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Silicon carbide (SiC) and Quartz are one of the advanced engineered ceramic
materials designed to operate in extreme environments. One of the main reasons for the
choice of these materials is due to its excellent electrical, mechanical and optical
properties that benefit the semiconductor, MEMS and optoelectronic industry
respectively. Manufacturing these materials are extremely challenging due to its high
hardness, brittle characteristics and poor machinability. Severe fracture can result when
trying to machine SiC and quartz due to its low fracture toughness. However, from past
and current research efforts, it has been proven that ductile regime machining of brittle
materials is possible. The main goal of the subject research is to improve the surface
quality of a chemically vapor deposited (CVD) polycrystalline SiC and quartz to be used
as optics devices. Besides improving the surface roughness of the material, the research
also emphasized increasing the material removal rate (MRR) and minimizing the
diamond tool wear. Besides improving the quality, machining parameters to make this

manufacturing process more time and cost efficient will also be suggested.
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CHAPTER 1

INTRODUCTION

Although silicon carbide (SiC) has been around since 1891, it was not until the
mid 1990’s that this material was introduced into the precision manufacturing industry.
SiC is well known for its excellent material properties, high durability, high wear
resistance, light weight and extreme hardness. However, SiC is also known for its low
fracture toughness, extreme brittleness and poor machinability.

SiC is an advanced engineered semiconductor and ceramic designed to operate in
extreme environments. This material is pursued as a microelectronic (single crystal), a
coating (CVD) and structural material due to its unique properties, such as:

e Larger energy bandgap and breakdown field allowing it to be used in high-
temperature, high-power and radiation-hard environments

e Mechanically strength , expressed by its high Young’s modulus'

e Desirable tribological properties, such as wear resistance and self-
lubricating”

All of these properties make SiC an exceptional candidate in harsh environments
(high temperature, strong radiation, and corrosive and abrasive media). Some of the
application fields where SiC is introduced include automobile, aerospace, petroleum,
nuclear, military and biological/medical industries. Manufacturing this material is
extremely challenging due to its high hardness, brittle characteristics and poor

machinability Severe fracture can result when trying to machine SiC due to its low



fracture toughness. However, from past experience it has been proven that ductile regime

machining of silicon carbide is possible.3

Single Crystal Silicon Carbide (SiC) (4H)

SiC is commercially available in various forms and phases (polytypes) such as
single crystal, polycrystalline (sintered and CVD) and amorphous. The most common
polytypes of SiC are 2H, 3C, 4H, 6H, and 15R. The numbers refer to the number of
layers in the unit cell and the letter designates the crystal structure, where C=cubic,
H=hexagonal, and R=rhombohedral. Polished single crystal wafers are becoming more
common in the high power, high temperature electronics device industry. In this research
the 4H single crystal wafer (from Cree. Inc.)* was used as it provides for an excellent
reference surface for determining the DBT and to establish the corresponding critical
depth of cut. Previous work involved 6H SiC (Patten, 2005). These wafers are extremely
smooth (nm surface roughness) and also of high purity, containing few defects, which
will help in determining the actual brittleness (DBT) of the material.” The 4H single
crystal SiC wafer is typically used for:

e Optoelectronic Devices

e High-Power Devices

e High Temperature Devices

e High-Frequency Power Devices

e [II-V Nitride Deposition



Chemically Vapor Deposited Polycrystalline SiC (3C-B)

The fully dense cubic (beta) polycrystalline silicon carbide CVD coating
(" 250um thick, applied on top of a SiC substrate) is a potential candidate to be used as
mirrors for surveillance, high energy lasers (such as airborne laser), laser radar systems,
synchrotron x-ray, VUV telescopes, large astronomical telescopes and weather satellites.’
The primary reasons CVD coated silicon carbide is preferred for these applications is that
the material possesses high purity (>99.9995%), homogeneity, density (99.9% dense),
chemical and oxidation resistance, cleanability, polishability and thermal and
dimensional stability. Machining SiC is extremely challenging due to its extreme
hardness (" 27 GPa) and brittle characteristics. Besides the low fracture toughness of the
material, severe tool wear (even of the single crystal diamond tool) also has to be
considered. Previous researchers have successfully been able to precisely grind CVD-SiC
(using high precision grinding) but this process is very expensive and the fine abrasive
wheels often result in an unstable machine/process.” Single point diamond turning
(SPDT) was chosen as the material removal method as it offers increased process
flexibility, better accuracy, quicker fabrication time and lower cost when compared to
grinding and polishing to achieve nanometer surface roughness.®

In order to fulfill the requirements to be qualified as a good candidate for optical
mirrors, the surface finish for this material has to be close to mirror finish (Ra < 20nm).
This is not easy to achieve from an as received CVD coated SiC work piece that has a
fairly rough surface (in the case of the MLPC project (Chapter 5) the POCO Graphite SiC
disk (SuperSiC-2)’ had a Ra value of approximately 3.6um). Several machining

techniques such as lapping, polishing, grinding, laser machining, and diamond turning are



being used today in an attempt to micro/nano machine this brittle material to a high

quality, low roughness and damage free surface.

Quartz (Fused Silica)

The high demand in the optical and electronic industry has been consistently
pushing and breaking the barriers in various nanotechnology areas such as SPDT. In fact,
it was just in the 1960’s where precision engineering involved a maximum precision of
about 10pm.'*Mirror finishing of brittle materials, such as glass, is a fairly new topic and
process for SPDT due to the challenges (such as tooling, machining accuracy, brittle
material properties, etc.) that had to be overcome in the precision manufacturing

12 Attempts have been made recently to machine glass in a similar manner to

industry.
ductile metals by using SPDT."” SPDT has shown positive effects when performed on
materials used as aspherical shapes in optical products. Such advances are essential in
order to economically produce high quality ceramic and glass parts.

Glasses exhibit excellent optical and mechanical properties (good thermal
resistance, excellent corrosive resistance, high hardness, etc.), which are needed for
advanced optical technology applications. However, severe challenges arise when
attempting to machine these extremely brittle materials to obtain excellent surface finish
for optical devices (Ra < 50 nm). The combination of hardness (* 9.8GPa) and brittleness
(low fracture toughness) plays an important factor in limiting glass materials from being

easily machined using just a conventional machining technique (i.e. grinding, polishing,

lapping etc.) without causing any brittle fracture.'* SPDT is one of the fabrication



techniques that meet the demand of today’s precision engineering requirements, which
requires both fast production rate and higher surface quality for optical devices.

Quartz (fused silica) was also evaluated experimentally in this research. Quartz is
an important optical material due to its material properties and its abundance in nature;
quartz (SiO;) is know as the most abundant nonmetallic mineral on earth. For this
research, a synthesized fused silica (Spectrosil 2000."”) was used. Spectrosil 2000 is an
ultra pure synthetic fused silica manufactured by Saint-Gobain Quartz PLC. This material
possesses a chemical purity of 99.999% and is manufactured using an environmentally
friendly process, which results in a material that is both chlorine-free and bubble-free.
The bubble-free material enables a smoother surface finish after machining as it has very

few/no impurities.

Manufacturing Process—Single Point Diamond Turning (SPDT)

A good manufacturing technique should provide both high product quality and
cost effectiveness. . There are several manufacturing techniques such as turning, milling,
polishing, finishing, lapping and honing that are used to. Traditionally, turning and
milling are considered roughing/semi-finishing operations. Polishing is used to obtain the
final surface finish; this operation is carried out to remove micro-cracks, scratches and
voids (these damages are usually caused by previous manufacturing operations). Lapping
and honing generally are carried out for obtaining form and shape accuracy such as
flatness and sphericity.

SPDT was a chosen as the material removal method as it offers better accuracy,

quicker fabrication time and lower cost when compared to grinding and polishing.'® The



high demand in the optical and electronic industry has been consistently pushing and
breaking the barriers in various nanotechnology areas such as SPDT. Such advances are
essential in order to economically produce high quality semiconductor, ceramic and glass
parts. SPDT is well known for providing advantages due to the level of precision of the
equipment. SPDT was an ideal material removal process for these projects (discussed in
this thesis) as it is capable of:

e machining in the ductile regime: able to control several parameters
precisely such as depth of cut, cutting speed and feed, allowing ductile
mode machining,

e very controlled material removal process: in the nanometer range,

e cost efficient; tools can be reused after relapping,

e time efficient: the limit of ductile regime machining can be pushed (vary
the material removal rate by adjusting the depth of cut and feed rate) to
minimize the number of passes, unlike polishing where only very little
material can be removed at once, and

e provides good surface finish: best surface roughness, Ra, achieved in this
research is about 38nm.

The equipment used to carry out all of the SPDT experiments was The Micro-Tribometer
(UMT) from the Center for Tribology Research Inc. (CETR). This equipment was
developed to perform comprehensive micro-mechanical tests of coatings and materials at

. 1
the micro scale.!”



Diamond Tooling

Diamond, the hardest material know to mankind, is an ideal candidate for tooling
due to its ultra high-hardness (* 100GPa), high resistance to wear and good thermal
conductivity. This extreme hardness of diamond is necessary when attempting to cut an
extremely hard and abrasive material like SiC (H™ 26GPa). The general hardness ratio
(tool/workpiece) preferred in industry is about 10 although in the case of diamond and
SiC we only get a hardness ratio of about 4 (it is about 10 for quartz). This fairly low
hardness ratio, between the tool and workpiece, results in tool wear which will be
discussed in the later section of this thesis. The outstanding crystalline structure
(tetragonal arrangement of the C-C covalent bonds) of diamond makes it possible to
fabricate tool tips with very sharp cutting edges (20 to 50 nm). The ability to fabricate
single crystal diamond tools with extremely smooth finish (Ra ™ 3nm), makes it ideal for
SPDT ceramics to improve surface finish with a high degree of accuracy.'® Synthetic
single crystal diamond (approximately same properties as natural diamond) tools from
Chardon Tools Inc. were used for all projects discussed in this thesis. These synthetic
diamonds are usually grown at high temperature and pressure from carbon feedstock. The
effect of the brittleness and propensity of diamond to chip (resulting in tool breakage) is
discussed in the later chapters. The brittleness of the diamond limits its applications (also
diamond is conventionally limited to non ferrous metals, ref.) and necessitates larger
included angle (to increase the edge strength) for SPDT of hard materials, such as

ceramics.



Project Goals

Ductile to Brittle Transition (DBT) of a Single Crystal 4H-SiC Wafer by Performing
Nanometric Machining

The main goal of this project was to determine the DBT depth for a single crystal
4H-SiC wafer. This piece of information is extremely important when attempting to
machine semiconductors or ceramics, in this case SiC, in order to establish ductile mode
machining conditions. . In this project, nanometric cutting experiments were performed to
determine the DBT depth for a single crystal 4H-SiC wafer. A specific cutting plane and
direction were chosen and the crystal orientation was identified and evaluated to

determine the DBT.

Improving the Surface Roughness of a CVD coated SiC Disk by Performing Ductile
Regime Single Point Diamond Turning

The main goal of the second project carried out in this research is to improve the
surface quality (minimize surface roughness) of a CVD polycrystalline SiC material to be
used in an optics device such as a mirror. Besides improving the surface roughness of the
material, the research also emphasized increasing the material removal rate (MRR) and
minimizing the diamond tool wear. The mirror finish on the CVD-SiC surface produced
by the SPDT method (after subsequent post process polishing to achieve the final surface
roughness of < 10 nm Ra) will then be used for optical mirrors in a high powered laser

device.






