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PREFACE

Advanced ceramics, such as silicon nitride (SizN4) are being considered
actively for ball and roller applications in high-speed, high-temperature
bearings in jet turbines and high speed spindles in precision machine tools.
Thisl is due to their unique properties, such as lower density, higher hardness,
higher elastic modulus (higher stiffness), higher thermal and chemical stability,
and higher fracture toughness among advanced ceramics. However, the

application of ceramic bearings, either all ceramic or hybrid, are still limited as

they‘ are expensive to manufacture and lack sufficient reliability after finishing by
con\j/entional grinding and polishing techniques.
|

Magnetic float polishing (MFP) combined with mechanical and chemo-
mechanical polishing (CMP) is an efficient and cost effective manufacturing
technology for producing high quality SigN4 balls for bearing applications, due
to high polishing speed, small and controlled polishing force, flexible support,
and chemo-mechanical acﬁon between the balls and abrasives. The primary
objective of this investigation is to develop a methodology for finishing SiaN4
balls for bearihg applications with good sphericity (0.15 pm) and surface finish

(4 nm Ra) by magnetic float polishing (MFP) technology.

Experimental design and analysis based on Taguchi's method is applied

to determine the optimum processing conditions (within the range of parameters
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and

evels tested) for improving the surface quality of the ceramic balls by

magnetic float polishing. High material removal rates (1 pm/min) with minimal

subsurface damage are possible using abrasives harder than the workmaterial,

such| as B4C or SiC due to rapid accumulation of minute amounts of material

removed by mechanical microfracture at low loads but high polishing speeds in

the

MFP process. The best surface finish obtained using fine mechanical

polishing with fine, harder B4C abrasive (1-2 um) is 20 nm for Ra and 200 nm

for Rt; The best surface finish obtained using fine, harder SiC abrasive (1 pm)

(fine§ mechanical polishing) is 15 nm for Ra and 150 nm for Rt; To improve the

finall surface finish, further, polishing was carried out involving chemo-

mechanical polishing (CMP).

There are three stages involved in polishing, namely, initial roughing

stage where the emphasis is on high material removal rate with minimal

surf
rem
and
sph
ball

ace-subsurface damage, intermediate semi-finishing stage where material
oval rate, sphericity, and surface roughness have to be closely monitored,
the final finishing stage with emphasis is on the final required size,
ericity, and finish. CMP is a cost effective process for final finishing of Si3N4

s for bearing applications. The result of CMP depends on the polishing

conditions used, abrasive-workmaterial combination, and the environment.

Various abrasives were investigated systematically to determine their

effactiveness for the CMP of SigNy4 bearing balls for obtaining extremely smooth

and

effe

damage-free surface. CeO> and ZrO; abrasives were found to be most

ctive abrasives followed by FeoOg and Cr2Oa. It is also found that CMP of

SisNy is particularly effective in a water-based environment rather than oil-

bas

ed environment. Thermodynamic analysis (Gibbs free energy of formation)

indicated the feasibility of chemical reactions between the following abrasives,
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CeOs, ZrO», Fe203, Cr203, and SigN4 workmaterial leading to the formation a
extremely thin SiO layer. Since the hardness of these abrasives is closer to
that of SiO> layer and lower than SigN4 workmaterial, the SiO2 reaction layer is
effectively removed without damaging the SizN4 substrate by subsequent
mechanical action by the abrasives on the workmaterial. The kinetic action,
which involves the removing of the reaction products from the interface is critical
in the CMP process. The chemical reaction can be continued only after the

passivating layers are removed continuously by the subsequent mechanical

actiqn. It is found that there is very little, if any, of CMP occurring in an oil-based
polisihing environment. The conductivity and dissolution value of an oil-based
polis‘hing fluid is nearly zero. The oil film between the abrasive and the
workmaterial prevents any chemical reactions between them as well as the
removal of reaction layer formed, if any, thus minimizing CMP. It has been found
that CMP of SiaN4 is particularly effective in a water environment. Water from
watér-based polishing fluid not only facilitates chemo-mechanical interaction
betWeen the abrasive and the workmaterial but also participates directly in the

cheimical reaction with the SisN4 workmaterial (hydrolysis) leading to the

forrr‘uation of the SiO» softer layer thereby enhancing the CMP.

An extremely smooth and damage-free surface with a finish Rg of 4 nm
and Rt of 40 nm have been obtained with CeO2 and ZrOo abrasives in the CMP
of Si3N4 balls. it may be noted that Ce0» and ZrO2 are much softer than SizN4
and could not cause any mechanical damage or scratching on the SigN4
workméterial. In the case of CroO3 abrasive which was reported as the most
effective polishing media [Baghavatula, et al, 1996], the mechanical abrasion
caused by Cr203'vcould not be eliminated completely, in spite of its chemo-

mechanical polishing ability, because Cr203 is slightly harder than the SigN4



workmaterial. Consequently, while CMP can take place effectively between
SigN4 and CroO3, possibility exists for mechanical abrasion and subsequent
microchipping. Further, CeO2 and ZrO2 and their various reaction products
formed during polishing are much more safer than the compounds formed by

the reaction of CroO3 with SisN4 workmaterial from an environmental point of

view. It has been reported that the best abrasives for polishing glasses are
CeO2 and ZrO2 [Cook, 1990]. There are many similarities between polishing
glass and polishing SigN4 workmaterial including the role of water, polishing
environment (pH value 7-9), and abrasive hardness (~ Mohs 7) for effective
polighing. It is somewhat coincidental, that in general, chemical effectiveness
and mechanical hardness of abrasives for CMP of SigN4 are similar to those for
glass. This is not altogether surprising as the material removal mechanism in
the |case of SizN4 is through the formation of SiO2 and in the case of glass
which is basically SiO2 (Mohs 6.5). From an analysis of CMP of SigNy, it
appears reasonable to extend this mechanism to the polishing of silicon wafers,
Sidg-based glasses, and advanced SiC ceramics. This is based on the

similarity in the formation of SiO2 on the surface and its subsequent removal by

mechanical action.

CeO» is found to be the most effective polishing medium in the CMP of
Si3Ng balls. It has two important functions, first, it directly reacts chemically
(oxidization-reduction reaction) with SigN4 workmaterial and leads to the
formation of SiO2 layer, second, its hardness (Moh 6) is close to the SiOz layer
(Moh 6.5) and significantly lower (~ 1/3) than SigN4 workmaterial. So, the SizN4
substrate can hardly be scratched or damaged by CeO> but the SiO2 layer can
be [removed under subsequent mechanical action of CeO2 on the SizNg4

workmaterial. The CeO2 polishing media is particularly effective in a water

Vi




environment as it causes hydrolysis and leads to the formation of SiO2 layer
which is removed from the SisN4 by subsequent mechanical action of CeOo.
Possible chemical reactions during this process are studied in detail using
Gibbs free energy change (thermodynamic analysis) using the HSC Chemistry
Software developed in Finland [Outokumpu research, 1997]. The flash
temperature generated and the corresponding flash times in the polishing

process were calculated using the moving disc heat source model developed

by Hou and Komanduri (1998). It can be seen that the estimated temperatures
genjerated and the flash durations at the contact zone of the CMP process are
adeiquate for the generation of specific reactions obtained from the
thermodynamic analysis. The SizN4 surface after CMP would consist of an
outer SiOz layer and an intermediary layer of silicon oxinitride (SixOyNz) on the |
SisNg4 substrate. The layers composed of amorphous and crystalline SiO»,

SioN20O, and MgSiO3/Mg0.SiO2 form by the reaction with the sintering aid (1

wt.% MgO). This is not much different from the surface of SisN4 workmaterial

whifch invariably has a natural oxidation layer in air even at room temperature.

MFP can be a cost effective process for finishing SizaN4 balls for bearing
applications. The roughing stage depends on the amount of material to be
removed from the as-received condition to the final requirements. The material
removal rate is ~ 1 um/min. The semifinishing and finishing stages can be
accomplished in about 4 hours. In any case, a batch of balls can be finished

(actual polishing times, not including the time taken for characterizations,

periodic replacement of magnetic fluids and abrasives, and cleaning) in about
20 hours compared to several weeks by conventional polishing. Also, diamond
abrasive is not required for the process. Faster polishing times and use of

abrasives other than diamond would significantly reduce the overall costs of
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manufacture of the Si3N4 balls for bearing applications. Also, the
implementation of this technology would not be very capital intensive as it can
be incorporated in an existing equipment. Attempts are currentlvy underway to
increase the batch size close to hundred balls (3/8 inch dia.) with the next
generation prototype equipment. Besides, an additional advantage of the
magnetic float polishing (MFP) apparatus used in this investigation is that it is
capable of finishing a small batch (10-20 balls) to the finish requirements

without the need for sorting them from a large batch of balls or use different

equipment as in conventional lapping. Such an apparatus would be beneficial
especially when small batches are needed for specific low volume applications
or fclr evaluation of materials in the development of new materials for bearing
applications. A methodology of obtaining silicon nitride balls of required

tolerance for bearing application has been developed in this investigation.
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CHAPTER 1

INTRODUCTION

1.1 |HYBRID OR ADVANCED CERAMIC BEARINGS
| | ,
'Advanced ceramics, such as silicon nitride are being actively considered

for high speed/high temperature precision bearing applications, such as in
aircraft engines, in high-speed spindles, and in precision machine tools. Silicon
nitride:ia is the material of choice because of its many superior properties,
including lower density, harder hardness, higher elastic modulus (higher
stiffness), and higher thermal and chemical stability compared to the traditional
steel| balls for bearing applications, and higher fracture toughness among
advafnced ceramics. Table 1.1 shows for comparison the properties of some of
the advanced ceramics as well as a conventional bearing steel material. Since
advanced ceramics have high compressive strength but low tensile strength,
theyjare excellent for bearing balls but may not be as appropriate for bearing
races. Also, an all-ceramic bearing may have a problem from the difference in
the thermal expansion coefficient between the ceramic inner race and the metal
drivg shaft. Consequently, it may be preferable to use steel bearing races, i.e.,

hybr"id bearings with ceramic balls and steel races.

Hot-pressed silicon nitride rolling elements for aircraft gas turbine was
initially developéd in the late 1960's [Katz and Hannoosh, 1985]. These
bearings could survive under the operating conditions that an all-steel bearing

would be destroyed or are at the border of their metallurgical safety range. Both



Table 1.1 Properties of some advanced ceramics and bearing steel

SigN4(HIP) B4C SiC Al>O3 ZrOo Bearing Steel]i
Density 3.24 g/cm3 | 2.52 g/em3 | 3.06 g/om3 | 3.78 g/cm3 | 5.9 g/cm3 | 7.85 g/cm3
Young's Moduius 314 GPa 448 GPa 410 GPa 360 GPa | 200 GPa 200 GPa
Hardness (Hv10kg) 16 GPa 28 GPa 24 GPa 22 GPa 12.5 GPa 7 GPa
Flexural Strength 700 MPa 300 MPa 450 MPa 240 MPa 500 MPa | 2500 MPa
Fracture Toughness 7 MNm-3/2 | 3 MNm-3/2 |45 MNm-3/2{4.9 MNm-3/2{ 8 MNm-3/2 | 20 MNm-3/2
Therm. Exp. Coeff. 3.2x106/°C |5.8x106/°C |4.6x106 /°C | 8x106/°C {9.8x106/°C |11.6x10€/°C
Therm. Conductivity 32 Wm'K | 26 Wm°K | 856 W/m’K | 25 W/m°K | 38 W/m°K | 40 W/m°K
Maximum Work Temp. 1100 °C 1750 °C 1700 °C 1200 °C 950 °C 200 °C
Corrosion Resistance High High High High High Moderate
Failure Mode Spalling Fracture Fracture Fracture Spalling Spalling

* The density of advanced ceramics is much lower than steel, and their elastic modulus and hardness are
higher than steel. Among the advanced ceramics, the fracture toughness of HIP-SigNg4 is higher than the other

ceramics except ZrO». But the density of ZrO2 is much higher than SizNg4. So, the HIP-SisgN4 is recommended for
the material of bearing balls.



high grade all-M50 steel bearings and hybrid bearing (HIP silicon nitride balls
with high-strength steel races) were tested in turbine starters under the worst-
case conditions in which the temperature was raised from 0 to 900 OF in a few
seconds when it restarts a windmilling engine during flight [Lynch, 1991]. The
results showed that an all-steel bearing failed catastrophically after 15 minutes
but hybrid bearings were undamaged even after a 45 minutes of test. Figure 1.1

shows that under similar conditions, the hybrid bearing (ceramic balls and M50

race) (center) kept going while the all-M50 steel bearing (left and right) failed.
The%key finding are (1) less skidding (mainly due to low density of ceramic balls)
in h&brid ceramic bearing reduces friction, heat, and wear, and thus allows

lower bearing preloads, (2) galling in an all-steel bearing caused by transient
microscopic welding of the steel balls to the steel race which can be avoided or
reduced in a hybrid ceramic bearing. The chemical inertness of the ceramic
balls with respect to the steel race in resisting welding even at high frictional
temberatures and pressures, (3) lower rolling friction because of the smaller
contact region of the balls, and less heat generated by viscous shear in the
lubricant in hybrid ceramic bearings, and (4) smaller ball deformations in the
case‘j of ceramic balls decreases the internally generated heat. These allow the
high’ temperature application of ceramic bearing without lubrication in
applications where traditional all-steel bearings need complicated and

expensive oil-lubrication equipment as in jet turbine engine for aircraft or for

rocket motors in the space shuttle.

A major application of advanced silicon nitride balls is spindle bearings
for high-speed, high-precision machine tools (half the world market is projected
to be in this area) [Gottschalk and Bak, 1995]. Figure 1.2 shows a high-speed

spindle unit with hybrid ceramic bearings (from HSK), for precision high speed




Figure 1.1 Under similar condition, the hybrid (ceramic ball-M50 race)
bearing balls (CENTER) kept going where the all-M50 steel
bearing balls (LEFT and RIGHT) failed.[Lynch, 1991]



Figure 1.2  High-speed splndle unlt W|th hybrid ceramic bearings (from HSK),
for precision high speed cutting machines.



cutting machines, exhibited at the IMTS-96 (International Manufacturing

Technology Show, 1996). The maximum rotation speed of this precision spindle

can

reach 180,000 rpm. The low density (~ 40% of bearing steel balls) of silicon

nitride ball, for example, results in reducing the high centrifugal loading,

gyroscopic moment, and spinning motion at the high rotational speeds which

are

spe

considered as the main reasons for the failure of steel ball bearing at high

ed [Buchner, 1993]. The DN value [dia.(mm) x rpm] of hybrid silicon nitride

beaﬁngs can reach 5 x 108. A reduction in the heat generation and the

possibility of lubrication starvation of silicon nitride balls are also helpful for high

speed operation. Future extensive uses of hybrid bearings in high-speed and

ultra-high speed spindles seem to be a natural progression.

To demonstrate the reliability of ceramic balls for withstanding shock-

loading conditions experienced, such as during race spalling, both a high grade

all-steel bearings and a hybrid bearing (NBD200 silicon nitride balls and steel

racés) were tested under severe shock loading conditions, namely, the

inddced-defect test. In this test, an artificial defect (a notch 0.5 mm wide and

- 0.25 mm deep) across the outer race is made by electrical-discharge machining

(EDM). Figure 1.3 shows (a) the M50 ball with significant fatigue after the first

25-hours of induced-defect test, (b) typical condition of silicon nitride ball with

no signs of fatigue after the first 25-hours of induced-defect test, (¢) SEM photo

of spalled area on silicon nitride ball after the fourth induced-defect test [Burrier

and Burk, 1995].

In summary, the hybrid (silicon nitride - steel) bearings have a longer

bearing service life (2-5 times longer than steel bearing), higher running speed

(up

nitri

to 5 x 106 DN), favorable failure mode. The failure of high quality silicon

de bearing balls is generally caused by spalling due to higher fracture

6



Figure 1.3(a)

The M50 ball with
significant fatigue after
about first 25 hour
induced-defect test

Figure 1.3(b)

Typical condition

of silicon nitride ball
without signs of fatigue
after the first 25 hour
induced-defect test



Figure 1.3(c)

SEM photo of
spalled area on
silicon nitride ball
after fourth
induced-defect test.



toughness (among advanced ceramics) rather than by the catastrophic failure
whi‘ch takes place with the other advanced ceramics which have lower fracture
toughnesé. It may be noted that failure in steel bearing balls is also generally by
spalling due to their higher ffacture toughness. In addition, hybrid bearings
prO\\/ide higher overall accuracy and quality, higher temperature capability and
non-magnetic characteristics [Buchner, 1993]. Various applications, essential
featyres, and advantages of the hybrid ceramic bearings are given in Table 1.2
[Balj'den, 1995]. Once the industry recognizes the potential of hybrid ceramic
bearings, it is anticipated that they (hybrid bearings with silicon nitride balls and

steel races) could replace 50 - 60% of traditional all-steel bearings currently in

use for high-speed, high precision applications [Gardos and Pratt, 1991].

Although the concept of hybrid ceramic bearing could date back to some

20 years, advanced silicon nitride balls did not become available in commercial
quantities until early 1990's. The acceptance of hybrid ceramic bearing in
industry such as high-speed spindles in machine tools is even more recent
[Gotltschalk and Bak, 1995]. The application of ceramic bearings is still quite
limited because the cost of finishing ceramic balls remain much higher
compared to the cost of steel balls. This is due to the difficulty of machining the
brittle and hard ceramic balls by conventional lapping. Current techniques for
finishing ceramic bearing balls use conventional V-groove lapping machine
with| expensive diamond abrasives, low polishing speed/long finishing time, and
high loads. Consequently, it is difficult to obtain good accuracy and surface

finish.

A critical factor affecting the performance and reliability of ceramics for

bearing applications is the quality of the resulting surface. It is well known that

ceramics are extremely sensitive to surface defects resulting from grinding and

9
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Table 1.2 The features, benefits, and applications

of-the-hybrid-ceramic-bearings

Features

60% lighter than steel balls
& Centrifugal forces reduced
B | ower vibration levels
® |_ess heat build up
® Reduced ball skidding
' Fatigue life increased

50% higher modulus of elasticity
8 Improved spindle rigidity
= Naturally fatigue resistant

Tribochemically inert
B | ow adhesive wear
& Improved lubricant life
B Syperior corrosion resistance

Benefits
® Bearing service life is two to five times ionger

& Running speeds are 50% higher

m Overall accuracy and qualily improves. Better work-
piece finish characteristics

® | ower operating costs

B Boost productivity

High temperature capability
® Culting tool life is increased

Applications

Applications where ceramic hybrids are highly recom-
mended include:

Machine tools
® Grinding
= Milling
® Boring
& Drilling

Aircraft accessories/aerospace
= Generators
® Gyros
¥ Gearboxes
® APU's
® Turbine engines
® Radar
# Weapon systems
= Satellites

Industrial machinery
® Turbomolecular pumps
m Diesel fuel injection pumps
B Textile machines
® Woodworking machinery
® Food processing equipment
| Drilling equipment

Medical equipment
® Dental drills

® Centrifuges
m X-ray tubes



polishing processes owing to their high hardness and inherent brittleness.
Since fatigue failure of ceramic parts is driven by surface imperfections, it is
paramount that the quality and finish of the ceramic bearing elements be as
best as possible with minimal defects so that reliability in performance of

bearings in service can be achieved.

1.2 FUNDAMENTAL PROBLEMS IN THE FINISHING OF
ADVANCED CERAMICS

The properties (physical, mechanical and thermal) of ‘advanced ceranjlc3
i

?rnatenals are determlned by the nature of atomlc ‘bonding as well as the

: manufacturing processes used |n the syntheses of these materials, namely

t
ﬁ smte

E,\1_§9_§§§tr_g_ﬂgressrng. The atomic_structure of advanced ceramics, such as SiC,

S|3N4, Al>O3 and ZrO» are either covalent, |on|c ora comblnatron of these two

They are thus significantly different from metals with a metallic bonding. Due to
the covalent or ionic bonding system of advanced ceramics, their inter-atomic
drstances are larger than that of metals. This less closed-packed structures

[ e

| make advanced ‘gerém.lps..'ow_ln density, low in \,dUQI!J,LtY; and high in brittieness.

{have higher strength .(s..zgmpressv'.ve.,S.tfengtm and hlgherme'tmgtemperature ?

Due| to low density and mobility of dislocations in advanced ceramic materials,

they have hrgh hardness Furthermore, hlgher the ratlo of covalent bonding_to

LR e

ering, chemical vapor, deposition, reaction bonding, hot pressrng, and hott

/7

ronlc bondlng, the less affected they are by elevated temperature [Inasakl (‘W

1 987]. For example, the SiC, whose covalent bonding to ionic bonding ratio is

9:1, exhrblts a better heat resisting performance (of avoiding thermal damage)

11




than SigN4, whose ratio is 3:1, and both are better than typical oxide ceramics,

e.g., AloOs, which has the ratio of 2:3. The low thermal coeff|c1ent of expansron

and relatively high thermal conductlwty are the _s_pecral features of these

advanced materials with covalent bondmg (carbon atom bonding in diamond is

SO

an example of 100% covalent bondrng) The bondrng nature of advanced

e

ceramic materials is given in Table 1.3 [Komanduri, 1996]. V“w

TS

The nature of bonding of the advanced ceramics determine not only the
desirable engineering properties but also cause difficulty in machining. Material

removal of both single and polycrystalline advanced ceramic materials is

predominantly by microfracture due to their high hardness and brittieness, i.e.,

from therr strong covalent/ionic bonding, low symmetry crystal structure and

HSSAT

fewer dislocation systems. It is different from metals in which plastlc

S T AL

deformation, instead of brittle fracture, is the predominant mode of material

stal

removal because of their un|form metallic bonding, high symmetry

structure, and numerous slip (planes and directions) systems [Komandun W

1996] A comparison of the properties between metals and advanced ceramics

i _ﬂ_ﬁ, \\\\\\

is shown in Table 1.4. The main crack |n _cutting (or abrasrng) polycrystalllne

o I et AN o
T it i S e AN

ceramic materials originates along the direction of normal stress of cuttlng
et e SN G T g A P T TR e AR T T A T R N5 B M PR 8 R T T Wt S T e S 2 s

FoL ] e

S’

motiol on and(the“_s___rni,ni_mum material lstrength of workpiece [Usui, 1990]; Th_e

materlal removal (along the grain boundarres or through the grains) IS by

B T i o2t

chlpplng resultlng from the propagatron of cracks or plttrng by the grain

o RN R

dlslodgements In cutting metals, the materials is removed by the plastic

N

deformation along the maximum shear stress of cutting (Figure 1.4). It is

because the material shear strength 71 is smaller (2 times) than the material

normal strength ¢ in metals due to large amount of dislocations, but the, matenal

A AL i SR

shear str _h T |s srmrlar to normal strenqth v} |n advanced ceramlc“

R e

aterlals

due to thelr small amounts of drslocatlons and therefore, the drrectlon and

e RS Gt R 1 PR o AT T
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Table 1.3 The bonding nature of advanced ceramic materials

lonic bonding | Covalent bonding
AloO3 90% 10%
ZrOo 75% 25%
SiOo 50% 50%
SizN4 25% 75%
SiC 10% 90%

Table 1.4 Comparison of properties between metals and advanced ceramics

‘ Metals Advanced Ceramics
Atomic bonds Metallic bond lonic / Covalent bond
Crystal structure High in symmetry Low in symmetry
ﬁracture behavior Ductile Brittle
Fatigue mechanism Plastic deformation Growth of crack
Density High Low
Hardness (kg/mm?) Several hundreds 2,000
é@hness (MN.m -3/2) 210 (Carbon steel) 4.2 (HIP Si3Ny)

13




(1) Brittle Fracture (ID) Plastic Deformation

Figure 1.4  (a) Mechanisms of material removal

TTTrITiTTr Ty

Crack Propagation

<L /

Crack r
(I) Main Crack Formation (II) Main Crack Propagation
Second Crack Residual Crack
\Main Crack
(III) Second Crack Formation (IV) Chip Formation

Figure 1.4 (b) Chip formation of advanced ceramics [Usui, 1990]
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magnitude of the propagation of cracks and brittle fractures is random. Thus, in

o Ay T

conventional machining methods, the machined quality of advanced ceramic

materials are very difficult to be controlled due to their high brittleness, and also
expensive diamond tools or abrasives and strong stiffness machine are

required because of their high hardness.

1.3 CONVENTIONAL FINISHING METHOD AND ITS LIMITATIONS

Advanced ceramics are currently finished by conventional grinding with

diamond wheels followed by lapping and polishing with again diamond
abrasive. The conventional apparatus used for V-groove lapping (including
grinding and polishing) of steel bearing balls is currently used in lapping of
ceramlc balls for beanngs thh diamond abrasives as shown in Figure 1.5. In
the Iapplng process, the abrasives can be either loose (for polishing process) or
bonded (for grinding process). They are operated at low pressures and low
speeds to achieve high geometric accuracy and good surface finish. The upper
and/or lower lapping plates can be either diamond or SiC grinding wheel for the

grinding process and cast iron lapping plates charged with fine and loose

diamond abrasives (0.25 um) for polishing process.

It is well known that a specific characteristic that shows a major. difference

fract‘ure toughness of advanced ceramics is extremely Iow ie. Iow resrstance to
the propagatlon of brittle cracks. While advanced ceramics have higher

stiffness/higher elastic modulus, E than metals. Consequently, the elastlc

deformation of advanced ceramic matenals during gnndlng would be less than

I

metals As a result, advanced ceramlc matenals can be machlned to obtaln

15



]
; 5 : Steel Ball OR
™~
l J Advanced Ceramic Ball

Figure 1.5  Conventional V-groove lapping apparatus for the grinding and
polishing of bearing balls
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higher ‘geometrical ~accuracy than, metals. Thus, the critical problem in the

grinding of _precision ceramic parts is their naturally Iow fracture toughness/low

[ e

resistance to the propagation- -of-prittle-.cracks. This causes the strength

degradation of the finished part from surface and subsurface damages. It is

found that the influence of grinding conditions on the surface finish of grmdrng

advanced ceramics is basically similar to that of grinding metals [Inasak| 1987]. 5

P

The smaller depth of cut, lower workpiece feed speed, and higher grinding

speed are helpful to improve-the surface roughness. Fine grlndlng (flne

abraswe and low force) can,. reduce. the generation and propagation of cracks

durmg the_grinding of advanced ceramics. For the application of grinding

J

metals, the most common abrasives used are aluminum oxide and smcon

T T e

carblde for grinding advanced ceramlcs diamond abrasive is the primary

it 2 T SR AR L AT R

choice [Subramanrarr etal1987] ¢

There are two grinding modes for the application of advanced ceramics:

speed strolgewgrlndmg (high workpiece speed and a small depth of cut) and

P

creep-feed grmdmg (very low workpiece speed and high depth of cut). The hrgh

maﬂt_erlal removal rate without sacrlflcmg the matenal strength and surface flmsh

e T

sinedein, S

|n creep- feed grmdmg is attrlbuted to the long cutting length wrth low chlp

[N TN

thlckness of the individual abrasive graln in_the creep-feed grinding process

PO ?!&A } b S

[Subramanlan and Robert 1988] But the more powerful machine with greater

At oA 2 TS

machine rigidity is requrred to minimize deflections and loss of accuracy
because of the resultant force on the grinding wheel is large. The need to
design systems to increase the access of the grinding fluid, such as special
slotted wheel is also required due to the long contact length in this grinding
mode. For brittle materials, down-grinding is employed to subject as much

material in compression as possible. Progressing towards the bottom of the

17




griwding wheel, the cutting forces fall off rapidly and the grinding depth is

reduced.

The difference between polishing and grinding. is. that the abrasives are

loose (or free) in the polishing process and bonded (or fixed) in the grinding

process. The polishing process is more flexible than grinding/lapping. It is
traditionally applied after prior grinding/lapping to remove surface damage and
achieve very smooth surface. Recent developments in polishing of advanced

e L

ceramics have focussed on the abrasive size uniformity, flexible machining

design, and chemical and mechanical process combination. In the mechanical

[Pt

polishing process, some of abrasive particles are embedded into the polishing
tool| surface or at least are restricted to roll by the polishing tool suc&pe, and
oy

produce a cutting action (stroke/sliding) on the workpiece [9h|ld§,199§] Some

particles may roll between the two surfaces and may also get involved in the

material removal process. Consequently, the predominant polishing motion is

f'
conS|dered as_rolling rather than sliding by some other researchers [Indge

D i

1990] They proposed that rolling of the irregular particles is accompanied by

repeated mdentatlon of the surface. Fracture, particularly : around mdentatlons

is the mode of materlal removal for polishing [Indge, 1990]. But anyway it is

R e

clear that the gram size unlformlty of abraswes IS important in polishing. High

precision and good surface finish can be achieved by abrasives with uniform

grain size because the depth of the deep scratch on the polished surface by the

R s AR

oversized abrasive particle is minimized. The most common abrasives for the

polishing (and lapping) of harder materials s fine grain size silicon carbide,

boron carbide, and diamond.

e

LIMITATIONS OF CONVENTIONAL LAPPING: Although grinding

and| polishing may be conducted at fine depths of cut thereby reducing the

18
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AT

depth of cracks and amount of damage on advanced ceramics, serious surface

damage (relative to bearing requirement) still can not be avoided by the

conyentional grinding and polishing methods because the stiffness, k (= Ap/ Ax)

of the system is very high. Thus small local out-of-roundness of the polished

ace of the ceramic balls will generate large loads which will damage

significantly the surface of the ceramic workmaterial because of the inherent

brittleness of ceramics. Diamond abrasives used will also scratch the machined

e SRR

surﬁace deeply because it is significantly harder than the ceramic workmaterial.
\

Figthr_e‘_”_]ﬂ_.@ shows the typical micro-damage on the surface of a best

| : .
commercially finished

RO TR

itride ball (from conventional diamond abrasive

V-groove lapping).

lapy

inclt

and

In summary, the current finishing of ceramic balls is by the V-groove
ing similar to the methods used for making the steel bearing balls. This

udes the use of diamond abrasive, relatively high load (about 10 N/ball),

relatively low polishing speeds(aboutSOrpm) In practice, it takes

) considerable time (some 12-16 weeks) to finish a batch of ceramic balls. The

long processing time and use of expensive diamond abrasives result in high

processing costs. Furthermore, the use of diamond abrasives at high loads can

result in surface damages such as deep pits, scratches, and microcracks and

subsurface damage, such as the large lateral and radial/median cracks. These

surface defects may cause catastrophic failure of silicon nitride balls by
| !
propagation of larger brittle fracture. i
L

o~ S a S5k
.

i
§

fnal
(g, so0  PAME,
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15KV 20008x 5@0nm BB11 .

Figure 1.6 SEM micrograph of a best commercially finished SizN4 ball
surface (ABMA Grade 3)
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1.4

met
AX i
flex

eve

"GENTLE" FINISHING OF ADVANCED CERAMIC BALLS

FOR BEARING APPLICATION

To minimize the surface damages, 'gentle’' or 'flexible’ machining method
hods and conditions are required, i.e., low level value of stiffness k in Ap = k
n machining process is prefered and thus the amplitude of abrasing force is
ble, steady, and controllable, and also abrasives are not much harder, and

n softer than workmaterial. High removal rates and shorter polishing cycles

may be considered to obtain by high polishing speeds (from high frequency of

cuttL

out

1
ng/abrasing). And thus, material removal and surface finish can be brought

by results of large amount of microscopic fractures in mechanical polishing

at any point of the work surface where a large number of abrasive grains

pas

sed (or acted), other than some large instant fractures.

In the finishing of advanced ceramics, the flexibility of the grinding for

obtaining the required geometry and subsequent polishing for obtaining good

surf
surf
sha

Suz

s

ace finish system should be emphasized to avoid deep brittle cracks on the

ace and subsurface damage from local uncontrolled force due to out-of-

pe of. workplece It is_seen that hydrodynamic behavior [Watanabe and
Nz (D

uki, 1981] and magneto-hydrodynamic behavior [Tani et al, 19847 are two

particularly promising. principles to.be considered for abrasive machining of

bnttle materlals such as advanced ceramlcs optlcs _and semi- conductor

mat

and

are

%[[%[%a.f?[.ﬂ§,9Q@ﬁlﬂ,tSh@Q,§Hﬁ,§¢?_!qu!'r?ments-

Hydrodynamic float _polishing method is shown in Figure 1.7 [Watanabe
Suzuki, 1981]. When the shaft rotates, dynamic pressure and laminar flow

generated between the slopes and the workpiece, like a dynamic pressure

21




Figure 1.7

Figure 1.8

Toocl length

Work surface

Tool surface

Taper indination angle

Relative velocity: Vv
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i
r

Principle of hydrodynamic float polishing [Watanabe and Suzuki,

1981]
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Principle of magnetic float polishing [Tani and Kawata, 1984]
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Figure 1.9  Principle of chemo-mechanical polishing [Yasunaga, Imanaka, et

at, 1978]
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bearing to float the abrasive grains toward the machined surface. Pollshlng is

BT

accompllshed by these abrasive grains carried by laminar liquid flow passmg

ma hlned surface In this process, the workmaterial is polished by

““““ SRS

the
nosts ﬁ"{”

hydrodynamic action without contact with the polishing lap. Because the grain

size of abrasive used is very fine (0.1 um), the kinetic energy hitting the
machined surface is very small. Also, the stress distribution area is Iimitei
because of shooting the abrasive particles almost parallel to the work surface

’E Thl‘> ﬂoat polishing process actually removes atoms on he workpiece surface %
o
=Iastrcally deformatlon (rather than plastlc deformatlon) by the 1mpactrng§

v abrasnves Materlal removal on the order of ‘molecules or atoms can_ be

AR s

obtained without damaging the crystallinity on the surface. ZrOz abraswe was

found to be smtable for pohshlng srllcon workplece while AI203 for pohshmg

R L CAE g,

glacs Surface roughness of 5 A can be achieved by this process [Hatta 1988].{/°..

S S T Bz

This method is being applied widely in the semi-conductor_and optical

industries.

P

Magnetofhydrodyn_amjg_(pﬁehﬂgyjﬁgr is more stable for machining support

and more suitable for ball polishing with higher material removal than
hydrodynamic action. A technique for fine flnlehmg using a magnetic fluid is
shown in the Figure 1.8 [Tani and Kawata, 1§8{;1] The magnetic float polishing
technique is based on the magneto-hydrodynamic behavior of a magnetic fluid
that can float non-magnetic abrasives under the magnetic field, pressing
abrasives against the machined surface. The forces applied.by the abrasive to

the workpiece are extremely small and highly controllable. The details will be

discussed in the following chapters.

Besides mechanical polishing, chemo-mechanical polishing method can

be applied to the above two polishing methods [Hatta 1988 Bhagvatula and

P P
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than the workmaterials to be polished but react chemical with them can be
selected. The process can produce extremely fine surfaces. The softer
abrasives used in chemo-mechanical polishing process can avoid the surface
damage on the machined surface of advanced ceramic materials, such as
microcracking, scratchings and pitting, which are typical surface damage modes
in tr‘aditional grinding and polishing because the abrasive used (B4C, SiC, and
diar{nond) are much harder than the hardness of the workpiece. In chemo-
mechanical polishing, a very small amount of material is removed from the
surflace as a result of chemo-mechanical action at the contacting area between

the |soft abrasives and polished material (Figure 1.9). Chemical reaction is“«,

caused by the mechanlcal frlctlon energy, and polishing is done{vy\hen this veryi

P —

small reaction part is removed by the friction [Yasunaga, Imanak(a/et al, 1978]. | t%
Mf? 3 {
1

is also called trlbo -chemical polishing [Flshcher 1988] The removal amount of

material in this process can be on the order of a few molecules or atoms. A \

concise review of literature on the chemo-mechanical polishing of various \
materials in general and that of silicon nitride in particular has been presented \

recently by Komanduri et al (1996).

The purpose of this investigation is to develop a 'gentle' but fast material
removal process for finishing advanced ceramic balls for bearing applications
that are superior and economical compared to balls manufactured by
conventional diamond V-groove lapping. This is accomplished in our study by a
new and effective process known as magnetic float polishing (MFP) in which :
cutting force is controlled by the flexibleﬂf magnetic field. Magnetic field assisted
polishing using a magnetic fluid was originally developed by Tani et al [Tani

and Kawata, 1984]. However, the forces developed were so low that only soft

iz
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materials could be finished. Umehara ‘and Kato in Japan made a major

breekkthrough by incorporating a float [Umehara and Kat% etgal 1990, 1994] that

|mpLoved the effectiveness of the process SIgnIflcantly. This was followed by the
works of Chllds et al in the UK [Chl|dS et al 1994"“
the USA [Komanduri et aI 1996 Bhagvatula and Komandun .1996; Komanduri,

oo -.VMAww-mu

1997 Raghundan and Komandun 11997, 1998; Jiang and Komanduri, 1997,

1998 a, b, c; Hou and Komanduri, 1998 a, b, c].

995] and Komanduri et al in

Magnetic float polishing (MFP) is a very effective at the same time

economical manufacturing technology. Table 1.5 shows a comparison of
parameters used in conventional lapping and magnetic float polishing. The
 material removal rate by magnetic float polishing (MFP) is ~ 50 times higher
than the conventional V-groove lapping owing to higher polishing speed
(1,000-10,000 rpm) used in MFP compared to lapping (generally, 50 rpm)
Furthermore, due to small but controlled force(~1 N/ball), surface and
sub§uﬁace damage on the polished ceramic balls can be minimized. The
number of balls required for each batch is also small (~ 10-20) and abrasives
used to remove material are boron carbide (B4C) or silicon carbide (SiC)

instead of diamond.
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Table 1.5 Comparison of Lapping and Magnetic Float Polishing Condition
[Child et al, 1995] [Komanduri et al, 1996]

9¢

Lapping - Magnetic Float Polishing
Abrasives Diamond B4C, SiC, CeO»
Load 50-100 N/ball 0.5-1 N/ball
Speed 50 rpm 5000 rpm
Number of ball needed P 1000-5002)@%3 ~10-50




This investigation deals with the methodology for finishing superior (good
sphericity and excellent surface finish) silicon nitride (SizN4) balls for bearing
applications by magnetic float polishing (MFP) technology using mechanical
polishing with fine and harder abrasives for removing materials to reach desired
diameter and geometry fast but with minimal surface damage followed by
chemo-mechanical polishing (CMP) with an appropriate softer abrasives to

obtain final superior surface finish of ceramic balls for bearing applications.
The review of literature on magnetic float polishing is given in chapter 2.
The problem statement of this investigation is given in chapter 3.

Chapter 4 deals with the technical approach used in the MFP of ceramic
balls. This includes a description of the magnetic float polishing apparatus,
characterization of the silicon nitride workmaterial and the abrasives, details of

the experimental work, and the evaluation of the surface generated by MFP.

Chapter 5 deals with the application of Taguchi method for determining
the optimum polishing conditions. This includes the purpose’ and the

parameters tested, experimental design and analysis methods, experimental

app(oach used, details of the Taguchi experimental design and analysis,
experimental results and evaluation, and finally experimental analysis and

optimum settings.

Chapter 6 deals with the investigation of various abrasives and polishing
environments to determine their suitability for chemo-mechanical finishing
silicon nitride materials. The purpose is to determine the most effective abrasive
and| polishing environment to finish silicon nitride bearing balls with extremely

smooth and damage-free surfaces. This includes the fundamentals of chemo-
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mechanical polishing, characteristics of various abrasive, polishing results,

various possible chemical reactions involved, the mechanism of CMP of SigN4

discussion.

Chapter 7 deals with the chemo-mechanical polishing (CMP) of silicon

nitriide (SizN4) balls with cerium oxide (CeO2) abrasive. This includes the
puré)ose, characteristics of CeO2 abrasive, polishing results, polishing
temiperature calculation, various chemical reactions from thermodynamic
analysis, the mechanism of CMP of SigN4 with CeO2 from thermodynamic and

kinetic discussion.

| Chapter 8 deals with the methodology and process for finishing SizN4

ball§ for bearing applications. This includes the polishing procedure and test

conc!:litions, details of methodology and test results, the mechanism of material

removal in magnetic float polishing (MFP), the manufacturing process, and the

discussion and conclusions of MFP process.

Chapter 9 deals with the future work involving extension of the magnetic
float; polishing (MFP) technology to finish other advanced ceramics, such as

zircénium oxide (ZrO2) balls for flow control applications and ferritic stainless
|
stee’l balls for bearing applications.

Chapter 10 deals with conclusions arrived from this investigation.
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CHAPTER 2

LITERATURE REVIEW

Magnetic field assisted finishing process was initially developed in the

U.S. in the 1940's to finish gun barrels [Coats, 1940]. This technology was

applied in the the former USSR in the late 1950's and early 1960's for finishing

some of the difficult-to-machine materials, especially large workpieces [Baron

R N

1975] Following this, in the late 1980's, Japanese researchers [Shinmura et al,

B

1999, Kato and Umehara, 1990] applied this technology to value-added fine

finiehing of various workpiecesﬂ to obtain good surface finish and accuracy. This

work was further advanced in the early 1990's by Komanduri, et al [DARPA

|

Report, 1995] in the U. S.

Magnetic field assisted finishing can be classified into two groups: i.

f’;m‘?
magnetlc abrasive finishing (MAF) and ii. magnetrc float pohshrng (MFP)

Magnetlc abrasive finishing (MAF) is performed wrth abrasrves mixed with fine

iron, partrcles which form a 'brush' between the magnetic poles in the case of

L i

non-magnetic workmaterial. The workpiece surface is polished by the action of

the abrasive 'brush’ against the workpiece. This method can be applied for

‘«v SN

finishing internal as well as external cylindrical surfaces and flat surfaces

[Shinmura et al., 1990; Fox et al, 1994; Fox, 1994; Thomas, 1997].

sy AR

The magnetic float polishing (MFP) technique is based on the magneto-

hydrodynamlc behavror of a magnetic fluid that can float non-magnetic

R ST

materlals under the magnetlc field. The workpiece surface is polished by the

magnetic buoyancy force of abrasives generated by applying a magnetic field to
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a mixture of abrasives and magnetic fluid. The forces applied by the abrasive to

1
the l‘workpiece are extremely small and highly controllable. This method can be

app%lied for finishing any shaped surface including flat, cylindrical, and spherical
surfaces. [Kato and Umehara, 1990; Umehara, 1990; Childs et al, 1994, 1995;

O B

Komanduri et al, 1996; Bhagvatula and Komanduri, 1996; Umehara and

korﬁanduri, 1996; Raghundan and Komanduri, 1997 a, b; Jiang and Komanduri,

199? a, b, ¢; Hou and Komanduri, 1998 a, b, c].

Magnetic fluid used in MFP is made of a stable colloidal suspension of

R Ko o v

extremely fine ferromagnetic particles (usually FesOg, ~100-150 A, coated with

ERERE SR

a stably dispersing surfactant to prevent particle agglomeration) in a suitable

carrier fluid, such as water (W-40) or kerosene (EMG 909). It is also called

ferrci>fluid because of its iron base [Rosenweig, 1966, 1985]. When a magnetic
field is applied, the magnetic particles in the magnetic fluid are attracted
doanard to the area of higher magnetic field and an upward buoyant force is
exeﬁed on all non-magnetic materials inside the ferrofluid to push them to the
area of lower magnetic field. The maximum magnetization of magnetic fluid can

be up to 100 kA/m. The buoyancy force in the magnetic fluid is proportional to

the igradient of the magnetic field and possesses susceptibility up to 10,000
times greater than natural liquids. Figures 2.1(a) and (b) show the principle of
magjnetic float polishing. When a magnetic field is applied to the magnetic fluid,
the imagnetic particles move to the high field side and push the non-magnetic
bod)i/ towards lower field side. As a result of this magnetic buoyancy/ levitational

|
ﬁjﬁgﬂggﬂg, the abrasive grains and the float being non-magnetic are floated to a

|
certain height. When the magnetic field is removed, the magnetic particles
randomize in the fluid and thus there is not magnetic buoyancy (levitational)

force and therefore the float and the abrasive will stay at the bottom.
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Figure 2.1  When a magnetic field is applied to the magnetic fluid,’ he
magnetic particles move to high field side and push non-magnetic body towards
lower field side and thus (a) the abrasive grains and (b) the float being non-

magnetic are floated up. (c) Magnet arrangement used in this study
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(C)

A
A
./

<€ Chamber position

(c) Magnet arrangement used in this study
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Magnetic float polishing was first introduced by T?Diﬁff\_al (19_84) to polish

is obtained by pressing the abrasive grains against the workpiece due to
buo

yant levitational force applied by the non-magnetic abrasives. The polishing

force was extremely low. Hence, it it could be used to finish (Rmax;:.40.nm) only

extremely soft workmaterials, such as acrylic resin with.removal.rate.of 2 pm/min (!
by SIC (4 um grain size) abrasive. However, the material removal rates were§

i

!

%

| |
ieﬁ_ tremely Iow or negllglble when used for finishing hard materials, such as
|

;8

teels advanced ceramics, and glasses

i In the following some of the work of various researchers are briefly
rev1éwed. It may also be noted that some of the developments in this field are
takl?g place simultaneously in more than one research laboratory. Also, there is
a g@od collaboration (including mutual visits) between Professor Komanduri of

OS8U, Professor Shinmura of Utsutomina University, Japan, and Dr. Umehara of
Tohoku University in Sendai, Japan.
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As previously pointed out there are three groups active in the magnetic

float polishing of advanced ceramic balls for bearing application in the world.

They are:

« Kato and Umehara's group in Japan (see Table 2.1)
» Childs' group in the UK (see Table 2.2)
» Komanduri's group in the USA (see Table 2.3)

Table 2.1 MFP research activities in Kato and Umehara's group in Japan

Professor Kato's

Group:

(Japan)

N. Umehara

B. Zhang

K. Kato

WORKMATERIALS:

. Ba‘lrlvs: sintered silicon nitride (1990, 1994)
. BQ_”?F%? silicon nitride (1992)

* Plates: alumina (1992), stainless steel (1993)

BB e

ACTIVITIES:

* Introduction of a float to increase the polishing load

and the material removal rate (1990)

* Investigated the effect of the Stiffness of the float

on the polishing performance (1990, 1994)

* Developed a dynamic model for MFP (1996)

* Developed an eccentric apparatus to obtain balls

with good sphericity (1996)
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Table 2.2  MFP research activities in Childs' group in the UK

Professor Childs'

Group:

(Leeds , U.K))

S. Mahmood,

H. J. Yoon,

T.H.C. Childs

WORKMATERIALS:

ACTIVITIES:
* Design of the magnetic float grinding cell (1992)

* Kinematics of the ball motion (1994)

* Mechanism of material removal (1995)
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Table 2.3  MFP research activities in Komanduri's group in the USA

Professor

Komanduri's Group:

(U.S.A))

: M. Raghunandan

'S.R. Baghavatula,

|
|

Jiang Ming

M. J. Fox
M. Dock
Asif Patel
Vinoo Thomas
Brian Perry
~ Cetin Murat
Ali Noori-Khajavi
Zhen-Bing Hou
N. Umehara
T. Shinmura

R. Komanduri

WORKMATERIALS:

« Balls: silicon nitride, zirconia, stainless steel

* Rollers: silicon nitride, stainless steel, stainless tube

ACTIVITIES:

» Electromagnet apparatus (1994, 1997)

* Permanent magnet apparatus (1996)

* FEM analysis of the apparatus (1996)

* Mechanisms of material removal (1996)

» Chemo-mechanical polishing (1996, 1997)
* Thermal analysis of MFP (1997a,b,c)

» Taguchi experimental method for optimum

polishing conditions (1997)

» Methodology for finishing ceramic balls for bearing
applications with good sphericity and surface finish
using Cr20g abrasive (1996)

- » Methodology for finishing ceramic balls for bearing

applications with good sphericity and surface finish
using C&Ozabrqslve (1997)

» Development of equipment for the finishing of large
batch balls (1998) "

* Finishing of ceramic balls for hybrid bearing that
meet the requirements of industry (1998)
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Umehara and Kato (1990) made a major contribution by introducing the
use of a float to produce uniform and sufficiently high polishing force to improve
the material removal rates when polishing advanced ceramic balls. Much of
their early work dealt with sintered material which is not very dense. Figures 2.2
(a)

of the float on polishing load, sphericity, and stock removal, i.e., the variation of

(d) show the principle of magnetic float polishing with a float and the effect

poliéhing load with clearance between the magnet and the balls with and
withbut the float, variation of sphericity with polishing time with and without the
float, and variation of the stock removal with polishing time with and without the

ﬂoat% [Umehara and Kato, 1990]. It can be seen that the polishing load increases

§ignﬁggptly, especially at Iqwgr clea»ragwg‘;‘gs, kgpf_lggg_i}yﬂdecrea_ses significantly

with jpolishing time and the stock removal rate ingreases with the float compared

NP Lo

to that without the float. This work more or less established the need for the float

e S SR e 70 ST

and i;’today all designs of MFP apparatus incorporates this concept.

Magnetic f’\ —

fluld and Driving shaft Ball

Abrasive specimen
grains

Assembly
of magnets

Float

Ij:igure 2.2 (a) Magnetic float polishing set-up [Umehara and Kato, 1990]
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Figure 2.2 (b) Variation of polishing load with clearance
[Umehara and Kato, 1990]
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Figure 2.2 (c) Variation of sphericity with polishing time
[Umehara and Kato, 1990]
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Figure 2.2 (d) Variation of the stock removal with polishing time
[Umehara and Kato, 1990]
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Zhang, Umehara, and Kato (1996) developed a dynamic model of
magnetic float polishing of ceramic balls (see Figure 2.3) for generating good

sphericity. They concluded that dunng the magnetic float pohshmg, when the

larger dlameter posmons of ball enter the contact ¢ area, the load will increase

St T s T i s

and a Iarger amount of ‘material will be removed from this place, and thls

R AR

procuss keeps going untll the expected spherical surface is obtained.

Guide ring

Dnve shaft
‘ 3 :
: Ball

AP =x6

x=\/(k—mw2)2+(ﬂcu)2

Figure 2.3  Dynamic model of magnetic float polishing [Zhang et al, 1996]
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Zhang et al (1997) investigated an eccentric magnetic float polishing
apparatus shown in Figure 2.4. They postulated that the mechanism of the
generation of good sphericity of the ball is that polishing should be conducted
with uniform distribution of contact track over the whole ball surface. They
believe that proper eccentricity between the driving shaft and the guide ring

may result in the proper feed motion of the ball for polishing.

Mixture of
Driving shaft magnetic fluid
with abrasive grit

Guide ring '

\ Ceramic | e
balls '

Float
—
Ma% I 14 :
York : 3
--‘-'Fh-' . [
]

o 0]
The change of contact trace for the eccentricity

Figure 2.4 Eccentric magnetic float polishing apparatus [Zhang et al, 1997]
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Childs et al (1994) developed a Kinematic m

of ball motion during
magnetic float polishing of ceramic balls (shown in Figure 2.5(a) ) to calculate
slidiqg speeds and to estimate the wear (material removal) coefficients. Based
on the value of wear coefficients (0.04-0.08), they (1 ggg)wggh‘glggeg“Ehat

material removal is due to two-body abrasion caused by the abrasives

embedded in the dnve shaft They showed evidence of abrasive embedded in

B i it O

the dnve shaft in the reglon where the balls contact (see Figure 2.5(b) and (c) ).

Rf=R¢ -Rp

Rg=Rf-Rp Sin 6

Ve=Rf Qb -Rp Qp SinB) -0

Vs =Rg Qg - (Rf Qb +Rp op Cos (B - 8))

VE=(RfQp - Rp op Cos B) - Rf OF

Figure 2.5  (a) kinematic model of ball motion during MFP [Childs et al, 1994]
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Figure 2.5  (b) Abrasives embedded in the drive shaft [Childs et al, 1995]

show two-body abrasion of material removal mechanism in MFP

7

Figure 2.5 (c) Diagram of two-body abrasion
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Shinmura, Komanduri, Dock, and Murat have developed an
g_lectromagnetic float polishing apparatus. The float forces produced by this
apparatus was 40% higher than in the permanent magnet apparatus.
Consequently, the material removal rates are 1-2 times that of the permanent
magnet set-up [Dock, 1994; Murat, 1996] (see Figure 2.6). The electromagnetic
field is generated by passing a DC current through the copper wire wound
around a low carbon steel core. The magnetic field is conducted to the ring pole
e_t__rq_u_nd the polishing chamber by the steel linkage plates. The expected
magnetic field for magnetic float polishing is formed between one pole from the
steel ring and the other pole from electromagnetic core. The shape of magnetic
field in the polishing area is continuous, uniform, and circular (ring). The
aluminum base plate is used to separate the steel plate for the magnetic field

linkage from the steel table of machine to prevent leakage of the magnetic field

contained in this steel plate.

coodis e
Shatft Chamber

Magnetic Fluid
and Abrasives .
Ceramic balls

Float . f

/.

Steel Plate

Aluminum Base '|

Figure 2.6  Electromagnetic float polishing apparatus
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‘ Umjﬁ‘ﬁ[ﬁ?}wﬁiv\&éL,._,ﬁ,l,g:Q2) investigated the magnetic float polishing of
A‘U"}iﬂﬂé_\_;&(ﬁ!.zg.e).)q.,,Q@m[@,mlc.ﬂ,ﬂat surfaces..(see. Figure.2.7). A minimum surface
rouagjrﬁness Ra of 0.06 um at the SiC abrasive with a 1.8 pm grain size and
flatness of 0.5 um were achieved. Umehara et al (1993) also studied the
magnetic float polishing of stainless steel plates. A minimum surface roughness
Ra cj)f 0.014 pm was achieved with Al2O3 abrasive (2 pm grain size) and

poly@rethane polisher.

Sun disk.\ Q‘\/P

\‘ +
Workpiece [ ] ) ] | —1 Planetary disk
N . i !
Float v 7 Magnetic fluid
~ N ] | L | | =
\&%.%L"i 1 et SRR NN ey L and
Magnets __ TR T T TR e abraslve grains
FS|N][S[N[S[N[S[N[S[N[S [N |
INISIN|SIN|SIN|SIN|SIN]JS

- : -
Figure 2.7  Magnetic float polishing of Alumina fiat surfaces [Umehara et al, 1992]
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Umehara and Komanduri (1996) investigated the magnetic float

pollshmg of HIP'ed SigN4 rollers. Surface finish of 5 nm Ra was achieved after

i e i

pohshmg initially with B4C, followed by SiC and Cr203 Figure 2.8 shows the

vvvvv

schematic of the apparatus used for this application. There are two magnet

B e VY

sembly rmgs A and B in this apparatus Magnetic ring A around the chamber

is a hoIIow cylmdrlcal magnet assembled by individual magnets. Each
lndlyldual magnet is magnetized in the radial direction and thus the magnetic
buc;yant force from the magnet assembly ring A not only concentrates the
abrasives to the polishing region but also keeps the float at the center similar to
a static hydrodynamic bearing. Magnetic ring B at the top of the chamber (fixed
to tjhe cover plate) is a ring magnet assembled by individual magnets. Each
indiividual magnet is magnetized in the axial direction. Therefore, the magnetic
buoyant force from magnet assembly ring B pushes the float against rollers. The

rollers are polished when they are rotated by the driving shaft.
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Finglre 2.8 Schematic of the magnetic float polishing of HIP'ed SigN4 rollers

apparatus.[Umehara and Komanduri, 1996]
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Komanduri (1996, 1997) considered the nature of bonding of advanced

ceramics He pointed that ‘ceramics are different from metals in which plastic

TS

defqrmatlon, instead of brittle fracture, is the predominant mode of material

rernoval. This is because of the metallic bonding, high, sym_metry,,cr,ystai
metals. In contrast, the material removal in ceramic materials during mechanical

abrading is predominantly by microfracture due to their high hardness and

brittleness. This is because of their strong covalent/ionic bonding, low symmetry

Proses

crystal structure, and fewer slip systems.

Komanduri et al (1996) reviewed the Ch?ﬂﬂ,?fm?Qhﬁ@,ic,él,.yp9|ri§!?j!l9 and

conisidered the poss‘ibility of chemo-mechanical reaction of finishing silicon
nitrijde balls in magnetic float polishing using soft abrasives for obtaining good

surface finish. Chemo-mechanical polishing was first. demonstrated by

Yasunaga et al (1¢

7:79) for polishing single crystals of silicon using a soft

abrasnve Later, Vora et aI (1982-83) reported the feasibility of polishi’ng silicon |

m—y*'&mﬂv SR

nitride to a high level of finish by chemo-mechanical polishing with FezO3 and 1

Fe304 abrasives. Suga et aI (1989) polished S|l|con nitride using the following

e T

‘ abraswes CaCOs, MgO 8102, Fe203 and Fe304, and Cr203 They concluded

L S I s

tnat Cr203 |s a more suitable abrasive for the chemo mechamcal pollshing of

st

S|I|con nltrlde However, most of the researchers pointed out that the role of

s s AL

Cr203 is more that of a catalyst than actively participating in the chemical

reactlons Wang et al (1994) pointed that the formatlon of a thln flim of the

S

femPva' .,°f‘;'L){!',t_h9‘{E;,;.;9'.;iﬁ‘ic,t.,.',yi.é,!?!@9“rJ9. the hard surface. Thus high material

removal rate and low surface damage can be achieved by the formation of

softer surface films.
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Bhagavatula and Komanduri (1996) studied the mechamsms of materlal

removal from S|l|con mtnde balls pollshed W|th Cr203 abrasrve by analyzing the

e N a5

energy dlsperswe X-ray microanalyser (EDXA) and a Iow angle X- -ray

TN 5 e

dlffract|on apparatus As previously pointed out, CroO3 has been identified by

other researchers [e.q. K|kuch| et al 1992] as a catalyst rather than its direct

G

involvement in the chemlcal reactlons with SigN4. Bhagavatu_la and VKQVQQQQUM

based on experlmental evrdence (Figure 2.9), showed that chemo-mechanical

reactions play an important role in the generation of good surface finish in

magnetic float polishing Si3N4 balls with Cro03 abrasive. Based on this they

|dent|f|ed the formation chromium smcate (Cr28|04) and chromium nitrate (CrN) |

i e

|n the chemo mechanlcal pol|sh|ng of S|3N4 balls wrth Cr203 abrasrve The

followrng reactions were considered and a chemo mechanlcal polishing

meehanlsm was proposed.
Si3Ng + 6H20 — 3SiO2 + 4NH3 T
SigNg + 2Cro03 — 3SiO2 + 4CrN
2Si02 + 2Cro03 — 2Cr2SiOg4 + 02 T

SiO2 + 6H20 — 3Si(OH)4
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Figujre 2.9 X-ray diffraction analysis of the wear debris showing the presence

of CrN and Cr2SiO4 [Bhagavatula and Komanduri, 1996]
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From the literature review presented in this Chapter it can be seen that
maénetic float polishing has been applied and been able to finish advanced

ceramlc balls with high material removal rates. However, the surface fmlsh and

sphlerlcny of these balls have not reached the _requirements for beanng

N

appllcatlons It is because the methodology for finishing ceramic. balls for

e P it

N(m-n»f A AT

bearing application by this method has not been_adequately established.
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CHAPTER 3

PROBLEM STATEMENT

‘ The industry practice is the use of essentially the same technology that is
use%d for finishing steel balls, namely V-groove lapping to finish advanced
cerémic balls. This includes high loads, low speeds, and the use of diamond
abrasive for material removal. In practice, the finishing time is generally long,
often several weeks (depending on the quality of the balls required and the
state of the manufacturing technology practiced). Because of the high hardness
of &iamond abrasive and high loads used in conventional polishing, material
removal in ceramics will generally by brittle fracture. The propagation of surface
and subsurface damage by brittle fracture can lead to catastrophic failure of the
cerémic bearing balls. Also, the use of diamond abrasive will be a significant
additional burden on the cost of manufacturing. To overcome this, "gentle”
polishing conditions (light loads, high speeds, and avoidance on the use of
diamond abrasive) and a process for rapid finishing of SizaN4 balls is needed. In
viev?v of the precision finishing applications of the hybrid bearings, these balls

sho‘pld be finished to very high form accuracy and surface finish at the same

time meet the specifications of size. A sphericity of 0.15 um and a surface finish

of 4 nm Ra and 40 nm Rt were set

T A

arget in this investigation. When this
targjet is reached the technology developed would put OSU second to none in

the US and perhaps in the world.

This investigation deals with the development of science and technology

of fihishing advanced ceramics, such as SigN4 balls for bearing applications by
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magnetic float polishing (MFP) technology. Specifically, a methodology is
dev?eloped for obtaining high quality (both good sphericity and surface finish)
Si3§N4 balls rapidly. To accomplish this, the following specific tasks were

undertaken.

1. An instrumented flexible/gentle magnetic float polishing (MFP)
apparatus was designed and built to finish (by combined mechanical and

chemo-mechanical polishing) Si3gN4 balls for hybrid bearing applications.

2. Optimization of polishing parameters in magnetic float polishing (MFP)
was carried out using the Taguchi experimental design and analysis method.
The1 optimum mechanical polishing conditions, such as polishing load,
poliishing speed, and abrasive concentration were determined using this

app%roach.

3. Various abrasives were investigated systematically to determine their
suitability for cherﬁo-mechanical polishing of SigN4 material. The purpose was
to determine the most effective abrasive to finish silicon nitride bearing balls
with extremely smooth and damage-free surfaces. Different magnetic fluids
(wa%er-based and oil-based), pH values, and electric conductivities of polishing

fluid were also investigated to determine the most effective CMP environment.

4. Possible chemical reactions during CMP process were studied using
the %Gibbs free energy change (thermodynamic analysis) by employing HSC
chefnistry software developed in Finland. The temperature under the polishing
zoné was calculated based on the moving heat source model developed by
Hou? and Komanduri (1998 a). The CMP and the chemical reaction would
procieed on a continuing basis only if the passivating layers are removed by the

sub$equently mechanical action after chemical reaction.
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5. The mechanism of material removal and the surface generation
probess by both fine mechanical polishing and chemo-mechanical polishing
(CMP) of advanced ceramics by magnetic float polishing (MFP) was

investigated and discussed.

6. A methodology was developed for rapid finishing of Si3N4 balls by

maénetic float polishing technology from the as-received condition to the final

stage for hybrid bearing applications with a sphericity of 0.15 um and a surface

finish of 4 nm Ra and 40 nm Rt .

lawewe bafel pelitbduag 77
} FA » < T £ LY
| [ 7,A prototype apparatus for commercial finishing a larger batch (100 of
i Dt e e et s e . S o I\
i

| 8/8 iinch) balls and associated monitoring for in-process control of the MFP

proéess will be initiated.

| 8. Future work includes the extension of magnetic float polishing (MFP)
method to finish other advanced ceramics, such as zirconium oxide (ZrO2) balls
for flow control applications and ferritic stainless steel balls for bearing
applications. It may be pointed out that finishing of the latter was found to
extremely difficult and time consuming by conventional ball lapping process by

a Ieijjlding industry in the U. S.
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CHAPTER 4

APPROACH

In this investigation, major emphasis is on the development of technology
for ftnishing SizaN4 balis for hybrid bearing applications with good sphericity
(0.15 um) and extremely smooth (Ra ~4 nm and Rt ~40 nm) and damage-free

‘ b

. Kwr .
surfaces. The experimental and analytical work involve .the design_and

-f"mdevelopment of a pohshlng apparatus (using ANSYS finite_element model),

g

determmatlon of the optrmum mechanrcal _polishing conditions (using Taguchl s ~

experlmental method |

St PR e A

_of the approprlate abrasrve for chemo-mechanical pollshlng (CMP) after flne

or the design and analysis of experiments), and selectlon

mechanrcal pollshlng to obtaln excellent surface by systematlc study of the role

[ -

of various abrasives and polishing environments for GMP of SiaN. In specifc
thermodynamic analysis (Gibbs free energy formation) is conducted to identify
the chemical species likely to be formed during CMP. Finally the methodology
and}process for finishing SigN4 balls from the as-received (sphericity 200 um) to
the final finished condition iAfBMA Grade 3) is developed. The full
characterlzatron of the SizNg bearmg balls mcludlng diameter, sphericity, and

surface finish are evaluated using micrometer, TalyRond, and TalySurf, SEM,

ZYGO laser interference microscope, etc.

4.1‘3 MAGNETIC FLUID POLISHING (MFP) APPARATUS

The magnetic float polishing (MFP) technique is based on the magneto-
hydrodynamic behavior of a magnetic fluid that can float non-magnetic

materials, such as abrasives suspended in the magnetic fluid. The force applied
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by the abrasive on the part is extremely low (1 N/ball) and highly controllable.
Flgures 4.1 (a) and (b)* are a schematic and a photograph of the magnet float
polrshmg (MFI;) Wapparatus (using permanent magnets) for finishing advanced
ceramrc balls. A bank of permanent magnets (Nd-Fe-B, Resrdual magnetlzatlon

AR SIS

10500 9) with alternate N and S are arranged below an aluminum float
LBQ%Ber. The float chamber is filled with the required amount of magnetic fluid
and jappropriate abrasive (5-10%). The magnetic fluid is a colloidal dispersion
of ektremely fine (100 ‘to 150 A) subdomain ferromagnetic particles, usually
magnetite (Fe304), in a carrier fluid, such as water or kerosene. It is made
stabre against particle agglomeration by coating the surface of the particles with
an efppropriate surfactant. In this investigation, a water base magnetic fluid (W-
40) rs used (Saturation Magnetization at 25 °C: 400 Gauss, Viscosity at 27 °C:
25 Cp) When a magnetic field is applied, the magnetic particles in the magnetic
fluid:are attracted downward to the area of higher magnetic field and an upward
buoyam force is exerted on all non-magnetic materials to push them to the area
of Iewer magnetic field. The abrasive grains, the ceramic balis, and the acrylic
ﬂoaf inside the chamber (all being non-magnetic materials) are floated by the
magnetic buoyant force. A drive shaft is lowered to make contact with the balls
and éto press them down to reach the desired level of force or height. The balls
are jheld by three point contact between the float chamber wall, the float, and the
drive shaft and polished by the abrasive grains under the action of the magnetic
buojyancy as the spindle rotates. Damage-free surface on ceramic balls is
accemplished by the magnetic float polishing technique because low and
con'érolled magnetic buoyant force (1 N/ball) is applied via the flexible float. The

functron of the acryllc float used here IS to produce more uniform and Iarger

e qw s,

polrehmg pressure (i.e. the larger buoyancy force near the magnetic poles can
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; Figure 4.1 Schematic of magnetic float polishing apparatus

57



be traﬁsmitted to the polishing area by this float). An urethane rubber sheet is

bonded on to the inner guide ring to protect it from wear. The material of the

drive éhaft is austenitic stainless steel (a non-magnetic material).
4.1.1 SALIENT FEATURES OF MAGNETIC FLUID POLISHING
TECHNOLOGY

‘The magnetic float polishing technology has the following characteristics:

: 1. High material removal rate
2. Excellent surface finish

3. Good sphericity

In addmon the apparatus designed can handle small batches Wthh are
partlcularly useful when only a few balls need to be polished either due to
customers demand or due to small amount of material available for evaluation
during the materials development program. The process also does not use
diam‘ond abrasive and is faster by an order of magnitude or more than
conventional V-groove lapping process. Some of these features will be

elaborated in the following.

1. High Material Removal Rate

| |
- The material removal by polishing or lapping is due to sliding at the

contéct region between the workpiece and the abrasives embedded in the tool.

The matenal rremoval rate during magnetic float polishing ceramic balls is_high

J(www

because there is more sliding in this process than in conventional .lapping due

Rt 4 MR e i L e S R b S e R SRS

to followmg two_reasons: (1) The polishing load in magnetic float polishing is

Bhom /\-e..xv:e-'*w»“*

B AN

~1OO t|mes Iower than in conventional lapping. Hence, the fnctlonal force at the

S
fe N e
B
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con}tact regioh is significantly reduced. Consequently, there is more sliding than

roilihg. (2) The drive speed in magnetic float polishing is 100 times higher than

poliishing region due to increased relative speed. The experimental results
show that the material removal rate in polishing of ceramic balls by magnetic
float polishing method is ~50-100 times higher than by the conventional V-

groéve lapping method.
2. Excellent Surface Finish

~ Itis reasonable to expect that the ceramic balls finished by magnetic float
poliéhing technology would be free of surface and sub-surface damage
becéuse magnetic buoyant force during polishing is extremely small (~ 1 N/ball)
and}controllable. Also, the chemo-mechanical polishing (CMP) with a softer
abrasive is applied to this process during the final stage to improve the surface
finish. The hardness of the abrasive used in CMP is generally much lower than
the workmaterial. The material removal from the ceramic balls is due to the
removal of the reaction product during chemo-mechanical polishing by the
frictional action. The chemical reaction is produced by the interaction between
the selected abrasive, the work material, and the water from water-based
ferroifluid. Thus, the resulting surface on the polished ceramic ball is extremely

smobth and damage-free.
3. . Good Sphericity

- The mechanism for the generation of good sphericity on the balls, be it by
Iappi?ng or magnetic float polishing, is that when the larger diameter portion of a
ball énters the contact area, the load on it will increase and a larger amount of

material will be removed from this place. This process continues till the
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exp?ected spherical surface is obtained when the abrading tracks are uniformly

dist}ibuted over the whole ball surface.

In conventional ball lapping, the material from the balls is removed by the
V-gfoove lapping; And the balls arrive at certain location on the lapping plate
and; are automatically mixed and recirculated in grooves randomly to improve
the?sphericity. In the magnetic float polishing, there are 3 contact points to each

ceramic ball to bring two main motions: the rotg}_ig_g’_"g[gggq,_t_hg{g)gjg_%gg[ja“l_b!gl to

[RRPORERTN

R

The rotation of the ball is the motlonforpohshlng and the spinning motion of
theiball is the feedforpohshmg The spinning motion is critical for obtaining
gooid sphericity. Due to this spinning motion, polishing track distribution over
thegwhole ball surface is very uniform in the magnetic float polishing. Also,
becéuse the magnetic float force for polishing is small and flexible, it can modify
the sphericity in the very small scale (submicrometer level). Thus, good

sphericity can be expected to obtain by magnetic float polishing.

4.2 Silicon Nitride Workmaterial

- Silicon nitride (SigN4) is a ceramic with predominantly covalent bonding
and hexagonal structure [McColm, 1983, Katz, et al, 1985]. The electron
con:figuration of Si[3s23p2] (excited electron state: sp3 hybrid‘ization) yields the
usu:al tetrahedral arrangement of covalent bond formation with four N atoms
producing a SiNg4 tetrahedral building unit, and these tetrahedral units form the
hex%agonal SigNg4 by each comer (nitrogen atoms 2s22p3) being shared with

two: other SiNg4 tetrahedrons. So, in the three dimensional silicon nitride
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netWork, each silicon atom is covalently bonded with four nitrogen atoms, and

each nitrogen atom is covalently bonded with three silicon atoms.

Silicon nitride has two crystalllne phases (oc Si3N4 and B Si3N4

respectlvely) in the mlcrostr cture They are both covalently bonded hexagonal

PR T e E 1

structured materlals but B-S|3N4 graln |s more elongated than that of oc—S|3N4

(ot- -SigN4: a=0.78 nm, ¢=0.56 nm; B- S|3N4 a=0.76 nm, ¢=0.29 nm). The a-

RSN

SigNg is easier to form than B-SizN4 but it gets converted to B-SisN4 at high

temperature, (1400-1800:C). In general, advanced silicon nitride engineering

materials are [3 S|3N4 because all a- S|3N4 transform to [3 S|3N4 durmg the

WEEBSMRGESIRETT At

shaping process (hot pressing ).

. The covalent solid has a low concentration of vacancies and cannot be
sintéred to high densities merely by heating. Several techniques, such as
chehical vapour deposition (CVD), reaction bonding, hot pressing (HP), and
hot isostatic pressing (HIP) have been available to obtain dense silicon nitride

material [McColm, 1983]. In the following they will be briefly reviewed.

Chemical Vapor Deposition (CVD) Process: In the chemical vapour
depjosition process pyrolytically deposited SigNg4 is formed from SiCls vapor
andi NH3 gas. The volatile SiCls and NH3 gases react and deposit the SigNg4 at

the | hot substrate. High density SigNy4 layers can be obtained but they are thin

an}d}: amorphqg§ (at 0°C: SiClg + 6NH3z — Si(NH)2 + 4NH4Cl; at 1200°C:
nSi(NH)2 - a-SigNy). |

Reéction Bonding Process: Reaction bonding of SizsN4 material is
obtained by heating silicon in a nitrogen atmosphere. Silicon powder is
corﬁpacted to high density in an inert atmosphere and then heated in a nitrogen

atm§osphere at ~1400°C to achieve SizN4 material. The advantage of this
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metfhod is that complex shapes can be made. But the final product has about

20% porosrty and 300 MPa erxural strength (at 1400°C: 3Si + 2N2 — oc—S|3N4)

Hot Pressed (HP) and Hot Isostatically Pressed (HIP) Process: Hot
pressed SigN4 material is made from a mixture of o— and B-SigN4 powers
sintered to a high density using either uniaxial or isostatic high pressure. The
S|3N4 powders are mixed with densrflcatlon alds such as MgO or Y203 to

PRERESCIRT RS,

enable liquid phase sintering and then heated to 1700°C at 20 MPa pressure

for HP and heated above 1700°C in a nitrogen atmosphere at higher pressures

>300 MPa for HIP The high pressure nitrogen gas can yield the isostatic

PR

compressron whrch results in a uniform material. The disadvantage of this

method is hlgh cost and only a few shapes of the product can be made For

maklng bulk products such as balls for bearing application, this technique is

commonly used.

The chemical composition and typical properties of NBD-200 silicon

nltrlde ball ([3 -SigNg, _unraxrally pressed wrth 1 wt % MgO as main smterlng ald)

used in this study are shown in Tables 4 1 and 4. 2 A glassy phase is created at

the grain boundaries during the high- temperature srnterrng or hot pressrng of

m.m.}

S|3N4 due to the reaction of SigN4 and SiO2 with small amounts of MgO Th|s

complex glassy phase for srnterlng is primarily a magnesmm smcate modn‘red

St N N e

by C Fe, Al and other impurities initially present in SigN4.
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Table 4.1 Chemical composition of NBD-200 Si3gN4 ball [Hah, et al, 1995]

Mg Al Ca Fe C

0 SiaNg ||

| 06-10] <05 <004 | <017 | <088

23-33 |941-97.1

Tr;lble 4.2 Mechanical and thermal properties of Si3N4 ball [Hah, et al, 1995]

43 Abrasives

PROPERTY VALUE
Flexural Strength, MPa 800
Weibull Modulus 9.7
‘Tensile Strength, MPa 400
Compressive Strength, GPa 3.0
‘Hertz Compressive Strength, GPa 28
5Hardness, Hv (10kg), GPa | 16.6
éFracture Toughness, Kic, MNm3/2 4.1
Density, g/cm3 3.16
Elastic Modulus, GPa 320
Poisson's Ratio 0.26
Thermal Expansion Coefficient at 20-1000°C, /°C 29x10°
Thermal Conductivity at 100°C, W/m-K 29
Thermal Conductivity at 500°C, W/m-K 21.3
Thermal Conductivity at 1000°C, W/m-K 15.5

Abrasives considered for use in this study are listed in Table 4.3. They

are! classmed into two groups, one predominantly for mechanical polishing and

the other for chemo-mechanical pohshlng dependmg on their mechanical

hargness (higher or less than workmaterial) and chemical activity with respect

to the work material in a given environment. Fine grain size diamond, boron

carbide (B4C), and silicon carbide (SiC) abrasives which are harder than SigN4
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woﬁkmaterial are used for mechanical polishing with high material rates to
reach the desired diameter and geometry rapidly. The material removal in this
casp is considered by mechanical microfracture. Aluminium oxide (Al203),

chromium oxide (Cr20s), zirconium oxide (ZrOp), silicon oxide (Si0z), cerium

oxide (CeQy), iron oxide (FezO3), yitrium oxide (Y203), molybdenum oxide

(M0203) whose hardness is close to or less than SigN workmaterial come
tinderthesecondgroup They were investigated and analyzed systematically to
findj their suitability for the chemo-mechanical polishing to improve the final
surface finish and to determine the relationship between surface finish from
chemo-mechanical polishing and the abrasives used (for e.g. hardness, pH
vaIQe, electric Cdnductivity, thermal conductivity, position in the periodic table
etc);f.

Table 4.3 Abrasives used in this study

ABRASIVE HARDNESS
Mohs Knoop kg/mm?2

Diamond 10 7000
Boron Carbide (B4C) 9.3 3200
Silicon Carbide (SiC) 9.2 2500
Aluminium Oxide (Al2O3) 9 2150
Chromium Oxide (CroOg) 8.5 ' 1800
Silicon Nitride (Si3N4) 8.5 1600
Zirconium Oxide (ZrO») 8 1200
Silicon Oxide (SiO2) 7 820
Cerium Oxide (CeQ») 6 -
Iron Oxide (FexOg) 6 -
Yitrium Oxide (Yo0s3) 5.5 700
Copper Oxide (CuQ) 3.5 225
Molybdenum Oxide (Moé)g) 1.5 -
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Figure 4.2 (a) SEM micrograph of SiC (#400 grit) abrasives

Figure 4.2 (b) SEM micrograph of B4C (#500 grit) abrasives
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4.4

EXPERIMENTAL WORK

The polishing shaft was driven by a high-speed, high-precision air
bearing spindle (Pl Spindle) with a stepless speed regulation of up to

10,000 rpm.
The magnetic field was measured using a Gauss/Tesla meter.

The pH and conductivity value of the polishing environment were

measured using Coler-pa__rﬂmer pH/mV_/Temperqtnq.ggi‘,ameter and leg_f

- parmer Conductivity/TDS/Temperature meter, respectively.

S s R F 0

The polishing load was set up by measuring the normal force with a
Kistler's piezoelectric dynamometer connected to a charge ampilifier and

a display (resolution: 0.02 ).

The material removal rate was calculated by the weight reduction in the
balls by measuring the weight before and after polishing at every stage
of the test using a precision balance from Brinkman Instruments

AR R

(resolution: 0.1 mg).

The ball diameter was measured using a digital micrometer from

Mitutoyo (resolution: 1 um).

Full characterization of the bearing balls is required. This includes the
size (specific diameter), size variation, sphericity, and surface finish. In
this investigation, three balls are randomly selected from each batch and

each ball is traced 3 times in approximately three orthogonal planes. The
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roundness or sphericity was measured using TalyRond 250 and surface
roughness using FormTalysurf 120 L. According to AFBMA, the sphericity
of each ball is defined from the maximum value of the roundness
measured on three orthogonal planes of the ball. Similarly, the surface
finish of each ball is taken as the maximum value of three traces along

three orthogonal planes of the ball.

* The roundness of the balls was measured using TalyRond 250 (cut-off:
50 upr, Filter: 2CR). The out-of-roundness trace measures the maximum
departure (maximum peak-to-valley height) from a true circle and as such

it denoted roundness.

» The surface finish of the polished balls was analyzed using:
° Form Talysurf 120 L (Cut-off: 0.25 mm and 0.8 mm,
Evaluation length: 4-6 consecutive cut-off, Filter: ISO 2CR),

. ZYGO laser interference microscope,

. ABT 32 scanning electron microscope (SEM).

4.5 EVALUATION OF SURFACE INTEGRATION [Dagnall, 1984, 1986]
4.5.1 Evaluating Roundness by Number

‘ The numerical value of the out-of-roundness is the maximum peak-to-
valléy height (P+V). There are four different reference circles available for this
caléulation: least square circle (LS), minimum zone circle (MZ), Maximum
inscribed circle (Ml), and minimum circumscribed circle (MC) as shown in
Figjure 4.2. The roundness of the balls was measured using TalyRond 250 in

this study.
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4.5.2 Talyrond 250

Talyrond 250 is a computer controlled stylus instrument manufactured by
Rank Taylor Hobson Inc (U.K.). It has a stylus, a variable inductance pick-up
(trahsducer) with rotating worktable (for roundness measurement) and a vertical
straightness unit (for vertical straightness measurement). It has two motorized
axes for measurement (the worktable and the vertical straightness unit) and one
motorized axis for stylus contact. It can evaluate roundness, vertical
straightness, squareness, parallelism, flatness, co-axiality, cylindricity,

concentricity, eccentricity and runout and capable of conducting harmonic

analysis. The roundness limit of error from the worktable and pick-up spindle.is /

',
2

ab&ut 0.05 um (0.04 um + 0.0003 um/mm height over the worktable).

RN R R R 53

The deviation from spherical form is determined by rotation of the ball

against the transducer with several grams gauge force. The stylus tip, a

sapphire ball with a diameter of 2.0 mm, contacts the surface being measured

which is fixed on the rotating worktable. When the worktable rotates, the
roundness deviation will cause minute movements of the stylus. The variable
indQctance pick-up will convert this movement of the stylus into variations of an

electrical signal. As shown in Figure 4.3, the variable inductance. pick-up is the

armature that is connected to the stylus and can move between the two coils

whén the stylus moves. This will alter the inductance of them. These two coils

are connected to an ac bridge circuit, the movement of the armature will
unbalances this bridge and then will give an output proportional to the

mo{/ement. The signal is amplified and fed to a recorder. The phase signal
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Figure 4.2  Four different reference circles available for Out-Of-Roundness

The numerical value of out-of-roundness is the maximum peak-to-valley height
(P+V). There are four different reference circles available for this calculation:
least square circle (LS), minimum zone circle (MZ), Maximum inscribed circle

(Ml),: and minimum circumscribed circie (MC).

69



o Pivet

Styius arm

-— Stvlus

Principle of variable inductance pick-up

Magnification

Oscillator

switch
|
! .
! Phase detector,
,IW,M,/V Amplifier . demcdulator
! and filter
Modulated . ;
carrier i
Carrier
_/

Schematic diagram of electronic measuring system

Polar
recorder

Figure 4.3  The schematic diagram of Talyrond electronic measuring system
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which depends on the direction of movement is compared with the oscillator to

determine in which direction the recorder pen will move from its zero ( balance)

position. 2CR (2-stage CR networks) type filter with a mQL(Jt-Ofnfr of 50 upr

bt SRS T

(undulations per revolution) is used in this study. The 2CR filter has 75%

trarismission at its cut-off. This means that the amplitudes of the irregularities

which have a spacing equal to the the length of the cut-off are reduced to 75%
of their true value. The amplitudes of irregularities with longer wavelength are

progressively reduced‘b‘q't_ t}\hathpf ’ghg)_)g}\rﬁnﬁpﬁlj}u_desw of irregularities with _shorter

wavelength will be almost unchanged. This filter, which suppresses the out-of -
roundness lobes (undulations with approximately equal height and spacing)
and leaves the general shape unchanged. It will allow the other surface

irregularities to be displayed at a higher magnification.
4.5.3 Evaluating the surface finish by number:

The surface roughness obtained by mechanical polishing generally has
apﬁroximately a symmetrical profile. However, when the peaks are smoothened
preferentially leaving the valleys intact as in fine finishing and chemo-
me#hanical polishing giving a fairly smooth bearing surface, the surface
roughness can be unsymmetrical. Many parafneters have been proposed to

quantify the various surface characteristics. It is necessary to ensure that these

values truly represent the surface features of interest. It is generally recognized

that only Ra is not enough to evaluate the surface finish and that both Ra and Rt

(or Rmax) may be necessary (see Figure 4.4). The Ra value represents the

T

PR

regjarding t}h_e shapeofthelrregul iti 'S (such as deep surface defects) s

ﬁgvﬁeragedout The Rt value is the vertical distance between the highest and

lowest points of the roughness profile. It is not a typical value for the whole

TSR AT TN R
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Derivation of some peak parameters

R, = Maximum peak-to-valley height within the sampling length L

R, = The vertical height between the hzghesz and lowest points of the profile
within the, evaluation Iength
R, = The mean yalue of the R,,,,,, of f ve consecuzzve samplmg lengths

Figure 4.4 Derivation of some surface roughness parameters (Ra and Rt)
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surface, but can dlrectly represent the irregular surface defects, such as

RS

e st o

scratches and pits (deep valleys), which can have a srgnn‘rcant effect on the
surfece quality of advanced ceramic materials (Rt = Rp + Rv = va) for various

appllcatlons For polished surfaces, the international standard (18). recommends

PSRN 28

that the cut-off (i.e., sampling length) is 0.25 mm or 0.8 mm, and a evaluation

length is formed by 4:6 consecutive, cut:off.

The surface finish in this study is generally measured using Form
Talysurf 120 L. For a stylus instrument, such as TalySurf, the stylus size and
shape affect the accuracy of the profile. It would not be possible to trace the

complete profile of a deep valley especially the bottom if the size of the valley is

smaller than the tip radius. T_he stylus tip radius of TalySurf 120L used in this

study is about 2 um. However, SEM micrograph can be helpful to identify

whether there are surface defects which can be reflected by stylus of TalySulf

PR

and whether the value from TalySurf is a reliable for small -damage surface.

kR TGN ST 55

Talysurf is convenient to use for large area scanning with help by SEM
micrograph. The StXLEiEP radius of AFM.is 50-100 nm and can easily be broken
and not easy to be operated and used very often. In this study, AFM is used for
final high magnification evaluation of some random areas. We also checked
surﬁace finish by ZYGO laser interference microscope which is non-contact

measurement instrument. For the ZYGO laser interference microscope, the

focus rangewieﬁimpevgg‘!r_)ﬁtﬁ and should include both peaks and valleys of the

polished surface. Otherwise, the surface values from ZYGO are unreliable.

Based on the evaluation by all of Talysurf, SEM, ZYGO and AFM
characterization techniques, one can be more confident that the surface finish

value shown are a reliable representation of the true surface quality.
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4.5.4 Talysurf 120L

Rank Taylor Hobson's Talysurf 120L is used for surface finish
meésurement in this investigation. It is a computer controlled stylus instrument

and has a stylus laser interferometric pick-up (transducer) with a 120 mm

traverse unit (for traversing the stylus across the surface of the component to be

measured). It is capable of measuring the roughness (by high. frequency pass

S e s

filter) and waviness (by low_frequency. pa

e

er) of the surface. Its vertical

resolutlon is 10 nm and the horizontal resolution is 0.25 um for using standard

SR

conisphere diamond.stylus with a tip radius of 2.0 um.

The schematic diagram of the laser interferometric transducer system is

shown in Figure 4.5. The force applied to the sample by the stylus over the full

oAV

range is 0.7-1.0 mN. Measuring speed.is.0.5 mm/sec. A straightness datum is

incorporated to enable measurements of up to 120 mm long without reference
to an external straight line datum. There are three types of filters in the Talysurf,

namely, 120L: 1SO 2CR, 2CR PC and Gaussian filter. The ideal filter

S

chagracteristics of changing abruptly at the selected cut-off length can not be
achieved economically in practice. Therefore, the filters are standardized to give
a trénsmission of 75% at its cut-off for 2CR (2-stage CR networks) type filters,

and to give a transmission of 50% at its cut-off for Gaussian filters. This means

that the amplitudes of the irregularities which have a spacing (wavelength)
equal to the the length of the cut-off are reduced to 75% (or 50%) of their true
valQe. The amplitudes of irregularities with long wavelengths are progressively

reduced but that of the amplitudes of irregularities with short wavelength will be

almost unchanged. The traverse unit requires time to ac te from r rest up to

RN,

i_t_s»_r}pe}_qsu_riﬁng speed. Using ISO 2CR filter, the first two cut-offs are discarded;
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i |__} _=_ﬁ‘“-t~ ] INTERFEROMETER .

Figure 4.5 The schematic diagram of Form Talysurf traverse unit with laser
interferometric transducer system

Due to vertical movement of the stylus, the length of the laser light path
changes as it passes through the corner cube prism. When compared to the
reference source it effectively changes phase and a Moiré interference fringe
pattern can be detected proportional to the laser light wavelength. These
fringes are interpolated to obtain the required resolution in the ‘Z’ axis.

The ‘X’ axis movement is detected by a pulse train generated by a traversing
interferometric transducer system, the Moiré fringe patterns of which occur
every half wavelength of laser light, i.e. every 316-4nm.
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ZCR PC: the first and last cut-off are discarded: Gaussian: half of the first cut-off

and half of the last cut-off are discard.

4.5.5 Grade, Roundness, and Surface Roughness

spejcification for differenht“grades of metal bearing balls are given Table 4.4. The
surface finish requirement for ceramic bearing balls are generally higher than
for metal bearing balls. Our target is to obtain AFBMA grade 3 and we have

been routinely obtaining Gfade 10 without much difficulty by magnetic float

polishing (MFP).

Table 4.4 ANSI/AFBMA Grading Charts of Metal Balls for Bearing

ANSI/AFBMA | Lot Diameter Roundness Surface Finish
| Grade Variation (um) (um) Ra (um)
3 0.13 0.08 12
5 0.25 0.13 20
10 0.5 0.25 25
25 1.2 0.6 50
50 2.4 1.2 76
100 5 2.5 127

PR
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CHAPTER 5

APPLICATION OF TAGUCHI METHOD TO DETERMINE OPTIMUM
'POLISHING CONDITIONS IN MAGNETIC FLOAT POLISHING

51 INTRODUCTION

In this chapter the investigation focuses on the application of Taguchi
method for the optimization of MFP process parameters to obtain the best finish
possible by final mechanical polishing with a fine B4C abrasive. It may be noted
that the resulting surface finish obtainable in the final finishing by chemo-
meéhanical polishing (CMP) is influenced by the previous final mechanical
poliéhing in which fine and harder SiC or B4C abrasives are generally used.
Thé surface finish by final fine mechanical polishing should be as good as
possible prior to chemo-mechanical polishing. Further improvements ih the

surface finish can be achieved, for example, by applying CMP technique using

CeO2 abrasive.

Various parameters that affect the quality of the ceramic balls finished by
thefMFP process, include the magnetic field strength, the workmaterial, the
abrésive used (material and grain size), the rotational speed of the sha\ft, the
typé of magnetic fluid used (water based or hydrocarbon based), the volume %
of the abvrasive in the magnetic fluid, and the stiffness of the system. For a given
abr?sive-workmaterial combination and the MFP system, three polishing
parémeters, namely, (i} the polishing force, (ii) the abrasive concentration, and
(iii)gthe polishing speed are considered to have major influence on the surface

quélity. The main objective of this investigation is to determine the effect of
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theée three parameters on the surface finish during mechanical polishing by

fineQB4C #1500 abrasive (grain size 1-2 pm).

~ The polishing shaft was driven by a high-speed, high-precision air
beai'ing spindle (Pl Spindle) with a stepless speed regulation up to 10,000 rpm.
The magnetic field was measured using a Gauss/Tesla meter. The pH value of
the ‘polishing environment was measured using a pH/Temperature meter. The
poliéhing load was set up by measuring the normal force with a Kistler's
pieioelectric dynamometer connected to a charge amplifier and a display. To
calculate material removal rates, the weight reduction in the balls was
detérmined by measuring the weight before and after polishing at every stage of
the itest using a precision balance. The surface finish of the polished balls was
meésured using a Form Talysurf 120 L (cut-off: 0.8 mm, evaluation length: 6
con;secutive cut-off, Filter: ISO 2CR). The roundness of the balls was measured
usiﬁg TalyRond 250 (cut-off: 50 upr, Filter: 2CR). Table 5.1 lists the test
conditions used together with the details of the workmaterial (uniaxially pressed
Si3N4, CERBEC NBD-200 from Norton Advanced Ceramics), the abrasive
(B4C #1500), and magn.etic fluid used (water-based W-40). The polishing shaft

diarheter is 2.5 inch.

78



Table 5.1 Test Conditions

HIP'ed SisNy balls (CERBEC)

Workmaterial Diameter: 12.7 mm (0.5 inch)
Sphericity: 1 um
Type : B4C (NORTON)
Abrasive Size : #1500 (1-2 pm)
Concentration : 5%, 10%, 20%
Load, N/ball 04,08,and 1.4
Speed, rpm 2000, 4000, and 7000
Test Time 45 min/step

Magnetic Fluid

Water-based (W-40)

Saturation Magnetization

at 25 °C: 400 Gauss
Viscosity at 27 °C: 25 Cp

Table 5.2 Test Parameters Used and Their Levels

Parameters
LEVEL A: Load B: Vol % C: Speed*
1 04N 5% 2000 rpm
0.8 N 10% 4000 rpm
3 14N 20% 7000 rpm

* Polishing shaft diameter is 2.5 inch.
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5.2 THE DESIGN OF EXPERIMENTS AND TAGUCH!I METHOD

Several approaches are available for the design of experiments to
invejstigate the effect of various parameters on the surface finish obtainable in
fine?mechanical polishing using MFP process. They include simple single-factor
by Sing|e-factor approach, i.e. only one factor is changed for a given trial run,
the ‘traditional factorial and fractional factorial approaches [Fisher, 1971], and
the highly-fractional factorial experimental design, namely, the Taguchi method
[Taguchi, 1992; Dehnad, 1989; Roy, 1990; Barker, 1990; Ross, 1996]. Of
coufse, the number of experiments need to be conducted decrease rapidly as
one goes from a single—factbor by single-factor approach. to the factorial design,
to the fractional factorial design, to the Taguchi method. This, in turn, will have a

significant impact on the time consumed as well as the overall costs.

Compared to the single-factor by single-factor approach, Taguchi method
can extract information more precisely and more efficiently. Also, fewer number
of tests are needed even when the number of variables are quite large.
Although, Taguchi's experimental design and analysis are conducted by highly
fractional factorial experimental design (Taguchi Orthogonal Arrays) to
detérmine the influence of the factors and their levels and identify the best
combination of parameters, it has been shown that this method yields the same
or éven better results (in terms of precision) as a complete factorial experiment

[Roy, 1990; Barker, 1990; Ross, 1996] .

Compared to the traditional factorial and fractional factorial approaches,
Taguchi method, as will be shown, overcomes most of their limitations. A full-
factorial design of experiments will include ail possible combination settings of

the factors involved in the study resulting in a very large number of trial runs and
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conéiderable time to accomplish this task. To simplify the experimental effort
and reduce the number of tests to a reasonable level, only a small fraction of
setti:ngs that produces most information from all the possible combinations is
selécted. This method is known as fractional-factorial design of experiments.
Although this shortcut method is well known, its shortcoming is that there are no
genérally accepted standard guidelines for both the design of experiments and
the analysis of the results. Consequently, the experimental design and analysis
of the results can be rather complex. Taguchi's method overcomes these
limitations by first simplifying and standardizing the fractional factorial designs
by developing a set. of standard Orthogonal Arrays (OA) which can be used for
mahy experimental situations, and then devising a standard method for the
ana%lysis of results. The combination of standard experimental design and
analysis techniques used in Taguchi method produces consistency and
repfoducibility which are not commonly found in other statistical methods.
Design of highly fractional factorial experiments, say, for the same problem by
two different investigators using Taguchi method, will yield similar data and
conplusions. It is, thus, a standardized experimental design methodology that
can easily be applied by investigators having particularly no strong statistical

background [Roy, 1990].

Taguchi experimental design was developed by Dr. Genichi Taguchi in
Jap;an after World War 1l. 1t is considered as a highly effective method for the
determination of optimal values for the various parameters involved in a given
mahufacturing system. The quality of automobiles is particular and various other
pro%jucts in general by the Japanese manufacturers is attributable largely to the
widéspread application of this method. Since its introduction in the U. S. (first

imﬁlemented at AT&T Bell Laboratories) in 1980, Taguchi method has been
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widély applied and broadly discussed. Several industries including AT&T,
Xerox, Ford, and ITT have applied this method in various product realization

stages [Dehnad, 1989; Ross, 1996].

This investigation focuses on the use of Taguchi's method to optimize the
proéess conditions in the polishing of ceramic balls for bearing applications.
The optimum setting and relative significance of the load, rotational speed, and
abrésive concentration (for a given abrasive B4C #1500) on the surface finish
(Ra and Rt) of workpiece (NBD-200 Si3N4 ball) are investigated. The polishing

shaft diameter is 2.5 inch.

5.3 EXPERIMENTAL APPROACH
5.3.1 Selection of Parameters and Their Levels:

As already mentioned, the three process parameters, identified as the
moét critical variables in the generation of surface finish for a given abrasive
(material and size) - workmaterial combination in the polishing process, are (i)
the ipolishing force, (ii) the abrasive concentration, and (iii) the polishing speed.
And each factor is investigated at 3 levels to determine the optimum settings for
the 'polishing process in this study. The smallest, standard’ 3-level orthogonal
arréy Lo (34) which has four 3-level columns (for a maximum of four parameters
thaf can be tested) available is chosen for this case. The factors and their levels

areigiven in Table 5.2.
5.3;2 Orthogonal Array (OA) Design:

Taguchi method employs standard tables known as '‘Orthogonal Arrays'

for constructing the design of experiments [Barker, 1990]. It may be noted that
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the term '‘Orthogonal' is used here to indicate balanced and not to be mixed, or
seperable. Orthogonal Arrays (OA) are generalized from Graeco-Latin squares.
The mathematical discovery of OA was originally due to the French
mathematician, Jacques Hadamard, who developed it in the 1890s but the

techﬁnique was not explored for use until World War |l [Ross, 1996].
The main functions of the Orthogonal Arrays are the following:

(1) Because of the pairwise balancing property of the orthogonal arrays,
any two columns of an OA form a 2-factor complete factorial design.
Consequently, whatever is happening of all the other parameters at one level
of pﬁ‘arameter being studied is also happening in the same way at other levels
beiﬁg studied. The effects of the other parameters on the parameter level being
stueied can be counteracted (offset) by averaging the responses. That means,
the effect of one parameter being studied is separable from the effects of other
parameters. So,vthe contribution and optimum level value of each factor can be

determined in the balanced experiment.

(2) Orthogonal array experiments also minimize the number of test runs
due to pairwise balancing property. With 4 factors and each at 3 levels, there
are 34 possible combinations and would require 81 trial runs for a factorial
experiment, and with 3 factors and each at 3 levels, there are 33 possible
corhbinations and would require 27 trial runs for the factorial experiment. With
theOrthogonal Array (OA) technique, there are only 9 runs required for Lg (34).
Further, the effects of the experimental errors on the parameter being studied as
in the case of factorial design or one factor by one factor design can be
eliminated (counteracted and offset) as the analysis of Taguchi method takes

care of this factor (by the analysis of averaging the level responses).
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An orthogonal array (OA) Lg (34) for a 3-level factor used in this
inveétigation is shown in Table 5.3. This array has 9 rows and each row
représents a trial condition with factor levels indicated by the numbers in the
row. The vertical columns correspond to the factors specified in the study and
eacﬁ column contains three Level 1, three Level 2, and three Level 3 conditions
(a tdtal of 9 conditions) for the factor assigned to the column. And each column
(factors) has nine possible combinations: (1,1), (1, 2), (1, 3), (2, 1), (2, 2), (2, 3),
(3, 1), (3, 2), and (3, 3). We note that any two columns of an Lg (34) not only
have these possibilities but also have the same number of times of these
possible combinations. Thus, all four columns of an Lg (34) are said to be

balénced, orthogonal or statistically independent of each other.
5.3.3 Experimental Design:

Details of the experimental design and approach are given in Table 4.
The factors under consideration, namely, load (N), abrasive concentration (vol
%),;and speed (rpm) are placed in the first three columns (A, B, C) of the OA Lg
(34) leaving the fourth column D open (and is designated for uncontrolled or
unknown parameters in this investigation). The outputs, namely, the surface
finish (Ra and Rt) values are the test results measured using a Form Talysurf

12Q L (cut-off: 0.8 mm, evaluation length: 6 consecutive cut-off, Filter: ISO 2CR).

The vertical columns show the levels of polishing parameters specified in
thej study and each fow represents a trial condition. The performance
characteristic value from each trial run (discussed in Section 5.4) are then used
to ¢ompute the statistical performance characteristic (discussed in Section 5.5)

which is affected by any one parameter but independent of the others.
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Table 5.3 Lg(34) Orthogonal Arrays Used

Factors Investigated
Trial No. A B C D Test Results
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
-9 3 3 2 1
Table 5.4 Experimental Design
Factors Test Results
Trial No. | Load (N) | Abr. Vol % [Speed (rpm)] Ra (nm) Rt (nm)
1 04 5% 2000
2 0.4 10% 4000
3 0.4 20% 7000
4 0.8 5% 4000
5 0.8 10% 7000
6 0.8 20% 2000
7 1.4 5% 7000
8 1.4 10% 2000
9 1.4 20% 4000

* The fourth column (factor D) is unset and designated as the unknown
parameter(s) in this investigation.
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5.4 EXPERIMENTAL RESULTS AND EVALUATION

The surface quality of the polished ceramic balls under various trial
conditions is evaluated in terms of surface roughness (both Ra and Rt) at
random of several areas (seven samples R4, Ro, ..., R7 in this study) as shown
in Table 5. These repetitive sample data in each trial run (each polishing
condition) will further be consolidated into an average value or a signal-to-noise
ratio (S/N) to interpret each trial run (each polishing condition) into one
evaantion value for the optimum setting analysis study (discussed in Section

5.5).
5.4.1 Evaluation of each trial run by average value:

I R..
1=21 (Ri1 + Riz + Riz + Rig + Ri5 + Rig + Ryy)

Rj=3 N
j=1 "

~J |

where i is trial number; r is number of regions where surface roughness values

are measured in a trial run.

For example, for Trial No.1

R(Ra)l=%(32+37+37+35+33+34+36)=35nm

R(Rt)1 = % (294 + 324 + 318 + 401 + 326 + 302 + 462) = 347 nm

The average values of the other trial runs are calculated in a similar way
and the results are given in Table 5.5. Average value of each trial run can be

considered as an average deviation from the target value of zero (Ra and Rt —

0).
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Table 5.5 Experimental Results

Test Surface Finish, Ra(nm) Average S/N
No. R1 R2 " R3 R4 R5 R6 R7 (nm) (dB)
1 32 37 37 35 33 34 36 35 -30.86
2 37 38 36 39 38 42 38 38 -31.67
3 38 35 35 34 36 32 35 35 -30.89
4 33 29 28 28 29 27 27 29 -29.18
5 31 29 28 27 26 26 24 27 -28.74
6 38 35 42 39 42 40 37 39 -31.84
7 23 24 23 20 22 24 25 23 -27.25
8 35 32 31 38 34 32 30 33 -30.43
9 24 26 33 28 30 27 29 28 -29.03
Test Surface Finish, Rt(nm) Average S/N
No. R1 R2 R3 R4 R5 R6 R7 (nm) (dB)
1 294 324 318 401 326 302 461 347 -50.9
2 327 498 481 411 399 504 529 450 -53.2
3 395 390 363 385 380 298 513 389 -51.9
4 298;’ 260 346 357 268 251 325 301 -49.6
5 274 254 657 334 283 246 207 322 -50.9
6 405 344 547 547 480 434 368 446 -53.1
7 209 180 210 200 221 250 220 213 -46.6
8 303 297 390 371 334 240 274 316 -50.1
9 229 - 230 384 214 236 278 228 257 -48.4
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54.2

Evaluation of each trial run by S/N dB value n:

Taguchi method uses the signal-to-noise (S/N) ratio instead of the

average value to interpret the trial result data into a value for the evaluation

characteristic in the optimum setting analysis. This is because signal-to-noise

ratio

surfa

funct

bette

S/N) can reflect both the average (mean) and variation (scatter) of the

ce quality under one trial run, namely, one polishing condition.

If the S/N ratio is expressed in dB units, it can be defined by a logarithmic
ion based on the mean square deviation around the target, smaller-the-

- in this study:

S/N = - 10 logio MSD

where MSD is the mean square deviation around the target value rather than

around the average value. The purpose of using the constant, 10 in the

calculation is to magnify the S/N number for easier analysis and the negative

sign

smal

s used to set signal-to-noise ratio of larger-the-better (a larger signal and a

er noise) relative to the square deviation of the smaller-the-better. The

target value in this study tends to zero (Ra and Rt — 0) and all random samples

are equally important. Therefore, the mean squared deviation- (variance) is

calculated from sum of the squares (R;j - 0)2 of all the data points. As can be

seen

ARjj

N

in the following, this value reflects both the the average, R; and variance,

of each trial result data:

1 r 2 1 r 2
ISDi=c%j=;zl<Rij> =1 2 (Ri+ARy)
1= 1=

r

ro__ r
:%(2 E2+2%R1AR11'+'21AR1]'2)
— =

. =l j=
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r o —
(ARjj are normally distributed, so 2 3, RjAR{j= 0)
=1

where MSD; is the square of the deviation around the target value of zero (Ra

and Rt — 0) and reflects the deviation of the trial result from the target value of

zero.

Y
S/Nj = - 10 log MSD; = - 10 log 1. ' R
=1

where i is the number of a trial; MSD; is the square of the standard deviation of a

trial i
surfa

calcu

o; is the standard deviation in a trial i; r is number of regions where
ce roughness measurements are made in a trial. First, the MSDj is

lated and then substituted in the above equation to obtain the S/N values.

MSD; = -17- (Ri12 + Rip? + Riz? + Rig? + Ri52 + Ri? + Ri7?)

for example in Test No.1, for Ra

whic

MSD(Ra)1 = % (322 + 372 + 372 + 352 + 332 + 342 + 362)

Hence, S/N(Ra)1= -10log MSD(Ra)1 = -30.9 dB

Similarly for Rt,

MSD(Rt)1 = % (2942 + 3242 + 3182 + 4012 + 3262 + 3022 + 4622)

Hence, S/N(Rt)1= -10log MSD(Rrt)1 =-50.9 dB

Similar calculations are carried out for the other trial runs, the results of

h are given in Table 5.5. It is known that smaller average and smaller
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variability (smaller MSD) are desirable for the surface finish of the balls. That is,

an uneven amount of surface damage is worse than an even amount of surface

finish \when the average values are the same. This means smaller averages or

larger signal-to-noise ratios are better. The evaluation by average value is more

a perception while the S/N value is more objective.

5.5 | EXPERIMENTAL ANALYSIS
The experimental results are analyzed to achieve the following three
objectives:

1. To establish the optimum conditions for the polishing process (5.5.1)
2. To estimate the contributions of individual parameters (5.5.2)

3. To predict the response under optimum conditions

5.5.1 Level Average Response Analysis

The optimum conditions for the polishing process can be identified by

studying the average response of each parameter level in the OA (Orthogonal

Array) experiments. This is outlined in the following.

5.5.1.1 Level Average Response Analysis Using Average Value of Each Trial

Run:

The level average analysis is based on combining and averaging the

response associated with each level for each factor. It may be noted from Table

3 that the 1st level of factor A occurs in experiment numbers 1, 2, and 3, all 3

levels of factors B and C appear once in these three experiments. The 2nd level
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of factor A occurs in experiment numbers 4, 5, and 6, all 3 levels of factor B and

C also appear once in these three experiments. The 3rd level of factor A occurs

in experiment numbers 7, 8, and 9, all 3 levels of factor B and C also appear

once

in these three experiments. It means the level conditions of factors B and

C with different levels of factor A are the same. Hence, it counteracts the effects

of the| factors B and C on the response of factor A. Thus from the average data of

each

three experiments wherein one level of factor A occurs in, the optimum

value|(level) of factor A can be determined.

level

For example, to compute the average performance of the factor of A at

1, add results for tests including factor A1: load (0.4 N), and then divide by

the number of such tests. In the column for A: load, level 1 occurs in experiment

numbers 1, 2, and 3. The average effect of load (0.4 N) is therefore calculated

by adding the results of these three tests and dividing by 3: |

Ra(A1) =%(35 + 38 + 35) = 36 nm

Ry(A1) = % (347 + 450 + 389)= 395 nm

The average effects of the other two levels are calculated in a similar

manner. The average effect of each load level under study is displayed in Table

5.6 (a). A3 (load: 1.4 N) is found to be the optimum condition from the analysis.

The

average effects of factors B and C are analyzed in a similar way and are

given in Tables 5.6 (b) and (c). It is found that B1 (5 vol% abrasive) and C3

(7000 rpm) are the optimum conditions. The average effect of each parameter

level

one

is shown graphically in Figures 5.1 (a) and (b).

Note that in Tables 5.6 (a) to (c), namely, the surface quality is affected by

parameter only and is independent of the other parameters due to the
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Table 5.6 (a) Average Effect of Each Load Level

Analysis Average Response
Load level | Test No. Ra(nm) Rt (nm) Ra (nm ) Rt (nm)
1 35 347
04N 2 38 450 36 395
3 35 389
4 29 301
08 N 5 27 322 32 356
6 39 446
7 23 213
14N 8 33 316 28 262
9 28 257

Table 5.6 (b) Average Effect of Each Abrasive Concentration Level

Abrasive Analysis Average Response
vol% level | Test No. Ra(nm) Rt (nm) Ra (nm ) Rt (nm)
1 35 347
> %o 4 29 301 29 287
7 23 213
2 38 450
10% 5 27 322 33 363
8 33 316
3 35 389
20% 6 39 446 34 364
9 28 257
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Table 5. 6 (c) Average Effect of Each Speed Level

Analysis Average Response
Speed level] Test No. Ra(nm) Rt (nm) Ra (nm ) Rt (nm)
1 35 347
2000 rpm 6 39 446 36 370
8 33 316
2 38 450
4000 rpm 4 29 301 32 336
9 28 257
3 35 389
7000 rpm 5 27 322 28 308
7 23 213
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Figure 5.1(a) Plots of the response of each polishing parameter level on the surface finish Ra
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pairw

proce

se balancing property of the orthogonal design used. For the polishing

ss, smaller surface finish value (Ra and Rt) of the polished surface is

desired. So, A3B3C1 is likely to produce the best results for both Ra and Rt and

therefore, the optimum conditions are the following : load 1.4 N, vol % of

abras

5.5.1.

ive 5%, and speed 7000 rpm.

2 Level average response analysis using S/N value:

The level average S/N analysis actually is similar to the level average

analysis except that S/N values are used instead of the average values. The

objective of this analysis is to determine the optimum polishing conditions such

that the signal-to-noise (S/N) ratio is as large as possible relative to the mean

(the target Ra, Rt — 0) and variation as small as possible. The analysis using the

S/N value is more objective, but the S/N value is rather abstract and cannot

indicate the physical meaning of the quality/parameter response directly.

comb
analy
analy

value

7 (a)

Level average S/N analysis is given in Tables 5.7 (a) and (b) by
ining and averaging the response for each parameter level. In fact, the
sis presented in Tables 5.7 (a) and (b) is similar to the level average
sis presented earlier but using the S/N values rather than the average

S.

Figures 5.2(a) and (b) are S/N response plots using the data from Tables

and (b). In these plots, the levels corresponding to the highest S/N values

are chosen for each parameter for they indicate the best quality (both the mean

and variation are smallest). Thus, A3B1C3 (Table 5.2) is found to give optimum

condi
variat

study

tions for a large S/N value in conjunction with a small mean and a small
ion of both Ra and Rt. So, with the range of parameters evaluated in this

a load of 1.4N, a concentration of 5 vol %, and a speed of 7000 rpm are
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Table 5.7 (a) Level average analysis using S/N ratio for Ra

Load level

Test No.

S/N (dB)

Sum. level Sy;

Ave. of level

i

-30.86

-31.67

-30.89

-93.42

-31.14

0.8 N

-29.18

-28.74

-31.84

-89.76

-29.92

1.4 N

-27.25

-30.43

O |0 N O |0 b W NN

-29.03

-86.71

-28.9

Abr. Vol% level

Test No.

S/N (dB)

Sum. level Sy;

Ave. of level

5%

—

-30.86

-29.18

-27.25

-87.29

-29.10

10 %

-31.67

-28.74

-30.43

-90.84

-30.28

20 %

-30.89

-31.84

© |O W o | N N

-29.03

-91.76

-30.59

Speed level

Test No.

S/N (dB)

Sum. level Sy;j

Ave. of level

2000 rpm

-30.86

-31.84

-30.43

1.'93.13

-31.04

4000 rpm

-31.67

-29.18

-29.03

-89.88

-29.96

7000 rpm

-30.89

-28.74

~N O W o [ o o |

-27.25

-86.88

-28.96
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Table 5.7 (b) Level average analysis using S/N ratio for Rt

Load level

Test No.

S/N (dB)

Sum.level Sy;j

Ave. of level

0.4 N

—h

-50.

-53.

-51.

-156

-52

0.8 N

-49.

-50.

-53.

-153.6

-51.2

1.4 N

-46.

-50.

© |0 N o |0 |~ [N

= O = o [ Jo N |©

-48.

-145.1

-48.4

Abr. Vol% level

Test No.

S/N (dB)

Sum. level Syj

Ave. of level

5 %

-50.9

-49.

-46.

-147.1

-49.1

10 %

-53.

-50.

-50.

-154.2

-561.4

20 %

-51.

-53.

© |O |[W | oM N~ |

o= O = Jo Mo o

-48.

-153.4

-51.1

Speed level

Test No.

S/N (dB)

Sum. level Sy

Ave. of level

2000 rpm

-50.

-53.

-50.

-154.1

-51.4

4000 rpm

-53.

-49.

-48.

-151.2

-50.4

7000 rpm

-51.

-50.

VIR 420 IS T Ko 2 =S |\ I oo Fo> B B

d O O | |0 |IN = |= |©

-46.

-149.4

-49.8
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Figure 5.2 (a) Plots of the S/N ratios showing the effect of each parameter level on the surface finish Ra
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considered as the optimum polishing settings. It is coincidental that the
conclusions arrived here from the analysis of S/N values are exactly the same

as those drawn from the above simple analysis using the average values.
5.5.2| Analysis of variance (ANOVA)

Analysis of variance (ANOVA) can be used to evaluate the response
magnitude (%) of each parameter in the orthogonal experiment. This method
was first developed by Fisher in the 1930s [Fisher, 1971]. It is used to identify
and quantify the sources of different trial results from different trial runs (i. e.

different polishing conditions).

For different trial conditions, the results can be different due to (a) the

variations produced by unknown parameters or random interferences (noise

factors) (also known as the variations from uncontrolled parameter conditions)
and (b) the variations produced by the changing of polishing conditions (also
called as the variations from controlled parameter level conditions or testing
conditions). Therefore, it is important to identify whether the variations under
different trial runs are from the unknown parameters or from different test
parameter (control parameters) level settings. This way the influence of the
variations in the control parameter settings (different trial run settings or different
polishing conditions tested) can be determined and the percent contribution of
each parameters can be evaluated to make a decision on how significant is the

effect|of each parameter (known and unknown) on the polishing results.

Since standard deviations are not additive, the sums of squares of the
standard deviation, which are additive 672 = 6aA2 + G2 + G¢?, is usually used
for the calculation and analysis of the variation or variability from each and all

factors (parameters) in ANOVA. The basic property of ANOVA is that the total
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sums of the squares (total variation) is equal to the sum of the SS (sums of the
squares of the deviation) of all the condition parameters and the error
components i. e. adding the variations from each factors, SST = SSp + SSp
+8S¢ +SSe. Table 5.8 list the values of S/N, (S/N)2 , and their sums for Ra and
Rt respectively which are used in the following calculations for SST, SSa, SSg,

SSc, and SSe.

‘ (1) Total variation (SST):

%The total variation of the experimental results (for the total number of
trial riuns, n = 9 in this study) caused by both the controlled (tested) parameter
settiné variations (i. e. different polishing conditions tested) and uncontrolled (or
unknown) parameters can be represented as the sum of the squares (SS)
deviation of all the resulting data from the trial runs.

3 (yi-9P

i=1

SST =

n B n 2
w8sT=X (y3-9)%= X y;2-4-
i=1 i=1
where G (=X yi) is the sum of the resulting data of all trial runs; X yi and X yi2
are taken from Table 5.8; and n (=9) is the total number of the trial runs. The

total trial variance is: V1 = SSt/FT, where Ft is the number of degrees of
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freedom (DOF) of the total variation (i. e the number of trial runs minus one). For

example, in this case it is, FT = 9-1= 8.

For Ra
SSt=8112.05 - M =18.65
Similarly, for Rt
| SSt =23009.37 - M = 36.92

i (2) The trial variation from the the tested parameter setting variation

(condition variation) SSk:

The variation caused by each parameter from their different level settings
can be reflected by the total sum of the squares (SS) of the deviation from the

average of all trial results involving this parameter level.

t o, ¢
SSk= X tx(F3-9)°= 2 (
i j=1 j=1

S5, 2

t n
wheré k represents one of the tested parameters; j is level number of this
parameter K; ? is the average of all trial runs; }_’1 is the average of each of the
level under the parameter k; t is the repetition of each level of the parameter k;
Syj is sum of all trial results involving this parameter k level j; n (= 9 ) is the total

number of trial runs. Values of Sy; for Ra are given in Tables 5.7 (a) and for Rt

in Table 5.7 (b).

For Ra

2
(-93.42)2 + (-89.76)2 + (-86.71)2  (-269.89)
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(-87.29) + (-90.84)2 + (-91.76)% _ (-269.89)2

| o/ =— :3.72
| SSvo01% 3 9
(-93.13)2 + (-89.88)2 + (-86.88)2 (-269.89)%
SSspeed = ' - =6.51
p 3 9
qu Rt
152 4 (A58 €12 s (A4E 2 (ams 2
SSlond = (-156)2 + ( 1533.6) +(1450)2 (4547)° oo
| 2. 2. (. 2 2
S0l (147.1)2 + ( 154;2) +(1534)2 (4547)° oo
(-154.1)2 + (-151.2)2 + (-149.4)2 (-454.7)
| SSspeed = - =3.75
1 3 9
1

deviatjion of each parameter divided by the degrees of freedom (DOF) of this
paran%eter: Vk=SSk/Fk. The number of degrees of freedom (or independent
compiarisons), F, for a pafameter is equals to the number of levels (number of
observations) for this parameter minus one. For example, in this case, Fx = 3-1=

2.

i(3) The trial variation from the random variations in testing or from

unknown parameters, SSq:
SSe¢ = SST - SSjpad - SSvol% - SSs’peed
For Ra

SSe = 18.65-7.52-3.72-6.51=0.9

For Rt
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| SSe = 36.92 -21.87-10.08 -3.75 = 1.22

Variance Ve= SSe/Fe where Fe=3-1=2. Actually, the variance of the
unknc}wn parameters is equals to the variance of the parameters in column D

(uncontrolled parameters) in Table 5.3 and 5.4.

Tables 5.9 and 5.10 shows the results of the analysis of variance
(ANO?VA) for Ra and Rt, respectively under different trial runs. It can be seen
from fhese tables that for the surface finish Ra, the contribution of factor A
(polishing load) (40%) is more significant than factor C (polishing speed) (35%)
and both of them are more significant than factor B (abrasive concentration
vol%)| (20%). For the surface finish, Rt, the contribution of factor A (polishing
load) .(59%) is more significant than factor B (abrasive concentration vol%)
(27%) and both of them are more significant than factor C (polishing speed)
(10%)1. Further, it can be seen that the relative significance of factors B and C

are re;versed for Ra and Rt.
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Table 5.8 Values of S/N and (S/N)2 for Ra and Rt

1 For Ra For Rt

":fest No. | S/Nor¥i | (S/N)2orvi2 | S/Nor¥;i | (S/N)2orYi?
! -30.86 952.34 -50.9 2590.81
2 -31.67 1002.99 53.2 2830.24
3 -30.89 954.19 -51.9 2693.61
4 -29.18 851.47 -49.6 2460.16
5 -28.74 825.99 -50.9 2590.81
6 -31.84 1013.79 -53.1 2819.61
7 27.25 742.56 -46.6 2171.56
8 -30.43 925.98 -50.1 2510.01
9 -29.03 842.74 -48.4 2342.56
B> -269.89 8112.05 -454.7 23009.37
|

Table 5.9 Analysis of Variance (ANOVA) for Ra

DOF SS SS %

A: Polishing Load 2 7.52 40%

~ B: Abrasive Vol% 2 3.72 20%
. C: Polishing Speed 2 6.51 35%
‘ D: Unknown 2 0.9 5%

_ Total 8 18.65 100%

Table 5.10 Analysis of Variance (ANOVA) for Rt

DOF SS SS %

A: Polishing Load 2 21.87 59%
B: Abrasive Vol% 2 10.08 27%

| C: Polishing Speed 2 3.75 10%
D: Unknown 2 1.22 4%

| Total 8 36.96 100%
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5.6 OPTIMUM SETTINGS

‘ Experimental results indicate that for the surface finish, Ra and Rt, the

polisHing force parameter is most significant. However for Ra, the polishing
force parameter is followed by polishing speed and then abrasive concentration
while| for Rt, the polishing force parameter is followed by the abrasive
concéntration and then polishing speed. The experimental results also indicate
that Within the range of parameters evaluated, a high level of polishing force
(1.4 N N/ball), a low level of abrasive concentration (5%), and a high level of
polishging speed (7000 rpm X 2.5 inch) are desirable for improving both Ra and
Rt. A comparison of the results obtained by the Taguchi method with single
parameter (i. e. one parameter by one parameter) variation using a fine SiC
abrasjive (1 um) yielded similar conclusions regarding optimum conditions.

However, Taguchi method can extract information more precisely and more

efficiently.
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5.7 ;SINGLE-FACTOR BY SINGLE-FACTOR APPROACH

The Talysurf roughness profiles and SEM morphologies of the SizsN4 ball
surfac%:e obtained at different polishing loads (0.5, 1, and 1.5 N/ball) with SiC (1
um grgit) abrasive, abrasive concentration 5 vol%, speed 2000 rpm, and test time
45 m{n/step are shown in the Figures 5.3 (a) - (¢) and Figures 5.4 (a) - (c),
respeé:tively. It can be seen that both surface finish, Ra and the depth of surface
dama;;ge, Rt decrease (surface quality improves) as the polishing force
increéjses from 0.5 to 1 and to 1.5 N/ball. The considerable microfracture with
large ?nd deep pits [Figure 5.3 (a) & 5.4 (a)] were found in the surface polished
at 0.5 N/ball load. When the polishing force increased to 1 N/ball or to 1.5
N/balli, the deep microfracture pits disappeared and parallel scratches with
some%very shallow pits on the surface polishing under a load of 1 N/ball [Figure
5.3 (5) & 5.4 (b)] and long scratches without any pits on the surface polishing

under a load of 1.5 N/ball [Figure 5.3 (c) & 5.4 (c)] were observed.

fWhen polishing at low loads such as 0.5 N/ball, the polished surface
appea@rs more like that generated by a 3-body abrasion in which deep surface
damaége is caused due to indentation by the rotary motion of the abrasive. When
the poilishing force is increased, say from 0.5 N /ball to 1 N/ball and to 1.5 N/ball,
the abirasives are embedded in the shaft more deeply and strongly. As a result
the poilishing process is more like a 2-body abrasion in which material removal
on thei'polished surface is by shallower scratch abrasion by indentation without
rotatio%n. Since the shape of the abrasives are generally not uniform, the Rt
value ;from a 3-body abrasion is larger than that from a 2-body abrasion; Thus
the sQﬁace quality from a 2-body abrasion is superior to that from a 3-body

abrasi%on. This schematics of a 3-body and a 2-body abrasion models are
i
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shown in Figure 5.5. With increasing polishing force from 0.5 to 1.0 N/ball, the

dominant polishing mechanism changes from a 3-body to a 2-body abrasion.
The critical of load value for a 2-body abrasion at 2000 rpm is 1 N/ball. The
abovej tests were repeated at 4000 rpm (instead of 2000 rpm). It was found that
the Slerface finish at 4000 rpm was improved especially at the low load, i.e., 0.5
N/ball compared to that at 2000 rpm. This may be due to increase in the
minin{um depth-of-cut as the speed increases, and therefore the abrasive under
the Io%w force will cut along the workpiece surface instead of rolling (3-body
abrasion ); or when the speed increases, the number of abrasives passing the
polish%ing area per unit time increases and therefore the material remove per

abrasive reduces so that resisting force from material removed is so low as to
l

compel abrasives to rotate causing 3-body abrasion. The 0.5 N/ball load can be

considered as the critical value from a 3-body to a 2-body abrasion at 4000 rpm.
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Figure 5.3 (a) Talysurf surface roughness trace after test

Load: 0.5 N/ball;
Abrasive: SiC ( 1um ); Concentration: 5%;

Figure 5.3 (b) Talysurf surface roughness trace after test
Load: 1 N/ball;

Abrasive: SiC ( 1um ); Concentration: 5%;

Speed: 2000rpm; Test time: 45 min
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Figure 5.3 (c) Talysurf surface roughness trace after test
Load: 1.5 N/ball;
Abrasive: SiC ( 1um); Concentration: 5%;
Speed: 2000rpm; Test time: 45 min

110



20KV © 10000x 1.00 wm

Figure 5.4 SEM morphologies of a SigN4 ball surface after polishing with
(a) 0.5 N per ball, (b) 1 N per ball, and (c) 1.5 N per ball
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A\

3-body abrasion 2-body abrasion

?Figure 5.5 The schematic of 3-body and 2-body abrasion models

‘For 2-body abrasion (grinding),

P=FV
= Dd
Z = vbd

whereﬁ | = undeformed length of chip, t = maximum height of chip, Z = Removal
1rate, b = wheel width of cut, D = wheel dia, d = wheel depth of cut, V =
iwheel speed, v = work speed, C = number of cutting grits per sq. in, r =

jratio of the width to the depth of the groove produced by the mean grit.
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‘ Talysurf roughness profiles of the SigN4 ball surface polished at different
drive ispeeds (2000 rpm, 4000 rpm, and 6000 rpm) are shown in Figures 5.6 (a)
- (c), irespectively. SiC (1 um grit) abrasive, 5 vol% abrasive concentration, 1
N/ball% load, and a test time of 45 min/step were used in this experiment. As the
spindlie speed increases, the relative sliding speed between the polished ball
and tfwe polishing shaft increases. As discussed before, the number (times) of
abrasives embedded in the polishing shaft passing the polishing area per unit
time increases; Not only the polished asperities in the polishing area are more
unifor%m but also the material removal per abrasive reduces so that the resistive
force %from material removal is not high enough to let abrasives embed in the
shaftéto cause 3-body abrasion during the polishing process. Thus, with
increaising spindle speed, the polishing process would change from a 3-body to
2-bod}y abrasion thereby minimizing deep pits from forming in the polished
suﬁaée. Thus, the depth of surface damage Rt will decrease as the spindle
speedj increases. But, it has been noted that overspeed (> 6000 rpm) would
cause;i the polishing process to become unstable due to inertia and thus the
surfacfe quality may begin to deteriorate when the spindle speed is increased to
very High speeds, e.g. 8000 rpm. In addition, the squeezing of abrasives to the
the pcéJIished surface can improve the surface finish of metal workmaterials
duringz polishing. When the speed increases to very high value, there is more
cuttingj} and less sdueezing by the abrasives because the minimum depth-of-cut
continpes to increase. The squeezing action is very important for improving the
surfacée finish by plastic deformation on the polishing surface on metals, but not
in the gcase of polishing ceramic materials as the material removal mechanism is

by brititle fracture rather than plastic deformation.
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Figure 5.6 (a) Talysurf surface roughness trace after test
Speed: 2000rpm;
Abrasive: SiC ( 1um ); Load: 1 N/ball;
Concentratlon 5% Test tlme 45 min.
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Figure 5.6 (b) Talysurf surface roughness trace after test
Speed: 4000rpm;
Abrasive: SiC ( 1um ); Load: 1 N/ball;
Concentration: 5%; Test time: 45 min.
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Figure 5.6 (c) Talysurf surface roughness trace after test
Speed: 6000rpm;
Abrasive: SiC ( 1um ); Load: 1 N/ball;
Concentration: 5%; Test time: 45 min.
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The Talysurf roughness profiles of SigN4 ball surface after polishing with
differczant abrasive concentrations, namely 5 vol %, 10 vol %, and 20 vol %,
respeictively'are shown in Figures 5.7 (a) - (c). SiC (1 um grit) abrasive, a load of
1 N/béll, speed of 2000 rpm, and test time 45 min/step were the conditions used
in thié experiment. It can be seen from the Talysurf plots that the surface
damage with 5 vol % abrasive concentration is lower than that polished with |
highe%r abrasive concentration (10 vol % and 20 vol %). When the amount of
abrasives inside the magnetic fluid is low, such as 5 vol %, the abrasives have
more%freedom and hence the larger size abrasives are more easy to be
excluded from the polishing area. But when the density of abrasives increases
to 10 vol %, some larger abrasives are pushed into the polishing area. The
Iargerz size abrasives can cause significant brittle fracture in the polished
surfac?e. As the density of abrasives further increases (i.e., up to 20 vol %), the
numbér of larger size abrasives in the polishing area increases and the
polishjing force to per abrasive would decrease. Thus the depth of pits and
scratches in the surface of the polished ball may decrease and the surface

quality may improve.
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Figure 5.7 (a) Talysurf surface roughness trace after test
Concentration: 5%;
Abrasive: SiC ( 1um ); Load: 1 N/ball;
Speed: 2000rpm; Test time: 45 min

Ra:18nm Rt: 270n

Figure 5.7 (b) Talysurf surface roughness trace after test
Concentration: 10%;
Abrasive: SiC ( 1um ); Load: 1 N/ball;
Speed: 2000rpm; Test time: 45 min
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Figure 5.7 (c) Talysurf surface roughness trace after test
Concentration: 20%;
Abrasive: SiC ( 1um ); Load: 1 N/ball;
Speed: 2000rpm; Test time: 45 min
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Polishing tests were conducted with SiC abrasive with four different grain
sizes,;, namely, #400 (23 um), #1000 (5 um), #1200 (3 um), and #8000 (1 um) to
invest?igate the effect of abrasive size on the surface finish and material removal
rate. ';l'he conditions used in this experiment were: abrasive concentration 10
vol %i, load 1 N/ball, speed 2000 rpm and test time 45 min/step. The surface
finish ;and the material removal rate obtained from these tests are shown in the
Figures 5.8 (a) and (b), respectively. It can be seen that surface finish improves
signifieantly as the given size of the abrasive decreases. Similarly, removal rate
decreeses significantly as the abrasive size decreases. When the abrasive size
decreeses, first, the number of abrasives in the polishing area will increase.
There?fore, the number of polishing points in the polishing area will increases
and biecome more uniform; second, the force to per abrasive decreases, and
theref’ere the depth and size of brittle fracture from abrasive action of each
abrasive decreases. Thus, the surface finish improves and material removal
rate decreases due to a decreasing in the the size of brittle fracture with
decreesing the abrasive size. The reason that large abrasives are unable to
generete good surface finish in the polishing process is that they cause deep
plougf?ming. Further the abrasives are free in the polishing process rather than
fixed Iiike in grinding. Free abrasives are easy to fall into the previous scratch
groove, and thus the material on the either side of the groove is difficult to
removie in the polishing process. Figure 5.9 is a schematic showing the profiles
genereted after polishing with small size and large size abrasives. The effect of
abrasi;ve size on surface finish in polishing is more significant than that in the

grindiﬁlg process.
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(a) by small size abrasive
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(b) by large size abrasive

Figure 5.9  Profile of transverse cross-section after polished with

small and large size abrasives, respectively

119



Some polishing tests were conducted to formulate the material removal
mechanism in the MFP of SigN4 balls with harder abrasives. The surface of the
SisNzi balls after polishing with B4C #500 (17 um grit size) abrasive at 2000
rpm, z;lbrasive concentration 10 vol%, and load of 1 N/ball (Figure 5.10, without
uItrasfonic cleaning) appears to be covered with microchipping pits/ short
scratéhes; Material removal is by a 3-body abrasion involving brittle
microfracture/microchipping. The SEM micrograph (Figure 5.11) of the SizNg
ball after polishing with B4C #1500 (1-2 um grit size) abrasive at 2000 rpm
show§ clearly brittle microfractures on the polished surface. A number of scratch
abrasjion/plowing groove/wear tracks are formed as the polishing speed is
increaésed to 4000 rpm at which condition the polishing process changes from a
3-body to a 2-body abrasion and the length of the sliding distance increases.
Figuré 5.12 shows that the surface of a SizNg4 ball after polishing with diamond
#500 ébrasive at 4000 rpm is mainly covered with scratching abrasion/plowing
groove/passing wear tracks in the direction of abrading, and the material
remoQaI is by a 2 body abrasion brittle scratching. Different sizes of brittle
fracture pits and cracks along and inside the scratching tracks can be seen
clearly. There are no evidence of plastic flow, and the material removal in this
case is considered to be due to 2-body abrasion involving brittle microfracture
with g@'ain dislodgement and cleavage. In the summafy, the material removal of
Si3N45}balls polished with harder abrasives such as diamond, B4C, and SiC is

by brittle microfracture.
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Figure 5.10 SEM micrograph of a SizNg4 ball surface after polishing
with B4C (# 500 grit) abrasive at 2000 rpm

Figure 5.11 SEM micrograph of a SizN4 ball surface after polishing
with B4C (# 1500 grit) abrasive at 2000 rpm
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5.8 BRITTLE FRACTURE MODEL OF MECHANICAL POLISHING

- In mechanical polishing with a harder abrasive, brittle fracture pits or/and
brittle fracture scratching marks surface are seen on the polished SizN4 balls.
The material removal mechanism of SigN4 balls polished with a harder
abrasive such as diamond, B4C, and SiC is considered to be due to brittle
microfracture. The brittle fracture model of elastic/plastic indentation of brittle
materials [Marshall et al, 1982; Lawn et al, 1975; Swain et al, 1979] can be

extended to mechanical polishing.

:There are two principal crack systems initiating from the contact area of
an abrasive/indenter into workpiece, i.e., radial/median cracks and lateral
cracké (Figure 5.13). Radial/median cracks are usually associated with strength
degradation, and lateral cracks are mainly responsible for material removal.
The cracks propagate when significant elastical stored energy is available in
the tehsile stress region to extend the crack. During loading [Figures 5.14 (a)-
(c)], plastic deformation occurs, and the stress field under the tip of the indenter
is corﬁpressive. However, a tensile stress does arise at the contact surface and
is maximum at the boundary between the elastic and piastic deformation zone.
During unloading [Figures 5.14(d)-(f)], the material in the plastic deformation
zone |s compressed by the surrounding elastic region and tensile stress occurs
again around the boundary of the plastic zone. So, the elastic/plastic stress field
underithe indenter at full load consists of elastic component at full load and the
residuél component during unloading. The elastic component during loading
initiates the median cracks, and the residual stress component during
unloading provides the primary driving force for the lateral cracks and the

propaéation of radial/median cracks. So, the foliowing sequence of events
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Figure 5.13 Formation of Cracks in a Brittle Surface Under Point Indentation
[Lawn and Wilshaw, 1975]
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Figure 5.14 Lateral Cracking and Median Cracking of a Moving Point Indentation
[Swain, 1979]

124



are believed to happen during polishing: Elastic/Plastic deformation occurs
initially under the abrasive. This is followed by the formation of median cracks
during loading. Radial cracks are formed during unloading. Lateral cracks form
and p‘rop‘agate parallel to the workpiece surface during the unloading. At high
loads (and also depending on the indenter geometry), the lateral cracks interact
with the median/radial crack system and fracture (chipping) occurs. With a
moving sharp indenter/abrasive scratching (2-body abrasion) the brittle material
(Figure 5.15), the median and lateral cracks will follow the moving indenter. The
median crack plane is along the direction of motion and vertical i.e., into the
workrhaterial. This is perhaps the reason for the higher flexural strength
degradation of‘ advanced ceramics when ground transversely than

Iongitlininally.

The volume removal V due to lateral cracks by abrasion is given by:

Vea (Pl (EV
V=a—\l__(E)|
(A G

where V is the removal volume, a is a material-independent constant, P is the
normal load, K¢ is the toughness, H is the hardness, E is the elastic modulus,

and L is the sliding distance.

‘The minimum threshold load to cause lateral crack is given by:
4

P = Ke i(E

P=LED )

‘where:

gﬂ{p=2x1&
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(A) Lateral Cracks > Radial Cracks (B) Lateral Cracks < Radial Cracks

Figure 5.15 Lateral Cracks and Radial / Median Cracking in Vickers Indentation
[Marshall et al, 1982]
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It can be seen from the above two equations that although a high
hardﬁess minimizes the removal rate both below and above the fracture
threshold, the threshold force is diminished by increasing hardness. Fracture
can be suppressed by high toughness or low hardness. High toughness and
high hardness both being desirable for optimum wear resistance leading to low
remoyal rate. For glass, the toughness is 0.7 MPavm and the hardness is 6 GPa.

Hence, the threshold load for glass to cause lateral cracking is:

s\4
(0.7x10°) ~0

P* = 2x105x ! =02N
(6x109)

For silicon nitride ceramic, the toughness is 5 MPa/m and the hardness is 16
GPa. ‘Hence, the threshold load for silicon nitride ceramic to cause lateral

cracking is:

4
P* = 2x105% (X109 _
(16x109)°

30N

It may be noted that average normal force per abrasive need in grinding
. and polishing silicon nitride ceramic is very much lower than this critical
threshold force for lateral fracture. Generally 1 N per ball is applied in the
magnetic float polishing silicon nitride balls. This is equivalent of 0.05-0.1 N per
abrasive in this process. However, the material removal is a result of cumulative
proceSs rather than an isolated event. The previous tribological contacts
(history) have a significant effect on the later material removal process. It has
been found that the critical load or depth of cut for cracking to occur will reduce
greatly as the number of scratches increases. But the force is small so that there
is not enough energy to propagate cracks farther away. Also the interactions

between cracks from adjacent points in multipoint grinding and polishing could
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reducé the average size of fragments but increase the total amount of material
remO\}al. Crack depths for multipoint grinding are only about half that for single-
point igrinding at the same normal loads because the interactions between
neighboring scratches in multipoint grinding could reduce the stress intensity
factor. The material is removed by microfracture rather than macrofracture in

MFP which uses low polishing force and flexible support system.
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CHAPTER 6

INVESTIGATION OF CHEMO-MECHANICAL POLISHING
(CMP) OF SILICON NITRIDE (SigNg4) WARKMATERIAL

WITH VARIOUS ABRASIVES

6.1 INTRODUCTION

Surface defects during polishing can be minimized when successively
fine abrasive are used but could not be eliminated altogether in mechanical
polish?ing in which the abrasive used is harder than the workmaterial. For
examble, the best surface finish obtained with a fine B4C abrasive (1 um)
(hardér abrasive) by MFP on HIP'ed SigN4 balls was = 20 nm Ra and = 200 nm
Rt (where Ra is the arithmetic average surface roughness and Rt is the peak to
valley distance). Similarly, the best surface finish obtained using a fine, SiC
abrasive (1 um) (also a harder abrasive than SigN4 ) was =15 nm for Ra and =~
150 n{m for Rt [Chapter 5]. To improve the final surface finish to meet to
applicétion requirements and for reliable performance of the balls in service,
CMP with a soft abrasive for obtaining extremely smooth and damage-free

surface has was developed.

6.2 CHEMO-MECHANICAL POLISHING (CMP)

ZChemo-mechanical polishing (CMP) can be used to finish hard, brittle
workmfaterials with extremely smooth and damage-free surfaces. CMP depends

on the availability for a short duration certain threshold pressure and
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temperature at the contact zone of the polishing process to enable a chemical
reaction layer to be formed by the interaction of the abrasive, the workmaterial
and the environment. This process is considered tribo-chemical polishing when
there jis absolutely no mechanical action [Fischer, 1988]. In CMP, the selected
abrasive is generally softer than the workmaterial. Hence, damage due to
mechanical action is minimized or eliminated. Chemical reactions are formed
betwéen the workmaterial, the abrasive, and the environment under the
conditions of polishing. The reaction products so formed are removed from the

workmaterial by subsequent mechanical action of the abrasive.

‘Wang and Hsu (1994) concluded that the formation of a thin, soft layer of
the reaction product (< 100 A thick) results in the easy removal of hard
workrﬁaterial without directly abrading the surface. Reasonably high removal
rates (perhaps not as high as in mechanical abrasion, ~ 1/10) and minimal
surface damage can be achieved by the formation of brittle surface layers.
Chemo-mechanical polishing was first demonstrated by Yasunaga et al (1979)
for polishing single crystal silicon using a soft abrasive (barium carbonate,
BaCO3). Later, Vora et al (1982 and 1983) reported the feasibility of polishing
Si3N4 with Fe20O3 and Fe304 abrasives. Suga et al (1989) polished SizN4
using jCaCO3, MgO, SiO2, Fe203 and Fe304, and Cro203 abrasives. They
concluded that Cro0O3 was the most suitable abrasive for the CMP of Si3N4.
Kikuchi et al (1990, 1992) also found Cro0O3 to be a suitable abrasive for
polishing Si3Na.

Bhagavatula and Komanduri (1996) studied in detail the mechanism of

material removal in the finishing of SizN4 balls with CroO3 abrasive by
analyzing the wear debris generated during polishing using a scanning

electron microscope (SEM) with an energy-dispersive X-ray microanalyser
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(EDXA) and a low-angle X-ray diffraction (XRD) apparatus. Prior to their
invesfigation, Cr203 has been identified by other researchers [Kikuchi et al,
1992]% as a catalyst rather than its direct involvement in the chemical reactions
with Si3aN4. Bhagavatula and Komanduri, based on the experimental evidence,
showed that the role of CroO3 was more than that of a mere catalyst in that it
plays an active role in the chemical reaction with SigN4 forming chromium
silicafe (Cr2Si0O4) and chromium nitride (CrN). Till recently, CroO3 was
considered as the most effective abrasive for CMP of Si3N4. The best finish
reported was ~16 nm Ra and ~0.54 um Rt. There is of course some surface
damage that can still be seen with this abrasive due to its mechanical action, in
spite 6f its outstanding chemo-mechanical polishing ability. This is because its
hardness is nearly the same or slightly more than that of SigN4. Also, some of
the chemical species formed by the reaction of Cro03 with Si3N4 workmaterial
during CMP may not be acceptable environmentally and special care may have

to be exercised for the disposed of the fluid.

Chemo-mechanical polishing (CMP) depends on both chemical and
mechanical effectiveness of the abrasive in relation to the workmaterial and the
environment under the conditions of polishing [Jiang and Komanduri, 1997c].
Since material removal from SizgN4 workmaterial by this mechanism would not
depend on the hardness of the abrasive but on the chemical potentials and
removél of the reaction layer, it is possible to remove material by abrasives
substantially softer than the workmaterial. Chemo-mechanical action is thus
very specific in that proper choice of the abrasive and the environment shouid
be made for a given workmaterial. For efficient removal of material, those that
facilitate chemical reactions and efficient mechanical removal would be

preferable for CMP. Both thermodynamics and kinetics play an important role
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on the rates of chemical reactions. Once the reaction products are formed they
should be removed from the workmaterial by subsequent mechanical action of

the abrasive.

This chapter presents the results of a systematic investigation of the
chemo-mechanical polishing (CMP) of a uniaxially pressed Si3gN4 balls with
various abrasives. The abrasives considered include boron carbide (B4C),
silicon carbide (SiC), aluminium oxide (Al203), chromium oxide (Cr203),
zirconium oxide (ZrO2), silicon oxide (SiO2), cerium oxide (CeO2), iron oxide
(Fe203), yttrium oxide (Y203), copper oxide (CuO), and molybdenum oxide
(Mo203). The purpose is to determine the most suitable and effective abrasive
as well as the environment to finish SigN4 balls with extremely smooth and
damage-free surfaces for highly reliable performance in such applications as
aircraft engine bearings, high-speed spindle bearings. The surface finish
obtained on the SizgN4 balls after CMP by various softer abrasives using
magnetic float polishing (MFP) technique is reported. The dual role of chemical
and mechanical actions in CMP are elucidated. Thermodynamic feasibility of
the chemical reactions formed between the abrasive and workmaterial are
investigated based on Gibb's free energy change. The flash temperature
generated and the flash duration at the contact zone of the polishing process
was calculated using the models developed by Hou and Komanduri [1997a,b]
to determine the temperatures for the thermodynamic analysis of the chemical
reactions during CMP. The chemical reactions would proceed on a continuing
basis only if the passivating layers are removed by the subsequent mechanical
action.; The kinetic action, which involves the removal of the reaction products

from the interface is thus also critical to CMP. A discussion of CMP mechanism
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for polishing Si3gN4 with various abrasives is presented based on

thermodynamic and kinetic analyses.

6.3. EXPERIMENTAL PROCEDURE AND POLISHING CONDITIONS

' The chemical composition and the mechanical and thermal properties of
the Si3aN4 workmaterial (NBD-200 uniaxially pressed SizN4 balls: B-SizN4 with
~1 wt.% MgO as a sintering aid) used in this investigation have been given in
chapter 4. Table 6.1 gives the properties of the various abrasives used in this
investigation for their relative suitability for chemo-mechanical polishing of
Si3N4 balls for bearing applications. Table 6.2 lists the polishing conditions
used for each test. There are two types of magnetic fluids, one an oil-based
(EMG 1909) and the other water-based (W 40, saturation magnetization at 25 °C
is 4003 Gauss, viscosity at 27 0C is 25 Cp). In this investigation both types were
used to compare the effectiveness of the polishing'environment. The initial
surface finish of the workmaterial for each test was prepared by polishing with

B4C 1500 grit abrasive.

As previously pointed out, the chemo-mechanical polishing (CMP)
depends on the chemo-mechanical interaction of the abrasive, work material,
and th?e environment. The pH value and the conductivity of the polishing fluid
(m'agn‘etic fluid + abrasive) would influence the surface finish and material
removal rate in CMP as the polishing fluid is part of the electrolytic cell. In this
investigation, the pH and conductivity values of the polishing environment were
measured using Cole-Parmer pH/Temperature meter and TDS-

Conductivity/T empérature meter, respectively.
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Table 6.1 Properties of Various Abrasives

ABRASIVE DENSITY HARDNESS
g/cm3 Mohs Knoop kg/mm?

Diamond 3.52 10 7000
Boron Carbide (B4C) 2.52 9.3 3200
Silicon Carbide (SiC) 3.22 9.2 2500
Aluminium Oxide (Al203) 3.98 9 2150
Chromium Oxide (Cr203) 5.21 8.5 1800
Zirconium Oxide (ZrO2) 5.85 8 1200
Silicon Oxide (SiO2) 7 820
Cerium Oxide (CeQO2) 7.13 6 -

Iron Oxide (Fe203) 5.24 6 -

Yttrium Oxide (Y203) 5.01 5.5 700
Copper Oxide (CuQ) 6.32 3.5 225
Molybdenum Oxide (M0203) 4.69 1.5 -

Table 6.2 Test Conditions

Workmaterial

Uniaxially Pressed Si3Njy balls
(CERBEC NBD 200)

Initial diameter: 12.7 mm (0.5 inch)
Initial Sphericity: 1 um

Abrasive Concentration

10% by volume

Magnetic Fluid

Polishing Load 1.2 N per ball
Polishing Speed 2000 rpm
Oil based (EMG 40),

Water based (W 40)
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‘The magnetic field was measured using a Gauss/Tesla meter. The
poIisHing load was set up by measuring the normal force with a Kistler's
piezoelectric dynamometer connected to a charge amplifier and a display. To
calculate the material removal rates, the weight reduction in the balls was
determined by measuring the weight before and after polishing at every stage of
the teét using a precision balance. The surface finish of the polished balls was
measUred using a Form TalySurf 120 L (cut-off: 0.8 mm and 0.25 mm,
evaluation length: 6 consecutive cut-off, Filter: ISO 2CR). The roundness of the

balls was measured using TalyRond 250 (cut-off: 50 upr, Filter: 2CR).

CMP would depend on the availability for a short duration of certain
threshold pressure/contact stress and temperature at the contact zone of the
polishing process [Yasunaga et al, 1979]. The flash temperature and the flash
duration generated at the contact zone of the polishing process enable
chemical reaction products to form by the interaction between the abrasive, the
work material, and the environment. In this investigation the flash temperatures
and the corresponding flash time generated at the contact zone under the
conditions of polishing with the most effective abrasive were calculated based
on a moving disc heat source model developed by Hou and Komanduri

(1997a,b).

‘Thermodynamic analysis (Gibb's free energy change, AG) was
conduqted to determine the reaction products that could be formed and whether
such ieactions are thermodynamically feasible. It is well known that for a
reactidn to occur spontaneously at a given temperature and pressure, AG < 0.
Equilibrium composition and AG are calculated. using the Outokumpu HSC

Chemistry Software package developed in Finland. A discussion of the CMP
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mechanism for polishing Si3gN4 with various abrasives is presented based on

thermodynamic and kinetic analyses.

6.4. CMP TEST RESULTS

-Table 6.3 summarizes the average surface finish obtained from polishing
Si3N4 balls by various abrasives used in this investigation. In each test, the
surface of the Si3N4 balls was first polishing with B4C 1500 grit abrasive for 45
min. This was followed by polishing with a given abrasive for a period of 60 or
90 min (see Table V for details). The workpiece is then polished by the same
abrasiVe for the second time for a period of 60 or 90 min to investigate if surface
finish icould be further ihproved. The corresponding TalySurf surface finish
profiles are shown in Figures 6.1 (a) - (j). It can be seen from this data that ZrO»
and CeO» are the most effective abrasives following by FeoO3 and Crz0s.
Figure 6.2 (a) shows SEM micrograph of a Si3N4 ball surface after mechanical
polishing with a fine B4C abrasive (2 mm) in which material removal by brittle
fractures can be seen clearly and Figure 6.2 (b) after CMP with CeO2 abrasive
indicating mostly smooth surface with very few shallow pits formed during the
previous mechanical polishing by B4C 1500 grit abrasive. It may thus be noted
that the resulting surface finish obtainable by CMP is affected by the previous
mechanical polishing. The depth of layers to be removed by CMP for smooth
surfacé finish is at least equivalent to the surface roughness (peak-to-valley

height, Rt) of the previous final mechanical polishing surface.

Table 6.4 gives the average surface finish obtained from polishing SizaN4

balls by ZrO» and CeQ» abrasives after mechanical polishing with SiC abrasive

(8000 grit). The corresponding TalySurf surface finish profiles are shown in
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Table 6.3 Effect of Abrasives on Improving Surface Finish

Abrasive Abrasive | Test Time Surface Finish Effectiveness
Type Size (um) (min) Ra (nm) Rt (um)
B4C 1500 2 45 32 0.280
Al2O3 5 60 46 0.377 FAIL
B4C 1500 2 45 31 0.295
CuO 3 60 28 0.241 POOR
CuO 3 90 27 0.240
B4C 1500 2 45 31 0.275
Y203 20 90 26 0.247 POOR
Y203 20 60 23 0.244
B4C 1500 2 45 30 0.272
SiO» 30 90 22 0.236 POOR
SiOp 30 60 22 0.244
B4C 1500 2 45 28 0.270
Mo203 20 60 22 0.216 POOR
Mo203 20 90 18 0.205
B4C 1500 2 45 29 0.260
Crp03 5 90 14 0.208 GOOD
Cr203 5 60 12 0.175
B4C 1500 2 45 30 0.274
Fe2O3 3 60 13 0.186 GOOD
FepO3 3 90 9 0.167
B4C 1500 2 45 31 0.268
CeO2 5 60 16 0.172 EXCELLENT
CeO? 5 90 8 0.100
B4C 1500 2 45 29 0.286
ZrOp 5 60 18 0.174 EXCELLENT
5 90 8 0.126

Zr0)
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Figure 6.1 (j) Talysurf surface roughness profiles after polishing by ZrO»
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Figure 6.2 (b) SEM micrograph of the surface of a SizNg4 ball finished by CeO»
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Table 6.4 Surface Finish After CMP

Abrasive | Abrasive Test Time Surface Finish Effectiveness
Type Size (um) (min) Ra (nm) Rt (um)
SiC 8000 1 60 15 0.15
ZrOp 5 120 4 0.04 Excellent
SiC 8000 1 60 15 0.15
CeO2 5 120 4 0.03 Excellent

Table 6.5 Surface Finish After Polishing With Different Based Mag. Fluid

Abrasive Mag. Test Time Surface Finish Effectiveness
Type Fluid (min) Ra (nm) Rt (um)
B4C 1500 W 40 45 30 0.29
CeO25um | EMG40 60 26 0.24 POOR
B4C 1500 W 40 45 30 0.29
CeO2 5 um W 40 60 14 0.14 EXCELLENT
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Figure 6.3 (c) Talysurf surface roughness profiles after polishing by CeO2
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Figure 6.4 SEM micrograph of the surface of a SizN4 ball finished by SiC 8000
followed by CeQO2
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Figures 6.3 (a) - (c). Surface finish Ra of ~4 nm and Rt of ~ 40 nm were obtained
both for CeO> and ZrO» abrasives. Figure 6.4 is an SEM micrograph of a SizN4
ball surface after mechanical polishing with a fine SiC abrasive (8000 grit ) (1
mm) followed by CMP with CeO, abrasive indicating extremely smooth surface
with practically no surface defects. Since CeO3 is significantly softer than SizN4
workmaterial, material removal by direct mechanical action would be extremely
difficult, if not impossible. Therefore, the mechanism of material removal must
be du‘e to chemo-mechanical action between the abrasive, the workmaterial,
and the environment. Since material is removed by the tribo-chemical action
instead of mechanical fracture, extremely smooth and damage-free surface can

thus be obtained.

‘Table 6.5 gives a comparison of the average surface finish obtained from
polishing of SigN4 balls by CeO2 abrasive with oil-based and water-based
magnetic fluid. The corresponding TalySurf surface finish profiles are shown in
Figures 6.5 (a) - (c). It may be noted that there is not much improvement
between the initial surface finish Figure 6.5 (a) and the finish after polishing in
an oil-based magnetic fluid [Figure 6 (b)] but the surface finished in a water-
based magnetic fluid [Figure 6.5 (c)] shows a significant improvement in the
surface finish. It thus appears that water is essential for CMP of SigNg4
workmaterial. The electrical conductivity measurements of the water-based
polishing environment (water-based magnetic fluid plus CeQO, abrasive) gave
values of specific conductivity of 4.8 mS/cm (the current unit of specific
conductivity is Seimens (S) which formerly was designated as Mho) and the
concentration of the total dissolved solids, TDS of 2.4 ppt. Both the specific
condu@tivity and the concentration of the total dissolved solids, TDS of the oil-

based polishing fluid plus CeO> abrasive gave zero values. For reference, it
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may Be noted that the specific conductivity of good city water is 50 mS/cm. The
oil filfn between abrasive and workmaterial may have prevented possible
chemical reaction between the abrasive and the workmaterial as well as the
removal of the reaction layer formed, if any, thus limiting chemo-mechanical

polishing.

6.5 DISCUSSION OF CMP

‘Chemo-mechanical polishing (CMP) is particularly effective in water but
in alcohols only when hydroxyl groups are present. During magnetic float
polishing (MFP) of SigN4 in a water-based magnetic fluid, due to the presence
of water environment, NH3 and SiO2 are formed. SigN4 can react (hydrolysis)
with Water from the water-based polishing fluid leading to the formation of SiO2
and NH3 (Egn. 1). At higher temperature (> 200 OC) dissociation of NH3 into
N2o(g) zand Hz(g) may result [Jiang and Komanduri, 1997¢]. Kanno and Suzuki
(1983) identified the formation of NH3 during grinding of SisN4 powder in water,
thus establishing the hydrolysis of SigN4. The thermodynamic analysis
preseﬁted here strongly suggests the feasibility of this reaction (Eqn. 1). Fischer
and Tomizawa (1985), Tomizawa and Fischer (1987), Hah and Fischer (1995)
also Showed the formation of SiO» and NHgz in tribo-chemical polishing of
Si3N4i. But the dissolution of SiO2 and NH3 (to silicilic acid Si(OH)4 and
ammonium hydroxide NH4OH) as a second reaction to stimulate the
contin&ation of tribo-chemical polishing of SigN4 in aqueous solutions does not
seem to be thermodynamically feasible from Gibbs free energy analysis [Jiang
and Komanduri, 1997¢]. Silica (SiO2) in the amorphous state is almost

insoluble or at best slightly soluble (100-150 ppm of solubility in a neutral
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solution at room temperature) [Honda and Saito, 1996]. The effectiveness of an
abraSive for CMP depends on the feasibility of chemical reaction
(thermodynamic analysis) with the workmaterial and the Kinetic action involving
the rémoval of the reaction product from the workmaterial. The actual material
removal in CMP will depend on the kinetic action which removes the reaction
products from the interface and the chemical reaction will continue only after the

passivating layers are removed.
SiaN4 + HoO — SiO2 +NH3(g) (1)
‘SigNg + H2O — SiO2 +No(g) + Hz(g)  when T >200 °C (2)

In CMP, material removal is accomplished by chemical reaction
stimulated by frictional heat and the contact pressure at the contact area
between the workmaterial and the abrasive. The reaction layer is removal by
subsequent mechanical action of the abrasive. Vora et al (1982) reported the
feasibility of polishing SiaN4 to a good finish by CMP with Fe203 and Fe3O4
abrasives. An oxygen rich silicon oxynitride was reported to have been formed
on the polished SizsN4 samples based on the Auger Electron Spectroscopy
(AES)T analysis. They concluded that oxidation is a possible mechanism
causing CMP of SizN4. Bhagavatula and Komanduri (1996) found that chemical
reactions between Cr203 and SizN4 occur forming chromium silicate (Cr2SiO4)
and chromium nitride (CrN). This was established by analyzing the wear debris
collected from polishing using a scanning electron microscope (SEM) with an
energy-dispersive X-ray microanalyser (EDXA) and a low-angle X-ray

diffraction (XRD) apparatus. -

The following reaction products can be shown to be feasible

thermddynamically based on the analysis of Gibbs free energy of formation of
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the chemical reactions between the SizN4 workmaterial and various abrasives,

namely, FeoOs, CroOg, ZrOo and CeOo :

SigNg4 + Fe2O3 — SiO2 + FeO + FeSiO3/FeO. SiO2 + FeaN + No(g)  (3)

'SigNg + Cro03 — SiOp + CrN (4)
'Si8Ng + ZrO2 — SiOs + ZrSi04/ZrO2. SiO2 + ZrN + No(g) (5)
Si3N4 + CeO2 — SiO2 + CeO1.72 + Ce01 g3 + Ce203 + N2(g) (6)

Here, two types of reactions are considered: 1. oxidation-reduction
reaction, and 2. exchange reaction (exchange of both cationic and anionic i.e
silicate, etc.). SigNg — Si: SiO2, Si042- and N — N3-, No(g), NH3(g). Chemical
reactions with SigN4 workmaterial are also feasible thermodynamically with
Fe>O3, Cro03, ZrO2 and CeO»> abrasives and water from the water-based -
magnetic fluid. SiO2 is the main reaction product leaving the surface of SigNg4

workmaterial.

‘The kinetic action, which rembves the reaction products from the
interfabe is also a critical step in the CMP process. The chemical reaction can
continue only after the passivating layers are removed by the subsequent
mechanical action of the abrasive. It may be noted that the hardness of
abrasives that are most suited for CMP of SigNg4 , namely, CroO3, Fe2O3, ZrO»
and CeOy, is close to the SiOs layer but significantly lower (i.e. FexO3, ZrO» and
CeOy) than or close (i.e. Cro0O3) to SizN4 workmaterial. Thus, the SigNy4
workmaterial can hardly be scratched, or damaged by FeoOs, ZrO2 and CeOs.
Hence, SiO2 reaction layers formed during chemical action are removed

without damaging SigN4 workmaterial by these abrasives.
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In general, the hardness for best polishing abrasive for glasses (SiOy2) is
~ 7 on the Moh's scale, which is very close to the hardness of SiO2 [Cook,
1990]. The hardness of CeQOs, ZrO», and Fe>Og3 abrasives is also close to this
value. CroO3 (Mohs hardness 8.5) is harder compared to the hardness of the
SizN4 workmaterial for CMP. Wallace et al [1996] investigated the CMP of SiO»
thin films using X-ray reflectivity. They concluded that stress-corrosion
mechanism may be responsible whereby the stress induced by the abrasion of
abrasive particle in water strains the bonds in the SiO> thin films. The polished
material shows an increased density in the near-surface region. The
compaction of the SiO> network leads to enhanced dissolution of SiOs into the

polishing slurry and an extremely smooth surface.

It can be seen from above results that the most effective abrasives for
polishing SizaN4 workmaterial are CeO2 and ZrO, following by Fe>Og3 and
Cro03. The pH of the polishing slurry used here (abrasives+water-based
ferroﬂuid) ranges from 6 to 6.4 for all the abrasives used; for example the pH of
ZrOo + ferrofluid is ~6 and for CeO» + ferrofluid is ~6.2 except for MoO2 which
has a pH of ~5. It is found that SiO> abrasive has minimal polishing ability for
Si3N4‘in the pH range of 6 [Figure 2(e)]. Also, the hardness of the most effective
abrasives are CeOy: Mohs 6, ZrO>: Mohs 8, FeoO3: Mohs 6, and Cr20O3: Mohs
8.5. These hardness values are closer to the SiO» reaction layer which has a
Mohs hardness of ~7. It is somewhat coincidental that in general the chemical
effectiveness and the mechanical hardness of abrasives for polishing glass, is

also = 6.5 Mohs which is close to the hardness of glass (~Mohs 7).

There are other similarities between polishing SisN4 workmaterial and

polishing glass including the role of water. Cook (1990) after a careful review
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and analysis of literature concluded that the best abrasives for polishing
glasses are CeO; following by ZrOp, ThO», TiO2 and Fez0g3 in the pH range 7-9
and that SiO»> abrasive has little polishing ability for finishing glasses except at
very high pH (~ 12-14) values. This is not altogether surprising as the material
removal mechanism in the case of Si3Ng4 is through the formation of SiO2 and in
the case of glasses it is naturally SiO2. A similar mechanism may be applicable
for the polishing of silicon wafers with CeO, ZrO»o, and Fe»sO3 in a water-based
solution which are effective abrasives for polishing SizN4 ceramics and SiO2
glasses. So, it is not too surprising to note that the first mirror finished silicon
wafers used for integrated circuits were polished with CeO2 and FexOg3 [Abe,
1991]5 Currently, the most widely used abrasive for polishing silicon wafers is
colloidal silica, i.e. nanocrystalline SiO2 particles in an alkaline (KOH) solution
(pH 10). This combination has an advantage of little or no decomposition on the
surface of silicon wafers which has a natural oxidation layer of SiOs in air at
room temperature. For epitaxial growth, the surface layer and subsurface lattice
structure of the semiconducting wafers are required to be free of any chemical
change or sub-surface damage in the form of dislocation tangles. This is not the
case with glasses and advanced ceramics (SizNg4) for optical and mechanical
applications. However, SiOj layer on a silicon substrate is an excellent
insulator and can be used for isolation and passivation purposes which is an

advantage for Si for electronic application.

It is possible that an outer layer of SiOp and an intermediate
siliconoxynitride may form between SiO> thin layer and SigN4 substrate. The
oxide -scale on MgO uniaxially pressed SigN4 forms in layers composed of
amorphous and crystalline SiOp, SioN2O, and MgSiOz (MgO.SiOo, from 1 wt. %
MgO sintering additive) [Tighe, 1982; Singhal, 1976; Lange, 1979]. It is notable
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that SigNy is easily oxidized in an oxygen-containing atmosphere [Ruhle, 1997].
As a fesult, the surface of SigN4 is always covered with a thin silica layer. CMP
does not produce a layer that is chemically different from the natural oxidation
layer formed in air at room temperature on the SigN4 substrate [Jiang and
Koménduri, 1997c]. It has been shown in this investigation that several not-so-
hard Qxides, such as CeO2 and ZrO> followed by FeoO3 and CroOg3 etc are
effective abrasives for CMP of SigN4 material. This is because of the
thermodynamic feasibility of chemical reactions between the abrasive and the
SisN4 workmaterial but also due to the subsequent kinetic action of removing

the reaction products from the surface of the SigN4 workmaterial.

In this chapter chemo-mechanical polishing (CMP) studies were
conducted using various abrasives to investigate their relative effectiveness in
the finishing of uniaxially pressed SigN4 bearing balls by magnetic float
polishing (MFP) technique. CMP depends both on the chemical and the
mechanical effectiveness of the abrasive and the environment with respect to
the workmaterial. Among the abrasives investigated for CMP of Si3N4 balls,
CeO2 and ZrO, were found to be most effective followed by FeoO3 and Cr20s.
Extremely smooth and damage-free SizN4 bearing ball surfaces with a finish Rg
of = 43 nm and Rt of = 40 nm were obtained after polishing with either CeO» or
ZrO2. Thermodynamic analysis (Gibbs free energy of formation) indicated the
feasibility of the formation of SiO2 layer on the surface of the SizN4 balls with
these abrasives. This is particularly so in a water environment which facilitates
chemb-mechanical interaction between abrasive and workmaterial by
participating directly in the chemical reaction leading to the formation of a softer
SiOo iayer. Since the hardness of some of the abrasives which were found to

be most effective in CMP, namely, CeQ3, ZrO», and FeoO3 is closer to that of
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SiOp ;layer but significantly lower than the hardness of the SizN4 workmaterial,
removal of the SiO, reaction layer effectively without scratching and/or
damaging the Si3N4 substrate is facilitated by the subsequent mechanical
action of the abrasives. The chemical reaction would proceed on a continuing
basis‘only if the passivating layers are removed continuously by subsequently
mechanical action. It is found that the CMP ability in an oil-based polishing
environment was found to be rather limited. A mechanism similar to the CMP of
SisN4 may be applicable to the polishing of silicon wafers, various glasses,

and SiC due to similarities in the material removal processes.
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CHAPTER 7

ON THE CHEMO-MECHANICAL POLISHING (CMP) OF
| SigNg4 WITH WATER-BASED CeO2 SLURRY

7.1 | INTRODUCTION

Among various abrasives investigated for the chemo-mechanical
polishing (CMP) of Si3gN4 balls, cerium oxide (CeO2) was found to be the most
effective polishing medium (superior than CroO3 which was considered as the
most effective abrasive from literature review) yielding an extremely smooth and
dama:ge-free surface with a finish Rg of 4 nm and Rt of 40 nm. Also, after
investigating various reaction species in the CMP of SigaN4 with CeO2 and
Cro0g, the former is found to be much safer from an environmental point of
view. CeO2 has two important functions in CMP of SigNg4: (1) It participates
directly in the chemical reaction (oxidization-reduction reaction) with Si3N4
workrﬁaterial leading to the formation of a SiO2 layer; (2) It can remove the
SiO2 reaction layer effectively without damaging the SizN4 substrate as no
abrasion can take place in subsequent mechanic action of CeO2 on Si3N4
because of the hardness of CeO2 is closer to that of SiO2 layer on top of SizN4
and significantly lower than SizgN4 workmaterial (about 1/3). CeO2 is found to
be very effective in a water environment. The chemical reaction between the
SigaN4 workmaterial and the water environment (hydrolysis) also leads to the
formation of SiO2 layer thereby enhancing the CMP of Si3N4. In this chapter,
thermbdynamic feasibility of the chemical reactions formed between the CeO»
abrasive and SigN4 workmaterial is investigated based on Gibb's free energy

change. The flash temperature generated and the flash duration at the contact
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zone of the polishing process was calculated using the models developed by
Hou and Komanduri [1998a,b]. This is used for the thermodynamic analysis of
the chemical reactions during CMP. The CMP mechanism for polishing Si3N4
with CeO» abrasives is presented based on thermodynamic and kinetic

analyses.

7.2 CERIUM OXIDE (CeO2) ABRASIVE

- Chemo-mechanical action is very specific and proper choice of the
abrasive and the environment shouid be made for a given workmaterial. Both
thermodynamics and kinetics play an important role on the rates of chemical
reacﬁons. Once the reaction product is formed it is removed from the
workmaterial in subsequent mechanical action by the abrasive. Since material
removal by this mechanism does not depend on the hardness but on the
chemical potentials, it is possible to remove material by abrasives substantially
softer than the workmaterial. Theoretically any abrasive that can react with the
workmaterial in a given environment and form a reaction product can be used
for chemo-mechanical polishing. However, some abrasives may be harder than
the workmaterial and the mechanical action may dominate over chemo-
mechanical action. Material removal by mechanical action may be satisfactory
in roughing, or even semi-finishing but in the final finishing operation it is
preferable to minimize the mechanical action that can affect the surface
integrity. This is precisely the reason why diamond abrasive was not considered
in this investigation for finishing SigN4 balls. Similarly, some abrasives react
with é given workmaterial much more than others. For efficient removal of
material, those with the highest reactions rates would be preferable for chemo-

mechanical polishing (CMP).
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It is well known that cerium oxide is an efficient polishing agent for glass.
It is also known that the fluid medium in which it is used is also very critical. For
example, when polishing glass, CeOs is particularly effective in water and in
alcohols only when hydroxyl groups are present. Thus cerium oxide slurry in
water is invariably used for polishing. The oxide contains polyvalent cerium
atoms, Ce(lV) and Ce(lll), which can provide chemical action with the
workmaterial. It appears that when Ce(OH)4, i.e. CeOs .2 Hy0O is precipitated
fresh, i. e. in situ, in the polishing slurry form, a soluble Ce(IV) salt is probably
involved in an equilibrium reaction : SiO2 + Ce(OH)4 — CeO2 + Si(OH)4 .
The breaking and reforming of Si-O bonds is perhaps aided by the transfer of
OH groupings to incipient fracture sites by a transport mechanism using the
relatively large and mobile coordination sphere around oxophilic cerium atom

[Kilbourn, 1992].

CeO2 may react chemo-mechanically with both silicon nitride base
material as well as the glassy phase that holds silicon nitride particles together.
Cerium is the most abundant elements of the rare earths and ranks around 25th
in the listing of abundance in the earth's crust of all the naturally occuring
elements. So, Ce is not particularly rare as compared to Ni or Cu. Cerium oxide
has a high melting temperature (2750 K) but is a very soft material (Mohs
hardhess: 5-6) and hence cannot scratch SigN4. Ce ions are present in two
stable valence states, namely, the tetravalent Ce#+ (Ceric) and the trivalent
Ce3+ (Cerous). The tetravalent ceric ion is a strong oxidizing agent but can be
reduded by ferrous salts, hydrogen peroxide. When associated with oxygen, it is
comﬁletely stable as CeOs. CesO3 is unstable in air, water, and the like and
readily converts to CeO2. Ceria has the CaFy structure with 8-coordinate

cations and 4-coordianate anions. It can be visualized as a close-packed cubic
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array of metal atoms with oxyzen filling all the tetrahedral holes. Ceria has been

tested for acute effects and found to have very low toxicity [Kilbourn, 1992].

Hence, its use is safe from an environmental point of view.

7.3 CMP OF SigNg4 WITH WATER-BASED CeO2 SLURRY

- The chemical composition and the mechanical and thermal properties of
NBD 200 HIP'ed Si3gN4 balls (supplied by CERBEC) used in this investigation
have been shown in chapter 4. The sintering aid is about 1 wt.% MgO. Major
impurity is Fe20g3. Table 7.1 shows the properties of CeO2 polishing medium.
The Si3N4 balls are initially polished with a SiC #8000 (1 mm) abrasive prior to
CMP. The polishing conditions are listed in Table 7.2. The pH value of polishing
solution [a water-based magnetic fluid (W-40) plus 10 vol.% CeQO2 polishing

media is = 6.

Thermodynamic analysis (Gibb's free energy change) was conducted to
determine the nature of the reaction products as well as whether such reactions
are are thermodynamically feasible. For a reaction to occur spontaneously at a
given temperature and pressure: AG < 0. Equilibrium Composition and AG are
calculated using Outokumpu HSC Chemistry Software. A CMP mechanism for
polisHing SigN4 balls with CeO2 will be presented in the following based on
thermodynamic and kinetic analysis. A Gibb's free energy change analysis is
performed here to determine whether a reaction is spontaneous. It is known, if a
reaction is exothermic (Enthalpy change AH <0) and results in increased

disorder or randomness (Entropy change AS >0), it will occur spontaneously.
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Table 7.1 Properties

of CeO; Polishing Medium

PROPERTY VALUE
Hardness, Mohs 6
Density, g/cm3 7.13
Elastic Modulus, GPa 165
Poisson's Ratio 0.5
Thermal Conductivity at 100°C, W/m-K 8.4
Thermal Conductivity at 1000°C, W/m-K 0.8

Table 7.2

Test Conditions

Workmaterial

HIP'ed SizN4 balls (CERBEC)
Diameter: 12.7 mm (0.5 inch)
Initial Sphericity: 1 pm

Initial Finish: Ra=20 nm

Abrasive Concentration

10% by volume

~ Polishing Load

1.2 N per ball

Polishing Speed

2000 rpm

Magnetic Fluid

Water-based (W-40)
Saturation Magnetization
at 25 °C : 400 Gauss
Viscosity at 27 °C : 25 Cp
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Howéver, if one makes a spontaneous contribution and the other makes a
nonspontaneous contribution, the relative magnitude of the two contributions
deterfnines whether the reaction is spontaneous: AG = AH - T AS. For a reaction
that occurs at constant temperature and pressure: it is spontaneous when AG <
0 for the reaction. The AG, free energy change is a direct measure of the
tendency of a reaction to proceed. It is also called the driving force of the

reaction.

Figures 7.1 (a) and (b) are SEM micrograph and Form TalySurf profile of
a SigN4 ball surface finished by CroO3, respectively. From the SEM micrograph
[Figure 7.1 (a)], it can be seen that while some areas of the surface are very
smoofh, there are many fine scraiches and some pits. The surface finish values
obtained by FormTalySurf are Ra = 10.7 nm and Rt = 0.149 um. A plausible
reason for the observed roughness with CroO3 abrasive, in spite of its chemo-

mechanical polishing ability is its higher hardness.

Figure 7.2(a) is an SEM micrograph of a SigN4 ball surface after
polishing with CeO» (5 um) showing essentially a smooth surface with no pits,
or sqratches, or cracks. The corresponding Talysurf surface finish profile
[Figui'es 7.2 (b)] shows a surface finish Ra of 4 nm and Rt of 40 nm (ISO: cut-off
0.25 mm, evaluation length 6 x 0.25 mm, ISO 2CR Filter). This is attributed to the
use of effective and significantly softer CeO2 abrasive which will not scratch

Si3N4 in the polishing but preferably involves in CMP.

Based on the moving disc heat source model developed by Hou and
Komanduri, (1998 a,b), the temperature field and flash temperatures generated

at the contact zone in magnetic float polishing (MFP) with CeO> (elastic

modulus: 180 GPa, thermal conductivity: 0.02 cal/cm.sec.°c) are calculated as
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Figure 7.1 (a) SEM micrograph of a SizNz ball surface after finished
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Figure 7.2 (a)
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Figure 7.2 (b)

SEM micrograph of a SizNg4 ball surface after finished
by CeO2
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after finished by CeQO»
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shown in Figure 7.3. The related flash times at the area of contact under the

polishing conditions are given in Table 7.3. It can be seen that the minimum

possible flash temperatures generated and the corresponding flash times are

adequate for the generation of specific reactions, such as oxidation, hydrolysis

and exchange as shown in following thermodynamic reaction analysis. It is

known that for a reaction to occur spontaneously at a given temperature T, the

Gibbs free energy change, AG should be negative.

Table 7.3 Flash Time For Different Flash Temperature
(v=4 m/sec, W =1.2 N /ball)

Flash

Temperature, °C | >100 | >200 | >300 | >400 | >600 | >800 |>1000
Flash Time, 2.2 11 0.8 0.6 04 0.3 0.2

usec
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Figure 7.3 (a) Calculated temperature rise on the surface along the X-axis
(b) Isotherms of temperature on the work surafe (W= 1.25 N/ball, v= 4 m/sec)
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7.4 THERMODYNAMIC ANALYSIS OF CMP

1t is well known that SizN4 can be readily oxidized in an oxidizing
atmoSphere. As a result, the surfaces of the as-received HIP'ed Si3N4 balls are
invariably covered with a thin layer of silica (see Egn. 1 in the following Table).
For a reaction to occur spontaneously at a given temperature, T, the Gibbs free
energy change, AG should be negative. In the equations that follow, various
chemical reactions of interest, the temperature under consideration, T (from O-

1000 ©C), and the corresponding free energy change, AG are given.

SizaN4 + 302(g) = 35102 + 2N2(g) (1)

T (0C) 0 100 200 300 400 600 800 1000

AG (kcal) | -460.7| -455.4| -4503| -4452| -440.2| -430.6| -421.3| -412.4

" It may be noted that during the mechanical polishing of Si3N4 (i. e. prior
to CMP) by a harder abrasive, such as SiC and B4C, the silica surface layer
along with a portion of SigN4 is removed by brittle fracture or abrasion, thus
expoéing the base SigN4. In subsequent CMP, SizgN4 can react with water
(hydrolysis) (from the water-based magnetic fluid) leading to the formation of
SiO2 and NH3 (Egn. 2). Figure 7.4 (a) shows the variation of the mole fraction of
various species with temperature at equilibrium based on the thermodynamic
calculations of the chemical reaction system consisting of 1 mol of SizgN4 and 1
mol Qf H2O. It can be seen from the figure that at low temperatures (< 300 ©C),
NH3(g) formation is promoted while at higher temperatures, Ho(g) and N2(g)
gasés are evolved. The SiO2 mole fraction as well as SigN4 mole fraction,

however, seems to be somewhat independent of temperature indicating very

little effect, if any, of temperature on the removal rate under these conditions.

165



Figure 7.4 (b) shows the variation of various chemical species with temperature
for 1 mol of SiaN4 and increasing amounts of H20. It can be seen that with
increase in the mole fraction of HoO, the amount of SiO2 increases and the
amount of SigN4 correspondingly decreases both accounting for an increase in
the material removal due to chemo-mechanical polishing. This shows the
beneficial role of H2O in CMP. In a similar manner, NH3(g), H2(g), and N2(g)
gases also increase with increase in the mole content of H2O, as can be

anticipated.

Si3N4 + 6H20 = 35i02 + 4NH3(g) (2)

T (0C) 0 100 200 300 400 600 800 1000

AG (kcal) | -132.7| -140.9| -147.4| -152.6] -156.4| -159.8] -156.9] -146.5

2NH3(g) = N2(g) + 3H2(g) 3)

T (°C) 0 100 200 300 400 600 800 1000

AG (kcal) | 9.02 | 428 | -0.88 | -6.14 | -11.53| -22.53| -33.71| -44.96

Eqn. 3 shows that at low temperatures, AG is positive indicating the
unlikélihood of dissociating NH3(g) as N2(g) and H2(g). Thus NH3 formation is
possible in CMP only when temperature rise at the contact surface is <300 °C
[Egn. 2 and Figure. 3]. Further increase in temperature may result in the

dissociation of NHs into Na(g) and Ha(g) [Eqn.3 and Figure 3].

| It has been reported in the literature, the formation of Si(OH)4 and
NH40H as secondary products due to the reaction between NHs (g) and H20,
and between SiO2 and H20 in the CMP of Si3N4 (Hah et al, 1996). It can be

seen’ from Eqgns. 4 and 5 that these secondary reactions may not be feasible
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thermodynamically, as AG in all cases is positive. If, however, they form, they

have to be by other chemical reactions.

NH3 (g) + H2O = NH40H (4)

T (°C) 0 100 200 300 400 600 800 1000

AG (kcal) | 7.6 9.9 118 137 | 154 | 189 | 228 | 277

Si02 + 2H70 = Si(OH)4 (a) (5)

T (0C) 0 100 200 300 400 600 800 1000

AG (kcal) | 50.7 | 69.3 | 853 | 1044 | 1245 | 167.8 | 215.1 | 266.4

- CeO2 can also react directly with SizgN4 (oxidization-reduction reaction)
formihg SiO2 and Ny as reaction products. It may be noted that CeOo is not
stable and will convert to CeO1 72 and CeO4 g3 at low temperatures and to the
more stable form, namely, Ce2O3 at higher temperatures. Figure 7.5 (a) shows
the variation of the reaction products with temperature at equilibrium based on
the thermodynamic calculations of the chemical reaction system consisting of 1
mol of SigN4 and 1 mol of CeO» and Figure 7.5 (b) is for 1 mol of SigN4 and
with increasing mole fractions of CeO». The reactions of SigN4 with CeO2
yielding CeO1.83, CeO1,72, and Ce203 are shown in Eqns. 6-8. From Figure
7.5 (a) it can be seen that the SiO2 mole fraction is independent of temperature
up to:= 300 OC and increases gradually up to 1000 °C. Thus temperature does
not seem to be as effective as mole fraction of HoO [compare Figures 7.5 (a)
with Figure 7.4 (b)]. However, as the mole fraction of CeO; is increased, the
amount of SiO2 increases and the amount of SizN4 decreases both accounting

for the increase in the material removal rate due to CMP.
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SizaN4 + 35.294 CeO2 = 35i02 + 35.294 CeO1 .83+ 2N2(g) (6)

T (°C) 0 100 200 300 400 600 800 1000

AG (kcal) | -47.6 | -61.7 | -75.7 | -89.8 | -103.9| -132.9| -163.2| -195.1

- Si3N4 + 21.429 CeO2 = 35102 + 21.429 CeO1,72+ 2N2(g) (7)

T (°C) 0 100 200 300 400 600 800 1000

AG (kcal) -346 | 474 | -60.1 | -72.7 | -85.4 | -111.3| -138.2| -166.4

Si3N4 + 12CeO2 = 35102 + 6Ce203 + 2N2(g) (8)

T (0C) 0 100 200 300 400 600 800 1000

AG (kcal) 355 | 223 | 86 -5.5 -19.8 | -49.4 | -80.0 | -111.4

Figure 7.6 (a) shows the variation of the reaction products with
temperature for the chemical reaction system consisting of 1 mol of SigN4, 1 mol
of CeOy, and 1 mol of HoO at equilibrium based on the thermodynamic
calculations. This diagram provides an insight on the mechanism of chemo-
mechanical polishing of SigN4 with CeO2 showing various chemical species
that can be formed during the process. This figure can be considered as a
combination of Figures 7.4 (a) and 7.5 (a). It shows that while the SiO2 mole
fracﬁon is constant upto about ~ 300 ©C, it increases with further increase in
température. A reverse trend can be seen for SigNy4, i. e. initially constant
followed by a decrease in mole fraction with further increase in temperature,
both indicating an increase the material removal rate due to chemo-mechanical

actioh at higher temperatures. It can be seen from the figure that NH3(g) forms
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at low temperatures (< 300 OC) while Ho(g) and N2(g) gases form at higher

temperatures, similar to Figure 7.4 (a).

CeO» appears to be the most effective polishing medium for CMP of
SigN4 because of the thermodyamic considerations of its reaction with SizNg4
as well as its kinetic action of removing the reaction product, namely, SiO2 from

SigN4 workmaterial.

Figure 7.6 (b) shows the variation of the reaction products with pressure
at equilibrium based on the thermodynamic calculations of the chemical
reaction system of 1 mol of SizN4, 1 mol of CeO2, and 1 mol of H2O. It can be
seen that both SigN4 and SiO2 more or less remains constant indicating that the
formation of SiO2 due to chemical reaction is independent of the polishing
pressure. It may be noted that an increase in the mole fraction of SiO2 and a
corresponding decrease in SigNg4 are an indication of the increase in the
material transformed by chemical action. However, the actual material removal
will depend on pressure or kinetic action involving the removal of the reaction

products to enable the chemical reaction to continue ad infinitum.

| It may be noted that the hardness of CeO is close to SiO2 layer but
significantly lower than SigN4 workmaterial. Thus, the SigN4 workmaterial can
hardly be scratched, or damaged‘ by CeO>. Hence, almost all the material
removal is by chemo-mechanical action between the SizN4 workmaterial and
the CeO2 polishing media in a water environment by the formation of SiO2
reaction layer on SigN4 and its subsequent removal by mechanical action. The
chemical reaction can continue only after the passivating layers are removed by
the mechanical action.Thus, the kinetic action, which removes the reaction

products from the interface is a very important step in the CMP process. 1t is
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someWhat coincidental, that in general, the Mohs hardness for best polishing
abrasives for glasses (SiOp) is = 6.5 and the hardness of CeOg2 is = 6 on the
Moh'é scale. There are other similarities including the role of water and
effecﬁveness of CeO> medium for polishing glass. This is not altogether
surprising as the material removal mechanism in the case of SizNg4 is through
the formation of SiOz and in the case of glasses it is naturally SiO2. A similar
mechanism may be applicable for the polishing of silicon wafers with CeOs in a
water based solution. It is anticipated that these and other aspects will be

addressed in detail in subsequent publications shortly.

It is possible that in the formation of SiO; outer layer an intermediate

oxyniiride (SixOyNz) may form between SiOz thin layer and SigN4 substrate

according to Egns. 9-11. All three equations are thermodynamically feasible at

all temperatures upto 1000 ©C.

2 Si3N4 + 17.647Ce02 = 3 SisN2O + 17.647 CeO1.83 + N2 (g)  (9)

T (0C) 0 100 200 300 400 600 800 1000

AG (kcal) | 683 | -67.6 | -67.2 | -669 | -66.5 | -65.0 | -62.1 | -57.5

Si3N4 + 1.5H20 = 1.5 SipN20 + NHs (g) (10)

T (°C) 0. 1 100 200 300 400 600 800 1000

AG (kcal) -94.0 | -95.6 | -98.6 | -102.4| -106.7| -116.5| -127.4| -139.4

SizN4 + SiO2 = 2 SinN20 (11)

T (°C) 0 |100 [200 |300 [400 |600 | 800 | 1000

AG (kcal) | -46.8 | -432 | -405 | -38.4 | -36.5 | -33.3 | -30.5 | -27.9
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7.5 MECHANISM OF CMP OF SigNg WITH CeO>

- Since CeQ3 is significantly softer than SisN4 workmaterial (about 1/3),
material removal by mere mechanical action would be extremely difficult if not
impossible. Therefore, the mechanism of material removal must be due to
chemo-mechanical action between the abrasive, the workmaterial and the
environment. In CMP, material removal is accomplished by chemical reaction
stimulated by friction energy at the contact area between the workmaterial and
the abrasive or water and the reaction layer is removal by subsequent
mechanical action of the abrasive [Fischer, 1988]. Since material is removed by
the tribochemical action instead of mechanical fracture, extremely smooth and

damage-free surface can be obtained as shown in Figure 7.2.

- CeO2 is the most effective abrasive for CMP of SisN4 material (both
because of its kinetic action to remove the reaction product SiO» and
thermodynamic possible of reaction with SigN4 workmaterial). CeO, abrasive
can form a direct chemical reaction with SigN4 workmaterial (oxidization-
reduction reaction) and leads to the formation of SiO2 as shown in Egns. 6-8.

The oxidation is a possible mechanism causing CMP of SigN4.

 Kanno and Suzuki (1983) identified the formation of NH3 during grinding
of SigN4 powder in water, thus establishing the hydrolysis of SigN4. The
thermodynamic analysis presented here suggested the feasibility of this
reactlion (Egn. 2). During magnetic float polishing (MFP) of SisN4 by CeO2 due
to the presence of water environment (from the water-based magnetic fluid),

NH31and SiO2 are formed are formed when the temperature at the contact
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interface is < 3009C. Fischer and Tomizawa (1985), Tomizawa and Fischer
(1987), Hah and Fischer (1995) aiso showed the formation of SiO2 and NH3 in
tribochemical polishing of SigN4. But they proposed the dissolution of SiO2 and
NH3 (to silicilic acid [Si(OH)4] and ammonium hydroxide [NH4OH]}) as a second
reaction to stimulate the continuation of tribochemical polishing of SigN4 in
aqueous solutions. Fischer [1988] also pointed out that flash temperatures from
the frictional heat is important for the tribochemical reaction at the polishing
interface. While the hydrolysis reaction shown in Eqn. 2 is themodynamically
feasible, the dissolution of SiO2 and NHs3 [to silicilic acid, Si(OH)4 (Eqn. 4) and
amm‘onium hydroxide (NH4OH)] (Eqn. 5) as reactants to stimulate the
tribochemical polishing does not seem to be feasible thermodynamically as AG
(kcal) is positive in all cases. If, in féct, they form, they have to be by other

chemical reactions.

it may be noted that the hardness of CeQOs- is close to the SiO» layer but
significantly lower (about 1/3) than SigN4 workmaterial. Thus, SiO2 reaction
layers formed during chemical action are removed without damaging SizNg4
workmaterial by CeOz. In general, Mohs hardness for best polishing abrasives
for glasses (SiO2) is = 6.5. Hardness of CeO2 abrasive is = 6 on the Moh's
scale and the pH of the magnetic fluid plus CeOz is = 6. It may be noted that
Cook (1990) after a careful analysis concluded that the best abrasive for
polishing glasses is CeO2 and the best polishing environment is with a pH in
the range of 6-7. The compaction of the SiOo network leads to enhanced
dissolution of SiO3 into the polishing slurry and to an extremely smooth surface.
The kinetic action, which removes the reaction products from the interface is
very important in the CMP process. The chemical reaction can continue only

after the passivating layers are removed by the mechanical action.
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It is possible that an outer layer of SiOz and an intermediate
siliconoxynitride may form between SiO2 thin layer and SigN4 substrate
according to Eqgns. 9-11. The oxide scale on MgO uniaxially pressed SizgN4
forms in layers composed of amorphous and crystalline SiOg, SioN2O, and
MgSiOg (MgO.SiOy, from 1 wt.% MgO sintering additive) [Tighe, 1982; Singhal,
1976; Lange, 1979]. It is notable that SizgNg4 is easily oxidized in an oxygen-
containing atmosphere [Ruhle, 1997]. As a result, the surface of SigNg4 is
always covered with a thin silica layer as shown by Eqn. 1. The surface after
CMP by oxide consists of 0.2-0.5 nm of SiOp, 1.0-1.5 nm of SiOxNy on the
SigN4 substrate. The natural oxidation layer of SigN4 at room temperature is no
more than 2.5-3.0 nm. Thus, CMP does not produce a layer that is chemically
different from the natural oxidation layer formed in air at room temperature on
the SigN4 substrate [Han and Fischer, 1995]. It has been shown in this
investigation that several not-so-hard oxides, such as CeO2 and ZrO. following
by FeQO3 and Cro0Og3 etc are effective abrasive for CMP of SigN4 material. This
is because of the thermodynamic feasibility of chemical reactions between the
abrasive and the SigN4 workmaterial but also due to the subsequent kinetic

action of removing the reaction products from the SigN4 workmaterial.

In summary, CeOs is found to be the most effective abrasive for CMP of
SigN4 material and is particularly effective in water but in alcohols only when
hydroxylgroups are present. CeOo abrasive can directly react chemically with
SigN4 workmaterial (oxidization-reduction reaction) leading to the formation of

SiO2 and Na(g). CeOsy is stable only at low temperatures and will convert to
CeO4 72 and CeO4 g3 as the temperature is increased. Further increase in
temperature (> 3000C) results in a decrease in the amounts of CeO4 72 and

CeOq g3 and increase in the more stable form, namely, CepOg3 at higher
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temperatures . The reactions involved in CMP of SizN4 with CeO2 in a water
envirbnment are given in Table 7.4. It has been shown that almost all the
material removal is by chemo-mechanical action between the SizNgy
workmaterial and the CeO2 polishing media in the water environment by the
formation of SiO» reaction layer on SigN4 and its subsequent removal by

mechanical action by cerium oxide abrasive.

Table 7.4 Chemical reaction systems in water-based CMP of Si3N4 with CeO;

Si3N4 + 35.294 CeO2 = 35102 + 3;294 Ce01.83+ 2N2(g) 1)

T (0C) 0 100 200 300 400 600 800 1000
AG (kcal) | -47.6 | -61.7 | -75.7 | -89.8 | -103.9| -132.9| -163.2| -195.1
Si3N4 + 6H20 = 35i02 + 4NH3(g) (2)

T (0C) 0 100 200 300 400 600 800 1000

AG (kcal) | -132.7| -140.9| -147.4| -152.6| -156.4}| -159.8| -156.9| -146.5

25i3N4+35.294 CeO2+6H20 = 65i02+35.294 CeO1.83+4NH3(g)+2N2(g) (3)

T (0C) 0 100 200 300 400 600 800 1000

AG (kcal) | -180.3| -202.6| -223.1| -242.4( -260.3| -292.7] -320.1| -341.6
- 2Si3Ng + 17.647Ce02 = 3 SipN20 + 17.647 Ce01.83 + N2 (g)  (4)

T (0C) 0 100 200 300 400 600 800 1000

AG (kcal) | -683 | -67.6 | -67.2 | -66.9 | -66.5 | -65.0 | -62.1 | -57.5
SizN4 + 1.5H20 = 1.5 SipN20 + NH3 (g) )

T (°C) 0 100 200 300 400 | 600 800 1000

AG (kcal) | 94.0 | 95.6 | -98.6 | -102.4] -106.7| -116.5| -127.4| -139.4

SigN4 + SiO2 = 2 SibhN20 (6) _

T (°C) 0 100 200 300 400 600 800 1000

AG (kcal) | -46.8 | -43.2 | -405 | -384 | -36.5 | -33.3 | -30.5 | -27.9
SizaN4 + 302(g) = 35102 + 2N2(g) (6)

T (0C) 0 100 200 300 400 600 800 1000

AG (kcal) | -460.7| -455.4| -450.3| -445.2( -440.2| -430.6| -421.3| -412.4
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CHAPTER 8

METHODOLOGY FOR FINISHING OF SILICON NITRIDE

(Si3N4) BALLS FOR BEARING APPLICATIONS

8.1  INTRODUCTION

The methodology, involved in the mechanical polishing followed by
chemo-mechanical polishing, for the finishing of SigNg4 balls from the as-
received condition by MFP is discussed in this chapter. It involves mechanical
removal of material initially using harder abrasives (with respect to the
workmaterial) of different materials of progressively lower hardnesses and finer
grain sizes followed by final chemo-mechanical polishing (CMP) using
preferably a softer abrasive for obtaining supetrior finish with minimal surface or

subsurface defects, such as scratches, microcracks, or pits on the SigNyg balls.

High material removal rates (1 pm/min) with minimal subsurface damage is

obtained with harder abrasives, such as B4C or SiC (relative to SizgN4) due to
the use of a flexible support system, small polishing loads (1 N/ball), and fine
abrasives but high polishing speeds (compared to conventional polishing) by
rapid accumulation of minute amounts of material removed by microfracture.
Final polishing of the SigNg4 balls using a softer abrasive, such as CeO2 (that
chemo-mechanically react with the SigN4 workmaterial) results in high quality
SigNg4 balls of bearing quality with superior surface finish (Rg <4 nm, Rt < 0.04
um) and damage-free surface. CMP is very effective for obtaining excellent

surface finish on SigNg4 ceramic material and CeOz2 in particular is one of most

suitable material for this application.
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8.2 POLISHING CONDITIONS AND PROCEDURE ..

The as-received SigN4 balls (CERBEC NBD 200 from Norton Advanced

Ceramics) had a nominal diameter of 13 4 mm. These balls also contained

nearly a 200 mm thlck x5mm W|de band of materlal around the perlphery at thel |

parting plane resuiting from the uniaxially pressing process. These balls have to

be finished to a final size of 12.7 mm (0.5 inch), a sphericity of 0.5 um, and best
finish achievable. All the three factors were considered in the finishing of SizN4
balls in this chapter with emphasis on the latter aspect, namely, best finish
achievable. The large differences in the diameter between the as-received
condition to the final size required is to remove all the reaction material that is
formed on and near the surface during the hot pressing process. The nominal
chemical composition and the mechanical properties of NBD-200 Si3N4 balls

have been given in chapter 4.

" Table 8.1 gives properties of the various abrasives used in this
investigation. As in most finishing operations, there are three stages involved in
magnetic float polishing (MFP) of Si3gN4 balls, namely, 1) roughing to remove
as much material as possible without imparting serious damage to the surface,
2) an intermediate stage of semifinishing where size, sphericity, and surface
roughness have to carefully monitored, and 3) final finishing where all three,
namely, size, sphericity, and finish have to closely controlled to meet the

requirements.

Table 8.2 lists the test conditions used for different stages of polishing.
Two coarser, harder abrasives, B4C (500 grit) and SiC (400 grit) (i.e. compared

to SizN4 work material) were used during the initial stages of polishing to reach
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Table 8.1 Properties of Various Abrasives

Density | Knoop Hardness | Elastic modulus | Melting point,
Abrasive | g/ cm? kg/ mm? GPa °C
B4C 2.52 2800 450 2450
SiC 3.2 2500 420 2400
CeOs 7.13 625 165 2500
Table 8.2 Test Conditions
[ Abrasive Abrasive,| Speed, Load, Time, Remarks
Stage Type Grit Size | Size(um)| vol% rpm N/ball min
B4C 500 17 10% 2000 1.0 - Roughing
1 SiC 400 23 10% 2000 1.0 - (High Material Removal)
SiC 1000 5 10% 2000 1.0 30 Semi-finishing
2 SiC 1200 3 10% 2000 1.0 30 (Sphericity and Roughness)
SiC 8000 1 5% 4000 1.2 60 Final Finishing
3 CeO2 5 10% 2000 1.2 120 (Size, Sphericity, and Finish)

*

All abrasives used, except CeO2, were obtained from Norton Co.
CeO2 is obtained from Aldrich Chemicals.




the desired diameter at high removal rates and at the same time improve the
sphericity for proper ball motion. After reaching the diameter close to the
desired diameter, an intermediate (semifinishing) stage is utilized as artransition
betwéen the roughing and finishing stages, as the material removal rate is of
prime concern in the first stage and surface finish in the final stage. The two
harder abrasives with a finer grit size were chosen for this intermediate stage,
namely, SiC (1000 grit) and SiC (1200 grit). During this stage, the removal
rates are much lower and the finish much better than roughing but the emphasis
during this stage is the improvement of sphericity. In the final stage (prior to
CMP), fine SiC abrasive (8000 grit) is used to approach the required diameter
and sphericity and remove almost all the deep valleys from the surface. This is
followed by final polishing using a softer, chemo-mechanical abrasive, namely,
CeO2 to produce the balls of required diameter, sphericity, and final surface

finish which is exiremely smooth and almost damage-free by preferentially

removing the peaks from the surface.

The polishing shaft in MFP apparatus was driven by a high-speed, high-
precision air bearing spindle (Pl Spindle) with a stepless speed regulation up to

10,000 rpm. The magnetic field was measured by Gauss/Tesla meter. pH value

of polishing environment was measured by pH/Temperature meter. The
polishing load was set up by measuring the normal force with a Kistler's
piezoelectric dynamometer connected to a charge amplifier and a display. To
calculate material removal rates, the weight reduction in the balls was
measured by measuring the weight before and after polishing at every stage
test using a precision balance. The surface finish of the polished balls was
analyzed using a Form Talysurf 120 L, ZYGO laser interference microscope, a

Digital Nanoscope Il atomic force microscope (AFM), and an ABT 32 scanning
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electron microscope (SEM). The roundness of the balls was measured using

TalyRond 250.

In this study, the finished balls are characterized for roundness using a
TalyRond 250 (cut-off: 50 upr, Filter: 2CR), and for surface features using a
scanning election microscope (SEM), a Form TalySurf 120 L (cut-off: 0.25 mm
and 0.8 mm, evaluation length: 4-6 consecutive cut-off, Filter: ISO 2CR), and an
AFM. Although the latter three instrument measure or illustrate slightly different
surface features, they are basically complimentary in nature. Their combined
use provides confidence on the data obtained. In this investigation, three
randomly selected balls from each batch are traced 3 times at approximately
three orthogonal planes using the TalyRond and Form Talysurf to provide the
roundness and surface roughness, respectively. The TalyRond trace measures
the maximum departure from a true circle of assumed magnitude and as such it
denoted roundness. The sphericity of each ball, according to AFBMA, is defined
as the maximum value of the roundness measured on three orthogonal planes
of the ball. Similarly, the surface finish of each ball is taken as the maximum

value of three traces along three orthogonal planes of the ball.

The surface roughness obtained by mechanical polishing generally has
approximately a symmetrical profile. However, when the peaks are smoothened
preferentially leaving the valleys intact as in CMP of finishing of SigN4 giving a
fairly‘ smooth bearing surface, the surface roughness can be unsymmetrical.
Many parameters have been proposed to quantify the various surface
characteristics. It is necessary to ensure that these values truly represent the
surface features of interest. It is generally recognized that only Ra is not enough
to evaluate the surface finish and that both Ra and Rt (or Rmax) may be

necessary. The Ra value represents the average roughness is a typical value of
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the measured surface but information regarding the shape of the irregularities
(such as deep surface defects) is averaged out. The Rt value is the vertical
distance between the highest and lowest points of the roughness profile. It is not
a typical value for the whole surface, but can directly represent the irregular
surface defects, such as scratches and pits (deep valleys), which can have a
significant effect on the surface quality of advanced ceramic materials (Rt = Rp +

Rv = Rpv) for various applications.

For a stylus instrument, such as TalySurf, the stylus size and shape affect
the accuracy of the profile. It would not be possible to trace the complete profile
of a deep valley especially the bottom if the size of the valley is smaller than the
tip radius. The stylus tip radius of TalySurf 250 used in this study is about 2 um.
However, SEM micrograph can be helpful to identify whether there are surface
defects which can be reflected by stylus of TalySulf and whether the value from
TalySurf is a reliable for small-damage surface. Talysulf is convenient to use for
large area scanning with help by SEM micrograph. We also checked surface
finish by ZYGO laser interference microscope which is non-contact
measurement instrument. For the ZYGO laser interference microscope, the
focus range is important and should include both peaks and valleys of the
polished surface. Otherwise, the surface values from ZYGO are unreliable. The
stylus tip radius of AFM is < 0.08 um and can easily be broken and not easy to
be operated and used very often. In this study, AFM is used for final high
magnification evaluation of some random areas. Based on the evaluation by all
of Talysurf, SEM, ZYGO and AFM characterization techniques, one can be more
confident that the surface finish value shown are a reliable representation of the

true surface quality.

186



8.3 POLISHING RESULTS

Figures 8.1 (a) to (d) are SEM micrograph, a Form TalySurf profile, an
AFM vimage, and an high magnification AFM image, respectively of a
commercially finished best SigN4 ball surface (considered as a master ball of
AFBMA Grade 3). From the SEM micrograph [Figure 8.1 (a)], it can be seen that
while some areas of the surface are extremely smooth, there are many fine
scratches and some pits. The AFM image of the polished surface [Figure 8.1 (c)]
more or less shows the same features with an Ra of 5 nm and Rmax of 220 nm.
Even though the TalySurf profile of the smooth region of the polished surface
gives an Ra of about 7 nm and Rt of about 70 nm [Figure 8.1 (b)] this may not
reflect the actual surface roughness as can be seen from the SEM image
[Figure 8.1 (a)]. From the SEM image, several deep pits can be seen the size of
such defects at the bottom would be smaller than the stylus tip radius (2 pum) of
the Talysulf. As previously pointed out, the values obtained by Talysurf, AFM,
and ZYGO would depend on their ability to analyze the data from all the peaks
as well as the valleys. If the depth of field is not adequate for a given
magnification, the data would be in error on account of this. Consequently, care
should be exercised in the quantitative evaluation of the surface finish obtained
at these magnifications although relative values and surface topography are

helpful in the analysis. Hah, Fisher, and Burk [1985] recently showed the

surface fll"lISh of a polished surface of a commercnal S|3N4 baII (7/16 in |

dlameter) using an AFM an Ra in the region without defects as 1. 8 2. 8 nm and
the regions including the defects as 11-18 nm (with defect density medium and
scratch marks severe). For smaller size balls (1/4 in diameter), they reported an
Ra of 2.5 to 4 nm in the region without any defects and 35-40 nm including the

regions with defects (with defect density large and scratch marks some).
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Figure 8.1 (a)
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Figure 8.1 (c¢) AFM image of a commercially finished Si3Ny ball surzace
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Z range 75.151 nmM
Mean -4.170 nm
Rus (Rq) 10.087 nm
Mean roughness (Ra) 5.172 nm
Max height (Rmax) 70.837 nm
Surface area

Surface area diff

Figure 8.1 (d) AFM image at higher magnification showing smooth area separated
by pitting of a commercially finished Si3N4 ball surface
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However, the Rmax with defects can be many times this value (at least 10
times). Figure 8.1(d) is an AFM image at higher magnification showing deep pits

separated by smooth regions of a commercially finished ball.

Table 8.3 gives the average surface finish and material removal rates
obtained at progressive stages of polishing. The corresponding Talysurf surface
finish profiles are shown in Figures 8.2 (a) - (f). It can be seen that the surface
roughness as well as the material removal rates decease as the hardness and
grain size of the abrasive decreases due to a decrease in the size of brittle
microfracture. For a harder abrasive with a fine grain size, the material removal
is by submicroscopic fracture and therefore results in damage-free subsurface.
Further CMP with a softer abrasive, such as CeO2 , as will be shown, will result

in an extremely smooth surface.

Figures 8.3 show the 3-D plot of the surface roughness using (a) the
ZYGO non-contacting laser interference microscope and (b) and (c) AFM,
respectively of the final surface polished by softer CeO2 abrasive. The surface
finish values after the final polishing obtained by Form Talysurf are Ra 3.8 nm
and Rt 0.029 um, while those obtained by ZYGO are Ra 3.9 nm and Rtm 0.021
um for the line scan and by AFM are Ra 1.4 nm and Rmax 0.018 um for the area
scan. The SEM micrographs [Figure 8.4 (b)] show essentially smooth surface
with practically no surface defects. Both AFM and ZGYO also provide surface
finish by averaging over an area. The evaluation of surface topography by all
the characterization techniques considered in this investigation, namely,
Talysurf, SEM, ZYGO, and AFM, gives confidence that the final surface is
damage-free with a finish of Rg 4 nm and Rt 0.04 um (cut-off: 0.25 mm,
evaluation length: 4-6 consecutive cut-off, Filter: ISO 2CR). If one considers the

AFM values, the surface finish Ra would be about 1.4 nm.
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Table 8.3 Average Surface Finish and Material Removal Rates

During Various Stages of Polishing

Surface Finish (Ave.)

MRR per ball

Material Removal

Stage | Abrasive | Ra (nm) Rt (um) |mg/min|pm/min Mechanism
B4C 500 225 1.95 0.96 1.2 Microfracture
1 SiC 400 170 1.40 0.64 0.8 Microfracture
SiC 1000 95 0.80 0.30 0.5 | Submicrofracture
2 SiC 1200 55 0.50 0.20 0.2 Submicrofracture
SiC 8000 15 0.15 0.04 - Submicrofracture
3 CeO2 4 nm 0.03 um 0.01 - Tribo-chemical




(b)  SiC (400 grit) abrasive
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Figures 8.2 Talysurf surface roughness profiles of a SigN4 ball
after polishing (a) by B4C (500 grit) abrasive (b) by
SiC (400 grit) abrasive (c) by SiC (1000 grit)
abrasive (d) by SiC (1200 grit) abrasive (e) by SiC
(8000 grit) abrasive (f) by CeO2 (5 um) abrasive
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Figure 8.3 (a) ZYGO plot of the surface of a SizNy ball after finishing
by softer CeO2 abrasive.
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UM
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Z range 13.986 nm

Mean -0.097 nm

Rms (Rq) 1.933 nm

Mean roughness (Ra) 1.128 nm
Max height C(Rmax) 13.277 nm
Surface area

Surface area diff

Figure 8.3 (b)  AFM image of the surface of a Si3Ny4 ball after finishing
by softer CeO2 abrasive.
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Figure 8.3 (c) AFM image at high magnification showing an extremely
smooth surface of a Si3Ny ball after finishing

by softer CeO2 abrasive.
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Figure 8.4 (a) is an SEM micrograph of a Si3N4 ball surface obtained
after mechanical polishing with a finer SiC abrasive (8000 grit size) indicating
that“ the material removal from the workmaterial is predominantly by brittle
fracture on a submicroscopic scale under the mechanical action of the abrasive.
Whiie some polishing scratches can be seen, the surface is relatively free of pits
that would normally form using diamond abrasive. Figure 8.4 (b) is a
repﬁesentative SEM micrograph of a SigN4 ball surface after the surface has
been finished by CMP with a softer abrasive, CeO2, showing an extremely
smooth surface with practically no surface defects , such as pits or scratch
marks. Several areas of the SizgN4 ball surface were scanned and the
micrograph shown in Figure 8.4 (b) was found to be a representative of the

topégraphy of the surface.

Figures 8.5 (a) and (b) SEM micrographs of the polishing shaft after
polishing SiaN4 balls with B4C 500 and B4C 1500 abrasives. They show that

the abrasives are actually not embedded in the shaft as considered by Childs et

al [7] but actually abrade the softer stainless steel polishing shaft. Thus, while

e

the action of the abrasives is one of a two body abrasion (i. e. sliding without

rotation) as ~}}rivgh’[ly pointed out by Childs, they are not fixed but move relative to

st W

theipolishing} shaft. The material removal is due to the relative speed between

the abrasives and the workmaterials.
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Figure 8.4 (a) SEM micrograph of the surface of a SizNg ball
after polishing by SiC (8000 grit) abrasive

Figure 8.4 (b) SEM micrograph of the surface of a Si3Ny ball
after polishing by CeO5 (5 um) abrasive
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Figure 8.5 (a) SEM micrograph of the stainless steel shaft in contact with
Si3Ny balls in MFP showing the presence of B4C (500 grit)

particles and abrasion marks on the shaft materials.

R AY "‘3\' '
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Figure 8.5 (b) SEM micrograph of the stainless steel shaft in contact with
SizNy balls in MFP showing the presence of B4C (1500 grit)

particles and abrasion marks on the shaft materials.
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8.4 DISCUSSION
8.4.1 MECHANICAL POLISHING

The mechanism of material removal from the Si3gNg4 balls by finer grit,
harder abrasives, such as B4C and SiC in MFP process is by mechanical
microfracture because of higher hardness of the abrasive and the inherent

brittleness of the workmaterial. Ugggjj;_jtng’swg(_._ggn‘d»i_tions material removal occurs

not by grain pullout, grain fracture, and large fracture but by mcirofracture by

cleavage. While chemo-mechanical action may also occur, its contribution is

considered to be much smaller than the mechanical action, namely,

microfracture by cleavage.

Childs et al (1995) have shown that in magnetic float polishing(MFP),
material removal from the balls is accomplished by the action of the abrasives

embédded in the shaft due to sliding at the contact area between the drive shaft
and the ball. It is unlikely that when fine abrasives are held between the SigN4
balls and the stainless steel shaft that the abrasives will get embedded in the
shaff, as in the present case. If this is so, one would never be able to remove
matérial from softer workmaterials with loose abrasives. In an actual situation,
the abrasive will abrade the soft stainless steel shaft much more so than the
SizaN4 workmaterial and it appears unlikely that the abrasives will be
embédded as Childs et al considered but would be moving relative to the
polishing shaft forming abrasion marks in the shaft. In fact wear on the stainless
1 e

steei shaft is as a result of it and may have to be ground periodically to ftéf

imprbve sphericity.
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For larger sized abrasives and higher loads, as in conventional polishing
with diamond abrasive, the finished surface is effected by the formation of deep
pits, grooves and cracks. This will not be the case with finer abrasives and
lighter loads. Higher material removal rates without subsurface damage is
feasible by magnetic float poliéhing because of high polishing speeds and very
flexible float system used. The low loads used (1 N/ball), while causes
microcracking by cleavage, is small enough as to not cause larger cracks, or

dislodge grains by grain pullout.

8.4.2 CHEMO-MECHANICAL POLISHING (CMP)

~ The mechanism of material removal in the final stages of polishing by
softer cerium oxide (CeO2) is due to CMP. Thermal analysis of flash
temperature and flash duration as well as thermodynamic studies of the
polishing process strongly suggest the possibility of CMP of Si3N4 by CeO2.
Details of the chemo-mechanical action of the CeO2 abrasive with the Si3zN4
balls\ is the subject in chapter 6-7. Under the mechanical frictional action durihg
poIishing, chemical reactions can be initiated between the SizaN4 balls and the
CeO2 abrasive in the presence of water (from the water based magnetic fluid)
and the material is removed by the chemical dissolution of material resulting in
a reaction product that is subsequently removed by the mechanical action of the
abraSive. Since the hardness CeQO2 abrasive is about 1/3 of SizN4
workmaterial, it can hardly scratch or damage it and the material is removed by
tribol%ogical interaction forming a reaction product. Thus, tribochemical action
instead of mechanical fracture is credited here for the extremely smooth and

damage-free surfaces accomplished on the SizN4 balls.
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8.5 PRECISION MANUFACTURING PROCESS

Precision manufacturing process for finishing silicon nitride (SigN4)
bearing balls (with good sphericity and excellent surface finish to requirement
size) to ANSI/AFBMA 10, 7, 5, and 3 by MFP technology is presented in the
following. This process has also being carried out in a large batch polishing

apparatus towards implementation of this technology in industry.

8.5.1 SURFACE FINISH

The methodology of fine mechanical polishing followed by chemo-
mechanical polishing (CMP) is rather critical for obtaining excellent surface
finish of advanced ceramic balls in the MFP process resulting in higher strength

workmaterial and reliability of the parts in service.

8.5.2 OUT-OF-ROUNDNESS

It IS found that accuracy of both apparatus construction and polishing set-

up are crltlcal for obtaining good sphericity of advanced ceramlc balls |n the

MFP process. But these would not have much effect on the surface fmlsh

obtainable. In the MFP process, when larger diameter portions of ball enter the
contact area, the load will increase and a larger amount of material will be
removed from this place. This process continues resulting in improved

spheificity.

- The accuracies of apparatus construction involved in the geometrical
accuracy as well as relative positional accuracy of its main parts. The geometric

accuracy depends on the accuracy machine tools used. The relative positional
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accuracy depends on the adjustment and set-up of machine tools used in
machining process. Regarding polishing set-up accuracy, maintaining.coaxiality

%t_?g!y_\_/‘een rotating axis of the polishing shaft and the.polishing-guide-ring-of-the-

<

MFP apparatus is the most important. In the following these details are

e

discussed briefly:

1. The geometrical accuracy of the main parts of the apparatus:
A. Out-of-roundness of the internal cylindrical surface of the chamber;
~ B. Out-of roundness of the cylindrical surface of the polishing shaft.

This depends upon the spindle rotational accuracy of the turning
machine used for fabricating the chamber and shaft, especially the inaccuracies

in the spindle bearing, stiffness, and thermal deformations.

The abrasive wear of the polishing shaft, the polishing float, and the
urethane rubber ring during tﬁe polishing lead to improper polishing motion of

the ball and can result in sphericity degradation. They should re-machined or

replaced periodically.

- 2. Relative positional accuracy of the apparatus:

A. End surface of the shaft, which is the reference surface of the shaft to

the drive spindle should be perpendicular to the rotating axis to minimize the

Pra

7add|t|on_akl inaccuracies in the rotational motion; B. The tapered polishing

RS

surface of the shaft should be coaxial with rotating axis. To satisfy the above

mentioned requirement, i.e., A and B, during final precision machining stages,

the machining of shaft cylindrical and conical polishing surface should be

accomplished using one chuck mounting, taking the end surface as axial

e
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machining reference. To re-machine the conical polishing surface after wear,

o

the shalft axis should be set up to coaxial to lathe axis by indicating the

\cylindrical surface of shaft

st

} emcimnnr

v
- C. The axis of chamber wall should be perpendicular to chamber bottom.

Polishing chamber is used not only for containing the polishing fluid but also for

guiding the ball track as a guide ring. To pi‘eserve relation integrity, the

machining of chamber should be done W|thin one chuck mounting (without

L_,e __‘athe chuck) to machine I.D and O.D. of

removmg the wor

chamber for their concentricity and machine the end surface to make
perpendicuiarity of the end surface with respect to the chamber walls, which is
the reference surface to ensure the chamber walls to perpendicular to the

chamber base.
3. Polishing set-up accuracy:

A. Coaxiality between d(ive_ spihrdlv‘e:v_avhd polishing shaft: Due to the

abrasive wear in MFP process, periodically, the shaft have to be removed and
polishing surface have to be re-machined. When the shaft is re-mounted to the
drive spindle, great care must be used to aligning the shaft axis with the drive
axis. It is prefered re- grlndmg the shaft W|thcut removing the shaft from spindle

Rt

by setting up a grlndlng unit.

B. Coaxiality between polishing shaft and polishing_chamber: The
mouhting eccentricity between polishing shaft and polishing guide ring should
be avoided. The improper setup or not enough set-up accuracy with even very

small enccentricity is the main reason of the low sphericity. Figure 8.6 shows a

typical triangle shape of a Si3N4 baII due to eccentricny between the poiishing

dnve shaft (tool) and gwde rlng (track)

)

R,
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4 A a 5 um

Figure 8.6 TalyRond roundness profile of a 813N4 ball with a typical

eccentricity between the polishing drive shaft (tool) and
guide ring (track) (Roundness: 6 Hm)

T
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The purpose of above mentioned requirements 3. A&B is to keep

coaxiality between rotating axis of polishing shaft and polishing guide ring. This

is the most frequent problem to cause bad sphericity results.

e S\ S TR e S e

8.5.3 LARGE BATCH MAGNETIC FLOAT POLISHING PROCESS

- Work is underway in the development of an MFP apparatus for finishing a
larger batch balls ( ~100 balls of 3/8 in dia.) and associated monitoring for in-
process control of the MFP process. The process is carried out in a large batch
polishing apparatus for implementation of this technology in industry. The
polishing conditions used in large batch MFP (12.5 inch diameter) are in
foIIoWings: Abrasive: B4C #400, SiC 1200, SiC 8000, followed by CeOo,

Abrasive concentration: 5 vol%, Load: 1”N/ball andspeed40m0 rpm. which is

same as the polishing condition used in small batch (2.5 inch diameter). The

i R RTINS i

initial test results yielded a sphericity 0.15 pm and a surface finish Ra 0.010 um
after 20 hour polishing [Komanduri, umehara, jiang, and Cao, 1998]. The
apparatus shown in Figure 8.7 (guide ring diameter: 12.5 inch) for polishing
large batches of advanced ceramic balls has been fabricated in collaboration

with Prof. N. Umehara of Tohoku University in Japan.

8.5.4 FINISHING PROCESS

Uniaxial pressed SisN4 (CERBEC NBD-200) balls are used in this
inveStigation. The as-received balls had a nominal diameter of 13.4 mm and
had to be finished to a final size of 12.7 mm (0.5 inch) with (a) a sphericity of
0.25 um and surface finish of Ra '25 nm for ANSI/AFBMA grade 10; (b) a
sphe?ricity of 0.13 um and surface finish of Ra 20 nm for ANSI/AFBMA
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Figure 8.7

Large batch MFP apparatus [Komanduri, Umehara, Jiang, and Cao, 1998]



grade 5; and (c) a sphericity of 0.08 um and surface finish of Ra 12 nm for

ANSI/AFBMA grade 3. Table 8.4 gives the polishing procedure and results.

Figure 8.8 (a) shows TalyRond roundness profile of an as-received
Si3gN4 ball showing a 200 um x 5 mm band at the parting line due to the
uniaxial pressing process (Roundness: 200 um). Figures 8.8 (b) - (h) show
TalyRond roundness profile of a SigN4 ball after polishing with B4C #500 in
Tests A - L. The roundness has improved from 200 um to 0.6 pm after 14 hours
of polishing. The diameter was reduced from 13.4 mm to 12.730 mm; The
material removal rate was 0.8 - 1.0 um/min. Figure 8.9 (a) shows the TalySurf
surface roughness profile of a SigN4 ball after polishing with B4C #500, Ra:
0.184 um, Rt: 1.44 um.

Figure 8.8 (i) shows the TalyRond roundness profile of a Si3N4 ball after
polishing with SiC #1200 abrasive in Test N. The roundness was improved from
0.6 um to 0.3 um. The diameter was reduced from 13.730 mm to 12.706 mm,
and material removal rate was 0.2 um/min. Figure 8.9 (b) shows TalySurf
surface roughness profile of a SigN4 ball after polishing with SiC #1200
abrasive in Test N that the surface finish was improved to Ra, 0.05 um and Rit,
0.5 um. This is an intermediate stage of semifinishing and the size, the

spheficity, and the surface roughness all have to be carefully monitored.

Figure 8.8 (j) shows TalyRond roundness profile of a Si3N4 ball after
polishing with SiC #8000 abrasive in Test O. The roundness has improved from
0.3 me to 0.2 um. The diameter was reduced from 12.706 to 12.702 mm, and
the material removal rate was 0.05 um/min. Figure 8.9 (c) is a TalySurf surface
roughness profile of a SizN4 ball after polishing with SiC #8000 abrasive
showing an improved surface finish Ra of 0.02 um, and Rt of 0.15 um. This is the
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final mechanical polishing stage where the emphasis was on the required size,
sphericity, and good surface finish. The final chemo-mechanical polishing was
foIIoWed to obtain the final excellent surface finish for increasing the reliability of

the parts in service.

Figure 8.8 (k) is a TalyRond roundness profile of a SigN4 ball after
polishing with CeO2 (5 um) in Test Q. The roundness has improved from 0.2 um
to 0.15 pum, the diameter has reduced from 12.702 to 12. 700 mm, and the
material removal rate was 0.01 um/min. The sphericity of the balls (i.e.
maximum deviation of the roundness of a ball taken in three orthogonal planes)
for this batch was found to be ~ 0.15 um. Figure 8.9 (d) is the TalySurf surface
roughness of a SigN4 ball after polishing with CeO2 (5 um) with a surface finish
Ra of 6 nm, and Rt of 46 nm.

- Figure 8.10 shows the variation of sphericity with polishing time. It took ~

20 hours to finish this batch of balls.

Childs, et al, (1995) has indicated that that magnetic fluid grinding is
more likely to replace the roughing stage of the polishing than the final stage. In
this investigation we have clearly demonstrated that magnetic float polishing
(MFP) can replace completely (both roughing and finishing) the conventional
polishing starting from the as-received balls and finish them to the final
specifications in the same apparatus. The methodology for finishing Si3N4
balls by MFP is presented for the first time in this study that involves actual

finishing time an order or magnitude or more faster than conventional polishing.
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Table 8.4 Polishing Procedure and Results

Test No. Abrasive Time, min | Diameter (mm) | MRR(pm/min) | Sphericity (um) Ra (um)
A-L B4C #400 12 x 60 12.730/13.4 0.8-1.0 0.6/200 0.20
M-N SiC #1200 2 x 60 12.706 0.2 0.3 0.05
O SiC #8000 1x 60 12.702 0.05 0.2 0.02
P-Q CeO2 2x90 12.700 0.01 0.15 0.008
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Figure 8.8 (a) TalyRond roundness profile of an as-received Si3N4 ball
| showing a 200 um X 5 mm band at the parting line due to
uniaxial pressing process (Roundness: 200 um)
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Figure 8.8 (b) TalyRond roundness profile of a Si3N4 ball after polishing
with B4C #500 in Test A (Roundness: 82 um)
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Figure 8.8 (c) TalyRond roundness profile of a Si3N4 ball after polishing
with B4C #500 in Test B (Roundness: 46 um)
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Figure 8.8 (d) TalyRond roundness profile of a Si3N4 ball after after
polishing with B4C #500 in Test D (Roundness: 16 um)
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Figure 8;.8 (e) TalyRond roundness profile of a Si3Ng4 ball after after
polishing with B4C #500 in Test F (Roundness: 7 um)
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Figure 8.8 (f) TalyRond roundness profile of a Si3Ng ball after after
polishing with B4C #500 in Test H (Roundness: 2.4 um)
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Figure 8.8 (g) TalyRond roundness profile of a Si3Ny ball after after
‘ polishing with B4C #500 in Test ] (Roundness: 1.6 um)
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Figure 8.8 (h) TalyRond roundness profile of a S5i3N4 ball after after
polishing with B4C #500 in Test L (Roundness: 0.6 um)
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Figure 8.8 (i) TalyRond roundness profile of a Si3Ny ball after polishing
with SiC #1200 in Test N (Roundness: 0.3 pm)
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Figure 8.8 (j) TalyRond roundness profile of a Si3N4 ball after polishing
with SiC # 8000 in Test O (Roundness: 0.2 um)
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Figure 8.8 (k) TalyRond roundness profile of a 5i3N4 ball after polishing
with CeO2 (5 um) in Test Q (Roundness: 0.15 um)
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Figure 8.9 (a) TalyS'urf surface roughness profile of a Si3Ng¢ ball after
“polishing with B4C #500 in Test L
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Figure 8.9 (b) TalySurf surface roughness proflle of a Si3N4 ball after

polishing with SiC #1200 in Test N
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Figure 8.9 (c) TalySurf surface roughness profile of a Si3N4 ball after

polishing with SiC #8000 in Test O
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Figure 8.9 (d) TalySurf surface roughness of a Si3N4 ball after polishing
with CeO2 (5 um) in Test Q
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Figure 8.10 Variation of sphericity with polishing time
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- From the work presented here, it can be seen that magnetic float
polishing (MFP) technique can be used for finishing Si3N4 balls from the as-
received condition to a sphericity (< 0.15 um), and surface finish Ra < 6 nm
without scratches or pits on the surface of balls. The polishing time from the as-
received condition to the final requirements is < 20 hours. This, however, does
not take into account the time taken for the characterization of the surfaces
using various techniques. The methodology developed here incorporates
polishing conditions and the use of appropriate abrasives (including grain
sizes) that are not severe enough at any stage to cause damage, such as deep
pits and cracks in and near the surface, so that the balls can be finished to the
requirements without surface or near surface damage. Of course, whether or not
the surface can be finished absolutely smooth also depends on the residual

porosity of the Si3N4 material.

8.6. CONCLUSIONS

The methodology of fine mechanical polishing followed by chemo-
mechanical polishing (CMP) is critical for obtaining excellent surface finish of
advanced ceramic balls in the MFP process leading to higher strength of the
workmaterial and improved reliability of the parts in service. Both apparatus
construction accuracy and polishing set-up accuracy are critical to obtain good

sphericity.

MFP is very effective and at the same time economical manufacturing
technology. Balls meeting the ANSI/AFBMA 10, 7, 5, and 3 have been finished
in our investigation. This technology is now ready for implementation in

industry. The process is ready for carrying out both low-volume prototype
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production and high-volume standard production to meet the growing demand

of next generation precision high-speed, high-temperature ceramic bearings.
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CHAPTER 9

FUTURE WORK

Future work includes the extension of magnetic float polishing (MFP)
technique to finish other advanced ceramics such as zirconia (ZrO2) balls for
flow control applications and ferritic stainless steel (AISI 440C) balls for bearing
applications. It may be pointed out that finishing of the latter (AISI 440C steel
bearing ball) was found to be extremely difficult and time consuming by
conventional ball lapping process by a leading industry in the U. S. and the
potential for finishing steel balls using MFP method has never been considered
- by other researchers around the world because of the magnetic nature of steel.
Some preliminary test results of MFP of zirconia balls and stainless steel (AISI
440C) balls are presented. It is, however, necessary to improve further to

achieve results similar to that with SigNg.

9.1 FINISHING ZIRCONIA BALLS FOR FLOW CONTROL

Transformation toughened (between metal and ceramics) zirconia (ZrO2)
has perhaps the highest fracture toughness among advanced ceramics, i.e.,
even higher than SigN4 (Table 1.1). The increased toughness tends to stop the
cracks from sprevading and increases the ball's strength in the stressed area.
ZrOy is superior in some respects in that it operates well in corrosive and
erosive environments, such as molten metals, organic solvents, caustics, and

most acids. Because of its high resistance to abrasion and corrosion, it is often
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used in check valves for flow control. |t is a high-strength material that performs
well at temperatures up to 1800 °F. Being lighter than steel ball, it minimizes
damage due to mating components. It can operate two to three times longer
than metal or carbide balls in certain applications. However, due to higher

denéity compared to SizNy, the latter is still prepared for bearing applications.

- The properties of zirconia balls used in this investigation are given in
Table 9.1. MFP technique was used for finishing ZrO» balls. The polishing
conditions used are listed in Table 9.2. Because of its relatively high fracture
toughness, it is anticipated that there will be more scratching abrasion/ plowing/

wear tracks and less fracture pits in ZrO» polished surface than that of SizNg .

Table 9.1 Properties of zirconia (Yitria stabilized) balls

Density 6.06 g/cm3 (0.219 Ib/in3)
Compressive Strength 794,837 psi
Young's Modulus 21700kgf/mm?2 (30.6 x 106 psi)
Hardness 1250 kgf/mm?2
_Thermal Conductivity 0.007 cal/cm. sec. °C
~ Thermal Expansion 10.9x106/°C
' Electrical Resistivity 2.2x1012¢cm
- Max. useful Temperature 1800 °F
Zirconia is inert to corrosive materials
Corrosion Resistance with the exception of hydrofluoric acid
and hot, concentrated sulfuric acid.
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Table 9.2  Polishing conditions for MFP of zirconia (ZrO2) balls

Workmaterial Zirconia (Yttria stabilized) Balls
. Polishing Tool Material 304 stainless steel
- Abrasive SiC#8000

Magnetic Fluid Water-based (W-40)

Abrasive vol% 10%
~ Polishing Load, N/ball 1

Polishing Speed, rpm 2000

Test Time, min/step 90

Table 9.3 shows the preliminary test results of finishing zirconia (ZrOs)
balls by MFP with SiC #8000 abrasive. The corresponding TalySurf surface
finish profiles are given in Figures 9.1(a) and (b). The initial surface of a ZrO»
ball has a roughness Ra of 0.35 um and Rt of 2.50 um [Figure 9.1 (a)]. After 90
min of polishing with SiC (#8000 grit) abrasive, the surface finish is significantly
improved (Ra: 0.02 um, Rt: 0.15 um) [Figure 9.1 (b)]. Material removal rate was
0.1 um/min. The surface finish can be further improved by chemo-mechanical

polishing (CMP) with an appropriate abrasive.

Table 9.3 Test results of finishing Zirconia (ZrOy) balls by MFP
with SiC (#8000 grit) abrasive

Initial Surface MFP with SiC 8000
Ra (um) Rt (um) Ra (um) Rt (um)
0.35 2.5 0.02 0.15
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Figure 9.1 (b)

A surface of a Zirconia (ZrO2) ball after

polishing with SiC (#8000 grit) abrasive
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9.2 . FINISHING AISI 440C STAINLESS STEEL BALLS FOR
- BEARING APPLICATIONS

AIS| 440C stainless steel is corrosion resistant and hardened steel
bearing ball material. The chemical composition and mechanical properties of

440C stainless steel is given in Tables 9.4 and 9.5, respectively.

Table 9.4  Chemical component of AlSI 440C

Carbon 0.95 to 1.20%
Chromium 16.00 to 18.00%
Molybdenum Maximum of 0.75%
Nickel Maximum of 0.75%
Copper Maximum of 0.50%
Manganese Maximum of 1.00%
Silicon Maximum of 1.00%
Phosphorus Maximum of 0.04%
Sulphur Maximum of 0.03%

Table 9.5  Mechanical properties of AlSI 440C

Density 0.277 Ib/in3
Hardness, Rockwell, C 58 - 65
Tensile strength 285,000 psi
Yield strength 275,000 psi
Elongation in two inches 2%

Reduction in area 10%

Modulus of elasticity 29,000,000 psi

AlSI 440C (ferritic) stainless steel is a magnetic material. Hence, it can be

attracfed to the bottom of MFP chamber by the magnetic field from the magnets
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under the chamber. However, the AISI 440C steel balls can still be floated up
for magnetic float polishing (MFP) when the magnetic buoyant force is higher
than ‘the magnetic attractive force of steel balls to the magnets. The acrylic float
plays a critical role here as it should push steel balls up after the required
amount of magnetic fluid is filled. An appropriate thickness for the acrylic float
can reduce or even eliminate the attractive force from the magnets to steel balls
by keeping them "further" away from the magnetic poles (where magnetic field
intensity is very small or negligible). Also, a larger buoyant force near the
maghetic poles of the bottom surface of the float can be transmitted to the ball
support area (the top surface of float) by acrylic float. Table 9.6 gives the

polishing conditions used in this investigation.

Table 9.6 Polishing conditions used for finishing stainless steei balls by MFP

~ Workmaterial SS440 stainless steel balls

- Polishing Tool Material 304 stainless steel
Abrasive B4C #1500, SiC#8000

Diamond, AloOg3, ZrOs, Cro03

Magnetic Fluid Qil-based (EMG 909)

- Abrasive vol% 2.5%, 5 %, 10%

. Polishing Load, N/ball 0.25, 0.5, 1

- Polishing Speed, rpm 2000, 4000, 6000, 8000
Test Time, min/step 30

Table 9.7 shows the results of the tests for finishing stainless steel balls
by MFP with B4C #1500 and SiC #8000 abrasives. Compared with SigN4 balis,

the influence of polishing parameters on the surface finish of stainless steel
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balls is more significant but the optimum polishing conditions are the same, i.e.,
5 vol %, 8000 rpm, 1 N/ball. The material removal is by plastic deformation, and

plowing can be observed on the polished surface.

Table 9.7 Test results of finishing stainless steel balls by MFP

Abrasive | Abrasive | Abrasive,| Speed, Load, Surface Finish
Type Size (um)]| vol% rpm N/ball Ra (um) | Rt(um)
SiC 1200 5 10% 2000 1.0 0.45 4.80
B4C 1500 2 10% 4000 1.0 0.13 1.35
B4C 1500 2 10% 6000 1.0 0.11 1.20
SiC 8000 1 10% 6000 1.0 0.11 1.20
B4C 1500 2 5% 8000 0.5 0.06 0.80
B4C 1500 2 2.5% 8000 0.25 0.05 0.95
SiC 8000 1 5% 8000 1.0 0.06 0.60

Tables 9.8 and 9.9 show polishing conditions and test results of finishing
stainless steel balls by MFP with a SigN4 shaft and CroO3 abrasive as well as
withdut any abrasive (i.e., only magnetic fluid). Table 9.10 shows a comparison
of test results (out-of-roundness) of finishing stainless steel balls by MFP with a
304 stainless steel and a SigNy4 shaft. It can be seen that roundness has
improved using the SizN4 shaft without abrasive to 0.75 um. This is attributed to
the plastic deformation of the balls from the squeezing action between the

advanced ceramic shaft and the steel balls.
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Table 9.8 Polishing conditions used for finishing stainless steel balls by MFP
‘ with a SigN4 shaft

Workmaterial

SS440 stainless steel balls

Polishing Tool Material

Advanced Silicon Nitride (SigNy)

Abrasive

Cro03, with_out abrasive,

Magnetic Fluid

Oil-based (EMG 909)

Abrasive vol% 0%
Polishing Load, N/ball 1
Polishing Speed, rpm 8000
Test Time, min/step 60

Table 9.9 Test results of finishing stainless steel balls by MFP

with a SigN4 Shaft

Abrasive Ra (um) Rt (um)
CroO3 (1 um) 0.07 0.8
without abrasive 0.08 0.9

Table 9.10 A comparison of polishing results of finishing stainless steel balls by
MFP with 304 stainless steel and SigN4 shafts

Shait (Polishing Pad) Abrasive Out-of-Roundness (um)
304 stainless steel with > 1.6
SizgN4 advanced ceramic without 0.75
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In summary, in the MFP of steel bearing balls, the results of polishing
using SiC, B4C, Cro0O3 abrasives are found to be better than that of diamond,
Al,O3, and ZrO5. Optimum parameters from surface finish point of view are
speed 8000 rpm, abrasive concentration 5 vol % and load 1 N per ball; The
roundness of the balls finished by the steel shaft (polishing pad) with abrasives
was > 1.6 pm. Use of SigN4 polishing shaft without any abrasive has yielded an
impréved roundness to 0.75 um. However surface roughness was still high (Ra
> 60 nm). Further research is needed to improve the surface finish Ra to 20 nm
for bearing applications. This may involve using soft polishing shaft for final
finishing. It is known that in order to obtain best surface finish on steel bearing
balls industry uses a buffing process where semi-finished balls are loaded in a
rotating chamber with pieces of leather, fine abrasive, and water for a week. The
process for finishing stainless balls by MFP may be as follows: 304 stainless
steel (or cast iron shaft) with B4C or SiC abrasive (< 5 um grit size) to reach the
diameter and better roundness, and then polishing with SigN4 shaft without
abrasive to final roundness, and then use a soft shaft (buff, leather, wood, felt,
polyurethane) with a fine soft abrasive (CaCos ?) for obtaining final surface

finish.
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CHAPTER 10

CONCLUSIONS

An effective methodology for finishing silicon nitride balls of required
tolerance for bearing application has been presented and supported by
experimental results. There are three basic stages involved in polishing,
namely, initial roughing stage where the emphasis is on high material
removal rate with minimal surface and subsurface damage, intermediate
semi-finishing stage where material removal rate, sphericity, and surface
roughness have to be closely monitored, and final finishing stage where

emphasis is on the required size, sphericity, and finish.

The advantage of the magnetic float polishing (MFP) apparatus used in
this investigation is that it is capable of finishing a small batch (10-20) balls
to the finish requirements without the need for sorting them from a large
batch of balls or use different equipment for roughing, semifinishing, and
finishing as in conventional lapping. Such an apparatus would be
beneficial especially when small batches are needed for specific low
volume applications or for evaluation of materials in the development of

new materials for bearing applications.

Magnetic float polishing (MFP) SigN4 balls for bearing applications using
fine mechanical polishing followed by chemo-mechanical polishing (CMP)
is an efficient and cost effective manufacturing technology for producing
high quality due to high polishing speed, small and controlled polishing

force, flexible support, and chemo-mechanical action.
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High material removal rates (1 pm/min) with minimal subsurface damage
are possible using harder abrasives, such as B4C or SiC due to rapid
accumulation of minute amounts of material removed by mechanical
microfracture at high polishing speeds and low loads used in the MFP
process. Although material removal is by brittle fracture, it occurs on a
microscale due to low polishing force, flexible float system, and fine
abrasives. The cracks generated are localized and suppressed from
propagating into microcracks. Consequently subsurface damage is
minimized leading to higher strength of the workmaterial and reliability of

the parts in service.

Experimental design based on Taguchi method has been successfully
applied to determine the optimum processing conditions (within the range
of parameters and levels tested) for improving the surface quality of the
‘cerarﬁic balls by magnetic float polishing (MFP). The three important
parameters for surface quality are identified as the polishing force, the
abrasive concentration, and the polishing speed for a given abrasive and
its grain size. Among the three parameters tested, the polishing force was
found to be the most significant from a consideration of the overall surface
finish, Ra and Rt. For the surface finish Ra, the polishing force was found to
be most significant followed by polishing speed and then abrasive
;concentration while for Rt, the polishing force was most significant followed

by the abrasive concentration and then polishing speed.

The results from Taguchi experimental design also indicate that within the
range of parameters evaluated, a high level of polishing force (1.4 N), a

low level of abrasive concentration (5%), and a high level of polishing
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speed (7000 rpm x 2.5 inch) are optimum for improving both Ra and Rt. A
comparison of the results obtained by the Taguchi method with single
parameter (i. e. one parameter by one parameter) variation using a fine
SiC abrasive (1 um) yielded a similar conclusion for optimum polishing
conditions, but Taguchi method can extract information more precisely and

more efficiently.

The best surface finish obtained using fine, harder B4C abrasive (1-2 um)
was 20 nm for Ra and 200 nm for Rt; The best surface finish obtained using
fine, harder SiC abrasive (1 um) was 15 nm for Ra and 150 nm for Rt; To
improve the final surface finish, further polishing has to be carried out,

involving chemo-mechanical polishing.

Chemo-mechanical polishing (CMP) depends on the polishing conditions
used, abrasive-workmaterial combination, and the environment used.
Among various abrasives investigated for CMP of SigN4 bearing balls with
‘magnetic float polishing (MFP), CeO2 and ZrO» abrasives were found to be
most effective followed by FeoO3 and Cr20s3. It was also found that CMP of

SisN4 was particularly effective in a water-based fluid environment.

Thermodynamic analysis (Gibbs free energy of formation) indicated the
feasibility of chemical reactions between CeO», ZrO», Fe2O3, and CroO3
abrasives and Si3gN4 workmaterial leading to the formation of a SiO» layer.
Since the hardness of these abrasives are closer to that of SiO layer and
‘Iower than SizN4 workmaterial, SiO2 reaction layer is effectively removed
without damaging the SigN4 substrate by the subsequent mechanical
action by the abrasives on the workmaterial. The kinetic action, which

removes the reaction products from the interface is critical in the CMP
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11.

process. The chemical reaction will be continued only after the passivating

layers are removed continuously by the subsequent mechanical action.

It is found that there is very little, if any, of CMP occurring in an oil-based
polishing environment. The conductivity and dissolution value of an oil-
based polishing fluid is nearly zero. The oil film between the abrasive and

the workmaterial prevents any chemical reactions between them as well as

the removal of reaction layer formed, if any, thus minimizing CMP. It can be

~ seen that CMP of SigN4 is particularly effective in a water environment and

water is found to be essential for CMP of SisN4 workmaterial. Water from
water-based polishing fluid not only facilitates chemo-mechanical
interaction between the abrasive and the workmaterial but also

participates directly in the chemical reaction with the SizN4 workmaterial

‘(hydrolysis) leading to the formation of SiO» softer layer thereby enhancing

‘the CMP.

An extremely smooth and damage-free surface with a finish R of 4 nm

~and Rt of 40 nm has been obtained by CeO2 and ZrO» abrasives in the

'CMP of SigN4 balis. CeO2 and ZrO» are much softer than SizN4 and

could not cause any mechanical damage and scratching on the SigN4
workmaterials. In the case of CroO3 abrasive, the mechanical abrasion

caused by Cr203 could not be eliminated completely, in spite of its chemo-

“mechanical polishing ability, because CrpO3 is slightly harder compared to

the SisN4 workmaterial. Consequently, while CMP can take place

effectively, possibility exists for mechanical abrasion and subsequent

- microchipping. Further, CeO2 and ZrO» and their various reaction products

' formed during polishing are much safer than the compounds formed by the
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13.

reaction of CroO3 with SisN4 workmaterial from an environmental point of

view.

It has been reported that the best abrasives for polishing Glasses are
CeO5 and ZrO> [Cook, 1990]. There are similarities between polishing
glass and polishing SigN4 workmaterial including the role of water,
polishing environment pH value of 7-9, and abrasive hardness of ~ Mohs 7
for effective polishing. It is somewhat coincidental that, in general,

chemical effectiveness and mechanical hardness of abrasives for CMP of

SigN4 are similar to those for glass. This is not altogether surprising as the

material removal mechanism in the case of SigN4 is through the formation
of SiO2 and in the case of glass which is basically SiO2 (Mohs 6.5). From
an analysis of CMP mechanism for SizgNy it appears reasonable to extend
this mechanism to the polishing of silicon wafers, SiO> glasses, and SiC
advanced ceramic. This is based on the similarity of the formation of SiO»

on the surface and its subsequent removal by mechanical action.

CeO2 is found to be the most effective abrasive in the chemo-mechanical
polishing of SigNg4 balls. It has two important functions in CMP of SigN4.

(1) it directly reacts chemically (oxidization-reduction reaction) with SizNg4

- workmaterial and leads to the formation of SiO2 layer; (2) The hardness of

- CeO2 (Moh 6) is close to that of the SiOo layer (Moh 6.5) and significantly

lower (about 1/3) than that of SigN4 workmaterial. So, the SigN4 substrate

“can hardly be scratched or damaged by CeO, but the SiO» layer can be

removed under subsequent mechanical action of CeO2 on SigNg4

workmaterial. The CeO2 polishing media is particularly effective in a water
environment. Reaction between SigNg4 workmaterial and water (from water-

based magnetic fluid) also occurs (hydrolysis) and leads to the formation of
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15.

SiO2 layer which is also removed from the SizN4 substrate by subsequent

mechanical action of CeOs. The flash temperature generated and the

corresponding flash times in the polishing process were calculated using

the moving disc heat source model developed by Hou and Komanduri. It

can be seen that the possible temperatures generated and flash times at
the contact zone of the CMP process are adequate for the generation of

specific reactions from previous thermodynamic analysis.

The Si3zNy4 surface after CMP would consist of an outer SiO2 layer and an
intermediate layer of silicon oxinitride (SixOyNz) on the SigN4 substrate.
The layers composed of amorphous and crystalline SiO2, SioN2O, and
MgSiO3/Mg0.SiO» form by the reaction with the sintering aid (1 wt.%
MgO). This is not much different from the surface of SisN4 workmaterial
which invariably has a natural oxidation layer in air even at room

temperature.

MFP can be a cost effective process for finishing Si3N4 balls for bearing
applications. The semifinishing and finishing stages can be accomplished
in about 4 hours. The roughing stage depends on the amount of material to

be removed from the as-received condition to the final requirements. In any

- case, a batch of balls can be finished in about 16 to 20 hours compared to

several weeks by conventional polishing. Also, diamond abrasive is not

" required for the process. Faster polishing times and use of abrasives other

than diamond would significantly reduce the overall costs of manufacture.

- Also, implementation of this technology would not be capital intensive as it

can be used by incorporating with the existing equipment.
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