
Lateral Res (um) 11.8 5.43 4,72 2.72 2.53 1.18 1.26 0.88
Field of View 7.00 x 3.52x 282 x 141 % 1.41x 0.70 x 0.70 x 0.35 x
Hx WV (mm) 5.30 2.64 211 1.06 1.06 0.53 0.53 0.26
Spatial Samp 22.00 11.0 8.80 4.40 4.40 2.20 2.20 1.10
320 x 240 (um)
Spatial Samp 11.00 5.50 4.40 2.20 2.20 1.10 1.10 0.55
640 x 480 (um)
Max Slope (degree) 1.41 2.58 3.52 5.08 6.55 13.82 12.93 18,15

Nominal Objective Specifications at Other Zoom Settings

50X

1000X
0.550
3.4
+1.0
2.0
0.64
0.14 x
0.11
0.44
0.22

24.27

The NA, Working Distance, Focus Depth, Inter Depth, and Lateral Res specifications are the same at all zoom settings.
multipliers in the table below for Sys Mag, Field of View, and Spatial Samp specifications; multiply the value in the above chart

times the multiplier.

Zoam Setting 0.4 0.5 0.8 1.0 1.3 2.0
Multiplier for Sys Mag 0.4 0.5 0.8 1.0 1.3 2.0
Multiplier for Field of View and Spatial Samp 2.5 2.0 .25 1.0 0.77 0.5
*Objective Terminology
Power Magnifying power of the objective. LWD indicates Long Working Distanca,
Sys Mag Systam magnification, the enlargement of the surface as viewed on the vides monitor.
MA Mumerical aperture, a number representing the resclving power of the cbjective,
Warking Distance The distance from the end of the cbjective to the test surface when focused.
Focus Depth Vertical distance within which any specimen datail will simultanecusly be in focus, The coherence bandwidth is
canterad within the focus dapth.
Inter Depth Interference depth, vertical distance over which interference can occur.
Lateral Res Lateral resclution, optical resslution of the imaging system.
Field of View The size of area imaged and measured.
Spatial Samp Spatial sampling, the apparent pixel size at each magnification; varies based on Camera Res.
Max Slope Maximum practical angle of surface feature from one pixal to the next that can be measured: will vary based on part

and measurement attributes,
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100X

2000X
0.800
0.55
*0.5
1.0
0.45

0.070 x
0.053

0.2

]

0.11

33.25

Use the



APPENDIX F

2% FACTORIAL DESIGN

Factorial design is widely used in research work. Since number of factors, namely
the parameters can vary; the general for m of the factorial design is 2% factorial
design. These experiments involve k factors, each at only two levels. “These levels
may be quantitative, such as two values of temperature, pressure, or time; or they
may be qualitative, such as two machines, two operators, the “high” and the “low”
levels of factors, or perhaps the presence and absence of a factor. A complete

replicate of such a design requires 2x2x2x...x2=2" factorial design.

In order to put the methodology of factorial design, the case where k=2 is
appropriate. Two factors, say A and B, each at run at two levels. This is called “2*
factorial design”. The effect of each factor on the output can be due to itself, the
main effect of the factor, or a result of the interaction between the factors [58]. In
other words; the effect of a factor is defined as the change in response produced by
a change in the level of the factor. This is called main effect because it refers to the
primary factors of interest in the experiment [51]. And the interaction effect is the
average difference between the effect of A at the high level of B and the effect of
A at the low level of B [59].

In Figure F.1 the lowercase letter denotes that, during the application that factor is
in its higher level and the “1” means that factor is in its lower level. For example
“b” denotes that the factor B is at higher level and Factor A is at lower level. Also

“1” is used to denote that all the factors are in their lower level. Where “n” is the

number of replicates.
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K

Figure F.1 Treatment Combinations in 2> Design

The main effect of factor A in this two level design is;

_ a+ab_(l)+b
2n 2n

A

(F.1)

The main effect of factor B in this two level design can be similarly calculated.

g btab ()+a

F.2
2n 2n *2)
The effect of the interaction between factors A and B (AB) is;
g (@=b)=(@=(1) 3)

2n

For instance let us say the following experiment shown in Figure F.2 is carried out

and the values are obtained. Herein;
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Figure F.2 A Numerical Example of Treatment Combinations in 2* Design

We may estimate the average effects as, n=1:

_a+ab ()+b _90+100 60+80

A =8.33
2 2 2

pobtab_(H+a 90+60 100+80 _ .
2 2 2

AB = (ab—b);(a—(l)) _ (90-60) ‘2(100‘80) ~1.67

The effect of A is positive; this suggests that increasing A from the low level to the
high level will increase yield. The effect of B is negative; this suggests that
increasing the value of B will decrease the yield. The interaction effect appears to

be small relative to the two main effects.
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The 2° Factorial Design

In case there are there factors, say A, B and C, are of interest; the design is called
“2? factorial design”. Consequently, there exist eight treatment combinations

which are to be represented as a rectangular prism, depicted in Figure F.3.

Figure F.3 Graphical Representation of a 2*° Factorial Design

Using “+” and “-“notation represent the low and the high levels of the factors,
eight runs can be listed as in Table F-1. This is called design matrix. The treatment

combinations are (1), a, b, c, ab, ac, bc and abc.

There are seven degrees of freedom between the eight treatment combinations in
the 2° factorial design. Three degrees of freedom are associated with the main
effects of A, B, and C. four degrees of freedom are associated with interactions;

one each with AB, AC, and BC and one with ABC [59].
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Table F.1 Design Matrix

Factors

A |B C
1 - - -
2 + - -
3 - + -
4 + + -
5 - - +
6 + - +
7 - + +
8 + + +

By making use of the idea used in 22 factorial design, the main effects of A, B, and

C are calculated as:

A:%[a—(1)+ab—b+ac—c+abc—bc] (F.4)
n

B=i[b+ab+bc+abc—(l)—a—c—ac]
4n (F.5)

C:L[c+ac+bc+abc—(1)—a—b—ab]
4n (F.6)

A measure of the AB interaction is the difference between the average A effects at
the two levels of B. By convention one-half difference is called AB interaction

[59].

A effect at the high level of B:

[(abc —bc) + (ab —b)]
2n

(F.7)

A effect at the low level of B:
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[(ac—c)+(a— )]

F.8
2n E8)
The difference between these:
[abc —bc+ab—b—ac+c—a+(1)] (F.9)
2n
Similarly;
The effect of AC interaction:
AC=[(1)—a+b—ab—c+ac—bc+abc] (F.10)
4n
The effect of BC interaction:
BC:[(l)+a—b—ab—c—ac+bc+abc] (F.11)

4n
the ABC interaction is defined as the average difference between the AB

interaction for the two different levels of C [59]. Thus,

ABC = 4L[(abc —bc)—(ac—c)—(ab—-b)+(a—(1))]
n

(F.12)
[abc —bc—ac+c—ab+b+a—(1)]

4n

ABC =

The quantities in the brackets in numerators are called contrasts in the treatment
combinations. Using these contrasts the Table F.2 is developed with plus and

minus signs [59].
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Table F.2 Signs for Calculating Effects in 2° Design [59]

Factorial Effect
Treatment
Combination A B AB C AC BC ABC
(1) - - + - + + -
a + - - - - + +
b - + - - + - +
ab + + + - - - -
c - - + + - - +
ac + - - + + - -
bc - + - + - + -
abc + + + + + + +

Linear Regression Model for 2° Factorial Design

In the linear regression model, the main effects are expressed as X, X», X3 and the
interaction effects are represented as XX, XiX3, XoX3 and X;xpXx3. The variable
coefficients of these terms are B1, B2, B3, P12, P13, P23 and PBi23. As a result the model

1s written as;

y =By + Bix, + Byx, + Bixs + By xx,

+ BiX, X5 + S, X5 + Py X X, X + €

(F.13)

By substituting the interaction effects with, X;X,=X4, X1X3=Xs, X2X3=X¢, X1X2X3=X7
and substituting their variable coefficients with Bio= B4, Bi3= BS, B23=P6 and Pi23=

7 , the equation can be expressed as [59]

y =By + Bix, + Box, + Bixy + Bix, + Bixs + Boxg + frx, +€ (F.14)
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The coefficients in the model are calculated as

B=(X"X)"X"y (F.15)
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APPENDIX G

MEASUREMENT SAMPLES

The measurements taken from the specimen which was cut with a cutting speed of
90 m/min, a depth of cut of 1 um and a feedrate of 1 mm/min are given in Figures
G.1,G.2 and G.3.

Figure G.1 A View of Output Window for Measurement 1
(V=90 m/min, d=1 pm, fr=1 mm/min)
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Figure G.2 A View of Output Window for Measurement 2
(V=90 m/min, d=1 pm, fr=1 mm/min)
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Figure G.3 A View of Output Window for Measurement 3
(V=90 m/min, d=1 pm, fr=1 mm/min)
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