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Ultraprecision, single point diamond turning (SPDT) is a tool based machining
technology that allows the ability to produce high quality surface finishes on the order of
nanometers while meeting tight form tolerances on the order of micrometers. It is generally
agreed that surface finish in SPDT is primarily affected by four factors: Tool edge quality,
relative vibration between the tool and workpiece, material properties and microstructure, and
tool geometry (nose radius and machining parameters) machining. To the author’s knowledge,
no work has been done to combine all the factors to study their effect on surface generation in
SPDT. This is important given that the factors are highly interdependent. Two diamond tools
with nose radius of 12mm were used; however, one of them was chemically honed. Results
suggest that the honed tool provides a much better surface finish with a significantly reduced
amount of running-in stage tool wear. The cutting edge radius of the diamond tools was

measured using a novel 3D confocal laser microscope to analyze the chemical honing process



and to measure tool wear. The presence of built-up edge (BUE) is more prominent on the honed
tool earlier in its life which results in unpredictable surface roughness to appear sooner than on
the regular tool. To understand the dynamics of the machine, a redesign of the tool holder
bracket was done to increase stiffness. Modal tests were then performed on it to verify
performance improvement. With an understanding of the vibration and its effect on the cutting
force, a 400Hz disturbance frequency was detected in the cutting forces. From a 3D scan of the
surface, a total of 24 undulations on the surface of the part were observed when the spindle speed
was set to 1000RPM The machine was instrumented and a rotordynamic investigation was
carried out to determine the cause and nature of the vibration in an effort to reduce it and in so

doing improve surface form accuracy.
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Chapter 1. Introduction

Ultraprecision, single point diamond turning (SPDT) is a tool based machining
technology which is used for the manufacture of computer disks and optical components as well
as precision molds. SPDT is unique in its capability in producing components with optical-
quality surface finish with tight, micrometer-level form tolerances. The purpose of improving the
surface finish in diamond turned surfaces is to reduce the cost of rotationally-symmetric optical
components by reducing or eliminating costly manual polishing and lapping. It is generally
agreed that surface finish in SPDT is primarily affected by the cutting parameters and quality of
the tool’s cutting edge, the workpiece’s material microstructure, and the relative vibration
between the tool tip and workpiece. Typical diamond turned surfaces are of very high quality,
having an average surface roughness of about 1-10nm R, and surface form error on the order of

50-100nm.

The ultraprecision machine centers used to produce these smooth, mirror-like surfaces are
dedicated machines with positional resolution on the order of +1~10nm. In contrast, a
conventional machine tool will typically have a positional resolution on the order of £100nm. In
addition these machine tools must be very stiff as any deflection on the order of nanometers can

cause aberrations on the generated surface.

The diamond tools used in diamond turning are honed to a very sharp edge, while the
ultraprecision machine center allows very shallow depths of cut and fine feed rate control that
can be used to generate an optical quality surface finish. This tool material is chosen for its high

hardness, thermal conductivity, and ability to be honed to a very sharp edge and retain this edge



under cutting loads [1]. Typical cutting parameters are 2um depth of cut and 5um/rev feed rate in
SPDT. The extremely sharp tool together with precise and conservative cutting parameters affect
the shape of the uncut chip, changes the cutting physics and ultimately, the final generated

surface.

The tool edge is important to the surface generation in SPDT. Diamond tools are
sharpened using a mechanical grinding and lapping process, which can create a sub-micron
cutting edge radius. However, due to sub-micron uncut chip thickness, the tool cannot be
considered to be perfectly sharp due to relative scale of uncut chip thickness in comparison to the
edge roundness. In this study, two tools were used to understand how the edge roundness affects
the cutting mechanics, surface finish and tool life. One tool was sharpened and honed to extreme
precision using traditional methods and the other tool was chemically etched to provide an
intentionally blunted edge. Both the tools were chip and defect free at 800X magnification as

certified by the suppliers.

Measuring the cutting edge radius of diamond tools has always been a challenge as there were no
commercial systems available with the required measurement resolution. In this study, a novel
laser confocal microscope technology, LEXT system from Olympus was explored and the radius
of the sharp tool was measured to be around 90nm. The chemically etched tool was also
measured and its profile was analyzed to approximate a 105nm edge radius. Both the tools were
then compared by machining with them and measuring the surface roughness and cutting forces.
It was observed that the chemically blunted tool had a minimum running in stage of tool wear;

however, tool life as measured by acceptable surface finish produced on the workpiece was



shorter when compared to the sharp tool. Tool life in SPDT of aluminum was also noticed to be
dependent on adhesion (build up edge, BUE) of the aluminum on the tool, compromising the
cutting edge quality deteriorates the surface quality. The BUE can be described as a piece of
workpiece material adhered to the cutting edge of the tool. This is observed as a rainbow
appearance on the surface of the workpiece. The BUE is harder than the bulk workpiece material
since it contains material that has been strain hardened. This creates periodic groves that result in
a diffraction grating pattern that causes the rainbow appearance when light is shone on it. Cutting
force also increases due to the interaction between the BUE and bulk workpiece material.
Interestingly cutting edge radius for both the tools was approximately 295nm near the end of tool

life where BUE formation was very frequent.

The workpiece material must be chosen carefully such that they have the correct
mechanical properties for the desired application, as well as good cutting characteristics. It has
been found that materials with a fine grained microstructure [2] that are free of defects contribute
to excellent surface finish. For this reason, rapidly solidified aluminum (RSA) — 6061 was used
in this study. It is also used commercially in the optics industry. RSA 6061 is a commercially
developed material produced by a melt-spinning process. This material has grain sizes on the
order of 2um to 5um. A 99.87% pure aluminum workpiece was also machined with an average

grain size of 300um for comparison.

The machine tool’s spindle and movement of the machine axes can generate relative
vibrations through the machine’s structure between the tool and workpiece. Surface finish can be

affected by excessive relative vibration between the tool and the workpiece, causing errors in



surface finish and final machined form [3]. With careful consideration of the dynamic properties
of the fixture, spindle, and machine structure, surface finish can be improved. It was observed in
this study that there is a strong synchronous error present on the surface in the form of radial
spokes radiating from the center of the workpiece. Such errors are termed as “spindle star” due to

their appearance.

The spindle star error was observed to be an integer harmonic of the rotational frequency
of the spindle. It is also dependent on the natural frequency of the spindle rotor. This error was
found to have unusual characteristics, which can be explained by constructing a Campbell
diagram, a technique typically used for high speed turbine shafts. The rotating body vibrates due
to gyroscopic effects. To compensate for this, the rotating body undergoes air hammer
instability, a condition created by the cross coupling between differing stiffness across the air
bearing journal. In externally pressurized air bearing journals, assisted air hammer instability is
present, causing the excitation of natural frequencies even though the spindle rotational
frequency is well below the natural frequency. The reason for this is due to the difference in
cross-coupling stiffness of air bearings, and a non-linear spring rate. This results in a different
natural frequency for the first and second half-cycle of vibration representing the tension and
compression phase of a single cycle of vibration. The resulting motion is thus no longer simple
harmonic motion but can be represented by a Fourier series based on multiples of the circular
frequency of a full cycle. In a physical sense, a shaft with a rotating imbalance will thus cause it
to vibrate at the rotational frequency as well as its harmonic frequencies. This forces the number

of spindle star lobes present on the surface of the part to be an integer.



In this thesis, these factors will be studied to gain an understanding of how all of these
factors affect the final form and surface finish of the machined part to determine its topography.
The objective of this study is to determine the effect and relationship between the workpiece
microstructure, machine vibration characteristics, and tooling. The scope of this study is
restricted to mechanical ultraprecision machining using diamond tools for the creation of

rotationally-symmetric workpieces with an optical grade mirror quality surface finish.

Chapter 2 will provide a detailed literature review on ultraprecision SPDT. Fundamental
physics of SPDT will be highlighted. Rotodynamic analysis on rotating bodies will also be
discussed. Chapter 3 describes the experimental setup, equipment and procedure in detail.
Chapter 4 describes the machine modification done in this study with detailed analysis and
reasoning provided to support the modifications. Chapter 5 introduces the supporting theory and
focuses on the results and discusses the tool edge roundness effect, material properties and
dynamics in surface topography in SPDT. Chapter 6 focuses on the conclusions from this study

and Chapter 7 presents potential future work.

LabVIEW, MATLAB, and other computer codes used in this study and a case study of

fabricating a Fresnel lens are presented in the appendices Al and A2 respectively.



Chapter 2. Literature Review

The term ultraprecision machining is generally used to describe a material removal
process with tolerances of less than 1um and surface finishes on the order of nanometers,
producing shiny, mirror-like surfaces. There has been considerable interest in the field of
Computerized Numerical Controlled (CNC) single point diamond turning (SPDT) to produce
final surfaces with tight form accuracy which requires no further manual polishing to meet

product specifications.

2.1 Introduction to Single Point Diamond Turning (SPDT)

SPDT is a precision engineering manufacturing process with tolerances smaller than
1um, and surface finishes on the order of nanometers. The “Taniguchi Curve” as shown in
Figure 2.1 graphically shows the relative precision and accuracy of machining technologies and
how they have changed over time. SPDT can be categorized as an ultra-precision machining

technology.
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Figure 2.1 Taniguchi Curve [4] [After Tauhiduzzaman (2011)]

There are many similarities between SPDT and conventional turning, but at the
micrometer and nanometer level scale that SPDT operates, it requires the consideration of
several issues that are often not relevant in conventional turning.

SPDT holds many advantages compared to other precision machining techniques, such as
mechanical grinding, focused ion beam, and manual lapping and polishing. Mechanical grinding
is limited by the fact that in soft metals, the abrasive wheel can drag or smear hard particles in
the metal, reducing the surface quality [5]. Focused ion beam, lapping and polishing techniques
are costly and more time consuming compared to SPDT. They can achieve the desired surface
finish but are not able to control form or practically produce a large surface area like SPDT can.
In the fabrication of precision optics, there has been a push to reduce component cost, a focus on
reducing manufacturing cycle time since hand finishing operations associated with manual
polishing can be very costly. Common applications of SPDT include the creation of lens molds,

ultra fast and ultra light metallic aerospace optics, infrared optics, and laser focusing optics. It is



also the technique of choice for creating prismatic, aspheric, and Fresnel type lenses as the

surface finish left behind requires minimal or no post polishing.

It is generally agreed that there are four major factors that affect the surface finish in

SPDT, outlined by Sohn et. Al [6] and by Tauhiduzzaman and Veldhuis [7].

e Material properties and microstructure
e Tool Geometry
e Cutting tool edge quality

e Relative vibration between tool and workpiece

The objective of this thesis is to outline the effects of these factors and to address them to
improve part tolerances and machine limits. It is not possible to disregard any of these four
factors as they all contribute in different ways to the form and surface roughness of the finished,
generated surface. It has been concluded that the workpiece’s material microstructure and
unwanted machine vibration are the two factors that contribute most to the surface topography of

a diamond turned surface [7].

2.1.1 Material Microstructure in SPDT

When a material is machined, a shear plane is formed at the tool tip between the chip and
the workpiece. This is called the primary shear zone, shown in Figure 2.2. The shearing process
is heavily dependent on the material microstructure, ultimately affecting the final surface

topography of the workpiece.
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In diamond turning, the material plays a large role in the resultant surface finish of the
part due to the size effect. Figure 2.3 shows the relative scale of the uncut chip thickness,
material microstructure and cutting tool. The size effect is considerable when the uncut chip
thickness of the machining parameters approaches the average grain size of the tool and the
cutting edge radius. In conventional machining, the depth of cut in face turning varies from 1mm
to 0.1mm for roughing and finishing operations. The material behavior is similar to the
properties obtained using bulk mechanical testing in the macro scale. However, in SPDT, the
uncut chip thickness in face turning can be up to 10um in roughing operations and can be as
small as 1um in finishing operations. At this scale, the material behaves differently, as material
voids, segregations, and grain boundary densities must be considered. During finishing
operations in SPDT, the uncut chip thickness can be smaller than the average grain size of the
material. The cutting process physics changes again, as the tool is effectively cutting single

crystals of material. This is similar to a tool cutting through single, ideal crystals of the
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workpiece material. This phenomenon is termed as “size effect” in metal cutting. It has been
observed that the surface finish of a finished part will depend on the material microstructure of

the workpiece [8] [7].

Ideal Material

) Material Dislocations ) . 5
Figure 2.3 Material Behavior as machining size reduces. (a) Continuous material. (b) Effects of grain boundary. (c)

Effects of dislocation and (d) Ideal material. [9] [Adapted After Sugita et al., (1984)]

S.To et al. [10] has observed in their study of single crystal aluminum workpieces that the
surface roughness of the workpiece is dependent on the orientation of the crystal. This is due to
the anisotropy of a single crystal. Depending on the orientation that a crystal is being cut, there
will be directions where it is preferential for a slip plane to easily form, causing the material to
plastically deform. In the study by S.To et al. [10], they found that the cutting force in a single
crystal of aluminum depended on its orientation to the cutting tool. In a polycrystalline material,

a similar property applies. The mechanical properties of the workpiece will change depending on
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the crystallographic orientation of the grain being cut [11] during that instant. It has also been
concluded that the passing of the tool over grain boundaries will create discontinuities in cutting
force [12]. Different cutting forces will be encountered in each grain, causing uneven plastic and
elastic stress. The grains will be cut at different heights and negatively affect the surface
roughness, creating grain boundary induced roughness. As the tool shears through the workpiece
material, the grains making up the newly generated surface spring back due to the thrust forces
and plastic deformation. Each grain is randomly oriented, causing changes in thrust force,
causing surface roughness. In a study by Tauhiduzzaman [2], a polycrystalline material that has
been diamond turned exhibited grain boundary induced roughness. Examples of spring back and

grain boundary induced roughness are shown in Figure 2.4 and Figure 2.5.

Material Spring-Back

Figure 2.4 Example of Material Spring-Back
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Figure 2.5 Grain Boundary Induced Roughness on Furnace Cooled 99.97% Aluminum [2] [After Tauhiduzzaman et al.
(2011)

Again, materials with a large number of inclusions, such as hard particles and voids will
also negatively impact the surface finish. These hard particles can smear, be dragged along the
surface of the workpiece creating scratches, or be pulled out of the surface creating holes [11]
[2]. Using energy-dispersive x-ray spectroscopy (EDS) by Tauhiduzzaman [2], the hard particles
were found to be made of silicon and iron, alloying elements in aluminum 6061 as shown in

Figure 2.6.
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Figure 2.6 Back-Scattered Electron (BSE) image of Aluminum 6061 Showing Brittle Fracture, Hard Particle Smears, and
Dimple Formation [2] [After Tauhiduzzaman (2011)]

Another important aspect to define a material’s mechanical behavior and chip formation
is dislocation density [7]. Under low shear stresses the dislocation density in a material increases
[13]. This occurs near the edge of the primary shear zone, shown in Figure 2.2. Grain
boundaries in a material act as barriers to prevent the travel of dislocations, increasing tensile
strength and hardness. Tauhiduzzaman [2] concluded that a friction-stir processing (FSP) method
can be applied to aluminum workpieces to improve their surface finish by mechanically working
the material to increase dislocation density, reducing grain sizes to nanometer level and

removing strong grain boundaries.

Friction stir processing (FSP) is a related process to friction stir welding (FSW). FSW is a
solid state welding process in which the material is not melted but mechanically stirred. This
process was created by The Welding Institute (UK) in 1991 and patented in 1995 [14]. The FSW
process starts with two workpieces that are butted against each other to create a joint and are
clamped in place. The tool, known as a bobbin, is a specially shaped pin with a large shoulder.

The bobbin, rotating between 180 and 300RPM is forced into the material. Friction between the

13



workpiece and bobbin softens the material. As the bobbin is fed through the workpiece, pressure
from the clamps forces the softened material to be forged together [15], creating the welded
joint. FSP uses the same bobbin and tooling as FSW, only that the process is not used to join two
workpieces, but is instead used to create an area of re-forged metal in the worked region of the
workpiece. The FSP process is shown in Figure 2.7. FSP, when applied to aluminum, decreases
the grain size and increases the density of material defects creating an alloy with a small average
grain size and finely dispersed hard particles. The re-forged metal behind the bobbin is churned,
undergoes dynamic recrystallization and recrystallizes with a microstructure that has a high
dislocation density [16]. The dislocation-dense crystals also serve as nucleation sites for slip
planes to form when the material is deformed and sheared. Figure 2.8 shows and compares the

microstructures of 99.87% aluminum in furnace cooled state and after FSP. The grain sizes have

been dramatically reduced using this method.

/4

Figure 2.7 Friction Stir Process [17] [After Tauhiduzzaman (2011)]
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Figure 2.8 Comparison of Optical Microscope and SEM Images of 99.87% pure Aluminum Workpieces Before And After
FSP respectively (Note different scales) [2] [After Tauhiduzzaman (2011)]

Rapidly Solidified Aluminum (RSA-6061) is a similar material produced by RSP-
Technology which uses a proprietary meltspinning process to create a 6061-series aluminum
alloy [18]. RSA-6061 and FSP alloys both feature a microstructure with an average grain size of
under 2um and a fine dispersion of insoluble hard particles in the solidified ingot. This alloy is

commonly used in the diamond turning industry for producing focusing mirrors.

By using a material with an appropriate microstructure such as RSA-6061, the effects of
hard particle scratches, and grain boundary roughness, can be minimized. These alloys minimize
the number of hard particle scratches as the hard alloying particles are finely dispersed
throughout the aluminum matrix. The decreased grain size reduces the impact of the size effect at
the low depths of cut typically used in SPDT. This causes the tool to cut material that has a
material property more similar to the bulk material, rather than the material property of that of a
perfect, single crystal metal. The increased density of grain boundaries in RSA or FSP treated
material strengthens the bulk workpiece material, but will also reduce the effect of grain-
boundary induced roughness. This is due to the greater number of active slip planes in adjacent

grains in RSA or FSP treated alloys.
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2.1.2 Tool Geometry
The geometry of a cutting tool significantly impacts surface finish at higher feed rates as

it determines the shape of the tool marks on the finished surface. At high enough feed rates, the
surface roughness will be close to the theoretical limit of surface roughness as captured in
Equation 2.1.

fZ

R, =

Equation 2.1 Theoretical Surface Roughness

In Equation 2.1, the peak-to-valley roughness (Ry,) is dependent on the feed per
revolution (f), and the nose radius of the tool (R,). This theoretical limit only holds true if the tool
is a perfect circular arc and only if an exact imprint of the tool is left on the generated surface.
Equation 2.1 implies that higher feed rates and tools with smaller nose radii will create surfaces
with higher roughness. This conventional wisdom is applicable when diamond turning at higher
feed rates during roughing operations. In a study by Childs et al. [8], they found that for a
sharper tool, the achievable surface roughness approaches a minimum. Edge sharpness is one of

many factors that affect the Ry, of a diamond turned surface.
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Figure 2.9 Roughness Data on Turning and Facing [8] [After Childs et al., (2008)]

When the feed rate is decreased, the feed marks are obscured by the magnitude of tiny
vibrations in the machine and by microscopic defects in the workpiece. To demonstrate this
phenomenon, Figure 2.10 was produced in this study where a 0.5mm nose radius tool was used
to machine a surface at different feed rates. At a relatively high feed rate of 50um/rev, the
surface profile is dominated by the scallop-shaped tool marks and machine vibration can be
neglected. In this case, Equation 2.1 will provide a close estimate to the peak-to-valley (R¢)
roughness of the generated surfaces. When the feed rate is lowered to 20pum/rev, the measured
R will be affected by both the size of the scallops created by the tool as well as minute machine
vibration. When the feed rate is lowered again to 5um/rev, the kinematic equation suggests a
value of Ry, = 6.25nm where the measured Ry, is actually 61.89nm, as the feed marks are

obscured by machine vibration.
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Figure 2.10 Comparison of Measured Peak-To-Valley (PV) Surface Roughness From White Light Interferometer (WLI)
and Waviness at Different Feed Rates

It is difficult to determine the point at which vibration and other factors will dominate
over the feed marks on the generated surface as it is highly dependent on the machine capability,
material microstructure, and tool geometry. A detailed analysis to explain the interplay between

material microstructure, cutting parameters and edge roundness is provided in Chapter 5.1.

2.1.3 Cutting Tool Edge Quality
In conventional machining, edge preparation can help with the tool life and surface
quality of the turned part. A blunted cutting edge has the advantage of being stronger when

cutting through hardened materials as it has more material to support the cutting edge. It can also
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be used as a method of increasing friction between the tool and workpiece, creating process

damping and reducing the severity of vibration [19].

In SPDT, the cutting edge quality plays a large role in generating the new surface on the
workpiece. Intuitively, the sharp diamond tools with high edge quality will generate surfaces
with better surface finish. In practice, it is not possible to use perfectly sharp tools for diamond
turning. Any damage or aberrations in the tool profile, such as ragged edges due to improper
honing and chips or notches on the cutting edge will cause similar damage within the feed marks
on the workpiece’s surface. This highlights the importance of cutting edge quality. Commercial
quality SCD tools are inspected with an optical microscope at 800X magnification to ensure that

the cutting edge is free of chips, cracks, and defects.

Tool wear in machining typically follows a pattern. The plot of tool wear vs. the length of
cut generated by a tool can be split into three distinct stages: wear-in, stable wear, and rapid wear

as shown in Figure 2.11.

The break-in stage is characterized by low cutting forces, moderate surface quality, and
rapid deterioration of the cutting edge. The cutting edge erodes as it is prepared for the stable
wear stage. The erosion of the cutting edge also introduces the possibility of subsurface damage
to the tool substrate where the mechanisms involved are not well known. The amount of
subsurface damage and erosion required for the cutting edge to reach the stable wear stage will

affect the fatigue strength and consequently, the total tool life.
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The stable wear stage is characterized by high surface quality and consistent cutting
forces for a long period of time. The tool is subjected to high cutting forces and temperatures,
causing a gradual breakdown of the tool. In a conventional turning operation, the cutting tool is
considered to be worn if the flank wear exceeds 300um. This standard is not applicable to SPDT

due to the small depths of cut and feed rates involved.

The final rapid wear stage is characterized by a sudden increase of cutting forces from the
stable wear stage and a decrease in surface quality. Typical indications of the rapid wear stage
include chipping, cracking, or erosion of the rake face, flank face, or cutting edge. Coated tools

typically wear rapidly after coating failure or delamination.
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Figure 2.11 Representative Tool Wear Curve

Edge preparation and honing are well studied in conventional machining. A study was
performed with a flyhobbing technique [20] to study the differences between various edge

preparation methods and edge radii on PM-HSS tools with an aluminum-titanium-nitride
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(AITiIN) coating. The workpiece tested was 27MnCr5. It was found that a tool with a cutting
edge radius of 10-20um provided the largest number of gears produced. A similar study [21] was
performed for PM-HSS inserts for a milling operation and found that an optimum cutting edge
radius of 14um was most appropriate for milling a case hardening steel, 27MnCr5. Another
study was performed to study the optimal cutting edge radius of diamond-coated tungsten
carbide tools for cutting lightweight abrasive alloys [22]. In conventional machining, edge
preparation has typically been used to extend the tool life or improve stability in the machining

of difficult materials.

In the field of ultraprecision machining, there has been research on the influence of
cutting edge radius on the stability of the micromilling process [23], with the conclusion that a
cutting tool with 4.5um cutting edge radius is more stable than a tool with a 1um cutting edge
radius. A study performed on a chamfered tool found that tool life and surface quality improved
when using a chamfered tool instead of a tool with a conventional diamond bit [24] when
machining tungsten carbide. There has also been research on the effect of a chamfered, sharp
edge on the diamond turning of hard materials, such as a silicon crystal [25]. To the author’s
knowledge, there has not been any research on the effect of an intentionally blunted edge on a

single crystal diamond tool.

In SPDT, there are two primary causes of tool wear. The first is the breakdown and
erosion of the cutting edge. The second source of tool wear is wear through formation and
breaking of built-up-edge (BUE). Other types of wear, such as flank wear, crater wear, and stress

fractures are less likely to occur due to the relatively low temperatures in the cutting zone in
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SPDT. M.Masuda and Y.Maeda (1989) investigated the mechanism in which surfaces are
generated using worn diamond tools [26]. They found that for a flat-nosed, sharp SCD tool,
better surface finish is achieved when the cutting edge is worn slightly and recedes. This allows
for a burnishing effect by the tool’s trailing edge when placed at a positive tool setting angle. A
specially designed flat-nosed tool with specially radiused corners was developed by

Tauhiduzzaman and Veldhuis [2] to minimize plastic side flow and to encourage burnishing.

Lucca, Seo, et al. [27] studied the effect of tool edge geometry in the ultraprecision
flycutting of Te-Cu alloy and found that SCD tools primarily wear by erosion of the cutting
edge. An atomic force microscope (AFM) was used to measure the cutting edge radius of the
SCD tools. The cutting edge radius was found to be 0.25um on a new tool and was measured to
be 1um for a worn tool. It was also found that the tool thrust force was higher on a worn tool for

uncut chip thicknesses below 8um. Thrust force between both tools were similar beyond 8um.

The tooling can be modified by irradiating the SCD tool using a focused ion beam (FIB)
process, a method studied by Kawasegi et al. [28]. When machining aluminum alloys, the FIB-
treated tool showed increased adhesion of the work material to the tool, decreasing the surface
quality. When the FIB treated tools are heat treated, the adhesion problem does not appear,
opening the applicability of using FIB treated tools in SPDT. This work is important as it
highlights the possibilities of modifying SCD tools with highly controlled geometries. The high

economic cost and training required to use FIB may limit its adoption in industry.
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A study was performed by Zareena and Veldhuis [29] to improve tool life in the
ultraprecision machining of titanium alloys by applying a polymer coating to the SCD tool,
blocking chemical interactions between the titanium and diamond tool. The polymer coating
also served to form a lubricious layer between the tool and workpiece as evidenced by lower
cutting forces. This shows that it is possible to apply tool coatings to SCD tools, but the selection

is limited as the coatings must be extremely thin and adhere well to the SCD.

In this thesis, a chemical etching process was performed on a diamond tool to
prematurely wear the tool to reduce the length of the wear-in period and to extend tool life by
reducing subsurface damage generated during the wear in stage. There have been many studies
performed in the past to enhance the SCD tools used in diamond turning, such as the use of a
chamfered sharp cutting edge, tool geometry changes to encourage burnishing, treatment through
FIB, and thin polymer tool coatings. To the author’s knowledge, there has not been a study

performed on the effect of a chemically etched and blunted tool in SPDT.

2.1.4 Relative Tool-Workpiece Vibration
This is an important topic in the field of SPDT as relative tool-workpiece vibration
accounts for the form error in the resulting part. There has been research in off-line and in-

process metrology to develop new technologies in order to compensate for these errors.

Tool-workpiece vibration in SPDT is commonly observed, even in dedicated machines
with vibration isolation systems in place. Vibration in ultra-precision machine centers can cause
various form and surface errors, directly influence the form of the resulting part. The cause of

machine vibration can be attributed to a combination of the machine spindle and linear drives as
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well as outside influences such as disturbances in the compressed air supply or disturbances
transmitted through the ground. In a production environment, it is sometimes not technically or

economically feasible to completely isolate the machine tool from outside disturbances.

A pioneering work from Takasu et al. [3], assumed that a simple harmonic motion existed
between the tool and workpiece and that it had a low frequency with small amplitude. Equations
were presented to describe the peak-to-valley of the generated surface with consideration to the
effects of tools with different nose radii for fly-cutting. This analysis was further developed by
Fawcett [30] who measured relative tool to workpiece vibrations (while out-of-cut) in the in-feed
direction using a capacitive gage. This allowed the development of a fast, low-amplitude tool
servo to compensate for these errors during SPDT. The equations [3] were then used by Cheung
and Lee [31] [32] [33] with a capacitive displacement probe to predict the peak-to-valley
roughness (R;) and mean arithmetic roughness (R,) to values measured on machined workpieces.
In these works, [32] [33] use a surface roughness evaluation length of 0.5mm, which may not

capture the total form error in the part.

The excitations to the machine structure, whether from outside sources or from the
machine itself, will cause a machine tool’s components to vibrate at their natural frequency.
Fawcett et al. [30] analyzed their ultraprecision machine center and found that the z-axis slide
vibrates at its natural frequency when cutting and used a fast tool servo to compensate. The
diamond tool itself was analyzed by Zhang et al. [34]. By using experimental data and
computational models, the natural frequency of the tool shank tip, diamond tip, and tool tip were

determined. Meyer et al. [35] performed modal tests using a set of accelerometers and force
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hammers to determine the natural frequency of various machine structural components. With this
information, the frequency of vibration during cutting can be attributed to a specific machine

component.

Regenerative chatter is a common problem when machining with high depths of cut. In
diamond turning however, the possibility of chatter has been ruled out by Cheung and Lee [33]
as the depth of cut is too small in relation to the system stiffness for the regenerative effect to
occur. There has been some evidence of high frequency components (12-14kHz) being present in
the cutting force signal and surface roughness profile, which is believed to be from tool-tip
vibration [36] in SPDT. Many of these articles do not explain the source of these vibrations,

especially those that contribute heavily to form error.

Bittner et al. [37] simulated all possible sources of error and their effects on the generated
surface when diamond turning optical elements. His simulations covered not only physical errors
from decentering of the tool with respect to the center of rotation and tilting of the machine slide
relative to the spindle, but also periodic errors like variable shift between tool and spindle,
periodic structures by thermal effects or tool wear and vibration of the axis of rotation which
produce a spindle star pattern. Variable shift between tool and spindle occurs due to slow
variable and oscillating position errors caused by thermal effects, uneven cooling of the tool or
the carrier or from uneven cutting tool wear. Kim and Kim [38] analyzed and compensated the
thermal growth spindle error in real time using a fast tool servo along with a capacitive
displacement sensor and were able to bring the form error down to 0.1um in a 100mm diameter

specimen. Finally, vibrations of the spindle perpendicular to the workpiece can result in
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azimuthal ripples on the surface forming the spindle star pattern. Simulated appearance of such
errors is shown in Figure 2.12. The spindle star was described as a type of form error that is
characterized by azimuthal ripples in the surface or straight, radial spokes in the surface when
viewed in an interferometer [37]. This error is generally attributed to the spindle and should not
occur in an ideal turning process. In the results of this research, it is shown that flat planar
surfaces with good surface finish will still have this problem. The star error of an ultraprecision
machine center is of particular interest as it contributes greatly to the remaining form error
measured on a finished part. Given other process improvements this level of error is now a

dominant one which needs to be addressed to further improve lens performance.

Wavefront aberration Wavefront aberration

Figure 2.12 Variable Shift Between Tool and Spindle, Periodic Structures by Thermal Effects or Tool Wear and
Vibration of the Axis of Rotation (Spindle Star Error) [37] [After Bittner et al. (2007)]

Jurgens, Shepard 111, and Schafer [39] suggested that the spindle star has a weak effect on
the RMS wavefront error and that the error originates from imbalance and the air bearing orifices
of the spindle. They also stated that a properly designed spindle generally should produce little to
no spindle star. The size, location, and shape of air bearing orifices in an aerostatic bearing can
cause oscillations of the spindle. Newer air bearing spindles using continuous slots with porous
graphite pads have claimed to eliminate this type of error. However, spindle shaft imbalance will
always exist as it is impossible to produce an error-free part. It is not possible to perfectly
compensate for imbalance using adjustment screws as they can only act upon a single plane of
the spindle shaft, while the actual location of the imbalance can exist anywhere along the shaft,
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making perfect balance impossible. Khanfir [40] has also observed the spindle star and stated
that the error is due to resultant axial and radial motion of the machine spindle. By using a
spindle with active magnetic bearings, Khanfir et al. was able to filter out the fifth harmonic
vibration of the spindle, eliminating the five lobed spindle star, and leaving a surface with a
seven lobed spindle star pattern instead. Although the vibration amplitude decreased when the
active magnetic bearings were modified, the pattern continues to exist. Zhang et al. [41] created a
mathematical model (with five degrees of freedom) of an aerostatic spindle and analyzed how its
movements affect the surface topography of a machined surface in SPDT. In this study, the
mathematical model was successful in predicting the surface topography of a machined surface.
However, the source of the spindle tilting frequency was not identified. The effects of the tilting
frequency that they found contributes to the spindle star error at the center of the part. Excessive
spindle star error can cause an optical component to fail inspection. This is because the human

eye is very effective at spotting regularly spaced aberrations in optical components.

In diamond turning, form error can be categorized into 3 types: eccentricity, higher order
synchronous motion, and asynchronous error motions. When a disturbance frequency is a
harmonic or multiple of the rotating spindle frequency, it is a synchronous error motion. When
the disturbance frequency is independent, it is termed as asynchronous error motion. Reducing
eccentricity can be addressed by proper bearing alignment and spindle balancing. Reducing
synchronous and asynchronous errors requires attention to the airflow and geometry of the
aerostatic bearing. One way to reduce asynchronous error is to ensure that the incoming air
supply is free from pressure pulses and contaminants. Improvements in aerostatic bearing design

and manufacture have enabled error to be reduced from 200nm to 50nm over the last twenty
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years [42]. Figure 2.13 shows a cross section of an aerostatic bearing and how deflections in the

spindle are countered by the air pressure.

Equal Air Supply ~ B Equal Air Supply
Pressure ? * Pressure
_

Increased Gap Distance Reduced Gap Distance
= Reduced Local Pressure = |[ncreased Local Pressure

.

Figure 2.13 Example of an Air-Bearing Machine Spindle, Showing Self-Centering Effect [43] [Adapted after Alfred Jager
GmBH (2011)]

There have been several proposed methods to mitigate unwanted tool-workpiece
vibration in order to improve surface finish and decrease the form error. Many of these methods
require some modification of the machine, such as the use of actively compensating magnetic
bearings [40]. Many other methods require the use of a fast tool servo, a feature that is not
standard on all ultraprecision machine tools. Extensive modifications to ultraprecision machines
may not be feasible for manufacturing businesses that cannot justify the economic cost of new
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machine parts and machine downtime. In order to study the vibration between the tool and
workpiece, an understanding can be gained by performing rotordynamic studies, analyzing the
assisted air-hammer instability of the air-bearing spindle, and investigating the impact of
structural vibration. These three factors are interdependent in the formation of spindle star. A

detailed rotordynamic analysis to explain spindle star pnenomenon is provided in Chapter 5.2.

2.2 Measurement of Cutting Edge Radius

The measurement of the cutting edge radius of a Single Crystal Diamond (SCD) tool is
extremely difficult, given the nature of the material and small size of the radius. A study was
performed to determine the influence of cutting edge radius on the stability of a micromilling
process using a carbide end mill [23]. The cutting edge radii of the tools used ranged from 4.5um
to 1um. The small size of these micromilling cutters represents some of the sharpest
commercially available carbide tools. SCD tools however, are expected to have smaller cutting

radii of under 1pm.

There are several techniques and technologies available that can detect and resolve the
small features on a diamond tool that are on the order of nanometers. The most common
technologies used are scanning electron microscopy (SEM) imaging, atomic force microscopy

(AFM), and confocal laser scanning (CLS) microscopy.

Optical microscopes are traditionally used to measure and characterize wear on a cutting
tool in conventional machining. There has been a study on the surface generation of worn
diamond tools [26] in 1989 where the amount of wear was quantified using optical micrographs

to show the flank wear on the tools. This represents one of the first attempts to quantify the wear
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on an SCD tool. Optical microscopes cannot measure the cutting edge radius of a diamond tool
due to the lack of resolution and the fact that the images produced are two dimensional — any

misalignment of the diamond tool will result in an inaccurate measurement.

A scanning electron microscope (SEM) produces two dimensional images of a sample by
scanning it with a focused beam of electrons. The sample is placed in a vacuum chamber with
detectors inside. These detectors scan the scattered electrons from the electron beam, producing
an image of the sample [44]. It is difficult to produce images of SCD tools in an SEM due to
edge effects and charging [45]. Points and edges, such as the cutting edge of a diamond tool,
produce more electrons as the electrons preferentially discharge from sharp edges and peaks,
creating a ‘glow’ on the tool edge. SCD tools also produce charging artifacts. This is why
diamond tools require a sputtered-gold coating before being placed in a vacuum chamber for
SEM scanning. Proper fixturing of the diamond tool is important as the SEM produced two-
dimensional images. Any slight misalignment of the tool to the detector will cause the image to
be distorted, as the cutting edge will be seen from an oblique angle. Despite these limitations,
there has been some success in using an SEM to measure the cutting edge radius of an SCD tool.

Figure 2.14 shows the photograph of a high resolution SEM.
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Figure 2.14 JEOL JSM-7000F Scanning Electron Microscope at McMaster University

Asai et al. [46] constructed a new SEM with two detectors, allowing them to measure the
small cutting edge radius of diamond tools. They found that their diamond tools had an edge
radius of 20nm to 45nm. The authors have attempted to measure the cutting edge radius of a
diamond tool using an SEM, but the resulting picture was blurred by charging artifacts as shown
in Figure 2.15. There was also difficulty in ensuring alignment between the tool and detector,

leading to inaccurate measurements of the cutting edge radii.

JSM-7000F SEl  22kv  X20,000 WD 10.0mm
Figure 2.15 SEM Image of Diamond Tool Under 20000X Magnification
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AFM is a technique in which a sharp, cantilever probe is moved or tapped over a sample.
The cantilever probe typically has a small radius of curvature, on the order of nanometers. There
are tiny deflections in the cantilever due to a variety of forces, such as mechanical contact force,
van-der-waals forces, or electrostatic forces. The deflections in the cantilever probe are measured
using either an interferometer, by piezoelectric sensing elements or by capacitive sensors [47].
By combining an accurate positioning system with the cantilever probe, a three-dimensional
point cloud of the scanned surface or object can be made, creating a map of the tool’s cutting
edge. AFM cantilevers are limited by their low durability of the tip and their small working
distance. The cantilever will not work if its displacement is too large. The AFM probe, being
made of a softer material than diamond, can be easily damaged. Figure 2.16 shows a typical

AFM instrument.

Figure 2.16 NanoScope Il11a Atomic Force Microscope at McMaster University

Despite these limitations, AFM has been successfully used to measure the cutting edge
radius of an SCD tool by many laboratories. An early work by Lucca et al. [27] used an AFM to
measure the cutting edge radius of an SCD tool by placing it into the stage at an inclined angle.
The cutting edge radius for a new tool was estimated to be about 0.25um. The AFM technique

was improved by Gao et al. [48] by using an optical sensor to align the cantilever probe to the
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tool tip. The cutting edge radius was found to be 0.22um for a worn tool and was 0.09um for a
new tool. This alignment technique was placed inside an ultraprecision machine center to allow
for online measurement of tool wear by Asai et al. [49]. They found that the cutting edge radius
of a diamond tool is between 0.056um to 0.143um with the measurement heavily dependent on

the condition of the AFM probe.

The AFM was used again by Brinksmeier et al. [50] and the cutting edge radius of a new
diamond tool was found to be 0.04um. The cutting edge radius of a new SCD tool from these
publications was measured to be between 0.09um to 0.25um. It has been shown to be a good
method for determining the cutting edge radius of a diamond tool as it produces a 3D scan of the
tool. However, using an AFM to measure the cutting edge radius of a diamond tool requires high
operator skill to prevent breakage of the AFM probe. The probe tip radius can also cause the

measurements to be inaccurate as shown in Figure 2.17.
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Finally, the confocal laser scanning microscope is typically used in the biological and
medical sciences. Its advantage is that it can capture images from selected depths using a very
limited depth of focus. A laser is focused and reflected through the objective lens of the
microscope to illuminate the sample. The sample reflects diffracted light back through the
objective lens. The laser beam then travels through a pinhole to create a sharp focus as it is
conjugate to the focal point of the objective lens [51]. Behind the pinhole is a detector.
Electronically controlled mirrors can change the path of the laser beam to scan different points
on the surface of the sample. A computer with the appropriate software can use the laser to scan
points on the surface of the sample and move the focal plane to allow for optical sectioning [52].

With this technique, a 3D map of the surface can be constructed.
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Figure 2.18 Schematic Diagram of Confocal Laser Scanning Microscope [53] [After Fellers and Davidson(2009)]

To the author’s knowledge, there are no published results of the measurement of the
cutting edge radius of an SCD tool with a confocal laser scanning microscope. This is because of
the sharp cutting edge radius of the diamond tool and the limited lateral resolution of the CLS
microscopes. Recent advancements in CLS technology have allowed them to achieve a lateral
resolution at the nanometer level thus facilitating accurate inspection and measurement of SCD

tools.
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Chapter 3. Experimental Setup & Procedure
3.1 Single Crystal Diamond (SCD) Tools

Diamond is a nearly ideal tool material for ultraprecision machining due to its high
hardness, strength, thermal conductivity, and its ability to be honed to a very sharp edge and
retain this edge while machining. Table 3.1summarizes the properties of diamond. Its only
shortcoming is that diamond has chemical affinities with certain materials like iron and the fact

that it breaks down under high temperatures.

Table 3.1 Properties of Diamond [54]

Symbol C

Atomic Number 6

Atomic weight (amu) 12.011

Hardness 7000 Knoop Hardness (WC=2100 Knoop Hardness)
Density 3.51 g/cm®

Most Common Valance +4

Electron Configuration 1s°2s°2p°

Melting Point >3550 °C

Bonding type and energy Covalent; 713 kJ/mol
Mechanical Properties E= 1035 GPa
Electrical Conductivity 10™ [(Q-m)™]
Thermal conductivity 2000-2500 W/m-K

Four diamond tools were used in this study. Two were used for experiments and two
were used for cleaning and preparing workpieces. The tools with a 122mm nose radius were
produced by DiamTech SCD Tool Technology, located in Quebec, Canada. Two more tools with
a 1.5mm and a 0.5mm nose radius were supplied by K&Y Diamond, also located in Quebec. The
four tools used in this study are:

e 12mm nose radius tool with honed, sharp edge
e 12mm nose radius tool with chemically etched and blunted edge
e 1.5mm nose radius tool with honed, sharp edge

e 0.5mm nose radius tool with honed, sharp edge

36



The tools with sharp edges are commercially available but the tool with a chemically
etched edge was specially ordered by B-Con Engineering in Ontario, Canada. The tools were
inspected with an optical microscope with at least 800X magnification to ensure that the tool’s
cutting edges are sharp and chip-free, a standard industrial practice. The tools are wiped using
isopropyl alcohol and cleaned using air jets before inspection. Effort was made to ensure that the
diamond was not exposed to oil such as from ones hands and coolant was not allowed to dry on

the tool surface. The sharp edge of the diamond tool is particularly sensitive to chemical attack.

In order to compare tools of different nose radii, the measurements of cutting force will
be expressed in force per unit contact length, N/um. The geometric contact length is dependent
on the depth of cut and nose radius of the tool as shown in Figure 3.1. The contact length was

computed using Autodesk Inventor 2013 and presented in Table 3.2

Contact Length

|
Figure 3.1 Geometric Contact Length of Round-Nosed Cutting Tool

Table 3.2 Geometric Contact Length of SCD Tools

Nose Radius, R Depth of Cut,d Contact Length

12 mm 2 um 0.21909 mm
1.5mm 2 um 0.07747 mm
0.5mm 2 Um 0.04474 mm
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3.2 Workpiece: RSA-6061 and holders

The workpiece used for the majority of the cutting tests was an aluminum 6061
workpiece made of Rapidly Solidified Aluminum (RSA-6061). It is 60mm in diameter and
15mm thick. It was mounted to a workpiece-holding aluminum disk in order for it to be held by
the vacuum chuck of the machine tool with the help of a dowel pin followed by precision dialing
within £1pm run out. The workpiece mounted on the aluminum disk and SEM image of the
microstructure is shown in Figure 3.2. Grain sizes of the RSA 6061 aluminum is observed to be
around 2um to 5um where the alloying elements are finely distributed on the matrix. The micro-
hardness of the RSA-6061 workpiece showed that its hardness was 144HV. The micro-hardness
test was also completed at 25gf load with 10 seconds of dwell time on a CLIMEX CMT 5.0

micro-indentation tester.

SEI 15.0kV X7,500 WD 9.6mm 1um

McMaster

Figure 3.2 RSA-6061 Workpiece (left center) and microstructure (rght)

The RSA-6061 workpiece was also placed into a large steel holder weighing 4kg. This
steel workpiece holder was used to test the dynamics of the machine with a heavier workpiece
without changing the material being cut. The photograph of the 4kg workpiece holder is shown

in Figure 3.3.
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Figure 3.3 Steel Workpiece Holder for RSA-6061 Workpiece, 4kg Mass

3.3 Machine Tool: Precitech Freeform 700G

The Precitech Freeform 700G machine is a high performance, ultra-precision machine
tool with computer numerical control. It is suitable for the production of optical and mechanical
components. The machine tool has three linear axes (X, Y, Z) as well as one rotational axis (B)

as shown in Figure 3.4.

Figure 3.4 Precitech Machine Tool Setup and Machine Axes
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The linear axes are guided by hydrostatic oil slide ways and controlled by multi-phase
linear motors. The home position of these linear motors is sensed by a Linear Variable
Differential Transformer (LVDT) transducer. Positional feedback is given by laser holographic
linear encoders athermally mounted to these slideways. The X and Y axis encoders have a
resolution of 8.6nm, while the Z axis encoder has a resolution of 1.4nm [42]. The straightness of
these X, Y, and Z slideways is within 0.5 pm per 150mm length [42].

The machine is controlled by the use of the Precitech Ultrapath™

digital signal
processing-based control system. The machine is mounted to a sealed natural granite base and is
leveled and isolated from the ground using a pressurized air system [42] that isolates the machine
from high frequency vibrations from the ground. An air-bearing spindle with a vacuum chuck 4”
in diameter holds the workpiece. This spindle has a maximum speed of 10,000 RPM. The

maximum spindle speed used in this study did not exceed 3600 RPM. The photograph of the

spindle is shown in Figure 3.5 with the workpiece mounted on the vacuum chuck.

Figure 3.5 Precitech SP-90 Spindle

The machine enclosure is connected to a stand-alone heater/cooler in order to control the

machine temperature. This heater/cooler uses a closed-loop temperature controller with a
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Programmable Logic Controller (PLC) and Resistance Temperature Detector (RTD) and can
hold a temperature to within 0.1°C [42]. The room temperature is maintained at 20 +/- 1°C. The
machine axes are stiff enough to keep deflection within single nanometer levels when cutting
with sub-newton forces. The machine axes are designed to be very stiff for the purpose of

diamond turning. The stiffness values are outlined in

Table 3.3.

Table 3.3 Precitech Machine Stiffness [42]

AXis Direction Stiffness (N/um)

X (Linear) Vertical/Horizontal 438N/um / 438N/um
Y (Linear) Vertical/Horizontal 263N/um / 263N/um
Z (Linear) Z-Direction/X-Direction 438N/um / 438N/um
B (Rotary) Axial/Radial 1750N/um / 525N/um
Spindle (RPM) Axial/Radial 70N/um / 26N/um

3.3.1 Machine Operating Procedure

The Precitech Freeform 700G is an extremely accurate and precise machine. Care must
be exercised to ensure consistent results.
Step 1:
The machine brakes are released and servos are activated by disengaging the “Emergency Stop”
and resetting the controller. The homing sequence is performed (“RESET” phase motor and then

“HOME” axes)

Step 2:
The Precitech machine is placed through a ‘warmup’ program that will run the spindle and move

the X, Y, and Z axes through their range of motion for 30 minutes. This warmup cycle is also
repeated every day before cutting tests are performed to ensure thermal uniformity within the

machine.
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Step 3a:
Workpiece is mounted on the spindle’s vacuum chuck.

The workpiece is centered to minimize eccentricity of mass. Eccentric loading will cause the
spindle to vibrate, creating errors in the finished surface. More severe eccentricity will cause
imbalance and radial runout, compromising the safety of the operator and equipment.

Step 3b:

A mark is placed on the vacuum chuck and on the workpiece to ensure that the workpiece is
mounted in the same orientation with respect to each other. The outer circumference of the

workpiece is assumed to be square with the back face of the workpiece.

A runout of no more than 2.45um is recommended [42]. The workpiece is centered by setting the
vacuum chuck to the “LOW?” position. A dial gauge with a resolution of 2um is used to measure
radial runout. The workpiece is tapped on the spindle until the dial gauge records a maximum
runout of less than 2um and the vacuum chuck is then set to the “HIGH” position.

Step 4:

The cutting tool is mounted into the tool holder. The tool holder is fixed to a force dynamometer
to measure the cutting forces generated by the tool. Depending on the machine setup, the tool

holder can be mounted to the B-axis or on the X/Y -axis.

Step 5:
If the tool is mounted on the B-axis table, the B-axis is rotated to allow cutting with a desired

portion of the tool. If the tool is mounted in the X/Y-axis, the B-axis is rotated to a desired angle

to minimize misalignment between the spindle’s rotational axis and the Z-axis.
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3.3.2 Machine Balancing Procedure

The Precitech’s SP-90 work-holding spindle must be balanced before use. The chuck
allows for single-plane balancing using 12 set screws placed around the vacuum chuck. The SP-
90 is equipped with a 1000-line optical encoder with indexing pulse that can be used as part of
the balancing procedure. The balancing procedure is limited by the arrangement of the balancing
screws as only single plane of balancing can be performed. The true location and magnitude of
the shaft imbalance is unknown and cannot be fully compensated using the balancing screws
alone.

Step 1:
Several instruments need to be mounted to the machine to allow for single-plane balancing.

The index pulse from the SP-90 optical encoder is attached to an opto-isolator breakout board.

The one used here is a SparkFun Model BOB-09118 equipped with ILD213T opto-isolator chip.

A Kistler Type 8640A5 accelerometer was mounted to the SP-90 spindle in the radial direction
near the chuck to measure vibration. The PCB Piezotronics Model 480D06 power unit was used

to amplify the signal from the accelerometer.

These two devices were connected to a data acquisition system consisting of a National
Instruments NI PCI-6023E and BNC-2110. A key feature of this data acquisition system is that it
supports hardware triggering. A LabView 7.1 VI was used to capture the accelerometer data

using the signal from the opto-isolator to trigger the data recording. The hardware trigger ensures
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that the data acquisition system begins recording at the index pulse of the spindle rotation each

time. 40960 samples were collected at a rate of 40.960kS/sec for each measurement.

Step 2:

The Precitech ‘warmup’ cycle is performed. This program will move all three linear axes, X, Y,
and Z throughout their full range of motion for 30 minutes. The spindle is set to run at 1000RPM
during this time.

Step 3.

After the warmup cycle, the spindle is run at 1000RPM with the instrumentation inside the
machine. At 1000RPM, the rotational frequency is 16.667Hz. The LabView VI uses a bandpass
filter with a lower frequency of 16Hz and upper frequency of 18Hz to retain only the rotation
dependent content. The LabView VI also measures the peak-to-peak value of this filtered signal
to assess the quality of balance.

Step 4

The filtered signal is displayed on the screen for one revolution. A trial mass is hot-glued to the
spindle at a selected position. This is done to determine the number of degrees of lag between the

peak recorded acceleration to the position of adjustment.

At 16.667Hz, one rotation will take 0.06 seconds. The time of peak acceleration, Tpeax IS
recorded. This peak acceleration occurs at some nth rotation of the spindle since the data
acquisition system started. The time of the index pulse corresponding to this nth rotation, Tingex,
is also recorded. An equation is used to determine the position where the trial mass should be

mounted.
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T, - T;
Ppeak — peak - index * 360°

Gyavd)

Equation 3.1 Formula Used To Determine Trial Mass Position

The spindle is set to run at 1000RPM again and the new Tpeak and Tingex Values are recorded.
Using Equation 3.1, a new Ppea can be calculated, called Pyia. The lag between the peak

acceleration and adjustment position can be calculated.

Plag = Prriat — Ppeak
Equation 3.2 Formula To Determine Adjustment Lag

The trial mass is removed.

Step 5:
The spindle is set to run at L000RPM. The position for adjustment is determined by a

modification to Equation 3.1.

p Tpeak - Tindex

peak = 60
(P

Equation 3.3 Formula To Determine Adjustment Position

% 360° + Pyqg

The selected set screw for adjustment is determined by finding the closest set screw to the

position found using Equation 3.3. The peak-to-peak value of the filtered signal is recorded.

Step 6:
The selected set screw is screwed inwards by half a turn. The spindle is set to run at 1000RPM

for 30 seconds. A measurement is taken again with the data acquisition system.

If the filtered peak-to-peak acceleration is smaller than the value found in Step 5, repeat Step 5

again.
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If the filtered peak-to-peak acceleration is larger than the previous step, then the spindle is

stopped, and the selected set screw is screwed outwards by one full turn.

Run the spindle at 1000RPM for 30 seconds and measure again. If the filtered peak-to-peak
acceleration is still larger than the value found in Step 5, then turn the set screw inwards by one
half turn and move onto the next step.

Step 7:

Repeat step 6, but replace all half-turns with quarter-turns, and all full-turns with half-turns of
the set screw. Repeat until the filtered peak-to-peak acceleration is minimized within the physical

limitations of adjusting the set screws.

3.4 Data Acquisition System

The forces encountered by a cutting tool are important as they reflect the quality and
condition of the tool, machine, fixture, and sometimes even the finished surface. The use of a
force dynamometer is critical and allows for easy monitoring of the cutting process. The data
acquisition system (DAQ) consists of a MiniDyn 3-component dynamometer (Kistler 9256B1), a
dual-mode three-channel charge amplifier (Kistler Type 5010), and a USB data acquisition
system with four input channels (NI compactDAQ-9172, NI 9215 and NI 9234). A PC using

National Instruments’ (NI) LabView software is used to collect and analyze the force data.

3.4.1 Force Dynamometer: Kistler 9256B1
The cutting tool is mounted to the force dynamometer. Its specifications are taken from
the data sheet included with the dynamometer, listed in the Table 3.4 below. Figure 3.6 shows

the dynamometer with the tool holding fixture mounted.
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Table 3.4 Kistler 9256B1 Specifications [55]

Notation Unit Type 9256B1
Measuring Range Fx Fy, F; N -250/250
Overload Fyx, Fy, F; N -300/300
Crosstalk % <2
Rigidity Cx, C; N/ pm >250

Cy N/ pm >300
Operating °C 0...70
Temperature range
Natural frequency Frox KHz 5.1

foy 2.5

foz 5.6
Sensitivity X pC/N 11.2

Y 13.7

Z 11.7

Figure 3.6 Kistler 9256B1 Dynamometer with Tool Holding Clamp Installed

The diamond cutting tools were installed on the Kistler 9256B1 with the X, Y, and Z,
directions of measurement corresponding to the tool’s thrust, feed, and cutting force, respectively

as shown in Figure 3.7.
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Figure 3.7 Tool and Force Dynamometer Coordinate System

3.4.2 Charge and Voltage Amplifier: Kistler Type 5010 and PCB Piezotronics Model
480D06

A charge amplifier is necessary for the DAQ to record force from the force
dynamometer. The Kistler Type 5010 converts the charge signal from the dynamometer to a
voltage proportional to the input. This amplifier is capable of producing an output signal from -
10V to +10V. Sensitivity of the three channels was chosen according to Table 3.4, and the
amplifier’s sensitivity was set to be the signal to 1 pC/N. The LabView software has the ability
to scale the results according to the force dynamometer’s sensitivity manually. Due to the sub-
newton forces involved, high sensitivity is important. The time constant is set to “short” to sense
high frequency changes in cutting force are detected. The charge amplifier used in this study is

shown in Figure 3.8.
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Figure 3.8 Kistler Type 5010 dual mode, three-channel charge amplifier

For the balancing procedure, a voltage amplifier is required to measure the signals from
an accelerometer. PCB Piezotronics Model 480D06 was used to attach an accelerometer to the
unpowered PCl-based data acquisition system. This amplifier is capable of producing an output
signal of +/- 10V. The gain on the amplifier was set to 1 for all measurements. The instrument is

shown in Figure 3.9.

Figure 3.9 PCB Piezotronics Model 480D06 VoItaQe Amplifier
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3.4.3 Accelerometer: Kistler Type 8730A500M1 and Kistler Type 8640A5

The 8730A500M1 accelerometers (Shown in Figure 3.10) used in this study use quartz
sensing elements and have low mass which makes them ideal for precision measurement of light
weight structures. It has a measuring range of +/- 500g and a sensitivity of about 9.5mV/g [56].

These accelerometers were attached to various parts of the machine tool using hot glue.

Figure 3.10 Kistler Type 8730A500M1 Accelerometer

The Kistler Type 8640A5 is a lightweight single axis accelerometer (Shown in Figure
3.11) with a ceramic beam sensing element, also ideal for analyzing lightweight elements. It has
a measuring range of +/- 5g, a sensitivity of 990mV/g [57]. It also has a resonant frequency of

17kHz.

TECHNOLOGY

Figure 3.11 Kistler Type 8640A5 Accelerometer
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3.4.4 Impulse Hammer: PCB Piezotronics Model 086B01 & Kistler 9726 A5000

The PCB Piezotronics Model 086B01 is a small impulse hammer used to strike the
machine structure as shown in Figure 3.12. When the structure is instrumented with
accelerometers, the information from the impulse hammer and the accelerometers can be used to
find the natural frequency and dominant vibration modes of the structure. This impulse hammer
has a frequency response of 10kHz and has a sensitivity of 12mV/N [58]. The hard tip is used to

create a sharp spike of excitation force.

Figure 3.12 PCB Piezotronics Model 8801

The Kistler 9726A5000 is a larger impulse hammer used to excite larger structures than
the smaller PCB Piezotronics hammer. This impulse hammer has a frequency response of 1kHz
and a sensitivity of 1.138 mV/N. Again, the hard tip was used to create a sharp excitation force.

The hammer is shown in Figure 3.13.
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Figure 3.13 Kistler 9726 A5000

3.4.5 USB Data Acquisition System

There are two components to the data acquisition system. The first is the NI cDAQ-9172
chassis [Figure 3.14] with USB connection to the PC with 8 module slots. It has a power input of
11 to 30 VDC at 15W. This chassis can hold many types of modules, but the one used is the
general purpose NI 9215 [Figure 3.15] to measure cutting force. This module operates at +/-

10VvDC with an accuracy of 0.003V and can sample at a maximum of 100kS/sec [59].

Figure 3.14 National Instruments NI cDAQ-9172
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Figure 3.15 National Instruments NI 9215 Module

The NI 9234 module is used to record accelerometer data. This module operates at +/-

5V, and can sample at a maximum of 51.2kS/sec [60] as shown in the Figure 3.16.

L~

Figure 3.16 National Instruments NI 9234 Module

This system is attached to a PC with the NI LabView software. A LabView program is
used to process and record the data. A fast Fourier transform (FFT) can also be performed on the
data to extract frequency-domain data. For the purposes of this study, a sampling rate of 1.0240
kS/sec was used and each measurement consisted of 20480 samples. This system is used for

acquiring data from cutting and vibration tests.
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3.4.6 PCI Data Acquisition System

A PCl-based data acquisition system is used exclusively for the balancing procedure. A
National Instruments PCI-6023E PC card as shown in Figure 3.18 was used in conjunction with
the National Instruments BNC-2110 (Shown in Figure 3.18). The BNC-2110 serves as an
attachment point for instruments with BNC connections. The PCI-6023E operates at +/- 10VDC
with an accuracy of 0.008V and can sample at a maximum of 200kS/sec [61]. It also has a
hardware triggering capability, allowing it to be triggered by the index pulse of a rotary encoder.

This system is used for acquiring data for spindle balancing.

Gy M

Figure 3.17National Instruments PCI-6023E Data Acquisition Card

Figure 3.18 National Instruments BNC-2110 Shielded Connector Block
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3.4.7 Data Acquisition Software: LabVIEW 7.1

The National Instruments LabVIEW is an acronym for Laboratory Virtual Instrument
Engineering Workbench. It is a visual programming language used in this study for data
acquisition and monitoring. The programs created by LabVIEW are called VI, or virtual

instruments.

For data acquisition, the DAQ Assistant was used to match the physical channels from
the USB or PCI data acquisition system to input channels in the V1. For FFT calculations, the
Spectral Measurements VI was used to measure the power spectrum of a signal, using a Hanning
window and linear output. For balancing, the Filter VI was used with a band-pass, third order

infinite impulse response filter.

For reading the saved measurements from the data acquisition program, the same

program is used by replacing the DAQ Assistant VI with the Read LVM File V1.

3.5 Modal Testing Software: CutPro 9

The software used for modal tests is produced by the Manufacturing Automation
Laboratories Corporation in B.C., Canada. The MalTF program is an extremely fast and easy to
use program that uses an impulse hammer and accelerometer to extract the transfer function of a
vibrating structure. The program can be used to predict the natural frequency, damping ratio,

modal mass and modal stiffness of each mode in the machine structure [62].
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3.6 Mapping & Measurement of Surface Topography
3.6.1 White Light Interferometer: Zygo NewView 5000

Surface finish was inspected using a Zygo NewView 5000 white-light interferometer. It
can be used to scan a surface and returns a graphical representation of the surface and a 3D point
cloud showing the surface topography. The interferometer does this optically, without touching
or disturbing the surface. This system consists of two parts: a microscope and a computer.

Depending on the resolution settings, the vertical resolution ranges from 0.1nm to 20nm.

The microscope is mounted on a granite base and stable gantry column and has a 20X
internal magnification. An internal lens can be changed to allow for magnification from 0.4 to
2.0, with a selection of 1X, 10X, and 50X objective lenses. The microscope is also equipped with
a 4 axis stage with X and Y linear axes with roll and pitch. Images are captured and transferred
to the PC using a CCD camera having a resolution of 640x480 pixels. The Zygo Corporation

also provides the MetroPro software for analyzing the scanned surface.

For surface finish inspections, the 50X/Mirau objective lens was used in combination with 20X
internal magnification and a 1.0X internal zoom. This gave a total 1000X magnification with a
spatial resolution of 0.22um. The spatial resolution varies with the field of view (FOV) and
magnification as shown in Table 3.5. This setting was chosen as it can effectively measure the
small machining tool marks and the shape of these tool marks on the finished surface. The
Microscope application in the MetroPro software was used to measure the surface finish. No

filtering options were used.
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Table 3.5 Zygo NewView 5000 Specifications [63]

Internal  Field of View (FOV) (mm X mm) Spatial Resolution ( pum)

Zoom 1X/Mich 10X/Mirau  50X/Mirau  1X/Mich 10X/Mirau 50X/Mirau
Lenses

0.5X 145X 109 141X106 0.28X0.21 2270 2.21 0.44

0.75X 9.10X6.82 0.94X0.70 0.19X0.14 1422 1.47 0.29

1.0X 718 X538 0.70X0.53 0.14X0.11 1122 1.10 0.22

1.5X 537 X403 047X0.35 0.09X0.07 839 0.73 0.15

2.0X 3.57X268 0.35X0.27 0.07X0.05 5.59 0.55 0.11

For inspections of form error, the 1X/Mich objective lens was used with an internal
magnification of 20X and an internal zoom of 0.5X. This gave a spatial resolution of 22.70um.
This reduced spatial resolution allowed the machine to essentially ‘ignore’ surface roughness and
measure larger undulations and waves in the finished surface. To organize data across multiple
scans the stitching feature within the MetroPro software was used. This feature can take multiple
scans of the surface, and stitch them together into one large scan. For these measurements, no

filtering options were selected and a stitching overlap of 15% was used.

3.6.2 3D Laser Confocal Microscope: Olympus OLS4000 LEXT

The measurement of the cutting edge radius of SCD tools requires measurement with
very high resolution. A confocal laser scanning microscope uses a laser and detector to create
very high resolution images. The laser is focused through the objective lens on the specimen.
Reflected and scattered light is picked up by the objective lens and fed to a detector. This

technique, when combined with a computer, can be used to produce 3D height maps of a surface.

Olympus Corporation performed measurements of the cutting edge of the single crystal
diamond tools using an Olympus OLS4000 3D laser confocal microscope as shown in Figure
3.19. This microscope was chosen as it was designed for nanometer-level imaging, 3D
measurements, and roughness measurement. It uses a 405nm laser with dedicated objective

lenses to image slopes up to 85 degrees, a feature that is perfect for measuring and analyzing the
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edge preparation of a sharp diamond tool. The OLS4000 is also unique in its performance

specifications as outlined in Table 3.6.

Figure 3.19 Olympus LEXT OLS4000 Laser Confocal Microscope

Table 3.6 Olympus LEXT OLS4000 Performance Specifications

Planar Measurement Height Measurement

Repeatability Accuracy Repeatability Accuracy

0.02um (100x)  +/- 2% 0.012um (50x) (0.2 + L/ 100)um or less (where L=Measuring
Length, um)

The SCD tools measured using the maximum magnification available, at 17280X. The
objective lens was a 100X objective M PlanApo N LEXT with a zoom factor of 8X. The image
size was 1024 by 256 pixels, using the XYZ fine scan mode. Laser intensity was 80%. No
filtering or other modifications to the 3D point cloud were used. Under these conditions, the field

of view was 16um x 4um. The spatial resolution in the X and Y direction was 0.0156um.

3.7 Workpiece Material and Cutting Parameters
The aluminum alloy used exclusively in this study is a rapidly solidified aluminum

(RSA) 6061 alloy. It was chosen as it is well suited to diamond turning due to its ability to be cut
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easily with diamond tools to leave an optical finish without the use of nickel plating. The

physical properties of RSA-6061 are shown in Table 3.7.

Table 3.7 Physical Properties of RSA 6061 [18]

Property Units Value
Density kg/m’ 2700
Hardness, Brinell HB 110
Ultimate Tensile Strength MPa 330
Yield Strength MPa 300
Elastic Modulus GPa 70.0
Coefficient of Thermal pm/m-°C 23.0
Expansion

Thermal Conductivity W/m-K 160

The workpiece is mounted to the spindle and a facing operation is performed. A

schematic of this operation is shown in Figure 3.20.

Facing Toolpath
r—nno—-I A

@60.00

SECTION A-A
Figure 3.20 Facing Operation and Workpiece Drawing

In order to compare the two 12mm nose radius tools, one cutting parameter was chosen.
The spindle speed will be 1000 RPM and the tool will be fed at a speed of 5um/rev. The depth of
cut is 2um. These cutting parameters are widely accepted speeds and feeds for the finishing of
optical surfaces in aluminum alloys. For vibration analysis, the spindle speed has been varied
from 400rpm to 3600rpm, but the feed rate of 5Sum/rev and a depth of cut of 2um remain
unchanged.
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Chapter 4. Machine Tool Modification & Analysis

To produce the best surface finish, the machine’s deflections due to cutting forces should
be minimized. This can be done by designing tool-holding fixtures that are stiff and work in a
way such that the cutting forces act against the stiffest machine axes. The older machine setup
was not well suited to diamond turning due to the design of the tool-holding fixture as it lacked
stiffness and versatility. The resulting surface finish was not very good as it relied on both the B-
axis and less accurate X-axis for controlling the depth of cut into the workpiece. The previous
machine setup is shown in Figure 4.1. The revised tool-holding fixture will rearrange the
machine such that only the most accurate and stiffest Z-axis will be used to control the depth of

cut.

Figure 4.1 Tool-Holding Fixture, Before Modifications
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4.1 Fixture Design

The fixture was designed to be as compact and as stiff as possible to reduce the severity
of vibration during machining. The fixture was also built out of a combination of stainless steel
304 for corrosion resistance and some parts with high carbon 4140 steel to allow the attachment
of magnetic stands and coolant spray nozzles. The rendered view of the fixture as shown in

Figure 4.2 was designed and modeled in Autodesk Inventor 2013.

Figure 4.2 Render of New Tool-Holding Fixture

Using Autodesk Inventor, the model was analyzed for static deflection under 1N of load
at the tool tip which is a typical cutting force in SPDT. The maximum deflection will be at the

tool shank, with a deflection of 20nm. A software probe was placed on the base of the tool
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holder, showing a deflection of 8nm. Figure 4.3 shows the results with adjusted colors to

exaggerate the deflection of the fixture.

Figure 4.3 Static FE Analysis of Tool-Holding Fixture, with adjusted colors for clarity

With the help of the McMaster Manufacturing Research Institute (MMRI) and
technicians, the fixture was built using a water jet abrasive cutter and an Okuma 3-Axis CNC
machining center. It is now installed in the Precitech 700G machine tool on X/Y axes stage as

shown in Figure 4.4 and Figure 4.5.
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Figure 4.4 Fixture Installed in Precitech Ultraprecision Machining Center

The new fixture also places the tool and workpiece in a different orientation with respect
to the machine axes. The machine X and Z axis now correspond with the feed and thrust

direction of the tool, respectively.

Figure 4.5 Machine Axes with New TooI-AHold‘ing Fixture
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4.2 Fixture Modal Test

A modal test was used to determine the natural frequencies of vibration in the structure.
By instrumenting a structure with accelerometers and using an instrumented hammer to give an
impact force and analyzing the input to the output signals from the instruments, one can

determine the natural frequency, dynamic stiffness and mass of the system.

4.2.1 Modal Test Procedure

The new fixture was tested while it was mounted on the Precitech machine tool to test its
vibration characteristics. Fixture stiffness is important in the thrust direction of the tool as
reduced vibration here will decrease form and surface finish errors. The instruments used in this

experiment are listed below in Table 4.1.

Table 4.1 Equipment Used for Fixture Modal Test

Instrument Type Model

Force Hammer Kistler 9726 A5000

Force Hammer PCB Piezotronics 086B01
Accelerometer Kistler 8730A500M1

Data Acquisition National Instruments NI 9234

Data Acquisition to USB Interface  National Instruments NI cDAQ 9172

The fixtures were instrumented with an accelerometer on the front flat surface of the tool
holder. The PCB Piezotronics force hammer was struck in-plane to the front of the fixture. This
smaller hammer is suited to exciting smaller structures. Five taps were used for each test, with
the results analyzed by the MalTF software included with CutPro 9. Both fixtures were tested
three times. The data acquisition system and CutPro software was used to determine the natural

frequency, dynamic stiffness and damping ratio of the fixtures.
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4.2.2 Modal Test Signal Coherence

The coherence graphs in Figure 4.6 and Figure 4.7 represents the relationship between
the input signal from the force hammer to the output signal sensed by the accelerometer for
unmodified and modified fixtures respectively. It was used to determine the accuracy of the
result. In this study, only frequencies found with signal coherence higher than 0.8 were
considered valid. Three measurements were done on each setup conditions. Coherence was
reasonably good (generally above 0.8) for all three sets of measurements in the 200Hz to 1000Hz
frequency range. Coherence at this level in this frequency range is justified, since the natural

frequency of the fixture was within this range.
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Figure 4.6 Signal Coherence for Tests 1, 2, 3 on Unmodified Tool-Holding Fixture
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Figure 4.7 Signal Coherence for Tests 1, 2, 3 on Modified Tool-Holding Fixture

4.2.3 Modal Test Frequency Response Function (FRF) and Results

The accelerometer and force hammer signals are processed using the included MalTF
software to produce a frequency response function (FRF) of the tested system. The program then
identifies the modes of vibration. The identified frequencies were referred back to the signal
coherence graphs to ensure that the coherence is above 0.8 at that particular frequency. The
modal test results are tabulated in Table 4.2 and Table 4.3 for both set of tests suggesting that the

natural frequencies lie in the range of 200Hz to 450Hz.
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Table 4.2 Modal Test Results of Tool-Holding Fixture, Before Modifications

Natural Frequency (Hz)  Dynamic Stiffness Damping Ratio (%)

(N/um)
Test 1 279.2965 6.8519 5.276
Test 2 279.6869 8.9923 4.266
Test 3 279.8092 8.6149 4.400
Average 279.5975 8.1530 4.647

Table 4.3 Modal Test Results of Modified Tool-Holding Fixture

Natural Dynamic Stiffness (N/um) Damping Ratio (%)
Frequency (Hz)

Test 1 408.0913 80.488 4.670

Test 2 399.5783 80.018 5.640

Test 3 419.8525 90.372 4.198

Average  409.1740 83.626 4.836

The result of the modification was that the new fixture has a much higher stiffness and
higher natural frequency. This will be advantageous in reducing vibration amplitude in the
machine. A face turning, cutting test was performed at a spindle speed of 1000RPM, feed rate of
5um/rev, and a depth of cut of 2um. The surface finish was measured using the Zygo white-light
interferometer (WLI) at 200X magnification. The same 0.5mm nose radius tool was used for
both tests. Zygo WLI screenshot of the generated surfaces are shown for an unmodified setup in

Figure 4.8 and for a modified setup in Figure 4.9.
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Figure 4.8 Surface Roughness of Commercial 6061 Workpiece, Machined Using Unmodified Setup, 200X Magnification

67



Oblique Bleot

+0.04941

mm

nm h I : mm

nm i I : mm

Polnts 3 .72

mim

S e Data

0 T2 S1 s
Figure 4.9 Surface Roughness of Commercial 6061 Workpiece, Machined Using Modified Setup, 200X Magnification

The changed setup allowed the machining of much better surface (PV area improvement
by 33%; PV line improvement by 50%) finish on an ordinary commercial aluminum 6061
sample. The results are summarized in Table 4.4.

Table 4.4 Comparison Of Surface Roughness Profile From Change in Machine Setup

Machine Setup Arithmetic Mean area, Ra (NM) Peak-To-Valley ara, PV (nM)
Unmodified 18.49 138.22
Modified 5.35 92.69
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Chapter 5. Experimental Results and Discussion

5.1 Effect of Edge Preparation in Diamond Turning
When the uncut chip thickness is low, such as those used in SPDT, the size effect begins
to affect the surface roughness of the workpiece. The size effect affects both the material

microstructure from the apparent cutting edge radius.

Typically, in SPDT, round nosed (Ry) tools are used as they can be used to create many
types of geometries. When cutting a plano surface, the tool leaves behind scalloped tool marks.
Due to the shape of the tool, the uncut chip thickness changes across the tool. Figure 5.1 shows

the cross section of the chip’s cross section over the tool rake face.
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Figure 5.1 Profile of Uncut Chip in SPDT

The uncut chip thickness is nearly zero at the edge of the tool profile, where the finished
surface is generated. When the uncut chip thickness is small, the tool can no longer be assumed
to be perfectly sharp. The cutting edge of the diamond tool is on the order of 50nm and thus acts
like a rounded tool [64]. Figure 5.2 shows a tool that normally has a 0 degree rake angle, but due
to the small uncut chip thickness, the effective rake angle (R) is negative. There are many

mathematical models available to model the chip formation of the tool as it passes through the
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workpiece to remove material, such as the Merchant’s Circle and the Lee-Shaffer model [65].
These models serve as reasonable approximations in conventional machining, but are not
accurate in SPDT as these models assume that the tools are perfectly sharp. An exaggerated
schematic of the tool-chip contact zone is shown in Figure 5.1 where the chip section is higher
near the free surface and essentially zero near the trailing edge of the tool. The effective rake
angle will be not be constant across the entire cutting edge. It will be negative near the trailing

edge which will cause a higher thrust force as shown in Figure 5.2.

4

|+

Figure 5.2 Changes in Tool Thrust and Cutting Force Due to Effective Rake Angle for Small Uncut chip Thickness

The small uncut chip thickness, now smaller than the average grain size on some regions
of the tool, is now effectively cutting through single crystals, ideal material. This can be seen in
Figure 5.3, where section b of the tool is effectively cutting through single crystals of material,

while section e is not.
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Figure 5.3 Change In Cutting Behavior Across Tool Face [2] [After Tauhiduzzaman et al. (2011)]

In machining, there is a minimum chip thickness that determines whether or not a tool
will remove material from a workpiece. If the chip thickness is smaller than the minimum chip
thickness criterion, the tool will cause the ploughing of material on the surface of the workpiece
rather than shearing and material removal. The minimum chip thickness criterion was first
proposed by Sokolowski in 1955 [66]. The value of the minimum chip thickness depends on the
radius of the cutting edge, cutting speed, and machine system stiffness. In a series of hard turning
tests, Kishawy and Elbestawi (1999) [67] observed that the material is plastically deformed
instead of being cut and removed, and is pushed out to the secondary edge of the tool. This
phenomenon is known as plastic side flow or ploughing, and occurs opposite to the feed
direction. The build-up of material causes an increase in surface roughness in SPDT, called

plastic side flow induced roughness [Figure 5.4].
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Figure 5.4 Figure Showing Plastic Sideflow Induced Roughness [68] (Adapted After Liu, Melkote et al., 2006)

The plastic side flow is caused by the edge of the tool that generates the new surface,
caused by the uncut chip thickness being smaller than the minimum chip thickness. This can be
seen in Figure 5.3, where sections b and ¢ are cutting through single grains of the polycrystalline
workpiece material. The severity of plastic side flow can be minimized by limiting the amount of
ploughing that occurs. This can be done by changing the tool geometry, such that the uncut chip
cross section limits the area that is below the minimum chip thickness. Liu et al. [69] built an
analytical model for the prediction of minimum chip thickness in micromachining, and validated
this with cutting tests using carbon steel and aluminum. They found that the criterion for
transitioning from ploughing to microcutting is dependent on the effective flow stress generated
during cutting and the shear strength of the adhesive junction at the chip-to-tool interface. The
shear flow stress is dependent on the strain, strain rate, and temperature difference between room
and chip interface. The shear strength of the adhesive junction at the chip-to-tool interface is
dependent on several material properties, such as latent heat of melting and melting point of the

material.
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Tauhiduzzaman [2] and Kishawy et al. [67] observed that plastic side flow can be
detected by observing the chips from the machining processes in diamond turning and hard
turning processes, respectively. Plastic side flow is characterized by chips having the appearance
of a serrated edge. Figure 5.5 represents the chips generated by a 1.5mm nose radius tool while
machining 99.87% cold rolled aluminum. It is clear from this figure that a sharp tool produces
less edge serration while a worn tool results in severe edge serration due to more edge rounding

and size dependent effects.

MaMast St 1506V X1000  10um WD 9.8mm McMaster SEl 150KV

Figure 5.5 Chip Serration Due to Chip Thinning Using a 1.5mm Nose Radius Tool; left: new tool, right: wi
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Two tools were used to compare the effect of a rounded cutting edge. Both of these tools
are single crystal diamond (SCD) tools with a 12mm nose radius. One has been treated

chemically to round the cutting edge, while another tool has not been modified.

These tools were both tested in a face turning operation. From Merchant’s circle, a tool
with a larger negative rake angle is expected to have a higher thrust force during machining, all
other factors being equal. A cutting tool at low depths of cut cannot be assumed to be perfectly
sharp. This creates an effectively negative rake angle. The honed tool with its larger cutting edge
radius should have a more negative effective rake angle. This statement is schematically shown

in Figure 5.6 to aid in understanding.
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Figure 5.6 Change in Effective Rake Angle for Blunt Tool in SPDT

As a cutting tool is used, its cutting edge erodes and the cutting edge radius becomes
larger during the wear-in period. This wear-in period erodes the tool, potentially causing
subsurface damage and possibly shortening the lifetime of the tool. By using a chemical etching
process, one can chemically erode the tool edge to simulate the break-in period without
undergoing plastic deformation or chipping. This can cause reduced tool life due to subsurface

damage and unfavorable residual stresses in the tool substrate.

5.1.1 Workpiece Material Selection

One of the most common materials used in SPDT products are aluminum alloys.
Tauhiduzzaman [2] performed many cutting tests and material analysis studies to determine
which factors in an aluminum alloy will make it best suited for SPDT. They concluded that a
99.9% pure aluminum workpiece with a fine microstructure produced the best surface finish
when compared to all other workpieces. 99.9% pure aluminum is impractical for industrial uses,
as it is easily scratched and has very poor mechanical properties. Instead, for higher tensile
strength, hardness, and lower cost, aluminum 6061 alloys are more commonly used. These

alloys, unlike commercially pure aluminum billets, contain alloying hard particles that can be
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pulled out, dragged, or smeared on the surface causing surface defects. Figure 5.7 and Figure 5.8

shows examples of voids and dragged particles due to imperfections in the RSA-6061 material.
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Figure 5.8 Example of a Dragged Alloying Particle in RSA 6061 Aluminum Workpiece

If 2 99.9% pure aluminum sample can be made more suitable for diamond turning by
refining the grain structure, then a similar trend should exist for Aluminum-6061. A cylindrical
bar of commercially available Al-6061 alloy was procured and annealed in a furnace to return
the bar to a known state. The bar was annealed as its condition, strain hardening characteristics,
and exact heat treatment of the commercially available alloy was unknown. The oven was set to

heat the aluminum sample at 775°F (413°C) for 2 hours. Then, the oven cooled at 10°F/hour
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(approximately 5.6°C/hour) until it had reached 500°C (260°C). Afterwards, the oven was shut

off and the sample was left to be air cooled until it has reached ambient temperature.

When the material being cut has an uncut chip thickness on the micrometer scale, the
mechanisms that cause it to shear are in the nanometer scale. The probability that the cutting tool
will encounter a void, dislocation, or defect in the workpiece is decreased. Otherwise, there is
more probability that the tool will not cut and plough through material instead. Ploughed
material that is not removed is deformed instead, causing material swelling and spring-back.
Increasing the density of defects in the material, such as by strain hardening, can help mitigate

this effect.

Grain boundaries typically slow, or even stop the movement of dislocations from
travelling through a material, effectively increasing its tensile strength. This accumulation of
dislocations and defects moving towards the grain boundary hardens it, increasing its coefficient
of friction when a nano-scratch test was performed, discovered by Kim et al. [70]. When a
material is strain hardened, the dislocation density increases and the grain shape changes. During
diamond turning, when the tool encounters a grain boundary, there is a higher probability that
there will be dislocations on the opposite side of the grain boundary, allowing cutting to take
place. Figure 5.9 shows an example of surface roughness due to grain boundary induced
roughness, caused by anisotropy of the individual grains of material. However, such grain
boundary induced roughness was not observed while machining RSA alloy as shown in Figure

5.11.

76



Surface Map Y
B Z4yg0 Oblique Plot Y

+0.033283

pm

-0.02963
0.218

0.000

Filter: g Trimmed: 8]

Figure 5.9 Example of Grain Boundary Induced Roughness, in 54% Cold Rolled 99.9% Pure Aluminum (500X
Magpnification)
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Figure 5.10 Interferometer Scan of Machined Surface, Rapidly Solidified Aluminum 6061, 100X Magnification

Materials can be cold rolled in order to strain harden it. Three samples were cold rolled
using a cold rolling mill. Samples were cold rolled to 32%, 50%, and 76% reduction of
thickness. One sample was subjected to friction stir processing. A simple cutting test was
performed on these samples using the original, unmodified machine setup (See 0 for details). An

SCD tool with 0.5mm nose radius was used, cutting with a spindle speed of 1000RPM, feed rate
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of lum/rev, and a depth of cut of 2um. After cutting, the machined surface was inspected using a
white light interferometer. The materials that are expected to have the best surface finish are the

materials with the highest dislocation density and smallest average grain size.

The resulting surfaces, shown in Figure 5.11 to Figure 5.15 vary by a high amount in
terms of roughness, this is consistent with severe scratching. The FSP alloy showed a better

surface finish when compared to the other samples as summarized in Table 5.1.
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Figure 5.11 Interferometer Scan of Machined Surface, 32% Cold Rolled Aluminum 6061, 100X Magnification
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Figure 5.13 Interferometer Scan of Machined Surface, 76% Cold Rolled Aluminum 6061, 100X Magnification
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Figure 5.15 Interferometer Scan of Machined Surface, Friction Stir Processed Aluminum 6061, 100X Magnification
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Table 5.1 Summary of Cutting Test Results For Different Materials in SPDT

Aluminum 6061 Alloy Condition Line PV (nm) Line R, (hm)
32% Cold Rolled 287.079 43.969
50% Cold Rolled 117.970 18.670
76% Cold Rolled 185.810 26.494
Friction Stir Processed 169.208 27.841
Annealed 111.157 16.481

5.1.2 Measurement of Cutting Edge Radius

In order to properly study the effect of edge preparation on an SCD tool, the cutting edge

must be measured before the cutting test. The sharpness of the tool must be known, as well as the

effect of the chemical etching process. A 3D laser confocal microscope, the Olympus OLS4000

LEXT was used to scan the tools before and after cutting. Figure 5.16 and Figure 5.17 shows the

measurement done on the fresh edge of two tools using this technique.
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Figure 5.16 3D Confocal Laser Scan of Unmodified Tool, New
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Figure 5.17 3D Confocal Laser Scan of Chemically Etched Tool, New

The output of the 3D confocal laser microscope is a point cloud with a pixel resolution of
15.625nm. To measure the cutting edge radius, a line across the cutting edge was taken out of the
point cloud and plotted. Points were isolated from this selected line to make up the cutting edge.

These points are carefully chosen as they must only be part of the cutting edge. The selected

points on red color are shown in Figure 5.18 and Figure 5.19.
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Figure 5.18 Line Profile For Unmodified, New SCD Tool
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Figure 5.19 Line Profile For Chemically Etched, New SCD Tool

The microscope revealed that the sharp tool is in the expected range of radius of 50-
100nm (Figure 5.20). The chemically etched tool did not have the expected edge preparation.
Instead of eroding the edge and creating a rounded cutting edge, the chemical etching attacked
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the edge and created a step-like profile instead (Figure 5.21)The highlighted points were
imported into a MATLAB circle-fitting program to determine the cutting edge radius. The circle

fitting code was based on code from MATLAB Central, by Izhak Bucher [71].
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Figure 5.20 Circle Fit for Unmodified, New SCD Tool

The MATLAB code indicated that the cutting edge radius of the unmodified SCD tool
was 94.8nm. The chemically etched tool had a cutting edge with a stepped profile. Fitting a
circle to these points will not provide useful information. Figure 5.21 is presented below to show

the stepped cutting edge in greater detail.
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Line Profile For Chemically Etched , New SCD Tool
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Figure 5.21 Circle Fit for Chemically Etched, New SCD Tool

Due to the stepped cutting edge profile of the chemically etched tool, it is difficult to
judge which points will constituent the cutting edge. The cause for this stepped effect can
possibly be due to the acid preferentially attacking areas with high residual stress and large
surface area. In this case, the MATLAB circle-fitting code reported that the fitted circle has a
radius of 157.6nm. Instead, one of the corners of the ‘cutting edge’ was isolated, and the cutting

edge radius was fitted from those points as shown in Figure 5.22.
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Figure 5.22 Circle Fit for Chemically Etched, New SCD Tool, Isolated Points

The cutting edge radius of part of the stepped edge of the chemically etched tool was
108.1nm. An example of the MATLAB code used here can be found in the appendix. All the

measured edge radiuses of fresh, new tool edges are shown in

Table 5.2.

Table 5.2 Summary Of Cutting Edge Measurements, New Tool

SCD Tool Cutting Edge Radius (nm)
Unmodified Tool 95

Chemically Etched Tool 158

Chemically Etched Tool, Partial Section 108

5.1.3 Cutting Test Results

A cutting test was performed with both tools in face turning, where the tool is assumed to
trace an Archimedean spiral with equal spacing for each successive rotation. The cutting length
can be calculated given the feed rate per revolution and the inner and outer diameter of the

generated surface. The arc length of an Archimedean spiral is shown below in Equation 5.1,
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where the variable f is the spacing between each successive rotation of the spiral, and & is the

number of turns in the spiral in radians.

s(0) =0.5f (6/1+62+sinh™"0)

Equation 5.1 Arc Length of Archimedean Spiral [72]

The number of turns in a generated surface, given its outer diameter can be found using

the equation below. Doyter represents the outer diameter of the generated surface.

D outer

0 = 2m * (T)
Equation 5.2 Number of Turns in a Generated Circular Surface, in Radians

The workpiece used in this study is annular, as it contains a hole at its center. The cutting
length is calculated by first finding the arc length of the surface generated based on the outer
diameter, and subtracting the arc length of the surface left behind, based on the inner diameter of

the generated surface.

R\

Figure 5.23 Annular Surface on Workpiece, with Inner and Outer Diameters

The cutting length is then calculated combining Equation 5.1 and Equation 5.2.

$(@)ror = s(0)op —s(O)1p
Equation 5.3 Cutting Length of a Generated Surface in SPDT

Tool life is typically characterized by three stages; a break-in stage where surface finish
and cutting forces vary, a stable region where cutting forces and surface finish is consistent,

followed by catastrophic failure. This pattern is generally seen in conventional machining as
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well. The break-in period involves the breakdown of the fresh cutting edge by rounding the edge

and eroding it.

The honed tool showed a much shorter break-in period than the unmodified tool as shown
in Table 5.3. For reference, the cutting length of a flat, plano surface that is 60mm in diameter is

approximately 2000m.

Table 5.3 Break-in Period of Honed and Unmodified SCD Tool

Tool Cutting Length to Surface Finish (Peak-  Approximate
Acceptable Finish (m) To-Valley, nm) number of parts

Chemically Etched 13266.2 20.121 7

Unmodified 19912.1 17.81 10

The surface quality was measuring using the Zygo white-light interferometer. Surface
quality was judged using the peak-to-valley, or PV taken from the scanned area. The chemically

etched tool showed slightly better consistency in producing high quality surfaces. (

Table 5.4)

Table 5.4 Basic Statistics of Chemically Etched and Unmodified SCD Tool

Tool Average PV (nm) Variance of PV (nm) Standard Deviation of PV (nm)
Chemically 16.495 18.228 4.269

Etched

Unmodified 17.226 19.693 4.467
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Workpiece PV Values before Tool Failure
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Figure 5.24 Peak-To-Valley Values for Generated Surfaces of Honed and Unmodified SCD Tool

The tools were considered to be worn once several parts exhibited a PV of over 50nm. It
is difficult to categorize and determine when a tool is worn out. Visible light has an average
wavelength of approximately 500nm [73]. The tool was considered to be worn once the PV
reached 50nm, as it represents approximately one tenth of the wavelength of light. Although the
tools returned to producing surfaces with acceptable PV after they were considered to be worn,
they consistently generated unacceptable surfaces with deep scratch marks, producing an
undesirable ‘rainbow-color’ or diffraction grated pattern on the part surface. An example of this

type of defect is shown below in Figure 5.25.
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Figure 5.25 Example of Diffraction Grated Surface on Workpiece

The chemically etched tool has a much shorter tool life. This was attributed to the higher
cutting forces in the thrust direction when compared to the unmodified tool, shown in Figure
5.26. The chemical honing creates a tool with a stepped cutting edge, increasing cutting forces
and consequently, increasing the wear rate of the tool. Forces in the cutting direction of both
tools were similar (Figure 5.27). However, the unmodified tool experienced a large increase in

cutting force near the end of its useful life.
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Figure 5.26 Thrust Force on Tool of Chemically Etched and Unmodified SCD Tool
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Figure 5.27 Cutting Force on Tool With Chemically Etched and Unmaodified SCD Tool

For both tools, thrust forces increased with cutting length. Cutting forces however, stayed
relatively constant. The ratio of thrust force over the cutting force can be an indicator of tool

wear as a larger cutting edge radius will create a more negative effective rake angle.
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Figure 5.28 Ratio of Thrust Force to Cutting Force of Chemically Etched and Unmodified SCD Tool

During the break-in period, both tools produced surfaces with very good surface finish
and similar topography. The tool marks from machining are very faint during the break-in stage,
leading to very good surface finish. New, sharp tools are less prone to the size effect near the

edge of the tool, creating less plastic side flow.
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Figure 5.29 Interferometer Scan of RSA Workpiece, Unmodified Tool, Break-1n Stage (1000X Magnification)
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Figure 5.30 Interferometer Scan of RSA Workpiece, Chemically Etched Tool, Break-1n Stage (1000X Magnification)

As the tools wear out, they enter the stable wear stage. This is characterized by a long
period of stable cutting. The feed marks are clearer as the eroded, larger cutting edge radius is

less prone to cutting and creates more plastic side flow.
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Figure 5.32 Interferometer Scan of RSA Workpiece, Chemically Etched Tool, Stable Wear Stage (1000X Magnification)
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After the tools were considered to be worn, they both began to generate surfaces that
were unacceptable as they had diffraction grated surfaces. These diffraction grated surfaces did

not have a PV of over 50nm, but were unacceptable due to their appearance.
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Figure 5.33 Interferometer Scan of RSA Workpiece, Unmodified Tool, Worn (1000X Magnification) Rainbow appearance
from diffraction gratings
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Figure 5.34 Interferometer Scan of RSA Workpiece, Chemically Etched Tool, Worn (1000X Magnification)

The use of RSA virtually eliminates grain boundary induced roughness and scratches
from hard particles due to its fine grain structure and finely dispersed hard alloying particles.
Both tools also exhibited an increase of thrust force with cutting length, indicating a rounding of
the cutting edge. The presence of BUE does not seem to be reflected by an increase in cutting

force. The cutting forces for both tools remained relatively constant, and followed similar trends.
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Rounded cutting edges, due to the size effect, creates a more negative effective rake angle. The

tools also showed increased plastic side flow with wear, contributing to surface roughness.

Although the chemically etched tool created surfaces of extremely high quality, the tool
wore out more quickly than the unmodified tool. This is confirmed by the relatively higher thrust

force than that which the chemically etched tool produces.

5.1.4 Diffraction Grated Surfaces and Built-Up Edge

Occasionally, the tools will produce a surface with deep scratch marks with even spacing,
causing a ‘rainbow-pattern’, or diffraction grated effect. This effect occurred periodically during
the stable wear stage of the cutting test. During the worn-out stage of the cutting test, the tools

consistently generated diffraction grated surfaces. This effect was seen when machining with the

chemically etched and unmodified tools.
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The scratch marks have a deep and sharp profile to them, unlike the nose radius of the
tool. The effect will also appear as periodic bands near the center of the part and will appear
occasionally without pattern. This is due to the presence of a built-up-edge (BUE). Although
cutting forces and cutting temperatures are low when compared to conventional machining, the
material can stick to the diamond tool due to pressure on the rake face. This was confirmed by

scanning the tools in a white light interferometer after cutting and gentle cleaning.
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Figure 5.37 BUE on Unmodified SCD Tool
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Figure 5.38 BUE on Honed SCD Tool

The combination of pressure and adhesion of aluminum on the tools worsened as the
tools were worn down. The adhesion of aluminum to the tool also occurs on the flank face,

negatively affecting surface finish.
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Figure 5.39 BUE on Flank Face of Unmodified Tool (1000X Magnification)
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Figure 5.40 BUE on Flank Face of Chemically Etched Tool (1000X Magnification)

This can be confirmed by drawing the tool profile over the grooves of a diffraction grated

surfaces. The surface profile was extracted from the scan shown in Figure 5.36. The tool marks
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indicate that a sharp protrusion from the tool caused the regular-spaced scratches on the surface.
Following an equation by Takasu et al. [3], tool profiles can be approximated using a parabola

with the equation:

2
pposition

phelgh 2 T

Equation 5.4 Tool Profile Approximation

Where Preignt is the height of the profile, in the Y-axis and Ppgsition IS the position of a
point in the X-axis. The variable r, represents the nose radius of the tool. In Figure 5.41, the tool
was fed from the positive X-direction to the origin of the graph. The scratches on the surface due

to BUE are obvious as there is no imprint that clearly follows the surface profile.
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Figure 5.41 Surface Profile Showing Scratches From BUE

After machining and finding the presence of diffraction grated patterns on the workpiece,
the SCD tools were removed from the machine and scanned using the white light interferometer.

Sticking of material on both the rake and flank faces of the tools was detected. After the tools
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were cleaned, the surface finish became acceptable again, until workpiece material began to stick
to the tool, creating BUE and creating a poor finish. The creation and breaking-off of BUE on
the tool will cause tool wear and inconsistent surface finish. The main mechanism of wear of

these SCD tools in face turning flat surfaces was found to be wear through BUE formation.

5.1.5 Measurement of Worn Cutting Edge of SCD Tools

After the tools were worn out, measurements of the cutting edge were performed again
using the 3D confocal laser microscope, Olympus OLS4000 LEXT. Before measuring, the tools
were cleaned in acetone using a cotton swab, and then placed in a bath of 0.5M sodium
hydroxide solution to dissolve any remaining aluminum BUE. The measurement procedure was

previously outlined in Chapter 5.1.2.
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Figure 5.42 Line Profile For Unmodified, Worn SCD Tool

From the full profile across the tool, there has been obvious crater wear on the rake face
of the unmodified tool. There has been some rounding of the cutting edge, creating a larger

cutting edge radius.
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Line Profile for Chemically Etched, Worn SCD Tool
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Figure 5.43 Line Profile For Chemically Etched, Worn SCD Tool

For the chemically etched tool, the stepped cutting edge has been eroded to a rounded
cutting edge profile with the ‘step” on the rake face having given way to a tool with a beveled
edge instead. The highlighted points from Figure 5.42 and Figure 5.43 were selected to be fitted

to a circle for cutting edge measurement.
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Figure 5.44Circle Fit for Unmodified, Worn SCD Tool
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Line Profile for Chemically Etched, Worn SCD Tool
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Figure 5.45 Circle Fit for Chemically Etched, Worn SCD Tool

Table 5.5 Summary of Cutting Edge Measurements, Worn Tool

SCD Tool Cutting Edge Radius (nm)
Unmodified Tool, Worn 266
Chemically Etched Tool, Worn 293

The measurements show that both tools exhibit the same amount of tool wear after the
cutting test. However, the length of cut for the unmodified tool is much longer than that of the
chemically etched tool. Although the chemically etched tool did not require a long break-in

period, its useful tool life is shorter than that of the unmodified tool.

5.2 Spindle Star Error in Diamond Turning

In the diamond turning process, the proper combination of good workpiece quality, sharp,
controlled waviness tools, and a high quality positioning system will create a part with high
accuracy and optical surface quality. Now that the surface quality is very high, the form error in

the part becomes distinguishable from the surface roughness.
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The largest source of error in the diamond turning process comes from vibration in the
air-bearing spindle. The vibration can be due to minute imbalances and torque ripple from the
brushless DC motor that powers the spindle. The air bearings in the spindle itself can also cause
vibration from phenomena such as air hammer instability, and inconsistent compressed air
supply. Finally, the rotating imbalance in the shaft can cause it to vibrate at its rotational

frequency and its harmonic frequencies.

In spindle analysis and in the analysis of rotating machinery, there are two types of
vibrations: synchronous and asynchronous. Synchronous vibration is defined as a vibration that
is equal to an integer multiple of the rotating frequency. Asynchronous vibration is defined as a

vibration that is at a frequency that is other than an integer multiple of the rotational frequency.

This study will confirm that the spindle star is the primary cause of form error in SPDT.
To the author’s knowledge, no work has been done to address the spindle star formation and its
detailed analysis to date. In this thesis, the author took the first attempt to describe this
phenomenon using rotordynamic analysis and a Campbell waterfall diagram, techniques which
are typically used in the high-speed turbine industry. The spindle star error was detected using
the force dynamometer during tool testing. It is a consistent disturbance frequency at
approximately 400Hz. Further investigation resulted in the discovery of a large error on the
surface of the part, on the order of 80nm peak-to-valley. This investigation also revealed the true

nature of the spindle star error and its synchronous and asynchronous components.
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The spindle star error is not limited to the machine tool and spindle used for this thesis.
Two diamond turned components from different manufacturers were scanned under the white

light interferometer to confirm that spindle star error is endemic to the diamond turning process.
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Figure 5.48 WL Scan of Small Concave Mirror, produced using SPDT, 400X Magnification

These off-the-shelf optical components all show signs of wear, such as scratches and
pitting from handling. However both components show clear signs of spindle star error. By

taking a circular surface profile, it can be characterized by large, regularly spaced undulations.
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5.2.1 Rotordynamics: Theory and Analysis

Rotordynamics is the study of vibration in axially symmetric, rotating structures. It is
typically applied to high-speed pumps, turbines, motors, and disk drives. At high speeds, care
must be taken to prevent the inertial and gyroscopic effects of the shaft, masses, and bearings
from creating large vibrations that can shake the machine apart. This type of analysis will be
applied to diamond turning in order to study the vibration in the air bearing spindle. Although
vibrations in the spindle are relatively low in amplitude and will not cause damage, excessive

vibration will still cause unacceptable form errors in the finished part.

In general, the equation for vibrating mechanical components is dependent on the masses
in the system, damping, and spring constants [74] and takes the form of a second order ordinary
differential equation (Equation 5.5).

[M]{x} + [CT{x} + [K]{x} = {f}

Equation 5.5 General Second-Order Equation for Mechanical Vibrations

The variables in Equation 5.5 represent the following: M is the mass matrix, C is the
damping matrix, K is the matrix of spring constants and f represents the external force vector. In
the case of rotating machinery, the equation gains additional components from the gyroscopic
effect and gyroscopic damping, shown in Equation 5.6.

[M]{x} + ([G] + [CD{x} + ([B] + [KD{x} = {fow}

Equation 5.6 Dynamic Equations for Jeffcott-Laval Rotor [75]

G is a skew-symmetric gyroscopic matrix, dependent on rotational velocity. B is the
skew-symmetric rotating damping matrix, also heavily dependent on rotational velocity. It will
modify the apparent stiffness of the structure and can cause instability [76]. The matrices G and

B are dependent on the polar moment of inertia of the rotor and traverse moment of inertia, both
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of which are dependent on the mass and distribution of mass in the rotor. These moments of
inertia will determine the response that the spinning shaft and rotor will have to a tilt or

perturbation.

When machining, there will always be a perturbation on the machine spindle due to the
cutting forces generated by the cutting tool. In a physical shaft-rotor system, there will always be
some degree of mass eccentricity that will cause a perturbation or tilt in the shaft-rotor system.
This is because a physical shaft-rotor system also cannot be made to be perfectly axially
symmetric. These two sources of vibration together will cause the air bearing spindle to undergo
precession or whirling. Figure 5.49 shows a schematic of a spindle shaft and the modes of

vibration that the shaft can undergo.

N A 1st Mode
A 2nd Mode

Q

Figure 5.49 Example of Bending Modes Of Spindle Shaft [77] [Adapted After Van Osch and Van Esch (2006)]

When the machine shaft is not rotating, it will act similar to a stationary beam. It is
affected by its mass, stiffness, and damping. There will be many modes of vibration. When the
system’s bearings are modeled as stiff pivots, the bearings will act as nodal points for the first

mode of vibration. The point of largest displacement for this mode will be the midpoint between
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the two bearings and the cantilevered ends. Once the machine is rotating, the modes are no
longer planar. Assuming radially symmetric bearings, the masses in the system will trace a circle
[75]. The displacement will also be at its highest at the midpoints between bearings (anti-node).
For diamond turning, the cantilevered end of the shaft, where the vacuum chuck and workpiece

is located, is of interest.

If we assume the air bearings to be flexible and the shaft to be perfectly rigid, there will
be two motions in which the shaft can move that will affect the depth of cut. Diagrams of these
motions are shown in Figure 5.50. The first motion is vibration of the spindle in the axial
direction. The second motion is a motion where the vibration of the front bearing is out of phase
with the rear bearing, creating a conical pattern when in motion. The third motion is a cylindrical

orbit, where the front and rear bearings both vibrate with the same phase.
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Figure 5.50 Examples Of Different Spindle Shaft Vibration Motions With Flexible Bearings

The cylindrical mode is commonly associated with a phenomenon called whirling. The
Jeffcott-Laval rotor in Figure 5.51 is often used to explain shaft whirling. It consists of a point
mass (m) at the midpoint of a rotating, long, massless shaft. The eccentricity of the point mass is
e while the shaft rotates at a constant speed w. In this example, the shaft ends are mounted on

stiff bearings.
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Figure 5.51 Jeffcott-Laval Rotor

Should the eccentricity of mass be zero, the shaft will bow outwards due to the inertia of
the spinning mass. If the eccentricity of mass is more than zero, the dynamics of the system are
strongly affected and the shaft will bow outwards more strongly. In this model, assume that the
rotor disk in the center does not affect the stiffness of the shaft. The bending stiffness (K;) of the
shaft is given by Equation 5.7, where E is the Young’s modulus of the shaft, L is the length

between the bearings, and I is the second moment of area.

48E1

Lshaft3

N

Equation 5.7 Stiffness of a Uniform Beam [74]

For a circular shaft, the second moment of area is related to its diameter D, given by
Equation 5.8.

/ nD*
64
Equation 5.8 Second Moment of Area of a Circular Shaft [78]

It can be assumed that the shaft also has a small amount of damping, cs. The rotor

dynamics of a Jeffcott-Laval rotor will be governed by Figure 5.8.
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mi + kgx + csx = m e w?cos(wt)
my + kgy + ¢y = m e w?cos(wt)
Equation 5.9 Equations of Motion of a Jeffcott-Laval Rotor [75]

The eccentric center of mass, while rotating, will tend to be pushed outwards from the
rotational axis due to inertial forces, causing it to vibrate back and forth on the shaft, as shown in

Figure 5.52.

Figure 5.52 Jeffcott-Laval Rotor With Exaggerated Deformation

At the same time that the rotor is tracing a cylindrical orbit as it is also spinning with a
constant angular velocity, w. If the direction of the orbit is the same direction as the shaft
rotation, it is known as forward whirl. If the orbit direction is reversed from the direction of shaft
rotation, it is known as backward whirl [79]. A visual representation of forward and backward

whirling is shown in Figure 5.53.
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Figure 5.53 Example of Forward Whirl (FW) and Backward Whirl (BW) on Jeffcott-Laval Rotor

Although a cylindrical orbit does not directly affect the depth of cut in the case of the
face turning of a flat piece, it may be a source of excitation for the other modes of vibration. It
can also cause vibration marks when machining workpieces with different geometry, such as

spherical lenses.

The conical orbit is commonly associated with the precession of a rotating object. The
machine tool spindle consists of a shaft supported by air bearings with a vacuum chuck and
workpiece on the cantilevered end. The mass of this workpiece will always create a bending

moment in the shaft due to gravity. An example of this can be seen in Figure 5.54.
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Translation
L=lw

Figure 5.54 Example of Precession

This bending moment will always be perpendicular to the direction of L, the angular
momentum. This change in angular momentum will not affect its magnitude but will affect its
direction [80], causing the shaft and workpiece to bend and create a conical orbit as it is
spinning. This effect, combined with the centripetal force of the workpiece, will cause the
spindle to wobble and vibrate in a conical orbit. The amount of precession (gyroscopic effect)

depends on the cross-coupling stiffness difference between axial and radial direction.

In order to understand vibration in rotating machinery, the Campbell diagram was
developed to map a system’s frequency response as a function of rotating speed. In an
experimental setup, this is done by measuring the frequency response spectrum for a given
interval of machine speeds and plotting a waterfall plot. An example of a waterfall plot from Lee

et al. is shown in Figure 5.55.
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Figure 5.55 Example of a Campbell Diagram [81] [After Lee et al.(2010)]

In the waterfall plot, the X axis represents the vibration frequency (Hz) while the Y axis
represents the spindle speed (RPM). The vertical Z axis, represents the vibration amplitude for a

given frequency and spindle speed.

The red lines labeled 1X, 2X, and 3X represent the first, second, and third harmonics of
the rotational frequency, respectively. They can be plotted using Equation 5.10.

X

=N
Y =750

Equation 5.10 Nth Harmonic Line Of A Campbell Diagram

Where, y represents the spindle speed in RPM, while x is a vibration frequency in Hz. N
is a positive integer. If there is a row of vibration amplitude peaks following one of these lines, it
is said to be an Nth harmonic resonant vibration. The harmonic number which is synchronous to
rotational speed, can give insight to the source of the vibration. The green lines in Figure 5.55

represent an asynchronous natural frequency of a structure on the rotating machine. By plotting
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the trends of vibration amplitude peaks, a designer can determine which spindle speeds to avoid

or gain information on how the machine should be revised.

5.2.2 Effect of Aerostatic Bearings in Spindle Star Formation

In ultraprecision machining, the work-holding spindles typically use externally
pressurized air bearings for their rotating shafts. Air bearings have very low friction when
rotating, leading to low heat buildup and better dimensional accuracy [82]. At higher pressures,
they also have a high load capacity and can boast a stiffness of several N/um with limited cross-
coupling effects [83]. When compared to hydrostatic bearings, air bearings are cleaner and do
not require complex, high-friction sealing systems to contain the hydraulic oil. Due to their static
characteristics, air bearings are the obvious choice for ultraprecision machining. Air bearings are
not without problems and suffer from dynamic problems, such as air hammer instability due to

the compressibility of air.

An externally pressurized, aerostatic bearing consists of a smooth shaft with a flange, and

an outer ring with a system of orifices in which the air is pumped through. Figure 5.56 shows a

hypothetical cutaway of the air-bearing spindle system in a diamond turning machine.
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Figure 5.56 Example of an Air Bearing Spindle Cutaway

The distance of the shaft from the outer race is important to the stability and load capacity
of the bearing. When the spindle shaft is not rotating, a displacement of the shaft due to external
forces or vibration in the X or Z direction will create an uneven air gap between opposing sides
of the bearing. For example, a displacement in the positive Z direction will cause the orifices in
the positive Z direction to resist the movement due to a decrease of volume and increase of
pressure. This follows Boyle’s law (Equation 5.11) [84].

PV =C
Equation 5.11 Boyle's Law

This pushes the shaft back towards the negative Z direction, causing the orifices in the
negative Z direction to resist. When this happens, the shaft extracts energy to reach an
equilibrium position from the external air supply and vibrates at its natural frequency. This
natural frequency is dependent on the apparent stiffness, and mass of the shaft. Air bearings
have low levels of damping so the resonant peak closely aligns with the natural frequency. This
phenomenon is called “air hammer instability”. Air hammer instability is a phenomenon that is
highly dependent on the orifice configuration, supply pressure and of course the natural
frequency of the system and is present even when there is no rotation [82] [85] [86] [87].
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The air-hammer instability can be exacerbated by the gyroscopic precession or whirling
phenomena discussed earlier in Section 5.2.1. It can also occur due to external perturbations.
When a vibration at a synchronous frequency is sustained over time by extracting energy from
the external air supply, it is known as “assisted air hammer instability”. In this case, any
displacement of the shaft is corrected by the shaft exciting itself to one of the closest harmonics
of the system’s rotational damped natural frequency to conserve energy, in an attempt to return
to its equilibrium position. It has been observed that for small displacements, the air film begins
to act as if it were a spring element, and less like a damper element [88]. When the system has

little or no damping, resonant frequencies are easily excited [82].

In all, there are several major contributions to the form error of the ultraprecision
machined part. These can range from tool-workpiece interactions, structural vibration, vibration

due to externally pressurized air bearings, or gyroscopic effects from the work-holding spindle.

5.2.3 Discovery & Detection of Spindle Star Error

The spindle star error is a form error that is believed to be caused by spindle movement
[37] [40], resulting in a wavy surface in which the peaks and valleys form straight, radial spokes
on the surface. These straight, radial spokes are constant throughout the surface and are not
dependent on machine position. Although the spindle star pattern is not visible to the naked eye,
the structured form error can be amplified in an optical system, causing imagining problems in a

final application limiting its performance.
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In these findings, the disturbance frequency was found to be constant over a range of
spindle speeds, but is also not constant at other spindle speeds. In other words, the spindle star

phenomenon has both synchronous and asynchronous components.

Using a force dynamometer, it has been observed that a distinct 400Hz frequency was
found during the cutting operation when the force signal is analyzed using a Fast Fourier
Transform (FFT) analysis in LabView 7.1. The FFT of a force measurement is shown below in
Figure 5.57. To ensure accuracy in the results, 20,480 samples were taken at a rate of 10,240

samples per second.
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Figure 5.57 Example of 400Hz Disturbance in Force Dynamometer Reading at 1000RPM

In Figure 5.57, the cutting parameter used was a spindle speed of 1000RPM, feed rate of
5um/rev and a depth of cut of 2um. The X direction corresponds with the thrust force on the tool,

while the Y and Z directions correspond with the feed and cutting force, respectively. Figure 3.7
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shows the coordinate axes of the tool more clearly. The detection of 60Hz is not relevant as it
corresponds with the line frequency given off by the charge amplifier used in the data acquisition

system.

It has been observed that the number of spokes created by the disturbance frequency will
change depending on the spindle speed. In these tests, different spindle speeds were used to
produce an optical quality surface with a constant feed rate of 5um/rev and 2um depth of cut. An
SCD tool with a 12mm nose radius and no modification to its cutting edge was used to produce
these results. The disturbance frequency was found to be 400Hz or close to 400Hz in every test.
Table 5.6 shows a summary of the initial tests performed to understand this phenomenon and
Figure 5.58 to Figure 5.62 show the optical measurement of the machined surfaces under these
conditions. Numbers of spokes are observable from 360° surface profile of these figures. The
source and reason for low wavelength undulations on the surface profile will be discussed later.
It is important to mention here that

Table 5.6 exactly represents Equation 5.10.

Table 5.6 Summary of Observed Disturbance Frequency and Spokes in Spindle Star

Disturbance frequency (Hz) RPM (rev/min) RPS (rev/sec) Number of spokes, N
400 500 8.3 48.0

400 1000 16.7 24.0

408.4 1021 17.0 24.0

400 2000 33.3 12.0

400 3000 50.0 8.0
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Figure 5.59 Spindle Star at 1000RPM, 10X Magnification, 24 Spokes
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Figure 5.61 Spindle Star at 2000RPM, 10X Magnification, 12 Spokes
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Figure 5.62 Spindle Star at 3000RPM, 10X Magnification, 8 Spokes

5.2.3.1 Tool geometry and contact length in spindle star formation

Cutting tests were performed with different tools to determine the effects of process
damping in an attempt to decrease the amplitude of the waviness. Three SCD tools were used
with a spindle speed of 1000RPM, feed rate of 5Sum/rev and a depth of cut of 2um. All three
tools produced the same 24-lobe pattern, corresponding with a disturbance frequency of
400Hz.These surfaces were scanned using the white-light interferometer. The annular Peak-To-
Valley (PV) reading was taken from a circular profile 10mm in diameter from the center of the

part. These results are summarized below in Table 5.7.

Table 5.7 Tools Used in Spindle Star Investigation

Tool Nose Radius Edge Preparation Annular PV (nm)
1 12mm None 80.693
2 12mm Chemically Honed 87.061
3 0.5mm None 82.137

121



The result was that these tools do not show a significant change in the PV amplitude of
the spindle star error. Using CAD software, the geometric length of the line contact on the
workpiece was estimated in Table 3.2. With a small contact length and low cutting forces, the
damping effect of the different SCD tools is insignificant when compared to other factors in the

cutting process and does not affect the amplitude of spindle star error.

The vibration frequency that causes spindle star error is also independent of the tool-
workpiece contact. An experiment was performed where the RSA 6061 workpiece was cut using
a 0.5mm nose radius tool at 1000RPM with a feed rate of 5Sum/rev and a depth of cut of 2um.
The machine tool was then set to run the cutting tool about 2um away from the freshly cut
surface, called air cutting. A second test was performed with the same cutting parameters, but
with a 12mm nose radius tool and at a spindle speed of 3000RPM. The FFT of the force
dynamometer signals were extracted from LabVIEW and plotted below in Figure 5.63 and
Figure 5.64. Both tests showed similar frequencies at 400Hz but with different force amplitudes.
This means, the changes in tool nose radius and tool contact do not affect the disturbance
frequency that causes spindle star error. Therefore, the tool-workpiece contact is not a major
factor in determining the disturbance frequency of the spindle star phenomenon. These two
results also suggest that the disturbance frequencies and its characteristics are independent of the
cutting process and in fact is a part of the machine’s dynamic behavior and the amplitude of such

vibration increases with higher RPM.
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Figure 5.63 FFT of Force Signal in Cutting and Air Cutting, 1000RPM Spindle Speed, Tool Thrust Direction, 0.5mm nose
radius tool
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Figure 5.64 FFT of Force Signal in Cutting and Air Cutting, 3000RPM Spindle Speed, Tool Thrust Direction, 12mm nose
radius tool

5.2.3.2 Consistent Spindle Star Disturbance Frequency
For a cutting test at 3000RPM, feed rate of 5um/rev and a depth of cut of 2um, three

force measurements were taken one case was for when the tool is entering cut near the outer
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diameter, in the center of the part, and near the inner diameter of the part. The FFT data is shown
below in Figure 5.65. Again, the 60Hz reading is irrelevant as it corresponds with the switching
frequency of the charge amplifier used with the force dynamometer. These three measurements
show the same disturbance frequency of 400Hz and 500Hz is present in generating the entire
surface that can also be seen as spindle star on the finished workpiece with optical measurements

as shown in Figure 5.62. These vibrations are consistent, even at the center of the workpiece.
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Figure 5.65 Force Measurement Near OD, Center, and 1D, Respectively For 3000RPM
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5.2.3.3 Material and its effect on spindle star

It was also observed that these vibrations are independent of the workpiece material. The
aluminum workpiece contained a hole in its center in order to simplify machine setup. A copper
workpiece, 25mm in diameter, was diamond turned at 1000rpm with a feed rate of 5um/rev and a
depth of cut of 2um. An optical-quality finish was achieved, shown in Figure 5.66. This
workpiece was scanned using the Zygo WLI. The WLI scan Figure 5.67 shows a spindle star
pattern that extends to the very center of the workpiece with 24 lobes, a pattern identical to that
of the aluminum workpiece. The spindle star error is independent of the workpiece material. It is

also present from the outer diameter to the very center of the workpiece.

MIARI

Figure 5.66 Diamond Turned Copper Workpiece

-0.03000 0 100 400 sl G600

Figure 5.67 Spindle Star in Copper Workpiece, 1000RPM, 24 Spokes, 400X Magnification '
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5.2.4 Machine Component Modal Tests and Source of Spindle Star Error

The source of this spindle star error required an investigation of the individual machine
components to isolate its source by performing a series of modal tests. A modal test requires the
use of a force hammer to strike the component with a sharp impulse force. The force hammer is
instrumented to measure the magnitude of the impulse force. An accelerometer is mounted to the
component to measure the magnitude, and frequency of the vibration due to the sharp impulse
force to measure the modal stiffness, damping ratio, and natural frequency of the component. As
mentioned in Chapter 5.2.2, a perturbation in an air bearing will cause it to vibrate due to a
pressure differential between opposing orifices. The modal test will then determine the frequency

at which this stabilizing effect occurs.

Although the phenomenon is named “spindle star error”, there is a possibility that the
source of the error is due to the vibration of the machine tool’s structure and or forced vibration
by the control feedback loop. Sensitive accelerometers and small force hammers were used
carefully to limit the number of components being excited by the force hammer. The CutPro 9
software from the Machining Automation Laboratories was used here to analyze the data. The

equipment used is listed in Table 5.8.

Table 5.8 Equipment Used to Investigate The Source of Error

Instrument Type Model

Force Hammer PCB Piezotronics 086B01
Accelerometer Kistler 8730A500M1

Data Acquisition National Instruments NI 9234

Data Acquisition to USB Interface  National Instruments NI cDAQ 9172

The modal tests were performed at three locations on the machine. The first is the tool-
side test where an accelerometer is glued to the front of the tool-holding clamp and the force
hammer was used to strike the front face of the tool-holding fixture. The second test is the
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spindle-side test, where an accelerometer was mounted to the center of the spindle face and the
force hammer was struck on the face of the spindle as close to the accelerometer as possible. The
third location is the Z-axis slide, where an accelerometer is mounted to the Z-axis with the force
hammer striking the back of the Z-axis slide. A series of tests were designed to help eliminate the

source of the asynchronous error, identified as a vibration at approximately 400Hz.

The first set of modal tests was performed on the machine with all its components online
to serve as a benchmark for vibration response for all components. Components will be isolated
and taken offline in order to pinpoint the source of the spindle star error. A natural frequency of
384 Hz was detected at the spindle, and 411Hz was detected at the tool fixture. The MalTF
program outputs are shown in Figure 5.68 and Figure 5.69 for tests on the spindle face and tool
fixture, respectively. The signal coherence represents the correlation between the input and
output system. If the coherence is below 0.8, in the frequency range that is being studied, then

the result is considered to be invalid.
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Figure 5.68 Signal Coherence and Frequency Response of Spindle Face, With All Machine Functions
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Figure 5.69 Signal Coherence and Frequency Response of Tool Fixture, With All Machine Functions

An extra test was performed with the accelerometer attached to the outer diameter of the
spindle head to find the natural frequency of the spindle in the radial direction. The results are

shown below in Figure 5.70. Two frequencies were detected at 392Hz and 465Hz.
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Figure 5.70 Signal Coherence and Frequency Response of Radial Direction of Spindle Face, With All Machine Functions

The second test required the use of the Precitech’s cylinder balancing utility to disable the
linear motor control to the Y-axis. By doing this and repeating the modal test, disturbance from

the controller compensating for movement in the Y-axis is eliminated. A modal test was not
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performed on the spindle as the disabling of the Y-axis does not affect the Z-axis and spindle.
The detected natural frequency, shown in Figure 5.71, was identical to the previous test at

411Hz, eliminating the Y-axis controller as the cause of asynchronous motion.
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Figure 5.71 Signal Coherence and Frequency Response of Tool Fixture, With Y-Axis Disabled

The third test required the machine to be in “Emergency Stop” mode. When the
emergency stop button is pressed, mechanical brakes are engaged on the Y-axis while the
controller releases control to the X and Z-axes, allowing them to freely float on the machine’s
hydrostatic bearings. A modal test was performed on the spindle face with a detected natural
frequency of 385Hz. The modal test for the tool holding fixture detected a dominant frequency at
419Hz. The mechanical brakes increased the stiffness of the Y-axis, causing the natural
frequency to shift upwards slightly. These results are shown in Figure 5.72 and Figure 5.73 for

the spindle face and tool fixture of the machine tool, respectively.
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Figure 5.72 Signal Coherence and Frequency Response of Spindle Face, With Emergency Stop Engaged
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Figure 5.73 Signal Coherence and Frequency Response SFTo'oI Fixture, With Emergency Stop Enabled

The Z-axis slide was also tested with an accelerometer mounted to the base of the Z-axis.
A frequency of 396Hz was detected (Figure 5.74), but with poor coherence. The relatively small
force hammer did not excite any frequencies in the structure other than a faint vibration from the
spindle placed far away on top of the Z-axis slide. The source of the spindle star error is not

caused by the rocking of the Z-axis on its hydrostatic ways.
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Figure 5.74 Signal Coherence and Frequency Response of Z-Axis Slide, With Emergency Stop Engaged

For the fourth series of tests, the air supply to the machine tool was shut off, disabling the
air bearings in the spindle. The “Emergency Stop” mode continued on the machine, locking the
Y-axis using mechanical brakes and disabling control to the linear motors in the machine. No
changes were observed in the detected frequencies in the tool-holding fixture as compared to the
previous tests. While testing the spindle face (Figure 5.75), two dominant frequencies were
detected, at 384Hz and 629Hz. The dynamic stiffness associated with 384Hz is much higher
without an air supply as the rushing air will no longer cushion the structure inside the spindle, the

bearing surfaces inside the spindle are now in direct contact.
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Figure 5.75 Signal Coherence and Frequency Response of Spindle Face, With Emergency Stop and No Air Supply

When the air supply is engaged, the rushing of air into the spindle body will excite a
structure within the air bearing spindle at approximately 385Hz. Once the air supply has been
disabled, the structure is no longer excited by the air, allowing the vibration of other components
in the spindle to be detected. There is also no possibility of air hammer instability without an

external air supply. The results of these modal tests are summarized below, in Table 5.9.

Table 5.9 Summary of Modal Tests

Test Condition Test Location Dominant Machine Features  Modal Damping
Frequency  Eliminated Stiffness  Ratio (%)
(Hz) (N/um)
Machine Online Spindle Face 384 None 66.201 11.503
Tool Fixture 411 80.488 4.670
Y-AXxis Tool Fixture 408 Y-Axis Active 80.018 5.640
Disabled Position Control
Emergency Spindle Face 385 Active Position 41.173 14.151
Stop Control, All Axes
Tool Fixture 419 90.372 4.198
Air Supply Spindle Face, 390 Spindle Air 348.28 9.554
Shutdown Two Peaks 683 Bearing 69.181 24.638

The source of the form error is due to a structure vibrating at its natural frequency in the
air bearing spindle. When the air bearings are energized, the rushing air will excite the structure,

causing it to vibrate at approximately 385Hz. When there is no air in the system, the air bearing
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falls and rests against the bearing outer race. This increases the stiffness significantly. This
vibration will also cause the tool fixture to vibrate at its natural frequency at about 411Hz. The
modal stiffness of the fixture is much higher than that of the spindle. Therefore, the largest

contributor to the error leading to the spindle star surface is vibration of the spindle.

A 4kg steel mass was attached to the spindle to measure its effects on the natural

frequency of the spindle. The results of the modal test are shown in Figure 5.76.
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Figure 5.76 FRF and Coherence Graph for SP-90 Spindle with 4kg Mass

Due to the increase in mass, the spindle’s natural frequency was lowered to 310Hz from
385Hz. A cutting test was performed to determine the effects that the increased mass has on the

resulting workpiece surface and the result is shown in the next section on Page 143.

5.2.5 Rotordynamic Analysis of Spindle Star Error
The disturbance frequency associated with spindle star error, to this point, has been
assumed to be constant at 400Hz. An experiment was performed to attempt to create a phase lag

of vibration between rotations of the spindle in order to kink or scramble the lobes of the spindle
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star pattern on the diamond turned surface. Table 5.10 lists the measurement equipment used in

this section.

Table 5.10 Equipment Used In Rotordynamic Analysis of Air-Bearing Spindle

Instrument Type Model
Force Dynamometer Kistler 9256B1
Accelerometer Kistler 8730A500M1 (500g)
Kistler 8640A5 (59)
Data Acquisition National Instruments NI 9234
Data Acquisition to USB Interface National Instruments NI cDAQ 9172
Surface Topography Measurement Zygo NewView 5000 WLI

These cutting tests were performed with a 1.5mm nose radius tool with a feed rate of
5um/rev and 2um depth of cut on an aluminum workpiece. The disturbance frequency was
detected using the Kistler force dynamometer in the tool thrust direction. A summary of the force
dynamometer measurements is shown below (Table 5.11). To confirm the results, the freshly cut
surfaces were scanned on the Zygo WLI, shown in Figure 5.77 to Figure 5.80. The FFT data

from the tool thrust force measurements are below in Figure 5.81.

Table 5.11 Expected and Actual Disturbance Frequencies For Targeted Number Of Spindle Star Lobes

Spindle Expected Expected Actual Actual Number of
Speed Disturbance Number of Disturbance Spindle Star
(RPM) Frequency Lobes Frequency Lobes

3000 400Hz 8 400Hz 8

3200 400Hz 7.5 426.67Hz 8

3310 400Hz 7.25 441.33Hz 8

3429 400Hz 7 457.2Hz 8

The number of spindle star lobes stayed constant despite the change in spindle speed.
Thus, the assumption that the disturbance frequency is constant at 400Hz is incorrect. Instead,
the disturbance frequency will be close to 400Hz, changing to reflect the closest even integer
harmonic of the rotational frequency. The rotational frequency is measured in revolutions per
second, or RPS. A thorough investigation of the rotordynamic properties of the air bearing

spindle is thus required.
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Figure 5.78 Interferometer Measurement Showing 8 Lobes At 3200RPM
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Figure 5.80 Interferometer Measurement Showing 8 Lobes At 3429RPM
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It has been shown earlier that the disturbance frequency causing spindle star error is

independent of the tool-workpiece contact and that it originates from the spindle. To further
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understand the dynamic properties of the air bearing spindle in SPDT, a rotordynamic analysis
was performed. Analytical and numerical simulations were not performed due to the lack of
information on the internal geometry of the spindle and air bearings. An experimental approach
was taken instead. To generate the Campbell plot for rotodynamic analysis, cutting tests were
performed with a feed rate of 5um/rev and with a depth of cut of 2um. Spindle speeds ranged
from 400RPM to 3600RPM, with cutting tests performed in 200RPM intervals. The workpiece
used was an RSA-6061 workpiece 60mm in diameter. A sharp SCD tool with 12mm nose radius

was used to create these Campbell plots.

Table 5.12 summarizes the disturbance frequency and recorded number of spindle star spokes for

all the cutting tests performed.

Table 5.12 Summary Of Spindle Star Frequencies With Changing Spindle Speed

Spindle Speed Rotational Frequency Disturbance Frequency Spindle Star
(RPM) (RPS) (Hz) Spokes
500 8.333 400 48

600 10 360 36
1000 16.667 400 24
1021 17.017 408.4 24
1100 18.333 440 24
1200 20 360 18
2000 33.333 400 12
2400 40 400 10
3000 50 400 8

3600 60 480 8

In the waterfall plots, a line can be drawn on the frequency-spindle speed plane using
Equation 5.10, described earlier in Chapter 5.2.1. The accelerometer attached to the spindle
represents all the frequencies generated by the spindle during operation, including electrical

noise and turbulent air in the air bearing. Despite the presence of noise, Figure 5.82 shows a clear
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trend 1% harmonic excitation in the graph, as well as a range of large peaks ranging from 300Hz

to 500Hz.
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Figure 5.82 Waterfall Plot Of 500g Accelerometer FFT Mounted To Spindle Body, Radial Direction

An accelerometer was placed on the tool in the thrust direction. This accelerometer and
the tool’s force dynamometer represent the mechanical forces transmitted from the spindle,
through the machine structure, and to the cutting tool itself. The waterfall plot of the

accelerometer’s FFT results is shown below, in Figure 5.83.
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In the Figure 5.83, one can see that most of the frequencies that make up the spindle star

pattern fall within 300Hz to 500Hz. The 1* harmonic frequencies detected by the Kistler

8730A500M1 5009 accelerometer was not detected by the Kistler 8640A5 5g accelerometer. If

we isolate this region for spindle speed below 2000RPM (Figure 5.84), one can see that the peak

frequencies often stay near 400Hz. Diamond turning is typically performed below 2000RPM,

leading to the incorrect assumption that the spindle star phenomenon is an asynchronous spindle

error. However, in all of these spindle speeds, the peak frequency creating the spindle star was

always a harmonic of the spindle frequency.
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Figure 5.84 Waterfall Plot Of 59 Accelerometer FFT Mounted To Tool Holder, Axial Direction For Spindle Speed Under
2000RPM

The tool is mounted to a force dynamometer that measures the cutting forces. Due to the
size effect, a change in the depth of cut will impart a large change in the cutting and thrust force.
At low frequencies, there is a high amount of data leakage in the Fast Fourier Transform,
creating a rough graph. This is due to the relatively low sensitivity of the force dynamometer
compared to that of the accelerometers. The FFT of the tool thrust force measurements is shown

below in Figure 5.85.
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Figure 5.85 Waterfall Plot Of Force Dynamometer FFT, Spindle Axial Direction, Tool Thrust Direction

The trends indicating 1% harmonic, 2" harmonic, and a weaker 3™ harmonic are
observable in Figure 5.85. There is also a series of peaks at the 8" harmonic between 300Hz and
500Hz when the spindle speed is past 28600RPM. This 8" harmonic appears on the surface as a
spindle star with 8 lobes. By analyzing the frequency domain of a force or accelerometer
measurement, the spindle star lobe pattern can be determined and serve as a useful tool for online

monitoring of the spindle star error.

The force dynamometer, when cutting, gave the most complete picture of vibration in
SPDT. It detected the low frequency vibrations associated with the 1%, 2", and 3 harmonic, but
also the higher frequency vibrations associated with the spindle star pattern. When air-cutting,
the tool is moved away from the workpiece but the machine continues to move through its
program as if it were cutting material. From the results shown in Figure 5.86, the force
dynamometer only detected the 8", 10™, and higher harmonics of the spindle frequency. This
further confirms that the disturbance frequency associated with spindle star is not affected by the

tool-workpiece contact.
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It has also been observed that the spindle star error can be manipulated by adding mass to
the spindle. The same RSA 6061 workpiece was mounted to a steel workpiece holder, weighing
4kg. This changed the natural frequency of the spindle down to 310Hz, determined by a modal
test in Chapter 5.2.4. A cutting test was performed at 1000RPM, 5um/rev feed rate, with a 2um
depth of cut. The added mass changed the disturbance frequency from 400Hz to 300Hz, as seen

by the force dynamometer in Figure 5.87.
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Figure 5.87 FFT of Tool Thrust Force For Cutting Test With 4kg Mass
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The change from 400Hz to 300Hz changed the number of spindle star lobes from 24 to
18 at a rotational frequency of 16.667Hz according to Equation 5.10. The workpiece, scanned

using the Zygo WLI (Figure 5.88) confirms this.
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Figure 5.88 Interferometer Measurement Showing 18 Lobes At 1000RPM With 4Kg Mass Installed

This result demonstrates that the spindle star pattern can be manipulated by adding mass.
This also opens the possibility of manipulation of the spindle star pattern by increasing damping.
The increased mass, and consequently, increased inertia, did not significantly improve the PV of
the surface. Using a 10mm diameter circular profile on the part, the PV was 193nm. From Table
5.7, we can see that at 1000RPM, the average PV typically falls between 80nm to 88nm for a

lightweight workpiece.
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5.2.6 Causes of Spindle Star Error

There are disturbance frequencies that have the most influence on the flatness and form
error of the part. These errors can be seen as trends in the waterfall plot for the force
dynamometer in the thrust direction (Figure 5.85) and in the interferometer scans for all tests.
The greatest contributors to the form errors are the 1% and 2" harmonics of the rotational
frequency, creating 1-2 lobes on the resulting surface. The next contributor is the spindle star

error, an error that ranges from the 8™ through to the 48™ harmonic of the rotational frequency.

Using a scan from the Zygo WLI (Figure 5.89), the frequency that affects the surface can
be clearly seen by taking a circular profile centered on the part. In Figure 5.89, the circular
profile is bowed, showing an example where both the first harmonic and eight harmonic

contribute to the flatness of the part when turned at 3000RPM.
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Figure 5.89 Interferometer Scan Of RSA 6061 Surface At 3000RPM Showing Strong 1%t And 8™ Harmonic Vibration

A similar part turned at 500RPM was also scanned using the Zygo WLI (Figure 5.90). It
showed less magnitude in spindle star error (48" harmonic) and more error in its 2" harmonic
error. The slower speed reduced the spindle star error but did not improve the 2™ harmonic error.

This can be seen from the PV of the surface profile of both of these parts.

145



Surface Profile

50.0 60.0

0.078 2a 0.015 um

Figure 5.90 Interferometer Scan Of RSA 6061 Surface At 500RPM Showing Strong 2" And 48" Harmonic Vibration

The 1% and 2" harmonic errors are caused by spindle imbalance. Van Osch et al.
published a vibration troubleshooting chart [77], stating that a common fault in rotordynamic
system is the misaligned, bent shafts with imbalance typically cause 1% and 2" harmonic
frequencies. These vibrations were detected using accelerometers and force dynamometers in
Section 5.2.5. The machine balance procedure created an improvement in vibration by adjusting
the balancing set screws around the spindle chuck. The procedure can be found in Section 3.3.2.
The vibration peak-to-valley acceleration decreased from 0.034g to 0.001g, as seen in Figure

5.91.
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Figure 5.91 Spindle Balancing Results, Before And After Machine Balance Procedure
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Two parts were machined out of RSA 6061 with a spindle speed of 3000RPM, feed rate
of 5um/rev, and a depth of cut of 2um. One part was machined before the machine balancing
procedure while the second was machined afterwards. From the Zygo WLI images in Figure 5.92
and Figure 5.93, balancing the machine reduced the surface profile PV from 174nm to 92nm.
Both of the surface profile lines have a radius of 20mm. The waviness corresponding to the 1%
harmonic frequency decreased after the machine balancing procedure. The 8 spindle star lobes
are still prominent on the surface. The balancing procedure is limited by the arrangement of the
balancing screws as only single plane of balancing can be performed. The true location and
magnitude of the shaft imbalance is unknown and cannot be compensated using the balancing

screws alone.
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The disturbance frequency associated with spindle star error for all the spindle speeds
used in this study all fell between 300Hz to 500Hz. This region is also close to the natural
frequency of the spindle in both the axial and radial direction. The modal test (performed in
Chapter 5.2.4), showed that the natural frequency of the spindle in the axial direction is 385Hz.
The frequency response function (FRF) of the spindle in the radial direction shows two peaks,
one at 392Hz and another at 465Hz. The FRF from these modal tests are shown again in Figure

5.94 and Figure 5.95.
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Figure 5.95 FRF of Spindle, Radial Direction

When performing the modal test, the spindle is struck with an instrumented force
hammer. The accelerometer attached to the spindle measures the spindle’s response to the

hammer strike. In this case, the spindle is responding by vibrating as its air bearings absorb the
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blow as it is undergoing assisted air hammer instability. Air hammer instability is also present
even when the spindle is not moving. A measurement was made with the accelerometers without
the use of the force hammer this test was used to determine the frequency of the air hammer
instability. The FFT of the accelerometer measurements are shown in Figure 5.96 and Figure

5.97.
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Figure 5.96 FFT of Accelerometer, Spindle Axial Direction With No Rotation
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Figure 5.97 FFT Of Accelerometer, Spindle Radial Direction With No Rotation

When the spindle is not rotating, the accelerometer signals are still not zero. This is
because of the air hammer instability of the air bearings which causes the spindle to vibrate. An
FFT analysis on these signals reveals that they are vibrating at frequencies below 600Hz due to
air hammer instability. Once the spindle begins rotating, the air hammer instability turns to
assisted air hammer instability. During assisted air hammer instability, the spindle begins to
vibrate at a frequency that is excited by the rotational frequency and is also extracting energy
from the external air supply which equalizes any pressure differential between the opposing air

bearing orifices.

The spindle star error was measured in several workpieces, summarized in Figure 5.98.

The height of the spindle star lobes increase linearly with spindle speed. For these tests, a 12mm

nose radius tool was used with a constant feed rate of 5Sum/rev and a depth of cut of 2um.
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The increasing magnitude of spindle star error with spindle speed is due to the decreased
damping in the air bearing at high spindle speeds [82]. The angular momentum increases with
the increased rpm for a given rotor which has directional vector acting along the axis of rotation
(depth of cut direction). These two factors cause vibration with large amplitude to occur. The
spindle operates well below its first fundamental frequency, as seen in Section 5.2.4. By
increasing spindle frequency, the vibration amplitude will also increase due to gyroscopic effects
and precession. This will exacerbate the spindle star error as it will cause assisted air hammer
instability, as seen with the increase of spindle star error PV with spindle speed. Increasing
workpiece mass, as demonstrated in section 5.2.4 has lowered the system’s natural frequency,
but vibration amplitude increased, creating a wavier surface by increasing the amount of
precession from the overhang mass. When operating in a sub-critical regime, the only way to

decrease vibration amplitude and improve (or eliminate) form error is to apply external damping.
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5.2.7 Rotordynamic and Assisted Air-Hammer Instability: A Conclusive Summary

This analysis has found many important findings. Exploratory tests in Section 5.2.3 found
that the tool geometry and edge preparation does not affect the magnitude of the spindle star
error. The error exists even when air-cutting; leading to a conclusion that tool-workpiece contact
has a minimal effect on the magnitude of spindle star error and no effect on the number of lobes.
The spindle star error was also found to be consistent throughout the whole workpiece, but is
most easily detected near the center of the part. Section 5.2.3.3 showed that the workpiece
material also has no impact on the number of lobes in the spindle star error. A thorough
investigation using modal tests in Section 5.2.4 confirmed that the spindle star error is due to
vibration generated by the rotation of the spindle and is affected by the properties of the air

bearings.

Air bearings are excellent for SPDT due to their high stiffness, load capacity, and low
friction. They have some dynamic problems, as outlined in Section 5.2.2 such as decreased
damping and assisted air hammer instability at high rotational speeds. The spindle star error is
caused by spindle imbalance with a cantilevered workpiece mass, causing assisted air hammer
instability. Spindle imbalance results in circular orbital movement of the spindle at 1% harmonic
where the overhang mass results in a tilting motion to that orbit leading to an orbital movement
of the rotor. All these factors work together to create a gyroscopic precession which eventually
the air bearing tries to compensate at the natural frequency of the spindle leading to the assisted
air hammer instability. The rotating spindle and gyroscopic effects creates a forced vibration

problem, with Equation 5.12 below. In this equation, M represents mass, C represents damping,
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and K represents the stiffness of the system. The function f,;y(t) represents the forcing function,
such as the input force from rotating imbalance.

M% + Cx + Kx = f,,(t)

Equation 5.12 General Second-Order Equation for Mechanical Vibrations

In Section 5.2.1, this general equation was solved using sine and cosine functions for
simple harmonic motion. Due to the characteristics of air bearings and Boyle’s Law (Equation
5.11), the spring rate (cross-coupling stiffness) is non-linear and hysteresis effects may not be
uniform for tension and compression. This results in a different natural frequency for the first
and second half-cycle of vibration representing the tension and compression phase of a single
cycle of vibration. The resulting motion, x(t), is no longer simple harmonic motion, but is

represented by a Fourier series in Equation 5.13, solved by Dimarogonas et. al. [89].

co
x(t) =ap + Z(ak sin kwt + by, cos kwt)
k=1
Equation 5.13 Fourier Series Solution for Mechanical Vibrations

From Equation 5.13, it can be seen that the system has an infinite number of natural
frequencies, multiples of the circular frequency of a full cycle w, 2w, 3w... In forced vibration,
such as that of a rotating imbalance, the circular frequency will match the rotational frequency.
In a physical sense, a shaft with a rotating imbalance will cause it to vibrate at the rotational
frequency as well as its harmonic frequencies. This forces the number of spindle star lobes to be

an integer.

The frequency response function (FRF) of the system is governed by the mass, stiffness,
and damping of the system. These attributes are heavily influenced by the dynamics of the air

bearings that support the spindle shaft. The forced vibration from rotation (with all harmonics
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frequencies) will cause the spindle shaft to respond according the FRF, favoring frequencies
close to the natural frequency of the spindle shaft that was found in Section 5.2.4 in the axial
direction. These trends can be seen in Figure 5.99. The vibration data shown in Figure 5.99 was
taken from Figure 5.85 while the FRF was taken from Figure 5.72, multiplied by 100 for

visibility on the graph.
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Figure 5.99 Vibration Data Overlaid on FRF of Spindle, Axial Direction

Figure 5.99 shows that the frequencies detected during cutting that causes spindle star
error are higher than the peak frequencies detected by the modal test. This is due to the increase
of air bearing stiffness with spindle speed, a phenomenon also observed by Kozanek et al. [88].

The increased stiffness will increase the natural frequency of the system, governed by the

equation:w = fk/m. Another important point is that the amplitude of the spindle star error will

increase with spindle speed. The PV of a single spindle star lobe was seen to increase linearly

according to Figure 5.98 due to the decreasing damping effect of air bearings with spindle speed
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[88]. The overall PV of the surface is dominated by how well the spindle chuck has been

balanced.

The analysis performed in Section 5.2 leads to the following conclusions:

a. Air-hammer can be inherent to an air-bearing system due to imbalance. This imbalance is
practically impossible to eliminate; however, it can be minimized.

b. When rotating, this imbalance leads to whirl at the rotational frequency

c. The cantilevered mass or the cutting force may excite the system and may result in a 2™
mode of conical orbital vibration (gyroscopic effect)

d. Air-hammer instability vibrates the spindle with system rotational natural frequencies.

e. This axial movement from air hammer instability leaves a frequency signature on the
machined surface

f. There are two peaks and two valleys on the surface which will dominate near the
periphery and diminish near center (Abbe’s principle of error) of the face turned
workpiece

g. From optical metrology, the effect of air hammer instability is more visible near the
center of the part where the precession has minimum influence. The spoke pattern is clear
at the center of the part. The same pattern may be missed near the outside of the part due
to the wide space each lobe encompasses and small field of view of the optical
microscope.

h. Due to inherent rotordynamic nature of a system, it is possible to characterize a rotating

air-bearing spindle to extrapolate its behavior during cutting.
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Spindle star is a synchronous error and is also a function of rotation and can be predicted
using Campbell’s rotordynamic analysis.
Inherent nature of rotordynamics and air hammer instability can be monitored and

predicted by online cutting forces (thrust force) and offline accelerometer measurements
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Chapter 6. Conclusions

The focus of this research is to gain an understanding of the four major factors that affect
the surface finish in SPDT. By understanding the factors that affect surface finish and how they
are related to each other, higher quality ultra-precision machined parts can be made without post-
polishing work. This is advantageous as it eliminates an entire process step and allows for the
creation of geometries that were previously not possible. Another way to increase the

productivity of SPDT is to increase the spindle speed and cutting speed to decrease cycle time.

The material microstructure is important for SPDT. Studies using 99.9% pure aluminum
alloy showed that a material microstructure with a high dislocation density and fine grain
structure is best for diamond turning. In this study, it has been found that an aluminum 6061
alloy also follows the same trend. The hard, alloying particles of the aluminum 6061 must also
be finely dispersed to avoid scratches and pull-outs. The material that yielded the best surface

finish was a rapidly solidified aluminum, RSA-6061.

High quality cutting tools will also greatly improve the surface finish in diamond turning.
Two tools were compared, a tool with a chemically etched edge, and an unmodified tool to apply
a prepared edge on the tool. The chemical etching was performed in an attempt to create a
rounded cutting edge without any defects to extend tool life. In the study, single-crystal diamond
(SCD) tools were measured using a confocal laser scanning microscope to measure their cutting
edge radii. When new, the cutting edge radius of a sharp SCD tool was found to be 95nm. The
chemically etched tool had a stepped profile instead of a rounded one. The stepped profile had a

cutting edge radius made up of two radiuses of 100nm each. These tools were tested until they
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produced surfaces with unacceptable quality. After the cutting tests, the tools were cleaned and
inspected again, with both tools having a cutting edge radius of about 290-300nm. After
cleaning, both tools were able to continue producing surfaces with good surface finish. This is
because the primary cause of tool wear and high surface roughness in SPDT is through built-up-
edge (BUE) formation. BUE was found on the surface of the tool after use. Surfaces generated
with a tool with BUE showed deep scratches as the BUE, made of strain-hardened workpiece
material, adheres itself to the tool and scratches the workpiece. The main issue of maintaining
good surface finish in diamond turning aluminum is the formation of BUE and avoiding the

conditions which generate side flow.

The chemically etched tool had a shorter useful tool life than the unmodified one.
However, the etched tool did not require a long break-in period to achieve a good surface finish.
The chemically etched tool did not last as long as the cutting edge was not a rounded cutting
edge, but was a stepped edge instead. Inspections of an SCD tool can now be performed using a
modern confocal laser scanning microscope. These microscopes are much more robust and are
less costly than the older methods of SCD tool inspection using an SEM or AFM. More work
will be needed to produce a SCD tool with proper edge preparation. In summary good, consistent
surface roughness was achieved through a combination of appropriate workpiece material, high

quality tools, and the control of BUE and side flow.

When machining, relative tool-workpiece vibration is important as it impacts surface
finish and form error. Unwanted vibrations through the machine tool can cause parts to be

scrapped and can damage cutting tools. The largest contributor to form error is a form error in
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the 1% or 2" harmonic of the spindle frequency. This corresponds with imbalance in the air
bearing spindle. By balancing the machine, this error was greatly reduced, but cannot be
completely eliminated. When machining, a disturbance frequency was detected using a force
dynamometer. This frequency corresponds to the number of lobes in the spindle star error when
the workpiece is scanned using a white light interferometer. A rotordynamic analysis on the
spindle showed that the disturbance frequency causing spindle star closely follows the rotational
frequency while keeping close to the frequency of air hammer instability in the spindle. An
increase in workpiece mass will change the spindle dynamics by reducing the system’s natural
frequency and increasing vibration amplitude. The spindle’s operating frequency is well below
its first natural frequency. Increasing spindle speed will decrease the damping ratio of the
spindle’s air bearings. This causes increased vibration amplitude due to imbalance and

exacerbating assisted air hammer instability.

The second largest contributor to form error is the spindle star error. The air-bearing
spindle vibrates due to precession and rotary imbalance. The air bearing undergoes assisted air
hammer instability, vibrating at a multiple of the rotating frequency, but close to the natural
frequency of the shaft-bearing system. In a physical system, imbalance and gyroscopic forces

cannot be practically eliminated.
Form error is not heavily influenced by the tool-workpiece contact, as the use of different

tools did not change the vibration amplitude. The major source of form error is not through

asynchronous error, but it is an error that has elements of being both synchronous, as it follows
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spindle frequency, but also asynchronous, as it will fall within a narrow range of frequencies

which result in an integer number of radial star patterns.
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Chapter 7. Future Work and Recommendations
The research in this thesis answered some questions while at the same time, many new,

unanswered questions were uncovered.

In the area of improving SCD tools, the chemically etched tool did not round the cutting
tool, but instead, created a stepped cutting edge. Further development of SCD tool honing to
produce a slightly rounded cutting edge is required. SCD tools typically ‘wear out’ by the
presence of BUE. Research in ways to prevent BUE, such as by the use of a different coolant or

workpiece alloy is required.

Further work is being done to reduce the effect of spindle star by using a combination of
specially designed tool geometries and cutting parameters. When spindle speeds are relatively
low, the spatial distance between spindle star lobes becomes small. A large, wide tool with a flat
end can promote burnishing of the surface, eliminating the high spots of the spindle star lobes.
This solution will only be applicable for planar surfaces or cases where the nose radius of the

tool can be matched to the part radius.

In the ultra-precision machine tool, the air bearing design needs to be changed to improve
their damping characteristics at high spindle speeds. External damping can also help in reducing
vibration amplitude. Pursuing research in these directions will allow SCD tools to have a longer

tool life and improve the quality of parts produced using SPDT and reduce manufacturing costs.

161



It was also observed that the number of lobes reduces with the increase in RPM. This
may possibly open a new technique of “ultra-high speed, ultra-precision diamond turning.” For
example, it was observed that the SP-90 spindle has its highest disturbance frequency at 500Hz.
Thus if it was possible to diamond turn a sample above 30,000rpm (500Hz rotational frequency);
this can open new possibilities of extremely high speed production with minimum form error.
However, SP-90 spindle RPM is limited to 10,000rpm and passing the critical frequency range to
reach that speed can be a challenge. More research is required to develop and realize this

possibility.
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Appendix 1: Codes
Al. MATLAB Circle Fitting Code

A circle-fitting program was used to fit points from the Olympus OLS4000 LEXT in
order to determine the cutting edge radius of the SCD tools. It was used in this study under the

BSD license, thanks to Izhak Bucher.

http://www.mathworks.com/matlabcentral/fileexchange/5557-circle-fit

function [xc,yc,R,a] = circfit(x,y

% [xc yx R] = circfit(x,y)

E fits a circle 1in x,y plane in a more accurate
E (less prone to ill condition )

% procedure than circfit2 but using more memory

% X,y are column vector where (x(i),y(i)) is a measured point

% result is center point (yc,xc) and radius R

% an optional output is the vector of coeficient a

% describing the circle's equation

% x"2+y~2+a(l) *x+a (2) *y+a (3)=0

> By: Izhak bucher 25/oct /1991,

x=x(:); y=y(:);

a=[x y ones (size(x))]I\[-(x."2+y."2)];
xc = -.5%a(l);

yc = -.5%a(2);

R = sqgrt((a(l)"2+a(2)"2)/4-a(3));

$Input XData, YData as 2 vectors for X and Y

[xfit, yfit, Rfit] = circfit (XData,YData);

plot (XData,YData, 'b.")

hold on

rectangle ('position', [xfit-Rfit,yfit-Rfit,Rfit*2,REit*2], ...
'curvature', [1,1], 'linestyle','-"', 'edgecolor','r');

title(sprintf('Best fit: R = %0.1f; Ctr = (%0.1f,%0.1f)"',...
Rfit,xfit,yfit));

plot (xfit,yfit,'g.")

xlim([xfit-Rfit-1,xfit+REit+1]

ylim([yfit-Rfit-1, yfit+Rfit+1]

axis equal

% Copyright (c) 1981, Izhak Bucher

% All rights reserved.

% Redistribution and use in source and binary forms, with or without

% modification, are permitted provided that the following conditions are
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% met:

disclaimer.
above copyright

disclaimer in

% * Redistributions of source code must retain the above copyright
% notice, this list of conditions and the following
% * Redistributions in binary form must reproduce the
% notice, this list of conditions and the following
% the documentation and/or other materials provided

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS
% AND ANY EXPRESS OR IMPLIED WARRANTIES,

% ARE DISCLAIMED.

% LIABLE FOR ANY DIRECT,

% CONSEQUENTIAL DAMAGES

% SUBSTITUTE GOODS OR SERVICES;
% INTERRUPTION)

% CONTRACT,

STRICT LIABILITY,

INDIRECT,

OR TORT

(INCLUDING, BUT NOT LIMITED TO,
LOSS OF USE,

INCLUDING,

INCIDENTAL,

BUT NOT LIMITED TO,

DATA, OR PROFITS;
HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

THE

% IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE
IN NO EVENT SHALL THE COPYRIGHT OWNER OR CONTRIBUTORS BE
SPECIAL, EXEMPLARY, OR
PROCUREMENT OF

OR BUSINESS
WHETHER IN
(INCLUDING NEGLIGENCE OR OTHERWISE)

% ARISING IN ANY WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE

% POSSIBILITY OF SUCH DAMAGE.

A2. LabVIEW Code
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Figure A1.0.1 LabVIEW Code For Reading LVM File With 3 Force Channels, 3 Accelerometer Channels
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A3. Precitech CNC Program Code

G90 $Machine Absolute mode

G71 %$Set Metric System

GO0l B-1.9500 $Move B-Axis, align spindle axis with machine axis
GO0 Y-67.700 %$Set Tool Height

GO0 X-120. %$Safe X distance from part

GO0 z10. $Safe Z distance from part

MO7.1 %$Coolant, Line 1 ON

G97 M3 S1000. %$Spindle ON, CwW, 1000RPM

G04 F15. %15 Sec delay for spindle speed to stabilize

GO0l Zz-0.002 F20.%Move Tool into workpiece, 2 microns DoC

GOl X0. F5 $Feed tool across part, facing flat surface, 5mm/min
GO0 z10. $Move part away from surface

MO5 %Spindle OFF

M09 %Coolant OFF

m30 %End of program
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Appendix 2: Detailed Procedure and Case Study: Fresnel Lens
The strength for single point diamond turning (SPDT) is that SPDT can produce parts
with nanometer-level accuracy and high quality surface finish. The advanced CNC ultraprecision
machine tools also have the capability to produce parts with a complex geometry. The Fresnel

lens is a perfect way to demonstrate the capabilities of diamond turning.

A2.1 Fresnel Lens Design

A Fresnel lens is used as a lightweight, thinner alternative to a conventional optical
element. Traditionally, a Fresnel lens is manufactured by pressing glass into a mold, requiring a
draft angle and rounded corners to allow the part to be released from the mold. The mold must be
roughed using a machine tool and hand polished, a process that cannot guarantee the accuracy of
the final part. This is especially important in the optics industry, where deviations of more than
0.5um are considered to be large imperfections. The advantage of directly manufacturing a
Fresnel lens using SPDT is that no draft angle is required, increasing lens efficiency and
allowing for sharp corners and edges on the lens. Each concentric facet of the Fresnel lens can
now be created with a curved radius instead of a simple slope facet, further increasing lens

efficiency.

Following a Fresnel lens design guide by Davis and Kuhnlenz [90], a Fresnel lens was
designed and manufactured at the MMRI Micro Manufacturing Laboratory (MML) for
demonstration purposes. The material used is PMMA, or acrylic plastic. The workpiece is a flat

disk, 100mm in diameter and 4mm thick.
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Table A2.0.1 Specifications for MML Demonstration Fresnel Lens

Property Variable Name  Value
Lens to Object Distance (mm) sl 125
Magnification M 2
Distance from Object to Observer (mm) L 450
Refractive Index, Acrylic n 1.49
Visible Object Size (mm) hl 20

The focal length can be determined using the Newtonian thin lens equation.

S1
f= 1
1--)
The lens diameter can then be calculated using this formula provided by the Fresnel lens
design guide.
_ mh
- m S,
( 1+ [ — 51)

We can then use the thin lens approximation to find the required radius of curvature of
each lens facet using the lens-maker’s formula for a thin lens [91]. This formula has been

modified to assume that the lens is single-sided, one side is plano.

-0l

Using a pitch size of 2mm for each lens facet, the lens can then be modeled in

SolidWorks 2013.
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Figure A2.0.2 Fresnel Lens, Modeled in SolidWorks 2013, Student Edition

A2.2 Fresnel Lens Manufacturing

To create the lens, computer-aided-manufacturing (CAM) software was used to generate
the G-code for use in the machine tool. A tool with a nose radius of 0.318mm was used to cut the
workpiece. The roughing pass used a depth of cut of 10um, spindle speed of 1000RPM and a
feed rate of 10um/rev. Due to the large file size of the generated G-code, the rotary buffer was

used in the machine tool.
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Gview:TOP WCS:TOP Cplane:+X+Z [TOP] lane:TOP

Table A2.30.2 MasterCAM Screenshot of Toolpath

The blank workpiece was setup on the Precitech 700G machine tool and the generated
program was transferred to the machine’s controller. The lens was successfully manufactured,

requiring 6 hours of machine time.

Figure A2.4.0.3 Demonstration Fresnel Lens, McMaster University MML
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The directly manufactured lens is based on a simple, spherical magnifier, split into 2mm
Fresnel lens elements. Further work can reduce the spherical aberration by implementing a
Fresnel lens with aspheric geometry. This is an example of the type of ultraprecision lenses that
are possible with SPDT that are otherwise extremely difficult with traditional methods of

manufacturing lenses.

176



