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ABSTRACT

MACHINING OF POLYCARBONATE FOR OPTICAL APPLICATIONS

Bolat, Miislim
M.Sc., Department of Mechanical Engineering
Supervisor: Prof. Dr. M. A. Sahir Arikan
September 2013, 94 pages

Polycarbonate is a very strong and durable material, highly transparent to visible light, with
superior light transmission compared to many kinds of glass. Due to its superior properties,
polycarbonate is one of the most common materials used in optical applications. Since
surface quality is the main issue for optical performance, optimum cutting conditions
should be examined to achieve the best surface quality.

In this thesis, the effects of cutting parameters and vibration on product quality are
experimentally studied. Polycarbonate specimens are machined by Single Point Diamond
Turning machine and the roughness values of the diamond turned surfaces are measured by
White Light Interferometer. A Bruel & Kjaer 4524B accelerometer is used to gather
vibration data. Optimum cutting conditions are investigated by three-level full factorial
design and an empirical formula is obtained to determine the surface roughness by
considering feed rate, depth of cut and spindle speed. Artificial Neural Network (ANN)
modeling is also implemented to predict the surface roughness for different cutting
conditions.

During experiments, the best average surface roughness value is achieved as 2.7 nm which
greatly satisfies the demand for optical quality.

Keywords: Polycarbonate, Single Point Diamond Turning, Monocrystalline Diamond
Tool, Surface Roughness, Vibration
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POLIKARBONATIN OPTiK UYGULAMALAR iCIN iSLENMESI

Bolat, Miisliim
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. M. A. Sahir Arikan
Eyliil 2013, 94 sayfa

Polikarbonat, birgok cam tiiriine gore iistiin 151k gecirgenligine sahip, goriiniir 151k i¢in son
derece seffaf, cok giiclii ve dayanikli bir malzemedir.Polikarbonat, bu iistiin 6zellikleri
nedeniyle, optik uygulamalarda en yaygin kullanilan malzemelerden biridir. Yiizey
kalitesinin optik performans i¢in ana unsurlardan biri olmasi nedeniyle, en iyi yiizey
kalitesini elde etmek icin kullanilmasi gereken optimum kesme deneysel olarak
incelenmistir.

Polikarbonat ornekleri elmas uglu torna ile islenmis ve ylizey piiriizliligli Beyaz Isik
Interferometresi ile dl¢iilmiistiir. Bruel&Kjaer 4524B tiirii ivmedlger titresim dlciimlerinde
kullanilmistir. Optimum kesme kosullar1 tam faktdriyel deneysel ¢alisma methodu ile
incelenmis ve ylizey piiriizliiligii icin matematiksel formiil, ilerleme hizi, kesme derinligi
ve eksenel hiz kullanilarak hesaplanmistir. Yapay Sinir Ag1 modelleme teknigi, farkl
kesim kosullarinda yiizey piriizliiliigiinii tahmin etmek i¢in kullanilmistir.

Deneyler sonucunda, en iyi ortalama yiizey puriizliligii degeri, optik kalite talebini biiyiik
Olciide karsilayan 2.7 nm olarak dlgiilmiistiir.

Anahtar Kelimeler: Polikarbonat, Elmas Uglu Tornalama, Monokristal Elmas Takim,
Yiizey Piriizliliigi, Titresim
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CHAPTER1

INTRODUCTION

1.1  Motivation

Optics is a main developing area of modern science and technology. Optical devices are
vital components in many sectors of industry. There are many kinds of application areas
such as thermal imaging systems, IR imaging systems, night vision systems, visual
systems, telecommunication systems, guidance systems, medical and diagnostic
instruments, projection systems, security systems, digital imaging systems and
astronomical applications.

In military applications, optical systems are widely used for targeting and thermal imaging
purposes. Narrow-wide field of view with superior image quality, high magnification and
clear vision at long ranges can be provided by using such developed systems [1]. Some
typical applications of these systems are shown in Figure 1.1 and Figure 1.2.

Figure 1.1 A360 6X Night Vision Weapon Sight (Courtesy of ASELSAN) [1]



Figure 1.2 FALCONEYE Electro-Optical Sensor System (Courtesy of ASELSAN)[1]

Lenses and mirrors are the main parts of optical devices. Functionality of these parts are
crucial important to obtain better optical performance. With the developing technology,
new materials have been introduced. Until the introduction of plastic lens materials in mid-
1900’s, glass had been the only lens material choice [2]. However, low impact resistance,
high cost and heavy structure of the glasses contributed to the rise of plastics in optical
applications. Also, plastics have superior advantages over other metals in terms of some
properties such as corrosion resistance, electric insulation, light weight, easily and rapidly
making parts in desired shapes. Polycarbonate (PC) which is a particular group of
thermoplastic polymers, has been one of the best choices in optical applications because of
its low weight and high impact resistance [3]. A personal system whose glasses are made
from PC for attack helicopter pilots is shown in Figure 1.3. This system protects the pilot’s
head and face from impact and also displays video and night vision for the pilot during the
mission [1].

Figure 1.3 AVCI Helmet Integrated Cueing System (HICS) (Courtesy of ASELSAN) [1]



Most of the parts used in optical systems are manufactured by injection molding. However,
some custom parts such as intra-ocular lenses and spectacle lenses have to be produced
according to the eye-dioptry of the customer. The current production of these lenses starts
with rough cutting, then grinding and polishing processes are applied until the final optical
quality is reached. However, moving parts from one process to another, unwanted pressure
due to improper fixing of the parts and problems originated from the nature of grinding
and polishing can deteriorate the final quality of optical parts [4]. Therefore, ultra-precision
machining provides better solutions for the manufacturing of high quality parts and the
minimization of problems during manufacturing process.

1.2 Surface Finish and Optical Quality

Surface finish is mainly a process to achieve a better surface from a manufactured part.
However, increasing demand for very high quality surfaces makes the process a little bit
complicated. Although manufacturing process produces surfaces with less than tens of
nanometer accuracy, manufactured parts can still have unwanted defects. Tool marks,
scratches and craters formed in material surface may cause serious problems according to
application area of this material. For example; lens and mirrors used in optical systems
need to have a perfect surface quality to achieve their function but tool marks and other
surface defects can considerably decrease optical performance in terms of scattering and
distortion [5].

Better optical properties is the one of the most important selection criteria for optical parts.
Refraction, reflection, absorption, diffusion and diffraction are main optical properties and
shown in Figure 1.4.
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Figure 1.4 The optical properties of a lens (adapted from [5])

Refraction, reflection and absorption properties depend on material characteristics.
However, diffusion and diffraction are mostly related to the manufacturing process, since
diffusion is dependent on surface roughness. A scattering of a light beam at the surface is
shown in Figure 1.4 (d) and a relation between diffusion and surface roughness is given by
the total integrated scatter (TIS) equation [6, 7]:

47Rq

TIS= (T)2 where (1.1)

TIS : the amount of scattered light with respect to the total intensity of the incident beam
Rq : the root mean square roughness of the surface (given in Appendix A)
A : the wavelength of the incident beam

According to this equation, the larger wavelengths, the less amount of scattering but for the
visual spectrum, with a shortest wavelength of nearly 300 nm, 2.4 nm Rq surface
roughness is needed to have only 1% loss of intensity by scattering, hence optical parts
which will be used in visual spectrum need to have better surface roughness values [5].

Figure 1.5 indicates the relation between surface roughness and optical scattering clearly
where A=500nm and 6=60° [8]. In that figure, 25nm Rq roughness is a critical value which
scatters 10% of the light. According the SPI A-1 specification determined by the Society
for the Plastic Industry, finished plastic molds should have R, between 12.5-25 nm (0.5-



1 microinch). This specification is used for producing plastic mirrors, visors and other
plastic goods. For optical applications, the surface could be as rough as 25nm which is
equal to 35nm Rq (since R, is about 0.7xR,). However, the surfaces should be smoother for

better optical performance [8].

/

TIS(Rq)[%] 20

e

—

-

0 10 20 30 10 <0
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Figure 1.5 Optical Scattering vs. Surface Roughness [8]

Diffraction is also related to machining operation. In literature, it was found that there is
relation between feed rate and diffraction rate by the grating equation for oblique incidence

[9] as:

sinezsin1+m77“ where (1.2)



m: the order of the interference line

)\ :the wavelength of the used light

d: the grating distance

:the angle between surface normal and incident light beam

0 :the angle between surface normal and diffracted light beam

A rainbow image at the surface of diamond turned optical parts is caused by a white light
ray incidents on a surface with regularly spaced pattern. Guido [5] stated that if the feed
rate f is constant, d equals to f and amount of diffraction can be calculated by Equation
(1.2). From this equation, it can be understood that if the feed rate is less than wavelength
of the used light, there will be no diffraction which will result in low production rate.

1.3 Machining of Plastics and Polycarbonate

Plastics are widely used in terms of weight and economic considerations. Their low price
and low specific gravity makes plastics very attractive for all industrial applications.
However, despite the demand for plastics having high level of surface quality and accuracy
are so high, micro-machining of plastics is not very popular.

Although most of the plastics are manufactured by various molding processes such as
injection molding, extrusion or compression molding, manufacturing of parts which are
intricately and precisely shaped are essential [10]. Same traditional methods and cutting
tools to machine metals are mostly being used for plastic machining. However,
manufacturing process of plastics differs from the metal cutting process in some aspects.

Cutting temperature of plastics during machining is not as high as that of metals but the
rate of tool wear and the final surface quality is directly affected by cutting zone
temperature in the machining of plastics[machining and surface integrity of polymeric
materials]. If the glass transition temperature of plastic is reached, a better quality surface
finish is achieved and the material removal process will be in ductile manner. That increase
in temperature causes a decrease in shear stress and tensile strength due to rapid movement
of molecular chains of plastic [11].

Estimated temperature rise of some plastics experimented by Smith [12] is illustrated in
Table 1-1. Thermal flow temperature of these polymers (Glass transition temperature for
Polystyrene (PS), Polycarbonate (PC) and Polymethyl Methacrylate (PMMA): 100°C,
150°C and 165°C, respectively) are well above the temperatures in Table 1-1. Therefore, a



thermal viscous flow during machining is not expected.

Table 1-1 Estimated temperature rise by Smith [12]

Smith’s | Vg R f h Temperature rise in
set
(m/s) | (mm) | (um/rev) | (um) | PS PMMA PC
1 0.3 |3.175| 50.80 |12.7 | 59K 50K 70K
15 [3.175| 50.80 |12.7| 91K 88K 92K
2 0.3 [0.762| 50.80 |12.7| 64K 64K 65K
15 [0.762| 50.80 |12.7| 97K 97K 103K
3 0.4 [0.762| 10.16 |12.7| 42K 25K 23K
40 |0.762| 10.16 |12.7| 88K 85K 87K
10.0 [0.762| 10.16 |12.7 | 96K 100K 105K
4 04 [0.762| 3.81 [12.7| 7K 5K 1K
40 |0.762| 3.81 |12.7| 73K 66K 68K
10.0 (0.762| 3.81 |12.7| 91K 90K 94K

Chip formation process is also known as an important phenomenon. Ductile and brittle
modes of machining affect the surface quality to a large extent. An experimental study was
conducted to show the chip formation in polymer cutting. Different chip structures from
thermosetting ADC and thermoplastic PC were shown in Figure 1.6. It can be easily seen
that crack propagation of below the depth of cut causes a bad quality surface, on the other
hand, ductile chip formation results in good surface quality as seen in PC experiment [5].



Figure 1.6 Brittle chip formation of ADC (a) and ductile chip formation of PC (b) at a
cutting speed of 2.5mm/s (adapted from [13])

Tool wear is another phenomenon during plastic machining. Contrary to common belief,
diamond tool wear during plastic machining can have hazardous effect on final quality of
plastic parts. Electrostatic charging between diamond tool and polymer causes
luminescence effect on the tool surface and the cutting edge of the tool is damaged.
Increasing relative humidity (RH) above 70% can help preventing charging effect which is
experimented by industry. Experimental studies also showed that tool wear is more
possible during cutting polymers which has a higher chain density. The use of water as
cutting mist and spray can be another solution for electrostatic charging [14]. However,
experimental studies conducted in humid conditions did not considerably reduce the wear
of tool during machining PC which shows that there can be another mechanism of tool
wear.

1.4 Aim and Scope of Thesis

Optical systems is a rapidly developing area in military applications. There is an increasing
demand for plastic parts to use in optical industry due to their lower weight and higher
impact resistance. There are several different production techniques to produce optical
parts. Single point diamond turning is one of the most popular techniques to manufacture
complex and low volume production parts. However, single point diamond turning is a
non-linear process which depends on many parameters such as tool geometry, tool-
workpiece interaction, cutting parameters, machine vibration and material properties etc.
Because of these complex relations, the prediction of surface roughness for diamond-turned
parts is really difficult. Since surface roughness values of the machined surface has great



importance, the optimization of cutting parameters is main concern in this study.

There have been many studies about the optimum machining conditions for a good surface
quality however only few of them have achieved really high quality surfaces for plastic
machining.

This study focuses on machining of polycarbonate to obtain the best optical quality. On the
basis of recent studies in literature and the recommendations of tool manufacturers, tool
parameters like rake angle, clearance angle and tool nose radius were taken as (, 10fand 0.5
mm, respectively. The effect of feed rate, depth of cut and spindle speed on surface
roughness were analyzed and vibration data taken from tool holder during machining
process were used to find a correlation between tool vibration and surface roughness of
polycarbonate specimens. Peak to Valley (PV), average surface roughness (R,) and root
mean square (R) values of PC specimens were measured by Zygo NewView 5000 White
Light Interferometry. Three-level full factorial design, artificial neural network modeling
and statistical methods will be implemented to correlate the surface roughness with tool
vibration and cutting parameters.
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CHAPTER 2

LITERATURE SURVEY

2.1 Introduction

Single Point Diamond Turning is a ultra-precision machining process that is widely used to
produce high-quality optical elements from metals and plastics. Diamond turning has
always been an important machining process throughout the history. In 1901, Carl Zeiss
Company used single point diamond turning to produce aspheric surfaces but the quality
was not good enough to use in camera lenses [15, 16]. In 1929, lenses having high
accuracy level surface finish could be manufactured by Bausch [17]. Later, Taylor and
Robson [18] developed a polar coordinate aspheric generation machine to produce high
quality camera lenses.

Despite advances in the ultra-precision turning, it is not always easy to achieve a high
quality surface finish. Lots of parameters such as machine tools, cutting tools, work-piece
material and machining process affect surface quality during turning. Too many
investigation has been made to optimize parameters to have a better surface finish.

Since polymeric materials were started to use in optical applications, diamond turning of
plastics have been studied profoundly. Several researches have been made about cutting
behavior of plastic materials. Smith[12] made a study about the relationship between the
glass transition temperature of the polymer and the surface roughness and claimed that
ductile chip is formed due to adiabatic heating with the increasing cutting speed. The
details of this study is given in Section 2.4. Guido investigated that hypothesis after turning
polymers (PS, PMMA and PC) with different cutting conditions. He found that glass
transition temperature is not reached in diamond turning of investigated polymers. He
showed that there can be little temperature increase in primary shear zone when cutting
speed increases but it is not enough to reach glass transition temperature in PC. Guido also
studied about the wear mechanisms during turning plastics and they found that both tribo-
electric and tribo-chemical wear significantly affect tool wear during turning polymers [5].

Saini et al. [19] made a research about determining optimum parameters for a better surface
finish during turning PC. They changed several parameters to achieve high surface quality.
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They suggested that 0.5pum/rev feed rate, 2um depth of cut and 3000 rpm gives best results
during turning and 25.4 nm average surface roughness is achieved with an old diamond
tool.

Carr and Feger [20] made a study about the material removal mechanisms during diamond
turning of polymers and revealed that material and visco-elastic properties play an
important role to achieve a better surface quality. They also stated that every specific
material need to be analyzed to have a better understanding about diamond turning of
polymers.

In 2010, Yergok [21] made an experimental study about single point diamond turning of
germanium. In his study, he tried to optimize cutting parameters such as rake angle, depth
of cut, feed rate and cutting speed by using “Box Behnken” and “Full Factorial” design
methods.

2.2  Wear Mechanisms During Cutting Plastics

Tool wear is a serious problem which affects machining ability. It causes both economic
problems and quality problems during machining. Contrary to the belief that there is not
much tool wear during diamond turning of polymers, considerably large tool wear has been
observed during experiments [14, 22].

In literature, tool wear during cutting plastics haven’t been much studied but nevertheless
there are quite enough resources to identify wear mechanisms on tool wear. Evan [23]
classified tool wear into four main categories such as adhesion, abrasion, tribo-thermal and
tribo-chemical but Guido [5] added one more wear mechanism called tribo-electric tool
wear during discharging effects during lens production. Since diamond tool and glassy
polymers are insulators, there can be friction due to static electricity between tool and
work-piece However, tribo-electric tool wear mechanism was not dominant for the used
polymers. According to their study, tribo-chemical tool wear plays important role during
cutting PC and PMMA since they observed chain scission which causes highly reactive
radicals during cutting PC and PMMA. That research also contradicts with the work of
Paul and Evans who claimed that no chemical tool wear is occurred during turning plastics
since they don’t have unpaired d-electrons [24]. Guido et al. [22] also concluded their study
by making emphasis on that more than one tool wear mechanism can play important role at
the same time during turning plastics.

Wada et al. [25] analyzed the effect of tool wear on surface roughness during cutting of

nylon and they observed wear pattern under a scanning electron microscope. They studied
how homogeneity of the material and tool shape affect the wear process and observed two
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kind of wear mechanism such as frictional wear and fracture wear due to cleavage.

Measurement of diamond tool wear also plays important role in diamond turning process
because the severity of tool wear determines tool replacement time. There are different
methods such as SEM (scanning electron microscopy), AFM (atomic force microscopy)
and EBID (electron-beam-induced deposition) to measure tool wear [26]. High resolution
image of tool edge sharpness can be viewed by SEM. Acoustic emission and noise
measurement has also been used to detect tool wear and some correlation has been found a
correlation between the sound emitted during machining and cutting tool wear rate [27].

2.3  Effect of Material Characteristics on Surface Roughness

Experiment results indicate that the quality of a diamond turned surface is determined by
both the process factors including feed rate, spindle speed, depth of cut in addition to
relative tool-work-piece vibration due to machine vibration and material factors such as
material anisotropy, swelling and crystallographic orientation of work materials [28].
Different characteristics of materials may affect the cutting process drastically. Tensile
strength, degree of crystallization and molecular weight are also effective properties which
may determine the accuracy level of machining process [29].

Lee et al.[30] notified that the variation of the crystallographic orientation of the work-
piece material can induce such a vibration that can cause an important change in the
surface modulation frequency formed in machined surface.

Carr and Feger [20] studied about the effect of molecular weight on surface roughness.
They showed that increasing molecular weight causes higher surface roughness for
different PMMA grades and based on that information, they concluded that cutting of
polymers occurs in the thermal flow regime.

Guido indicated that crosslink density is not a distinctive parameter to determine the
surface roughness as opposed to what Carr and Feger [20] mentioned that crosslinked
materials cannot be turned to a high optical quality because of their brittle behavior. Guido
experimented different PMMA grades with changing crosslink density and stated that
PMMA grades with higher cross linked density still had optical quality and low R, value

[5].

Zhang and Xiao [31] also mentioned that viscous deformation of a polymer plays an
important role to obtain a better surface quality and they also mentioned that glass
transition temperature, fracture toughness and molecular mobility are the most important
polymer properties for an optimal machining condition.
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2.4  Effect of Temperature on Surface Roughness

In this section, the effect cutting temperature in determining the surface quality and tool
life will be explained. Although there have been few studies about the relationship between
cutting temperature and surface roughness, temperature increase during diamond turning
may play an important role to determine the final surface quality. Since, increasing
temperature in the cutting zone may result in significant tool wear and the change in
deformation characteristics of materials which will be diamond turned [32].

Smith [12] stated that more thermal softening is a result of an increase in cutting speed and
better surface quality is expected when the polymer reached a thermal softening point.
However, Guido [5], with regard to his thermal model, argued that increase in cutting
speed is not very effective for a significant additional temperature increase in the primary
shear zone. Besides, in his study, it is stated that with the increasing cutting speed most of
the generated heat during cutting action is transported to chip via heat conduction and
material transport.

Lubricants also determine the efficency of machining operations due to their lubrication,
cooling properties. Kamruzzaman et al. declared that the use of high-pressure coolant
resulted in significant decrease in tool wear, surface roughness, cutting forces and
significant increase in tool life by means of temperature decrease and the change in tool-
work and tool-chip interaction [33].

Wang et al. also stated that oil-air lubrication is much more effective in reducing the
cutting temperature than wet and dry cutting and also helps avoiding environmental
pollution and reducing running and maintenance costs [34].

Herbert [35] experimented chip-tool interface temperature change under different cutting
conditions by using a tool-work thermocouple system. He analyzed the temperature
increase with the varying cutting speed and different cutting fluids. He revealed that
temperatures increase with the increasing speed from 0.1 m/s to 1 m/s and when he
compared the results after dry cutting, cutting with oil lubricant and cutting using just water
as the cutting fluid. Cutting with water gave the best results due to the fact that water is the
best heat conductor among the others. However, water causes some serious problems such
as corrosion on the machine tool and work-piece and insufficient lubrication.
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2.5 Effect of Vibration on Surface Roughness

In the manufacturing industry, vibration is always an important parameter which affects the
cutting process. Machining vibration is influenced by different sources such as structure of
machine, type of tool, work material, etc. Forced and self-excited vibrations are known as
the main types of the machining vibration. Unbalanced machine-tool components,
misalignment, bad gear drives are the main reasons for force vibration. Self-excited
vibration is generated from the interaction of the chip-removal process and the machine-
tool structure which deteriorates the surface quality of the machined surface [36, 37].

Asiltiirk [38] analyzed the effect of depth of cut, feed rate, nose radius, cutting speed and
vibration on the surface roughness of AISI 1040 steel. He developed an ANFIS predictive
model based on vibration monitoring but in that study, vibration effect was not taken in
three axes instead used as general mean vibration amplitude. Sohn et al. [39] claimed that
vibration is second important factor behind feed rate assuming good tool edge quality and
proper material selection. In their study, they indicated that gradually decreasing feed rate
is not a reasonable way to have a good surface roughness because after some point,
environmental and material effects dominate the machining operation and lower feed rates
than 2pm using a 0.5 mm radius tool do not enhance the surface quality.

Abuthakeer et al. [40] studied the self-excited vibration analysis of the spindle bearing. In
their study, they investigated the natural frequency and vibration response of the system
with the varying parameters such as feed rate, depth of cut and cutting speed.
Accelerometers were used for sensing vibration due to their practical use and capability of
measuring deformations and forced vibrations compared to microphones.

In the study of Lee et al. [41], material induced vibrations were underlined due to the fact
that depth of cut is very small, in order of micrometer, in diamond turning and that is
smaller than the grain size which makes cutting process perform in a single grain.
Therefore, the quality of the machined surface is greatly influenced by the change of
material microstructure.

Chen and Chiang [42] used the rubber-layered laminates to reduce the vibration amplitude
in tool-tip in diamond turning of AI6061-T6 aluminum alloy. They experimented styrene
and butadiene rubber (SBR) and silicone rubber (SI) as rubber materials. They found
5.77% and 13.22% better surface roughness values by using SBR and SI, respectively. The
best surface roughness achieved in that experiment was 0.13pum.

Baek et al. [43] indicated that the relative displacement of the tool in cutting direction is
not very effective in the surface generation and the surface roughness in the infeed cutting
direction is more dominant.
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Kassab and Khoshnaw [44] studied the effect of cutting tool vibration on surface roughness
of workpiece. They concluded that cutting tool acceleration has an important effect on
surface roughness and the effect of cutting tool vibration in feed direction is very smaller
than that in the vertical direction. It was found that vibration in a single direction, as well
as the main cutting parameters such feed rate, depth of cut, and spindle speed can be used
for predicting surface roughness. However, Armarego et al. [45] showed that vibration in
all direction exists in a cutting process and surface roughness can be influenced by
vibration in each direction. In Dimla’s study [46], vibration features are used to monitor
tool-wear procedure in a metal turning process and the procedure showed that wear
qualification of cutting tool is influenced by the vibration signals.

2.6 Optimization of Parameters Affecting Surface Roughness

Due to the increasing demand for better surface finish and dimensional accuracy,
machining process requires the optimal use of cutting parameters, measuring techniques
and experimental design methods. Final surface quality of a workpiece in a ultra-precision
machining process can change depending on tool parameters (nose radius, rake angle,
clearance angle), cutting parameters (feed rate, depth of cut, cutting speed) and all other
process parameters such as coolant, tool-workpiece interaction, machine vibration.
Optimization of parameters in manufacturing is not very easy to achieve due to nonlinear
structure of the machining process. There are so many variables which can affect the
process significantly. However, the main purpose is to obtain a low surface roughness and
less tool wear in terms of production rate, operational cost and quality of machining[19].

Experimental design methods, statistical methods and mathematical models have been used
to analyze the results of the experiments. Thus, empirical relations have been found to
relate the surface roughness with the cutting variables. In literature, many studies have
been conducted to optimize surface roughness by varying machining parameters and by
implementing different experimental methods. Ozel and Karpat [47] investigated the effect
of depth of cut, feed rate and insert radius on surface roughness in turning of AISI 1030
steel bars by using Taguchi method. Cali [48] studied the effect of cutting parameters and
rake angle during single point diamond turning of silicon. 2° factorial design method used
to optimize parameters and best average surface roughness achieved is 1 nm. In the study
of Aslan et al. [49], an orthogonal array and analysis of variance method had been used to
optimize the cutting parameters such as cutting speed, feed rate and depth of cut and final
surface roughness of turned AlSI4140 steel and flank wear of Al,O3 ceramic tool coated
with TiCN were examined as quality objectives. Al-Ahmari [50] used response surface
methodology and neural networks to compare and evaluate the relationship between cutting
parameters and surface roughness by developing empirical models on turning of austenitic
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AISI 302. Kopac et al. [51] studied the effect of cutting speed and feed rate variations on
recorded noise amplitude and found that as compared to feed rate, cutting speed does not
have too much effect on sound vibration. Huang and Chen [52] developed a multiple
regression model to predict the in-process surface roughness of Aluminum 6061T2 in a
turning operation by using feed rate, depth of cut and spindle speed and vibration which is
obtained via an accelerometer on tool holder as predictors. They obtained 1.55% greater
accuracy level in predicting surface roughness by using vibration information than that of
the model which has no vibration information. Xu et al. [53] conducted another
experimental study about the diamond turning of silicon, germanium and aluminum alloy
(Al 6061). Moore Nanotech 250UPL lathe and Newview 7300 interferometer were used for
that experiment. 0° rake angle for aluminum and -25° rake angle for germanium and silicon
had been chosen due to different machining characteristics of materials. The best average
and rms surface roughness value measured for aluminum was 1.6 nm and 1.2 nm,
respectively. For silicon, best values were 0.46 nm rms surface roughness and 0.37 nm
average surface roughness. As for germanium, 0.58 nm rms surface roughness and 0.42 nm
average surface roughness values were the best. Khatri et al. [54] studied the effect of
machining parameters on surface roughness during diamond turning of polycarbonates.
They also tried to found out the profile error to optimize tool path. During experiments, the
best achieved average surface roughness value was about 50 nm. Singh et al. [55] also
observed the surface roughness and waviness during machining of polycarbonate. They
concluded that surface roughness and waviness are increasing with machining time. 9 nm
surface roughness was the best achieved surface roughness during their experiments.
Guido[5] also investigated different polymeric materials and machined polymers in
different cutting conditions. However, the optical quality of polycarbonate could not go
under the accuracy level of 10 nm average surface roughness.

In literature, there are few experimental studies about the diamond turning of

polycarbonates as stated above. In Table 2-1, the best achieved average surface roughness
values and process parameters are given.
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Table 2-1 The best achieved surface roughness values during the diamond turning of
polycarbonate in literature

Reference V. f doc S r R,
Citation (m/s) | (um/rev) | (um) | (rpm) v « (mm) | (hm)
;)‘éig[%] 3 - 10 - 0 | 150 | 1 11
K;‘g;g[‘;f]*'- : 1 2 2000 | 0o | 10°| 1 | 50
Sza(;g'zﬁgf"]' . 05 2 | 3000 | oo | 10° | 05 | 254
5;%%2[6;5?'- ; 1 15 | 2000 [ 0o | 10° | 05 | 9
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CHAPTER 3

DESIGN OF EXPERIMENTS, EXPERIMENT PROCEDURE AND RESULTS

3.1 Introduction

In this chapter, main components used for diamond turning of polycarbonate for optical
applications will be clarified. Firstly, experimental design methods will be introduced to
find a correlation between surface roughness and process parameters. Comparisons among
these methods will be figured out. Then, a brief description of single point diamond turning
setup will be made. Later, main characteristics of diamond tool setup and vibration data
collection system will be introduced. Lastly, the preparation of workpiece setup will be
mentioned and surface roughness measurement methods will be clarified.

3.2  Experimental Design

In this thesis study, main objective is to machine polycarbonate to optical quality and
predict the surface roughness for saving cost and time for high production rates. Therefore,
most important factors in this machining process need to be highlighted. Different
experimental methods are used to analyze the effect of main parameters and predict the
surface roughness during cutting process. As mentioned in Chapter 2, there are different
strategies which are the fuzzy set-based approach [38], multiple regression techniques [52],
artificial neural network approach [50] and full factorial design [48] to analyze the
machining process. Full factorial designs and artificial neural network (ANN) have some
advantages over other methods. Full factorial designs can reduce the number of runs
significantly and provide useful information about the process parameters. As for artificial
neural network approach is very effective if there is too much parameters to control.
Complex relationships between input and output parameters can be modeled accurately and
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reliable and robust models can be obtained. Due to their advantages, three level full
factorial design and artificial neural network approach will be used in this experimental
study.

3.2.1 Three Level Full Factorial Design

Design of the experiments (DOE) is a mathematical methodology to determine the most
relevant factors in a process and provide interpretation of the results and also predict the
possible results for high accuracy. It gives very producible results by minimizing the
number of runs with the minimum cost [56].

DOE starts with determining the objectives of the experiment and choosing the factors to
be investigated. Experimental designs have three main objectives: Comparative, Screening
and Response Surface. Comparative objective is used to identify one important factor and
its effect on changing response excluding other parameters. Screening objective is used to
eliminate the many less important effects during experiment. It focuses for identifying the
main important factors affecting response. Response Surface Objective is mainly used to
optimize the response and make the process more robust [57]. Main design of experiment
methods are given in Table 3-1.

Table 3-1 Design of Experiments Methods [58]

Number of | Comparative Screening Response Surface
Factors Objective Objective Objective
1 Factor
1 Completely
Randomized - -
Design
210 4 Randomized Full or Fractional | Central Composite
Block Design Factorial or Box-Behnken
Randomized Fractional Screen First to
5 or more Block Desian Factorial or Reduce Number
g Plackett-Burman of Factors
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In this study, three-level full factorial design which is one of the screening objective design
of experiment methods is performed on flat surface by considering three parameters as
spindle speed, depth of cut and feed rate. The advantage of implementing three-level
factorial design is to reduce the number of runs and study all paired interactions with three
factors. In three-level full factorial design, the highest, the lowest and the middle points of
these parameter values are used and thus 27 runs are performed. The highest values are
represented by (+1), the lowest values represented by (-1) and the middle points of these
values are represented by (0). Performed runs are tabulated in Table 3-2.

Table 3-2 Runs for Three-level Full Factorial Design with Three Parameters

Parameters Parameters

Run A B C Run A B C
1 0 +1 +1 15 0 +1 -1
2 +1 0 -1 16 0 -1 -1
3 0 0 +1 17 +1 -1 -1
4 +1 0 +1 18 -1 0 -1
5 +1 -1 0 19 -1 -1 -1
6 0 -1 +1 20 0 0
7 -1 +1 -1 21 0 +1
8 -1 -1 +1 22 +1 +1 +1
9 -1 +1 +1 23 +1 +1 -1
10 0 -1 0 24 -1 0 0
11 -1 0 +1 25 +1 +1 0
12 -1 +1 0 26 +1 -1 +1
13 0 0 -1 27 +1 0 0
14 -1 -1 0

Finally, the relation between surface roughness of machined polycarbonate and cutting
parameters like spindle speed, depth of cut and feed rate is determined by using
mathematical models which is obtained from DOE methods. Finally, an analysis of
variance (ANOVA) is performed using JMP to explore the significance level of parameters
on surface roughness of polycarbonate. All results from experimental methods and all data
collected from ANOVA studies will be given in Chapter 3.
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3.2.2 Artificial Neural Network Approach

With the developments in computer technology, ANN has been very effective method to
study nonlinear systems with a large number of variables. It provides fast and reliable
results for complex systems with less experimental data [59].

The main element of ANN is a neuron whose shape and size can change according to its
function. A neural network contains the input layer neurons, hidden layer neurons, and an
output layer. A simple presentation of ANN is shown in Figure 3.1.

Inputs

Tnput Layer Cratput Lagyer

Hidden Lazer

Figure 3.1 ANN architecture in a single hidden layer

Combination of neurons with different weighted interconnections constructs the neural
networks. In ANN approach, an algorithm such as Levenberg-Marquardt (LM) back
propagation or scaled conjugate gradient (SCG) back propagation is used to determine
these weights. ANN maps between input and output data sets. For mapping, training is the
most important duty. Input and output data is defined for the network and ANN starts
training with these parameters. ANN continues learning the system during the training.
Learning procedure may change according to given data to the network. ANN trains the
input data and tries to minimize the error by comparing the prediction values with the
actual output data. Since the number of neurons in the input and output layers are known,
the number of hidden layer neurons determine the efficiency of the network. Limited
number of neurons can decrease the learning performance, while too many hidden layer
neurons can causes the reduction in learning speed and sometimes stop the learning
completely. Therefore, trial and error method is used to optimize the process[60].
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In the thesis, Matlab 7.9.0 Neural network toolbox with a two-layer feed-forward network
with sigmoid hidden neurons and linear output neurons is used to predict surface
roughness. The same data set which is prepared for three level full factorial design is used
as input data set of the ANN. Additionally, V, (vibration in x direction), V, (vibration iny
direction), and V, (vibration in z direction) is added to the network. Thus, feed rate, depth
of cut, spindle speed, Vy, Vy and V, are used as input layer parameters. The surface
roughness will be used as output layer of the ANN. A single hidden layer of different
number of neurons is implemented. The behaviors of networks with varying number of
neurons are tabulated in Chapter 4. The prediction values for training data and test data
which has never been trained before, are also tabulated and compared in Chapter 4. Finally,
an independent sample t test was carried out to show reliability and applicability of ANN
by using IBM SPSS Statistics 20 software.

3.3 Single Point Diamond Turning

Single Point Diamond Turning is a ultra-precision machining process for producing high
quality optical surfaces on metal, polymers and crystals. In diamond turning, work piece is
pulled onto a vacuum chuck, whose surface quality is within a few fringes, the spindle
rotates with high precision with the help of air bearings, the tool is numerically controlled
and a laser interferometer monitors its movements. A submicron level dimensional
accuracy and nanometer level surface roughness can be achieved by diamond turning with
a single point cutting tool. In addition to optical materials, materials such as magnesium,
aluminum, gold, beryllium, nickel, tin, and copper are compatible with diamond turning
[61].

Surface quality can be affected by so many factors such as vibration, change in humidity
and partial pressure of atmospheric gases and temperature during ultra-precision machining
with diamond turning. To minimize negative effects of vibration, balanced air bearing
spindles, closed loop controllers using laser interferometric feedback, mounting the
machine on a block of granite with vibration isolation material can be used. Temperature
control is also very important to maintain good surface quality and preventing machining
errors, therefore the work piece, machine and its components should be in thermal
equilibrium before material removal starts. Surface finish is also affected by machining
parameters such as the radius of cutting tool, feed rate, depth of cut, spindle speed, rake
angle, tool wear, coolant fluids, the material being machined [62].

In this study, Precitech Freeform 700U four-axis diamond turning machine is used as
shown on Figure 3.2 and the specifications of the machine are given in Appendix B. The
four axes of the machine are shown on Figure 3.3. Control of only two axes (X and Z) are
sufficient for machining of flat, spherical, aspheric or diffractive optical surfaces.
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Figure 3.2 Precitech Freeform 700U four-axis diamond turning machine
(adapted from [21])

Figure 3.3 Four Axes of Diamond Turning Machine (adapted from [21])
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3.4 Mono-crystalline Diamond Tool Setup

In advanced machining, the selection of cutting tool is very important. Final surface quality
is affected by several error sources such as tool setting, environmental conditions,
fixturing, and tool waviness. However, controlled waviness tools can decrease such kind of
errors and production costs can also be decreased by choosing appropriate tools. In
controlled waviness tools, the radius shape deviates from a true circle by a certain value
and even less than 50 nm deviation can be reached [63].

As mentioned in Section 2.1 and Section 2.6, tool parameters can also affect the final
surface roughness of machined parts. Therefore, suitable tool parameters are chosen
according to experiments in literature and manufacturer’s suggestions.

In this study, mono-crystalline controlled waviness diamond tool is used to machine PC
specimens. In manufacturer’s catalog, the suggested rake angle is between +2.5 and -2.5
and the clearance angle is between 5 and 15. Tool rake and clearance angles are chosen as
(0and 107, respectively throughout the experiment.

The monocrystalline diamond tool is mounted on a tool holder (Figure 3.4) by means of
M5 screws. The tool numbering system for diamond tool is given in Appendix C and a
sample tool number on the tool is shown in Figure 3.5.

According to the tool numbering system of manufacturer, the tool has following properties;
C: Controlled waviness tool

0.5m: Tool has 0.5 mm radius

L: 0° rake angle

G: 10° front clearance angle
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Figure 3.4 Mounting of monocrystalline diamond tool

Figure 3.5 Tool numbering for monocrystalline diamond tool

3.5 Vibration Data Collection Setup

A vibration data collection system (Figure 3.6) is established to determine a relation
between tool vibrations and surface roughness of the final product.
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The vibration data collection system includes an accelerometer (Bruel & Kjaer 4524B)
from which signals are amplified, an analyzer (Pulse Front End 3560C) which obtains data
from the accelerometer and a software (Pulse 16.0) which is processing all input data. Data
collection setup is shown in Figure 3.6.

Figure 3.6 Data Collection Setup

The accelerometer is mounted onto lateral face of tool holder as shown in Figure 3.7 and
in Figure 3.8. Same axes notation were used between the accelerometer and the lathe.
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Figure 3.7 Mounting of the accelerometer (Top view)

Figure 3.8 Mounting of the accelerometer (Front view)

28



3.6 Work-piece Setup

Before implementing this experiment, first of all solid polycarbonate sheet called
Makrolon® UV is purchased from the Sancaksan company. This company brings all PC
products from Bayer Makrolon Sheet Europe company. The product data sheet of the PC is
given in Appendix D [64]. The PC sheet was 2050 mm long and 1250 mm wide and 10
mm thickness. Then, this Makrolon sheet is cut into 50 specimens whose diameters are 30
mm by using Hermle C40 Machining Center (5 axes) [65]. All specimens are numbered as
shown in Figure 3.9.

Figure 3.9 Numbered PC Specimens

After preparing the specimens, a fixture which has a 30 mm inside diameter is produced to
place PC specimens as shown in Figure 3.10. This fixture is machined from Ertalyte®
material which is not easily affected from temperature changes.
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Figure 3.10 Fixture for the placement of PC specimen

Since the alignment of the axis of work piece with the axis of the spindle is critical to
obtain high quality optical surfaces, PC specimen is centered by using a dial indicator
which is controlled by the turning machine. After placing PC specimen into the vacuum
chuck by using negative air pressure, the probe of the indicator is touched on the lateral
face of workpiece and then machine operator revolves the chuck slowly by hand and report
all deviations on the dial. According to the manufacturer’s catalog, concentricity difference
of axes needs to be less than 0.5 um for finish operations. This process was repeated until
reaching below that value and the same centering operation is applied for every run. The
adjustment of the workpiece is shown in Figure 3.11.
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Figure 3.11 Centering of the PC specimen

When the thickness of all of the specimens are measured by touching the probe of
thickness gage to the specimen upper surface as shown in Figure 3.12, considerable
differences are observed between thicknesses so all specimens are turned to the same
thicknesses.

Figure 3.12 Thickness control of the specimens
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After completing tool and work piece setup, the cutting parameters for each run are entered
to machine program and all runs are completed.

3.7 Surface Roughness Measurement

Surface roughness plays a critical role in determining the optical performance of many
devices. The amount of light scattering at the intended wavelength of operation is a major
parameter for optical performance because rough surfaces scatter light which is undesirable
for optical systems. Scattering needs to be controlled by limiting the surface roughness [8].
Therefore, it is very important to measure and analyze the surface texture.

The surface texture comprises two components: waviness and roughness. The roughness
represents the more closely spaced peaks and valleys and usually produced by the surface
forming processes. The waviness consists of the more widely spaced irregularities due to
vibration in machining process. The surface topography also includes other irregularities
such as form error. The lay is used to indicate the direction of dominant pattern of texture
on the surface and the lay pattern formed by machining processes is generally strong and
unidirectional [66]. Figure 3.13 shows the main components of the surface topography.

Waviness

Lay
\ (direction of
dominant pattern)

Roughness

Roughness

spacing
Il\w.vinoss Profile

spacing

Figure 3.13 Surface characteristics and Terminology (adapted from [67])
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During the machining, it is inevitable to have some defects and impurities on the surface of
the machined parts. Work piece material properties, machine vibrations, surface damage
due to chip formation and inaccuracy of spindle and tool holder can cause such defects
on the surface and surface roughness is the result of all these irregularities [68]. There are
numerous methods to measure surface roughness. They are mainly divided into two types:
contact methods and non-contact methods. Stylus instruments like a simple touching probe,
using a contact measurement method, have limited flexibility for measuring surface
roughness of different parts due to low measurement speed and limited contacting ability to
the precision surfaces. General principle is that the stylus transverses the peak and valleys
on the surface and the transducer converts the vertical motion of the stylus to the electrical
signal. Finally this signal can be analyzed by analogue or digital techniques and it can be
stored in computer to be analyzed for roughness and waviness parameters [67].

However, optical and computer vision methods such as laser scanning confocal microscopy
and white light interferometry are much more useful for 3D characterization of different
surfaces. In white light interferometry method, a beam splitter separates the light and while
one beam is pointed to the referenced surface, the other beam is guided to measured
surface. Then , these beams are reflected from the surfaces and they interfere with each
other inside the optical system. Finally, the light and dark fringe pattern produced by these
interferences produces the 3D interferogram of the surface which will be transformed to 3D
image structure with surface profiles [69]. A schematic showing how scanning white light
interferometry working is illustrated in Figure 3.14.
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Interferometer objactive
(Mirau type)

Refarenca miror -

Figure 3.14 Schematic View of Optical System of White Light Interferometry [69]
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In this study, white light interferometer is used to measure the surface roughness of the
finish-turned PC specimens as shown in Figure 3.15 and technical specifications are given
in Appendix E.

Figure 3.15 Zygo NewView 5000 White Light Interferometry [70]

The surface roughness of machined PC specimens are measured in terms of three different
parameters. Peak to Valley, root-mean-squared roughness and average roughness values of
the surfaces are obtained from the interferometry measurements. Since any residual dirt,
dust, grime or other absorbent materials left on the surface can highly affect the
measurements, all measurements are done after the cleaning the surfaces of turned PC
specimens.

3.8  Machining Parameters and Experimental Procedure

In this study, totally 43 runs are performed. In the first part of the experiment, 27 PC
specimens are cut in 27 different machining conditions depending on three-level full
factorial design which was clarified in Chapter 3.2. Feed rate, spindle speed and depth of
cut are selected between 1-9 pm/rev, 1000-2000 rpm and 5-40 um respectively as cutting
conditions. After completing every five runs, the first run is repeated by using cutting
conditions which is 5 um/rev feed rate, 2000 rpm spindle speed and 40 um depth of cut, in
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order to control the tool wear. In the second part, one PC specimen is cut three times by
using same cutting conditions which is 5 um/rev feed rate, 2000 rpm spindle speed and 5
um depth of cut, in order to show the repeatability of the experiment. In the final part,
using the same experimental setups, a validation run is performed. One PC specimen is cut
in 8 different cutting conditions which feed rate, spindle speed and depth of cut are selected
between 2-12 pum/rev, 1000-2250 rpm and 3-50 um, respectively. The range of the
parameters in validation run is selected bigger than that of experimental runs. The main
objective was to show the reaction of the model for different cutting conditions and to learn
the tendency of response beyond the limits.

After the adjustment of tool and workpiece setup, the finish cutting of flat polycarbonate
specimens with mono-crystalline diamond tool were performed. After all cutting
operations, the surface roughness of each PC flat disc specimen is measured by using white
light interferometer from 4 different points, all in 90° with each other across the
circumference as shown in Figure 3.16.

Figure 3.16 Measurement points for PC specimen

After completing all runs, three-level full factorial design method was performed to obtain
a mathematical relation between surface roughness and surface parameters. This method is
conducted by SAS Institute JMP statistical software. Then, ANN modeling was performed
to predict the surface roughness for experimental runs and validation runs.

During each cutting, the vibration data is collected in x,y, and z direction by using the
vibration data collection system. A SPSS analysis is used to determine the Pearson’s
correlations between the vibration data in x, y, and z directions and surface roughness.
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An independent samples t-test was also implemented to analyze the results of ANN
predictions by using IBM SPSS Statistics 20 software.

As a result, the surface roughness values of machined polycarbonate specimens were
measured and mathematical models are obtained by using the results of different
experimental design methods and these results are analyzed. The repeatability of the
experiment is analyzed and a validation run is performed to check the surface roughness
results predicted by ANN model and full factorial design method.

3.9 Three-Level Full Factorial Design

Three-level experimental design method is performed to obtain a mathematical model and
find the relationship between cutting parameters and surface roughness. During machining,
the highest, the lowest, and the middle values of machining parameters are used. Feed rate,
depth of cut and spindle speed are selected to define a relationship between surface
roughness and machining parameters.

During machining Kerosene with misted air is used as cutting fluid. Mono-crystalline
diamond tool whose tooling number is S95843 of Contour was chosen as 0° rake angle and
10° clearance angle according to previous studies and manufacturer’s suggestions. The
properties of cutting fluid and tool were given in Table 3-3.

Table 3-3 Machining Parameters for Experiment 1

Cutting Fluid Dovent IP 175/195

Mono-crystalline Diamond Tool 595843 — C020LG

Nose Radius (mm) 0.5
Rake Angle (°) 0
Clearance Angle (°) 10

The first experimental study is performed by 3 Level Full Factorial Design with three
parameters and flat polycarbonate disk was machined at highest, lowest and center point of
each parameters. The order of runs are given in Table 3-4.
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Table 3-4 Order of Runs for the Experiment 1

Feed Depth | Spindle Feed Depth | Spindle
Run Rate | of Cut | Speed Run Rate | of Cut | Speed
(um/rev) | (um) | (RPM) (um/rev) | (um) | (RPM)
1 5 40 2000 15 5 40 1000
2 9 22.5 1000 16 5 5 1000
3 5 22.5 2000 17 9 5 1000
4 9 22.5 2000 18 1 22.5 1000
5 9 5 1500 19 1 5 1000
6 5 5 2000 20 5 22.5 1500
7 1 40 1000 21 5 40 1500
8 1 5 2000 22 9 40 2000
9 1 40 2000 23 9 40 1000
10 5 5 1500 24 1 22.5 1500
11 1 22.5 2000 25 9 40 1500
12 1 40 1500 26 9 5 2000
13 5 22.5 1000 27 9 22.5 1500
14 1 5 1500

Totally, 27 runs are performed as shown in Table 3-5. Four different points with 90’ angle
are used as measurement points and the average of these four values are taken as average
roughness. The best and the worst surface roughness measurements from Zygo
Interferometry are given in Appendix F. The measurement results for all runs are tabulated
in Appendix G and Appendix H.
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Table 3-5 Results of the Surface Roughness Measurements for Experiment 1

o | e PR [ [ e

(nm/rev) [ (mm) (RPM) (nm) (nm) (nm)
1 5 40 2000 17.9 27.5 749.3
2 9 22.5 1000 15.0 17.6 399.9
3 5 225 2000 16.5 29.3 566.9
4 9 22.5 2000 33.7 64.2 1101.9
5 9 5 1500 19.7 25.8 679.6
6 5 5 2000 9.4 121 544.2
7 1 40 1000 10.1 12.9 265.7
8 1 5 2000 2.7 3.4 32.7
9 1 40 2000 9.5 12.0 150.9
10 5 5 1500 12.0 16.0 634.0
11 1 22.5 2000 6.4 8.0 67.7
12 1 40 1500 9.2 115 167.0
13 5 225 1000 12.2 15.2 126.4
14 1 5 1500 3.7 4.7 55.6
15 5 40 1000 12.8 16.0 359.3
16 5 5 1000 10.2 13.0 277.7
17 9 5 1000 115 18.6 792.7
18 1 225 1000 8.3 10.5 163.3
19 1 5 1000 47 7.8 143.6
20 5 22.5 1500 8.5 10.9 315.1
21 5 40 1500 13.6 175 489.6
22 9 40 2000 46.8 97.4 1565.4
23 9 40 1000 25.9 57.6 1357.9
24 1 225 1500 4.3 55 186.5
25 9 40 1500 21.6 48.8 1412.0
26 9 5 2000 221 50.4 12254
27 9 225 1500 26.4 62.8 1471.7
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The mathematical relationship between R, and machining parameters for 3° full factorial

design used in this study is shown below [57].

Y (ijk) = p+ AG) + B(j) + AB(ij) + C(k) + AC(ik) + BC( jk) + ABC(ijk) (3.1)

The open-form of Equation (3.1) which has 17 coefficients from a, to a;,3 is formulated as
in Equation (3.2). All these coefficients are calculated by using JMP® Pro 10. The
calculated coefficients for R,, Rq and PV are given in Table 3.6.

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

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

+a,,* f*f*doc+a,,*f*f*S+a, *S*S*f (3.2)
+a,,, *doc*doc*S +a,,, *S*S* f +a,, *S*S*doc

+a,,,* f *doc*S

Where;

R: Roughness (R,, Rq and PV)
f: Feed rate

doc: Depth of cut

S: Spindle speed
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Table 3-6 The coefficients for 3° full factorial design

Coefficient PV rms R,
ao 566.731 | 25.067 14.608
a 397.983 16.640 7.424
a -0.628 -3.261 -1.608
a3 96.071 6.138 2.463
a -5.017 -2.314 -0.770
s 92.415 6.989 3.040
a3 -25.476 -1.759 -0.738
a 81.577 5.356 1.451
ax -111.281 | -5.929 -2.821
ass -24.392 1.739 0.982
a112 -43.495 -0.934 -0.594
a113 -37.625 1.953 0.920
a1 -79.603 -4.339 -1.050
a3 21.488 -0.528 -0.704
331 -22.093 0.638 0.383
332 57.680 0.829 -0.764
123 -17.273 -0.873 -0.541

Since the parameter levels were selected as -1,0 and 1, the equation above can not
be used for actual cutting parameter values. Therefore, a transformation is made for
using actual cutting parameters in engineering units as shown in Equation (3.3).
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R=a,+a *[(f -5)/4]+a,*[(doc—-22.5)/17.5]

+a, *[(S —1500) / 500] +a,, *[(f —5)/4]*[(doc —22.5) /17.5]
+a,, *[((f —5)/4]*[(S —1500) / 500]

+a,, *[(doc —22.5) /17.5]*[(S —1500) / 500]

+ay, *[(f =5)/4]*[(f -5)/4]

+a,, *[(doc —22.5) /17.5]*[(doc — 22.5) /17.5]

+a,, *[(S —1500) / 500]*[(S —1500) / 500]

+a,,, *[(f =5)/4]*[(f —5)/4]*[(doc—22.5)/17.5]

+a,,, *[(f =5)/4]*[(f —5)/4]*[(S —1500) / 500]

+a,,, *[(S —1500) / 500]*[(S —1500) / 500]*[(f —5) /4]

+a,,, *[(doc —22.5) /17.5]*[(doc — 22.5) /17.5]*[(S —1500) / 500]
+a,,, *[(S —1500) / 500]*[(S —1500) / 500]*[( f —5)/4]

+a,3, *[(S —1500) / 500]*[(S —1500) / 500]*[(doc — 22.5) /17.5]
+a,,, *[(f —5)/4]*[(doc —22.5) /17.5]*[(S —1500) / 500]

(3.3)

By using Equation (3.3), the predicted R, values are calculated and the comparison with
measured R, is tabulated in Table 3-7. The comparison between measured and predicted
PV and R, values are given in Table 3-8. Then, prediction accuracy for three-level full
factorial design are determined. Equation (3.4) is used to calculate the accuracy of the
model.

n R.—RP.
5= %Z (L —21100%) (3.4)

i=1 a,i

where

0 = the estimation error

n = the total number of measurements

i= the estimated measurement for a specific run

R, ;= the measured surface roughness for a specific run

R, ;= the predicted surface roughness for a specific run
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Table 3-7 Comparison of measured and predicted R, values

RUN Measured | Predicted | Residual | Error

Ra (nm) | Ra (hm) | (nm) (%)
1 17.9 19.2 -1.3 7.50
2 15.0 17.3 -2.3 15.50
3 16.5 14.9 15 9.24
4 33.7 35.0 -14 4.07
5 19.7 18.1 1.6 8.03
6 9.4 9.5 -0.2 1.95
7 10.1 10.8 -0.7 6.58
8 2.7 0.4 2.3 86.28
9 9.5 11.7 -2.2 22.74
10 12.0 11.9 0.2 1.28
11 6.4 6.6 -0.2 2.36
12 9.2 6.3 2.8 30.90
13 12.2 11.1 11 8.78
14 3.7 5.4 -1.7 4751
15 12.8 13.9 -11 8.56
16 10.2 10.1 0.0 0.28
17 11.5 10.9 0.6 4.86
18 8.3 7.1 1.3 15.04
19 4.7 53 -0.6 12.42
20 8.5 111 -2.6 30.41
21 13.6 11.2 2.4 17.92
22 46.8 43.3 35 7.49
23 25.9 24.1 1.8 6.81
24 4.3 5.4 -11 25.55
25 21.6 26.8 -5.3 24.45
26 22.1 24.2 -2.1 9.69
27 26.4 22.8 3.7 13.96
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Table 3-8 Comparison of measured and predicted R, and PV values

RUN Measured | Predicted | Residual raEerrfnrws Measured | Predicted | Residual rftgg:/

Rq(hm) | Rq(nm) | Ry(nm) (%) PV (nm) | PV (nm) [PV (nm) %)
1 27.5 29.3 -1.7 6.29 749.3 698.8 50.5 6.74
2 17.6 26.0 -8.4 47.84 399.9 605.5 -205.5 [ 51.39
3 29.3 24.1 51 82.42 566.9 494.5 72.4 87.22
4 64.2 69.8 -5.6 108.79 | 11019 | 1166.5 -64.6 105.86
5 25.8 29.3 -3.4 113.36 679.6 909.8 -230.2 | 133.87
6 12.1 15,5 -34 128.18 544.2 667.1 -122.9 | 122.59
7 12.9 15.6 -2.8 121.66 265.7 320.1 -54.5 120.50
8 3.4 1.0 2.4 29.83 32.7 37.2 -4.5 113.59
9 12.0 14.9 -2.9 124.05 150.9 138.6 12.3 91.87
10 16.0 12.1 3.9 75.74 634.0 448.1 185.9 70.68
11 8.0 7.5 0.5 93.85 67.7 75.5 -7.8 111.55
12 115 5.8 5.7 50.49 167.0 124.8 42.2 74.74
13 15.2 11.5 3.7 75.74 126.4 15.2 111.2 11.99
14 4.7 5.2 -0.4 109.23 55.6 11.3 44.3 20.37
15 16.0 19.2 -3.2 120.08 359.3 407.5 -48.3 113.44
16 13.0 13.4 -0.5 103.66 277.7 340.6 -63.0 122.67
17 18.6 16.2 2.4 86.93 792.7 689.9 102.8 87.03
18 10.5 5.7 4.7 54.61 163.3 69.0 94.3 42.23
19 7.8 9.8 -2.0 125.16 143.6 183.5 -39.9 127.75
20 10.9 19.8 -8.8 180.62 315.1 498.8 -183.7 | 158.29
21 17.5 12.6 4.9 71.83 489.6 491.8 -2.2 100.45
22 97.4 92.8 4.6 95.25 1565.4 | 1628.2 -62.8 104.01
23 57.6 51.6 6.0 89.60 13579 | 1255.2 | 102.7 92.44
24 55 10.7 -5.2 195.82 186.5 273.0 -86.5 146.38
25 48.8 59.4 -10.6 | 121.76 | 1412.0 | 1452.0 -40.0 102.83
26 50.4 49.4 1.0 97.99 1225.4 | 1098.1 | 1274 89.61
27 62.8 48.7 14.1 77.59 1471.7 1201.5 270.1 81.64
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By using the formula in Equation (3.4) and the results in Table 3-7, the error rate of this

model is calculated to be 15.93%.

Finally, an ANOVA study is conducted with JMP® Pro 10 to analyze the effect of the
parameters. A low p-value as 0.0015 and the coefficient of determination (r?) as 0.96 show
a statistically significant effect on surface roughness among the factors. Summary of fit,
analysis of variance and F-tests for model and for parameters are tabulated in Table 3-9
through Table 3-11.

In Table 3-9, correlation coefficient of the model is about 0.96 which shows that the
parameters in the model significantly affect the result. Low P-value in Table 3-10 indicates
that our null hypothesis that none of the parameters affect the result, is not true. This low
value says that at least one of the parameters is significantly related to the result.

Table 3-9 Summary of Fit

Summary of Fit
RSquare 0.9551528
RSquare Adj 0.8542466
Root Mean Square Error 3.7969396
Mean of Response 14.608185
Observations (or Sum Wgts) 27

Table 3-10 ANOVA for prediction model

Sum of Mean
Source DF Squares Square F Ratio | Prob>F
Model 18 2456.3762 136.465 9.4657 |0.0015
Error 8 115.334 14.417
C. Total 26 2571.7102
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Table 3-11 F-Test for factors

Sum of
Source Nparm | DF Squares F Ratio | Prob>F
f(um/rev) 2 2 1544.8943 53.5798 | <.0001
doc(um) 2 2 284.6509 9.8722 |0.0069
S(RPM) 2 2 189.7873 6.5822 |0.0204
f(um/rev)*doc(um) 4 4 76.628 1.3288 |0.3384
f(um/rev)*S(RPM) 4 4 276.6786 4.7979 |0.0286
doc(um)*S(RPM) 4 4 83.7372 1.4521 |0.3022

In Table 3-11, the effects of factors and their interactions on surface roughness are
highlighted. Feed rate is the most dominant effect on surface roughness due to low P-value.
Depth of cut, spindle speed and the interaction between feed rate and spindle speed have
also effect on surface roughness even if their effect is not as high as that of feed rate.

3.10 Artificial Neural Network Modeling

In this section, a method used to make use of the vibration data in prediction of the surface
roughness is presented. Since the correlation is a measure of how well the parameters are
related, Pearson’s correlations, the most common measure of correlation in statistics,
between surface roughness and cutting parameters including vibration data are determined
by using IBM SPSS Statistics 20 software and standard deviations and Pearson Correlation
coefficients are tabulated in Table 3-12 and Table 3-13.

Table 3-12 Descriptive Statistics for Vibration and Surface Roughness

Mean Std. Deviation N
Ra 14.60819 9.945448 27
Vx 27.39374 2.524430 27
Vy 52.15826 7.301313 27
Vz 37.64059 4.320149 27
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Table 3-13 Pearson’s Correlations for Vibration Data

Ra VX Vy Vz

Pearson Correlation 1 578" 553" 566"
Sig. (2-tailed) .002 .003 .002
Sum of Squares and

Ra 2,571.710| 377.106| 1,044.452| 632.471
Cross-products
Covariance 98.912 14.504 40.171 24.326
N 27 27 27 27
Pearson Correlation 578" 1 .800" 683"
Sig. (2-tailed) .002 .000 .000
Sum of Squares and

Vx 377.106| 165.691 383.485| 193.717
Cross-products
Covariance 14.504 6.373 14.749 7.451
N 27 27 27 27
Pearson Correlation 553" .800" 1 6117
Sig. (2-tailed) .003 .000 .001
Sum of Squares and

Vy 1,044.452| 383.485| 1,386.039| 501.123
Cross-products
Covariance 40.171 14.749 53.309 19.274
N 27 27 27 27
Pearson Correlation 566 683" 6117 1
Sig. (2-tailed) .002 .000 .001
Sum of Squares and

Vz 632.471| 193.717 501.123| 485.256
Cross-products
Covariance 24.326 7.451 19.274 18.664
N 27 27 27 27

**_Correlation is significant at the 0.01 level (2-tailed).
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Analyzing the Pearson Correlation values for V,, Vy, and V,, SPSS analysis showed that
vibration in three directions is also an important factor on surface roughness. Pearson’s
correlations for feed rate,depth of cut and spindle speed are also represented to compare the
effects of all parameters. Table 3-14 represents the results of SPSS analysis for cutting
parameters. According to these results, feed rate is the most significant factor since the
Pearson’s Correlation coefficient is 0.761 which is much bigger than that of depth of cut
and spindle speed.

Table 3-14 Pearson’s Correlations for Cutting Parameters

Ra feedrate | depthofcut | spindlespeed
Pearson Correlation 1 761" .333 252
Sig. (2-tailed) .000 .090 .204
Sum of Squares and
Ra 2,571.710| 654.636| 1,252.633 27,144.500
Cross-products
Covariance 98.912| 25.178 48.178 1,044.019
N 27 27 27 27
Pearson Correlation 761" 1 .000 .000
Sig. (2-tailed) .000 1.000 1.000
Sum of Squares and
feedrate 654.636 [ 288.000 .000 .000
Cross-products
Covariance 25.178 11.077 .000 .000
N 27 27 27 27
Pearson Correlation .333 .000 1 .000
Sig. (2-tailed) .090 1.000 1.000
Sum of Squares and
depthofcut 1,252.633 .000 | 5,512.500 .000
Cross-products
Covariance 48.178 .000 212.019 .000
N 27 27 27 27
Pearson Correlation 252 .000 .000 1
Sig. (2-tailed) .204 1.000 1.000
) Sum of Squares and 4,500,000.00
spindlespeed 27,144.500 .000 .000
Cross-products 0
Covariance 1,044.019 .000 .000| 173,076.923
N 27 27 27 27

**_Correlation is significant at the 0.01 level (2-tailed).
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ANN has become a part of this thesis in that point since the analysis will be very difficult
to carry out including vibration data. Using ANN, such a variety of parameters can be
experimented fast and accurately. As explained in detail in Chapter 3, the number of hidden
neurons in the layer was the only parameter which will be changed in that ANN approach.
From 1 to 10 hidden neurons are experimented for this study and best network which gives
the best prediction have been found. Matlab 7.9.0 with Neural Fitting Tool (nftool)
interface has been used during the ANN modeling. All results have been presented by
using sim function which simulates the neural networks.

In ANN modeling, three different groups are defined for the system. Firstly, 27 input data
set with 6 variables were entered to the system. Secondly, the results of these 27 runs are
added to the system as target. Finally, a validation set with 6 parameters are selected to
predict. The data set defined for the system is shown in Table 3-15.
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Table 3-15 Input and Target Data Set for ANN modeling

rn | Ree | cut | ed | X | Y | 2 | R

(um/rev) (um) (RPM) [ (mgRMS) | (mgRMS) | (MgRMS) | (nm)
1 5 40 2000 28.07 45.97 41.69 17.9
2 9 22.5 1000 27.9 52.76 37.75 15.0
3 5 22.5 2000 27.86 44.58 38.87 16.5
4 9 22.5 2000 29.9 61.7 46.74 33.7
) 9 ) 1500 26.97 43.16 37.54 19.7
6 5 5 2000 25.35 49.91 35.04 9.4
7 1 40 1000 28.74 44.8 39.13 10.1
8 1 ) 2000 25.17 45.21 32.67 2.7
9 1 40 2000 26.54 56.23 35.81 9.5
10 5 ) 1500 27.09 52.08 36.9 12.0
11 1 22.5 2000 26.45 52.67 36.93 6.4
12 1 40 1500 28.75 52.6 35.59 9.2
13 5 22.5 1000 26.72 52.41 37.35 12.2
14 1 5 1500 25.53 46.66 33.04 3.7
15 5 40 1000 32.77 66.69 38.66 12.8
16 5 5 1000 28.91 58.81 46.34 10.2
17 9 5 1000 26.06 54.75 35.74 115
18 1 22.5 1000 25.88 48.86 33.23 8.3
19 1 5 1000 28.14 54.58 37.88 4.7
20 5 22.5 1500 25.15 46.91 33.72 8.5
21 5 40 1500 26.01 50.85 40.1 13.6
22 9 40 2000 36.22 74.97 45.09 46.8
23 9 40 1000 25.64 48.615 33.207 25.9
24 1 22.5 1500 25.25 44.57 33.09 4.3
25 9 40 1500 25.61 48.27 33.2 21.6
26 9 5 2000 24.65 50.64 34.67 22.1
27 9 22.5 1500 28.301 59.018 46.319 26.4
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The ANN models are designed depending on the values above. The back-propagation
algorithm is used to adjust the weights of the hidden layer neurons. Transfer function of the
model is selected as the sigmoid function as mentioned before. A network with 6 hidden
neurons is selected for giving the minimum mean percentage error for all runs. The error
rate for the model which has 6 hidden neurons is 5.14%, which is an acceptable ratio for a
complex process. Figure 3.17 indicates the difference between measured and predicted
data. The comparison of results which are obtained from different number of hidden
neurons are tabulated in Table 3-16 according to their prediction accuracy. In this table, the
effect of number of hidden neurons are analyzed in terms of prediction accuracy.
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Figure 3.17 Comparison of the measured surface roughness and predicted surface
roughness of ANN model
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Table 3-16 Surface Roughness Predictions using different number of neurons

Measured Number of hidden neurons for Prediction of Average Surface
Run R. Roughness
(nm) 1 2 3 4 5 6 7 8 9 10
1 17.9 207 181 | 18.0 | 184 | 20.1 | 179 | 179 | 186 | 179 | 18.0
2 15.0 1791 192 | 154 | 194 | 193 | 15.0 | 15.0 | 15.0 | 15.0 | 13.0
3 16.5 153 | 150 | 16.1 | 16.4 | 157 | 165 | 16.1 | 16.6 | 165 | 17.6
4 33.7 337|339 | 337 | 339 | 333 | 337|337 | 337|340 | 325
5 19.7 1741 200 | 190 | 219 | 188 | 182 | 21.9 | 194 | 19.7 | 20.1
6 9.4 10.1 | 9.9 9.5 10.6 99 (105105 ) 111 83 | 111
7 10.1 7.1 9.7 10.1 9.9 101 | 97 (101 ] 104 ] 101 | 91
8 2.7 6.4 3.9 5.9 4.3 3.6 2.7 0.5 24 2.7 4.3
9 9.5 91 | 9.2 9.3 9.8 83 [ 95 [ 95 [ 73 | 95 | 95
10 12.0 88 | 107 | 116 | 9.1 [ 104 | 9.0 | 120 | 115 ] 12.0 | 11.8
11 6.4 7.6 7.1 6.8 5.1 6.0 6.4 54 6.5 6.4 7.1
12 9.2 8.1 9.3 8.9 104 8.8 9.2 9.2 9.3 9.2 8.7
13 12.2 87 | 11.0 | 134 | 129 | 109 | 122 | 122 | 124 | 122 | 10.2
14 3.7 59 | 39 5.9 3.9 35 | 37 [ 37 | 36 | 3.7 | 36
15 12.8 141 ] 133 | 129 | 13.2 | 131 | 128 | 128 | 129 | 128 | 13.3
16 10.2 8.2 | 10.9 9.8 100 | 115|102 | 102 ] 94 | 10.2 | 105
17 11.5 1231 152 | 102 | 127 | 141 | 115 | 115 | 112.3 | 10.7 | 12.2
18 8.3 59 | 7.2 6.2 8.0 70 | 83 | 110| 84 | 83 | 6.8
19 4.7 5.7 6.8 4.8 3.4 49 7.1 4.7 4.5 4.7 5.6
20 8.5 100 | 116 | 10.1 9.5 11.8 8.5 85 | 108 | 85 7.4
21 13.6 139 139 | 132 | 173 | 166 | 136 | 13.6 | 13.9 | 13.0 | 11.9
22 46.8 448 | 443 | 46.7 | 440 | 51.8 | 46.8 | 46.8 | 46.8 | 46.8 | 45.9
23 25.9 2021 206 | 236 | 24.7 | 29.1 | 158 | 259 | 26.1 | 25.9 | 20.9
24 4.3 6.4 6.1 6.0 4.1 6.0 4.3 4.3 2.1 9.0 35
25 21.6 26.1 | 25.6 | 240 | 214 | 296 | 21.6 | 21.6 | 21.7 | 25.2 | 25.0
26 22.1 197 | 216 | 216 | 216 | 202 | 221 | 22.1 [ 215 | 22.1 | 20.8
27 26.4 2551 261 | 275 | 266 | 27.8 | 26.4 | 26.4 | 31.9 | 26.4 | 26.0
Mean Error 155 17| 1351 | 12.84 | 10.95 | 13.96 | 5.14 | 5.79 | 7.08 | 5.56 | 10.75
Percentage(MEP)
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3.11 Comparison of Experimental Methods

In this section, the comparison between 3-level full factorial design and ANN modeling
will be carried out. Both methods have been performed for the diamond turning of PC disks
and prediction models have been obtained. In both cases, 27 runs were performed and feed
rate, depth of cut and spindle speed has been used as cutting parameters. However, ANN
modeling utilized vibration data, as well after SPSS analysis.Pearson’s correlations. The
main purpose of 3-level full factorial design is to find the most significant factors on the
response and determine the weights of all factors. Then, a prediction model can be obtained
according to the weights of these parameters. However, ANN modeling is concentrated to
design the optimum network for the prediction of response. It does not compare the effects
of input parameters but the user can compare the effects by giving different input data sets
to the model. For example, the prediction error of the model for the surface roughness of 27
cases is 14.99% if only feed rate, depth of cut and spindle speed were used as inputs
without vibration inputs. The error rate has been calculated as 15.93% by 3-level full
factorial design. Therefore, full factorial design has also made reasonable predictions by
using only three input parameters.

In the second part of the experiment, 8 validation runs have been performed. In these runs,
parameters have been selected randomly and some of the values of the parameters were
beyond the range which was studied in 27 run experiment. The purpose for doing that was
observing the tendency of model for different inputs. Table 3-17 shows the inputs for the
second part of the experiment.

Table 3-17 Input data set for 8 runs

Run I;Zetg Depth of Spindle
(um/rev) Cut (um) | Speed (rpm)
1 2 3 1250
2 7 22 1000
3 12 10 1750
4 6 2250
5 30 1750
6 12 40 1250
7 50 1000
8 7 20 2250
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The results of surface roughness and vibration measurements in three directions have been
tabulated in Table 3-18.

Table 3-18 Surface roughness and vibration measurements for validation runs

Depth .
Run Ei‘etz C(:)ljt Ssp";gg‘;e (r?r(;) (E%) (ms) (mgéMS) (mg;e(MS) (mgFZQMS)
(nm/rev) (um) (rpm)
1 > 3 | 1250 | 69 | 2463 | 87 | 2861 | 5982 | 4717
2 7 22 | 1000 |18.1] 7809|302 | 2863 | 5983 | 46.42
3 | 12 | 10 | 1750 |47.7|16408| 966 | 2816 | 5897 | 47.48
4 2 6 | 2250 | 63| 791 | 80 | 2876 | 60.88 | 49.09
5 7 30 | 1750 |230|1033.2| 435 | 3726 | 7891 | 54.13
6 | 12 | 40 | 1250 |521|18556106.7| 2859 | 59.90 | 46.48
7 2 50 | 1000 | 58 | 2297 | 7.8 | 2892 | 6000 | 46.70
8 7 20 | 2250 |14.4 | 9558 | 235 | 2891 | 5977 | 4693

After completing measurements, the prediction capability of experimental designs has been
investigated. The prediction formula for 3-level full factorial design had been obtained in
Chapter 3. By using that formula, the predicted data was calculated for 8 validations. Also,
the network with 6 hidden neurons has been recalculated for the new data set. The
predicted average roughness values have been shown in Table 3-19.
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Table 3-19 Predicted Average Surface Roughness Values

_ Predicted | Predicted
e o ol el IS
(nm/rev) (rpm) (nm) Modeling | factorial
(nm) design
(nm)
1 2 3 1250 6.9 5.2 9.1
2 7 22 1000 18.1 14.2 15.7
3 12 10 1750 47.7 33.3 394
4 2 6 2250 6.3 6.8 13.1
5 7 30 1750 23.0 17.6 19.2
6 12 40 1250 52.1 35.0 18.7
7 2 50 1000 5.8 5.1 3.8
8 7 20 2250 14.4 24.2 28.3

Finally, the error rate of ANN modeling and 3-level full factorial design has been found as
27.5% and 48.17%, respectively. Although the uncontrollable disturbances like vibration
make the prediction process much more difficult, the predictions above can be interpreted
as useful information. For example, ANN modeling guessed the average surface roughness
with 27.5% error. However, the mean of predicted surface roughness in validation run is
about 17 nm, so 27.5% error makes the guesses about +5 nm away from the measured
values. That is why, ANN modeling can be used for the prediction of surface roughness in
diamond turning if the desired output will not be sensitive as +5 nm. When there is need for
more sensitive surface roughness predictions, much more input data must be entered to the
system so that ANN modeling can train the system effectively.

3.12 Repeatability of the Experiment

In addition to testing and validation of experiments , two more experiments are carried out.
In the first experiment, which is planned to check the repeatability, during the runs given in
Table 3-4, the first run whose cutting conditions as 5um/rev feed rate, 40um depth of cut
and 2000 rpm spindle speed, is repeated after every 5 runs. The results of cuts are shown in
Table 3-20.
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Table 3-20 Repetition of 1% run after every 5 runs

Feed Deo?‘th Spindle| o 1 py | rms X Y z

Run| Rate cut Speed
(um/rev) | (um) | (RPM) | (nm)| (nm) | (nm) | (MgRMS) | (MgRMS) | (MgRMS)

R-1 5 40 2000 | 17.9|749.3] 275 28.07 45.97 41.69
R-2 5 40 2000 | 21.6|873.8]| 35.9 29.9 61.7 46.74
R-3 5 40 2000 |16.1|585.3| 21.1 29.56 60.19 41.94
R-4 5 40 2000 | 12.9|488.9 | 16.1 28.6 53.5 38.82
R-5 5 40 2000 | 16.8 | 669.1 | 21.3 29.09 47.52 40.26
R-6 5 40 2000 | 8.4 |185.3] 10.8 25.39 44.99 33.38

Analyzing these results, surface roughness values are nearly the same for three different
runs whose numbers are R-1,R-3 and R-5. However, the other runs result in different
surface roughness values. When the data is carefully analyzed, it is clear that vibration data
for the runs are differ in some way. For example, 30" run has a relatively low surface
roughness value and looking at vibration information, it is clear that small vibration
amplitude has positive effect on surface roughness. On the other hand, 6" run has relatively
high surface roughness but not surprisingly it has the highest vibration amplitude in all
directions. Therefore, vibration has showed a significant effect on surface roughness as
expected, although the cutting parameters are the same.

In the second experiment, one specimen is cut three times by using the same cutting
conditions. For this random cut; feed rate, depth of cut and spindle speed are selected as
2um/rev, 5um, and 2000 rpm, respectively. The results of this experiment are shown in
Table 3-21. The surface roughness values for these three successive cuts appeared to be the
same and the vibration data is also close for these runs.

Table 3-21 Measurements results of one PC specimen after successive cuttings

Depth .
Feed of |SPindlel ol by | rms X Y z
Run| Rate C Speed
ut
(um/rev) | (um) | (RPM) | (nm)| (nm) |(nm) | (mgRMS) | (mgRMS) | (MgRMS)
M-1 2 5.0 2000 |6.41 | 93.28 |8.22 | 29.798 60.416 47.608
M-2 2 5.0 2000 | 6.59 | 205.68 | 8.44 | 27.642 60.727 49.204
M-3 2 5.0 2000 | 6.92 | 607.44 | 9.43 | 28.459 60.263 48.574
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At the end of the experiment, surface roughness measurement for the 3™ run in Table 3-21

is repeated to show the sensitivity of measurement process. The results are tabulated in
Table 3-22.

Table 3-22 Repetition of Surface Roughness Measurement for 3" run

Position | Ra-1 PV-1 rms-1| Ra-2 PV-2 | rms-2

Run #
(nm) (nm) (nm) | (nm) (nm) (nm)
1 6.552 | 399.305 | 8.737 | 6.945 | 112.799 | 8.975
2 6.801 | 542.953 | 9.277 | 6.357 | 84.164 | 8.101
3 3 6.924 |1,083.454 | 9.755 | 7.341 | 406.740 | 9.885

4 7.420 | 404.051 | 9.937 | 6.847 | 89.306 | 8.734
Average | 6.924 | 607.441 | 9.427 | 6.873 | 173.252 | 8.924
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CHAPTER 4

INTERPRETATION OF EXPERIMENTAL RESULTS

4.1 Introduction

In this chapter, the influence of feed rate, depth of cut and spindle speed on surface
roughness will be analyzed. Then, the effect of vibration on surface roughness will be
analyzed for different cutting conditions. Moreover, the results of three-level full factorial
design will be highlighted, and leverage plots for cutting parameters which has been
gathered from JMP analysis will be presented.

4.2 Effect of Feed Rate

Pearson’s correlation and ANOVA analysis in Chapter 3 indicated the influence of feed in
diamond turning of polycarbonate. In literature, it is also indicated that feed rate is the most
significant cutting parameter in different cutting conditions. Cutting material changes,
process variables change, enviromental conditions change but the effect of feed rate is
always prominent.

Leverage plots show that small feed rate gives better surface roughness and increasing feed
rate diminishes the quality of the surface. Figure 4.1 shows the distibution of surface
roughness with varying feed rate. As explained in Chapters 3, feed rate has been changed
from 1um/rev to 9um/rev and the mean surface roughness at each feed rate is tabulated in
Table 4-1.
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Figure 4.1 Leverage plot for feed rate

Table 4-1 Least Squares Means Table for feed rate

Level Least 5q Std Error | Mean
Mean

1.00 6.54 1.266 6.542

5.00 12.56 1.266 12.556

9.00 24.73 1.266 24.727

Acccording to 27- runs testing experiment, the variation of surface roughness with feed rate
is given in Figure 4.2 while depth of cut and spindle speed are kept constant for every 3
runs. This figure shows a strong relation between surface roughness and feed rate. For 8-
runs validation experiment, similar results have been obtained as shown in Figure 4.3.
Pearson’s correlation results which had been shown in Table 3-14, also showed that feed
rate is the most important parameter on surface roughness. Therefore, controlling the feed
rate is the primary task to achieve better surface quality.
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Ra vs Feed Rate
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Figure 4.2 The change of average surface roughness with feed rate for 27-runs testing
experiment
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Figure 4.3 The change of average surface roughness with feed rate for 8-runs validation
experiment
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4.3  Effect of Depth of Cut

The effect of depth of cut is also analyzed during experiments. According to F-test which
is conducted by JMP and tabulated in Table 3-11 , depth of cut is the second important
parameter for surface roughness. Leverage plot also shows that surface roughness values
get bigger while the depth of cut incresases. Figure 4.4 illustrates the distribution of
average surface roughness for different cutting depths and means of the surface roughness

for different depth of cuts are tabulated in Table 4-2.

a0
@ 404
T T
2w 3p
g3 7]
EE 20
= )
[l

]

1044

T T T T T T 1
10 11 12 13 14 15 16 17 18 19

docium)Leverage, P=0.00G68

Figure 4.4 Leverage plot for depth of cut

Table 4-2 Least Squares Means Table for depth of cut

Level Least Sq Std Error | Mean
Mean

22.5 14.58222 | 1.265647 | 14.5822

40 18.59778 | 1.265647 | 18.5978

5 10.64456 | 1.265647 | 10.6446
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Figure 4.5 The change of average surface roughness with depth of cut for 27-runs
experiment

From Figure 4.5, it can not be concluded that there is a simple, linear relationship between
surface roughness and depth of cut. However, Table 4-2 shows that there is a trend as;
decrease in depth of cut results in lower surface roughness values. Therefore, small depth
of cut is advisable during finish turning of PC.

4.4 Effect of Spindle Speed

Spindle speed was the another controlled parameter during this study. Depending on the
effect test results, spindle speed turned out to be the least important parameter when
compared to feed rate and depth of cut. Pearson’s correlation test also indicated that the
effect of spindle speed on surface roughness is not as dominant as feed rate. Figure 4.6
shows that the change of average surface roughness with spindle speed for constant feed
rate and depth of cut.
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Ra vs Spindle Speed
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Figure 4.6 The change of average surface roughness with spindle speed for constant feed
rate and depth of cut

On the other hand, leverage plot by JMP analysis in Figure 4.7, also shows the distribution
of surface roughness with different spindle speeds. Tabulated results for the means of the
average surface roughnesses for each spindle speed is given in Table 4-3.
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Figure 4.7 Leverage plot for spindle speed
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Table 4-3 Least Squares Means Table for spindle speed

Least Sq
Mean

1000 12.28667 | 1.265647 | 12.2867
1500 13.21911 | 1.265647 | 13.2191
2000 18.31878 | 1.265647 | 18.3188

Level Std Error | Mean

Again, there is a tendency for lower surface roughness when the spindle speed decreases.
However, the mean of the average surface roughness is not changed drastically between
1000 rpm and 2000 rpm. Therefore, it can be concluded that a significant relation was not
observed between spindle speed and surface roughness in that spindle speed range.

45 Effect of Vibration

The effect of vibration on surface roughness is investigated by the help of vibration data
collection setup which is described in Chapter 3. Vibration signals in x,y, and z directions
are gathered for each run. Figure 4.8 illustrates the fast Fourier transform analysis results
for the 4™ run. All data has been analzyed by Pulse 16.0 software and the rms magnitudes
of all signals have been calculated by the software. Then, vibration data in all three
directions is examined by SPSS Statistics 20 and Pearson’s correlation for vibration has
been obtained. In that analysis, Vy, Vy, and V, all appeared to have higher correlation than
depth of cut and spindle speed. Vibration was the second significant factor following the
feed rate. Also, the ANN model gave better predictions with the additional vibration
information.
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Figure 4.8 Frequency response for 4" run in 27-runs experiment
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Figure 4.9 Frequency response for 22" run in 27-runs experiment
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Analyzing the frequency responses of random runs, Figure 4.8 and Figure 4.9 can provide
valuable information about the relation between surface roughness and vibration. Since the
vibration amplitudes in all directions are very high in both cases when compared to other
vibration data, the average roughness value for these runs were 33.7 and 46.8 nm as the
two worst surface quality during 27-runs experiment. These results show that the increase
in the magnitude of vibration generally results in very high surface roughness values.
However, it does not imply that low vibration values result in good surface quality since
26" run which has one of the lowest vibration data, has a surface roughness value as 22.1
nm. In this run, feed rate with 9um/rev was the dominant factor to determine the surface
quality. Therefore, it can be concluded that vibration is a significant factor to determine
surface quality but feed rate is more dominant than vibration during finish turning of PC.

For a deeper understanding of the machining process, change of vibration during cutting
with same parameters should be further analyzed. As stated in Chapter 2, the crystalline
structure of the material could affect the vibration level during machining.
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CHAPTER 5

DISCUSSION AND CONCLUSION

In this thesis, finish cutting conditions of PC with a monocrystalline diamond tool are
investigated. The effect of feed rate, depth of cut, spindle speed, and vibration on surface
roughness of machined PC specimens is experimentally investigated. Feed rate is found as
the most dominant factor during finish turning of PC; and vibration, depth of cut and
spindle speed have followed, respectively. Three-level full factorial design and ANN
model have been used to observe the influence of process parameters and predict the
surface roughness.

Flat PC specimens having 30 mm diameter are cut and surface roughnesses of these parts
are measured. The best average surface finish is achieved as 2.7 nm and this surface quality
level is much below the acceptable average surface roughness level of 25 nm which is
determined by SPI A-1 specification of the Society for the Platic Industry. On the other
hand, in the literature the smallest average surface roughness reported was 9 nm, thus the
average surface roughness achieved in this study is the smallest. In Table 2-1, the previous
studies for PC turning is collected. Althoug the similar selections for rake angle, clearance
angle and tool nose radius have been observed and different machining parameters and
machine setup appears to affect the results.

During the experiments, the effect of feed rate, depth of cut and spindle speed are observed
while other parameters namely rake angle, clearance angle, properties and application of
cutting method are not changed.. Vibration data is also gathered for all runs. Based on these
results, ANN modeling and 3-level full factorial design are used to predict the surface
roughness and analyze the significance of parameters. The effect of parameters was
clarified according to ANOVA and SPSS analysis.

It is highly recommended that feed rate less than 2pm/rev, depth of cut less than Sum and
spindle speed less than 2000 rpm are to be chosen as cutting parameters in order to obtain
high quality PC surfaces having average surface roughness below 5 nm. During cutting
process, vibration should be kept as low as possible by stiffening the machine and
controlling external disturbances.
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5.1 Future Work

During experiments, tool parameters like rake angle and clearance angle are not changed.
Effects of these parameters can also be analyzed to obtain optimum surface quality.
Pressurized cutting fluid (kerosene) is used during all experiments. Dry cutting conditions
can also be examined for finish turning of PC. Different cutting fluids in different pressures
can also be tried and its effect on vibration can be experimented. Air cooling can also be
tried to see the effect on chip process. Temperature variation can also be analyzed during
cutting and temperature values gathered during experiment can add to the ANN model to
predict surface roughness in a more accurate way.

In optical industry, acrylic is also used for similar purposes like PC. Therefore, a
comparison between them can be made for reaching the best surface quality and
performance. The effect of cutting parameters and vibration can be tested on similar
materials which have common area of utilization.

Since the vibration on tool holder is significant for the cutting process, an effective
vibration control system can be designed by analyzing the data reading from accelerometer.
This data can be processed in some control loop algorithm and tool holder position can be
controlled with a special tool holder design. As a result, the effect of vibration on surface
quality can be minimized.

An accelerometer which is placed on workpiece can give extra information about the effect
of vibration change on the surface roughness. PC specimen can be fixed into the chuck to
eliminate the vibration due to centering.

Alternative diamond tools (e.g. polycrystalline) can also be tried for finish cutting of PC so
that the cost of production can be minimized without sacrificing surface quality. In this
study, wear of diamond tools is not analyzed. On the contrary to common belief that wear
is not an important problem during cutting plastics, it may cause serious problems on
surface quality as explained in Chapter 2. Therefore, tool wear inspection may be an
important phenomenon during machining of plastics.
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APPENDIX A

SURFACE ROUGHNESS PARAMETERS

R, is the arithmetic mean of the absolute values. It is calculated as in Equation (A.1) and R,
roughness measurement of the machined surface is shown in Figure A.1 [21].

R, =1/Q[ " {z(x)}dx (A1)

Where;

Ra.: Arithmetic Surface Roughness
Q: Sampling length

z(X): Roughness curve

mean line

Ha

Figure A.1 R, Roughness Measurement [71]

Rqor rms is the root mean square measurement of the surface roughness and it is calculated
as in the Equation (A.2). Figure A.2 shows the R, or rms roughness measurement of the
machined surface [21].

R, = \/1/ Q[ {22 (x)}x (A2)

75



Where;

Ry: Root Mean Square Roughness
Q: length of the surface

z(X): Roughness curve

Figure A.2 Ry or rms Roughness Measurement [71]

R, or PV is the sum of R, and R, where R, is the top peak height and R, is bottom valley
depth on the surface. R, or PV (Peak to Valley) roughness of the surface is shown in Figure
A3 [21].

Figure A.3 R, or PV Roughness Measurement [71]
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APPENDIX B

TECHNICAL SPECIFICATIONS OF SINGLE POINT DIAMOND TURNING

MACHINE

Table B-1 Technical Specifications of Pretitech Freeform 700U [21]

Machine Property

Description

Base

Sealed natural granite base

Type

Ultra-precision, two, three or four axes CNC contouring machine

Programming Resolution

0.01 nm linear, 0.0000001° rotary

Slideways Position Feedback Resolution

0.032 nm

Slideways X-axis Straightness

Horizontal: 0.30 pm full travel

Slideways Z-axis Straightness

Horizontal: 0.40 pm full travel

Slideways Vertical Straightness

X:0.75 um, Z: 0.75 pm

Vibration Isolation

Self leveling dual chamber pneumatic isolation system

Drive System

AC linear motor

Swing Capacity 700 mm
Slide Travel X- 350 mm, Z- 300 mm
Maximum Feed Rate 4000 mm/min

Workholding Spindle Air Bearing Type

Slot-type thrust bearing

Workholding Spindle Motor

Integral brushness motor

Workholding Spindle Load Capacity 68 kg
Workholding Spindle Maximum Speed | 7000 RPM
Workholding Spindle Axial Stiffness 228 N/um
Workholding Spindle Radial Stiffness 88 N/um

Workholding Spindle Motion Accuracy

Axial/Radial <25 nm

Thermal Control

Liquid cooled chiller + 0.1 °C accuracy

C-axis Feedback Resolution

0.026 arc-sec

C-axis Position Accuracy + 2 arc-Sec
C-axis Maximum Speed 3000 RPM
B-axis Tabletop Size 380 mm
B-axis Load Capacity 454 kg
B-axis Maximum Speed 10 RPM
B-axis Position Feedback Resolution | 0.003 arc-sec
B-axis Radial Stiffness 525 N/um
B-axis Axial Stiffness 875 N/um

7




78



APPENDIX C

TOOL NUMBERING SYSTEM OF CONTOUR FINE TOOLING COMPANY

Figure C.1 Tool Numbering System for Monocrystalline Diamond Tool
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APPENDIX D

PRODUCT DATA SHEET FOR POLYCARBONATE
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Figure D.1 Product Data Sheet for Polycarbonate
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Product Data Sheet, Juy201z
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Figure D.1 (cont’d)
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APPENDIX E

TECHNICAL SPECIFICATIONS OF WHITE LIGHT INTERFEROMETRY

Table E-1 Technical Specifications of Zygo NewView 5000 Interferometry

Property Description
Measurement Non-contact, 3-D, scanning white-light and optical phase-shifting
Technigue interferometry

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

Measurement Array Standard, selectable, include: 640x480, 320x240, 160x120

Vertical Resolution Upto 0.1 nm

Lateral Resolution 0.45 to 11.8 um, objective dependent

Working Distance 0.55 to 20.5 mm, objective dependent

Focus Depth + 0.5 to 322.5 um, objective dependent

Field of View (H xV) ]0.070 x 0.053 to 7.00 x 5.30 mm, objective dependent
Maximum Slope 1.41° to 33.25°, objective dependent

Maximum Data Points | 307,200; dependent upon sampling array

Various, opaque and transparent surface; coated and uncoated,;
Test Part Material specular and nonspecular

Test Part Reflectivity | 1-100 %
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APPENDIX F

SURFACE ROUGHNESS MEASUREMENTS
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Figure F.2 2" measurement for 8" run of 373 full factorial design
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Figure F.3 3" measurement for 8" run of 373 full factorial design
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Figure F.4 4™ measurement for 8" run of 373 full factorial design
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Figure F.6 2" measurement for 22™ run of 373 full factorial design
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APPENDIX G

ALL SURFACE ROUGHNESS MEASUREMENTS FOR 27-RUNS TESTING
EXPERIMENT

Table G-1 Surface Roughness measurements for 27-runs testing experiment

. Feed [ Depth of | Spindle
Run Pos;uon Rate gut Sppeed Ra PV rms
(um/rev) |  (um) (RPM) (nm) (nm) (nm)
1 16.8 759.9 25.2
2 18.7 747.3 30.9
1 3 5 40 2000 19.0 750.2 30.9
4 17.0 739.6 23.2
Average 17.9 749.3 27.5
1 13.2 695.9 15.6
2 14.7 396.0 17.5
2 3 9 22.5 1000 15.3 109.0 17.9
4 16.6 398.9 19.4
Average 15.0 399.9 17.6
1 17.4 712.7 39.2
2 12.7 694.2 15.5
3 3 5 22.5 2000 18.6 434.9 35.3
4 17.2 425.8 27.0
Average 16.5 566.9 29.3
1 31.1 1057.0 59.8
2 449 1425.7 91.4
4 3 9 22.5 2000 31.1 1141.9 60.5
4 27.6 783.1 449
Average 33.7 1101.9 64.2
1 19.3 463.6 26.9
2 18.8 759.1 25.0
5 3 9 5 1500 19.0 737.0 23.9
4 21.7 758.8 27.5
Average 19.7 679.6 25.8
1 6.1 69.8 7.7
2 10.3 669.0 13.3
6 3 5 5 2000 10.2 693.3 13.1
4 10.8 744.5 14.3
Average 9.4 544.2 12.1
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Table G-1 (cont’d)

Feed Depth | Spindle
RuUN Poslttion Rate | of gut Sppeed Ra PV rms
(um/rev)| (um) | (RPM) (nm) (nm) (nm)
1 8.4 81.0 10.7
2 8.5 410.6 114
7 3 1 40 1000 13.8 103.8 16.8
4 9.8 467.3 12.5
Average 10.1 265.7 12.9
1 2.6 315 3.3
2 2.7 30.8 35
8 3 1 5 2000 2.8 33.6 35
4 2.7 35.0 34
Average 2.7 32.7 3.4
1 9.5 1159 12.0
2 94 107.8 11.9
9 3 1 40 2000 9.2 104.7 11.6
4 10.0 275.0 12.6
Average 9.5 150.8 12.0
1 10.7 712.5 13.9
2 12.5 693.5 15.9
10 3 5 5 1500 13.2 709.1 18.1
4 11.8 420.7 16.2
Average 12.0 634.0 16.0
1 6.0 57.7 7.5
2 5.9 63.9 7.3
11 3 1 22.5 2000 5.9 58.3 7.3
4 7.9 90.8 9.9
Average 6.4 67.7 8.0
1 94 100.8 11.8
2 9.9 96.7 12.2
12 3 1 40 1500 6.1 373.9 7.9
4 11.3 96.7 13.9
Average 9.2 167.0 115
1 12.3 126.5 15.3
2 11.7 120.9 14.6
13 3 5 22.5 1000 11.8 120.6 14.7
4 13.0 137.6 16.1
Average 12.2 126.4 15.2
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Table G-1 (cont’d)

Feed | Depthof | Spindle
RUN Pos?i#tion Rate (Ejut Sppeed Ra PV rms
(mm/rev) (um) (RPM) (nm) (nm) (nm)
1 3.9 53.6 4.9
2 3.6 475 4.6
14 3 1 5 1500 3.4 442 4.3
4 3.8 77.2 51
Average 3.7 55.6 4.7
1 13.6 426.0 16.9
2 12.2 762.5 15.3
15 3 5 40 1000 12.8 1214 15.9
4 12.8 127.2 15.8
Average 12.8 359.3 16.0
1 10.4 132.7 13.1
2 10.0 125.3 12.6
16 3 5 5 1000 9.9 1014 12.4
4 10.3 751.3 13.8
Average 10.1 277.7 13.0
1 11.5 740.2 17.0
2 11.7 725.4 20.0
17 3 9 5 1000 11.3 978.7 20.6
4 11.3 726.4 17.0
Average 11.5 792.7 18.6
1 85 102.6 10.7
2 8.4 377.9 10.5
18 3 1 22.5 1000 8.4 85.3 10.5
4 8.0 87.2 10.1
Average 8.3 163.2 10.5
1 3.9 57.5 5.1
2 51 68.1 6.6
19 3 1 5 1000 49 72.8 7.1
4 4.9 376.0 12.5
Average 4.7 143.6 7.8
1 8.6 406.3 11.3
2 8.6 945 10.8
20 3 5 225 1500 8.4 93.8 10.5
4 8.6 665.7 11.1
Average 8.5 315.1 10.9
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Table G-1 (cont’d)

Feed Depth | Spindle
RuUN Pos?i#tion Rate | of gut Sppeed Ra PV rms
(um/rev) | (um) (RPM) (nm) (nm) (nm)
1 12.6 415.9 16.0
2 13.3 713.2 17.0
21 3 5 40 1500 14.2 418.8 17.6
4 14.3 410.5 19.5
Average 13.6 489.6 17.5
1 453 1491.9 97.2
2 51.6 1366.6 99.4
22 3 9 40 2000 447 17194 95.9
4 45.7 1683.9 97.3
Average 46.8 1565.4 97.4
1 27.4 1372.5 61.7
2 25.0 1374.7 55.8
23 3 9 40 1000 24.9 1323.8 53.7
4 26.3 1360.8 59.0
Average 25.9 1357.9 57.6
1 4.0 62.6 5.1
2 4.3 49.6 5.5
24 3 1 22.5 1500 4.7 591.8 6.1
4 4.1 41.8 5.2
Average 4.3 186.5 55
1 20.6 1407.9 45.7
2 22.0 1401.3 48.8
25 3 9 40 1500 21.4 1408.9 494
4 22.2 1429.9 51.1
Average 21.6 1412.0 48.8
1 19.3 1330.8 43.2
2 245 1393.7 57.0
26 3 9 5 2000 27.1 1084.6 64.4
4 17.4 1092.7 37.1
Average 22.1 12254 50.4
1 255 1398.5 61.2
2 27.0 1720.1 63.5
27 3 9 225 1500 27.8 1382.4 65.3
4 25.4 1385.6 61.0
Average 26.4 1471.7 62.7
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APPENDIX H

ALL SURFACE ROUGHNESS MEASUREMENTS FOR 8-RUNS
VALIDATION EXPERIMENT

Table H-1 Surface Roughness Measurements for 8-runs validation experiment

run | Positon Rae | cut | Spwed | F2 | PV | s
(um/rev) | (mm) (RPM) (nm) (nm) (nm)

1 6.9 392.2 8.7

2 6.4 86.0 8.2

1 3 2 3 1250 6.7 416.3 8.6
4 7.6 90.9 9.5
Average 6.9 246.3 8.7

1 15.6 763.0 20.5

2 17.8 796.6 28.5

2 3 7 22 1000 22.0 776.4 44.6
4 17.0 787.5 27.3
Average 18.1 780.9 30.2

1 49.1 1688.0 100.4

2 48.0 1724.4 98.9

3 3 12 10 1750 48.0 1677.4 95.8
4 455 1473.4 91.3
Average 47.7 1640.8 96.6

1 6.2 79.5 7.9

2 6.4 76.8 8.1

4 3 2 6 2250 6.3 87.3 7.9
4 6.3 72.9 8.1
Average 6.3 79.1 8.0
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Table H-1 (cont’d)

Feed

Depth of

Spindle

RuUN Posj#tion Rate Cut Speed Ra PV rms
(um/rev) | (mm) (RPM) (nm) (nm) (nm)
1 23.1 1158.8 43.4
2 23.3 1081.2 43.4
5 3 7 30 1750 21.5 781.3 42.1
4 24.1 1111.7 45.3
Average 23.0 1033.2 43.5
1 56.4 1944.1 113.9
2 421 1711.4 88.8
6 3 12 40 1250 56.5 2024.1 114.6
4 53.2 1742.8 109.4
Average 52.1 1855.6 106.7
1 6.1 69.8 7.7
2 6.0 73.3 7.7
7 3 2 50 1000 5.2 82.9 6.8
4 6.0 692.9 9.1
Average 5.8 229.7 7.8
1 14.7 1600.7 26.7
2 14.1 732.4 21.6
8 3 7 20 2250 13.2 741.3 18.8
4 15.5 749.0 26.6
Average 14.4 955.8 23.5
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