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Abstract

Grinding is one of the important operations emptbye modern manufacturing industry
to remove materials and achieve desired geomettysarface finish. Simultaneous double side
grinding (SDSG) and ultrasonic vibration assistethding (UVAG) are two typical cost-
effective grinding processes which are utilized giond semiconductor materials and high
performance ceramic materials, respectively.

The objectives of this research are to investigaeeral technical issues in modern
grinding processes by using theoretical, numeraad, experimental research approaches. Those
technical issues are related to SDSG and UVAG, lwha&ve been chosen as two typical grinding
processes for this research.

This thesis reviews the literature on SDSG (coeprnocess applications, modeling of
grinding marks, and modeling of wafer shapes) aWA® (covering process applications, edge
chipping, and coolant effects, etc). The theoretieaearch work of this thesis is conducted by
developing mathematical models for grinding marksl avafers shapes in SDSG of silicon
wafers. These developed models are then used dy dta effects of SDSG parameters on the
curvature of the grinding marks, the distance betwadjacent grinding marks, and the wafer
shapes.

The numerical research work of this thesis is doyneonducting a three dimensional (3-
D) finite element analysis (FEA) of UVAG process3A FEA model is developed to study the
edge chipping commonly observed in UVAG of ceramidge chippings not only compromises
geometric accuracy but also possibly causes aeraserin machining cost. A solution to reduce
the edge chipping is proposed based upon the FBEAllaiions and validated by pilot
experiments.

Several experimental studies are conducted to geomew knowledge for the UVAG
process. Firstly, a novel coolant delivery systemekplored for UVAG machine system.
Secondly, UVAG is introduced into machining of fibeinforced ceramic matrix composites
(CMC). Results of a feasibility study and a desajrexperimental investigation show that
UVAG is a promising process for CMC machining. Hiyyaan experimental study on cutting



forces during UVAG of zirconia/alumina compositesconducted. The feasibility to machine
different zirconia/alumina composites using UVAQGiso investigated and discussed.
The findings in this thesis will provide theoreti@nd practical guidance for modern

grinding processes especially for SDSG and UVAG.
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CHAPTER 1 - Introduction

1.1 Background

Machining plays a central role in modern manufangirit was reported that machining
cost amounts to more than 15% of the total valugroducts in the entire manufacturing
industry (Merchant, 1998). As one of the most int@otr manufacturing processes, grinding
accounts for about 20-25% of the total expenditoremachining operations (Malkin, 1989).

Grinding means the machining processes which etihard abrasive particles as the
cutting medium (Malkin, 1989). It is traditionalhggarded as a final machining process in the
production of components which require smooth s@daand fine tolerance (Malkin, 1989;
Shaw, 1996). As cutting tools for the grinding gsg, grinding wheels are generally composed
of two materials — “tiny abrasive particles callgdhins or grits to do the cutting and a softer
bonding agent to hold the countless abrasive gtagether in a solid mass” (Malkin, 1989).

According to the wheel shape and kinematics ofatbekpiece and grinding wheel, there
are different types of grinding operations like faoe grinding and cylindrical grinding.
Nowadays, grinding has been widely introduced wdgous surface finishing or stock removal
processes of different materials including semicmbor materials, ceramics, and glasses, etc.

1.2 Motivations, Objectives, and Significance of Tis Research

Despite its industrial importance, grinding is tlkeast understood in practice of all the
machining processes in common use due to its ppammeplexity (Malkin, 1989; Shaw, 1996).
In the past 50 years, the grinding process has treesubject of extensive research (Malkin,
1989). However, as the grinding process finds namm more applications in industry, there is
always a need to understand grinding mechanismaiious grinding processes of different
materials.

In this research work, two modern grinding processee chosen to conduct a
comprehensive study with three approaches - thealehodeling, finite element analysis, and
experimental investigations. One process is simattas double side grinding (SDSG); the other

is ultrasonic vibration assisted grinding (UVAG).



SDSG is used to flatten silicon wafers on which 9@%egrated circuits (ICs) are built
(Van Zant, 2000). About 150 million silicon wafeykdifferent sizes are manufactured each year
worldwide (Tricard et al., 1998). In 2005, the vawlde revenues generated by silicon wafers
were $ 8.3 billion (Online staff, 2005).

UVAG is a promising grinding process for advancedamics and ceramic composites,
which have been often utilized to replace converationaterials to improve performance of a
component. A general perception in the industrth& machining costs are too high and are
probably the major hindrance to the greater suagkssramics and ceramic composites (Freitag
and Richerson, 1998; Online staff, 2000).

UVAG combines the material removal mechanisms afaind grinding and ultrasonic
machining (USM). It was invented in 1960s to oveneothe disadvantages of USM like slow
material removal rate (MRR), low accuracy, and highl wear. Compared with USM, UVAG is
about 10 times faster; it is easier to drill deed amall holes with UVAG than with USM, and
the hole accuracy could be improved (Cleave, 19@8)er advantages of this process include
superior surface finish, low tool pressure and tool wear rate (Graff, 1975; Petrukha et al.,
1970; Pei, 1995). UVAG has been proved as a pramisiocess for cost-effective machining of
ceramics.

SDSG and UVAG show great potentials to meet the ashelm for cost-effective
machining of high quality silicon wafers, ceramiasd ceramic composites. However, there are
some technical issues in SDSG of silicon wafersimgato be addressed, such as the following:

1) How can the grinding marks be reduced or eliteida

2) How can the good flatness (or good wafer shbpechieved?

Also, there still exist some challenges for UVA@G¢k as the following:

1) How can the edge chipping be reduced or eliratiat

2) How can the ceramic composites be machinediexftily?

The research on the above issues will have grdattefon SDSG and UVAG. For
example, reduction or elimination of the grindingrks in SDSG will reduce the production
time in subsequent polishing processes; with thip lsé a mathematic model capable of
predicting the wafer shape, an easy and speedytadgjat for the grinding wheels will be
feasible to achieve flatter wafers; reduction emglation of the edge chipping in UVAG will
reduce the cost and time in the following grindp@cess to eliminate the edge chipping on



ceramic components. These potential benefits wi#l ¥ery helpful to enhance the

competitiveness of the wafer manufacturers asagetleramic component manufacturers.

1.3 Research Approaches

Three research approaches (theoretical, numegacal, experimental) are employed to
study two grinding processes (SDSG and UVAG). Astfe theoretical research work, two
mathematical models are developed to investigateligy marks and wafer shapes in SDSG of
silicon wafers. As for the numerical research woakfinite element analysis (FEA) with
experimental validation is conducted to investigdite edge chipping in UVAG of ceramics.
When it comes to the experimental research workera¢ experimental investigations are
conducted to study the effects of coolant in UVAG@ ahe applications of UVAG in machining

of ceramic matrix composites (CMC).

1.4 Outline of This Dissertation

The thesis is divided into nine chapters. Followthg chapter, Chapter 2 reviews the
literature related to SDSG of silicon wafers andAG/of ceramics.

The theoretical modeling part of the thesis is cosaol of Chapter 3 and Chapter 4.
Chapter 3 establishes a mathematical model to tigats the effects of SDSG parameters on the
grinding marks. Chapter 4 develops a mathematicalainto predict the wafer shape in SDSG,
which is then used to systematically study thectdfef SDSG parameters on the wafer shape.

The finite element analysis part of the thesis fiesented in Chapter 5. A three-
dimensional (3-D) FEA model for UVAG is developed investigate the effects of three
parameters (cutting depth, support length, andghtening load) on the maximum stresses in
the region where the edge chipping initiates. Tholeh is then used to study the relationship
between the edge chipping thickness and the sufgagth. A possible solution to reduce the
edge chipping thickness through increasing the @tplength is proposed and verified by
experiments.

Chapters 6, 7, and 8 are the experimental invegiigpart. Chapter 6 introduces the air-
operated double diaphragm pump (AODDP) into the G\Woolant systenChapter 7 discusses
the feasibility of using UVAG to machine fiber-réonced CMC materials. A designed



experimental study on UVAG of CMC is also conduct€dapter 8 investigates the viability of
UVAG for different zirconia/alumina composites.
Finally, the achievements and contributions of teiearch are summarized in Chapter 9.



CHAPTER 2 - Literature Review

2.1 A Brief History of SDSG

SDSG was first used for double side grinding oflématal workpieces of simple shapes
in 1930s to 1950s (Rodemeyer, 1930; Junker, 193fs@n et al., 1953). In 1960s to 1970s, it
was used to flatten workpieces made of various sypé materials and having different
dimensions and shapes (Hannon, 1965; Rimmer €1%88; Zerbola, 1975; Cook, 1976). From
1980s to the middle of 1990s, additional capaéditiof flexibility, precision, and fast
changeovers were provided to SDSG (Ueda, 1982; IQ@d#84; Ahejew, 1984; Dunn, 1984;
Ogawa, 1984; Nishio, 1988; Wang, 1990; Fetouh aathM, 1988; Dunn, 1980; Doubman and
Cox, 1997; Eade, 1988; Paquin, 1995).

SDSG was introduced into semiconductor industr§980s (Tameyoshi, 1999; Toshio,
1998; Ikeda et al., 1999; Ikeda et al., 2000; Ko@fd Yasuto, 1999; Hasegawa and Kobayashi,
1997). Applications to both 200 mm (Kerstan andtdeie, 2000; Pietsch and Kerstan, 2001;
Hashii and Watanabe, 2004; Toshio, 1998; Koichi daduto, 1999) and 300 mm (Kerstan and
Pietsch, 2000; Pietsch and Kerstan, 2001; Pietadhkaerstan, 2005; Hashii and Watanabe,
2004; Toshio, 1998; Koichi and Yasuto, 1999) siicwafers were reported. Use of grinding
wheels whose diameters are equal or greater tieawdfer diameter (Nobuto and Akihide, 1997;
Ikeda et al., 2003; Okura, 2002; Shizuki et al.020Saitoh and Masahiko, 2004) and use of
grinding wheels whose diameters were less thamwtfer diameter and greater than the wafer
radius (Kerstan and Pietsch, 2000; Pietsch andt&®r2001; Pietsch and Kerstan, 2005;
Tameyoshi, 1999; Toshio, 1998; Ikeda et al., 198&a et al., 2000; Koichi and Yasuto, 1999;
Abe, 2000; Yutaka, 2003; Kato et al., 2004; Nishak, 2001; Akira et al., 2003; Aiko et al.,
2004; Abe, 1997) were reported.



2.2 SDSG in Silicon Wafer Manufacturing

2.2.1 Silicon Wafer Manufacturing
Figure 2.1 A Typical Manufacturing Process Flow forSilicon Wafers (Quirk and Serda,
2001; Bawa et al., 1995; Fukami et al., 1997; Pei al., 1999; Piestch and Kerstan, 2001,
Wolf and Tauber, 2000)

Slicing

v
Chamfering

Y
Flattening

v
Etchinc

Y
Polishing

Y
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A sequence of processes is needed to turn a silga into silicon wafers. As shown in
Figure 2.1, it typically consists of the followimocesses (Quirk and Serda, 2001; Bawa et al.,
1995; Fukami et al., 1997; Pei and Billingsley, 99®iestch and Kerstan, 2001; Wolf and
Tauber, 2000):

1) slicing, to slice a silicon ingot into wafers dfin disk shape using an internal

diamond sawing method or wire sawing method,;

2) edge profiling or chamfering, to chamfer theipiegral edge portion of the wafer to

reduce the risk of wafer damage in further proocgssi

3) flattening (lapping or grinding), to achieve igthdegree of flatness and parallelism

of the wafer;

4) etching, to chemically remove the damage indumedlicing and flattening without

introducing further mechanical damage;



5) polishing, to obtain a mirror surface on the avaf
6) cleaning, to remove the polishing agent or gasticles from the wafer surface.

2.2.2 Pros and Cons of Three Flattening Processes

Figure 2.2 lllustration of Lapping Process

Top lapping plate

Wafer carrier

Silicon wafer

Three processes can be used to flatten the sliaddrsv lapping, single side grinding
(SSG), and simultaneous double side grinding (SDIG¢ lapping operation is illustrated in
Figure 2.2. A batch of wafers (for example, 20 ws)feare manually loaded into a lapping
machine. The loaded wafers are then lapped by bhasi&e slurry, typically a mixture of
alumina and glycerine (Wolf and Tauber, 2000) itgdcbetween two lapping plates rotating in
opposite directions. Lapping can effectively removeeduce the wire-sawing induced waviness
(Liu et al., 2002). However, the lapping operatwould generate subsurface damages in silicon
wafers, which need to be removed by its subsequetesses. There are several disadvantages
for lapping operation (Piestch and Kerstan, 200d4.;dt al., 2002; Pei et al., 2003; Vandamme et
al., 2001):



1) Low material removal rate;

2) High cost of consumables (abrasive slurry);

3) It causes batch-to-batch wafer thickness vamati

4) Wafer loading and unloading is done manuallyt, exdy increasing labor costs, but
also causing frequent wafer breakage; and

5) Less benign to the environment due to the usdiasive slurry.

Figure 2.3 lllustration of SSG Process

Diamond cup wheel ‘\

Ceramic chuck

In SSG, as shown in Figure 2.3, a silicon wafehe&l on a porous ceramic chuck by
means of vacuum. The grinding wheel is a diamora wheel. The grinding wheel and the
wafer rotate about their own rotation axes sim@tarsly, and the wheel is fed towards the wafer
along its axis (Pei and Billingsley, 1999; Liu ét 2002; Pei et al., 2003). After the wafer front
side is ground, the grinder flips the wafer oved aontinues to grind the back side. The
advantages of SSG over lapping include (PietschKkardtan, 2001; Liu et al., 2002; Pei et al,
2003; Vandamme et al., 2001):



1) It uses fixed-abrasive grinding wheels insteddalorasive slurry so the cost of
consumables per wafer is lower;
2) Fixed-abrasive grinding wheels are more bengrthe environment than lapping
slurry;
3) It has higher throughput (the number of wafempssed within the unit of time);
4) lItis fully automatic; and
SSG has its own drawbacks. It cannot effectivelyaee the waviness induced by the
wire sawing process (Liu et al., 2002; Pei et D2 Kato et al., 1997; Yasunaga et al., 1997,
Shinetsu, 1997; Kassir and Walsh, 1999; Xin et28l02). Furthermore, any imperfection in the
chuck will copy its deficiencies to the ground waf@erstan and Peitsch, 2000).

Figure 2.4 lllustration of SDSG Process

Silicon wafer

Diamond cup wheels

Figure 2.4 illustrates the SDSG process. A padiamond cup wheels are located on the
opposite sides of a rotating silicon wafer. The twlteels rotate in opposite directions (Pietsch



and Kerstan, 2001; Pietsch and Kerstan, 2005). Batbs of the rotating silicon wafer are
ground simultaneously by the two wheels, whichssechronously fed towards the wafer.

SDSG possesses the advantages of both lapping @@d Sihce SDSG share the same
material removal mechanism (grinding) as SSG, sttha same advantages as those of SSG (like
lower consumable cost, higher throughput, enviramal® benign, and fully automatic).
Furthermore, both sides of the wafer are ground Ipair of wheels simultaneously in SDSG,
very similar to lapping where both sides of the avadre machined simultaneously (Pietsch and
Kerstan, 2001; Pietsch and Kerstan, 2005; Dudl&g6)1 Marinescu et al, 2002). Therefore,
SDSG is believed to be as effective as lappinganimess reduction. Since no chuck is used in
SDSG, it does not have the chuck-related problesnnaSSG (Kerstan and Pietsch, 2000;
Pietsch and Kerstan, 2001).

Table 2.1 Comparison of Three Processes for Flatterg Silicon Wafers (Kerstan and
Pietsch, 2000; Fukami et al., 1997; Pietsch and Ks&tan, 2001; Wolf and Tauber, 2000; Liu
et al., 2002; Pei et al., 2003; Vandamme et al., @0 Kato et al., 1997; Yasunaga et al.,
1997; Shinetsu, 1997; Kassir and Walsh, 1999; Xin al., 2002; Pietsch and Kerstan, 2005)

Process Lapping SSG SDSG
Waviness removal Excellent Poor Good
Throughput Low Medium High
Consumable cost/wafer High Low Low
Subsurface damages High Low Low
Automation Low High High
Environmental benignity Poor Good Good

Table 2.1 compares lapping, SSG, and SDSG in Bpeds: ability to remove or reduce wire-
sawing induced waviness; throughput; consumablé pes wafer; level of automation; and

environmental benignity. It can be seen that SDSGatter in almost every aspect. More
information can be found in the literature aboupiag (Dudley, 1986; Marinescu et al., 2002),
SSG (Pei and Strasbaugh, 2001; Pei, 2002; Sun, &04I5), and SDSG (Kerstan and Pietsch,
2000; Pietsch and Kerstan, 2001; Pietsch and Ker2G05).
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2.2.3 Proposed Applications of SDSG
Figure 2.5 Process Flows Using SDSG and Lapping {af (Hashii and Watanabe, 2004))

Slicing Slicing Slicing
SDSG SDSG SDSG
Y Y Y
Lapping Chamfering Lapping
Polishing Lapping Chamfering
Polishing Polishing

Figure 2.5 shows three proposed process flows &§G and lapping to flatten silicon
wafers. The SDSG process is used to improve therwhdtness and roughness and remove a
layer of residual stress on the wafer surfacesdeduy slicing (Hashii and Watanabe, 2004).
The lapping process is used to remove minute saidadulations (with a height of a few tens of
nm and period of a few mm) incurred during SDSGsthiicand Watanabe, 2004).

Figure 2.6 Process Flows Using SDSG, Lapping, an&6 (after (Hashii and Watanabe,
2004))

Slicing Slicing
Y Y
SDSG SDSG
' Y
Lapping Lapping
{ Y
SSG (fine) SSG (fine)
1 '
Polishing Etching
'
Polishing
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Figure 2.7 Process Flow Using SDSG and SSG (aftétgshii and Watanabe, 2004; Hashii
et al., 2002; Watanabe, 2003))
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For the two process flows shown in Figure 2.6, wWader is flattened using SDSG,
lapping, and SSG (Hashii and Watanabe, 2004). Th8G and lapping processes serve the
same purposes as those in the process flows showigure 2.5. The SSG process is used to
remove the layer of residual stress on the wafefasels induced by lapping (Hashii and
Watanabe, 2004).

Figure 2.7 shows a process flow using SDSG and ®Sitatten silicon wafers (Hashii
and Watanabe, 2004; Hashii et al., 2002; Watar2®@3). The SDSG process is used to remove
the slicing-induced waviness and the layer of neslidstress on the wafer surfaces generated
during slicing (Hashii and Watanabe, 2004; Hashiale 2002). The SSG process is used to
further improve the flatness and roughness (Hasidi Watanabe, 2004; Hashii et al., 2002). It
was reported that the roughness and flatness ofwdiers can be improved due to the
introduction of SDSG into those process flows shawrfigs. 2.5-7 (Hashii and Watanabe,
2004; Hashii et al., 2002; Watanabe, 2003). Higécigion wafers without minute undulations
could be obtained by conducting lapping and patighafter SDSG (Hashii and Watanabe,
2004). Also, the amount of waste caused by thesalalurry in the lapping operation can be
reduced to about one quarter in some process f{lBlashii and Watanabe, 2004).

12



Figure 2.8 Process Flows Using SDSG Twice (after (ikoki and Maeda, 2000; Kato et al.,
2001))

Slicing Slicing
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The process flows shown in Figure 2.8 use the SP®Gess twice. The first SDSG was
conducted after the slicing process to flattensleed wafers by coarse grinding (Kuroki and
Maeda, 2000; Kato et al., 2001). The second SDSG than performed (before or after
chamfering) to fine grind both sides of the wafeimhprove the flathess and remove the layer of
residual stress on the wafer surfaces incurrechguhe first SDSG process (Kuroki and Maeda,
2000).

2.3 Models of Grinding Marks for SDSG Process

2.3.1 The Model for Cylindrical Face Grinding by Shih andcek (1999)
Figure 2.9 lllustration for Cylindrical Face Grindi ng (after (Shih and Lee, 1999))

Workpiece
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Shih and Lee (1999) developed a mathematical nmodehlculate and plot the grinding
trajectories (curvature of grinding marks) in cgliical face grinding. Figure 2.9 illustrates the
cylindrical face grinding. The workpiece has thegsh of a hollow cylinder and its inner and
outer radii are designated hyandr,, respectively. The grinding wheel (with a radids ¢) was
modeled as a ring of rotating abrasives and thg was offset by a distance) (from the
centerline of the workpiece. Both the workpiece gndding wheel rotate about their own axes.
Please note that the kinematics in the cylindfize¢ grinding becomes the same as that in wafer
grinding when both the inner radius of the workpiend the offset become zero (rie= 0 ands
= 0).

Figure 2.10 The mechanism Generating Two Sets of (Bding Trajectories (after (Shih and
Lee, 1999)) !

Grinding wheel

—L

________ T o

The fundamental assumption in their model can b&edtas follows with the help of
Figure 2.10. At timé = 0, the abrasive gritgon the grinding wheel is in contact with the outer
diameter of the workpieceoB, and the abrasive gritoCon the grinding wheel is in contact with
the inner diameter of the workpiecg,CAt timet = T, these two abrasive grits rotate from B

14



Briand from G; to Gri, respectively. Because the workpiece is also inggaabrasive grits B
and C generate two curved grinding trajectoriesherworkpiece from B to Brpand from Gto

Cr2 , respectively. Please note that this assumpsodifferent from the assumptions (that
grinding marks are generated by a single abrasiteog the grinding wheel, or by the most
protrusive portion of the grinding wheel) used liiey researchers (Chidambaram, 2003; Tso
and Teng, 2001; Zhou et al., 2003) in developirgy thrinding mark models.

Two sets of equations were developed to present tee grinding trajectories
respectively. In the derivation, the effect of wgidce rotation is modeled by rotating the center
of the grinding wheel an angle (in the oppositeection to the rotation direction of the
workpiece) around the center of the workpiece.

Shih and Lee have studied the effects of the w@tithe grinding wheel rotation speed
(N1) versus the workpiece rotation spe@t)(and the grinding wheel diameter on the grinding
trajectories. However, they did not report any ltssabout the effects of these parameters on the

distance between adjacent grinding marks.

2.3.2 The Model for Single Side Grinding of Silicon Waferg 6hidambaram et al.

(2003)
Figure 2.11 lllustration for Single Side Grinding d Silicon Wafers (Chidambaram et al.,
2003) Ny
S N
Rotation axis of wheel ?
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p
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Figure 2.11 illustrates the single side grindingsiiton wafers. The grinding wheel is a
diamond cup wheel. The wafer is held on a porouwansie chuck by means of vacuum. The
rotation axis for the grinding wheel is offset bydstance of the wheel radius relative to the
rotation axis for the wafer. During grinding, thangling wheel and the wafer rotate about their
own rotation axes simultaneously, and the whedédstowards the wafer along its axis. The
ceramic chuck is typically ground to a conic shapih a very small slope. When the wafer is
held onto the chuck, it elastically deforms to ttreick’s conic shape, thus ensuring that the
grinding wheel only contacts half of the wafer. Sbontact area is marked as “Active grinding
zone.”

Chidambaram et al. (2003) developed a model baseétebassumption that the grinding
wheel behaves like a single-point tool. The grigdivheel removes the wafer material from the
edge to the center along the arch MO, as showmgur& 2.11. They first derived the equations
to present the locus of a grinding mark when thdewavas kept stationary. In order to
compensate the rotation of the wafer to obtaingheding mark on the wafer, an offset was
added to each point on this locus.

Using the model developed, they have studied tfextsfof process parameters (wheel
rotation speed, wafer rotation speed, and wheauspadn both the curvature of the grinding
marks and the distance between adjacent grindieg.li

2.3.3 The Model for Single Side Grinding of Silicon Waferg bso and Teng (2001)

Tso and Teng (2001) claimed that they have devdlagmpations for the locus of a
scratch (a grinding mark) for single side grindofgsilicon wafers. However, no details of such
equations and their deviations were given in theper.

They presented a comparison of scratch patternselbat computer simulation and
experimental results as the speed rab/N;) of the grinding wheel versus silicon wafer
changes. Both experimental results and computeulaiions showed that, as the speed ratio
increased, the grinding lines became more curvedvener, they did not show any changes in
the number of grinding lines for different speedios Furthermore, the effects of other

parameters were not reported.
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2.3.4 The Model for Single Side Grinding of Silicon Wafdsg Zhou et al. (2003)

Zhou et al. (2003) presented a general equatiomaimix forms for the grinding marks in
SSG of silicon wafers without detailed deviatioAsdiamond grain which is initially located at
the wheel periphery was chosen for grinding ofceili wafers with 300 mm diameter. The
cutting path patterns of the diamond grain werélistliat different speed ratid\{/N,). In their
study, the tilts of the wafer axis were considesedhat the grinding marks were generated in
three-dimensional coordinates.

They presented cutting path patterns for threesghfit speed ratiofN(/N, = 2, 30, and
37.5). They observed that, whisk/N, = 2, the cutting path formed was a straight likeother
conclusion they got was that the cutting path patfgrinding marks) is only determined by the
speed ratio, not the individual rotation speed. ey, they did not report the effects of other

process parameters on the grinding marks.

2.3.5 The Research Work for SDSG of Silicon Wafers by Pietsuth lderstan (2005)
Figure 2.12 lllustration of SDSG Grinding Marks (after (Pietsch and Kerstan, 2001,

Pietsch and Kerstan, 2005))
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Defining grinding marks as the cutting paths (ajetctories) swept by a diamond
abrasive bonded on the wheel, Pietsch and Kerstesepted a simulation graph (shown in
Figure 2.12) of the grinding marks for SDSG ofcaih wafers without giving detailed equations.
They reported that a “criss-cross” grinding markeravvisible on the wafer surfaces processed
by SDSG, different from the radial grinding marks the wafer surfaces processed by SSG.
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However, they did not report any systematic stuatyua the effects of SDSG process parameters
on the grinding marks.

Table 2.2 Summary of Research Progress in the Grimag Marks

Distance Systematic study
Authors (Ref.) Process between Curvature of on effects of
adjacent grinding marks process
grinding marks parameters

Shih and Lee Cylindrical
(1999) surface *

grinding of 8 v v

harden steel

workpiece
Chidambaram et al. SSG of 200 N N N
(2003) mm silicon

wafers
Tso and Teng SSG of 300 N 9 N
(2001) mm silicon

wafers
Zhou et al. (2003) SSG of 300 N 9 y

mm silicon

wafers
Pietsch and KerstanSDSG of 300 y 9 y
(2005) mm silicon

wafers

:*Study on the curvature of grinding marks.
Study on the distance between adjacent grindirgslin

Table 2.2 summarizes the aforementioned investigatinto the grinding marks. It indicates that
no mathematical models were ever developed to regdteally study the grinding marks in
SDSG of silicon wafers.
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2.4 Models of Wafer Shape for SDSG Process

2.4.1 The Model for the Part Face Profile in Cylindrical Fadgrinding of Metal Parts
by Shih and Lee (1999)

Figure 2.13 lllustration for Cylindrical Face Grind ing with Tilt Spindle (after (Shih and

Lee, 1999))

Shih and Lee (1999) developed a mathematical ntodsiculate the face profile of steel
parts in cylindrical face grinding. An illustratioof the cylindrical face grinding is shown in
Figure 2.13. The part has the shape of a hollovindgt and its inner and outer radii are
designated by; andr,, respectively. The grinding wheel (with a radids§) was modeled as a
ring of rotating abrasives and the ring was offset distance from the rotation axis of the part.
Both the part and grinding wheel rotate about tbein axes.

The Z axis coincided with the rotation axis of the pditte part material was removed by
the ring of rotating abrasives and a convex or agacurface was generated by tilting the wheel
spindle a small anglex) relative to theZ axis. A series of equations were developed tognmtes
the part face profile. Several grinding experimamése conducted to validate the model and the

experimental results agreed well with those predidty the mathematical model.
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In Shih and Lee’s model, the grinding wheel onlg bd'pitch” angle (will be defined and
discussed in Chapter 4) relative to the part. Fordghg of silicon wafers, the grinding wheel
typically have both “roll” (will be defined and disssed in Chapter 4) and “pitch” angles relative
to the wafer. Furthermore, they did not report apstematical study about the effects of those
parameters (the “roll” angle and the “pitch” angbe) the part surface profile.

2.4.2 The Model for the Wafer Shape in Single Side GrindwigSilicon Wafers by Sun
et al. (2004)
Sun et al. (2004) developed a model to predicwater shape in SSG of silicon wafers.
They have studied the relations between the wdfapes and the setup parameters using the
model developed, and discussed the practical atjplits of the model. Both two-dimensional
(2D) and three-dimensional (3D) wafer shapes bagsuh different setup parameters were
presented.

2.4.3 The Model for the Wafer Shape in Single Side GrindwigSilicon Wafers by Tso
and Teng (2001)

Figure 2.14 Geometry for Developing the Wafer Shap®lodel in SSG by Tso and Teng

(after (Tso and Teng, 2001))
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Figure 2.14 illustrates the geometry for developiisp and Teng model for the wafer
shape in SSG (Tso and Teng, 2001). By tilting theel rotation axis around the vectosT,
different profiles of the ground surface (or thefavashape) could be obtained. They presented
several cross-sectional profiles of the wafer (200 in diameter) along its diameter for different
tilt angles.
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2.4.4 The Model for the Wafer Shape in Single Side GrindwfgSilicon Wafers by
Zhou et al. (2003)

Zhou et al. (2003) presented an equation in mébris for the grinding marks in SSG
of silicon wafers. Those grinding marks generate8-D coordinates could possibly be used to
represent the wafer shape. They presented eiglit Wager shapes by means of grinding marks
in 3-D coordinates. But, a systematical study & #ffects of the process parameters on the
wafer shape was not reported.

They also claimed that higher cutting path dersiyays led to removal of more material
and resulted in a concave wafer shape. Then thenguyiath density at a specific area of the
wafer surface was used to investigate the effdatstation speeds of the wheel and the wafer on
the wafer shape. They reported that a more pracadation to offset the effect of the rotation
speeds on the wafer shape was to tilt the wafe@tioot axis slightly against the wheel rotation

axis.

2.4.5 The Model for the Wafer Shape in Simultaneous Doubil@eSGrinding of Silicon
Wafers by Pitesch and Kerstan (2005)

Figure 2.15 Geometry for Developing the Wafer ShageModel in SDSG by Pietsch and
Kerstan (after (Pietsch and Kerstan, 2005))

Wafer area swept by wheel (including the
path swept by wheel) during a tirde

To the wafer center To the wheel center
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Pietsch and Kerstan (2005) developed a model mtafer shape in SDSG of silicon
wafers. Their assumption was that the wafer shaps determined by the wheel/wafer
kinematics (i.e. the wheel rotation speedthe wafer rotation speed, the wheel radius,, and
the wafer radiugy). The geometry for developing their model is shawrFigure 2.15. They
claimed that the amount of material removed bytheel at any point along the radial direction
on the wafer surface during tindécould be described as:

( path sweptby wheel)(wheelrim width) q
wafer area sweptby wheel

removal=

t (2.1)

As shown in Figure 2.15, the path swept by the Wwas arcBC; the rim widthw of the
wheel was set as unity 1; the wafer area swepthdwheel was the sectABCD.

Their investigation has some conclusions aboutdier shape in SDSG:

1) There was always a dimple at the center of thiery

2) The edge of the wafer always tapered off (“offl);

3) When the two grinding wheels rotated in différdimections, the surface on one side
of the wafer was different from the other side.sT'nas a limitation for SDSG if
identical wafer surfaces on both sides were redumgroduction. But, the difference
could be reduced when the wheels rotated at aspghd making)/Q >> 1.

Their model could predict the wafer shape fairlyllvier the outer portion. But, there
always exist singular solutions around the centeéhe wafer. It is interesting to note that their
predicted wafer shapes were obtained using thé staterial removal through Equation (2.1),
but in their experiments, the wafer shapes weeradt by tilting the wheels. They did not report
the effects of the “roll” angle and the “pitch” dagn the wafer shape.
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Table 2.3 Summary of Research Progress in the Waf&hape
Effect of Effect of Effect of

Effect of

Authors (Ref) Process i “pitch” wheel rotation
roll” angle angle diameter speed
Shih and Lee  Cylindrical
(1999) surface grinding \
of metal parts
Sun et al. SSG of 200 mm N N
(2004) silicon wafers
Tso and Teng SSG of 300 mm N N
(2001) silicon wafers
Zhou et al. SSG of 300 mm N N N
(2003) silicon wafers
Pietsch and SDSG of 300 N
Kerstan (2005) mm silicon
wafers

Table 2.3 summarizes the aforementioned modelsherwafer shape. It indicates that no
systematical study has been reported about thetefhé important parameters (such as the “roll”

angle, “pitch” angle, and wheel diameter) on théewahape in SDSG of silicon wafers.
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2.5 A Brief History of UVAG
Figure 2.16 lllustration of Ultrasonic Machining (after (Goldman, 1962))
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Figure 2.16 is a schematic illustration of ultrasamachining (USM). The power supply
produces an alternating electric current at ultnastvequency (18 to 24 kHz) and supplies to the
transducer (Goldman, 1962). This causes the coréheftransducer to change in length
periodically. The amplitude of the vibration of ttransducer face is about 0.005 to 0.01mm.
This amplitude is increased by using concentratw ®@ol to a value of 0.03 mm, which is
sufficient for practical purposes. The tool is mddevibrate at a high frequency (typically 20
kHz) in a direction perpendicular to the surface ® machined. Abrasive particles like
aluminium oxide, boron carbide, etc. are mixed witdter and this slurry is allowed to enter the
gap between the tool and workpiece. Material isoneed in the form of tiny particles by the
successive impacting action of the abrasive padicinto the workpiece (Jana and
Satyanarayana, 1973).
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However, in USM, the slurry has to be fed to amdaeed from the gap between the tool
and workpiece. Because of the this fact, there smme disadvantages of the this method:
materials removal rate slows down considerably eweh stops as penetration depth increases;
the slurry may wear the wall of the machined hadtgasses back toward the surface, which
limits the accuracy, particularly for small holesid the action of abrasive slurry also cuts the
tool itself, thus causing considerable tool wedricl in turn makes it very difficult to hold close

tolerances (Pei, 1995).

Figure 2.17 lllustration of UVAG (after (Pei, 1995)
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In order to overcome the shortcomings of USM, stirac vibration assisted grinding
(UVAG) was invented. UVAG is a hybrid machining pess that combines the material removal
mechanisms of diamond grinding and USM, resultimdhigher material removal rate (MRR)
than that obtained by either diamond grinding oMJ@ei, 1995). In UVAG, the slurry is
replaced with abrasives bonded to the tool. A mogatore drill with metal-bonded diamond
abrasives is ultrasonically vibrated and fed towarthe fixed workpiece at a constant pressure
or a constant feedrate. Coolants pumped througlcdine of the drill wash away the swarf,
prevent jamming of the drill, and keep it cool $attthe UVAG process could be conducted

smoothly. The UVAG process is illustrated in Fig@r&7.
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Experimental results (Prabhakar, 1992) have shdvat the material removal rate
obtained from UVAG is nearly 6-10 times higher thihat from a conventional grinding process
under similar conditions. In comparison with USMYAG is about 10 times faster (Cleave,
1976). Especially, it is much easier to drill desaq small holes with UVAG than with USM.
Other advantages of improved hole accuracy andt pressure are also reported (Graff,
1975). Now, the UVAG technique has become one glontant non-conventional techniques

and the UVAG equipments have been utilized in ilgu® machine various advanced materials.
2.6 Edge Chipping in UVAG Process

2.6.1 Edge Chipping Phenomenon
Figure 2.18 Edge Chipping Induced by UVAG
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One of the remaining challenges for UVAG is edgpming (or, chamfer) (Jiao et al.,
2005; Li et al., 2004). Figure 2.18 illustrates #age chipping induced in the UVAG process.
Shown in Figure 2.18(a) is a workpiece that hasbeachined into two pieces by UVAG. One
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piece is the machined part with the desired hdle,ather is a rod (or slug) removed from the
workpiece. Figure 2.18(b) shows the side view ef blottom portion of the machined rod. An
edge burr around the bottom of the rod is obseevabbhen the cutting tool nearly drills through
the workpiece, the rod breaks off from the workpierausing the edge chipping around the hole
exit edge as shown in Figure 2.18(c). The edgepamgpthickness can be measured either on the
rod as sketched in Figure 2.18(b), or on the hwiteass shown in Figure 2.18(d).

The edge chipping in a machined ceramic componenhbnly compromises geometric
accuracy, but also causes possible failure of timaponent during service (Ng et al., 1996).
Generally, edge chipping is not acceptable onHeasproducts, and has to be machined off by
other processes after the UVAG operation. The tatige edge chipping, the higher the total
machining cost. Therefore, research efforts to cedtie edge chipping thickness in UVAG are

desirable.

2.6.2 Study on Edge Chipping

Ng et al. (1996) characterized the edge chippingemramic milling into three categories:
entrance edge chipping, interior edge chipping, exitledge chipping. They reported that the
microstructure and stress distribution were the faeyors for the initiation and propagation of
the edge chipping. Yoshifumi et al. (1995) studestfje chipping in slot grinding of Mn-Zn
ferrite. They concluded that the size of the edgeping was proportional to the MRR. Based
upon Chiu et al’s work (Chiu et al., 1998) on eddmepping initiation in milling of brittle
materials, Cao (2001) studied the factors relateeéxit edge chipping in milling of dental
ceramics using a two-dimensional (2-D) finite elaemanalysis (FEA) model. In his model, a
microcrack was used to simulate a critical flawpog-existing machining induced damage. His
results revealed that the main influencing factordetermining the size of exit edge chipping
were the size and length of the microcrack as ag&llhe orientation and location of the applied
load.

The aforementioned investigations dealt with theclmm@ng induced edge chipping in
milling and grinding of brittle materials. Littleesearch on edge chipping in UVAG has been
reported. Jiao et al. (2005) studied the edge amgpm UVAG of ceramics using a combined
experimental design and finite element method. Tiegd the Withney-Nuismer point stress
criterion (more information can be found in theerdgture about this criterion (Whitney and
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Nuismer, 1974; Ritchie et al., 1973)) to predicg@chipping initiation. They reported that the
main influencing factor on edge chipping was th#iog force, which, in turn, was determined
by the controllable machining variables (such aadie speed, ultrasonic vibration amplitude,
and feedrate). They found that the edge chippimcknless could be reduced by using higher
spindle speed and smaller feedrate due to reduaige forces. Li et al. (2004) conducted a
preliminary study on the initiation of edge chippim UVAG using a three-dimensional (3-D)
FEA model. They used von Mises stress failure oiteto predict edge chipping initiation. They
found that the cutting depth and the support lerdgttl significant effects on edge chipping
initiation. But, they did not report any practieedys to reduce the edge chipping thickness.

The literature review conducted has revealed ttle ¢ a practical solution to reduce the
edge chipping in UVAG of ceramics.

2.7 Effects of Coolant in UVAG
Coolant is one of the most important factors in Whecause the coolant pumped
through the core of the drill not only washes awlasy swarf but also prevents jamming of the
drill and keeps it cool (Pei et al., 1995Without coolant, the debris will stick on theotand
work surface, causing the feed speed to slow doawa the tool may be burnt or even

completely ruined by high temperatures in the ngtaone (Hu et al., 2002).

Figure 2.19 Effects of Coolant Pressure on UVAG d&Eeramics (Pei et al., 1995
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Experimental investigations have been conducteceftects of coolant pressure and
coolant type on the performance of UVAG. Coolargssure does not have a significant effect
on MRR but the lowest surface roughness can beswaethiat an optimal pressure level (see
Figure 2.19). As for coolant type, the synthetiolaat and tap water show better performances
in UVAG than the water-based coolant (Hu et alQ20
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Figure 2.20 Different Coolant Delivery Modes
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The latest feedbacks from industry suggest thatacbaelivery mode might have a
significant effect on the UVAG process. Two delivenodes (continuous and intermittent) are
presented. Continuous mode, which delivers theactoht a constant pressure, as shown in
Figure 2.20(a), is currently the dominant coolagltvéry mode because it can be realized easily
with the regular centrifugal pump. For the intetert model, in which the coolant pressure will
alter between on and off states as shown in FiQu2@(b), some preliminary experimental
results in industry show that the intermittent mé@des a positive effect on the UVAG process
compared with the continuous mode. But the conaiug only based on operators’ experience
and intuition. There is no reported systematic st the effects of the coolant delivery mode in
the UVAG process.

2.8 Applications of UVAG in Machining of Various Materials

2.8.1 Reported Applications in Machining of Various Matals

Since its inception in 1960s (Legge, 1964; LegdH6), many papers on UVAG have
been published. Pei et al. (1995) reported thaetbgist two material removal modes in UVAG
of ceramic materials: brittle fracture mode andtiieienodel. Models for predicting the material
removal rate (MRR) based upon the two material rhoodes were developed by Prabhakar
et al. (1993) and Pei (1995; 1998). Spur and HER{) investigated tool wear mechanisms in
UVAG. Effects of UVAG machining variables (spind#peed; feedrate; ultrasonic vibration
amplitude and frequency; diamond type, size andc@atmation; bond type for the cutting tool;
etc.) on the performances (MRR, cutting force, aef roughness, etc.) of UVAG were
investigated experimentally (Prabhakar, 1992; Ratra et al., 1970; Spur et al., 1997; Kubota et
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al., 1997; Zeng et al., 2004; Markov and Ustind¥/2; Markov and Ustinov, 1977). Extensions
of UVAG to face milling (Pei et al., 1985Pei and Ferreira, 1999), disk grinding (Khannalgt
1995), and complex contour machining (Uhlmann et1&99; Ya et al., 2001) were developed.

Table 2.4 Summary of Workpiece Materials Machined g UVAG and USM

Workpiece materials Experimental studies Theorkstadies

Hu et al., 2003; Anantha
Ramu et al., 1989; Zeng Zhang et al., 1995; Jiao

Alumina et al., 2004; Jiao et al., et al., 2005.
2005.

Canasite Khanna et al., 1995
Jana and Satyanarayana,

Glass 1973; Treadwell and Pei, Dam et al., 1995;
2003; Anonymous, 1966; Lunzer, 1973.
Anonymous, 1973.

Polycrystalline Diamond Compacts Li et al., 2004.

Silicon Carbide Dam et al., 1995.

Silicon Nitride Cleave, 1976; Dam et al.,

1995.

Deng et al., 1993; Dam et

Stainless steel al., 1995.

Deng et al., 1993.
Titanium Boride Dam et al., 1995.

Pei et al., 1995b; Ananthaiﬁ;i?ﬁalzsgﬁﬂaétlz%;
Ramu et al., 1989; 5

) 1989; Ya et al., 2002;
Prabhakar, 1993; Pei, ’ o
1995; Peiet al., 1995  21ang et al., 1998; Deng

et al., 1993.

Zirconia

Table 2.4 summarizes reported work on UVAG (or U§icess since it was invented
in 1960’s. UVAG has been employed to machine mampgs of materials (Pei and Ferreira,
1998; Kumabe et al., 1989; Pei et al., 1995b; Hal.eR003; Zeng et al., 2004; Zhang et al, 2000;
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Prabhakar, 1992; Pei, 1995; Pei et al., 1995 et al., 2002; Zhang et al., 1998; Treadwetl an
Pei, 2002; Khanna and Pei, 1995; Jiao et al., 2B@&bhakar et al., 1992; Markov and Ustinov,
1973; Markov et al., 1977; Markov, 1966).

2.8.2 Potential Applications in Machining of Fiber-reinforce@eramic Matrix
Composites

Ceramic matrix composites (CMC) combine reinforcaggamic phases with a ceramic
matrix to create materials with superior proper{lé® high-temperature stability, high thermal-
shock resistance, and lightweight), providing ueigengineering solutions(Richerson, 1997).
The combination of these characteristics makes CCattractive alternative to traditional
materials such as high alloy steels and refractoegals (Richerson, 1997; Okamura, 1995;
Freitag and Richerson, 1998). Benefits of using CMClude increased energy efficiency,
increased productivity, and regulatory compliar@€®lC have been used in some areas for years,
such as cutting tools and wear parts (Anonymou®0R00ther emerging applications being
field-tested or in the development stage include gabine seals, hot gas filters and high-
pressure heat exchangers (Anonymous, 2000). Clyrsrentmajor obstacle to broad applications
of CMC is that the CMC materials, especially thesth continuous reinforcements, generally
require more costly manufacturing processes (Kyaital Richerson, 1998).

Several papers have reported studies on machitifigeo-reinforced CMC. Hamatani et
al. conducted experiments on machinability of patéte reinforced CMC (TiBSIC) with
abrasive water-jet machining (Hamatani and Rami@®0). Hocheng et al. studied ultrasonic
machining (USM) of CMC materials reinforced withntmuous C/SiC fibers (Hocheng et al.,
2000). Ramulu et al. proposed machining of CMC ¢ISEC) by electrical discharge machining
(EDM) (Ramulu et al., 1990). Tuersley et al. invgsted processing of CMC (magnesium
alumina silicate matrix, SIiC fiber glass reinforaat) with a pulsed Nd-YAG laser (Tuersley et
al., 1996; Tuersley et al.,, 1998). Carroll et akgented machining of dense SiC/SiC woven
composites and greensSi/BN fibrous monolithic composites using a £@ser (Carroll et al.,
2000). However, water-jet machining often produakdamination, and laser machining
produces thermal stress and a heat-affected zomeeiworkpiece material (Hocheng et al.,
2000).
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From what overviewed above and Table 2.4, it carsd®n that there are no reports
published on UVAG of CMC.

2.8.3 Potential Applications in Machining of Zirconia/Almina Composites

Many potential uses of ceramics, especially thadated to structural applications are
limited due to their poor mechanical properties r@zaet al. 2002). This has resulted in the
developments of ceramic-ceramic composites. Inntegears, zirconia/alumina composites, in
which zirconia appears as a secondary dispersesephas become a very important material
because of its enhanced toughness and strengthité(dm et al. 1989). Zirconia/alumina
composites combine alumina’s high hardness and pegrerties with zirconia's toughness and
bending strength (Claussen 1976, Lange 1982, EY888). The enhanced strength (especially
transverse rupture strength) and toughness have miaabnia/alumina composites more widely
applicable and overall more productive than plaramics and cermets in machining steels and
cast irons (Mondal et al. 1992). Also, zirconiafaima composites have been introduced into
many other engineering applications like pump conepts, bearings, bushings, valve seats and
many other wear components (Sornakumar et al. 2001)

Zirconia/alumina composites are normally fabricaftedn fine powders through powder
processing techniques such as compacting, sinteaimghot isostatic pressing (HIPing). In most
cases, the sintered or the HIPed workpieces neebeteonachined into useful shapes and
dimensions to satisfy their engineering applicatioMost research work on machining of
zirconia/alumina composites has been focused dititnaal machining processes like grinding
and lapping to attain the required dimensions erd#sired level of surface finish (Inasaki et al.,
1986). Laser-assisted machining method was evgropeal by some researchers to machine
partially stabilized zirconia ceramics (Rebro, P.eA al., 2002), but laser machining produces
thermal stress and some heat-affected zone in t&prece material. Therefore, to develop
more cost-effective machining techniques is stilicin needed in fabrication of zirconia/alumina
composites.

A thorough literature search of UVAG and USM orfetént high performance materials
(refer to Table 2.4) has shown that no reports lh@en presented on UVAG of zirconia/alumina
composites.
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CHAPTER 3 - A Mathematical Study on Grinding Marks in SDSG

3.1 Introduction
Figure 3.1 Silicon Wafer Surface with Grinding Marks after SDSG Operation

Figure 3.1 shows a wafer surface processed by SD&&e are many visible grinding
marks on the wafer surface. These grinding mar&sat acceptable and required to be removed
by subsequent processes. One approach to elintimatginding marks is to keep polishing until
all of them are gone. But, it will lengthen theipbing time and increase manufacturing costs. A
better approach is to optimize the SDSG procesbatayrinding marks can be removed with the
minimum polishing amount. The success of the lafgroach will, to a certain degree, depend
on whether or not the following questions can b&named: How are grinding marks generated?
How do process parameters (wheel rotation speetér watation speed, wheel diameter, and

feederate, etc.) affect grinding marks?
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Several mathematical models have been reportedrioding marks in cylindrical face
grinding of harden steel workpiece (Shih and Le#99) and for grinding marks in SSG of
silicon wafers (Chidambaram, 2003; Tso and Teng0120Zhou et al.,, 2003). These
mathematical models can potentially be used toysthe grinding marks in SDSG but no such
study has ever been published.

This chapter is organized as follows. Following itteoduction section, assumptions for
a mathematical model for grinding marks in SDSG @esented in section 2. Derivations and
computer programs for the mathematical model aneeldped in section 3 and section 4,
respectively. In section 5, this developed modelsed to study the effects of the SDSG
parameters on the grinding marks. Conclusions eerdup in section 6.

3.2 Assumptions for the Mathematical Model

Figure 3.2 Geometry of the Mathematical lylodel to Clulate the Grinding Marks
A




For the model in this chapter, the grinding wheedssumed to behave like a single-point
cutting tool. This assumption has been validatedl @ed by previous research (Shih and Lee,
1999; Chidambaram et al., 2003). For one side efsihcon wafer in SDSG, both the wheel
(with a diameter oD;) and the wafer (with as diameter [@f) are assumed to rotate in counter
clockwise (C.C.W.) direction. The grinding wheelaies about it centéd; at a speed dfl; (rpm,
or revolution per minute). The wafer rotates abtsutenterO, at a speed dfl, (rpm).

The grinding wheel removes the material from théewam point 8), where the cutting
point enters the wafer surface, to the wafer rinmp(C), where the cutting point exits the wafer
surface, along the aBBO,C, as shown in Figure 3.2. A coordinate sysd@Y is used to define
all the points on the wafer and the grinding wh&ak origin of theXO,Y coordinate system is at
the center of the wafer.

As shown in Figure 3.2, at tinte= 0, it is assumed that the cutting point enteesvtafer
surface aB. After timet = 4t, the cutting point moves froBito B,. To calculate the position of
B, in XO,Y coordinate system, the motion frdrto B, of the cutting point is decomposed into
two parts. Firstly, the rotation of the wafer i tG.C.W direction is treated by rotating the center
of the wheel an angle in clockwise (C.W.) direction. Hence, the cuttjmgint on the rim of the
wheel also rotates an anglg in C.W. direction fronB to B'. Secondly (in the mean time), the
cutting point on the rim of the wheel has rotatadhagleo; in the C.C.W. direction fror®’ to
Bt during time4t.

3.3 Derivation of the Mathematical Model

The position ofB, can be described by the following equation in XY coordinate

system:

s -
Yo =Y =(Va*+¥2)= Vs |

where,

X, = %cos(a -a,+a,) (3.2)

X, :%cosa2 (3.3)
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Vi +y, =2 sin(@-a, +a) 34)

Y, :%sina2 (3.5)

a=mn-0B'0,'0, =m- 2arcsin2D?2 (constant) (3.6)
1

a, = 27N, At (3.7)

a, = —27NLAt (3.8)

Then the position oB, can be described as the following equation by tdubieg Equations
(3.2)-(3.8) into Equation (3.1):

Xp = &cos(— 27N2At)+&co{n— 2arcsir( D, j + 270N, At - 27N2At]
2 2D

1

2
(3.9)
_Ds
2

Yat

1

sin(—27N,At) + %Sin(n— 2arcsir{ 2DD2 j +27N,At - 277N2Atj

By increasing the timg the grinding mark of the cutting point on the arasurface (within one

wheel rotation) can be obtained by the followingi&tipn:

x(t)= &cos(— 27N,t) +%co{n— 2arcsi,-( 2DD2 j + 27Nt - Zmzt]
1

(3.10)

2
_Db,
v{t)==

1 4arcsi D,
7N, 2D,

Please note that more grinding marks can be genkras the time further increases in the

sin(—27N,t) +%sin(n— 2arcsir( 2D[§ j + 27N t - Zmztj

1

O<t<

following ranges:

Lgtg 1 Aarcsi D, +L k= 01234....
N, 27N, 2D, N,

The same procedure can be applied to develop theematical model if the wafer and

the wheel rotate in different directions.
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3.4 Computer Programs for the Mathematical Model
The model developed above is used to develop pmysaith a commercial software
package Matlab (The MathWorks, Inc., 3 Apple Hilin®, Natick, MA 01760, USA). All
programs accept SDSG parameters (i.e. wheel ratapeed\;, wafer rotation speel,, wheel

diameterD1, and wafer diametdd,) as input variables and plot the grinding marksatput.

Figure 3.3 lllustration of Rotation Directions of the Wafer and the Wheels

Silicon wafe

Grinding wheel
(a) Wafer front side (b) Wafer back side

The rotation directions of the two wheels and tledewin SDSG operation are illustrated
in Figure 3.3. For wafer front side, the wheel tesain counter clockwise (C.C.W.) direction
while the wafer rotates in clockwise (C.W.) directi For wafer back side, the wheel rotates in
C.C.W. direction while the wafer rotates in C.C.4lfection. In the rest of this chapter, unless
specified otherwise, the wafer has a diameter 0fr8én while the wheel has a diameter of 160
mm.

Simulation results are used to study the effectSDEG parameters on the distance
between adjacent grinding marks and the curvatiitkeogrinding marks. The distance between
two adjacent grinding marks is obtained throughdiing the wafer circumference by the number

of total grinding marks around the wafer center.
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3.5 The Effects of Process Parameters on Grinding dks

3.5.1 Effects on the Distance between Adjacent Grinding Marks

Figure 3.4 Effects of Speed Ratio and Wheel Diameaten the Distance between Grinding
Marks on Wafer Front Side
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Figure 3.5 Effects of Speed Ratio and Wheel Diameaten the Distance between Grinding
Marks on Wafer Back Side
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Figs. 3.4 and 3.5 show the effects of process petes Ni/N,: ratio of the wheel
rotation speed versus the wafer rotation sp&gd;wheel diameter) on the distance between
adjacent grinding marks on the front and back swmlethe wafer, respectively. The distance
between adjacent grinding marks on the front ssdihé same as that on the back side. As the
speed ratio increases, the distance between atjgcewling lines decreases. As the wheel

diameter increases, the line distance does nogehan
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3.5.2 Effects on the Curvature of Grinding Marks

Figure 3.6 Effects of Speed Ratio and Wheel Diameaten the Curvature of Grinding
Marks on Wafer Front Side
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Figure 3.7 Effects of Speed Ratio and Wheel Radiws the Curvature of Grinding Marks
on Wafer Back Side
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Figs. 3.6 and 3.7 show the variation of the grigdimark curvature on both wafer sides as
the speed ratio (the wheel rotation speed versusvttfer rotation speed) and the wheel diameter
change. It can be seen that the grinding mark turgan one side of the wafer is different from
that on the other side due to different rotatiorections of the two grinding wheels. For both
wafer sides, as the speed ratio increases, thdiggimarks tend to be less curved. Furthermore,

as the wheel diameter increases, the grinding nasksbecome less curved.
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3.6 Conclusions

In this chapter, a mathematical model is develojpedhe grinding marks in SDSG of

silicon wafers. The following conclusions can bawin from this study:

1)

2)

3)

The grinding mark curvature on the front sidete wafer is different from that on
the back side due to different rotation directiohghe two grinding wheels.

The distance between the adjacent grinding lioesboth sides of the wafer is
determined by the ratio of the wheel rotation speedus the wafer rotation speed.
As the ratio of the wheel rotation speed versusatater rotation speed increases, the
line distance increases. The wheel diameter doesffext the line distance.

The curvature of the grinding marks is determibg the wheel diameter and the ratio
of the wheel rotation speed versus the wafer mmaspeed. As the wheel diameter
increases, the grinding lines tend to become lessed. As the speed ratio increases,

the grinding lines tend to become less curved.
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CHAPTER 4 - A Mathematical Study on Wafer Shape inrSDSG

4.1 Introduction

The wafer shape in this paper is the shape of dfervsurface (Sun et al., 2004; Piestch
and Kerstan, 2005). The wafer shape has signifieletts on the wafer flatness. It is important
to understand and control the wafer shape genebgtdte SDSG process.

Mathematical models have been reported for the gaface profile in cylindrical face
grinding of steel parts (Shih and Lee, 1999) andtlie wafer shape in SSG of silicon wafers
(Sun et al., 2004; Tso and Teng, 2001; Zhou eR80D3). These models can potentially be used
to study the wafer shape in SDSG but no such shasdyever been published. Pietsch and
Kerstan (2005) presented a mathematical modeh®mtafer shape in SDSG, but did not report
any systematical study on the effects of SDSG peianrs on the wafer shape.

In this chapter, following the introduction secti@ssumptions for a mathematical model
for the wafer shape in SDSG are presented in se2ti®erivations and computer programs for
the mathematical model are developed in sectiond3saction 4, respectively. In section 5, this
developed model is used to systematically studyeffects of SDSG parameters on the wafer

shape. Conclusions are drawn up in Section 6.
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4.2 Assumptions for the Mathematical Model
Figure 4.1 lllustration of the “Roll” Angle ( ) and “Pitch” Angle ()
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For the model in this chapter, each grinding wiree¢he SDSG process is assumed as a

ring of rotating abrasives and the ring of rotatmigrasives always passes through the wafer
center. As shown in Figure 4.1, the “roll” angleis defined as the tilt angle of the grinding
wheel around th®©X axis. The “pitch” angle is defined as the tilt Engf the grinding wheel
around theQY axis. In this paper, the wafer shape studied essitape of one surface of the
wafer. It is determined by the “roll” and “pitchthgles of the grinding wheel that grinds this side
of the wafer. The shape of the other surface ofmier can be studied in the same manner.
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Figure 4.2 Geometry for Developing the Wafer Shapklodel
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As illustrated in Figure 4.2, the ring of rotatiagrasives enters the wafer surface at point
A along arcAO.B, and exits the wafer surface at pdgitA coordinate systerKQ,Y is used to
define all the points on the wafer and the grindivigeel. The origin of th&XO,Y coordinate
system is at the center of the wafer. Mathematic#te envelope swept by aA©,B when it is
rotated around th&-axis forms the wafer shape.

4.3 Derivations of the Mathematical Model

When the wheel surface is parallel to X@,Y plane ¢ = 0 andB = 0), arcAO.B can be
described by the following equations:

X(t)=R ?Oﬁ(zmlt)Jf R m= 2arcsir[2RI§J T+ 2arcsir[;%j
Y(t) =R sin(27N,t) <t<

(4.1)
20=0 27N, 27N,

whereX(t), Y(t), andZ(t) are the coordinate components of every point crA&:B; R; andR;

the wheel diameter and wafer diameter, respectiiglyhe wheel rotation speetithe time.
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When the wheel is tilted around tKeaxis by an angle af and around th&-axis by an
angle off, arcAO.B will be represented as:
X't)] 1 o 0 cosB 0 sing][Rcod2mNt)+R
Y'({t) [=|0 cosy -sina|ll O 1 O R sin(27\t) 4.2)
Z'(t)| |0 sina@ cosx ||-sing O cosf 0

X'(t)=cosp[R cod27N,t) + R]
or: 1 Y'(t)=sinasin B[R cod2/N,t) + R |+ cosa[R sin(27N,t)] (4.3)
Z'(t) = -cosarsin B[R cog27N,t) + R | +sina[R sin(27N,t)]

The relation between the length in wafer radiabction and the height of the wafer
surface can be obtained from the above equatiois Eftation will produce a line profile to
describe the wafer shape (2-D). The 3-D wafer sltapebe obtained by rotating the line profile
around theZ-axis.

4.4 Computer Programs for the Mathematical Model

The model developed above is used to write progreitis a commercial software
package Matlab (The MathWorks, Inc., 3 Apple Hilin®2, Natick, MA 01760, USA). All
programs accept SDSG parameters (i.e. the “rolflean in micro-radian |grad), the “pitch”
anglep in urad, the wheel radiuR;, and the wafer radiuR,) as input variables and plot the
wafer shapes (2-D or 3-D) as output. In the resthe paper, unless specified otherwise, the

wafer has a diameter of 300 mm while the wheelahdsmeter of 160 mm.
4.5 Simulation Results and Discussion

4.5.1 Basic Wafer Shapes
Figure 4.3 shows the wafer shapes (3-D) for dififereombinations of the “roll” angle and
“pitch” angle. It can be seen that there are elfgic wafer shapes generated by changing the
“roll” angle and the “pitch” angle. Note that theafer shape is not affected by the tilt direction
of the “roll” angle, hence the wafer shapes showfigure 4.3(a,d,g) are the same as those in

Figure 4.3(c,f,i), respectively.
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Figure 4.3 3-D Wafer Shapes for Different Combinatns of “Roll” and “Pitch” Angles
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Figure 4.4 Two Components of the Wafer Shape (Sur al., 2005)

For further discussion, the wafer shape is resoimd two components, the virtual
component and the elliptical component as showhigure 4.4 (Sun et al., 2005). The virtual
component characterizes the wafer shape along #ifier wliameter, and is measureddythe
distance from the wafer center (point O) to thee lfline AB) connecting two ends (on the
diameter of the wafer surface) of the wafer surfadee elliptical component characterizes the
wafer shape along the wafer radius, and is meadoyed, the maximum distance from any
points on the wafer surface to the line (line OAhigecting the wafer center and the edge of the
wafer surfaced; andd, are assigned with the “+” or “~” sign by the fallong rule: when a
component (either the virtual component or thep&dlal component) is convex, the
corresponding distance (eith&ror 8,) will bear a positive sign; when a component iaaave,

the distance will have a negative sign.
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4.5.2 Effects of the “Roll” Angle on the Wafer Shape

Figure 4.5 Wafer Shape Variation with Different “Roll” Angles (when “Pitch” Angle g =0
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Figure 4.6 Wafer Shape Variation with Different “Roll” Angles (when “Pitch” Angle p = +2
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Figure 4.7 Wafer Shape Variation with Different “Roll” Angles (when “Pitch” Angle p =-2

prad)
o = Oprad
o =*2purac
0.2 4T
o =*4purac
0 \ / o= *6prac
T — o =+ 8prac
5_0.2 | o =+ 10prac
N

150 100 50 0 50 100 150

Figure 4.5 shows various wafer shapes for diffefeoit’ angles when the “pitch” angle
B = O urad. As the absolute value of the “roll” angle m&sesg; increases positively bui
decreases negatively. Figure 4.6 shows variousrvghigoes for different “roll” angles when the
“pitch” angle p = +2 prad. As the absolute value of the “roll” angle s@msesgd, increases
positively buté, decreases from positive to negative. Figure 4oivshvarious wafer shapes for
different “roll” angles when the “pitch” anglg = -2 prad. As the absolute value of the “roll”

angle increases$; increases from negative to positive apdiecreases negatively.

4.5.3 Effects of the “Pitch” Angle on the Wafer Spa

Figure 4.8 Wafer Shape Variation with Different “Pitch” Angles (when “Roll” Angle a=0
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Figure 4.9 Wafer Shape Variation with Different “Pitch” Angles (when “Roll” Angle a= +2
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Figs. 4.8 and 4.9 show various wafer shapes fderdifit “pitch” angles when the “roll”
anglea = Oprad ando = £2 prad, respectively. Wafer shapes are not only rélaaehe absolute
value but also to the sign of the “pitch” angle. the “pitch” angle increases from p8ad to +8

urad, boths; ands, increases from negative to positive.

4.5.4 Effects of the Wheel Diameter on the Wafer Shape
Figure 4.10 Wafer Shape Variation with Different Wheel Radii (@= O prad, p = +5prad)
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Figure 4.11 Wafer Shape Variation with Different Wheel Radii (@= O prad, p = -5 prad)
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Figure 4.12 Wafer Shape Variation with Different Wheel Radii (@= =5 prad, p = Oprad)
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Figure 4.10 shows various wafer shapes as the waeils increases from 75 to 150 mm
whena = O prad andp = +5 prad. As the wheel radius increases, bdthand d, decreases
positively. Figure 4.11 shows various wafer shagethe wheel radius increases from 75 to 150
mm whena = O urad andp = -5 prad. As the wheel radius increases, bdtland s, increases
negatively. Figure 4.12 shows various wafer shagethe wheel radius increases from 75 to 150
mm whenao = £5 prad and3 = Oprad. As the wheel radius increas&sincreases positively and
82 increases negatively.
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4.6 Conclusions

In this chapter, a mathematical model is develofuedthe wafer shape in SDSG of

silicon wafers. The following conclusions can bawin from this study:

1)

2)

3)

The wafer shape is related only to the absomatae of the “roll” angle. With the
increase of the absolute value of the “roll” angleincreases bui, decreases.

The wafer shape is not only related with theigadf the “pitch” angle but also the tilt
direction. As the “pitch” angle increases from negato positive, bothd; and 5
increases.

The wafer shape is also related with the whadius. When it only comes to the
“pitch” angle, bothd; andd, decreases with the increase of the wheel radildsenV
only the “roll” angle is involved or both the “rblangle and the “pitch” angle are

involved, both3; andds increases with the increase of the wheel radius.
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CHAPTER 5 — Finite Element Analysis of Edge Chippig in UVAG

5.1 Introduction
In this chapter, a 3-D FEA model for UVAG is deyedal to investigate the effects of
three parameters (cutting depth, support lengtt,pratightening load) on the maximum stresses
(the maximum normal stress and von Mises stresghenregion where the edge chipping
initiates. The FEA model is then used to studyrdiation between the edge chipping thickness
and the support length. A possible solution to cedthe edge chipping thickness through
increasing the support length is proposed andigdrify experiments.

5.2 Development of the Finite Element Analysis Mode

5.2.1 Assumptions for Edge Chipping Initiation
Figure 5.1 lllustration of UVAG Process and FEA Paameters
ROTATION
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VIBRATION

Tool outer
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Ji L.

Region of edge Horizontal machine
chipping initiation surface
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The FEA model in this study only concerns the statress distribution in the region
when edge chipping initiates. The dynamic compormérthe material removal process is not
taken into account. As shown in Figure 5.1, itgsuaned that the edge chipping will initiate in a
brittle fracture mode when the maximum stress fgagishe failure criterion. The edge chipping
thickness predicted by the FEA model is the vertibstance between the location where the
edge chipping initiates and the workpiece bottonfese. The two stress failure criteria used are
the maximum normal stress criterion and von Migesss criterion, two commonly used criteria

applicable to isotropic materials (Walter, 1997).

Table 5.1 Workpiece Material Properties

Property Unit Value
Young's modulus MPa 190
Poisson ratio 0.25
Density g/crm 3.50
Tensile strength MPa 130
Compressive strength MPa 1750
Vicker’s hardness kg/mm 1190

Based on the maximum normal stress criterion, exhggping is assumed to initiate if
o =0, whereg is the maximum principle stress obtained fromRE&\ simulation andy: is the
tensile strength of the workpiece material (listedable 5.1).

With the von Mises stress criterion, edge chippmg@ssumed to initiate when the von
Mises equivalent stress reaches the tensile strasfgthe workpiece material. The von Mises
equivalent stress is defined as:

o = \/(01 _02)2 +(02 _03)2 +(01 _03)2
eq 2

(5.1)

whereo, 02, andos are stresses in the principle directions.
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5.2.2 Geometry and Mesh Design for the FEA Model
Figure 5.2 Mesh Design for the FEA Model

(a) Overview in 3-D coordinates
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(b) Overview in 2-D coordinates Aepund the edge ¢

Three parameters to be studied are defined asMel{oefer to Figure 5.2). The cutting
depth Hc) is the distance between the top surface of the&kpiece and the horizontal machined
surface, ranging from 0 to 6.30 mm. The supporytlerl) is the radial length of the contact
area between the workpiece and the fixture, ranfimgn 3 to 11 mm. The pretightening load
(Fp) is the pressure applied on the top surface ombikpiece to tighten the workpiece, ranging
from 3 to 15 MPa.
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A commercial software (ANSYS7.0) was used to dgveéle FEA model. The 3-D FEA
model of the workpiece is constructed using axisytmim eight-node quadrilateral elements.

The mesh is shown in Figure 5.3. The elementsednged progressively near the region where

the edge chipping initiates. The workpiece is asslito have a cylinder shape with a radius of

16 mm and thickness of 6.30 mm.

5.2.3 Boundary Conditions
Figure 5.3 Boundary Conditions and Applied Loads fothe FEA Model

A y I Pretightening loadHp)

-~ %HHLHHH

X

> A
> o) ]
> =
> g | F

&
> S Edge chipping initiation

= region
> E / ,,_‘/ gl
> ¥ vy
™! Fillet radius R)
> Support lengthl()
> - -
>

ANANANANANANANANANAA
Constrained in the direction

Left fillet Right fillet

>

57



Due to the symmetry of the workpiece and fixtunee talf of the workpiece is modeled
in the axisymmetric plane, as shown in Figure Bt& workpiece is modeled as a rectangle with
a rectangular recess. The workpiece is constraméak y-direction on the bottom surface over
the support length. The axisymmetric line of the workpiece is conisied in thex-direction. A
uniformly distributed pressurd-§) is applied on the top surface of the workpiece @avérngth
equal to the support length

The contact area (with a length Qfbetween the tool end surface and the horizontal
machined surface in the workpiece consists of @&fiddét contact region, a middle horizontal
contact region, and a right fillet contact regiBoth of the two fillet contact regions are modeled
with a fillet radius of 0.1 mm (approximately equalthe “nose radius” of the end face of the
cutting tool). A uniformly distributed pressured(= 15 MPa, a typical value of the grinding
force in the tool axial direction when rotary ustcaic machining of the workpiece material used
for this study)is applied to the middle horizontal contact regi@nlinearly varying pressure,
whose value ranges from zero at the vertical edde &t the horizontal edge, is applied on both

fillet contact regions, as shown in Figure 5.3.
5.3 Results of FEA Simulations

5.3.1 Stress Distributions
Figure 5.4. Contour Plots of Stress Distributionsfic =5 mm; L =8 mm; Fp = 3.7 MPa)
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Figure 5.4 shows the distributions of the maximuamnmal stress and the von Mises
stress in the region of edge chipping initiatiorewhlc = 5 mm,L = 8 mm, and=p = 3.7 MPa. It
can be seen that both of the maximum normal steesk the von Mises stress increase
significantly as the distance to the fillet dece=sasThe maximum values of the two stresses
occur on the fillet.

5.3.2 Effects of the Three Parameters on the Maximum Stresses
Figure 5.5 Effects of Cutting Depth on the MaximunmStress Values
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Figure 5.7 Effects of Support Length on the MaximunfStress Values
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Figs. 5.5-7 show the effects of the three paramdtritting depthHc, pretightening load
Fp, and support length) on the maximum values of the maximum normal steasd the von
Mises stress. Figure 5.5 shows that the maximumegabf the maximum normal stress and the
von Mises stress nonlinearly increase as the guttepth increases. Figure 5.6 shows the effects
of the pretightening load. It can be seen thathasretightening load increases, the maximum
values of the two stresses increase slightly. FFagare 5.7, it can be seen that the maximum
values of the two stresses decrease slightly asupport length increases from 3 to 10 mm.
When the support length exceeds 10 mm, sharp degea the maximum values of the two
stresses can be observed. This indicates thatasiag the support length can reduce the
maximum values of the two stresses. In this wag,dtige chipping initiation can be postponed

so that the edge chipping thickness can be reduced.

5.3.3 Relation between Edge Chipping Thickness and Suppergth
The procedure to estimate the edge chipping thekmsing the maximum normal stress
criterion is as follows. With the increase of thattmg depth, the maximum values of the

maximum normal stress are plotted against supgogths. Based on the maximum normal
stress criterion, the critical cutting depth whéhe edge chipping initiateso(z 0, ) can be

found. For the workpiece with the thickness of 63, the edge chipping thickness can be
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calculated by subtracting the critical cutting defpom the workpiece thickness. For example,

when L = 10.5 mm, the critical cutting depth will be 5.47Tm. Hence, the edge chipping

thickness = 6.30 — 5.47 = 0.83 mm. A similar pracedvas used to estimate the edge chipping

thickness based upon the von Mises stress criterion

Figure 5.8 Predicted and Experimental Results fortie Effects of Support Length on Edge
Chipping Thickness Fp = 3.7 MPa;F¢ = 15 MPa for FEA)
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Figure 5.8 shows the predicted relation betweerstipport length and the edge chipping

thickness from FEA simulations. With the increa$eupport length from 4.5 to 10.5 mm, the

predicted edge chipping thickness decreases fr@®t0. 0.83 mm when the maximum normal

stress criterion is used; the predicted edge chipphickness decreases from 0.80 to 0.79 mm

when the von Mises stress criterion is used.
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5.4 Pilot Experimental Verification

5.4.1 Experimental Setup and Conditions

Table 5.2 Experimental Conditions.

Machining variable Unit Value
Spindle speed revis 50
Feedrate mm-s 0.09
Ultrasonic vibration power supply* 35%
Ultrasonic vibration frequency kHz 20
Coolant pressure MPa 0.21

* Power supply percentage controls the amplitudeltodsonic vibration.

A series of UVAG tests have been conducted to wéhié predicted relation between the
support length and edge chipping thickness. In UGA®ration, a blind hole is usually drilled in
the fixture under the workpiece to receive the mglshown in Figure 5.1. The support length is
determined by the diameter of the blind hole. Tofyehe effects of support length, three blind
holes with diameters of 23, 16, and 11 mm, respelgti are drilled in the fixture. Accordingly,
three different support lengths of 4.5, 8, and 10rb can be achieved. For each support length,
UVAG test is repeated three times.

UVAG tests are performed on an ultrasonic machih&anic Mill Series 10 (Sonic-
mill®, Albuquerque, NM, USA). For the metal-bonded diathaore drill (N.B.R. Diamond
Tool Corp., LaGrangeville, NY, USA), the outer aimher diameters are 9.64 and 7.72 mm,
respectively. The mesh size is from 80 to 100. dimension of the workpieces (92%.,8%
sintered) (Ferro-ceramic Grinding, Inc., WakefjdldlA, USA) is 32 mm x 32 mm X 6.30 mm.
Properties of the workpiece material are listedTable 5.1. Mobilemét S122 water-soluble
cutting oil (MSC Industrial Supply Co., Melville, Wy USA) is used as coolant (diluted with
water by 1 to 20 ratio). Other UVAG conditions &sted in Table 5.2.
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5.4.2 Measurement of Edge Chipping Thickness
A digital video microscope (Olympus DVM-1, Olympusnerica, Inc., Melville, NY,
USA) is utilized to inspect the chipping at theehelxit edge. Using a vernier caliper, the edge
chipping thickness is measured on the rod as skeétichFigure 2(b).

5.4.3 Experimental Results and Discussion

Table 5.3 Experimental Results

Support length (mm) Chipping thickness (mm)
Run 1 Run 2 Run 3
4.5 1.01 0.99 0.96
8 0.89 0.83 0.81
10.5 0.76 0.72 0.80

The values of the edge chipping thicknesses aeallis Table 5.3. It can be seen that the
edge chipping thickness decreases as the suppwthléncreases. Figure 5.9 also plots the
experimental relation between the support lengtth gi@ edge chipping thickness. With the
increase of support length, the edge chipping tigsk decreases. This trend agrees well with
that predicted from the FEA simulations.

However, there are differences between the FEA latms and experimental results.
One difference is in the absolute values of thpmhg thickness, the other is in the slopes of the
curves (or, the degrees of the effects of suppargth of the chipping thickness). Possible
reasons for such differences include that somengssons of the FEA model may not be

accurate.

5.5 Conclusions

This chapter presents an investigation into thesaxtgpping during UVAG of ceramics
with the help of FEA simulations. A possible sadutito reduce the edge chipping thickness is
firstly proposed and validated by experiments. fifan conclusions are:
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1. As the cutting depth increases, the maximumeghf the maximum normal stress
and the von Mises stress increase.
2. The effects of pretightening load on the maximuatues of the maximum normal
stress and the von Mises stress are not significant
3. There exists a critical support length. As thpp®rt length increases before reaching
the critical length, the maximum values of the maxm normal stress and the von
Mises stress decrease slightly. When the suppogtheexceeds the critical length,
there are sharp decreases in the maximum valudhe ohaximum normal stress and
the von Mises stress.
4. The edge chipping thickness can be reduceddrgasing the support length.
The results of this study have indicated a praktieey to reduce or eliminate the edge
chipping in ultrasonic vibration assisted grindimigceramics. The diameter of the blind hole in
the fixture underneath the workpiece should benadlsas possible (as long as it can still receive

the machined rod).
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CHAPTER 6 - Coolant System for UVAG

6.1 Introduction
Figure 6.1 Coolant Delivery Mode by Using AODDP

AQDDP mode

Pressure

Timne

In this chapter, in order to investigate the coblaifects in UVAG process
systematically, the air-operated double diaphragmp (AODDP) is introduced into the UVAG
coolant system for the first time. The intermitteabolant delivery mode is realized
approximately with the AODDP for its characterisbicintermittent pumping. Figure 6.1 shows
the actual coolant delivery mode when using AODDRen the vertical cutting force, material
removal rate (MRR) and machined surface roughmedgferent modes and in different coolant
pressures when using AODDP are compared and adalyze

6.2 Experimental Setup and Procedure

6.2.1 AODDP, UVAG, and Improved Coolant System

The air-operated diaphragm pump has been developédndling corrosive liquids and
those containing suspensions of abrasive solidsteTare two sections separated by a diaphragm
of rubber, leather or plastic material. In one iseca piston or plunger operates in a cylinder in
which a non-corrosive fluid is displaced. The moeemof the fluid is transmitted by means of
flexible diaphragm to the liquid to be pumped. Untte action of the air distribution system in
the AODDP, the reciprocating motion of the diaplmaig realised by the compressed air so that
the coolant can be pumped out intermittently. Camegbawith regular centrifugal pumps,
AODDPs are more available in many industrial agtlens for their inherent features including
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ease of maintenance, variable speed, variable yegsability of self-prime and run dry, dead-
bead capability to pass solids, and the absendeasf prone dynamic seals (Bowan, 1997,
Butcher, 1990; Rupp, 1977). Furthermore, more ifie coolant types (even slurry) and more
flexible coolant pressure can be realized for tMAQ process with the AODDP.

Figure 6.2 Schematic lllustration of Experimental ®tup
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The experimental set-up is illustrated in Figur2 & consists of

« A UVAG system

* A coolant system including a regular centrifugamp and an AODDP
* An air distribution system for AODDP.

66



The UVAG system comprises an ultrasonic spindlppwaer supply and a motor speed
controller. By changing the setting of output cohtif power supply, the amplitude of ultrasonic
vibration can be adjusted. Different rotational eppdevels can be obtained by adjusting the
motor speed controller. The coolant is pumped hy diferent pumps (one is the AODDP, the
other is the regular centrifugal pump) so that lbghstable coolant pressure (continuous mode)
and fluctuating coolant pressure (intermittent modan be obtained in one system. The air
pressure distribution system is employed to achisfferent pressure levels for the AODDP.

6.2.2 Experimental Conditions
Table 6.1 Machining Conditions

Condition Details

UVAG
machine

Diamond Outer diameter ~3/8”, inner diameter ~3/11", griedh Size #140~170, and
core drill metal bond

Sonic Mill SERIES 10

Coolant Mobile met S 122, Mobil Oil Corp, 20:1 ditn of water-soluble cutting oil
Centrifugal :

pump MSPR7, Graymills

AODDP Ingersoll-Rand Company M 6661A3-344-C

Table 6.2 UVAG Parameters

Parameter Value

Spindle speed 3000 (rpm)

Feedrate 0.05 (mm/s)

Ultrasonic vibration Power supply: 30%; Frequenbykz

The characteristic features of test material (924nAna) are the same as those in Table
5.1. The machining conditions are dilated in Tahle The UVAG parameters are listed in Table
6.2.
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The cutting force was measured using a KISTLER 98%@amometer. The vertical
drilling force that is perpendicular to the horitanplane is measured. A standard unit of 1
kilogram is used to calibrate the dynamometer lectest.

The material removal rate (MRR) was determinedhgyrelationship below:

iR e T0Daser /2 = (D /2@ 6.1

T
where,Douter is the diameter of the drilled holBjnner is the diameter of the drilled rod,is

the workpiece thickness, aiidhe time it takes to drill the hole.

The surface roughness is measured on the cylindsigdaces of machined rods and
machined holes along feed direction. The machiredd &nd machined rod, which are used for
measurement of surface roughness after machinirg, ilistrated in Figure 6 too. The
instrument used is Mitutoyo Surftest-402 (Mituta@orp, Japan). The tested range is set as 0.25

mm. Parameter Rs chosen to represent surface roughness.
6.3 Results and Discussion

6.3.1 Coolant Output Pressure

Figure 6.3 Comparison of Output Coolant Pressure foDifferent Coolant Delivery Modes
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Figure 6.3(a) shows the effect of air pressure oolant output pressure when using
AODDP. Four dotted lines in Figure 6.3(a) refleourf different step-change coolant output
pressures (intermittent modes) from AODDP. Thedsliie in Figure 6.3(b) represents a stable
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coolant output pressure (continuous mode) of 3@rpsi regular centrifugal pump. It is obvious
that the frequency and variation amplitude of tbhelant output pressure when using AODDP
are dependent on the air pressure applied. Thehtbk air pressure is, the higher the frequency
and the lower the variation amplitude.

The continuous mode of coolant delivery is realizgth the regular centrifugal pump
while the intermittent mode is realized approxinhat@ith the AODDP. The output coolant
pressure of the regular centrifugal pump is fixe®@ psi. As for the AODDP, the output coolant
pressure effect on UVAG is investigated by appldifferent air pressures. Experimental results
by using different pumps are put together in thesequent figures to compare the effect of
different pumps (i.e. different coolant delivery das) on UVAG process.

6.3.2 Cutting Force

Figure 6.4 Comparison of Cutting Force in DifferentCoolant Delivery Modes.
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Figure 6.5 Effect of Coolant Delivery Modes on Cuthg Force
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In Figure 6.4 and Figure 6.5, the results of congpar cutting force when machining
with different pumps (centrifugal pump and AODDRpw that the pump type (coolant delivery
mode) affects the cutting foradightly The air pressure for the AODDP is about 20 pse (th
coolant output pressure can be referred to FiguBeib Figure 6.4. It can be seen thatwhen
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machining with regular centrifugal pump is nearhe tsame as that by using AODDP. The
maximum value and average value of the verticainguforces when machining with different
pumps are compared in Figure 6.5. From Figure &, vertical force when machining with
AODDP will slightly increase with the increase bétair pressure.

6.3.3 Material Removal Rate
Figure 6.6 Effect of Coolant Delivery Modes on MRR
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Figure 6.6 shows that the pump type (coolant delimeode) has no significant effect on
MRR. At the same time, under the same machiningrpaters (spindle speed, feed rate and
vibration amplitude) when machining with the AODDRe MRR will keep at a stable level with
the increase of the air pressure. The results @msisting with previous report that the coolant
pressure only affects the MRR slightly (Hu et 2002).

6.3.4 Surface Roughness

Figure 6.7 Effect of Coolant Delivery Modes on Cuthg Force
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It is interesting to note that the surface rougbraer machining decrease obviously,
especially for the machined rod surface by usind®® as shown in Figure 6.7.

From Figure 6.7, compared with the regular cergafyoump (the surface roughness for
the machined hole and machined rod are @/fland 0.47um, respectively), AODDP has no
significant effect on the machining hole surfaceigliness in low air pressure but the hole
surface roughness will slightly decrease from Quabto 0.35um with the increase of the air
pressure for AODDP. The machined rod surface roeghiean be improved obviously by using
AODDP when machining and with the increase of th@r@essure for AODDP the machined rod
surface will keep at a stable level with & 0.31um.

In UVAG process, because of the drill vibratiore tir gap between the drill bit and the
workpiece can be realized so that the coolant daw in and flow out smoothly when
machining. Previous report presented that the madhholes surface roughness will decrease
with the increase of the coolant pressure by ussgglar centrifugal pump (Hu et al., 2002). For
AODDRP in this report, the average coolant outpetsspure will increase with the increase of the
air pressure, so the same results for machined Isol¢ace roughness can be observed by using
AODDP in UVAG as shown as Figure 6.7. The reasanlmadescribed as follows: the higher
coolant output pressure surely leads to the higbelant flow rate inside and outside of the core
drill, so that more micro swarfs which might haveansiderable worse effect on the surface
roughness will be washed away from the contact lseeéaeen drill and workpiece.

6.4 Conclusions

A new coolant system with two different pumps (degucentrifugal pump and air-
operated double diaphragm pump) has been desigmédealized for to study the UVAG
processes in two different coolant delivery modeBhe coolant output parameters for the
intermittent mode such as average value, frequandyvariation amplitude when machining by
using AODDP under different air pressures have beeasured. Experimental investigations
have been conducted on effect of coolant pumpediffigrent pumps on the performance of
UVAG. Output variables studied include cutting ®rdMRR, and surface roughness. Major

conclusions are:
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1) Compared with the regular centrifugal pump, A@DDP has no significant effect on
the vertical cutting force and MRR in the UVAG pess but obviously affect the
machined surface roughness. When using AODDP, thehimed holes surface
roughness decrease from 0.0 to 0.31pum with the increase of the air pressure
from 20 psi to 80 psi.

2) The reason for the improvement of the machineléshsurface quality is that the
higher coolant output pressure will lead to morecrmiswarfs, which has a
considerable worse effect on the machined surfaaghmess, be washed away from
the contact area between tool and workpiece.

As for the machined rod surface, it can be obsemhad the machined rod surface

roughness decrease significantly by using AODDBWAG process.
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CHAPTER 7 - UVAG of Fiber-reinforced Ceramic Matrix

Composites

7.1 Introduction
In this chapter, the viability of UVAG on two type$ fiber-reinforced CMC materials is
investigated. Cutting forces and material remogaéd mare compared for machining of CMC with
and without ultrasonic vibration and for two typelSCMC materials and one type of ceramic
material (92% alumina). Chippings at the hole educed by UVAG process are discussed. The
main and interaction effects of UVAG process paitanse(spindle speed, feedrate, and ultrasonic
power) on CMC machining are also studied usingt @fsgéesigned experiments.

7.2 Experimental Conditions and Procedure

7.2.1 Setup and Conditions

Figure 7.1 lllustration of Experimental Setup
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The experimental setup is schematically illustrateBligure 7.1. It mainly consists of an
ultrasonic spindle system, a data acquisition systend a coolant system. UVAG tests are
performed on an ultrasonic machine of Sonic Milti&s 10 (Sonic-mift, Albuquerque, NM,
USA). Diamond core drills (N.B.R. Diamond Tool CqarpaGrangeville, NY, USA) for UVAG
are used to drill CMC and alumina workpieces. Thisdvith outer and inner diameters of 9.54
mm and 7.82 mm respectively, consist of metal-bdrdlamond grains of mesh size from 140 to
170. Mobileme? S122 water-soluble cutting oil (MSC Industrial $lypCo., Melville, NY,
USA) is used as UVAG coolant and diluted with Rtparts water.

Table 7.1 Properties of Workpiece Materials

Sample Density  Specific heat Tensile strength Compressive strength Hardness

(g/cnT) (JIgFK) (MPa) (MPa) (Vicker's)
Alumina 3.5 0.71 129.4 1751 1190
CMC#1 2.6 0.75 308.6 - **
CMC #2 * - 279.1 - ok

*Determined by water immersion.
**Related to reinforcement fibers.

Two types of CMC panels (Aircraft Wheel & Brakesdsloich Corp., Santa Fe Springs,
CA, USA) are used in this study. CMC #1 panel (i x 120 mm x 3 mm) is fabricated from
Nicalon brand (Nippon Carbon Co., Tokyo, Japangai carbide fiber, with converted phenolic
resin char, densified by carbon chemical vapotitiation (CVI) processing. The carbon matrix
contains boron carbide filler, which acts as andation inhibiter for this application. The
porosity of this panel is 8-10%. CMC #2 panel (i@ x 120 mm x 3.6 mm) is fabricated from
Tyranno brand (Ube Industries Ltd., Ube, Japangasil carbide fiber, with a silicon carbide
partial matrix, which was further densified by tmelt-infiltration process with silicon metal to
1-3% porosity. Alumina workpieces (92%.8% sintered), supplied by Ferro-ceramic Grinding,
Inc., Wakefield, MA, USA, have dimension of 32 mn8& mm x 6.35 mm. Properties of these
three types of workpieces are listed in Table 7.1.
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Table 7.2 Machining Conditions for the FeasibilityExperiments

Parameter Value
Spindle speed 50 (reW)s
Feedrate 0.09 (mm's
Ultrasonic vibration Power supply*: 35%; Frequen2§ (KHz)
Coolant pressure 0.207 (MPa)

* Power supply percentage controls the amplitudeltodsonic vibration.

Other machining conditions for the feasibility expgents are presented in Table 7.2.

3.2.2 Design of Experiments

A 23 (three variables, two levels, 8-tests) full fa@bdesign is used for the experiments
with 2 replications. Detailed description of fag&bidesign can be found in many textbooks such
as the one by DeVor et al. (DeVor et al., 1992ye€nJVAG process parameters investigated are:

1) Spindle speed: rotational speed of the diamand drill;

2) Feedrate: feedrate of the drill in the directimmmal to the workpiece surface; and

3) Ultrasonic power: percentage of the high-frequyeelectrical power, which controls

the amplitude of ultrasonic vibration.

Table 7.3 Variable Levels

Variable Unit Low level (-) High level (+)
Spindle speed revis 17 50
Feedrate mm’s 0.09 0.15
Ultrasonic power 35% 50%

* To control ultrasonic vibration amplitude.
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Table 7.4 Matrix for the Parametric Experiments

Test number Spindle speed Feedrate Ultrasonic power

Test1 & Test 7 - - -

Test2 & Test5 + - +
Test 3 & Test 6 - - +
Test 4 & Test 10 - + -
Test 8 & Test 9 - + +
Test 11 & Test 13 + + +
Test 12 & Test 16 + + -
Test 14 & Test 15 + - -

The parameter levels are listed in Table 7.3 aadatrix of the experiments is shown in
Table 7.4. These tests are conducted in a randder.or

3.2.3 Measurement of Output Variables

Figure 7.2 Measurement of Cutting Force
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Three output variables are measured: cutting fomtaerial removal rate (MRR), and
hole quality. The cutting force along the feedrdiection is measured by a KISTLER 9257
dynamometer (Kistler Instrument Corp, Amherst, NOG). The dynamometer is mounted atop
the machine table and beneath the workpiece tournedke cutting force, as shown in Figure
7.1. The electrical signals from the dynamometerteansformed into numerical signals by an
A/D converter. Then the numerical signals to meashe cutting force are displayed and saved
on the computer with the help of National InstrutsebabVIEW™ (Version 5.1). Sampling
frequency to obtain the cutting force signals i 18z. During UVAG tests, both of the
maximum and average cutting forces are recordeé.nfdximum cutting force is the maximum
value on the cutting force curve while the averagting force is the mean value of the entire

cutting force curve, as shown in Figure 7.2.

Figure 7.3 lllustration of CMC Chipping Size and Chpping Thickness
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Using equation (6.1), material removal rate (MRR}he experiments is calculated from
measured hole and rod dimensions (as shown in &ig3) and machining time.

A digital video microscope of Olympus DVM-1 (Olympldmerica Inc., Melville, NY,
US) is utilized to inspect the chippings at the side of the machined hol&he hole quality is
guantified by the thickness and size of the edgepaing formed on the machined CMC rod, as

shown in Figure 7.3.
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7.3 Results of Feasibility Experiments

7.3.1 Comparison of Cutting Force
Figure 7.4 Comparison of Cutting Forces when Drilihng CMC #2 Panel
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Cutting force curves when UVAG and diamond drilliagCMC #2 panel are displayed
in Figure 7.4. It can be seen that cutting forcesrewsignificantly reduced with UVAG.
Compared with the diamond drilling process, the imaxn cutting forces when using UVAG to
drill CMC#1, CMC#2, and alumina are about 60%, 4@#g 60% lower respectively, as shown
in Figure 7.5. The cutting force results on alumama consistent with those published earlier,
where the maximum value and mean value of thengutorce during UVAG of alumina were
about 66% and 65% lower respectively than durirgndind drilling (Zeng et al., 2004). The
cutting force curves for UVAG of CMC materials elsihimuch larger fluctuations, as can be
seen in Figure 7.4. This is possibly caused bytthealCMC materials have hard inclusions in the

ceramic matrix.

7.3.2 Comparison of Material Removal Rate
Figure 7.6 Comparison of MRR for UVAG and Diamond Dilling
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Figure 7.6 compares the MRR in UVAG and diamondtinigL It can be seen that MRR is
10% higher with UVAG than with diamond drilling ftwoth CMC and alumina. A lot of research
work has been conducted on comparison between UM@GUSM (Graff, 1975; Petrukha et al.,
1970; Markov and Ustinov, 1973; Markov et al., 19F¥arkov, 1966).As for comparison of
UVAG and diamond drilling, it was believed that thirasonic vibration of the tool in UVAG
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would not only result in a large dynamic force e tworkpiece but also lead to more effective
flushing away of debris. Therefore, MRR will inceeawith the assistance of tool vibration
(Zhang et al., 2000).

7.3.3 Observation of Chippings
Figure 7.7 Chippings of Alumina and CMC #2 after UNAG Process

(a) Alumina chippings (b) CMC #2 chippings

The quality of the holes on CMC #1 panel drilledWyAG is good, however, it becomes
unstable when drilling holes on CMC #2 panel witA®. The chippings on CMC #2 panel and
alumina workpiece after UVAG drilling are shownFhigure 7.7. From Figure 7.7 (a), it can be
observed that the cracks in the alumina workpiem®ioand propagate along a direction that is
about 45° from the workpiece surface and consetyudsdd to chipping in a brittle fracture
mode. As for the CMC #2 panel, chipping originaaésng the fibers in the panel in a ductile

delamination mode, as shown in Figure 7.7 (b).

Figure 7.8 Observation of the Machined Holes on CM&2 Panel

(a) Entrance (b) Exit
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This observation of chippings in CMC and aluminakpieces suggests that the mode of
CMC chippings in UVAG is ductile interlayer peekathile the alumina chippings occur as
brittle intergranular fracture. The mode of duciiiéerlayer peel-off makes it possible that the
chippings of CMC panel might be reduced or evewngmted by adjusting machining parameters
or using sharp tools. Actually, some experimengglults show that high-quality holes on CMC
#2 panel can be obtained with UVAG, as shown irufgg7.8. The edge quality at the hole
entrance is nearly free of fiber pull-out and ueeféd by machining conditions, as shown in
Figure 7.8 (a). Figure 7.8 (b) shows the edge tyatithe hole exits. From Figure 7.8 (b), there
are nearly no chippings for hole #3 and hole #4.H#le #1 and hole #2 have severe chippings.

7.4 Results of Designed Experiments
In this section, the results of the designed expenis for UVAG on CMC panel #2 are
presented. The Software called DESIGN EXPERT (dersb, Stat-Ease Corporation,
Minneapolis, MN, USA) is used to process the ddta.identify the significant effects, the
analysis of variance (ANOVA) is performed for eaahiput variable. Detailed statistical analysis
will not be explained here. Geometric representatof the significant effects at the significance

level of @ = 005 (or a = 0.1) are presented with discussions.

7.4.1 Cutting Force
As shown in Figure 7.4, the cutting force curvesewhmachining CMC have much
significant undulation. This is due to the fibemkllar structure and some hard inclusions in the
CMC materials. These two characteristics of CMC enatk difficult to estimate main and
interaction effects for the maximum cutting forc&kerefore, the average cutting forces instead

of the maximum cutting forces are used in thisisact
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Table 7.5 Average Cutting Force Data

Spindle speed Feedrate Ultrasonic power Averagengubrce (N)
Replicationl Replication2
- - - 378 398
+ - + 471 476
- - + 407 332
- + - 463 352
- + + 329 397
+ + + 443 465
+ + - 490 394
+ - - 459 472

Figure 7.9 Effects on Average Cutting Force
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The results on the average cutting forces are showiable 7.5. ANOVA results show
that only the effect of feedrate is significanttlad significance levelr = 005. The main effect
of feedrate is shown in Figure 7.9. The averagénguforce will increase with the increase of
feedrate. There are no significant interactionsvbet the process parameters. This trend is
consistent with that when UVAG of alumina (Jiacakt 2005). However, the earlier study (Jiao

et al.,, 2005) also shows that, for UVAG of alumitiae cutting force will decrease with the
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increase of spindle speed and ultrasonic powen,Algre exist significant interactions between
the process parameters.
7.4.2 Material Removal Rate

Table 7.6 Material Removal Rate Data

Spindle Ultrasonic

speed Feedrate power MRR (mnt-s?)
Replication 1 Replication 2
- - - 1.38 1.33
+ - + 1.81 2.05
- - + 1.55 1.45
- + - 1.49 1.63
- + + 1.81 1.69
+ + + 2.14 2.24
+ + - 1.97 1.98
+ - - 1.66 1.55

83



Figure 7.10 Effects on Material Removal Rate
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Table 7.6 shows the results on MRR. The main effetprocess parameters on MRR are
shown in Figure 7.10. ANOVA results show that thHfeats of spindle speed, feedrate, and
ultrasonic power on MRR are significant at the Bigance level otr = 001, a = 0.002, and
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a = 003 respectivelyMRR increases as spindle speed, feedrate, angaitiapower increase.
There are no significant interaction effects on MBRween the process parameters.

As for spindle speed, current results are congistéth the experimental data on brittle
materials reported by Markov and Ustinov that MRRréases as the peripheral speed of the
drill is increased (Markov and Ustinov, 1973; Makal977; Markov, 1966). From the
theoretical model to predict MRR in UVAG of ceramiPei et al., 199% spindle speed will
cause a change in the length of contact whichasdibtance moved by an indentation abrasive
when in contact with the workpiece. As the spingiieed increases, the indentation volume
changes proportionally and the MRR will increase.

When it comes to ultrasonic power, which contrdile wibration amplitude, current
experimental results agree with previous studiesMitR in UVAG of ceramics: MRR will
increase with the increase of vibration amplitudbang et al., 2000; Pei et al., 189Bei and
Ferreira, 1998; Prabhakar et al., 1992). As vibratamplitude increases, the cutting depth of
each diamond abrasive bonded on the core drill wiliease so that MRR for each diamond
abrasive will also increase. The increase of MRReach diamond abrasive will lead to the
increase of MRR for the entire UVAG process.

7.4.3 Hole Quality
Table 7.7 Hole Quality Data

Spindle Feedrate Ultrasonic

speed nower Chipping thickness (mm) Chipping size (mm)
Replication Replication Replication Replication
1 2 1 2
- - - 0.49 0.35 4.03 3.24
+ - + 0.82 0.71 4.83 5.53
- - + 0.52 0.37 3.53 2.01
- + - 0.43 0.36 3.23 1.89
- + + 0.36 0.42 1.04 1.93
+ + + 0.54 0.49 2.88 1.45
+ + - 0.40 0.40 1.00 2.13
+ - - 0.61 0.78 4.68 3.27
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Figure 7.11 Relationship between Chipping Thicknesand Chipping Size
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Drilled holes on CMC panels are very different frmose on metal workpieces. Chippings
are the key barrier of drilling high-quality holee CMC panels. Conventional criteria like hole
roundness, parallelism, and roughness are not éntugharacterize the CMC hole quality.
Chipping size and chipping thickness as shown gufé 7.3 are proposed as two additional
criteria to evaluate the hole quality on CMC pan#isgeneral, the lower the values of chipping
size and chipping thickness are, the better the faélity will be. By quantifying the chipping
size and chipping thickness, the hole quality onCpénels can be evaluated.

Figure 7.11 depicts a rough relationship betweencthipping thickness and chipping size.
The best hole shows 0.35 mm chipping thicknesslesgithan 1 mm chippings size. When the

chipping thickness exceeds 0.5 mm, the chippimgswill fluctuate at the level of 4.5 mm.
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Figure 7.12 Effects on Chipping Thickness

—

- Spindle speed +

- Feedrate +

o
-"‘I

o
5))

o
o

o
=

o
-\I

©
o

—
=

o o o
on (e} ~J
X
>
2k
£
Q
>
u

- Spindle speed +

Chipping thickness (mm)Chipping thickness (mm) Chipping thickness (mm)
o
N

Results on chipping size and chipping thicknesspaesented in Table 7.7. Figure 7.12

shows the main and interaction effects on chippimgkness. The spindle speed has a significant
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effect on chipping thickness at the significanceeleof o = 0.004. From Figure 7.12, it can be
seen that the chipping thickness decreases witth@ease of spindle speed. That is to say,
higher spindle speed will be effective to reduce ¢hipping thickness. The chipping thickness
will increase as feedrate increases and the efiédeedrate on the chipping thickness is
significant at the significance levet =0.002. For the chipping thickness, there exists an
obvious interaction effect between spindle speetifaedrate at the significance leveel 002.

The effect of spindle speed is much stronger ahitpeer level of the feedrate.

Figure 7.13 Effects on Chipping Size
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Figure 7.13 shows the main and interaction effeatshipping size. From Figure 7.13, it
can be observed that the chipping size decreashsawiincrease of spindle speed. The spindle
speed has a significant effect on chipping sizhatsignificance level ofr = 0.002. It indicates
that higher spindle speed will be effective to v larger chippings. The two-factor
interactions between spindle speed and feedratggmsficant at the significance level = 0.1.

The effect of spindle speed is stronger at thedrigdvel of the feedrate. The interaction between
feedrate and ultrasonic power is significant at $ignificance of levela = 005. With the
increase of feedrate, the chipping size will inseeat the higher level of ultrasonic power while

decrease at the lower level of ultrasonic power.

7.5 Conclusions
In this chapter, ultrasonic vibration assisted d@ing (UVAG) is introduced into drilling
CMC materials. The feasibility of drilling holes twiUVAG on two types of CMC panels was
studied. A full factorial design was used to coridueset of parametric experiments of UVAG on
CMC. The main effects and two-factor interactionfs ppocess parameters (spindle speed,
feedrate, and ultrasonic power) on output variafdesing force, MRR, chipping thickness and
chipping size) are obtained. The following conansi can be drawn from the study:
1) Compared with diamond drilling process, the iogtt force can be reduced
significantly (about 50%) and MRR can be improvaldout 10%) with UVAG.
2) High-quality holes on CMC panels can be achidwetd VAG with proper machining
parameters.
3) For main effects, feedrate has the most sigmtieffects on cutting force.
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4) All three process parameters (spindle speesljréte, and ultrasonic power) have
significant effects on MRR.
5) Spindle speed and feedrate, as well as theadraation, have significant effects on

hole quality.
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CHAPTER 8 — UVAG of Zirconia/Alumina Composites

8.1 Introduction

In this chapter, the viability of UVAG on five typef zirconia/alumina composites with

different mixture ratios is investigated for thesfitime. Cutting forces are measured. Some

advantages of UVAG over diamond drilling are présdrby comparing the cutting force.

Table 8.1. Description of Samples

8.2 Experimental Detall

8.2.1 Preparation of Samples

Thickness (mm)

Diameter (mm) Characteristic desiom

#1

#2

#3

#4

#5

6.43

6.43

6.43

6.43

6.43

11.83

11.83

11.83

11.83

11.83

100% alumina (APK-50)

75% alumina (APK-50)
+ 25% zirconia (Cerac)

50% zlumina (TMDAR)
+ 50% zirconia (Cerac)

25% alumina (TMDAR)
+ 75 % zirconia (45% TZ3YS + 55% Cerac)

100% zirconia (Cerac)

Zirconia/alumina composites with five different mike ratios are prepared at Michigan

State University for UVAG drilling tests. Thesedisamples contain 0%, 25%, 50%, 75%, and

100% of alumina respectively while the remainders partially stabilized zirconia. These

samples are prepared by ball-milling various powder 24 hours. Then the mixtures are

pressed uniaxially in a cylindrical steel die apgximately 23 MPa. The green compacts are

then sintered at 1475°C in air for 4 hours witheating and cooling rate of 10°C/min. The
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alumina powders used in this work are AKP-50 (Sami& Chemical, Japan) and TMDAR
(Tamei Chemical Corporation, Japan) and the prt&thbilized zirconia powders are Cerac
powder (Milwaukee, WI) and TZ3YS (Tosoh Corp., Tokyapan). Table 8.1 shows size of the

samples prepared and the powders used to makesaiangie.

8.2.2 Setup and Conditions
Tabile 8.2. Machining Conditions

Condition Specification

Drill #1: Outer diameter 3/8”, Grit Mesh Size #8@0]1 Metal Bond.

Diamond Dirill #2: Outer diameter 1/8”, Grit Mesh Size #8@0] Metal Bond.
drills
Drill #3: Outer diameter 1/8”, Grit Mesh Size #8@0]1 Metal Bond.

Coolant 20:1 water-soluble cutting oil Mobile melZ2, Mobil Oil Co

Spindle 3000 (rpm)
speed
Feedrate  0.068 (mm/s)

Power supply: 35%*
Ultrasonic
vibration  Frequency: 20 (KHz)

Coolant 30 (psi)
pressure
*It controls amplitude of ultrasonic vibration.

The experimental setup for UVAG drilling mainly sts of an ultrasonic spindle
system, a data acquisition system, and a coolastesy A KISTLER 9257 dynamometer is
mounted atop the machine table to measure cuttingef The zirconia/alumina composite
samples are mounted on a fixture that is on thamhgmeter. UVAG tests are performed on an
ultrasonic machine produced by Sonic Mill (SonidINberies 10). Other machining conditions

for the experiments are presented in Table 8.2.
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8.3 Results and Discussion

8.3.1 Effects of Different Sample Materials on Cutting Force
Figure 8.1 Cutting Forces in UVAG of Five DifferentSamples
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In this section, the cutting force when Ultrasovilaration assisted grinding of 5 different
zirconia/alumina composite samples are evaluatggefiments are conducted by using drill #1.
Figure 8.1 shows cutting force curves when macygitinese 5 different samples. It can be seen
that sample #1 (100% alumina), sample #4 (25% aami75% zirconia) and sample #5 (100%
zirconia) can be machined easily by UVAG with qugtforces of less than 500 N.
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As for sample #2 (75% alumina + 25% zirconia),lsoacould be drilled using UVAG
with about 1000 N cutting force. But, the entirectmaing process is not very stable compared
with sample #1, sample #4, and sample #5.

Figure 8.2 Comparison of the Maximum Cutting Forcesn UVAG of Five Different
Samples
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When it comes to sample #3 (50% alumina + 50% gmie)p the severe increase of the
cutting force (at least 1500 N) was observed, asvahn Figure 8.1. The drilling process was
stopped before a through hole was completely dribbecause of the severe increase in the
cutting force. Machining tests have to be stoppégrwthe cutting forces exceed 1500 N to
protect the diamond core drill and UVAG spindle.

Figure 8.2 shows the comparison of the maximumgutiorces during UVAG process
of 5 different zirconia/alumina composite samplBse maximum cutting force when machining
sample #3 (50% alumina + 50% zirconia) is 1516 Nictv is about four times of those when
machining sample #1, sample #4, and sample #hidrcase, the diamond core drill will tend to
be damaged. The maximum cutting force when maafpisample #2 is 1014 N. The maximum
cutting forces when machining sample #1 (100% abkaisample #4 (25% alumina + 75%
zirconia), and sample #5 (100% zirconia) are 448®§ N, and 331 N respectively. The result
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for sample #1 is nearly consistent with the puleitsldata in which the maximum cutting force
when using UVAG to machine alumina is 403 N (Hale2002).

From Figure 8.1 and Figure 8.2, it can be seen th&AG is a promising process to
machine samples #1, #4, and #5. As for sample éZample #3, more UVAG experiments are

needed for further investigation.

Figure 8.3 Comparison between Published Mechanic&roperties of Zirconia/Alumina
Composites and the Maximum Cutting Force in UVAG (M et al. 2003)
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Mechanical properties (hardness and fracture toegg)nof zirconia/alumina composites
with the change of composition are cited and showRigure 8.3 (Yu et al. 2003). From Figure
8.3, it can be seen that with the variety of ziiaocontent, the change of fracture toughness
exhibit a saddle shape which could be divided thtee zones. They were zirconia toughened
alumina (ZTA) zone (area |, the content of zircoisia®D-50 wt%), transition zone (area Il, the
content of zirconia is 50-70 wt%) and alumina dispd zirconia (ADZ) zone (area lll, the
content of zirconia is 70-100 wt%). The hardnesthefcomposites continues to decrease as the
zirconia content increases. It could be concluded sample #1 (100% alumina), sample #2

(75% alumina + 25% zirconia), and sample #3 (50&nala + 50% zirconia) in this study
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should be in the ZTA zone where the increase abmia will lead to the increase of fracture
toughness and decrease of hardness; sample #4 qRfbftna +75% zirconia) and sample #5
(100% zirconia) should be in the ADZ zone where ith@ease of zirconia will lead to the
decrease of fracture toughness and hardness.

To study the effect of mechanical properties ondhiting force in UVAG process, the
maximum cutting force is also shown in Figure 8tBthe ZTA zone (sample #1, #2, and #3), it
can be observed that the maximum cutting force imdlease with a significant increase of
fracture toughness and a slight decrease of hasdiheshe ADZ zone (sample #4 and #5), the
maximum cutting force will decrease as both fragtimughness and hardness decrease.

Also, from Figure 8.3, it can be seen that the Afatnples (#4 and #5) show much
higher fracture toughness and much lower hardriesms the ZTA samples (#1, #2, and #3).
Experimental results of the maximum cutting forbew that the ADZ samples are much easier
to machine by UVAG than the ZTA samples. It showat tboth mechanical properties and
microstructures have to be considered when angytia machinability of ZTA composites in
UVAG process.

8.3.2 Effects of Ultrasonic Vibration on Cutting Force
Figure 8.4 Comparison of Cutting Force between UVAGnNd Diamond Drilling on Samples
#1 (100% Alumina)
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Figure 8.5 Comparison of Cutting Force between UVAGnNd Diamond Drilling on Sample
#2 (75% Alumina +25% Zirconia)
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Figure 8.6 Comparison of Cutting Force between UVAGnNd Diamond Drilling on Sample
#3 (50% Alumina+50% Zirconia)
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Figure 8.7 Comparison of Cutting Force between UVAGnNd Diamond Drilling on Sample
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Cutting forces with and without ultrasonic vibratiassistance are compared in Figs 8.4-
7. Sample #4 (25% alumina + 75% zirconia) is broikea previous UVAG test, so only sample
#1, sample #2, sample #3, and sample #5 are ugbeé ifollowing experiments to compare the
cutting forces between UVAG and diamond drillingmited by the size of samples, drills #2
and #3 with a smaller diameter are used to drith@as in these tests. One is used for UVAG
process; the other is applied for diamond drillprgcess without ultrasonic vibration assistance.
It needs to point out that the tool diameter hamaificant effect on the cutting force. Generally,
the smaller the diameter is, the lower the cuttorge will be. So, from Figs 8.4-7, it can be seen
that the cutting forces when using tools #2 andatBer diameter = 1/8 inch) are much lower
than those when using tool #1 (outer diameter 3r/B).

From Figure 8.4, Figure 8.5, and Figure 8.7, it banobserved that the cutting forces
when machining sample #1 (100% alumina), samplé72 alumina + 25% zirconia), and
sample #5 (100% zirconia) can be reduced signifigawith the assistance of ultrasonic
vibration. Especially, for sample #1(100% alumiaafl sample #5 (100% zirconia), the cutting
forces in UVAG process are much lower than thosdiamond drilling process. The cutting
force also can be reduced by about 20% with théstasse of ultrasonic vibration when

machining sample #2 (75% alumina + 25% zirconia).
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Based on past research work, it has been pres¢émaedhere exist three mechanisms
involved in material removal in UVAG process (Yaat 2002): 1) Impacting: the abrasive
particles in the tool end face impact the machisedace. 2) Abrasion: the abrasive particles
scratch out micro-grooves on the machined surfaceltrasonic cavitation: when the amount of
ultrasonic energy applied to a fluid exceeds tlkaetive forces holding together the molecules,
which make up the material, a phenomenon calledat@én occurs. Also, in UVAG, coolant
pumped through the core of the drill washes awaysthiarf, prevents jamming of the drill, and
keeps it cool. Compared with diamond drilling pressetwo more material removal processes
(impacting and ultrasonic cavitation) and cooldoivtin-and-out during machining are involved
in UVAG. The decrease of the cutting forces whephap)VAG to drill samples #1, #2, and #5
might be resulted from the ultrasonic impactingragonic cavitation, coolant flow-in-and-out,
or some combined effects.

When it comes to sample #3 (50% alumina + 50% wmie)o the difference in cutting
force between UVAG process and diamond drillingcpss is quite small. The ultrasonic

vibration assistance has no noticeable effect erctitting force.

8.4 Conclusions
Preliminary experiments are conducted to test #asibility of machining 5 different
zirconia/alumina samples using UVAG process by mm#ag cutting force. The following
conclusions can be drawn from the study:

1) Ultrasonic vibration assisted grinding can basfble technique for machining of
zirconia/alumina composites for applications reiggidrilling of holes.

2) From the comparison of the cutting forces whemgi UVAG to machine the 5
different zirconia/alumina composite samples, thttirmy forces can be compared as
following: #5 < #1 < #4 <#2 <#3.

3) UVAG is promising process to machine sample #10%o alumina), and sample #5
(100% zirconia) with cutting forces less than 500 N

4) As for sample #4 (25% alumina + 75% zirconiay,AG could be applied to machine
it with cutting force less than 500N. But, furtheomparison between diamond

drilling and UVAG need to be investigated.
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5) For Sample #2 (75% alumina + 25% zirconia) aamthde #3 (50% alumina + 50%
zirconia), more UVAG experiments are needed faihterr investigation.
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CHAPTER 9 - Summaries

9.1 Summaries of This Research

Firstly, a mathematical model is developed for gnmding marks in SDSG of silicon

wafers. The following conclusions can be drawn fitbien study of grinding marks:

1)

2)

3)

The grinding mark curvature on the front sidete wafer is different from that on
the back side due to different rotation directiohghe two grinding wheels.

The distance between the adjacent grinding lioesboth sides of the wafer is
determined by the ratio of the wheel rotation speedus the wafer rotation speed.
As the ratio of the wheel rotation speed versusaater rotation speed increases, the
line distance increases. The wheel diameter doesffext the line distance.

The curvature of the grinding marks is determibg the wheel diameter and the ratio
of the wheel rotation speed versus the wafer mmaspeed. As the wheel diameter
increases, the grinding lines tend to become lessed. As the speed ratio increases,

the grinding lines tend to become less curved.

Secondly, a mathematical model is developed forvihéer shape in SDSG of silicon

wafers. The following conclusions can be drawn fitbe study of wafer shape:

1)

2)

3)

The wafer shape is related only to the absomatae of the “roll” angle. With the
increase of the absolute value of the “roll” angleincreases bui, decreases.

The wafer shape is not only related with theigadf the “pitch” angle but also the tilt
direction. As the “pitch” angle increases from negato positive, bothd; and -
increases.

The wafer shape is also related with the whadius. When it only comes to the
“pitch” angle, bothd; andd, decreases with the increase of the wheel radildsenV
only the “roll” angle is involved or both the “rblangle and the “pitch” angle are

involved, both3; andd, increases with the increase of the wheel radius.
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Thirdly, A 3-D FEA model has been developed to wralthe edge chipping in UVAG.
A solution to reduce the edge chipping is propoaad verified by pilot experiments. The
conclusions can be summarized as following:

1) As the cutting depth increases, the maximumeslf the maximum normal stress
and the von Mises stress in the edge chippingtion region will increase.

2) The effects of pretightening load on the maximuamiues of the maximum normal
stress and the von Mises stress are not significant

3) There exists a critical support length. As thpport length increases before reaching
the critical length, the maximum values of the maxm normal stress and the von
Mises stress decrease slightly. When the suppogtheexceeds the critical length,
there are sharp decreases in the maximum valudhe ohaximum normal stress and
the von Mises stress.

4) The edge chipping thickness can be reduceddrgasing the support length.

Fourthly, experimental investigations have conduicte study two different coolant

delivery modes in UVAG. Major conclusions are:

1) Compared with the regular centrifugal pump,A@DDP has no significant effect on
the vertical cutting force and MRR in the UVAG pess but obviously affect the
machined surface roughness. When using AODDP, thehimed holes surface
roughness decrease from O.p% to 0.31pum with the increase of the air pressure
from 20 psi to 80 psi.

2) The reason for the improvement of the machineléshsurface quality is that the
higher coolant output pressure will lead to morecrmiswarfs, which has a
considerable worse effect on the machined surfaaghmess, be washed away from
the contact area between tool and workpiece.

3) As for the machined rod surface, it can be olexbthat the machined rod surface
roughness decrease significantly by using AODDBWAG process.

Fifthly, UVAG experiments have been conducted onCaterials for the first time.

The following conclusions can be drawn from thedgtu

1) Compared with diamond drilling process, the iogtt force can be reduced

significantly (about 50%) and MRR can be improvaldout 10%) with UVAG.
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2)

3)
4)

5)

High-quality holes on CMC panels can be achidwetd VAG with proper machining
parameters.

For main effects, feedrate has the most sigmtieffects on cutting force.

All three process parameters (spindle speedirdée, and ultrasonic power) have
significant effects on MMR.

Spindle speed and feedrate, as well as thegraation, have significant effects on

hole quality.

Finally, some preliminary experiments are condudtetest the feasibility of machining

5 different zirconia/alumina samples using UVAG gess by measuring cutting force. The

following conclusions can be drawn from the study:

1)

2)

3)

4)

Ultrasonic vibration assisted grinding can basfble technique for machining of
Zirconia/Alumina composites for applications requardrilling of holes.

From the comparison of the cutting forces whemg UVAG to machine the 5
different Ziiconia/alumina composite samples, th&iog forces can be compared as
following: #5 < #1 < #4 <#2 <#3.

UVAG is promising process to machine sample #10%o Alumina), and sample #5
(100% Zirconia) with cutting forces less than 500 N

As for sample #4 (25% Alumina + 75% Zirconia)VAG could be applied to
machine it with cutting force less than 500N. Bfurther comparison between
diamond drilling and UVAG need to be investigatedr Sample #2 (75% Alumina +
25% Zirconia) and sample #3 (50% Alumina + 50% d&me), more UVAG

experiments are needed for further investigation.

9.2 Contributions of This Research

The contributions of this research are:

1) For the first time in the public domain, thisearch has established a mathematical

model that reveals the relationship between thadgrg marks and SDSG parameters

like wheel rotation speed, wafer rotation speed,\&heel diameter.

2) For the first time in the public domain, thisearch has established a mathematical

model that reveals the relationship between theemwsthape and SDSG parameters

like wheel “roll” angle, wheel “pitch” angle, andheel diameter.
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3) For the first time in the public domain, thisearch has established a 3-D FEA model
to analyze the edge chipping phenomenon in UVAGeoamics.

4) For the first time in the public domain, thisearch has investigated a novel coolant
system for the UVAG process.

5) For the first time in the public domain, thegach has investigated the possibility of
machining fiber-reinforced ceramic matrix compositeand zirconia/alumina
composites using UVAG.
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