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Preface

Ceramics is one of the primary fields in which improvements in processing
and advanced products can be anticipated. Such products have an increased
technological knowledge content and have to be manufactured using pro-
cessing technology that is more advanced and better controlled. Advance-
ments in ceramic machining and manufacturing technology are necessary
for the commercialization of new processing technology; these innovations
may lead to eliminating expensive steps, improving productivity, and
increasing product reliability.

Most of the industrialized countries of the world have invested heavily in
the manufacturing (processing) of new ceramic materials, which led to the
production of lower-priced ceramics with better properties. This successful
development is useful, but is not good enough for the anticipated boom in
the ceramic materials industry. The main problem in the use of ceramics is
that machining is still very expensive. This prohibits the replacement of
metal parts with ceramic parts in nearly all industries in which machined
parts are used, such as the automotive, aerospace, and semiconductor
industries.

This book presents the latest developments in machining of advanced
ceramics. Most of the authors have dedicated their whole lives to the study
of ceramic machining and ceramic stock removal mechanisms.

Ductile grinding of ceramics is the focus of Chapter 1 by Professor Eda of
Ibaraki University in Japan. His laboratory is well known mainly for new
methods and tools for machining of ceramics and other semiconductor
materials. Chapter 2 comes from Kumamoto University. Over the years,
Professors Yasui and Matsuo developed special techniques for grinding fine
ceramics using diamond wheels with coarse grains.

Chapter 3 deals with fundamentals: mechanisms for grinding of ceramics.
Professor Malkin, considered a ‘‘guru’’ in grinding of ceramics and general
grinding, spent many years investigating different aspects of the grinding of
ceramics. This chapter is a kind of summary of his findings. Chapter 4
focuses on the correlation between grinding parameters and the strength
and depth of mechanical damage. Professor Mayer of the University of
Texas spent most of his life investigating these phenomena.

Chapter 5, Chapter 6, Chapter 9, and Chapter 15 present a new technol-
ogy: electrolytic in-process dressing (ELID) grinding of ceramics, which was
developed in Japan by Professor Nakagawa and his student Dr. Ohmori,
who is coauthor of three of the chapters dedicated to ELID technologies. The
other authors spent long periods of time working with Dr. Ohmori and his
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team at the Japan Institute for Physical and Chemical Research (RIKEN) in
Tokyo. ELID is one of the most promising technologies for machining of
ceramics, especially for high accuracy and mirror-like surfaces. I would like
to mention three very young coauthors of these chapters: Dr. Katahira,
Dr. Kato, and Dr. Spanu, who finished his doctoral thesis on this subject
two years ago. The authors of this chapter represent three generations of
researchers working on this promising technology.

Chapter 7 was written by a team from the Precision Micro-Machining
Center of the University of Toledo, Ohio. The chapter presents a method
that is new and not very familiar to the industry: belt centerless grinding of
ceramics materials using special diamond belts. This method is used mainly
for high-efficiency grinding applications where the main objective is the
stock removal rate and the second objective is the quality of the surface.

Chapter 8 also comes from the Precision Micro-Machining Center and
presents a modern technique for monitoring the ceramic lapping process:
acoustic emission (AE). AE is well known as a tool to monitor the ceramic
grinding process; however, there are only a few studies regarding AE in the
lapping process.

Chapter 10 was written by a team of academic and industrial researchers:
Mariana Pruteanu, Ion Benea, and myself. The chapter presents a study
dealing with the lapping of ceramics with diamond slurry and it empha-
sizes the differences between mono- and polycrystalline diamond.

Chapter 11 is one of the chapters with emphasis on fundamentals and
presents an original model for lapping of ceramics: the double fracture
model. I developed this model with my students over the past fifteen
years, trying to provide a more complex material removal model in the
case of lapping of ceramics (indentation and scratch).

Chapter 12 looks at a method to replace lapping (double lapping) of
ceramics with grinding (double grinding) using the same kinematics. Writ-
ten by Dr. Christian Spanu, Dr. Mike Hitchiner, and myself, this chapter
discusses the state of the art for this technology, which is gaining more
ground every day.

Chapter 13 focuses on the nanomachining of ceramic materials, mainly
through super polishing, a technology developed in principle for the semi-
conductor industry. The work was done at the Precision Micro-Machining
Center and uses a state-of-the-art super-polishing machine with a special
technology for AlTiC magnetic heads. The quality of the surface obtained is
at the level of 2–5 Å.

Chapter 14 discusses a new technology that has never been used in
industry: laser-assisted grinding of ceramics. I developed this technology
with Dr. Howes and Dr. Webster at the University of Connecticut in the
early 1990s. New developments show that this is a promising technology,
which may allow grinding of ceramics with high productivity and high
accuracy at the same time.
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Chapter 16 and Chapter 17 come from the Fraunhofer Institute of Berlin,
one of the best machining laboratories in Germany, with an old tradition in
machining of ceramics. Developed by senior Professor Spur and his succes-
sor, Professor Uhlmann, one chapter is dedicated to the ultrasonic grinding
of ceramics, a technology successfully developed in Berlin; the second is a
summary of the findings of the latest research in different grinding methods
of ceramic materials.

This book is addressed to a broad category of people: engineers and
technicians in industry; students; and researchers and scientists in govern-
ment research institutions. With new alternative fuels and energy on the
horizon, ceramic materials are feasible alternative engine materials, able to
work at high temperature with minimum wear.

I would like to thank all my coauthors and contributors for taking
the time to prepare the manuscript. I would also like to thank my wife
Jocelyn for putting up with my long hours of work and with very short
weekends. Without their help and encouragement, this book would not
have been possible.
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1.1 Ceramics and Metals

Engineering materials are generally referred to as metallic and nonmetallic
(ceramics and high polymers) materials, which are further classified as duc-
tile or brittle.1 As shown in the stress–strain diagram in Figure 1.1, the strain
of ductile materials is 100–1000 times larger than that of brittle materials. The
following three indexes are often used to characterize the materials.

[j] Fracture toughness, KIC Ductile > Brittle

[jj] Weibull coefficient, m Ductile > Brittle

[jjj] Crack growth rate, n Ductile < Brittle
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Each index for typical metals and ceramics is listed below to compare the
brittle materials with the ductile materials.

Index [j] Fracture Toughness

Metals Ceramics

KIC ¼ 50 MPa � em�
1
2 KIC ¼ 5 MPa � em�

1
2

KIC ¼ 10–100 MPa � em�
1
2 KIC ¼ 1–10 MPa � em�

1
2

Using the value of KIC, the tolerable defect size 2Cc (the crack length) can be
written in the form

Cc ¼
K2

IC

ps2
(1:1)

The KIC here functions as the resistance against the crack growth. Substitut-
ing the actual value for the above equation, the tolerable defect size is
quantified as

2Cc ¼ (3---13)� 103mm j 2Cc ¼ 60---600 mm

Index [jj] Weibull Coefficient
According to the Weibull distribution, the fracture probability Pf is
expressed by

Pf ¼ 1� exp � sf � su

s0

� �m� �
(1:2)

Yield stress Crack formation
stress

0 0

Mild steel

E Elastic
recovery

Elastic
deformation

Elastic
strain

Chip 
formation

Microplastic
stress

=

Fused  silica glass

s s

sy

sy

sy

sf
∼∼

10%–20%

emp

empe p e f 0.02%–0.03%

∂sp

emp

H ′
∂ep

Swell up 
(growth process)

FIGURE 1.1
s�« curves of brittle and ductile materials.
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where sf is the fracture stress, su the guar anteed stre ss belo w which P f is
taken as zero, and s0 the norm alized stress fact or.

The shap e paramete r m is usual ly called as the Weibull coefficie nt.
A bigge r m make s the varian ce of the material strengt h smal ler.

m � 50 j m ¼ 5---20

Ceram ics normal ly show about + 25% of the varian ce.

Index [ jjj ] Cra ck Grow th Rate

n ¼ 2---4 j n ¼ 40---100

The crack gro wth rate dC =dt can be given by the equat ion

dC

dt
¼ A � K nI (1 : 3)

where KI is the st ress intensity factor and A a constan t.
In brittle materials, norm ally there are preexi sting cracks or defe cts or

both due to som e uncertain factors . The three inde xes here indicate that the
cracks (or defects) start growing when they reach the tolerable crack size CC

of about 30 m m. As illustrat ed in Figure 1.2, the crac k growt h rate greatly
depends on the crack size c.

In the process zone, the tip of the crack develops in zigzag form by select-
ively inducing the microdefects (or microcracks). The fracture toughness of
the material therefore appears to have increased. Generally, the microcracks
sized between 30–300 mm grow toward the macrocracks by repeating initi-
ation-propagation cycle to stop. Ultimately, the final crack takes place in a
single stroke, as the cracks grow big enough. The growth rate at that
moment approaches the self-characterized elastic propagation rate of the
material (approximately about 4000–6000 m=sec).

dC

dt
¼

ffiffiffi
E

r

s
(1:4)

where E is Young’s modulus and r the material density.

C � 30 mm dC=dt � 60 m=sec

30 < C � 300 mm 60 < dC=dt � 150 m=sec

C > 300 mm 150� dC=dt � 4000–6000 m=sec
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1.2 Brittle Materi als a nd Grinding

As previous ly descri bed in the indexes ( KIC , m, n), ceramic s are te n-fold
more sen sitive to crack s than metals . As shown in Figure 1.3, for example ,
the abrasive grain trac ks are remain ing on the gro und surfac e. The rough-
ness diagr am shows that the valleys appear ing on ceram ics are deepe r and
den ser than thos e on me tals. Compar ing the Ry =Ra between ceram ics and
metal s, the val ues of

Ry =Ra ¼ 3---5 (ave rage) j R y =Ra ¼ 5---21 (ave rage)

are about three times differen t. The val ley depth of ceram ics is one digit
larg er than its centerlin e average ro ughness. The tip angl e 2a of the val ley
for each mate rial is about

2a � 134 � j 2a � 150 � ---170 �

G
rin

di
ng

 s
ur

fa
ce

C
ra

ck
 r

at
e 

dC dt
dCI
dt

dCc
dt

dCc
dt

Kt < KIC

< = 150 m/s

Main crack
Microcrack

< = 60 m/s

Macrocrack

Final crack KI  > KIC

8

Kt = KIC

(Cc   = E /r)

Flat crackZigzag crack

CI

Cc

Cc < 30 μm
Cc     30 ~ 300 μm

= 4000−6000 m/s

.2

.

.

FIGURE 1.2
Micro- and macrocracks.
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It mea ns that extrem ely shar p cracks exte nd deep ly into ceram ics. It sho uld
be furth er note d that the actual tips of the crac ks are often cl osed and
unde tectable by norm al meas uring instrum ents.

The init ial study on the ductile- mode machi ning of brittle materials was
done by Yosh ikawa 2 and Tanigu chi 3 wh o have develo ped the general
desc ription for the behavio r of bri ttle mater ials in the plastic flow zone, by
gene ralizing the micropl asticity 4 of Mcm ahon, and the elasti c= plastic theo ry
of Hill and Hert z.

As sho wn in Figure 1.1, bri ttle mater ials (gla ss, for exampl e) are subje ct to
plastic flow when the strain « re aches 0.02%–0.03% . In grindi ng usin g
diamo nd ab rasives, the deformed area around a sing le cutting edge sc ales
in 10–20 mm arisi ng from the residual stress on the grou nd surfac e. Wi th the
first-o rder appro ximat ion, the strain equivale nt to 0.02%–0. 03% resu lts in a
plastic flow zone sized 2–6 nm. Any bigger deforma tion caused by ab rasives
poten tially ri sks an initia tion of the crac k and then transits the machi ning to
the brittle mode .

In other words, the bri ttle mate rial remo val take s place in the ductile
mode onl y when the strain ranges betwee n the start ing point of the plasti c
flow «p and the ending point «f given in the stress–s train diagr am in
Figure 1.1. The positio n a nd motion of eac h cu tting edge must theref ore
be pre cisely controlled so that the grindi ng pre ssure (grin ding energy) can
be co nstantly constr ained with in the a llowable condi tion for achievi ng the
ducti le-mode grinding.

The desc ription here inte nds to exempl ify the event by gen eralizing the
idea of the stress–strain diagram, but is not precisely correspondent to
the thermal and dynamical environments in the actual 3D-grinding zone.

Plastic flow

Chip Grain

Microfracture
layer

Plastic flow

Chipping

Grain

Flake

Swell up

Lateral crack
Median crack

Residual
crack

Depth of distribution

Residual stress
layer

Proceeded
crack

Crystal grain

d

Vs

Vs

FIGURE 1.3
Ground surface layer by single abrasive grain.
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In machining of brittle materials, it is generally known that ductile
behavior is achieved when the specific material removal unit is small
enough.5 The critical depth of cut dc is specified as

dc ¼ 0:15
E

H

� �
Kc

H

� �2

(1:5)

where E is Young’s modulus, H the hardness, and Kc the fracture toughness.
The knowledge accumulated so far can be best summarized by the exist-

ence of the brittle–ductile transition. From a new point of view, however, the
following achievements further show that brittle–ductile transition is con-
trollable by atmospheric conditions.

Although it was a simulation related to the cutting process, the brittle–
ductile transition can be commonly evaluated by the critical depth of cut dc.
Inamura et al.6 have developed a new simulation technique called renorma-
lized molecular dynamics, which is able to deal with the dynamical phe-
nomenon scaled from nanometer to micrometer. In the simulation, a
defectless monocrystalline silicon was cut at the speed of 20 m=sec, the
depth of cut of 1 mm, and in an absolute vacuum environment.

As shown in Figure 1.4, the result achieved at the 1 mm depth of cut is
quite similar to that achieved at 1 nm, in which no brittle behavior is

1.10

1.00

0.90

FIGURE 1.4
Cluster density distribution taken as a snapshot during cutting (normalized by the bulk value).
Undeformed chip thickness is 1 mm.
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observed. T he de nsity d i st r ibutio n of t he sili con atom becomes hi gher near
the t ool (diamond) t ip, from where acoustic emi ss i on is c ontinuously
disc harged. At t he f lank side of t he tool, sim ilar t o t he behavior o f c rac ks,
the low-density area undergo es an i nt ermittent c ycle of form ation and
dispersion.

By taking into consi deration the atmosphe ric molec ules ads orbed by the
contac t surfac es of the to ol and workpi ece, the cutting proces s has also been
simulat ed at the condi tion close to a normal atmo sphere. The result s are
shown in Figure 1.5, with (a) for 0.5 mm and (b) for 1.0 mm depth of cu t,
resp ectively. It is obvio us from Figure 1.5 that silico n beh aves as a brittle
mater ial. In Figure 1.5b, the crack s in advanc e of the cutting edge are clearly
visible , sho wing that the mater ial is remove d in the brittle mod e. In Figure
1.5a, howeve r, there is no advanced crack . It indica tes that the cutting
proce ss is in the critical state , as it is transite d from the ducti le mode to
the brittle mode.

For such dynamically progressed local cracks, the stress field was further
studied from the viewpoint of fracture mechanics. The results based on
Figure 1.5b are sim ulated in Figure 1.6. Figure 1.6 exp resses the pri ncipal
stress: tensile stress in red and compressive stress in blue. The broken line in

(a) Undeformed chip thickness 0.5 μm

(b) Undeformed chip thickness 1 μm

FIGURE 1.5
Result of simulation obtained by taking into
account the effect of atmospheric gas.
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Tension

Compression

FIGURE 1.6
Stress distribution in the workspace during cutting (undeformed chip thickness is 1 mm).
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the scale-u p view indic ates the dir ection of the principal stress. The tip of
the crac k shows that there is tensile- stress concen tration affec ting the crack
at mod e I. Moreove r, the chip in fron t is folded upw ard, wh ich resu lts in an
addit ional tensi le stress in the horizont al direc tion, and thus form s a com-
bine d stress field. The crac k growt h rate is about a qua rter of (2200 m =sec )
elastic propa gation rate, wh ich is expecte d to be quite reasonabl e.

From the abov e resu lts, it can be conclu ded that the cracks are generated
by a sudde n liberat ion of the strai n energy, which is stored near the cu tting
edge. The libe ration of the strain energy is normal ly trigge red by the reac-
tion heat of atmos phere (O2) and the active molec ule (Si). That is why no
brittle mode occurs at a light cutting wh ere the total strain energy accu mu-
lated at the cutti ng point is to o small, and in cu tting me tals, whic h take the
struct ure of a face- center ed cub ic lattice.

The conclusi on also reveal s wh ether the gro wth of preexi sting crac ks
depends on the dimens ional rela tionship between the energy nece ssary for
the new surface gene ration and the energy that is liberat ed by the crack
gene ration, and the rela tionship is decided by the quantity of material
removal units. The concep t has been suppo rted and pro ven by Tanaka
and Ueg uchi thr ough their exp erime ntal resea rch on ‘‘Grin ding Proces s in
Vacuum Atmos phere.’’ 7

1.3 In-Site Observation o f Ductil e Behavior in C eramics

In-si te observa tion of ductile behavio r in ceram ics was first designed by
Hata mura et al. The y develop ed a syst em, 8 as sho wn in Figure 1.7, consi st-
ing of an X –Y–Z stage with a traveli ng length of 50 m m and resolutio n of
0.1 nm =pulse, a parall el-plate type of load cell capab le of measuri ng the
norm al and tangenti al forces, and a diam ond ind enter. The physical prop-
ertie s of the test materials are listed in Table 1.1. The diamond in denter is
sharply pointed into a nominal angle of 208 between the face and vertical
axis and tip radius of 20 nm.

The experiment demonstrated that the normal force applied to the
indenter determined the brittle–ductile transition, and that the critical
force was almost equivalent to the Knoop hardness of the test material.

1.3.1 Scratch at the Brittle-Mode

The process of indentation-scratching on the TRC 5 glass is shown in
Figure 1.8, Figu re 1.9, and Figure 1.10 . Along the edge of the scratched gro ove,
as shown in Figure 1.9, the chipping caused by lateral cracks is visible. Such
cracks undergo a periodical initiation-growth-fracture process, vary the
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normal force and tangential (scratching) force that grants the indenter a stick-
slip motion, and leave a serrate shape on the groove.

1.3.2 In-Site Observation of the Ductile Mode

Knowing the indenter geometry, the average pressure Ptip on the indenter
surface during the scratching is simply given as

FIGURE 1.7
Schematic of the
nanoindentation-
scratching
apparatus.

Indentation
cavity

Fn

Diamond
indenter

h

W
or

kp
ie

ce

Scratching
groove

Plastically
deformed zone

Schematic of scratching test by diamond indenter

Vaccum
chamber
of SEM

Diamond
indenter Force

sensor

Glass
sample

Coarse positioning
XY-stage

Driver
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Ptip ¼
F

d2 
(1 : 6)

where F is the ave rage scratchin g force, and d the depth of indentat ion.
Const rainin g the Pti p into sp � Ptip < sf in accorda nce with the conditio n

given in Figu re 1.1, the sta tic pressure Pstatic is det ermined as P plastic ¼ 8.52
GPa ¼ 1.27 Hk.

Figure 1.11 shows the GO E91 glass scrat ched by the diamo nd inde nter.
A groove of 2.5 mm is formed. As the scratching proceeds further, as shown
Figure 1.12, the chips are visib ly gene rated. Over the scrat ching process , the
normal force Fn and the scratching force Ft applied to the indenter are

TABLE 1.1

Properties of Glasses

Materials

Properties KzF6 F6 BK7 Sk7

GOE91

Glass

Ceramic

TRC 5

(Glass II)

Mechanical

Young’s modulus
(E) (GPa)

53.1 59.0 80.2 82.2 95.8 108.3

Knoop hardness
(Hk) (GPa)

4.44 4.14 5.62 5.32 6.71 8.48

Bulk modulus (K) (GPa) 30.18 35.63 45.74 58.20 64.03 60.30
Yield stress (Y) (GPa) 2.83 1.98 2.63 2.62 3.32 5.02
Modulus of rigidity

(G) (GPa)
22 24.1 33.2 32.5 38.3 45.1

Fracture toughness
(KIC) (MPa m

1
2)

0.3 0.38 0.38 0.49 0.39 1.56

Poisson ratio s 0.27 0.22 0.20 0.26 0.25 0.20
Density r (kg m�3) 2550 3740 2520 3510 2550 2980

Thermal

Expansion coefficient (a) 57 96 86 76 47 52
Specific heat (C)

( j kg�1 k�1)
544 524 760 725 880 727

Diffusivity 10�9 (D)
(m2 sec�1)

503 420 542 421 728 603

Thermal conductivity
(k) (wm�1 k�1)

0.93 0.82 1.04 0.83 1.62 1.31

Yield point (At) (8C) 515 473 624 699 — 961

Chemical

Water resistance (RW) (p) 6 2 3 2 2 2
Acid resistance (RA) (p) 4 1 1 4 4 1
Weathering

resistance (W) (s)
2 2 1 3 1 1

Phosphate resistance (PR) 3.0 1.0 1.0 51.2 1.0 —
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reco rded as shown in Figure 1.13. The average dyn amic pres sure Ptip is then
equal to 6.69 GP a or 0.99 Hk . The stretchi ng force in Figure 1.13 arrives in a
stea dy state after the plastic stre ss has been dischar ged in one stroke at the
end of the plastic flow and chip releasi ng. Du ring the pro cess of chip
gen eration, unlike lar gely varying force observ ed in the crack initiati on-
growt h fracture, the force slight ly varie s from time to time accordi ng to
the size and shap e of the chip s. The a bove-ment ioned critical depth-of -cut

Lateral crack

Indentation cavity

FIGURE 1.8
SEM micrograph of brittle indentation made on surface of TRC 5.

Scratching groove

Pitting due to
lateral cracks

FIGURE 1.9
SEM micrograph of brittle scratch made on surface of TRC 5.
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dcg is acqui red by way of the experi ments a nd is listed in Table 1.2 along
with the indentation depth dci. The relationship between dcg and dci can be
expressed in the form

dcg ¼ 7dci (1:7)

TRC 5
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FIGURE 1.10
Force data measured during brittle scratching on surface of TRC 5, where scratching velocity
was 5 mm=sec.

Scratching groove

Diamond indenter

2.5 μm

FIGURE 1.11
SEM micrograph of
ductile scratching made
on surface of GOE91
(in process).
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FIGURE 1.12
SEM micrograph of ductile
scratching made on
surface of GOE91
(after process).
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FIGURE 1.13
Force data measured during ductile scratching test on surface of GOE91 (see Figure 1.11).
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1.4 Ductile-Mode Grinding of Ceramics

The current technology for ductile-mode grinding is indebted to the
works mainly by Syn and Taylor9, Blackley and Scattergood10, and Bifano
and Fawcett.11 According to the cutting model10 (Figure 1.14) proposed by
Scattergood, ductile-mode machining is realizable when no crack is gener-
ated or left in the area below the envelope of yc. It means that in spite of the
occurrence of cracks at the work shoulder zone, the newly generated surface
is crack free as long as no crack penetrates into the new surface and the
undeformed-chip thickness is controlled to be the critical depth dc (¼ d) or
smaller. The critical condition is determined by the maximum feed rate fmax,
which is given as

TABLE 1.2

Estimated Data for Glasses

Material

Data KzF6 BK7 F6 SK7 GOE91 TRC 5

E=H 11.94 14.27 14.25 15.45 14.27 12.77
R (Pa m) 20.1 25.3 35.5 43.3 21.1 28.69
dci (nm) (Indentation) 8.18 9.78 18.33 19.66 7.23 6.48
dcg (nm) (Grinding) 54.5 65.2 120 131 48.2 43.2

Zc

h

Shoulder

h

f

2
dc

f

w1

w w

− wp

f

yc = 0
yc

Zeff
ΔZ

FIGURE 1.14
Geometry used to derive values of dc and yc.
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f max ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R( dc þ yc ) 	 R( dc þ yc )

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � dc

dc þ yc

� �2
svuut

(1: 8)

If ( dc =(dc þ y c))
2 << 1, the equation is simplifie d as

f max ¼ dc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R

2( dc þ yc )

s
(1: 9)

This model is useful since it acknow ledge s the occurr ence of the cracks in
the cutting zone or the zone to be cut and the effective ness of red ucing the
mach ining ene rgy. However , it is dif ficult to predict the crac k pat h and to
contr ol its growt h rate. In the final finishin g, the avai lable alternat ive for
fee d rate fmax ¼ dc as if concerni ng the crac k growt h and its penet ration
depth . Eda et al.12,13 have develop ed a new ultraprecis ion machi ne with an
actuato r capabl e of controlli ng the specif ic mate rial removal with in the
condi tion, fmax ¼ dc, with wh ich the surface rou ghness of subnano meter
was achieve d for a wide ran ge of materials.

The grinding energy requ ired for ductile mo de is diffe rent from that for
brittl e mod e. Ba sed on the co ncept of the critical depth -of-cu t dc, wh ich has
attr acted co nsiderabl e attention so far, a gen eral desc ripti on has been suc-
ces sfully introduced to exp ress the bri ttle–du ctile rela tionship .

The total gri nding energy Eb required for brittle mater ials is the sum of
the ene rgy for brittle grinding Ef and the energy for ductile gri nding Ep . Out
of Eb , Ef is expres sed as

Ef ¼ 2p C L g  s þ 2Cm g  s þ
p

4 
as p d

2
p

� �
L (1: 10)

wh ere CL is the lateral crac k radius, L the len gth of C L cyl inder, gs the ene rgy
for surfac e generation, Cm the media n crack radi us, s  p the yield stres s, dp

the diame ter of plastic flow zone, and a a co nstant, wherea s Ep is

Ep ¼ F t L (1: 11)

wh ere Ft is the tangen tial gri nding force and L the grinding length.
Dividing this by the removed volume Vf at the brittle mode or Vp at the

ductile mode, the specific grinding energy mf and mp are given as

mf ¼ Ef=Vf ¼ Kfd
�4

3 þ Kp, (1:12)

mp ¼ Ep=Vp � sY � H ¼ Kp (1:13)

As grinding shifts from the brittle mode to the perfect ductile mode,
the specific energy for brittle grinding mf should agree with the condition
sp <s<sf shown in Figure 1.1, and the specif ic ene rgy fo r duc tile gri nding
mp should take a value equivalent to hardness H. If the grinding speed is as
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slow as scratching, mp should be equal to Ptip described in Section 1.3.2. In
Figure 1.15, the specific energy mp of grinding SiC produced by CVD is plotted
against d �

4
3. The line can be approximately expressed by the equation

mp ¼ 535 þ 53776 d �
4
3 (GJ=m 3 ) (1: 14)

Figure 1.16 sum marizes the grinding result s of six kin ds of mater ials listed
in Table 1.1. 14

CVD silicon carbide
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Ductile regime

Brittle regime
m = 535 + 53776 d 
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FIGURE 1.15
Specific grinding energy (top) and area percent grinding-induced surface fracture (bottom) vs.
the grain depth-of-cut to the �4=3 power for CVD silicon carbide. Tomita, Y. and Eda, H.,
Development of new bonding materials for fixed abrasive of grinding stone instead of free
abrasives processing, Bull JSPE (in Japanese), 61, 10 (1995) 1428; Lawn, B.R. and Swain, M.V.,
Microfracture beneath point indentations in brittle solids, J Mater Sci, 10 (1975) 113.
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1.5 Machine Tools for Ductile Grinding of Ceramics

1.5.1 Design Criteria of Ductile Microgrinding Machine Tool

Generally, microgrinding is referred to as the material removal rate (MRR)
ranging from 0.1 to 0.0001 mm3=mm sec, which includes the process
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Specific grinding energy vs. d�4=3.
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normally done by polishing.17,18 Now, it is possible to reach 10�4 mm3=mm
sec or even smaller by using fixed abrasives with sponge bond.15 In such
cases, the in-feed (depth-of-cut) is usually about several 10 nm, the grinding
area is 100 mm2 or smaller, and the grinding force is about several 10 mN.

For studying the grinding temperature, Lawn has conducted a penetra-
tion test by applying a constant force against a diamond indenter with the
half-nominal angle of 688. The temperature rise DT, including the heat due
to plastic flow and the heat due to sliding friction between the abrasive and
workpiece, is expressed as

DT ¼ H cot u

2prCr

(1:15)

Taking Si as an example, its hardness H ¼ 10.6 GPa, density r ¼ 2325
kgf=m3, specific heat Cr ¼ 678 Nm=kgf K, and DT is assumed to be 433 K.
The temperature rises for various ceramics are summarized in Table 1.3.

Going one step ahead, Blok et al. have solved the temperature at the
contact area between the wheel and workpiece, by simplifying the grind-
ing process into a rectangular object (wheel) sliding over the workpiece.
The following equation is introduced to express the maximum surface
temperature.

Tmax ¼
2q

k

a � l
V

� �1
2

(1:16)

TABLE 1.3

The Estimated Temperature Rises in the Plastic Zone during Indentation Test of
Several Brittle Materials

Estimated Data

Material

Hardness (H)

(GPa) Density (kg m�3)

Specific Heat

(Cr) (j kg�1 k�1)

Temperature

Rise (T ) (K)

KzF6 4.44 2550 544 190.82
BK7 5.62 2520 760 174.95
F6 4.14 3740 524 125.94
GOE91 6.71 2550 880 178.27
SK7 5.32 3510 725 124.64
Glass II; TRC 5 8.48 2980 727 233.36
AL2O3 15.2 3710 1050 232.63
ZrO2 12.8 2530 821 367.40
SiC 10.6 3100 1040 196.02
Si3N4 9.2 2500 710 309.01
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where q is the thermal heat flux, k the thermal conductivity, a the thermal
diffusivity, l the contact length, and V the grinding wheel speed.

When the tangential grinding force Ft� 4 N, V� 10 m=sec and l� 0.006 m,
the q (¼ Ft �V=l) � 106 106 J=m2sec. However, the temperature DT is only
28C, which is much lower than the actual case. Subsequently, the model is
rebuilt on the sliding contact by the diamond abrasive alone, excluding the
effect of contact between the bond and workpiece. The results are much
closer to the actual grinding process. Figure 1.17 shows the grinding tem-
perature calculated using the new equation as below

Tmax ¼
3qd2N

1
2

4
ffiffiffi
2
p

k
(1:17)

where d is the diameter of contact diamond and N the number of diamond
abrasive in the contact zone.

The result shows that the temperature at ceramic grinding is much lower
than the melting point of the material, and the temperature for diamond
oxidation is even lower than 7008C. It is important to note the role played by
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FIGURE 1.17
The estimated maximum surface temperature rise vs. the tangential grinding force for fixed
experimental conditions.
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truei ng. To achie ve nan ometer accura cy, the grindi ng wheel mu st be pre -
cisely trued belo w 0.1 mm runout and 10 nm repeatab ility or bet ter.

The abov e condi tions for ductile grinding of ce ramics can be sum marized
as: the grinding force less than sever al 10 mN (per 100 mm 2) and the
grinding temp erature less than 400 8 C, wh ich is equivalent to 1=100 of the
force and 1=(4–5) of the tempe rature observab le in a conven tional grindi ng
proce ss.

This is to say that the criteria for the machi ne tool to achieve duc tile
grinding of ceramic s is accu rate positioning cap ability and high rep eatabil-
ity to constantl y contro l the grinding co ndition with in sp � s < s  f and
d � dc (Figure 1.1).

1.5.2 Key Techno logies of a Duct ile Mic rogrin ding Machi ne Tool

As desc ribed in sever al publi cations, 17 the ultraprecis ion machi ne to ol mus t
have a struct ure of high therm al rigidity (or low thermal exp ansion) , at least
one digit bet ter than conven tional mach ine to ols. Howeve r, the dynam ic
rigidity is less impor tant and still accep table even if it is one digit low er.

For example , the compliance s of Cr ¼ 0. 1 mm=kgf in radiu s dir ection,
Ca ¼ 0.03 mm =kg f in axial dir ection, and C c ¼ 0.1 m rad=kg m in rotationa l
directi on a re suf ficient for the main spin dle where as the error motio ns of
50 nm in both radiu s and axial direc tions and 0.2 mrad in rotationa l directio n
or bette r are ex pected. As for X –Y tabl e, the dynam ic rigidity sho uld be
kx � 0.1 kg f=m m (trave rse dir ection) and ky � 0.05 kgf=mm where as the thermal
rigidity should be as good as that of the main spindle. The temperatur e of the
environm ent is norm ally mai ntained at room te mperatur e + 0.1 8 C.

Betwe en the wh eel a nd workpi ece, the contac t rigidity kv � 5 kgf=m m with
a st andard deviat ion of 0.5 kgf=mm in the normal direc tion (pe rpendicu lar to
the grinding direc tion) and the dynam ic ri gidity kvd � 10 kg f=m m with a
standar d deviat ion of 2 kgf=mm. The se val ues indicate that the rigidity is
one digi t smaller than that of conven tional machine tools. Futherm ore, the
tangen tial dynam ic rigidity is ab out kdt � 10 kgf=mm (stan dard deviat ion
0.2 kgf=mm) and k w � 2 kgf=mm is quite sta ndard for the workpi ece mou nting
table. The value listed above is designed for the aerostatic bearing and the
table guideway. An aerostatic system fulfills the design criteria for the
ductile microgrinding machine.

In the subsequent sections, the actuators and sensors are exemplified as
the key technology to realize the ductile microgrinding.

[Example I]

Figure 1.1 8 is the state-of -art mach ine tool newly devel oped for mi crogrin d-
ing. The key technology used in the system is Giant Magnetostrictive Actu-
ator (GMA) for a wide range positioning of 100 mm–10 nm that is hybridized
with a PZT actuator. The advantages of GMA include large displacement
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FIGURE 1.18
Whole view of the MUPMT.
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(upto 2000 ppm ), big pow er output (ela stic energy 14 MJ=m 3, sever al ten
times bigger than PZT) and high resp onse speed (m sec–nsec) . Mak ing a full
use of these ad vantag es, GMA is able to execu te from rou ghing ( mm or der)
to finishin g (se veral nm order). For more preci se finishin g at subnanom eter
scale, the PZT actuator is the alternativ e.

In the ran ge where the grindi ng force is rela tively bigge r, GMA can
provide a better per formance in ri gidity becau se it require s no magn ifier
elemen t to get neces sary displ acement or pow er. Cont rary to GMA, PZT
actuator norm ally dem ands a power supp ly with high voltag e and a mag-
nifier elemen t to enlarge the disp lacement. This hybrid actu ator propose s a
solutio n to use two differen t kinds of actuator s fully. It does not, howeve r,
mean that the GMA is unabl e to achieve nm positio ning with out the assist-
ance of PZT.

Figure 1.19 shows the grinding force and the relative displacement between
the wheel and workpiece, by the grinding wheel of SD12000R100B at wet
grinding with the conditions of 10 nm depth-of-cut, 1550 m=min grinding
speed and 100 nm=rev feed rate. The results show that both the normal and
ta ngential grind i ng forces ar e c onstan tly below 1 0 m N. T he surfac e rough ness
measured by Zygo is Ra ¼ 0.32 nm and Ry ¼ 2. 42 n m (0 .2 � 0.2 m m2) whereas
Ra ¼ 1. 28 nm and Ry ¼ 1. 59 nm (0. 36 3� 0.363 mm 2) by AFM.

The key co mponent , as sho wn in Figu re 1.20, has a GMA struct ure. 19 The
positio n is constantl y mo nitored by an electro static ga p sensor. The fee d-
back co ntrol selective ly dri ves the AC servo motor for a lar ge infee d or the
GMA for a fine infee d.

[Exa mple II]

The key techn ologies for microgr inding mach ine tools also inclu de rapid
resp onse speed and extrem ely smo oth movement s in the X –Y–Z a xis, the
main spin dle, and the fine infeed. Therefor e, the driving re sistance and the
intermittent motion such as stick-slip must be avoided. As shown in
Figure 1.21, the curren t trend in movement s for X –Y–Z axis and the mai n
spindle is to replace the friction of solid–solid contact with pneumatic or
hydraulic friction.20–22

Since the convention ball screws possess a large spring constant, the
energy generated by the rotational movement is often converted into the
vibration circuit of the feed elements, resulting in an error motion.

In microgrinding, the vibration induced by the disturbance from the feed
device is much bigger than that granted by the grinding process itself.
Instead of increasing the rigidity of the whole machine tool, therefore,
efforts are made to shut noises out from the tool holder and workpiece-
mounting table by using media that has a small spring constant. The feed
device developed from such a viewpoint is a built-in unit comprising of an
aerostatic ball screw, a rotary encoder, and a backlash-free aerostatic bear-
ing connected to a servomotor. As the solid friction is free, it is able to
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achieve the power consumption <0.5 W, the temperature rise <0.18C, the
encoder resolution of 64 million pulse=rev and the infeed of 1 nm=step.

Figure 1.22 shows the workpi ece-mou nting table B and the feed unit for
Y-axis. These two units can be incorporated together or used separately. The
built-in friction free air balance in the Y-axis guarantees the level of B table
to be +0.04 mm=f200 mm, as the Y-axis moves up and down. The accuracy
has currently been improved upto nanometers.
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SEM micrograph of ductile grinding on glass BK7
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Experimentally measured normal and tangential force during grinding test on glass BK7.
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FIGURE 1.20
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Schematic of the ultraprecision machining center developed by Y. Takeuchi et al. (From Takeuchi et al., Annu CIRP, 45, 1 (1996) 401.)

�
2006

b
y

T
ay

lo
r

&
F

ran
cis

G
ro

u
p

,
L

L
C

.



Resolution of encoder = 1 rev/64 millions

Rotation unit = 1 deg./100,000
Feedback unit = 3 deg./1,000,000

Friction free air balance

In operation:
Consumtpion

Temp.rise

Y: Friction free air balance

<0.5 W

<0.1°C

360°

f 220 mm

20 mm Y

B

Air balance 18
0

FIGURE 1.22
Intelligent ultraprecision unit with rotary table B (+0.04 mm=f200 mm) and up-down feed Y-axis unit.
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2.1 Introduction

Fine ceramics have recently been used increasingly as structural and func-
tional components such as high-quality components of equipments and
machines because of their excellent mechanical, electrical, and optical prop-
erties. To make use of such properties as value-added elements, they should
be machined with high surface smoothness and quality.

Grinding operation is one of the most effective methods used for high
smoothness machining of fine ceramics. It is difficult, however, to achieve
crack-free high smoothness surfaces by ductile-mode grinding because of
their mechanical properties of high brittleness [1]. Therefore, it is necessary
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to select suitable grinding conditi ons fo r ductile- mode gri nding. Some
resea rche rs [2,3] report ductile- mode grindi ng with a wheel of grain size
finer than #1500-me sh (abou t 10 mm in grai n diame ter). The truing and
dres sing techn iques for the fine grain-s ized wheel, howeve r, a re difficult. In
add ition, the depth of cut and tabl e spee d are also limited to a certain small
ran ge becau se the active grai n is thrown off easily from the wheel surface by
smal l grinding force. The refore, the pr oblems of poor pr oductiv ity and high
grindi ng costs still remain . If a coa rse-grain-si ze wheel like the # 140 mesh
wh eel (abou t 100 mm in grain diam eter) is used in duc tile-mo de grinding of
fine ceram ics, sign ificant impro vement in producti vity and hi gh redu ction in
grindi ng cost can be expec ted for high sm oothness gri nding.

Thi s chapte r introduce s that the coarse #140-m esh diamond wheel can be
used for ultra-sm oothness grindi ng of fine ceram ics. Firs t of all, we discus s
that duc tile-mo de grinding of fine ceram ics with the coarse #140-me sh
metal -bonded diamo nd wheel is poss ible beca use of the exp erimenta l rela-
tion ship bet ween the table speed and the grou nd workpie ce surfac e. Sec-
ond , the influe nce of the speed of the wheel and the workpie ce mater ial on
duc tile-mo de grinding is exp lained. Finally, the newly devel oped ductile-
mod e ultr a-smooth ness gri nding method with coarse-gr ain-size wheel, in
wh ich the resu ltant sur face rou ghness is below about 10 nm (P-V) and 1 nm
(RMS ), is introduced .

2.2 D ucti le-Mode G rinding w ith #140 Mesh Wheel

2.2. 1 Experi mental Procedure

Exp eriments were conducted by plunge gri nding with a conven tional sur-
face gri nder (Figure 2.1). The experi menta l condi tions are sum marized in
Tab le 2.1. The metal-bon ded diam ond wh eels of coa rse grain size of #140
mes h and #800 mes h are used for examin ing the possi bility of ducti le-mode
grindi ng of fine ceram ics with the co arse-gr ain-size wh eel. The concentra-
tion of wh eels used is 50, whic h is conside rably lower than that employe d in
usual gri nding operati ons. The table speed and the wheel speed ran ge from
0.05 mm =sec to 150 mm =sec and from 20 m =sec to 85 m=sec , respecti vely.
The fine ce ramics used are hot pre ssed silicon carbide (HPS C), norm ally
sinte red sili con carbide (SSC), hot isostat ic pre ssed silicon nitride (HIP SN),
and norm ally sinte red silicon nitride (SSN).

In the exp eriments, the workin g sur face of the wheel is controlled so as to
hol d the wheel surfac e co nstant, by slight ly trui ng and dre ssing of the wh eel
or grinding of the workpiece. The Nomarski differential interference micro-
scope and stylus profilometer are set up on the grinder head as shown in
Figure 2.2 for observ ing the ab rasive grains on the wheel surfac e and
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measuring the topography of the wheel surface, respectively. The rotary
encoder and the position scale are also assembled additionally to the wheel
spindle and wheel cover to measure the same wheel surface. Hence, stable
grinding is maintained by the measuring system. The ground workpiece
surface is observed by the Nomarski microscope and the scanning electron

Camera

Microscope

Objective lens

Workpiece

Dynamometer

Nozzle

Stylus
profilometer

Diamond
wheel

FIGURE 2.1
View of surface grinder.

TABLE 2.1

Experimental Conditions

Wheel SD140Q50M
SD800Q50M

Workpiece SSN (HV:1600)
HIPSN (HV:2400)
HPSC (HV:3300)
SSC (HV:2500)

Wheel speed Vg ¼ 20–85 m=sec
Table speed vw ¼ 0.05–150 mm=sec
Depth of cut tt ¼ 5 mm
Coolant Soluble (1=50)

Flow rate: 12 L=min
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micros cope (SEM ). The surfac e roug hness of the gro und workpi ece is meas-
ure d with the or dinal stylus profilom eter, the thr ee-dim ensional sur face
inte rferome ter (WYKO TOPO -3D), and the ato mic force mi croscope
(AF M). In the case of pr ofilometr y, the measuri ng area is monitored by a
CC D camer a as shown in Figure 2.3 so that the rela tion bet ween the stylus
scann ing directio n and grinding direc tion is correc tly adjusted [4].

2.2. 2 Influ ence of the Tab le Speed

Figure 2.4 shows the microscop ic and SEM pho tographs of the HPSC
surfac e grou nd at vw ¼ 0.05 mm =sec, 0.5 mm= sec, and 5 mm =sec under a
wh eel speed of Vg ¼ 20 m =sec with the #140-me sh wheel. From the figure ,
the grinding cracks are observed on the workpiece surfaces ground at vw ¼ 5
mm =sec and vw ¼ 0.5 mm=sec though the duc tile-mo de grindi ng area is

Position counter

Encoder counter

Wheel topography

1. Camera

5. Grinding wheel 9. Spindle

13. Position scale

14. Rotary encoder

10. Head 11. Motor 12. Cross roller guide

6. Nozzle 7. Workpiece 8. Dynamometer

2. Microscope 3. Objective lens 4. Stylus profilometer

Normal force,
tangential force

12

1

2

3

9

7

8 5

6

4

10

11

13

14

FIGURE 2.2
Experimental arrangement.
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also observed on both workp iece sur faces. The duc tile-mo de grou nd area
at vw ¼ 0.5 mm =sec is much more than vw ¼ 5 mm=sec. At the slow est table
speed of 0.05 mm =sec in the experime nt, the smo oth ducti le-mode grou nd
surfac e with out gri nding crack s, on the other hand , is obt ained all over the
entire observ ed workpie ce area. The whole gro und workpi ece area of
10 mm 2, wh ich is furthe rmore observ ed widely, howeve r, is also found
to be ductile- mode gro und surfac e. Therefor e, the grindi ng cracks are
consid ered to decreas e with the decrease in tabl e speed.

A WY KO 3D ima ge of 256 mm 2 of HPSC surfac e grou nd at vw ¼ 0.05
mm =sec is shown in Figure 2.5. Fro m the figur e, it is fo und that the grou nd
workpi ece surfac e consists of regular grindi ng groo ves paral lel to the grind-
ing direc tion. The heig ht and pitch of the grinding groo ve are about 200 nm
(P-V) and below a bout 100 m m, res pectively. The surfac e rou ghness in the 3D
image is about 200 nm (P -V), 40 nm (RMS), and 30 nm ( Ra). Therefor e, the
max imum 3D surfac e roughn ess formed by plunge duc tile-mo de gri nding is
consid ered to be mainly rela ted to the hei ght of gri nding grooves.

Figure 2.6 shows an AFM 3D image and 2D profi le of 50 mm 2 of
HPSC surfac e grou nd at vw ¼ 0.05 mm =sec. The 2D profile is an examp le
of surfac e roughn ess parallel to grinding dir ection, incl uding the large
microh ole. In the 3D imag e, the sur face is depicted in versely so that
the co ncave on the sur face is disp layed the convex upsi de down to observ e
clearl y the microh ole fo rmed on the gro und workpie ce sur face. Fro m
the figur e, it is clear in the meas urement of AFM accura cy orde r that the
observed workpiece area consists of almost ductile-mode ground surface
though there are some microholes of the size 1–3 mm and below the depth of
about 50 nm. The microholes are estimated to be pores in the workpiece
itself or fracture traces of fragile portions inside the workpiece material.

7

6

2 145

3

1. Stylus 2. Specimen 3. XTθ − stage 4. Profilometer

5. Personal computer 7. Monitor6. CCD camera
FIGURE 2.3
Stylus profilometer.
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Considering the results mentioned above, ductile-mode grinding with the
#140-mesh wheel of low concentration of 50 is possible in the plunge grind-
ing of HPSC ceramic with a conventional surface grinder. Nevertheless,

50 μm

50 μm

10 μm

10 μm

50 μm 10 μm

(a) uw = 5 mm/sec

(b) uw = 0.5 mm/sec

(c) uw = 0.05 mm/sec

Grinding direction
Microscope SEM

FIGURE 2.4
Microscopic and SEM photographs of the HPSC surfaces ground at three kinds of table speeds
with the #140-mesh wheel [SD140Q50M, Vg ¼ 20 m=sec, tt ¼ 5 mm, Soluble (1=50)].
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FIGURE 2.5
A WYKO 3D image of the HPSC surface ground at nw ¼ 0.05 mm=sec with the #140-mesh
wheel [SD140Q50M, Vg ¼ 20 m=sec, tt ¼ 5 mm, Soluble (1=50)].
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An WYKO 3D image of the HPSC surface ground at nw ¼ 0.05 mm=sec with the #140-mesh
wheel [SD140Q50M, Vg ¼ 20 m=sec, tt ¼ 5 mm, Soluble (1=50)].
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it is generall y ass umed that a coarse -grain-size diam ond wh eel like the
#140-m esh wheel cannot be used for duc tile-mo de grinding of fine ce ramic s.

The microscopic and SEM photographs of the HPSC surface ground
at vw ¼ 0.05 mm=se c a nd 5 m m=sec with the #800-mesh wheel are shown
in Figure 2.7. It is obvious from the figure that in the case of the #800-mesh
wheel as well as the #140-mesh wheel as shown in Figure 2.4, the smooth
ductile-mode ground area is more for a slower table speed. Compared with
the workpiece surface ground with the #140-mesh wheel as shown in Figure
2.4, however, more grinding cracks caused by brittle fracture are observed on
both workpiece surfaces ground at vw ¼ 0.05 mm=sec and 5 mm=sec.

Figure 2.8 sho ws ran domly sampl ed parts of the same circumf erential
surface profiles of the #140-mesh and #800-mesh wheels before and after
grinding. Those #140-mesh and #800-mesh wheels are the same wheels used
for obtaining the results as shown in Figure 2.4 and Figure 2.7. It should be
noted that the horizontal scale for the #140-mesh wheel is expressed four

 50 μm

 50 μm

(a) uw = 5 mm/sec

(b) uw = 0.05 mm/sec

Grinding direction
SEMMicroscope

10 μm

10 μm

FIGURE 2.7
Microscopic and SEM photographs of the HPSC surfaces ground at nw ¼ 0.05 mm=sec and
5 mm=sec with the #800-mesh wheel [SD800Q50M, Vg¼ 20 m=sec, tt¼ 5 mm, Soluble (1=50)].
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times as long as that of the #800-mesh wheel. From the figure, profiles of the
#140-mesh and #800-mesh wheels are not found to change with grinding;
therefore, stable grinding seems to be maintained. The cutting edge distri-
bution of the #800-mesh wheel is much closer than that of the #140-mesh
wheel. Therefore, the grain depth of cut of the #140-mesh wheel becomes
geometrically deeper than that of the #140-mesh wheel. The reason why the
smooth ductile-mode ground surface is obtained more easily with the
coarse #140-mesh wheel than the fine #800-mesh wheel cannot be explained
on the basis of a consideration of grain depth of cut because ductile-mode
grinding is considered more difficult for deeper grain depth of cut.

Typical microscopic images of the cutting edges on the #140-mesh and
#800-mesh wheel surfaces are represented in Figure 2.9. Compared with the

Grinding direction Grinding direction4 mm

4 mm 1 mm

SDI40Q50M SDI80Q50M

1 mm
(a) Before grinding

(b) After grinding
90

 μ
m

90
 μ

m

15
 μ

m
15

 μ
m

FIGURE 2.8
Comparison of the surface profile of the #140-mesh wheel with #800-mesh wheel before and
after grinding.

50 μm 20 μm
Grinding direction

SD140Q50M SD800Q50M(a) (b)

FIGURE 2.9
Typical microscopic appearances of the wear land of cutting edges on the #140-mesh and #800-
mesh wheel surfaces.

� 2006 by Taylor & Francis Group, LLC.



#800-m esh wh eel, the cu tting edge of the #140-m esh wheel has large wear
land of 50 mm width . It may be reaso nable to say that the therm al aspect
depe nding on the wear land of cutting edge has a consid erable effe ct on the
duc tile-mo de grindabi lity of HPSC ceram ic. In other words, large grai n can
have a lar ge flat wear lan d to raise the grinding temperatur e higher near the
grai n-work interf erence zone due to the slid ing and plowin g actio n. There-
fore, it is inferr ed that sof tening or relaxation of brittle ness of the mater ial
take s place and the ductile flow occurs easily.

Figure 2.10 shows the relations hip bet ween Vickers hardnes s HV of the
grou nd HPSC sur face and the tabl e speed for the #140-me sh and #800-me sh
wh eels. In the figure , the har dness after lapping is also exp ressed for
comp arison. The meas urement , howeve r, is carried out for the duc tile-
mod e grou nd surfac e. In the measu rement of the Vickers har dness, the
inde ntation load is set 200 g so that no crack s are gene rated by loading. In
Figure 2.10 , the depth of inde ntation is about 1.5 mm. It can be seen from the
figure that the surface hardness for the #800-mesh wheel after grinding is
almost the same as that after lapping, whereas the hardness for the #140-
mesh wheel decreases largely for a slower table speed. Considering the
resu lts as shown in Figure 2.4, Figure 2. 7, and Figure 2.10, it is inferre d
that the material in the grinding zone is more or less softened and plastically
deformed due to the grinding heat generated by the cutting edges of large
wear land on the #140-mesh wheel surface.

4000
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FIGURE 2.10
Relationship between the ground HPSC surface hardness and the table speed.
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The relations hip between the surfac e roughn ess Rz and the tabl e speed vw

for the #140-m esh wheel is sho wn in Figure 2.11. Here, ( Rz) p and (R z) n in the
figure denote the surfac e rou ghness para llel and norm al to the grindi ng
directi on, measured with the stylus profilom eter, resp ectively. The refer-
ence len gths of ( Rz) p and ( Rz) n are 250 m m and 800 m m, resp ectively. The
plotted da ta are av erage val ues of 1 0 points. It is obvio us from the figure
that the values of ( Rz) n are co nsiderabl y large r than those of ( Rz) p in the
whole rang e of tabl e speed becau se of the formati on of relati vely high
grinding grooves, as shown in Figure 2.4. The height of the grinding gro ove
is det ermined to some degr ee by the cutting edge distr ibution on the wheel
surfac e in the case of ducti le-mode grindi ng, so (Rz)n tends to be limite d to a
certain value. On the whole, ( Rz) n dec reases from about 500 nm to 2 00 nm in
this exp eriment as the table speed dec rease s from vw ¼ 5 mm=sec to 0.05
mm =sec. ( Rz) p , on the other han d, decrease s from ab out 200 nm to 20 nm. In
any case , (Rz)p belo w 20 nm is easil y obta inable at extrem ely slow table
speed for grinding of HPSC ceram ic with the #140-me sh wh eel.

2.2.3 Influen ce of the Wheel S peed

The HPSC surfaces ground at four kinds of table speeds of vw ¼ 0.05 mm=sec,
0.5 mm=sec, 5 mm=sec, and 50 mm=sec for the wheel speed of Vg ¼ 20 m=sec
and 85 m=sec are compared photographically in Figure 2.12. It is clear from
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FIGURE 2.11
Relationship between the ground HPSC surface roughness and the table speed.
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FIGURE 2.12
SEM photographs of the HPSC surfaces ground at Vg¼ 20 m=sec and Vg¼ 85 m=sec with the
#140-mesh wheel [SD140Q50M, tt¼ 5 mm, Soluble (1=50)].
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the figure that in the case of both wheel speeds, the grinding cracks decrease
as the table speed decreases. The smooth ductile-mode ground surface with-
out grinding cracks over the entire observed workpiece area is obtained at
the table speed of vw ¼ 0.5 mm=sec and 0.05 mm=sec under Vg ¼ 85 m=sec,
whereas only vw ¼ 0.05 mm=sec under Vg ¼ 20 m=sec. The critical table
speed at which the whole workpiece surface is formed by ductile-mode
grinding is much faster for Vg ¼ 85 m=sec than for Vg ¼ 20 m=sec. This
means that the occurrence of more grinding heat at Vg ¼ 85 m=sec influences
easier ductile-mode grinding.

Figure 2.13 shows a WYKO 3D image and 2D profile of HPSC surface
ground at vw ¼ 0.05 mm=sec under Vg ¼ 85 m=sec. The 2D profile is for a
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FIGURE 2.13
A WYKO 3D image and 2D profile of the HSPC surface ground at nw ¼ 0.05 mm=sec under
Vg ¼ 85 m/sec with the #140-mesh wheel [SD140Q50M, Vg¼ 20 m=sec, tt¼ 5 mm, Soluble
(1=50)].
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sample of the surface roughness parallel to the grinding direction. From the
3D image, it is clear that the ground surface under Vg ¼ 85 m=sec as well as
Vg ¼ 20 m=sec, as shown in Figure 2.5, consists of grinding grooves
parallel to the grinding direction. The height and pitch of grinding
grooves are almost the same as Vg ¼ 20 m=sec; that is, about 200 nm (P-V)
and below about 100 mm, respectively. The surface roughness in the 3D image
is about 200 nm (P-V). From the 2D profile, on the other hand, it is found that
the parallel surface roughness is about 5 nm (P-V), 1 nm (RMS), and 0.9 nm
(Ra), corresponding to the ultra-smoothness surface roughness.

Figure 2.14 shows the relationship between the surface roughness and the
table speed for wheel speeds of Vg ¼ 20 m=sec, 50 m=sec, and 85 m=sec. From
the figure, the relationship between normal roughness (Rz)n and the table
speed is found to be almost the same for the three wheel speeds. This means
that wheel speed has little influence on the height of the grinding groove.

As for the parallel roughness (Rz)p, on the other hand, the quantitative
relationship between the (Rz)p and the table speed is different with the
wheel speed though the (Rz)p in each wheel speed decreases qualitatively
as the table speed decreases. (Rz)p at the same table speed is smaller for a
higher wheel speed. In particular, the difference in (Rz)p between the wheel
speeds is remarkable at slower table speeds. In the case of Vg ¼ 85 m=sec,
(Rz)p attains about 10 nm (Rz) at vw ¼ 0.5 mm=sec of the measuring limit of
the profilometer. The attainable table speed is faster than that in the case of
lower wheel speeds of Vg ¼ 20 m=sec and 50 m=sec.
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Influence of the wheel speed on the surface roughness.
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Figure 2.15 shows the relationship between the hardness of the ductile-
mode ground HPSC surface layer and the table speed for the wheel speed of
Vg ¼ 20 m=sec, 50 m=se c, a nd 8 0 m =sec. As shown in the figure, the wheel
speed has little influence on the hardness of the ductile-mode ground surface.

2.2.4 Influen ce of the Workpi ece Materia l

The surfac e roug hness and qua lity of grou nd ce ramics depe nd not only on
the mater ial pro perties of the pow der but also on the sin tering method s. The
SEM photograp hs of the SSC and HPSC surfac es grou nd at vw ¼ 0.05
mm =sec, 0. 5 mm =sec, 5 mm=sec , and 50 mm=sec unde r the wheel speed of
20 m =sec with the #140-m esh wh eel are shown in Figure 2 .16. It is fou nd
from the fig ure that gri nding crac ks in the case of the SSC ceram ic dec rease
in the same man ner as in the case of the HPSC ce ramic , with the decre ase in
table speed . Howeve r, many more grinding cracks are obse rved than in the
case of HP SC ce ramic . Especial ly, even at vw ¼ 0.0 5 mm =sec, SSC ce ramic
has many grinding crack s where as HPSC ce ramic has few crack s. In the case
of HPSC ce ramic, the rela tively good surfac e is co nsidere d to be obt ained
becau se of its closed crysta llite structure and its high strengt h. SSC ce ramic,
on the other han d, has a few pores in itself; theref ore, macr oscopic brittle
fracture oc curs. Thi s porosity of SSC ce ramic also causes the det eriorati on of
the ground surface smoothness.
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Figure 2.17 shows the relationship between the surface roughness and the
table speed for HPSC and SSC ceramics. From the figure, it is obvious that the
surface roughness of both ceramics decreases as the table speed decreases.
Compared with HPSC ceramic, the surface roughness of SSC ceramic is
considerably high because of the grinding cracks, as shown in Figure 2.16.

Figure 2.18 shows the SEM ph otographs of the HIPS N surfac e ground at
vw ¼ 0.05 mm =sec , 0.5 mm=sec , and 5 mm =sec unde r V g ¼ 20 m =sec with
the #140-m esh and #800-m esh wh eels. As shown in the figure , at the higher
tabl e speed of 5 mm =sec , gri nding groov es with several grinding crack s
are fou nd on the workpi ece surfaces grou nd with bot h #140-me sh and
#800-m esh wheels . At the table speed of below 0.5 m =sec, howeve r, few
grindi ng groo ves a re observ ed on the surfac e, where as a flat area or gri nding
cracks are observed. This means that the grooves of HIPSN ceramic are not

10 μm 10 μm

10 μm10 μm

10 μm 10 μm

(a) uw = 5 mm/sec

(b) uw = 0.5 mm/sec

(c) uw = 0.05 mm/sec
SSC HPSC

FIGURE 2.16
Comparison of the SSC surface with the HPSC surface ground with the #140-mesh wheel
[SD140Q50M, Vg¼ 20 m=sec, tt¼ 5 mm, Soluble (1=50)].
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form ed at slow tab le speed becau se of little pile -up of the workpi ece mater -
ial. The grindi ng cracks and the ductile- mode ground are a are less and more
for slower table speed, respectively. At vw ¼ 0.5 mm=se c a nd 5 m m=sec, fewer
grinding cracks are found with the #140-mesh wheel than with the #800-mesh
wheel. At the slowest table speed of vw ¼ 0.05 mm=sec, with the #140-mesh
wheel, the smooth ductile-mode ground surface without grinding cracks is
obtained over the observed workpiece area. In the case of the #800-mesh wheel,
on the contrary, numerous grinding cracks are observed at the slowest table
sp eed o f vw ¼ 0.05 mm=sec. According to the results mentioned above, a
smooth ductile-mode ground HIPSN surface is obtained more easily with the
coarse #140-mesh wheel than the fine #800-mesh wheel.

A WYKO 3D image and 2D profile of the crack-free HIPSN surface in
Figure 2.18 (vw ¼ 0.05 mm=sec, #140 wheel) are shown in Figure 2.19. The
2D profile is for a sample of surface roughness parallel to the grinding
direction. It is found from the figure that the 3D surface roughness is about
190 nm whereas the 2D surface roughness parallel to the grinding direction is
below 10 nm (P-V) corresponding to the ultra-smoothness surface roughness.

Figure 2.20 repres ents a closeu p AFM 3D image and 2D profile of 50 m m 2

of the HIPSN surfac e ground at the same grinding conditio n as sho wn in
Figure 2.19. The 2D pro file is for a sa mple of surfac e ro ughness par allel to
the grindi ng directio n, including a large microh ole of sever al m m diame ter,
which is also seen in HPSC ceramic. The microroughness excluding the
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Difference between the surface roughnesses of the HPSC and SSC ceramic ground with the
#140-mesh wheel.
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microholes, which are considered to be pores in HIPSN itself or fracture
traces of fragile portions inside HIPSN, becomes very smooth.

Thus, a smooth ductile-mode ground surface can also be obtained with
plunge grinding of HIPSN ceramic with the coarse #140-mesh wheel.

2.3 Ultra-smoothness Grinding

2.3.1 Ultra-smoothness Grinding Method

As stated above, ductile-mode grinding of fine ceramics is possible with
plunge grinding with the coarse #140-mesh grain-size diamond wheel. The
3D surface roughness in ductile-mode plunge grinding, however, is limited

10 μm

10 μm

10 μm 10 μm

10 μm

10 μm
uw = 5 mm/sec

uw = 0.5 mm/sec

uw = 0.05 mm/sec

(a)  SD140Q50M (b)  SD800Q50M

FIGURE 2.18
Influence of the table speed and wheel grain size on the ground HIPSN surface [Vg¼ 20 m=sec,
tt¼ 5 mm, Soluble (1=50)].
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to about 200 nm ( Rmax ) in the ab ove-ment ioned exper iments becau se of the
form ation of grindi ng grooves. The 3D surfac e rou ghness of 200 nm ( Rmax )
is mu ch better than the well-know n data obtained in the usual grindi ng
opera tion. However , the ultr asmoo th roughn ess belo w 10 nm ( Rmax ), wh ich
is almost the sa me as that after lapp ing, could not be obtaine d in plunge
grinding. To obtain ultr a-smooth ness rou ghness with the coarse-gr ain-size
wheel, it is nece ssary to dimini sh and remove the grinding groo ves.

Now, the ultra-smoothness grinding method has been newly devised [5,6].
The schematic of the new method is shown in Figure 2.21. In the method, the
workpiece is fed simultaneously toward the directions normal and parallel to
the grinding direction. The method is different from the usual traverse
surface grinding in which the crossfeed normal to the grinding direction is
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FIGURE 2.19
A WYKO 3D image and 2D profile of the HIPSN surface ground at nw¼ 0.05 mm=sec with the
#140-mesh wheel [SD140Q50M, Vg¼ 20 m=sec, tt¼ 5 mm, Soluble (1=50)].
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don e after grinding the whole wid th of the workpie ce in a pass or stroke of
the tabl e. In the method, the cross feed ( vw ) n norm al to the gri nding directi on
is faster than the plunge feed ( vw )p paral lel to the gri nding directio n. The
exp eriments are carri ed out with the NC grinding machi ne as shown sche-
matical ly and photog raphica lly in Figure 2.22 and Figure 2.23, respec tively.
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FIGURE 2.20
A closeup AFM 3D image and 2D profile of the HIPSN surface ground at yw¼ 0.05 mm=sec
with the #140-mesh wheel [SD140Q50M, Vg¼ 20 m=sec, tt¼ 5 mm, Soluble (1=50)].
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FIGURE 2.21
Ultra-smoothness grinding method.
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In the ex perime nts, (vw ) n and ( vw )p are set by det erminin g the res ultant feed
( vw )c ¼ {( vw )n þ ( vw ) p}

1
2, crossfee d width Bsw and fee d width f . The machine

is reco nstructe d with a conven tional NC equipme nt, whic h has an accuracy
of 1 mm for eac h moveme nt of the X , Y, and Z directio ns. The ex perime ntal
conditi ons are sum marized in Table 2.2.

2.3.2 Ultra-sm oothness Grindin g Re sults

Figure 2.24 shows the mi croscopi c ph otographs of the HPSC surfac e grou nd
at ( vw ) c ¼ 3.33 mm =sec with the #140-me sh wh eel. Fro m the figure, it is
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FIGURE 2.22
Schematic diagram of NC grinding machine.
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FIGURE 2.23
Appearance of NC grinding machine.
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obvio us that no grindi ng cracks and no grindi ng gro oves are fou nd over the
observ ed workp iece are a.

Figure 2.25 shows a WYKO 3D ima ge of 256 m m 2 of HPSC sur face
ground at (vw)c ¼ 3.33 mm=sec. From the figure, it is found that the
workpiece surface is not formed by continuous regular grooves as shown
in Figu re 2.5 but by some disconti nuous short grinding gro oves. The 3D
surface roughness is about 26 nm (P-V), 3.7 nm (RMS), and 3 nm (Ra),
corresponding to near ultra-smoothness surface roughness. The height of
the grinding groove is considered to be below about 26 nm (P-V), which is
much lower than that in the plunge ductile-mode grinding as shown in
Figure 2.5. The pitch of the grinding groove is also not regular as observed

Cutting direction 50 μm

FIGURE 2.24
Microscopic photograph of the HPSC surface ground at (yw)c¼ 3.33 mm=sec with the
#140-mesh wheel by ultra-smoothness grinding method [SD140Q50M, Vg¼ 20 m=sec,
tt¼ 5 mm, Soluble (1=50)].

TABLE 2.2

Ultra-smooth Grinding Experimental Conditions

Grinding Method Ultra-smoothness

Wheel SD140Q50M
Workpiece HPSC (HV:3300)
Wheel speed Vg ¼ 20 m=sec
Resultant feed (vw)c ¼ 3.33 mm=sec
Crossfeed width Bsw ¼ 18 mm
Plunge feed f ¼ 20 mm=stroke
Depth of cut tt ¼ 2 mm
Coolant Soluble (1=50)

Flow rate: 12 L=min
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in plunge grinding. Conseque ntly, the grindi ng groo ves are conside red to
be remo ved to some exte nt.

Figure 2.26 shows an AFM 3D image and 2D profiles of 50 mm 2 of HPSC
surface ground at (vw )c ¼ 3.33 mm=sec. The upper and middle 2D profiles
parallel to grinding direction are measured at the places excluding
and including the microhole, respectively. Obvious microholes can hardly
be found on the observed 3D image. From the 2D profiles, the surface
roughness values parallel to the grinding direction are about 3 nm (P-V)
and 0.8 nm (RMS) excluding microholes and about 9 nm (P-V) and 1 nm
(RMS) including microholes, respectively. In addition, the surface roughness
normal to the grinding direction is about 8 nm (P-V) and 1.5 nm (RMS).
Accordingly, in the measurement of AFM accuracy order, it is reasonable to
say that the ground surface with the newly devised method can be ultra-
smooth. The entire ground workpiece area of 10 mm2, which is further
observed widely, however, also consists of the ultrasmooth surface formed
by the low height of grooves with no grinding cracks.

2.4 Conclusion

Ductile -mode grinding of fine ceram ics with the coarse #140-m esh metal -
bonde d diam ond wheel has been sho wn to be possi ble in plunge surfac e
grinding. It is estim ated that the therm al effect due to the large wear land of
the cutting edge on the #140-me sh wheel sur face has conside rable ef fect on
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FIGURE 2.25
A WYKO 3D image of the HPSC surface ground at (yw)c¼ 3.33 mm=sec with the #140-mesh wheel
by ultra-smoothness grinding method [SD140Q50M, Vg¼ 20 m=sec, tt¼ 5 mm, Soluble (1=50)].
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ductile-mode grindability. The various kinds of grinding parameters, that is,
table speed, wheel speed, workpiece material property, and so on, influence
ductile-mode grindability. As a result, optimum grinding conditions should
be selected for ductile-mode grinding. Based on the result obtained in plunge
surface grinding, ultra-smoothness grinding method has been newly devised
for obtaining the ultra-smoothness roughness below 10 nm (Rmax), which is
almost the same as that after lapping. According to the experimental inves-
tigation using the new ultra-smoothness grinding method, the surface
roughness of the ground HPSC ceramic surface of 50 mm2 measured with
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An AFM 3D image and 2D profiles of the HPSC surface ground at (yw)c ¼ 3.33 mm=sec with the
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AFM is as smooth as about 9 nm (P-V) and 1.5 nm (RMS). Therefore, in the
measurement of AFM accuracy order, it is reasonable to say that the ground
surface with the newly devised method can be ultrasmooth. The entire
ground workpiece surface of 10 mm2, however, is also ultrasmooth.

The new method is inadequate for productive ultra-smoothness grinding
of fine ceramics. When the method is used after the rough grinding of
fine ceramics with the same coarse-grain-size grinding wheel, this may
be obtained. Nevertheless, it is considered important that the method is
improved toward high productivity due to the investigation of the optimum
grinding condition [7–10].
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3.1 Introduction

Despite the development of advanced ceramic materials possessing
enhanced properties, the widespread use of these materials for structural
applications has been limited mainly because of the high cost of machining
by grinding. In the manufacture of ceramic components, grinding can
comprise up to 80% of the total cost [1]. Efficient grinding requires selecting
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operating parameters to maximize the removal rate while controlling
surface integrity [2,3]. Lowering grinding costs by using faster removal
rates is constrained mainly by surface damage to the ceramic workpiece,
which causes strength degradation. Any attempts to optimize the grinding
parameters should take into account the prevailing grinding mechanisms
and their influence on the resulting surface damage and mechanical
properties.

The present chapter is concerned with what happens during grinding as
abrasive grits interact with the ceramic workpiece. Most past research on
grinding mechanisms for ceramics has followed either the ‘‘indentation
fracture mechanics’’ approach or the ‘‘machining’’ approach [2]. The inden-
tation fracture mechanics approach models abrasive–workpiece interactions
with the idealized deformation and crack systems produced by an indentor.
The machining approach typically involves measurement of forces for
single-point and multipoint cutting coupled with microscopic observations
of surface morphology and grinding debris. Both of these approaches provide
important insights into the nature of the grinding process for ceramics.

3.2 Indentation Fracture Mechanics Approach

The indentation fracture mechanics approach likens abrasive–workpiece
interactions for grinding of ceramics to small-scale indentation events. The
deformation and fracture patterns observed for normal contact with a
Vickers pyramidal indentor under an applied load P are illustrated in
Figure 3.1. A zone of plastic deformation is found directly under the
indentor. Two principal crack systems emanate from the plastic zone: med-
ian=radial and lateral cracks. Median=radial cracks are usually associated
with strength degradation and lateral cracks with material removal.

FIGURE 3.1
Plastic zone, median=radial cracks
(R), and lateral cracks (L) for Vickers
indentation. (From Lawn, B.R. and
Swain, M.V., J. Mater. Sci., 10, 113,
1975. With permission.)
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Though originally developed for static normal loading, this approach has
also been extended to include the effect of a tangential load (moving
indentor).

3.2.1 Median=Radial Cracks: Static Indentor

Now let us consider how median=radial cracks can affect the strength
degradation due to grinding. For this purpose, the normal applied load P
on the indentor (abrasive grit) is considered to cause a median=radial crack
of dimensi on c, as shown in Figure 3.1, wh ich in turn leads to a redu ction in
the fracture strength. Larger cracks due to more severe grinding conditions
and bigger forces should cause a greater reduction in the fracture strength
after grinding.

Investigations of median=radial cracks using fracture mechanics started in
the 1970s [4–11]. In one of the first studies, the median crack size was
predicted using the Boussinesq solution for the elastic stress field due to
point loading normal to the surface [4]. The stress intensity factor obtained
by integrating the stress field around a median crack was used to predict the
relationship between the applied load P and crack size c. Because elasticity
predicts infinite stress at the contact point, the observed size of the deform-
ation zone was taken as a lower limit on the integration. A proportional
relationship was predicted between the load and crack length (P / c), which
is consistent with experimental results for soda-lime glass [4]. However, in
subsequent work [7], median crack extension was observed to occur not
only during loading but also during unloading. This was attributed to
nonuniform plastic deformation beneath the indentor, which causes
residual stresses. Lateral cracking also occurred during unloading.

Many researchers have investigated the influence of plastic deformation
and residual stresses on median=radial and lateral cracks [10–17]. An early
study focused on resolving median crack propagation into two parts, an
elastic component and an irreversible (residual) component [10,11]. The
results suggest that the elastic component initiates the median crack and
causes it to extend downward during loading, whereas the residual com-
ponent provides continued crack extension, as the indentor is withdrawn.
By modeling the indentation under the indentor as an expanding plastic
zone surrounded by an elastic matrix, the stable crack size c (Figure 3.1) for a
sharp pyramidal indentor after loading with force P and then unloading
was obtained as [12]:

P=c3=2 ¼ Kc j( cot c)2=3(E=H)1=2
n o

,
.

(3:1)

where H is the hardness, E the elastic modulus, Kc the fracture toughness, 2c

the included angle between opposite indentor edges, and j a constant. The
relationship between load and crack size in Equation 3.1, P / c3=2, fits the

� 2006 by Taylor & Francis Group, LLC.



exp erimenta l resu lts quite well for many mater ials [12]. This rela tionship
wou ld apply on ly a bove a mi nimum thr eshold load P* below wh ich med ian
crac ks should not be initiate d [9]:

P * ¼ 54 : 5(a=h 
2 g  

4 )(K 4c =H 3 ), (3: 2)

wh ere a , h, and g are constan ts ( a ¼ 2=p for a Vicke rs indentor , h � 1, and
g � 0.2).

Although originally developed for a pyramidal indentor, a similar fracture
mechanics analysis has also been developed for other indentor shapes.
Assuming that the residual stress component is the main source of crack
extension, the stress intensity factor for a penny-like crack was obtained as [17]:

Kr ¼ x E( dV=V ) 1 =3 (dV ) 2= 3 =c 3= 2 , (3: 3)

wh ere x is a constant, V the plasti c zone volu me, and dV the inde ntation
volume . To pre dict the rela tionship bet ween load and crack size, it is
nece ssary to re late dV and dV=V to the applie d load for dif ferent in dentor
shap es. The pro blem bec omes gre atly simplifie d by ass uming the hardnes s
to be indepen dent of indentor shap e, which is consi stent with meas ure-
ments for several brittle mater ials [13,18 ,19]. The har dness (inde ntation
pre ssure) can be writt en as

H ¼ P=a0 a 2 , (3: 4)

wh ere a0 is a geome trical constant and a is a char acteristic dimens ion of the
inde ntation . The ratio dV=V was also fou nd to be inde pendent of ind entor
shap e and to follow a relationshi p of the form

dV=V / ( H=E) 3 =2 : (3: 5)

For stabl e crack gro wth, combining Equa tion 3.3 and Equa tion 3.5 and
equat ing Kr to K c leads to

Kc ¼ x ( EH )1 = 2 ( dV ) 2 =3=c 3 =2 : (3: 6)

For a pyrami dal indentor , the in dentation volume is

dV ¼ (2 =3) a 3 co t c, (3: 7)

wh ere a is half the diago nal leng th (Fi gure 3.1). Combinin g Eq uation 3.4,
Equation 3.6, and Equation 3.7 would give the same load=crack
len gth relationshi p as Eq uation 3.1 with j¼ {(2=3)2=3=a0}x. For a spherical
indentor of radius R,

(dV)2=3 ¼ (p=4)2=3R2(a=R)8=3, (3:8)
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where a is now the indentat ion radi us. In this case, the load =crac k len gth
relati onship becom es

P4 =3=c 3 =2 ¼ (4 p=R) 2 =3 x� 1 (Kc E
� 1 =2 H 5= 6 ) : (3 : 9)

Therefor e, the load =crack length rela tions in Equa tion 3.1 and Equa tion 3.9
predict P/ c3=2 for a pyramidal indentor and P/ c9=8 for a spherical indentor.
This agrees quite well with experimental results in Figure 3.2 for ZnS.
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Load=crack length data for ZnS. (From Marshall, D.B., J. Am. Ceram. Soc., 67, 57, 1984. With
permission.)
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As stated above, strength degradation is usually attributed to med-
ian=radial cracks and the influence of residual stresses on their extension
[11,20–22]. The residual stress distribution for static indentation has been
predicted [13] by superimposing the Boussinesq elastic stress field with the
elastic=plastic solution for a spherical cavity under an internal pressure. The
results indicate residual compressive stresses near the contact surface with a
steep transition to tensile stresses reaching 0.1 to 0.15 H at the elastic=
plastic boundary in the subsurface. Similar residual stress distributions
have been reported for silicon nitride ceramics after grinding [23–25], but
the peak residual tensile stresses are much smaller. For example, the peak
residual tensile stress in Figure 3.3 is only about 0.007 H after grinding of
hot-pressed silicon nitride (HPSN) [25]. Such small s tresses may not cause
significant strength degradation. However, critical stress intensity factors
evaluated from measurements of cracks produced by sharp indentors were
about 30% less than those determined by double cantilever or double
torsion tests [26,27], which suggests that the residual stresses due to inden-
tation caused a 30% strength reduction.

According to fracture mechanics, the effect of crack size c on fracture
strength sf can be written as

sf ¼ Kic=Yc1=2, (3:10)
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Residual stress versus depth for HPSN. (From Hakulinen, M., J. Mater. Sci., 20, 1049, 1985. With
permission.)
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where Kic is the fracture tough ness and Y a constan t that depends on crack
geomet ry and orien tation. When co mbined with the effect of load on
crack size (Equ ation 3.1 and Eq uation 3.9), the influ ence of applie d norm al
force on strength after indentation becomes

sf ¼ Ap(H=E)1=6(K4
c=P)1=3 (3:11)

for a pyramidal indentor (Ap � 1={Y(j)1=3(cot c)2=9}) [20] and

sf ¼ As(H
5=E3)1=18(K3

c=P)4=9 (3:12)

for a spherical indentor (As � (4p=R)2=9={Y(x)1=3}). Experimental results for a
pyramidal indentor appear to correlate fairly well with Equation 3.11 for
various ceramics and glasses [20].

By analogy with indentation, the formation of median cracks during
grinding should result in a fracture strength relationship of the form [28]:

sf ¼ hf�m
n , (3:13)

where fn is the normal grinding force per grit analogous to the applied
indentation load P. Experimental results for silicon nitride in Figure 3.4
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follow Equa tion 3.13 quite wel l with expone nts m ¼ 0.21 for a shar p wh eel
and m ¼ 0.3 2 for a dull wh eel, a s comp ared wi th expected val ues of m ¼ 1=3
for a pyr amidal (sharp ) inde ntor (Equati on 3.11) and m ¼ 4=9 for a sphe rical
(dull) inde ntor (Equa tion 3.12). It shou ld be noted that the forces per grit in
Figure 3.4 are ave rage val ues obtaine d by dividing the norma l grindi ng force
by the estim ated numbe r of active grits. Strength degrad ation should be
dic tated by the large st force per grit, wh ich could be much bigger than the
ave rage. According to Equation 3.2, the thresh old load for media n crack
form ation with a pyramidal indentor for this material is approximat ely 3 N,
wh ich is pr obably smaller than the larges t force per grit for mos t condi tions in
Figure 3.4.

3.2. 2 Medi an=Ra dial Cracks: Movi ng Indentor

An active abrasive grit is subj ect not onl y to a no rmal load as in stati c
inde ntation , but also to a tangen tial load in the directio n of motio n
[29–32 ]. An alogous to the Boussine sq solu tion, the elastic stress field due
to both a norm al force comp onent P and tangen tial compone nt P0 acting at a
point on the surfac e has been mode led usin g the Michell solu tion [29]:

sij ¼
P

p r 2

� �
fij ( u, f )
� �

l,mþ
P0

p r2

� �
gij ( u, f)
� �

l , m , (3: 14)

wh ere l and m are La me’s co nstants and r , u, and f are polar coordi nates.
The tangen tial fo rce tends to intensi fy the tensile stresse s normal to the
direc tion of motio n ahead of the co ntact poi nt. This wo uld favor med ian
crack propagation in the plane of motion [29], which could explain why test
bars often exhibit more strength degradation when ground transversely
than longit udinally. For exampl e, resu lts in Figure 3.5 [33] show strengt h
degradation for transversely ground test bars above a critical uncut chip
thickness (grit depth of cut) of about 0.16 mm, but not for longitudinally
ground test bars. Similar strength anisotropy has also been reported for
many other materials [34–42].

As with static indentation, the moving indentor also causes localized
plastic deformation. Unlike static indentation, however, the normal contact
pressure depends on the contact configuration and indentor geometry [30].
The median crack length has been predicted using an approximate plane
strain plasticity analysis, which estimates the transverse crack-opening
force perpendicular to the plane of motion. Although the average normal
pressure is sensitive to indentor geometry, the predicted ratio of the trans-
verse to normal force is approximately 0.35 for various indentors. The
resulting load=crack size relationship is of the form P / c3=2 [30], which is
consistent with experimental results for glass [31], but not for other mater-
ials. For HPSN , the result s in Figure 3.6 show appro ximat ely P / c at
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low norm al loads and P / c1=2 at high loads [32] . The pro portional rela tion-
ship at low loads is consi stent with the elasti c solution for static ind entation
[4], so the influ ence of residual stress may be insign ificant in this regime .
Howeve r, at high loads, the residual stresses for a mov ing inde ntor could
bec ome the dom inant fact or. Anal ogous to stati c in dentation with a spher-
ical tool [17], the crack ope ning fo rce det ermined from the residual stres s
field was rela ted to the stres s in tensity factor. This elastic– plastic analysi s
for the mo ving indentor yields a load =crac k length re lationship P / c1=2 [32] .
Data in Figure 3.7 for both single- point a nd mu ltipoint grinding sugge st
P / c 6=5 [31] . However , crac k depth s for multipoi nt gri nding are onl y about
half as big as for sin gle-point grinding at the same normal loads. The
inde ntor used in the scratchin g te st is probably shar per than a typ ical
abrasi ve gri t, which mi ght account for this dif ference . Another possi ble
fact or is the inte raction s bet ween cracks from adjace nt scrat ches in mult i-
point grinding, which could reduce the stress intensi ty factor [43,44 ].

Strength degradation resulting from single-point and multipoint grinding
is associated with failures, which initiate from extended fracture origins
induced by these events [31]. For an edge-notch crack, the predicted fracture
strengt h wou ld be given by Equati on 3.10 with Y ¼ 1.99. Experi mental
measurements of crack size and fracture strength for both single-point and
multipoint grinding tests follow this behavior [31]. Analogous to the case of
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static indentat ion, the fracture strengt h can be re lated in turn to the no rmal
load if the load =crac k size relations hip is given . The load =crack size rela -
tionship s for a movi ng in dentor (scratchi ng) and multipoi nt grindi ng are
again of the form P / cn where 1=2 < n < 3=2, whic h combi ned with
Equa tion 3.13 yields a relati on bet ween fractu re strengt h and norm al load
sf / P� m where 1=3 < m < 1.

3.2.3 Lateral Crackin g an d Crushing

Whereas media n=radial crac ks a re ass ociated with strengt h degr adatio n,
lateral cracks may lead to mater ial re moval. La teral cracks (Figure 3.1)
initia te during unloa ding near the botto m of the plastic zone, and then
propa gate laterally on a plane nearly paral lel to the specim en surfac e [6–8,
15]. Deflectio n of the crack toward the free surfac e can cause material
removal by frac ture (ch ipping) . The effect of the applie d load P on the
lateral crac k length c‘  has been estimated usin g simple plate theory [15]. If
h is the dista nce from the free surfac e to the crac k plane, the crac k size for
c‘ � h bec omes [15] :

c‘ ¼ c L 1 � P o =Pð Þ1 =4
h i1 = 2

, (3: 15)

where

Po � ( z o =A 2 )( cot c) � 2 =3 (K 4c = H 3 )(E=H ), (3 : 16)

c L � zL co t c5= 6 A � 1= 2 ( Kc H ) � 1 E 3= 4
n o1= 2

P 5= 8 , (3: 17)

and zo , z L, and A are co nstants. At large contact loads ( P � Po ), Equa tion 3.15
redu ces to P / c‘

8=5, wh ich is similar to the form for media n =radial cracks .
An expression for the mi nimum thresh old load for lat eral crac king,

P‘ *, has been der ived as [14,45 ]:

P‘  * ¼ z (K 4c =H 3 ) f (E =H ), (3 : 18)

where z is a dimen sionless constan t and f( E=H) is a weak function suc h that
zf(E=H) � 2�105. Values for P‘* can be compared with average normal loads
per grit to predict whether a lateral fracture mechanism or ductile removal
mechanism might prevail [45]. For example, the normal force per grit for
grinding of sintered silicon nitrid e (Fig ure 3.4) is less than the estim ated
critical threshold load of about 30 N, which would suggest ductile flow
rather than lateral cracking. However, the predicted threshold load for
median cracks (3 N for silicon nitride [9]) is much less than for lateral cracks,
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which would suggest that ductile grinding may produce median cracks and
strength degradation.

The size of the lateral crack can be used to estimate abrasion (grinding)
rates [45]. Assuming that the volume removed by a grit under a normal load
P in Figure 3.8 is proportional to the lateral crack size and length of travel ‘,
the total volumetric removal V‘ is

V‘ ¼ aL(P9=8=K1=2
c H5=8)(E=H)4=5‘, (3:19)

where aL is a constant. This expression correlates fairly well with some
limited data for grinding of ceramics only at extremely small removal rates
[45,46]. Evidence of material removal by lateral cracking is often observed
on scratched grooves.

In addition to lateral cracking, material removal by fracture has also been
related to crushing [32,47–49]. Crushing ahead of and beneath the contact
has been attributed to mixed mode fracture resulting from the distribution
of in-plane hoop stresses and shear stresses [29]. The crushed zone bound-
ary beneath a moving indentor has been estimated by assuming that crush-
ing occurs by fractures originating at distributed preexisting flaws where
the elastic strain energy density exceeds a critical value [48]. A somewhat
more comprehensive model was subsequently developed which attributes
crushing to sequential crack branching under a moving indentor [49].
This latter model successfully predicted crushing depths for single-point
grinding of glass, but over predicted crushing depths for HPSN [49].
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FIGURE 3.8
Plastic zone, median=radial, and lateral cracks for moving indentor. (From Evans, A.G. and
Marshall, D.B., in Fundamentals of Friction and Wear of Materials, Rigney, D.A., Ed., ASME, 439,
1981. With permission.)
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These dif ference s may be rela ted to the assum ption of a pur ely elastic
stress field. Localized plasti c defo rmation , wh ich should be more sig-
nifican t for the sili con nitride, would redu ce the stress in tensity and
crushin g depth.

3.3 Machining Approach

The machi ning appro ach typic ally involv es measu rement of cutting forces
and en ergy together wi th microscop ic obse rvation s of grinding debris a nd
surfac e morphol ogy. Although microscop ic observ ations provide im portant
evidenc e ab out the pre vailin g grinding me chanisms , any plausib le phy sical
mode l of abrasi ve–workp iece in teraction s must be able to quantitat ively
account for the mag nitude of the grindi ng energy and its dependen ce on
the operati ng co nditions.

3.3.1 Grindi ng Debr is

Exam ination of grinding debr is for variou s brittle mater ials [33,50 –53] sug-
gests mate rial removal mainly by brittle frac ture. For ex ample, SEM micro-
graphs of grinding debris collected for reaction bonded silicon nitride
(RBSN ) ground with a 400 grit diamo nd wheel are shown in Figure 3.9.
The debris consists mostly of relatively large plate-like particles (Figure
3.9a) which appear to have fractured from the workpiece by lateral cracking,
and much finer particles (Figure 3.9b) which may have been generated by
crushing. The plate-like particles typically have grinding striations on one
side as seen in Figure 3.9a. The striations may have been generated either
immediately before the particle fractured from the workpiece or during the
preceding grinding pass.

Grinding debris generation has also been studied in-process using a
camera equipped with a micro-flash [50]. Many fine particles were observed
flying off both ahead of and just behind the grit, which suggests material
dislodged by lateral cracking crushed into smaller particles. Crushing (pul-
verization) may also be responsible for much finer particles (powder)
beneath the scratched groove [54,55]. Aside from brittle fracture particles,
continuous flow-type chips are also occasionally observed at high grinding
speeds and shallow depths of cut [50,56], which would indicate ductile flow.

3.3.2 Microscopy of Scratches and Ground Surfaces

A detailed picture of the prevailing mechanisms has been developed from
microscopic observations of scratches produced by single-point diamond
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(a)

(b)

FIGURE 3.9
Grinding debris, RBSN (Coors=Eaton), 400 grit wheel (Norton) [65]: (a) a ¼ 38 mm, vw ¼ 200
mm=sec, vs ¼ 10 m=sec; (b) a ¼ 22 mm, vw ¼ 100 mm=sec, vs ¼ 32 m=sec.

� 2006 by Taylor & Francis Group, LLC.



tools [31,32 ,47,54,57 –63]. Scratchi ng exp erime nts per formed with fixed
depths of cut on silico n ni tride [32] and alumina [58] show evidenc e of
ducti le flow, lat eral cracking and chip ping along the gro ove, and crushi ng
bene ath and a head of tool with an increase d depth . However , in mo st actual
grinding pr ocesses, the depth of cut prog ressively in creases as the abrasive
grit passes through the gri nding zone. This behavi or has been simulat ed
with single-poi nt cutting by inclining the workp iece in the cu tting directio n.
For in clined single-poi nt cu tting of silico n and german ium [61] , initia l
ducti le flow pro gressiv ely change d to brittle fracture after a critical depth
of cu t was reach ed (Figure 3.10). The norm al force increase d linear ly with
dista nce (de pth of cut) in the duc tile re gime, and then fluctuate d about a
lower val ue as brittle frac ture occurr ed.

Grin ding inv olves a mu ltitude of scratches and interac tions betwee n
adjace nt scratches. The effe ct of interac tions betwee n adjacent scrat ches on
stock remo val has been inves tigated for hot-pre ssed alumina by maki ng a
series of paral lel scrat ches with separ ation distances from 0 to 250 m m [64].
The resu lts in Figure 3.11 show a strong depende nce on the separ ation
distance, as well as the load. Either when the separation is so large that
the scratches do not interact or small enough to overlap, material removal is
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rela tively sm all. At interm ediate distances, the removal becom es much
bigge r.

SEM microgr aphs in Figure 3.1 2 show HPSN sur faces grou nd with a 180
grit diam ond wh eel befo re etchin g (Figure 3.12a) and after etchin g (Figure
3.12b ) with hydrof luoric acid [65]. Although som e fractured areas can be
seen , the as-groun d surfac e exhib its mainly duc tile flow associa ted with
plowin g along the grindi ng directi on. Howeve r, after etchin g, man y of the
finer striations disappe ar where as grooves gen erated by abrasive gri ts can
still be seen. Etch ing of the grou nd sili con nitride surfac es with hydrof luoric
acid appear s to have remove d a smeared glassy layer . The form ation of
glassy mater ial on silicon nitride surfac es during sliding can be attr ibuted to
the oxid ation reaction [66]:

Si3 N 4 þ 3O 2 ! 3SiO 2 þ 2N2 : (3: 20)

Silicon oxide glassy layer s have also been recent ly iden tified on grou nd
silico n surfac es [67] usin g energy dispe rsive spect roscop y.

3.3. 3 Grindi ng Energy and Mechani sms

A fundam ental paramete r der ived from the gri nding forces and machi ning
conditions is the specific grinding energy, which is defined as the energy
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(a)

(b)

FIGURE 3.12
Ground surfaces, HPSN (Kyocera SN220), 180 grit wheel Norton (a ¼ 38 mm, vw ¼ 100 mm=sec,
vs ¼ 32 m=sec) (a) as ground; (b) after etching. (From Hwang, T.W. and Malkin S., ASME J. Manuf.
Sci. Eng., 121, 623. With permission.)
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per unit volu me of mate rial remo val. The specif ic ene rgy is obtaine d from
the relati onship [68]:

u ¼ Ft vs

Qw
¼ Pm

Qw
, (3: 21)

wh ere Ft is the tangen tial gri nding force, vs the wheel velocity, Pm the net
grindi ng pow er, and Qw is the volumetr ic remo val rate. For metallic work-
piece mater ials, the total specif ic grindi ng energy can be mo deled as the
sum of chip formati on, plo wing, and slidi ng co mponent s [68] . For ceramic s
and ot her brittle mate rials, the re lationship betwe en the grinding me chan-
ism s and specif ic energy is comp licated by the occurr ence of both brittle
frac ture and duc tile flow.

3.3. 3.1 Specif ic Grindi ng Energy

Force and grinding energy data have been obta ined for variou s ce ramic s
over a wid e ran ge of conditio ns [69–75 ]. For straig ht sur face grinding of
HPSN , specif ic energi es have been re ported rang ing from about 10 J =mm3 at
very high removal rates to about 800 J =mm 3 at very low removal rates
[65,69 –71]. A simple exp lanation for this typ e of beh avior is that a decrease
in removal rate resu lts in a smaller und eformed (unc ut) chip size, causin g
more flow and less brittl e frac ture. Results for speci fic grindi ng ene rgy
vers us average uncut chip cross-sect ional are a in Figure 3.13 for aluminu m
oxi de and sili con nitride sho w two distin ct reg imes [72]. Below an average
uncu t chip area of about 0 .05 m m 2, wh ich wo uld co rrespond to a maxim um
und eformed chip thickn ess of about 0 .35 m m (se e Equati on 3.2 3), the specif ic
ene rgy increase s steeply with smaller chip size. Above the tran sition, the
specif ic energy dec reases more slow ly as the chip size increas es. The un-
defo rmed chip thickn ess at the tran sition may corresp ond to the critical
thresh old depth of cu t, dc co rrespondi ng to the critical load (Equatio n 3.18)
below which fracture should not occur [76]:

dc ¼ b(E=H)(Kc=H)2, (3:22)

where b is a constant. Although the maximum undeformed chip thickness of
0.35 mm at the transition is somewhat bigger than the value computed from
Equation 3.22 with b ¼ 0.15, these results suggest material removal mainly by
ductile flow below the transition and brittle fracture above the transition.

The magnitude of the specific grinding energy and its dependence on the
operating parameters is a direct consequence of the prevailing grinding
mechanisms. One parameter, which has been used to analyze specific
grinding energy data, is the maximum undeformed (uncut) chip thickness
taken by an individual cutting point (grit depth of cut) which can be written
as [68]:
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hm ¼
3

C tan u

vw

vs

� �
a

ds

� �1 =2
" #1 = 2

, (3: 23)

where C is the active cutti ng poi nt dens ity, vw the workpi ece veloci ty, a the
wheel depth of cut, ds the wheel diame ter, and u is the semiin cluded angle
for the undeform ed chip cross-sect ion assume d to be triangular as illu s-
trated in Figure 3.14. Experime ntal resu lts for the specific ene rgy obt ained
from various ceramic s and a glass as listed in Tab le 3.1 are plo tted versus hm

in Figure 3.15 for a 400 gri t resin-bon ded diamo nd wheel and in Figure 3.16
for a 180 gri t wheel [77] . Resul ts for the vario us workp iece mater ials with
both wh eels showed the same typ e of inve rse behav ior, a dec rease in
specif ic energy with hm at a dimini shing rate to ward a minimu m val ue.
Each set of result s in Figure 3.15 and Figure 3.16 was statisti cally fitted by
least sq uares to an equat ion of the form:

u ¼ As

hm
þ Bs , (3: 24)

where As and Bs are constan ts. Valu es of As and B s obt ained by least square
fitting are included in Ta ble 3.1. The fitted cu rves shown in Figure 3.15 and
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Figure 3.16 rep resent the grinding beh avior q uite well excep t perhaps for
the RBSN workpie ce. The correlati on co efficients for least squa re fitting
were all in exce ss of 0.9 ex cept for the RBSN. It can be seen in Table 3.1
that bot h As and Bs val ues for the 400 grit wh eel are bigger than thos e for the
180 gri t wheel on the sa me HPSN (Norton NC 132), wo rkpiece mater ial. For
the RBS N in Figure 3.15b , a bet ter fit may be obtaine d usin g a stronger
inve rse relations hip with hm .

3.3. 3.2 Brittle Fract ure En ergy

The rela tionship bet ween the specif ic grinding energy and the unde formed
chip thickn ess a s desc ribed above sho uld be related to the grindi ng mech-
anis ms. It has been sugges ted that removal mecha nisms at smal l values of
hm are dom inated by hi gh energy ducti le flow (du ctile regime ) becau se the
force acting on each grit is less than the critical load for later al cracking to
occu r. The lower specif ic energy and bigger forces per grit at larg e values of
hm might indicate material removal by brittle fracture.

This explanation for the influence of hm on the specific energy would
imply that the minimum specific energy Bs should be comparable to the

Wheel

Workpiece vw

Ag

2q
hm

lc

a

FIGURE 3.14
Illustration of undeformed chip geometry. (From Hwang, T.W. and Malkin, S., ASME J. Manuf.
Sci. Eng., 121, 623. With permission.)
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TABLE 3.1

Experimental Grinding Conditions, Workpiece Properties, Fitted Values of As and Bs for Plots of Specific Energy Versus hm, and
Estimated Plowed Surface Energies Per Unit Area Js and Correlation Coefficients r

Wheel

C (mm�2)

dg (mm)

Grinding

Parameters

Workpiece

Material

E

(GPa)

H

(GPa)

Kc

(MPa m1=2)

Gc=2

(J=m2)

As (103

J=m2)

Bs

(J=mm3) Js (J=m2) r

DN400- C ¼ 107 a ¼ 5 � 38 mm S=RBSN 297 15.0 6.6 73.3 11.4 32.9 15,300+ 1,520 0.83
N100B-1=4 dg ¼ 38 vw ¼ 5 � 200

mm=sec
RBSN* 165 10.0 3.6 39.3 35.3 0.0 4,700+ 245 0.94

HPSN1 325 19.6 5.0 38.5 15.4 28.7 18,000+ 705 0.96
vs ¼ 10 � 40 Al2O3 380 13.3 4.5 26.6 9.1 10.5 7,900+ 255 0.97

DN180- C ¼ 21 a ¼ 5 � 76 mm HPSN1 325 19.6 5.0 58.9 9.1 16.7 14,200+ 585 0.95
N100B-1=4 dg ¼ 84 vw ¼ 5 � 200

mm=sec
HPSN2 276 18.2 5.7 38.5 4.9 16.6 15,900+ 365 0.98

SiC1 410 27.4 3.5 14.9 6.4 7.4 10,000+ 400 0.96
vs ¼ 10 � 40

m=sec
SiC2 427 27.0 3.0 10.5 5.5 7.0 9,100+ 590 0.91

Glass** 70 5.5 0.75 4.0 2.0 1.0 1,800+ 85 0.95

HPSN1—Norton NC132, HPSN2—Kyocera SN220, SiC1—Carborundum, Hexoloy SA, SiC2—Norton, Glass—Soda-lime Glass, S=RBSN—Coors=Eaton,
RBSN—Coors=Eaton, Al2O3—Wesgo, Al995.
Source: *From Hwang, T.W., 1997, Grinding energy and mechanisms for ceramics, PhD Thesis, University of Massachusetts.
**From Lawn, B.R. and Evans, A.G., 1980, J. Am. Ceram. Soc., Vol. 63, pp. 574–581.
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energy for material removal by brittle fracture. That portion of the grinding
energy associated with brittle fracture can be estimated as the product of the
surface area generated by fracture and the material’s fracture energy per
unit area [51]. For simplicity, the particles removed by grinding can be
assumed small cubes of dimension bf. In this case, the total surface area
produced per unit volume of material removed, af, is equal to the total
surface area of a cube divided by its volume:

af ¼
6b2

f

b3
f

¼ 6

bf
: (3:25)
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FIGURE 3.15
Specific grinding energy versus undeformed chip thickness (Norton 400 grit diamond wheel).
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Approximating the fracture surface energy as half the critical energy release
rate Gc (Gc ¼ Kc

2=E) for crack formation (two surfaces), the specific energy
due to fracture becomes

uf ¼
Gc

2

� �
af ¼

3Gc

bf
: (3:26)

The smallest particles removed by grinding are approximately 1 mm in size,
although many are much larger. For HPSN, Gc� 80 J=m2. Using these values
for bf and Gc leads to a specific fracture energy uf � 0.24 J=mm3, which is
only a negligible portion of the extrapolated minimum grinding energy for

(a) (b)

0 2 4 6

0 2 4 6 0 2 4 6

0 2 4 6
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FIGURE 3.16
Specific grinding energy versus undeformed chip thickness (Norton 180 grit diamond wheel).
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HPSN . This same argume nt would also appl y to a ll the other workp iece
mater ials a s listed in Table 3.1 with the possi ble exce ption of RBSN. There-
fore, most of the gri nding ene rgy must be exp ended by duc tile flow, even
thou gh mater ial re moval is mainl y by brittle fractu re.

3.3. 3.3 Plowed Surface Area Analysi s

SEM observ ations reveal charact eristic grooves and a heavily deformed
layer on the grou nd sur face. The gen eration of this deformed surfac e layer
is apparently rela ted to plowin g by nume rous abrasi ve points passi ng
through the gri nding zone , thereby leadi ng to surfac es with mu ltiple over-
lappi ng scrat ches and gro oves. The refore, it mi ght also be wort hwhile to
analy ze the gri nding energy in terms of the plowed area generated on the
workp iece by the active abrasi ve cutting points .

For the pur pose of estim ating the plowed sur face area, again consid er
the plowing geomet ry for a sing le undefo rmed chip with a trian gular
cross -section of semiincl uded angle u as shown in Figure 3.14. Assu ming
that the active cutting point s per unit a rea C are unifo rmly distr ibuted on
the wheel sur face, the unde formed chip thickn ess hm is given by Equati on
3.23 [68]. For each und eformed chip a s sho wn in Figure 3.14, the corre-
spon ding plowed surfac e area Ag gene rated at the sides of the groove is
given by

Ag ¼
hm lc
cos u

: (3: 27)

Mult iplying by the number of cutting points per unit time per unit width of
grindi ng leads to an exp ression for the overall rate of plowe d surface area
gen erated per unit width [65] :

S
0

w ¼ Cvs A g : (3: 28)

Sub stituting for hm from Equati on 3.23 and noti ng that lc ¼ ( ad s) 
1=2 result s in

S 
0

w ¼
6C

sin 2u

� �1= 2

( vw vs ) 
1= 2 ( a ) 3= 4 ( ds ) 

1 =4 : (3: 29)

A plot of the me asured power per unit wid th for HPSN (Norto n NC 132)
grou nd with bot h a 400 grit wh eel ( C ¼ 107 mm� 2) and 180 grit wh eel
( C ¼ 21 mm� 2) vers us the co rrespondi ng values of Sw

0
with u ¼ 60 degre es is

pre sented in Figure 3.17. A nearly pr oportion al relati onship is obt ained
between power per unit width and Sw

0
. Similar behavior was found with

all the other wheel=workpiece combinations listed in Table 3.1. Each plot of
the measured power per unit width versus the rate of plowed surface area
generated per unit width was fitted to a linear relationship of the form:
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P 
0
m ¼ Js S

0
w þ Bp , (3: 30)

where Js and Bp are constan ts. Assumin g that the to tal grinding ene rgy is
assoc iated onl y with plowin g and neglecti ng the influe nce of the interc ept
Bp , the slope Js wou ld correspo nd to the average ene rgy per unit area of
plowed surfac e generated . The slope s Js obt ained for vario us workpi ece
mater ials together with thei r standar d errors and correlatio n coeffici ents r
for least squa re fitting of the data are incl uded in Ta ble 3.1. The values of Js

are typically about two orders of magnitude bigger than the corresponding
fracture surface energies (Gc=2 in Table 3.1), which is a further indication
that most of the energy dissipation is associated with ductile flow.

3.3.3.4 Plowed Surface Energy and Workpiece Properties

According to the analysis presented above, Js represents the surface energy
per unit area generated by plowing. Estimated values for Js in Table 3.1 are
nearly constant for a given workpiece material regardless of the grinding
conditions and grit size. Therefore Js might be considered to be a ‘‘charac-
teristic’’ material property which depends on the mechanical properties of
the workpiece (E, H, and Kc) included in Table 3.1.

A number of attempts were made to correlate Js with E, H, and Kc [65]. Js

generally tends to increase with H, and Kc, but no satisfactory correlation was
found with any one of these three mechanical properties. Therefore, correl-
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FIGURE 3.17
Power per unit width versus rate of plowed surface area generated per unit width.
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ation s were attempted with combi nations of mater ial proper ties. From inden-
tatio n frac ture mecha nics, the volumetr ic mater ial remo val per uni t length of
travel by scrat chin g with a pyramida l tool has been theo retically rela ted to the
later al crack size and the mecha nical proper ties [8,45]. For a given volumetr ic
remo val per unit len gth of travel , this leads to a rela tionship betwee n the
norm al load P and the me chanical proper ties, wh ich can be writte n as [8]:

( P) 5= 4 / (K 3 =4
c H 1= 2 ) (3: 31)

or usin g a mo dified a nalysis [45] :

( P) 9= 8 / (K 1 =2
c H 5= 8 ) : (3: 32)

The refore Js for a given volume removal per unit len gth mi ght be related to
the combi ned mecha nical pro perties on the ri ght han d side of Equati on 3.31
and Equa tion 3.32, nam ely Kc

3=4H1=2 and Kc
1=2H5=8. A plot of Js versus

Kc
3=4H1=2 presented in Figure 3.18 yields quite a good correlation, with Js

proportional to (Kc
3=2H1=2)2. A proportional relationship between Js and

(Kc
1=2H5=8) 9=5 in Figure 3.19 shows som ewhat more deviat ion , especi ally

for silicon carbide ceramics.
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3=2H1=2. (From Hwang, T.W. and Malkin, S.,
ASME J. Manuf. Sci. Eng., 121, 623. With permision.)

� 2006 by Taylor & Francis Group, LLC.



The resu lts in Figure 3.18 wou ld ind icate that Js / Kc
3=2H. Therefo re, the

grinding power per unit wid th should be pro portional to the pro duct of
Kc

3=2H a nd the rate of plowed are a gene rated per unit wid th. Indeed a ll the
resu lts in Figure 3.20 (540 data point s as indicated in Table 3.1) of Pm

0

versu s Kc
3=2HSw

0
tend to fall cl ose to the same st raight line. For all the

mater ials ground over a wi de rang e of conditi ons, the net grinding power
per uni t width can be appr oximated as:

P
0

m ¼ MK 3= 2
c HS 

0

w , (3: 33)

where M � 6.4 �10 � 20 N �3=2m 13 =4.

3.4 Concluding R emarks

Most past research on grinding mecha nisms for ceram ics has follow ed
eithe r the ‘‘inde ntation fractu re me chanics’’ appro ach or ‘‘mach ining’ ’
appro ach. The in dentation fracture me chanics appr oach would seem to
offer the possib ility of desc ribing bot h the mate rial removal proce ss and its
influe nce on strengt h degr adatio n in terms of the force or depth of cu t at an
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FIGURE 3.19
Plowed surface energy per unit area versus Kc

1=2H5=8. (From Hwang, T.W. and Malkin, S.,
ASME J. Manuf. Sci. Eng., 121, 623. With permission.)
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individual cutting point. Furthermore, it predicts the possibility of ductile
regime grinding at extremely low removal rates where the force or depth of
cut per grit is below a critical value. While providing some important insights
into what may occur during abrasive–workpiece interactions, this approach
has had limited quantitative application to realistic grinding operations.
Its application is complicated by the grit geometry, interactions between
grinding scratches, and elevated temperatures at the grinding zone.

From the machining approach, it has become evident that material
removal for grinding of ceramics occurs mainly by brittle fracture, although
most of the grinding energy is associated with ductile flow due to plowing.
A new plowing model has been developed which quantitatively accounts
for the grinding energy by relating the grinding power to the rate of plowed
surface area generated. Over a wide range of grinding conditions, the power
was found to be nearly proportional to the rate of plowed surface area
generated, which suggests a nearly constant energy per unit area of plowed
surface Js. Values for Js are much bigger than the corresponding fracture
surface energies and are proportional to Kc

3=2H. Much additional research is
needed to evaluate the general validity of this plowing model and its
applicability to different types of grinding operations.

 Kc
3/2HS�w  (1018 N5/2m−13/4s−1)

0 2000 4000 6000

P
 �
m

 (
 W

at
t /

 m
m

 )

0

100

200

300

400

500
DN180-N100B-1/4 DN400-N100B-1/4

S/RBSN
RBSN

HPSN1

Al2O3

HPSN2

HPSN1

SiC1

SiC2

Soda-lime glass

FIGURE 3.20
Grinding power per unit width versus Kc

3=2 HSw
0 . (From Hwang, T.W. and Malkin, S., ASME

J. Manuf. Sci. Eng., 121, 623. With permission.)

� 2006 by Taylor & Francis Group, LLC.



References

1. Kovach, J.A., Blau, P.J., Malkin, S., Srinivasan, S., Bandyopadhyay, B., and
Ziegler, K., 1993, A feasibility investigation of high speed, low damage grinding
process for advanced ceramics, 5th Int. Grinding Conf., Vol. I, SME.

2. Malkin, S. and Hwang, T.W., 1996, Grinding mechanisms for ceramics, Ann.
CIRP, Vol. 45=2, pp. 569–580.

3. Verlemann, E., 1993, Technologies and strategies for the machining of ceramic
components, Ceramic Monographs, No. 1.8.3.1, Varley Schmid GmbH.

4. Lawn, B.R. and Swain, M.V., 1975, Microfracture beneath point indentations in
brittle solids, J. Mater. Sci., Vol. 10, pp. 113–122.

5. Hockey, B.J., 1971, Plastic deformation of aluminum oxide by indentation and
abrasion, J. Am. Ceram. Soc., Vol. 54, pp. 223–231.

6. Lawn, B.R. and Wilshaw, T.R., 1975, Indentation fracture: principles and appli-
cations, J. Mater. Sci., Vol. 10, pp. 1049–1081.

7. Lawn, B.R. and Fuller, E.R., 1975, Equilibrium penny like cracks in indentation
fracture, J. Mater. Sci., Vol. 10, pp. 2016–2024.

8. Evans, A.G. and Wilshaw, T.R., 1976, Quasi-static solid particle damage in brittle
materials: I, Acta Metall., Vol. 24, pp. 939–956.

9. Lawn, B.R. and Evans, A.G., 1977, A model of crack initiation in elastic=plastic
indentation fields, J. Mater. Sci., Vol. 12, pp. 2195–2199.

10. Marshall, D.B. and Lawn, B.R., 1979, Residual stress effects in sharp contact
cracking: part 1: indentation fracture mechanics, J. Mater. Sci., Vol. 14,
pp. 2001–2012.

11. Marshall, D.B., Lawn, B.R., and Chantikul, P., 1979, Residual stress effects in
sharp contact cracking: part 2: strength degradation, J. Mater. Sci., Vol. 14,
pp. 2225–2235.

12. Lawn, B.R. and Evans, A.G., 1980, Elastic=plastic indentation damage in ceram-
ics: the median=radial crack system, J. Am. Ceram. Soc., Vol. 63, pp. 574–581.

13. Chiang, S.S., Marshall, D.B., and Evans, A.G., 1982, The response of solids to
elastic=plastic indentation. I. Stresses and residual stresses, J. Appl. Phys., Vol.
53(1), pp. 298–311.

14. Chiang, S.S., Marshall, D.B., and Evans, A.G., 1982, The response of solids to
elastic=plastic indentation. II. Fracture initiation, J. Appl. Phys., Vol. 53(1),
pp. 312–317.

15. Marshall, D.B., Lawn, B.R., and Evans, A.G., 1982, Elastic=plastic indentation
damage in ceramics: the lateral crack system, J. Am. Ceram. Soc., Vol. 65,
pp. 561–566.

16. Marshall, D.B., 1983, Controlled flaws in ceramics: a comparison of Knoop and
Vickers indentation, J. Am. Ceram. Soc., Vol. 66, pp. 127–131.

17. Marshall, D.B., 1984, Geometric effects in elastic=plastic indentation, J. Am.
Ceram. Soc., Vol. 67, pp. 57–60.

18. Samuels, L.E. and Mulhearn, T.O., 1957, An experimental investigation of the
deformed zone associated with indentation hardness impressions, J. Mech. Phys.
Solids, Vol. 5, p. 125.

19. Van Der Zwaag, S., Hagan, J.T., and Field, J.E., 1980, Studies of contact damage
in polycrystalline zinc sulphide, J. Mater. Sci., Vol. 15, pp. 2965–2972.

� 2006 by Taylor & Francis Group, LLC.



20. Marshall, D.B., 1983, Surface damage in ceramics: implications for strength
degradation, erosion and wear, Nitrogen Ceramics, Riley, F.L., Ed., Nijhoff, The
Hague, p. 635.

21. Marshall, D.B., Evans, A.G., Yakub Khuri, B.T., Tien, J.W., and Kimo, G.S., 1983,
The nature of machining damage in brittle materials, Proc. Roy. Soc. London, Vol.
A835, p. 461.

22. Lawn, B.R., Hockey, B.J., and Ritcher, H., 1983, Indentation analysis: applications
in the strength in wear of brittle materials, J. Microscopy., Vol. 130, Pt. 3, p. 259.

23. Samuel, R. and Chandrasekar, S., 1989, Effect of residual stresses on the fracture
of ground ceramics, J. Am. Ceram. Soc., Vol. 72, pp. 1960–1966.

24. Ahn, Y., Chandrasekar, S., and Farris, T.N., 1993, Measurement of residual stresses
in machined ceramic using the indentation technique, NIST SP 847, pp. 135–146.

25. Hakulinen, M., 1985, Residual strength of ground hot isostatically pressed silicon
nitride, J. Mater. Sci., Vol. 20, pp. 1049–1060.

26. Petrovic, J.J., Dirks, R.A., Jacobson, L.A., and Mendiratta, M.G., 1976, Effects of
residual stresses on fracture from controlled surface flaws, J. Am. Ceram. Soc.,
Vol. 59, pp. 177–178.

27. Swain, M.V., 1976, A note on the residual stress about a pointed indentation
impression in a brittle solid, J. Mater. Sci., Vol. 11, pp. 2345–2347.

28. Ota, M. and Miyahara, K., 1990, The influence of grinding on the flexural
strength of ceramics, 4th Int. Grinding Conf., SME Technical Paper MR90–537.

29. Conway, J.C., Jr. and Kirchner, H.P., 1980, The mechanics of crack initiation and
propagation beneath a moving sharp indentor, J. Mater. Sci., Vol. 15, pp. 2879–2883.

30. Cheng, W., Ling, E., and Finnie, I., 1990, Median cracking of brittle solids due to
scribing with sharp indentors, J. Am. Ceram. Soc., Vol. 73, pp. 580–586.

31. Kirchner, H.P., 1984, Comparison of single-point and multipoint grinding dam-
age in glass, J. Am. Ceram. Soc., Vol. 67, pp. 347–353.

32. Kirchner, H.P., 1984, Damage penetration at elongated machining grooves in hot
pressed Si3N4, J. Am. Ceram. Soc., Vol. 67, pp. 127–132.

33. Mayer, J.E., Jr. and Fang, G.P., 1993, Diamond grinding of silicon nitride, NIST
SP 847, pp. 205–222.

34. Mecholsky, J.J., Freiman, S.W., and Rice, R.W., 1977, Effect of surface finish on
strength of fracture of glass, 11th Int. Congress on Glass, Prague, Czechoslovakia.

35. Thomas, M.B., West, R.D., and West, W.E., 1987, A study of selected grinding
parameters on the surface finish and strength of hot pressed silicon nitride,
Intersociety Symp. on Machining of Adv. Ceramic Mater. and Components, American
Ceramic Society, pp. 218–234.

36. Miyasato, H., Okamoto, H., Usui, S., Miyamoto, A., and Ueno, Y., 1989, The effect
of grinding on strength of hot-pressed silicon nitride, ISIJ Int., Vol. 29(9),
pp. 726–733.

37. Andersson, C.A. and Bratton, R.J., 1979, Effect of surface finish on the strength of
hot pressed silicon nitride, in The Science of Ceramic Machining and Surface Finish-
ing II, NBS Special Publication 562, pp. 463–476.

38. Unno, K. and Imai, T., 1987, Performance of diamond wheel in grinding ceram-
ics, Proc. 6th Int. Conf. on Prod. Eng., Osaka, pp. 26–32.

39. Kawamura, H., 1991, Study of grinding process and strength for ceramic heat
insulated engine, Superabrasives 91, SME, pp. 9–1 to 9–7.

40. Spur, G. and Tio, T.H., 1988, Surface layer damage in grinding of advanced
engineering ceramics, Trans. NAMRC=SME XVI, pp. 224–231.

� 2006 by Taylor & Francis Group, LLC.



41. Matsuo, Y., Ogasawara, T., and Kimura, S., 1987, Statistical analysis of the effect
of surface grinding on the strength of alumina using Weibull’s multi-modal
function, J. Mater. Sci., Vol. 22, pp. 1482–1488.

42. Hawman, M.W., Cohen, P.H., Conway, J.C., and Paangborn, R.N., 1985, The
effect of grinding on the flexural strength of a sialon ceramic, J. Mater. Sci.,
Vol. 20, pp. 482–490.

43. Kachanov, M. and Montagut, E., 1986, Interaction of a crack with certain micro-
crack arrays, Eng. Frac. Mech., Vol. 25, pp. 625–636.

44. Hu, K.X. and Chandra, A., 1993, A fracture mechanics approach to modeling
strength degradation in ceramic grinding processes, ASME J. Eng. Ind., Vol. 115,
pp. 73–84.

45. Evans, A.G. and Marshall, D.B., 1981, Wear mechanisms in ceramics, Fundamen-
tals of Friction and Wear of Materials , Rigney, D.A., Ed., ASME, pp. 439–452.

46. Koepke, B.G. and Strokes, R.J., 1979, Effect of workpiece properties on grinding
forces in polycrystalline ceramics, in The Science of Ceramic Machining and Surface
Finishing II, NBS Special publication 562, p. 75.

47. Kirchner, H.P. and Conway, J.C., 1985, Mechanisms of material removal and
damage penetration during single point grinding of ceramics, Machining of
Ceramic Materials and Components, ASME, New York, Vol. 17, pp. 53–61.

48. Larchuk T.J. Conway, J.C., Jr., and Kirchner, H.P., 1985, Crushing as a mechan-
ism of material removal during abrasive machining, J. Am. Ceram. Soc., Vol. 68,
pp. 209–215.

49. Conway, J.C., Jr. and Kirchner, H.P., 1986, Crack branching as a mechanism of
crushing during grinding, J. Am. Ceram. Soc ., Vol. 69, pp. 603–607.

50. Imanaka, A., Fujino, S., and Maneta, S., 1972, Direct observation of material
removal process during grinding of ceramics by micro-flash technique, in
The Science of Ceramic Machining and Surface finishing, NBS Special Publication
348, p. 37.

51. Huerta, M. and Malkin, S., 1976, Grinding of glass: the mechanics of the process,
ASME J. Eng. Ind., pp. 459–467.

52. Huerta, M. and Malkin, S., 1976, Grinding of glass: surface structure and fracture
strength, ASME J. Eng. Ind., pp. 468–473.

53. Pai, D.M., Ratterman, E., and Shaw, M.C., 1989, Grinding swarf, Wear , Vol. 131,
pp. 329–339.

54. Zhang, B. and Howes, T.D., 1994, Material-removal mechanisms in grinding
ceramics, Ann. CIRP, Vol. 43=1, pp. 305–308.

55. Zhang, B. and Howes, T.D., 1995, Subsurface evaluation of ground ceramics,
Ann. CIRP, Vol. 44=1, pp. 263–266.

56. Toh, S.B. and McPherson, R., 1986, Fine scale abrasive wear of ceramics by a
plastic cutting process, in Science of Hard Materials, Inst. Phys. Conf. Serf. No. 75,
Chap. 9, Adam Higler, Ltd., Rhode, pp. 865–871.

57. Yoshikawa, M., Bi, Z., and Tokura, H., 1987, Observations of ceramic surface cracks
by newly proposed methods, J. Ceram. Soc., Jpn. Int. Ed., Vol. 95, pp. 911–918.

58. Zhang, B., Tokura, H., and Yoshikawa, M., 1988, Study on surface cracking
of alumina scratched by single-point diamonds, J. Mater. Sci., Vol. 23,
pp. 3214–3224.

59. Johansson, S. and Schweitz, J., 1988, Contact damage in single-crystalline silicon
investigated by cross-sectional transmission electron microscopy, J. Am. Ceram.
Soc., Vol. 71, pp. 617–623.

� 2006 by Taylor & Francis Group, LLC.



60. Tönshoff, H.K., Telle, R., and Roth, P., 1990, Chip formation and material
removal in grinding of ceramics, 4th Int. Grinding Conf., SME Technical Paper
MR90–539.

61. Brinksmeier, E., Preub, W., and Riemer, O., 1995, From friction to chip removal:
an experimental investigation of micro cutting process. Part II: Ductile to brittle
transition in monocrystalline silicon and germanium, Proc. 8th Int. Prec. Eng.
Sem., pp. 335–338, Compiegne, France.

62. Nakajima, T., Uno, Y., and Fujiwara, Y., 1989, Cutting mechanism of fine ceram-
ics with a single point diamond, Prec. Eng., Vol. 11, pp. 19–25.

63. Matsuo, T., Toyoura, S., Oshima, E., and Ohbuchi, Y., 1989, Effect of grain shape on
cutting forces in superabrasive single-grit tests, Ann. CIRP, Vol. 38=1, pp. 323–326.

64. Xu, H.H.K., Jahanmir, S., and Wang, Y., 1995, Effect of grain size on
scratch interactions and material removal in alumina, J. Am. Ceram. Soc., Vol. 78,
pp. 881–891.

65. Hwang, T.W. and Malkin S., 1999, Grinding mechanisms and energy balance for
ceramics, ASME J. Manuf. Sci. Eng., Vol. 121, pp. 623–631.

66. Singhal, S.C., 1976, Effect of water vapor on the oxidation of hot pressed silicon
nitride and silicon carbide, J. Am. Ceram. Soc., Vol. 59, pp. 81–82.

67. Zarudi, I. and Zhang, L.C., 1997, Subsurface structure change of silicon
after ultra-precision grinding, Advances in Abrasive Technology, Zhang, L.C. and
Yasunaga, N., Eds., World Scientific, Singapore, pp. 33–37.

68. Malkin, S., 1989, Grinding Technology: Theory and Application of Machining with
Abrasives, John Wiley & Sons, New York. Reprinted by SME.

69. Spur, G., Stark, C., and Tio, T.H., 1985, Grinding of non-oxide ceramics using
diamond grinding wheels, Machining of Ceramic Materials and Components, Sub-
ramanian, K. and Komanduri, R., Eds., PED-Vol. 17, ASME, p. 33.

70. Subramanian, K. and Keat, P.P., 1985, Parametric study on grindability of struc-
tural and electronic ceramics. Part I: Machining of Ceramic Materials and Compon-
ents, Subramanian, K. and Komanduri, R., Eds., PED-Vol. 17, ASME, p. 25.

71. Inasaki, I. and Nakayama, K., 1986, High-efficiency grinding of advanced
ceramics, Ann. CIRP, Vol. 35=1, pp. 211–214.

72. Chen, C., Jung Y., and Inasaki, I., 1989, Surface, cylindrical and internal grinding
of advanced ceramics, Grinding Fundamentals and Applications, Malkin, S. and
Kovach, J.A., Eds., PED-Vol. 39, ASME, pp. 201–211.

73. Kitajima, K., Kai, G.Q., Kumagai, N., Tanaka, Y., and Zheng, H.W., 1992, Study
on mechanism of ceramics grinding, Ann. CIRP, Vol. 41=1, pp. 367–371.

74. Roth, P. and Tönshoff, H.K., 1993, Influence of microstructure on grindability of
alumina ceramics, NIST SP 847, pp. 247–261.

75. Zhang, L.C., 1994, Grindability of some metallic and ceramic materials in CFG
regimes, Int. J. Mach. Tools Manufact., Vol. 34, No. 8, pp. 1045–1057.

76. Bifano, T.G., Dow, T.A., and Scattergood, R.O., 1991, Ductile regime grinding: a
new technology for machining brittle materials, ASME J. Eng. Ind., Vol. 113,
pp. 184–189.

77. Hwang, T.W., 1997, Grinding energy and mechanisms for ceramics, PhD Thesis,
University of Massachusetts.

� 2006 by Taylor & Francis Group, LLC.



4
Grinding of Ceramics with Attention
to Strength and Depth of Grinding Damage

J.E. Mayer Jr.

CONTENTS
Abstract.................................................................................................................. 88
4.1 Introduction ................................................................................................. 88
4.2 Ceramic Materials....................................................................................... 90
4.3 Experimental Procedure ............................................................................ 90

4.3.1 Grinding ........................................................................................... 90
4.3.2 Grit Depth of Cut............................................................................ 91
4.3.3 Strength Testing .............................................................................. 91
4.3.4 Lapping ............................................................................................ 92
4.3.5 Grinding Procedure for Determining Ground Strength .......... 93
4.3.6 Grinding Procedure for Determining Damage Depth ............. 94

4.4 Results and Discussion .............................................................................. 96
4.4.1 Ground Strength ............................................................................. 96

4.4.1.1 HPSN Ceramic ................................................................. 96
4.4.1.2 RBSN Ceramic.................................................................. 97
4.4.1.3 Other Ceramics ................................................................ 99
4.4.1.4 Guidelines for Efficient High-Strength

Finish Grinding.............................................................. 101
4.4.1.5 Physical Meaning of Critical Grit Depth of Cut....... 101

4.4.2 Depth of Damage.......................................................................... 101
4.4.2.1 RBSN Ceramic................................................................ 101
4.4.2.2 Zirconia-Toughened Alumina Ceramic..................... 102
4.4.2.3 Strategy for Minimum Grinding Time ...................... 105

4.5 Conclusions................................................................................................ 105
References ........................................................................................................... 106

� 2006 by Taylor & Francis Group, LLC.



ABSTRACT Experimental grinding research has led to information
regarding ground strength of the ceramic and depth of damage in the ceramic
caused by grinding. Diamond wheel grit size and machine parameters of
wheel depth of cut, workspeed, and wheelspeed in surface grinding were
investigated. The investigated ceramic materials are hot-pressed silicon ni-
tride, reaction-bonded silicon nitride, aluminum oxide, and silicon carbide.
Results provide methodolog y to a chieve maximum g round strength a nd
to us e d amag e d ep th info rmat io n to m i n im iz e gri ndi n g ti m e .

4.1 Introduction

Advan ced engi neering struct ural ce ramics are in demand for various appli-
catio ns, espe cially for the aut omotive in dustry due to their outstandi ng
high- tempe rature capacity, wear resist ance, chemi cal resistanc e, and low er
wei ght-to-str ength ratio than me tals. The high- temperatur e cap acity of
a ceram ic engine allows fue l to be burned at higher tempe rature, wh ich
gives a bette r fuel effi ciency. The better strengt h-to-weig ht ratio of ceramic
mater ial can redu ce the we ight of the engi ne and furth er enhance the fuel
effici ency by red ucing the over all weig ht of the vehicl e. The ex cellent wear
resist ance of advanc ed engi neering ceram ic mater ials makes them the best
candid ates for appli cations such as indus trial seals a nd beari ngs. Table 4.1
lists some appli cations of advanc ed struct ural ceram ic mate rials. Recen tly, a
diese l engi ne manufactur er repor ted the produc tion of ceram ic fuel injec -
tion pins, and an auxiliary turbine manufacturer is producing ceramic seals
for its gas turbine engines.

Some of the most common advanced structural ceramics include alumi-
num oxide (alumina), silicon nitride, silicon carbide (SiC), and zirconium
oxi de (zirc onia). Tab le 4.2 shows the sales distri bution of major ad vanced
ceramic items [1]. This table indicates that structural ceramics account for
one-third of the $20 billion market, and this market is growing. Since
advanced structural ceramics are the hardest among all the materials and
some of them such as aluminum oxide and SiC are the most broadly used
materials for making abrasives and conventional grinding wheels for grind-
ing metals, it is therefore very difficult to machine these materials. By far,
the grinding process with diamond grinding wheels is the only effective
way of final shaping the advanced structural ceramics [2]. As a result of this,
the machining cost can be from 70% to 90% of the total component cost [3].
In addition, the brittleness of the ceramic material makes it extremely
vulnerable to incur microcracks during the grinding process, which can
result in a highly inhomogeneous distribution in structural strength of the
machined component [4].
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It is well known that the material removal mechanism in the grinding of
ceramics is mainly a brittle fracturing process and grinding induced damage
in terms of microcracks has been observed in various ceramics. Ceramic
materials are very sensitive to cracks due to their low fracture toughness.
The principal induced crack systems are the lateral cracks and the median
cracks. The lateral cracks are parallel to the ground surface, and the median

TABLE 4.1

Applications of Advanced Structural Ceramic Materials

Applications of Advanced Structural Ceramics

Textile
machine
parts

Bearings Catalyst
supports

Filters Nozzles Rolling jigs

Laboratory
equipment

Burners Cutting
tools

Heaters Port liners Thermal
insulators

Wear
resistant
parts

Casting
dies

Drawing
dies

Medical
implants

Protection
tubes Fuel
injection
pins

Turbo
charger
wheels

Coil forms Extrusion
dies

Membranes Pump parts Seals

Potential Applications

Engine Components Gas Turbine Parts

Bearings Glow plugs Diesel
particulate
traps

Bearings Heat
exchanger

Shrouds

Cylinder
liners

Manifolds Piston caps
and rings

Blades Housing Stators

Prechamber Tappets Valves and
seats

Heat shields Rotor and
shaft

TABLE 4.2

World Wide Advanced Ceramic Industry Sales

Major Items (Percentage Numbers in

Parentheses are Based on 1994 Data) 1993 (in Billions) 1994 (in Billions)

Engineering structural ceramics (32%) $18.3 Total $20.2 Total
Electrical and electronic ceramics (21%)
Capacitors, substrates, and packages (20%)
Electrical porcelain (5%)
Bioceramics (1%)
Others (21%)
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cracks are perpendicular to the surface. The lateral cracks have been used to
explain the material removal process and the median cracks to explain
strength degradation [5,6].

This paper describes experimental grinding research, which has led to
information regarding the ground strength of the ceramic and the depth of
damage in the ceramic caused by grinding. Results provide methodology to
achieve maximum ground strength and to use damage depth information to
minimize grinding time.

4.2 Ceramic Materials

The ceramic materials investigated in this paper are hot-pressed silicon
nitride (HPSN), reaction-bonded silicon nitride (RBSN), zirconia-toughened
alumina (Al2O3), and porous SiC. The available material properties for
these ceramics are given in Table 4.3. The HPSN and zirconia-toughened
alumina ceramics were in the shape of flexural strength test bars cut from
billets. The RBSN ceramic was molded into bars of the shape of flexural test
specimens. The porous SiC ceramic was provided in the shape of flexural
test specimens.

4.3 Experimental Procedure

4.3.1 Grinding

Surface grinding was employed to determine the ground strength of the
ceramics and the depth of damage caused by the grinding process. Two

TABLE 4.3

Ceramic Material Properties

HPSN RBSN

Zirconia-Toughened

Al2O3 Porous SiC

Grain size (mm) — 1–2 1 —
Density (g=cm3) 3.2 2.36 4.38 —
Porosity <1% 20% <0.5% 19.5%
Elastic modulus, E (GPa) 310 200 340 —
Vickers Hardness, H (GPa) 17.9 6.8 16.5 —
Flexural strength (MPa) 800 205 925 145
Fracture Toughness, KIC (MPa m

1
2) 4.7 2.5 4.5 —

Brittleness, H=KIC (m� 1
2) 3808 2720 3667 —
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commercial surface grinders were used, one with microprocessor control on
the wheel depth of cut which could be controlled at a unit of 1.27 microns.
The other had computer numerical control (CNC) on all axes where the
wheel depth of cut could be controlled at a unit of 0.254 microns. A water
miscible synthetic grinding fluid was used with a concentration ratio of 1:30.

Resinoid-bonded diamond grinding wheels with 152.4 mm outer diam-
eter and with different grit sizes were employed. The grit surface density
was measured in this work by means of an optical microscope sighting on
the grit flats after wheel truing and dressing. The grinding wheels were
trued with a commercial diamond roll truing device and were dressed
with aluminum oxide dressing sticks. Truing and dressing procedures
were standardized and were as those recommended by the diamond grind-
ing wheel supplier. For the truing process, each wheel is mounted on its own
hub, which is not removed during the life of the wheel. The wheel is adjusted
in the hub to make it concentric with the grinder spindle using a dial indica-
tor, the outer surface of the wheel is coated with a permanent ink marker,
and the wheel is trued until all the ink markings have been removed. By this
truing process, the grinding wheel is expected to run quite precisely. The
effect of wheel runout on the depth of cut that each grit takes has been
estimated at about 2%–4%, or less, for the test conditions employed.

4.3.2 Grit Depth of Cut

The value of grit depth of cut, hmax, depends on both machine and wheel
parameters. Equation 4.1 was used to compute the value of hmax in this
research. This expression for hmax was proposed by Shaw, Reichenbach, and
Mayer [7,8,9]. Figure 4.1 illustrat es

hmax ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4vw

vcCr

ffiffiffiffiffi
ae

ds

rs
, (4:1)

where hmax is the grit depth of cut (maximum undeformed chip thickness),
C is the number of active cutting points per unit area of the wheel periphery
(grit surface density), r is the ratio of chip width to average undeformed
chip thickness, vc is the wheel peripheral speed, vw is the workpiece speed
(table speed), ae is the wheel depth of cut, and ds is the wheel diameter.

The value of r is reported to be in the range of 10–20 [7]; but in this paper,
r was assumed to be 10.

4.3.3 Strength Testing

Flexural strength tests were performed in accordance with MIL-STD-1942
(MR) [10,11] on all bars that are ground in this research. For HPSN ceramic,
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a total of five bars were tested for each grinding condition to establish the
flexural strength. For the other ceramic materials, 10 bars were tested for
each grinding condition to establish the flexural strength. The Weibull
characteristic strength was used to present the results in this investigation.

4.3.4 Lapping

Ceramic workpieces, which have been ground under conditions that
degrade the strength, can be brought back up to maximum strength by
removing the damaged surface layer. The damaged layer can be removed
by the lapping process, which is a low-stress process and imposes no further
damage as it removes layers of surface. Diamond lapping was employed in
this research to establish the depth of damage as a function of grinding grit
depth of cut.

Grinding

wheel

ds
vc

vw

Workpiece

Path of grit tip

hmax

ae

ae Grit

FIGURE 4.1
Illustration of the surface grinding process showing various process variables.
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A lapping system equipped with a 15 in. copper lap plate and an elec-
tronically controlled diamond slurry dispenser was used in this research.
A 3 mm diamond slurry was employed, which produced higher and more
stable material removal rate than a 1 mm diamond slurry. The slurry was
applied at a rate of 3 sec of spray every 30 sec. The lapping pressure on each
ceramic test bar was 35,700 Pa. A sample carrier accommodated five test
bars arranged around the outer perimeter of the carrier.

Only one lapping station (ring) was employed at a time because that gave
better control over a consistent lapping process than using all three stations.
Using these lapping conditions, a consistent depth removal rate of 0.01 mm in
20 min was achieved lapping the alumina ceramic. The copper lap plate
needed reconditioning after every 20 min of use to reproduce a rough surface
texture to entrap and embed diamond grits to perform the cutting action.
A 140- or 170-mesh diamond-conditioning ring was employed, which gave
higher material removal rate than a 120- or 140-mesh diamond-conditioning
ring. The reconditioning time employed was 1–2 min.

4.3.5 Grinding Procedure for Determining Ground Strength

For investigating ground strength of HPSN and RBSN ceramics, the grit
sizes of the wheels employed are shown in Table 4.4. The wheels have a
concentration of 150 and an uncoated diamond. The width and thickness of
the diamond layer are 3.17 mm.

For grinding of HPSN ceramic, the test conditions employed for finish
grinding are shown in Table 4.5. The machine parameter of width of grind
was held constant at bb ¼ 1.59 mm, and the wheel speed, vc, was held constant
at 24.7 m=sec. For test condition numbers 1, 2, 6, 7, and 8, five bars were ground
with the grind direction longitudinal to the length of the bar, and another set of
five bars were ground transverse to the bar length. For the other test conditions,
the grind direction was either longitudinal or transverse (see Table 4.5).

For the grinding of RBSN ceramic, the test conditions employed for finish
grinding are shown in Table 4.6. The machi ne parameter of width of gri nd
was held constant at bb ¼ 1.59 mm. For test condition number 2 through

TABLE 4.4

Grit Size of Diamond Grinding Wheels

Wheel

Grit Mesh

Size

Mean Grit

Size (mm)

Grit Surface Density

(#=mm2)

D4=8MIC-R150 1200 5.1 49.91
SDG320-R150 320 50.8 27.59
SDG180-R150 180 87.5 11.66
SDG110-R150 110 152 8.324
SDG100-R150 100 249 6.402
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number 8, ten bars were ground with the grind direction longitudinal to the
length of the bar, and another set of ten bars were ground transverse to the
bar length. For test condition number 1, the grinding direction was trans-
verse. A similar procedure was employed to determine the ground strength
of zirconia-toughened Al2O3 and porous SiC ceramics.

4.3.6 Grinding Procedure for Determining Damage Depth

For determining the depth of damage caused by the grinding of RBSN and
zirconia-toughened alumina, the ceramic materials were first ground under
a range of grit depth of cut conditions and then lapped to establish the depth

TABLE 4.5

Test Conditions for HPSN Ceramic

Test

Condition

HPSN

Batch

Wheel Grit

Size dk (mm)

Table Feed

vw (mm=sec)

Depth of

Cut

ae (mm)

Grind

Direction

Grit Depth

of Cut

hmax (mm)

1 A 5.1 7.62 0.0013 L and T 0.0845
2 A 50.8 7.62 0.0025 L and T 0.1351
3 B 50.8 7.62 0.0025 L 0.1351
4 B 152 1.02 0.0254 T 0.1600
5 B 152 4.56 0.0013 T 0.1600
6 A 87.5 7.62 0.0025 L and T 0.2079
7 A 152 7.62 0.0025 L and T 0.2460
8 A 249 7.62 0.0025 L and T 0.2850
9 B 152 4.56 0.0254 T 0.3380

10 B 152 25.4 0.0508 T 0.95
11 B 152 80.43 0.0051 T 0.95
12 B 152 127.0 0.1270 T 2.67

Note: L represents longitudinal and T represents transverse.

TABLE 4.6

Test Conditions for RBSN Ceramic

Test

Condition

Wheel Grit

Size dk (mm)

Wheel

Speed vc

(m=sec)

Table Feed

vw (mm=sec)

Depth of Cut

ae (mm)

Grit Depth of

Cut hmax (mm)

1 50.8 47.1 2.00 0.0025 0.0500
2 50.8 39.9 6.73 0.0025 0.1000
3 50.8 24.7 7.62 0.0025 0.1351
4 87.5 24.7 7.62 0.0025 0.2079
5 152 24.7 7.62 0.0025 0.2460
6 249 24.7 7.62 0.0025 0.2805
7 152 31.9 36.4 0.0508 1.000
8 152 31.9 119.4 0.0762 2.000
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of grinding damage. Resinoid-bonded diamond wheels with a concentra-
tion of 100 were employed for the grinding phase. Table 4.7 shows the two
different diamond grit sizes used. The wheel diameter was 152.4 mm.

The grinding conditions used for finish grinding in this research are shown
in Ta ble 4.8 and Ta ble 4.9. Ta ble 4.8 is for the gri nding condi tions for RBS N
ceramic and Table 4.9 is for the alumina ceramic. The grind directions were
perpendicular to the direction of the tensile stress in the subsequent flexural
strength test, which is ground transverse to the length of the bar.

The procedure employed for determining the depth of damage caused
by grinding is as follows. Large samples of 40 or more test workpieces are
ground at each grinding test condition. The test workpieces ground at a
given test condition are then subdivided into groups of five. The first group
of five is flexural strength tested as ground. The Weibull characteristic
strength is computed and is used as the strength of that group. The second
group is lapped to a depth removed of either 0.0127 mm or 0.0254 mm as a
starting point and strength tested. The depth removed by lapping is meas-
ured with a digital micrometer. The subsequent groups are lapped to
incrementally increasing depths of material removal and then strength
tested. A plot of flexural strength versus depth of material removed by
lapping is made, and the lapped depth at which maximum strength is
reached is taken as the effective damage depth for that particular grinding
test condition. This lapping and strength testing procedure is then repeated
for each test condition. This lapping and strength testing approach for
experimentally determining the depth of damage induced in ceramics by
the grinding process was previously employed by Spur [4] and Inasaki [12].

TABLE 4.7

Grit Sizes of Diamond Grinding Wheels

Wheel Grit Mesh Size

Mean Grit

Size (mm)

Grit Surface

Density (#=mm2)

SD320-R100 320 50.8 29.07
SD110-R100 110 152 6.13

TABLE 4.8

Grinding Test Conditions for RBSN Ceramic

Test

Condition No.

Wheel Grit

Size dk (mm)

Wheel Speed

vc (m=sec)

Table Feed

vw (mm=sec)

Depth of

Cut ae (mm)

Grit Depth of

Cut hmax (mm)

1 50.8 47.1 2.12 0.0025 0.05
2 50.8 39.9 7.62 0.0025 0.10
3 152 24.7 7.62 0.0025 0.29
4 152 24.7 30.1 0.0508 1.20
5 152 24.7 119.4 0.0762 2.66
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4.4 Results and Discussion

4.4.1 Ground Strength

4.4.1.1 HPSN Ceramic

The flexural strength test results for HPSN ceramic for all the test conditions
(test condition number 1 through number 12) are shown plotted against hmax

in Figure 4.2 and Figure 4.3. Two cu rves are shown, one for longit udinal
grinding and the other for transverse grinding. For longitudinal grinding, the
flexural tensile stress was applied parallel to the grinding direction. For
transverse grinding, the flexural stress was applied perpendicular to the
grinding direction. The data point symbols, which are circles (either open or

TABLE 4.9

Grinding Test Conditions for Zirconia Toughened Alumina Ceramic

Test

Condition

No.

Wheel Grit

Size dk (mm)

Wheel

Speed

vc (m=sec)

Table Feed

vw (mm=sec)

Depth of

Cut ae (mm)

Grit Depth of

Cut hmax (mm)

1 152 47.9 7.5 0.0025 0.23
2 152 39.9 14 0.0025 0.35
3 152 39.9 30 0.0051 0.61
4 152 31.9 80 0.0127 1.4
5 152 27.9 140 0.0381 2.6
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FIGURE 4.2
Flexural strength as a function of grit depth of cut, hmax (test condition number 1 through
number 9), for HPSN ceramic.
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solid circles ), are for test conditio ns wh ere only the wh eel grit size was varied .
The other da ta point symbols are for test conditio ns wh ere only the machine
paramete rs of workpi ece spee d and wheel depth of cut were varie d. The da ta
shown in Figure 4.2 were prev iously published by May er and Fang [13] .

From Figure 4.2 and Figure 4 .3, it can be seen that for grinding in the
long itudinal directio n there is little or no loss of strengt h as hmax increases
for the ran ge that is inve stigate d. However , for transverse grinding, there is
a decrease in stre ngth as hmax increase s beyond a critical val ue of hmax of
about 0 .160 m m. Figu re 4.2 iden tifies this critical val ue of hmax.

It is conclud ed from Figure 4.2 and Figure 4.3 that the controlling factors
regardi ng flexural strengt h are gri nd directi on and wh eel gri t depth of cu t,
hmax. Addi tionally, a criti cal hmax value exists for maxim um ground
strengt h, and for HP SN this criti cal hmax value is about 0.160 m m.

4.4.1 .2 RBS N Cerami c

Flexur al strengt h test result s fo r RBSN ceramic for test conditio n numbe rs.
1–8 a re shown plotted agains t hmax in Figu re 4.4 and Figure 4.5. Two curves
are shown in these figures , one for lon gitudin al grindi ng and the other for
transve rse gri nding. The data point sym bols, wh ich are circle s (eit her open
or solid), are for test conditio ns where onl y the wheel grit size was varied
(test conditi on numbers 3 thr ough nu mber 6). The other data point symb ols
are for test condi tions where on ly the mach ine parame ters were varie d.

Since hmax is sole ly a geomet ric fact or, there mi ght be co ncerns that
thermal effects could also be a contr olling fact or. It shou ld be observ ed
that test condition number 1 is operating at near the maximum safe wheel
speed for the resinoid-bonded grinding wheel employed in this research.
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Flexural strength as a function of grit depth of cut, hmax (test condition number 1 through
number 12), for HPSN ceramic.
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From Figure 4.4 and Figure 4.5, it can be seen that for grinding in the
longitudinal direction there is little or no loss of strength as hmax increases
for the range that is investigated. For transverse grinding, there is a decrease
in strength as hmax increases beyond a critical value of hmax of about
0.115 mm. Figure 4.4 identifies this critical value of hmax. The data in
Figure 4.4 and Figure 4.5 were previously reported by Mayer and Fang [14].
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Test condition numbers 2, 7, and 8 are also operating at elevated wheel
speeds. Since the flexural strength data points for test condition numbers 1, 2,
7, and 8 fall along the same curves as for the lower wheel speed conditions
(test condition number 1 through number 6), it appears that a thermal effect is
not related to flexural strength for normal grinding conditions with ceramics.

It is conclud ed from Figure 4.4 and Figure 4.5 that the controlling factors
regarding flexural strength are grind direction and wheel grit depth of cut,
hmax, for the range of test conditions employed. Additionally, a critical hmax

value exists for maximum ground strength, and for RBSN this critical
hmax value is about 0.115 mm.

By comp aring Figu re 4.2 through Figure 4.5, it is seen that bot h ce ramic
materials have similar trends regarding flexural strength versus hmax. The
higher inherent strength of HPSN is reflected in the higher maximum
flexural strength for HPSN than that of RBSN. Note that each of these
ceramic materials has its own value for critical grit depth of cut.

4.4.1.3 Other Ceramics

Grinding investigations have been conducted on other ceramics, namely
zirconia-toughened alumina and porous SiC (19.5% porous), which further
confirm the importance of the grit depth of cut, hmax, in regard to flexural
strengt h of the gro und ceram ic. Figure 4.6 and Figure 4.7 show flexural
strength versus hmax results for zirconia-toughened alumina. Although add-
itional research is necessary, it is quite apparent that the critical hmax value is
0.05–0.1 mm or less for this ceramic. Note the substantial reduction in
flexural strength as the critical hmax value is exceeded. Zirconia-toughened
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alumina can have high flexural strength; however, to achieve this it must be
ground at an hmax value equal to or less than the critical value.

Results for the porous SiC are shown in Figure 4.8. It is seen from this
figure that the flexural strength has not dropped off even at rather high hmax

values. Figure 4.8 indicates that the critical hmax value for this ceramic is
greater than 3.5 mm. This porous SiC has low, but very consistent strength
regardless of the hmax value within normal grinding conditions.
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4.4.1.4 Guidelines for Efficient High-Strength Finish Grinding

Guidelines for efficient high-strength finish grinding of ceramics were pre-
viously published by Mayer and Fang [15]. The guidelines are developed
usin g the data in Figure 4.2 through Figure 4.8, Eq uation 4.1, and the concep t
that it is best to employ the highest value of hmax to achieve higher grinding
removal rates. This concept for maximum strength grinding means that

hmax ¼ hmax :grit , (4 : 2)

where hmax.grit is the largest hmax value for which maximum strength occurs.

4.4.1.5 Physical Meaning of Critical Grit Depth of Cut

The physical interpretation of flexural strength versus hmax curves in
Figure 4.2 through Figure 4.8 is that when hmax becomes small enough to
cause the cracks induced by the grinding process to diminish in size equal
to or smaller than those inherent in the ceramic material; then no reduction
in strength will occur. In that case, maximum strength will occur.

As the size of the induced cracks is related to the stress imposed by each
grinding grit, which is in turn related to the grit depth of cut, it is expected
that the critical grit depth of cut should be controlled by fracture mechanics
principles. Key material properties in fracture mechanics analysis as
reported by Kirchner and Larchuk [16], Ota and Miyahara [17], and Veld-
kamp et al. [18] are fracture toughness (KIC), hardness (H), and elastic
modulus (E). Note also the large difference in porosity in these materials,
which must also play a role. Only by a comprehensive fracture mechanics
analysis can an analytical model for critical hmax regarding flexural strength
be developed.

4.4.2 Depth of Damage

4.4.2.1 RBSN Ceramic

Figure 4.9a thr ough Figu re 4.9e sho w plots of flexural strengt h versu s depth
of material removed by lapping for RBSN ceramic for the grinding test
conditions of hmax of 0.05, 0.10, 0.29, 1.20, and 2.66 mm, respectively. Note
that when the grinding damage is removed, the strength reaches a rather
consistent maximum value with further lapping depth removed. From
Figure 4.9a through Figure 4.9e the effective grinding damage depth can
be read . Figure 4.4 and Figure 4.5 sho w that the max imum strengt h for
RBSN ceram ic is 220 MPa. Figure 4.9a through Figure 4.9b are at max imum
strength and therefore lapping is not expected to change the strength, and
thus for hmax of 0.05 and 0.10 mm, the effective grinding damage depth is
taken as 0 mm. Figure 4.9c through Figure 4.9e increase asymptotically to
maximum strength.
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The grinding depth of damage is shown plotted against the grinding test
conditions, hmax , in Figure 4.10 fo r RBS N ce ramic as determi ned from Figure
4.9a through Figure 4.9e. The depth of damage shown in Figure 4.10,
determined by the lapping method, is an effective depth of damage because
it is based on flexural strength rather than on a direct measurement of the
damage depth. From Figure 4.10, the effective grinding damage depth for
RBSN ceramic appears to be 100–125 mm. The authors do not have a good
explanation for the constant depth of damage at the larger grit depths of cut;
perhaps residual stresses might be a factor.

4.4.2.2 Zirconia-Toughened Alumina Ceramic

Flexural strength versus depth of material removed by lapping results for
zirco nia-tough ened alum ina ceram ic are shown in Figure 4.11a through
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Figure 4.1 1e for the grinding test co nditio ns of hmax of 0.23, 0.35, 0.61, 1.4,
and 2.6 mm, respectively. Again, when the grinding damage is removed, the
strength reaches a rather consistent maximum value with further lapping
depth removed. From Figure 4.11a through Figure 4.11e the effective grind-
ing damage depth was read.

The grinding depth of damage versus the grinding test conditions, hmax,
results are shown in Figure 4.12 for zirconia-toughened alumina ceramic as
determined from Figure 4.11a through Figure 4.11e. The effective depth of
damage at hmax of about 0.1 mm, i.e., the critical hmax where maximum
strength is reached during grinding is assumed to be 0 mm. From Figure
4.12, the effective grinding damage depth for zirconia-toughened alumina
ceramic appears to be 75 mm.

The depth of damage was also computed based on the measured as-
ground flexural strength and fracture mechanics [19]. The computed
values for depth of damage are 165, 291, 271, 127, and 201 mm, respect-
ively for the hmax values of 0.23, 0.35, 0.61, 1.4, and 2.6 mm. Although the
computed values are of the right order of magnitude, it is concluded that
the computed depth of damage is not as reliable as the depth of damage
determined by the lap and strength test method.

Zhang and Howes [20] made direct measurements of the depth of
grinding damage by an inspection process using SEM combined with
an etching technique. They investigated other ceramics, namely, HPSN,
hot-pressed alumina, and sintered SiC. Their results indicate that the
damage depth increases exponentially with increases in grit depth of
cut, hmax. They reported that the depth of damage for hmax of about 1 mm
is 16 mm for SiC, 32 mm for alumina, and 42 mm for silicon nitride. The
Zhang and Howes results are not based on strength data, whereas the
results in this paper are effective depths of damage based on flexural
strength.
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4.4.2 .3 Strat egy for Minim um Grindi ng Time

The plots of depth of damage vers us hmax in Figu re 4.10 and Figure 4.12
suggest a strat egy for high removal rate grinding while ach ieving ma ximum
strength. T his st rategy is rough grin d at high hma x leaving a n a mo unt o f finish
stock equal to the damage imposed by the rough grinding, then finish grind at
the cr itica l hma x to remove the roughing damage and to achieve maximum
strength. F igure 4. 13 illustrates this strat egy. By roug h grinding a t t he highest
hmax available on the grinding equipment, maximum removal rate is achieved
for roughing. By finish grinding at the critical hma x v alue, m aximum rem ov al
rate for finish grinding is achieved. Therefore, the shortest (or minimum)
grinding time for c om pl eting b oth the roughin g and finishing opera tion s is
ac hiev ed . T o apply t his strat egy, the dept h o f da ma ge needs to b e esta blished by
means of an e xperimenta l method s uc h a s the la pping approach. F ortunately,
the depth of da ma ge appea rs t o b e a const ant with increasing hmax values.

4.5 Conclusions

From the res ults of this re search, the followin g co nclusion s reg arding the
grinding of ceram ics can be draw n:

1. The co ntrolling factors influ encing flexural strengt h of grou nd
ceramics appear to be grind direction and wheel grit depth of cut, hmax.

Original
surface

Finished
surface

Damage depth
caused by grinding

Removed by
finishing passes
at critical hmax

Removed by
roughing passes

at high hmax

FIGURE 4.13
Strategy for minimum grinding time.
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2. For longitudinal grinding, i.e., when the grinding direction is paral-
lel to the applied tensile stress, the wheel grit depth of cut, hmax, has
no effect on the flexural strength.

3. For transverse grinding, i.e., when the grinding direction is perpen-
dicular to the applied tensile stress, the flexural strength drops off
when the wheel grit depth of cut, hmax, is increased beyond a critical
value.

4. Each ceramic material appears to have its own critical hmax value.

5. The lapping and strength testing approach can be used to experi-
mentally determine the effective depth of damage caused by grind-
ing of ceramics.

6. With the knowledge of the depth of damage, a strategy is proposed
for high removal rate grinding including both roughing and finish-
ing while still achieving maximum strength.
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SUMMARY In manufacturing parts from structural ceramics, grinding
costs can constitute up to 80% of the total manufacturing costs; this
has been well documented. The high cost of manufacturing is attributed
to: (a) the low material removal rates (MRR) and (b) the high wear of
the superabrasive wheels. By maximizing the MMR, grinding costs can be
reduced significantly. However, high MRR leads to increased wear of the
grinding wheel, which requires frequently redressing the grinding wheel by
stopping the process. One of the authors of this paper, Dr. Ohmori, has
pioneered a novel grinding technology, known as electrolytic in-process dress-
ing (ELID), which incorporates ‘‘in-process dressing’’ of metal-bonded grind-
ing wheels. This technology provides dressing of the metal-bonded wheels
during the grinding process, while maintaining continuous protrudent
abrasive from the superabrasive wheels. With ELID grinding applied to
various structural ceramic materials for high MRR, successful grinding
operations were accomplished using coarse grit-sized wheels. ELID grind-
ing provided stable operations and achieved high MRR in conventional
grinding machines. Both the principle and the characteristics of ELID grind-
ing, with emphasis on their importance in industrial applications in the
manufacture of ceramic components, will be addressed in this paper.

Two types of silicon nitride-based ceramics were ground using different
grit-sized wheels and ELID technology. With the application of ELID,
a mirror finish was realized with a #4000 mesh-size wheel (average
grain size ¼ 4 mm). Variations in ground surface topography caused by
wheel grain size were analyzed using scanning electron microscopy (SEM)
and atomic force microscopy (AFM). The SEM and AFM studies
revealed that material was predominantly removed in the ductile
mode when ELID grinding was performed using a #4000 grit-size wheel
or finer.

The effects of finish ELID grinding on the flexural strength of sili-
con nitride specimens were studied. Kyocera’s silicon nitride SN 235,
in the form of modulus of rupture (MOR) specimens, was ground with
a #6000 grit-sized cast iron-bonded diamond (CIB-D) grinding wheel.
As a result of ductile mode grinding, with the application of finish
ELID grinding, a significant improvement was noted in the strength of the
Si3N4 specimens. ELID grinding, and an additional method to improve
the flexural strength of silicon nitride specimens, will be addressed in
this paper.

KEY WORDS ELID (electrolytic in-process dressing), structural ceram-
ics, electrodischarge truing (ED truing), metal-bonded diamond grinding wheels,
cast iron fiber-bonded diamond grinding wheel, dynamometer, efficient grinding,
grinding ratio, mirror finish grinding, ductile-mode grinding, brittle-mode
grinding, scanning electron micrograph, atomic force micrograph, modulus
of rupture.
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5.1 Intr odu ctio n

Intere st in advanc ed struct ural ceramic s has increased signifi cantly in recent
years as a resu lt of their uni que physical pro perties and the sign ificant
impro vement in thei r mecha nical proper ties and reliabil ity. The advant ages
of ceram ics over ot her mater ials includ e: (a) high har dness a nd strengt h and
their retent ion at elevated temp eratures, (b) chemic al stabi lity, and (c)
superio r we ar res istance. The advanc ed ceram ic ind ustry in the US consists
of appr oximatel y 1 00 comp anies with sales equal to or greater than $14
billion per year with a year ly gro wth rate of about 8% [1]. Str uctural
ceram ics are catego rized as one of the most difficu lt mater ials to machine
effective ly. Howe ver, this mate rial is perfo rming an importan t role in the
advanc ement of ind ustrie s such as aerospa ce, auto mobile, co mputer,
fine me chanics, me dical utility, and optica l telecom municat ion. Time-
consumi ng machi ning pro cesses such a s roug hing, shapi ng, finishin g, a nd
polis hing are inevitabl e for the comme rcializatio n of stru ctural ceram ics.
Grin ding costs can account for up to 80% of the component costs for
ceram ics, comp ared with 5% to 15 % for me tallic comp onents [2]. This
prob lem has forced manufactu rers to strive for near net-shap e proces ses,
e.g., casti ng, cold compact ing, injec tion molding , hot pres sing, hot isostat ic
pres sing, and so on. However , these proce sses are incap able of prod ucing a
part to pre cise dim ension al toler ances with a hi gh sur face finish. Final
machi ning is still common ly require d.

Ceram ic mater ials are gene rally machined by supe rabrasive wh eels, mos t
common ly diamo nd grinding wheels. The primary co st drive rs in grindi ng
struct ural ce ramic s are low efficie ncy due to low remov al rates, high super-
abrasiv e wheel wear rates, and lon g wheel dre ssing time . Manufactur ing
engi neers have trie d solving the pro blem in traditiona l ways, usin g highly
rigid grinding mach ines and tough metal -bonded supe rabras ive wh eels.
This resea rch has led to the suc cessful develop ment of CIB-D grinding
wheels. These wheels are manufactured by mixing diamond abrasive,
cast iron powder or fibers, and a small amount of carbonyl powder. The
wheels are compacted to a desired form under 6 to 8 ton=cm2 pressure
and sintering in an ammonia atmosphere. These wheels possess very
high grinding ratio and can be used for high MRR. The comparison of the
grinding ratio between the CIB-D wheel and resinoid-bonded wheel is
shown in Figure 5.1 [3,4].

Although these wheels possess a high grinding ratio and can be used
for high-MRR grinding of ceramics, they are not suitable for long-term
continuous grinding for the following reasons:

1. Tougher metal-bonded wheels exhibit poor dressing ability; there-
fore, efficient and stable grinding will be difficult to achieve simul-
taneously.
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2. High-MRR grinding will promote wear of the abrasive grains; there-
fore, more frequent redressing of the wheel will be required by
stopping the grinding process.

3. While machining metals such as steel, wheel loading (embedment of
swarf) will be caused.

Dr. Ohmori pioneered a novel grinding technology that incorporates in-
process dressing of metal-bonded superabrasive wheels known as electro-
lytic in-process dressing (ELID), Japanese Patent No. 1,947,329 [5]. This
technology provides in-process dressing to metal-bonded wheels, during
the grinding process, for continuous protrudent abrasive from superabra-
sive wheels. The authors applied this technology in the grinding of repre-
sentative structural ceramic materials such as silicon nitride (Kyocera’s
SN235), SiAlON, and tungsten carbide. Both conventional (non-ELID) and
ELID high-MRR grinding were performed using rough grinding wheels with
various bonds. A machining center and a turning center were used for efficient
surface grinding and cylindrical grinding, respectively. The principle of ELID
grinding technology, as well as the effect of various bonds, the type of power
supply on the ELID grinding mechanism (in particular the manner of bound-
ary layer formation on the wheels), and abrasive grit protrusion will be pre-
sented later in this paper. The results of high-efficiency grinding, mirror
finish grinding, and the effect of finish ELID grinding on the strength of the
silicon nitride specimens will also be presented.
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FIGURE 5.1
Comparison of grinding ratio between cast iron-bonded diamond (CIB-D) wheel and
resinoid wheel.
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5.2 ELID Grinding P rinciple

The concept of in-proc ess dres sing in a crude form was first pro posed by
Nakagaw a and Suzuki [4]. Nakagaw a and Suzuk i studied the effects of
in-proc ess dressing with a dres sing stick. The grinding wheel was dres sed
at the beginning of each stroke, as shown in Figure 5.2. The results of the
in-proc ess dress ing are shown in Figure 5.3. The stead y-state grinding force
was significantly lower with in-process dressing than in grinding without
in-process dressing. Because of these encouraging results, more progressive
dressing methods using electric power have been developed. Dressing
methods using electric power are not new, in fact the principle of ELID is
based on ‘‘electrochemical grinding’’ (ECG) [5–6]. The grinding wheel is
dressed because of the electrolysis process between the grinding wheel,
which is made the anode, and the fixed copper electrode, which is made
the cathode. The main difference between the ECG and ELID is that the
purpose of ECG is to remove material from the work piece, whereas in
ELID, the wheel is dressed by removing a small amount of material in the
order of a few microns. This is achieved by using low current density during
ELID. A bronze-bonded (BB) diamond grinding wheel was dressed using
this technology [7]. However, the authors used a sodium chloride solution
as an electrolyte, which is harmful to machine tools.

In-process dressing of grinding wheels, based on the electrodischarge
principle is commercially available. The system uses an electro-conductive
grinding wheel energized with a small amount of pulse current. Current
flows from the wheel to the chuck through the coolant. The flow of ions
creates hydrogen bubbles in the coolant, creating an electric potential across
the wheel and coolant. When the potential becomes critical, a spark jumps
across the bubble. These sparks melt the material as it begins to clog the
wheel and thus provide in-process dressing [8]. This method does not
provide continuous protrudent grains from the superabrasive wheels.
Therefore, it is not suitable for ultrafine grinding of materials, particularly
when using a micrograin-sized grinding wheel.

50 mm 15 mm

Work (Si3N4)

Feed

Grinding wheel

Coolant nozzle

Dressing
stick

(GC #80)

FIGURE 5.2
Schematic diagram of in-process
dressing method with a dressing
stick.
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ELID gri nding was first pro posed in 1988; a number of paper s describ ing
the ad vantag es of the proce ss have been publ ished [9–11]. The bas ic con-
struct ion of the ELID grindi ng system is shown in Figure 5.4. The ELID
system’s essential elements are as follows: (a) a metal-bonded grinding wheel,
(b) an electric power source, and (c) an electrolytic coolant. The most important
feature is that a special machine is not required. The principle of ELID grinding
is shown in Figure 5.5 [12]. The metal-bonded grinding wheel is connected to
the positive terminal of a power supply with a smooth brush contact, and a
fixed electrode is made negative. The electrode is made from copper that has
1=6 of the wheel periphery length and a width of 2 mm more than the rim
thickness of the wheel. The gap between the wheel and the electrode can be
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adjusted by mechanical means. A clearance of approximately 0.1 mm was
kept bet ween the posi tive and negative pole s.

ELID grinding consists of the followin g steps:

1. Tru ing is requ ired to redu ce the initial eccentri city. In this inves ti-
ga tion, the truing was perform ed with a SiC wheel of gri t size #1 00.
The opera tion was perform ed at 300 rpm.

2. Me chanical dress ing is perfo rmed with an alum inum oxi de stick of
gri t size #400, also at 300 rpm. The truing of tough metal-bonded
wh eels is very difficul t and time consu ming for coarse grit sized
wheels of larger diam eter. A new efficie nt electrod ischarge truing
(ED truing) has been devel oped and is discussed in Sectio n 5.2.1.

3. Predressing of the wheel by electrolysis: predressing (also known as
ELID dressing) was performed at 300 rpm for 30 min.

4. Grinding with ELID was carried out at the recommended cutting
speed. The condition of electrolysis of the last two processes differs
due to wheel surface condition during electrolysis.

5.2.1 Electrodischarge Truing Technique

Before beginning the grinding process, the grinding wheel is trued and
dressed. This is required to reduce the wheel’s eccentricity as a result of
mounting it on the spindle. Truing is also carried out to provide a desired
shape on a wheel or to correct a dulled profile. Truing of conventional
wheels is easily performed with a diamond dresser. Although metal-bonded
superabrasive wheels have many good features, such as high grinding ratios,

(−)(+)

Elid power supply

Grinding fluid

Grinding ideel

Workpiece

Dynamometer

FIGURE 5.5
The principles of ELID grinding.
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they are difficult to true. A significant amount of research has involved the
areas of truing and dressing. The majority of these investigations were
performed to study the effect of diamond dressing on surface roughness
[13–15]. Some studies have focused on the mechanics of dressing [16] and
the development of a mathematical model to characterize the wheel’s topog-
raphy [17]. In one investigation, authors [18] have measured the protrusion
height of abrasive grains after truing and dressing. However, these studies
have not produced an efficient method of truing of metal-bonded super-
abrasive wheels. The metal-bonded diamond grinding wheels can be effi-
ciently trued using a newly developed method known as ED truing. The
concept of ED truing was first introduced by the authors [19]. ED truing offers
the following advantages: (a) applicable to all metal-bonded wheels and
electrically conductive resinoid-bonded wheels, (b) precise truing due to
on-machine application, (c) applicable to small wheels and thin wheels due
to small applied force, (d) ED truing has a high efficiency, and (e) it can be
applied for producing certain type of profile or shape. Because of the above
mentioned advantages, ED truing has been applied for truing by other
investigators [20,21].

In the ED truing system, the grinding wheel was rotated at a slower speed
and while the cathode was turned and moved toward and along the axis of
the grinding wheel. The same external power source was used for ED truing
and ELID grinding. The ED truing system is shown in Figure 5.6. A copper
tungsten electrode was selected for ED truing due to its excellent wear
characteristics. Truing of the wheel was performed by varying both the
voltage and current. To maintain insulation of the electrodes, a small
amount of grinding fluid was added between them. During ED truing, the

Power source

Grinding wheelCoolant

Cathode

Feed

FIGURE 5.6
Electrodischarge truing system.
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bonde d mater ial was melted and easil y removed due to the spark betwee n
the wh eel and the cathode. Figure 5.7 shows the rela tionship bet ween the
truing condi tions and the decrease in wheel diam eter. The roug h truing
efficie ncy was 0.2 mm of material re moval in 15 min in the wheel diamete r
and the fine truing efficie ncy was about half of that (ED truing was applie d on
a bronze and iron-bon ded hybrid wh eel). The follow ing electrod ischar ge
conditi ons we re used in this experi ment: (a) wh eel speed 340 rpm, (b) cath -
ode speed 3090 rpm, (c) fe ed speed 100 mm=mi n, (d) depth of cu t 2 m m =pass;
electri cal conditio ns: (a) for roug h truing 150 V, 60 A and (b) for fine trui ng
120 V, 48 A, ton=off : 12=3 m sec. The wheel, trued by the appli cation of electr ical
dischar ge, has a straight ness of 6 mm =W50 mm and a roundn ess of 2 mm =150
mm diame ter, ind icating a high profile accura cy.

5.2.2 Electrical Behavior dur ing Pred ressing

The relations hip bet ween electr ic current, voltage, and time dur ing electr ical
dress ing is shown in Figure 5.8. When pre dressing starts (point 1), the
surfac e of the true d wheel has good ele ctrical conductivi ty. Therefor e,
the current is high as set in the power source, and the voltage between the
wheel and the electrode is low. After several minutes the cast iron
bond material, which is mostly ionized Feþ2, i s r em ov ed b y e l ec tr ol ys is . T h e
ionized Fe reacts to form Fe(OH)2 and Fe(OH)3 according to the following:

Fe! Feþ2 þ 2e� (5:1)

Feþ2 ! Feþ3 þ e� (5:2)

H2O! Hþ þOH� (5:3)

Feþ2 þ 2OH� ! Fe(OH)2 (5:4)

Feþ3 þ 3OH� ! Fe(OH)3 (5:5)
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The se hydrox ides furth er chan ge into oxides (e.g., Fe2O 3) duri ng electr o-
lysis . After thes e reactio ns have occurred and insulat ing oxi de layers grow
on the wheel, its electri cal conductivi ty will be red uced. The curren t
dec reases and the worki ng volta ge become s as high as origin ally set in the
open circuit voltag e (denoted by 2).

5.2. 3 ELID Grindi ng Mechani sm

The vario us stages of ELID grindi ng are shown in Figu re 5.9. At the begin-
ning, grinding is per formed with a predress ed wheel and the pro trudent
grai ns gri nd the work piece . W ith time , the grains and the oxi de layer begin
to wear. The wear of the ox ide layer cau ses an increase in the electr ocon-
duc tivity of the wh eel surfac e, thus the electr olysis increase s (de noted by 3
in Figure 5 .8) and the oxi de layer is reco vered. The protrusi on of the grains
remai ns constan t. For hig h-efficie ncy ELID grinding, a thinne r insulatin g
layer on the wheel surfac e is required . Howeve r, for a mirr or finis h ELID
grindi ng a relative ly thick oxid e layer is preferr ed [22] . The ideal wh eel
condi tion is shown in Figure 5.10.

5.3 Exper imental Setup

Mos t of the hig h-efficie ncy gri nding experi ments were conducted on a
verti cal machi ning center . A straight metal -bonded diam ond grindi ng
wh eel was inserted into the mach ine spin dle. The electro lysis occurs on
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supplying a suitable grinding fluid and an electric current between the
grinding wheel and the fixed electrode. The silicon nitride (Kyocera’s
SN235) was clamped to a vice that was firmly fixed to the base of a strain
gage dynamometer. The dynamometer was clamped to the machining

Fe2+ Ion

1. Predressing started (~3 A)

4. Dressing stabilized (~2 A) 3. Dressing started (~1.5 A)

2. Predressinig completed (~1 A)

Protruding
grain

Oxide (Fe2O3)

Scraped oxideOxide layer
removed

Worn grain

ELID-cycle

FIGURE 5.9
Mechanism of ELID grinding.
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        than abrasive protrusions 
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(a)

For mirror surface grinding

For efficient grinding 

FIGURE 5.10
Ideal wheel condition for (a) efficient grinding and (b) mirror surface grinding.
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center table and the reciprocating grinding operation was performed. The
output from the dynamometer was recorded through a data acquisition
system and the normal component of the force was monitored.

A vertical rotary surface grinder with a 5.5 kW motor was used for the
ultraprecision grinding of ceramics. The spindle speed was regulated by
means of an invertor. The spindle of the machine was mounted on
hydrostatic oil bearings and the table feed was controlled by a direct
current (DC) tachometer generator connected to a reduction motor, allow-
ing for continuous feed adjustment. To study the effect of finish ELID
grinding on the flexural strength of silicon nitride specimens, a Kuroda
Precision Industries surface grinder model CS-CHF with a 2.2 kW spindle
was used.

5.3.1 Grinding Wheels

Straight metal-bonded wheels were used in the high-MRR experiments. The
specifications of the wheels are as follows:

1. Cast iron fiber-bonded (CIFB), cobalt-bonded (CB), bronze-bonded,
cast iron powder-bonded wheels, and steel-bonded wheels with
different diamond friabilities such as MBG-600, RVG, MBG-660

2. Straight wheels

3. Wheel diameter ¼ 150 mm

4. Wheel width ¼ 10 mm

5. Grit sizes ¼ #140 (average grain size ¼ 96 mm) and #170 (average
grain size ¼ 80 mm)

6. Concentration ¼ 100

Cup type, CIFB diamond grinding wheels of 200 mm diameter and
of different grit sizes were used in the ultraprecision ELID grinding
experiment. In this series of investigations, the effect of grit size on the
surface finish was studied. A straight, #6000 grit size (average grain
size ¼ 3.15 mm), SD cast iron-bonded wheel was used to study the
effect of finish ELID grinding on the strength of ground silicon nitride
specimens. The specimens were rough-ground using a #140 grit-size BB
diamond wheel.

5.3.2 Grinding Fluid

Noritake AGF-M grinding fluid diluted to 1:50 was used in the experiments;
the fluid rate was 20 to 30 L=min.
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5.3.3 Power Supply

A direct pulse generator was used as a power supply. This is a modified
power source from a conventional eletrodischarge machine. The power
supply is capable of supplying different output voltages, current settings,
and pulse on- and off-time settings. Fuji Elider in Tokyo markets power
supplies of various capacities for ELID grinding [5]. These power supplies
have the following advantages:

1. Very stable, powerful, high-frequency DC pulse current is available
for a long period of time.

2. The generated high-frequency DC pulse current consists of high-
quality square wave containing less harmonics or noises, which may
interfere with other electronic devices nearby, such as computers or
NC controllers.

3. The circuit is designed with enough marginal capacity to withstand
any abuse handling such as short circuit of the output lines.

5.3.4 Materials

Silicon nitride material (Kyocera’s SN 235) in the form of a rectangular block
was used in these high-efficiency grinding experiments. The dimension of
the work piece material was 50 � 50 � 20 mm. For the ultraprecision
grinding experiments, two silicon nitride materials, a sintered reaction-
bonded silicon nitride (SRBSN), and a cast and sintered silicon nitride
(Si3N4) obtained from a commercial vendor were used. The microstructure
of the two materials was studied using SEM on polished specimens. The
backscattered electron mode of imaging was used to reveal the grains of silicon
nitride. The grain size of the silicon nitride phase in SRBSN was between 0.3 mm
and 0.4 mm, while the Si3N4 had a grain size between 0.6 and 0.8 mm. The
effects of finish ELID grinding on the strength Kyocera’s silicon nitride
SN 235, in the form of MOR specimens, were studied. The size of the
specimen was 3 � 10 � 50 mm.

5.3.5 Measuring Instrument Used

The surface finish was measured by a Mitutoyo 501 surface roughness
measuring instrument using a 5 mm diamond stylus. A multicomponent
strain gage dynamometer from Advanced Mechanical Technology, Inc.,
MC-12 Series was used for the measurement of force. Surface topography
was analyzed using SEM and AFM. An Instron-type universal tester was
used for the bending tests.
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5.4 R esults and Discussions

5.4. 1 Influ ence of Bond Mate rial

In this series of inve stigati ons, the effects of the thr ee typ es of metal-bon ded
wh eels, CIFB, CB, and BB, were stud ied. Figu re 5.11 sho ws the effect of
bon ded mater ial on the dressing curren t. A CIFB wh eel has the type
of electr ical behavi or that indicates easy isolatio n of the wheel surfac e, i.e.,
the wo rking curren t easily decrease s. In contrast, a CB wheel showed a
rela tively constan t curren t duri ng dres sing, and a BB wh eel showed almo st
constan t current [23]. Figure 5.12 shows the change in the wheel diame ter
befo re and after dre ssing. A CIFB wheel has a thick ins ulating layer con-
sistin g of the oxi des and hydro xides generated on the wheel surfac e. The
thickn ess is checke d by meas uring the wheel diame ter befo re and after
dres sing. A BB wh eel has a thin insu lating layer and a CB wheel has an
insu lating layer bet ween thes e extremes. With a CB wh eel, cobalt hydrox ide
or oxide will be form ed, wherea s with a BB wh eel, copper hyd roxide or
oxi de wil l be form ed dur ing the ELID dre ssing sim ilar to the chemic al
reactio n sho wn in the Equa tion 5.1 thr ough Equa tion 5.5. The refore, the
wh eel color after the ELID dress ing wil l be dif ferent as sho wn in Figure 5.12.
The thickne ss of the oxide layer will depend on the follow ing fact ors: (a) the
different rates of chemical reaction and (b) the stability of the oxides. With
Fe2O3 as the most stable oxide, the oxide layer thickness in the CIFB wheel
was found to be maximum [24].

For high-efficiency grinding, a thin insulating layer is preferred. This
condition will provide a high dressing rate and high abrasive protrusion.
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FIGURE 5.11
Difference in dressing current due to wheel bond material.
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Therefore, BB wheels are recommended for rough grinding. The CIFB
wheels that have a thick insulating layer should be used for mirror finish
grinding. However, our investigations have shown that CIFB can be used
for rough as well as mirror finish grinding.

After 30 min of predressing, each wheel (#140 metal-bonded CBN wheel)
was tested for grinding steel and a plunge grinding operation was per-
formed. Figure 5.13 shows the difference in the normal grinding force for
the three bond materials. It is clear from the figure that a wheel with a
thinner insulating layer has a lower grinding resistance (e.g., the BB wheel).
The grinding force was maximum for the CIFB wheel.
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FIGURE 5.12
Difference in wheel diameter before and after predressing.
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5.4.2 Influence of Power Source

The effects of using three types of power sources were studied on a CIFB-D
grinding wheel: one using a DC-pulse, one using DC-plain (constant volt-
age) and one using alternate voltage (AC). Figure 5.14 shows the difference
in dressing current depending on the type of the power source. The DC-
plain produced the sharpest decrease in the dressing current, while AC
caused the smallest decrease.

Figure 5.15 shows the difference in insulating layer and the etched layer
thickness during the initial period of dressing. DC-plain caused the max-
imum thickness, and AC the least. The etched layer was obtained by
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measu ring the chan ge in wheel diam eter after dre ssing and scrappi ng
the insu lating layer. Figu re 5.16 sho ws the effects of the power sour ce
on the norm al compo nent of the grindi ng force. The DC -plain sour ce ex hib-
ited the highest gri nding force becau se the thick ox ide layer red uced the
effective ness of the cu tting action. If a DC-pl ain sour ce is appl ied to a CB or
BB wheel, it should be effective becau se the wheels do not generate mu ch of
an ins ulating layer (see Figure 5.12).

5.4.3 Compari son between Conve ntiona l and ELID Grind ing

Conventional and ELID grinding were performed with a CIFB-diamond
grinding wheel. All the grinding wheels were trued and dressed before
grinding, as described earlier, ensuring the same wheel condition for conven-
tional and ELID grinding. This series of experiments was conducted under
the following conditions: cutting speed ¼ 1200 m =min, table feed rate ¼
5000 mm=min, depth of cut ¼ 0.01 mm, and the width of cut ¼ 5 mm;
a CIFB-D wheel with grit size #170 was used. The MRR under this condition
is 250 mm3=min. The relationship between the total volume of material
removed and the normal grinding force in conventional grinding is shown
in Figure 5.17. During this process, there is a continuous increase in the
grinding force. The grinding force reached around 38 kgf (373 N) when the
total volume of material removed was 6000 mm3. The relationship between
the normal grinding force during ELID grinding is shown in Figure 5.18. Both
ELID dressing and ELID grinding were performed at 60 V, Ip ¼ 16 A, and
with 4 msec as the on-time and off-time. The outer surface of the wheel became
yellow after the ELID dressing, owing to the formation of iron oxides. Com-
pared with Figure 5.17, the grinding force was less during ELID grinding. The
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effect is more visible after 4500 mm3 of material r e m o v a l , i . e . , a f t e r 1 8 m i n o f
grinding. The effects of ELID grinding were studied by performing ELID
grinding wi th the increase d voltage such a s 9 0 V and Ip ¼ 24 A; the
re su lts a re prese nted in Fi gu re 5 .19. The grinding f orce is l ess than that in
conventional gri nding (Figure 5.17) and ELID grinding with 60 V (Fi gure
5.18). The si gnificant re du ction in grinding fo rce took place after 4500
mm3 o f material removal. The grinding f orce stabilized after 6000 mm3 of
material removal (24 min of grinding) an d r emai ned constant to only 5 kgf

(49 N). There fore, the f ull potential of ELID grinding w ith low and stable
grinding force c an be used only after 6 000 m m3 of material removal. This
can be achieved by using a ‘‘dummy’’ work piece in the beginning fo r a
certain perio d of t ime ( 24 mi n under these c utting conditions), followed by
ELID gr indin g of t he actual cer a mic par ts. T he other a ltern ative will be to
use m odifie d ELID dressing, which wi ll be discu ss e d l ater.

Three surface finish parameters, center line average Ra, ten point height of
the roughness profile Rz, and the maximum peak to valley height of the profile
Rt, were measured after a particular interval. The results of these measure-
ments are shown in Figure 5.17 through Figure 5.19. ELID and conventional
grinding produced almost the same surface finish in rough grinding.

5.4.4 Modif ied ELID Dressi ng Grindi ng

Conven tional grindi ng and ELID grindi ng were perform ed with CIFB- D
grinding wheels of grit size #170 unde r differen t grinding condi tions suc h
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as, a cutti ng speed of 1200 m =min, a fee d rate of 5000 mm=mi n, depth of
cut of 0.05 mm, and a width of cut of 2 mm. This wil l provide an MR R of
500 mm 3=min. ELID dressin g was perform ed at 90 V for 30 min and ELID
grindi ng was per formed at 60 V; the res ults are pre sented in Figure 5.20
and Figure 5.2 1. Compar ed with co nvention al grinding, a low er gri nding
force was noted in the case of ELI D grindi ng. As point ed out earlier , a
stab le grinding force was establish ed after appr oximatel y 6000 mm 3 of
mater ial had been remov ed, i.e., 12 min of grinding. On comp aring Figure
5.17 and Figu re 5.20, it is found that the gri nding fo rce is less in Figu re
5.20, but the MR R in this case is doubl e that of the grindi ng shown in
Figure 5.17 . Thi s is pro bably becau se the mater ial is remov ed pred omin-
antly by brittle fracture [2,24] ; theref ore, less en ergy is require d for the
remo val of the mate rial.

The rela tionship bet ween the v olume of mate rial remove d and the grind-
ing force with modified ELID dressing is shown in Figure 5.22. The mod i-
fied ELID dres sing was perform ed in two st ages befo re ELID grindi ng. In
the first stage , the ELID dress ing was perform ed at 90 V for 30 min. The
oxi de layer form ed dur ing ELID dre ssing was removed me chanical ly by an
alum inum oxi de stic k of grit size #400 at 300 rpm. The n, the sec ond stage of
ELID dre ssing was per formed also at 90 V for 30 min. The electr ical behav-
ior duri ng the modifi ed ELID dressing is shown in Figure 5.23. ELID
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grindi ng was then perfo rmed with a 60 V supp ly. The grinding force
remai ned low and a lmost constant from the beginn ing (Fig ure 5 .22). There-
fore, by applyi ng mod ified ELID dressing as explain ed abov e, a stabl e and
low gri nding force can be achieve d from the beginning.

5.4. 5 Grindi ng with Br onze and Cobalt- Bonded Wh eels

The relations hip bet ween the volume of mate rial remo ved and the gri nding
force for the BB wheel is shown in Figure 5.24 and Figure 5.25. The same
rela tionship for the CB wh eel is sho wn in Figure 5.26 a nd Figu re 5.27. With
all these wheels , a sign ificant reducti on of grindi ng force was noti ced wh en
ELID grindi ng was per formed. The stabl e grindi ng was achie ved with the
CIFB wheel after 12 min of grindi ng. Ho wever, for the both CB and BB
wh eels the stab le grindi ng force was noticed almo st im media tely.

5.4. 6 Investig ation of Grind ing Rati o

The grinding charact eristic s for sili con nitride ceram ics under differen t
grindi ng conditi ons were inve stigate d with and with out ELID. Figure 5.28
shows the change in the norm al grinding force und er the follow ing condi-
tion s: depth of cut (d), 50 m m; feed rate ( f ), 5 m =min; grinding width ( B),
3 mm; and the wheel velocity ( V), 1500 m =min. A CIB-D grindi ng wh eel
was used in eac h of these experi ments. When conven tional grindi ng was
per formed, the norm al grinding force chan ged severely and sparks were
observed at the peaks of the normal grinding force. This phenomenon was
caused by the extreme frictional heat generation between the wheel bond
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surfac e and the work surfac e [24] . On the other hand, the grinding fo rce
with ELID showed little change from the sta rt of the ope ration and stabil-
ized at a low er value than the minimum value with out ELID. Figure 5.29
shows the chan ges in the norm al grinding force for tungsten carbi de, with
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or with out ELID. Alth ough the grinding force with out ELID stabi lized after
rapi d increase, ELID grinding pro duced a resistanc e that was sever al time s
low er. The grinding ratio (G- Ratio) was also det ermined as ind icated in
Figure 5.28 and Figure 5.29. In the case of silicon nitride, a reductio n in
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Relationship between the volume of material removed and the normal grinding force (conven-
tional grinding).
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grindi ng ratio from 340 to 230 was noticed wh en ELID was perfo rmed.
Howeve r, in the case of WC-Co , an impro vement from 50 to 95 was
observ ed wh en ELID was perform ed to gether with a lower stabi lized force.

The next series of ex perime nts were perform ed using diam ond gri nding
wh eels with a rang e of abrasive friabi lity. Diamo nd gri nding wheels with
MBG 660, RVG, and MBG 600 diamo nds were employe d. RVG diam ond is
the mos t friabl e and MBG 660 the least friable. The bon d mater ial fo r all the
wh eels was steel. The gri nding ratio for all these wheel s and the cast iron
pow der-bonde d wh eels was deter mined for ELID grindi ng and for conven -
tion al grinding. The result s are pre sented in Table 5.1.

The re was a redu ction in G-r atio when grindi ng usin g ELID. However , it
shou ld be noted that for high MR R usin g conven tional grinding, frequent
wh eel dre ssing is requ ired. This is a nonpr oductiv e time and fo r a metal-
bon ded wh eel it may be quite hi gh. Dressi ng wi ll also remove som e of the
diam ond layer from the wheel [25]. In ELID grinding however , the force
remai ns lower and alm ost constan t. Therefor e, the gri nding can be per -
form ed for a lon g time prod ucing parts cost effectivel y.

5.4. 7 Effic ient Cylind rical Grind ing on a Turning Center

As stated earlier in Section 5.2, no special machine is required for ELID
grinding. A turning center was modified for cylindrical grinding with ELID.
This machine realizes efficient cylindrical grinding with a traverse tool path
shown in Figure 5.30. Efficient cylindrical grinding operation was performed
with SiAlON. Figure 5.31 shows the changes in the grinding spindle load with
ELID and without ELID. The changes with ELID were smaller than those
without ELID and the load with ELID more or less stabilized at much lower
values than without ELID. The following grinding conditions were used:
depth of cut (d), 100 mm p e r d i am et er ; t ra ve rs e s pe ed ( f ), 150 mm=min;
work velocity (v), 30 m=min; and the wheel velocity (V), 1413 m=min.

TABLE 5.1

G-Ratio

Wheel Type

Conventional

Grinding

ELID

Grinding

MBG-600 131 87
RVG 175 105
MBG-660 134 66
C.I. Powder Bonded 174 58

RBG: most friable, MBG-660: least friable, steel-bonded
wheels.
Cutting conditions: V ¼ 1200 m=min, f ¼ 5000 mm=min,
DOC ¼ 0.05 mm, WOC ¼ 2 mm, Grit size ¼ #140, material:
silicon nitride.
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5.4.8 Ultrap recision Grin ding with ELID

Expe riments we re co nducted to stud y the effects of mesh size on the sur face
finish of the work piece . The surfac e grinding opera tion was perform ed on a
vertical ro tary sur face gri nder. Cup typ e CIFB diamond gri nding wheels of
200 mm diam eter were used in the ex perime nt. Grin ding wh eels of va rious
grit sizes were used in the exp eriments (se e Tab le 5.2). A DC puls e gene rator
was used as a power supp ly, with an open voltag e of 60 V (square wave)
and a peak current of 10 A. The pulse width can be adjusted in the experi -
ments and set to 5 m sec on-tim e and off-ti me. The follow ing cutting condi -
tions were used in the ex perime nts: cutting speed , 21.5 m =sec ; work piece
feed rate, 80 mm=mi n; and the depth of cut, 1mm =pass. The results of ELID
grinding are pre sented in Figure 5. 32 a nd Figu re 5 .33 [26,27]. Three sur face
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FIGURE 5.30
Schematic of ELID grinding for cylindrical grinding method.
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finis h par ameters Ra, Rz, and Rmax were meas ured after the grinding oper-
ation s. A mirror finish surface was obt ained when ELID grinding was
per formed with a #4000 mesh- size wh eel or fine r. Figure 5.32 and Figure
5.33 show a signifi cant improve ment in surfac e fini sh when grindi ng usin g
a #4000 mesh wheel compared with #2000 mesh wheel. Better surface finish
was obtained with the SRBSN material than Si3N4, especially when using
rougher wheels. However, with finer wheels (#4000) almost the same sur-
face finish was obtained with both materials. The results are shown in
Figure 5.34 [27] . To produc e a mi rror sur face finish by ELID grindi ng, a
three-step operation was required. The silicon nitride specimens were first
ground with a #325 mesh-size wheel. These specimens were further ground

TABLE 5.2

Grain Size of Used Diamond Grinding Wheels

Mesh Size Grain Size (mm) Average Grain Size (mm)

#325 40–90 63.0
#600 20–30 25.5
#1200 8–16 11.6
#2000 5–10 6.88
#4000 2–6 4.06
#6000 1.5–4 3.15
#8000 0.5–3 1.76

Material SRBSN

[v = 21.5 m/sec, f = 80 mm/min, t = 1 μm/pass]

Wheel: cup type CIFB-D, diameter 200 mm
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with a #600 grit-size wheel and finally ground with a #4000 mesh-size
wheel. The mechanism of material removal in ceramic grinding is a
combination of microbrittle fracture and micro- or quasiplastic cutting
mechanism [28,29]. The quasiplastic cutting mechanism, typically referred
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to as ductile-mode grinding, results in grooves on the surface that are
relatively smooth in appearance. By a careful choice of grinding parameters
and control of the process, ceramics can be ground predominantly in this
mode [30,31]. On the other hand, the microbrittle fracture mechanism
results in surface fracture and fragmentation. Ductile-regime grinding
is preferred since no grinding flaws are introduced if the machining is
performed in this mode. Surfaces ground in the brittle fracture mode will
have significant amounts of surface fragmentation. On the other hand, a
surface produced by the ductile mode will contain little or no surface
fragmentation. These two modes can be easily differentiated by observing
the surfaces under SEM and AFM.

5.4.8.1 SEM and AFM Studies

The ground surface topography was analyzed by SEM and AFM to deter-
mine the brittle- to ductile-mode transition. The specimens were sputter
coated with Au–Pd to enable easier SEM imaging. The brittle fracture
portion of the work piece will be represented by a ‘‘white frosted’’ area
in the SEM micrograph. Specimens ground with a #325 grit wheel showed
a significant white frosted area confirming that the material was predom-
inantly removed by brittle fracture. The SEM micrographs also showed
that with increasing grit size (finer grain size), the amount of surface
fragmentation decreases. When ELID grinding was performed with a
#4000 grit-size wheel or a finer, SEM micrographs did not show any
surface fragmentation. This shows that under the material is ground in
the ductile mode [27].

Ground surfaces were also observed under AFM. The observed surface
area was 18 � 18 mm2. The change in surface topography can be observed
using AFM. The AFM surface topography also shows that the material was
predominantly removed in the ductile mode when ELID grinding was done
using a #4000 mesh wheel or finer. The surface finish obtained from the
AFM study is presented in Table 5.3 [27].

TABLE 5.3

Surface Roughness of Si3N4 by AFM

Wheel Mesh Ra (nm) Rmax (nm) Rrms (nm) Rz (nm)

#325 112.7 1164.7 147.8 832.7
#600 126.5 1533.3 173.3 786.3
#1200 79.54 950.8 108.6 666.0
#2000 41.34 756.5 61.48 456.7
#4000 7.474 334.7 14.34 138.3
#6000 3.734 180.0 5.8 108.3
#8000 3.177 187.9 5.119 102.9
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5.4.9 Flexural Strength of Silicon Nitride

Significant research has been conducted to study the effect of grinding
parameters on the strength of ground ceramic specimens. Various investiga-
tors have also studied the effect of grinding direction on the strength of
ceramics. Figure 5.35 shows the relationship between the annealing tempera-
ture and bending strength of alumina ceramics at room temperature. The
results show that before annealing specimens ground in the transverse
direction have a bending strength 60% lower than that of the specimens
ground longitudinally. The bending strength of the specimens ground in
the transverse direction increased with the annealing temperature. At about
12008C, the strength was approximately equal to that of the specimens
ground in the longitudinal direction [32]. The effects of annealing temperature
on the strength of ground silicon nitride specimen have not been studied.
Therefore, experiments were conducted to study the effect of annealing and
ELID finish grinding on the bending strength of silicon nitride specimens.

The material used in the experiment was silicon nitride SN235 manufac-
tured by Kyocera. The size of the specimens was 3 � 10 � 50. This is the
recommended size for the four-point bending test. A large number of Si3N4

specimens were fixed on a plate with wax and mounted on the table of the
surface grinding machine. Specimens were ground in longitudinal (PG) and
in transverse (TG) direction using a #140 grit-size BB diamond wheel. The
following grinding conditions were used: (a) wheel velocity, 1200 m=min,
(b) table speed, 20 m=min; (c) traverse pitch, 1 mm, (d) depth of cut, 5 mm,
and (e) spark out, 3 passes. The total depth of cut was around 70 mm.
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Four -point bend tests were perform ed at roo m temperatur e and at 1400 8 C.
All bending tests had an uppe r span of 10 mm and a low er span of 30 mm.
An Instron- type unive rsal teste r was used for ben ding test s, with a constan t
cross head of 0.2 mm=min. Figure 5.36 shows the dimensions and coordinate
system of the beam specimen with ground surface in a four-point bend test.

Ben ding test resu lts are pre sented in Figure 5.37. A signifi cant redu ction
in bending strength was noticed when specimens were transversely ground
compared with those ground longitudinally. PG and TG specimens were
annealed at 12008C for 2 h and the bending strength was determined. The
strength of the heat-treated TG specimens increased significantly as shown
in Figure 5.37 [33]. There was no significant change in the strength of the PG
ground specimens after the annealing process. As the TG specimens have
the lowest strength, it was decided to study the effect of ELID finish

Grin
din

g

dir
ec

tio
n

50

Φ

10
3

10

30

50

FIGURE 5.36
Dimensions and coordinate system of the beam specimen with the ground surface in a
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grinding on the ben ding strengt h of TG ground specim ens. The se specim ens
were ground using ELID grinding and a #6000 grit-size (avera ge grain size
¼ 3.15 m m) SD cast iron-bo nded wheel. The diam eter of the wh eel was
150 mm and the width was 10 mm. The fo llowing gri nding conditio ns were
used: wh eel speed , 1200 m =min; tab le speed, 20 m =min; travers e pitc h,
0.6 mm; depth of cu t, 0.5 mm; and total depth of cut, 40 m m.

The power suppl y used in the experi ment was EPD-10 A, with a capacity
of 90 V, 10 A. The follo wing ELID conditio ns were used: Eo , 60  V;  I p, 10 A;
on-tim e and off- time, 2 m sec [square wave] . Noritake AFG-M grindi ng fluid
with 2% of water was used in the ex perime nt. The ben ding strengt h of the
ELID grou nd specim ens was det ermined (TGE) . Thes e ELID ground speci-
mens were ann ealed and the bendi ng strengt h of these specim ens was also
determi ned. The re sults are presente d in Figure 5.37 . A sign ificant improve -
ment in the bendi ng strengt h of Si3N 4 speci mens was achie ved when
ELID gri nding was appli ed. The bendi ng strengt h of the specim ens was
determi ned at 1400 8C. The resu lts are presented in Figure 5.38. The max -
imum bendi ng strengt h at the elevated tempe rature was found with the
TGE specim ens [33].

Previou s inve stigati ons have shown that duri ng gri nding of ceram ics two
sets of flaws are introduce d. One set is par allel to the gri nding directio n,
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which is fairly elongated, while the second is perpendicular to the grinding
direction and smaller in size [34]. This has resulted in a significant reduction
in the strength of the silicon nitride ceramic when ground in the transverse
direction. As explained earlier, ductile-mode grinding was performed with
the application of fine ELID grinding. When TG work pieces were finish
ELID ground with a #6000 grit-sized wheel, the grinding mode was ductile.
The flaws produced by initial grinding were removed by the fine ELID
grinding. The TGE specimens therefore do not contain any significant
microcracks. This may be the reason for the significant improvement in
the bending strength of the TGE specimens.

5.5 Conclusions

In this paper, the application of ELID grinding for effective and precision
grinding of various structural ceramic materials is described. ELID techno-
logy has been successfully applied for surface grinding using a machining
center, a horizontal surface grinder, a vertical rotary surface grinder, and for
cylindrical grinding on a turning center. The results are as follows:

1. Compared with conventional grinding, there is a significant reduc-
tion in normal grinding force with ELID grinding. Therefore, ELID
grinding is recommended for heavy material removal grinding, low-
rigidity machines, and low-rigidity work pieces.
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2. The full potential of ELID grinding, that is, reduced grinding force,
can be used only after it has been stabilized. However, the newly
proposed modified ELID dressing can provide reduced and almost
constant grinding force immediately at the start of grinding.

3. Compared with conventional grinding, a reduction in G-ratio was
found when ELID grinding was performed. The G-ratio can be
improved by optimizing the ELID current.

4. A mirror surface was achieved on silicon nitride materials when
ELID grinding was performed using a #4000 grit-size wheel. The
finish ELID technology will find wide application in the optical and
semiconductor industries such as mirror finishing of silicon wafers,
many kinds of ceramics, ferrite, and glass.

5. SEM and AFM studies reveal that the work piece was pre-
dominantly ground in the ductile mode when ELID grinding was
performed with a #4000 grit-sized wheel or finer.

6. The bending strength of transversely ground Si3N4 specimens can be
improved by annealing at 12008C.

7. A significant improvement in the bending strength of Si3N4 was
achieved when finish ELID grinding was performed.
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ABSTRACT Efficient precision grinding techniques for ceramics are
required in order to mass-produce ceramic parts. New grinding techniques
for ceramics that employ fine bonded superabrasive wheels and high-stiffness
grinding machines have been designed in order to achieve high grinding
efficiency and produce high-quality ceramic parts. Ceramics are
extremely hard to machine using conventional methods. Mirror finishing
of these hard, brittle materials requires the use of diamond abrasives.
Grinding in particular, compared with lapping and polishing, can be used
to efficiently produce various geometric forms. A novel grinding technol-
ogy, known as electrolytic in-process dressing (ELID) that incorporates
in-process dressing of metal-bonded grinding wheels, provides dressing
of the metal-bonded wheels during the grinding process, while maintaining
continuous protrudent abrasive from superabrasive wheels. This paper
describes the highly efficient and precise ELID grinding method and
discusses the ELID grinding process and the grinding characteristics of
ceramic materials.

KEY WORDS ELID, electrolytic in-process dressing, ceramics, electro-discharge
truing (ED truing), metal-bonded diamond grinding wheels, cast-iron-bonded
diamond grinding wheel, efficient grinding, mirror finish grinding, ductile mode
grinding, brittle mode grinding, surface modification.

6.1 Introduction

Interest in advanced ceramics has increased significantly in recent years due
to its unique physical properties and the significant improvement in the
mechanical properties and reliability. The advantages of ceramics over other
materials include: (a) high hardness and strength, the retention thereof at
elevated temperatures, (b) chemical stability, and (c) superior wear resist-
ance. Until now, mirror surface machining of ceramics has been performed
mainly by polishing or lapping. However, such machining techniques can-
not always be described as highly efficient or productive, and the adverse
effects of scattered abrasive particles on equipment, the treatment of waste
liquids, and other problems remain to be investigated.

On the other hand, grinding in particular, compared to lapping and
polishing, can be used to efficiently produce geometric forms. New ceramic
grinding techniques that employ fine bonded superabrasive wheels and
high-stiffness grinding machines have been designed to achieve high grind-
ing efficiency and high-quality ceramic parts. Dr. Ohmori pioneered a novel
grinding technique that incorporates in-process dressing of metal-bonded
superabrasive wheels known as ELID [1–8], Japanese Patent No. 1,947,329 [9].
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This technique provides in-process dressing of metal-bonded wheels, dur-
ing the grinding process, for continuous protrudent abrasive from super-
abrasive wheels. Moreover, ELID grinding has recently been found to bring
about improvements in the surface characteristics of the workpiece being
processed [10–14], and this technique produces superior resistance
to corrosion and wear, as well as other advantages. The present chapter
describes the basics of the ELID grinding technique and presents a discussion
on the ELID grinding process and the grinding characteristics of ceramic
materials.

6.2 ELID Grinding Technique

6.2.1 The Concept of ELID

ELID grinding was first proposed in 1988, and a number of reports describ-
ing the advantages of this process have been published [1–14]. The basic
constr uction of the ELID grinding syst em is shown in Figure 6.1. The
essential elements of the ELID system include: (a) a metal-bonded grinding
wheel, (b) an electric power source, and (c) an electrolytic coolant. The most
important feature is that there is no requirement for a special machine.

The pri nciple of ELID gri nding is shown in Figure 6.2. The wh eel serves
as the positive electrode. The negative electrode is installed opposite the
grinding surface of the wheel. The clearance between these two electrodes is
set at 0.1–0.3 mm. DC-pulse voltage is supplied between the two electrodes
in order to electrolytically remove only the metal bond of the wheel, allow-
ing efficient and automatic dressing of the wheel. This dressing is continued
even during the grinding work in order to prevent reduced wheel sharpness
from wear, thereby realizing highly efficient mirror surface grinding.

ELID grinding consists of the following steps:

1. Truing, for example, using a SiC wheel of grit size #100 or an
aluminum oxide stick is required in order to reduce the initial
eccentricity.

2. The truing of tough metal-bonded wheels is very difficult and time
consuming for coarse-grit wheels of larger diameter. A new efficient
electrodischarge truing (ED truing) has been developed and is dis-
cu ssed in Sectio n 6.2.2.

3. Predressing (also known as ELID dressing) is performed for 15–30
min by electrolysis.

4. Grinding with ELID is carried out at the recommended cutting
speed.
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6.2.2 ED Truing Technique

Before beginning the grinding process, the grinding wheel is trued and
dressed. This is done in order to reduce the eccentricity of the wheel result-
ing from mounting the wheel on the spindle. Truing is also carried out in
order to create a wheel having a desired shape or to correct a dulled profile.
Truing of conventional wheels is easily performed with a diamond dresser.
Although metal-bonded superabrasive wheels have many good features,
such as higher rigidity, they are difficult to true. Several studies have
examined areas of truing and dressing. The majority of these investigations
examined the effect of diamond dressing on surface roughness [15–17].
A number of studies have focused on the mechanics of dressing [18] and
the development of a mathematical model to characterize the topography of
the wheel [19]. In one investigation, the present authors [20] measured the
protrusion height of abrasive grains after truing and dressing. However, an
efficient method for the truing of metal-bonded superabrasive wheels has
not yet been reported. Metal-bonded diamond grinding wheels can be
efficiently trued using a newly developed method known as ED truing,
which was first introduced by the present authors [21]. ED truing offers
the following advantages: (a) applicability to all metal-bonded wheels and
electrically conductive resinoid-bonded wheels, (b) precise truing due to on-
machine application, (c) applicability to small wheels and thin wheels due
to a small applied force, (d) high efficiency, and (e) can be used to produce
various profiles or shapes. The above-mentioned advantages have resulted
in the application of ED truing in a number of studies [22,23].

In the ED truing system, the grinding wheel is rotated comparatively
slowly, whereas the cathode is turned and moved toward and along the
axis of the grinding wheel. The same external power source is used for ED
truing and ELID grinding. The ED truing system in Figure 6.3 and Figure 6.4
shows a view of machine set with ED truer. A copper tungsten electrode was
selected for ED truing due to its excellent wear characteristics. Truing of the
wheel was performed by varying both voltage and current. In order to
maintain insulation of the electrodes, a small amount of grinding fluid was
added between the wheel and the electrode.

During ED truing, the bonded material is melted and is easily removed by
the sparks betwee n the wheel and the cath ode. Figure 6.5 sho ws the
relationship between the truing conditions and the decrease in the grinding
wheel diameter. The rough truing efficiency was 0.2 mm for a 15 min period
of material removal in the wheel diameter and the fine truing efficiency was
approximately half of that (ED truing was applied on a bronze-and-iron-
bonded hybrid wheel).

6.2.3 Electrical Behavior during Predressing

The relationship among electric current, voltage, and time during elec-
trical dre ssing is shown in Figure 6.6. When pred ressing starts (point 1),
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the surface of the trued wheel has good electrical conductivity. There-
fore, the current is high, as set in the power source, and the voltage
between the wheel and the electrode is low. After several minutes the
cast-iron-bonded material, which is mostly ionized Feþ2, is removed by
electrolysis. The ionized Fe reacts to form Fe(OH)2 and Fe(OH)3 accord-
ing to the following equations:
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Fe! Feþ2 þ 2e� (6:1)

Feþ2 ! Feþ3 þ e� (6:2)

H2O! Hþ þOH
�

(6:3)

Feþ2 þ 2OH� ! Fe(OH)2 (6:4)

Feþ3 þ 3OH� ! Fe(OH)3 (6:5)

These hydroxides are further changed into oxides (e.g., Fe2O3) during elec-
trolysis. After these reactions have occurred and insulating oxide layers
have grown on the wheel, its electrical conductivity will be reduced. The
current decreases and the working voltage becomes as high the original
open circuit voltage (denoted by 2).

6.2.4 The ELID Grinding Mechanism

The various stages of ELID grinding are shown in Figure 6.7. At the begin-
ning, grinding is performed with a predressed wheel and the protrudent
grains grind the workpiece. With the passage of time, the grains and the
oxide layer begin to wear. The wearing of the oxide layer causes an increase
in the electroconductivity of the wheel surface, thus the electrolysis
increase s (de noted by 3 in Figure 6.6) and the oxi de layer is recovered .

Wheel condition
after truing

Stabilized wheel condition
during ELID grinding

Constant grain
protrusion obtained

Wheel condition at
start of ELID grinding

Contacted
oxide layers

Swarf easily removed
during grinding

Wheel condition upon
completion of pre-dressing
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ELID cycle
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ELID
grinding
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FIGURE 6.7
Mechanism of ELID grinding method.
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The protrusi on of the grains remain s constant. The mechanis m of ELID
grinding shown in Figure 6.7 is exp lained in detail as follow s: (1) First, the
wheel bond is electrolyzed, which causes the abrasives to protrude appro-
priately. (2) At the same time, this process produces nonconductive oxi-
dized iron that accumulates to form a layer of coating on the wheel surface,
automatically reducing the electrolysis current, at which point the initial
dressing is complete. (3) When the actual grinding work is started in this
state, the nonconductive oxide layer on the wheel surface comes into
contact with the surface of the workpiece, and is removed by friction.
When this takes places, the abrasives start grinding the workpiece, and
consequently the wheel begins to wear. This reduces the insulation of the
wheel surface, allowing the electrolytic current to flow again. (4) As a
result, the entire process starts again with the electrolysis of the wheel
bond where the nonconductive oxide coating between the worn out abra-
sives has become thin, allowing the abrasives to protrude again (process
returns to (2)). This is how the ELID cycle functions. The ELID cycle varies
according to the type of metal bond of the wheel used, the electrolytic
conditions, the workpiece, and the grinding conditions; all these can be
optimized for practical performance.

Figure 6.8 compa res microscop ic photog raphs of the wh eel surfac e after
grinding with ELID (left) and without ELID (right) in order to demonstrate
the effectiveness of ELID. As shown in the figure, for grinding without ELID
(right-hand photograph), the abrasives are worn out, scratch marks caused
by the workpiece are observed on the bond surface, and the sharpness is
poor, whereas for the grinding with ELID (left-hand photograph), the bond
surface maintains abrasive protrusion by electrolysis.

6.3 Efficient and Precision ELID Centerless Grinding

of Zirconia Ceramics

6.3.1 Experimental Setup for ELID Centerless Grinding of Zirconia Ceramics

In this section, microfabrication grinding with ELID centerless grinding is
proposed. In an experiment, we conducted efficient, high-precision grinding

FIGURE 6.8
Microscopic photographs of the wheel surface after grinding with ELID (left) and without ELID
(right).
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of zirconia ceramics using the ELID centerless grinder shown in Figure 6.9.
Cast-iron-bonded diamond wheels of mesh size #170 for coarse grinding,
#1200 for intermediate grinding, and #4000 or #8000 for finish grinding
were used. The average grit size of the #4000 and #8000 wheels were approxi-
mately 4 and 2 mm, respectively. A chemical-solution-type grinding fluid was
used as the medium for ELID. A specific pulse generator for ELID was used.

In order to achieve efficient and precise ELID grinding, the ELID center-
less grinding process should be performed according to the following steps:

1. Precision truing of metal-bonded wheels to the required shape by
ED truing

2. Predressing of wheels by electrolytic process

3. Grinding process with ELID

Precision truing was carried out by the ED truing method. The state of the
ED truing is sho wn in Figure 6.10. The bonde d mate rials were me lted and
removed efficiently during the discharge between the wheel and cathode
made from CuW alloy. A very accurate wheel with a straightness of 4 mm
per 50 mm width and a roundness of 1 mm per 150 mm diameter was
attained. When a wider grinding wheel (50 mm) was used, a higher current
and voltage was used for initial electrolytic dressing. A longer dressing time
(approximately 40 min) was also required. Cylindrical grinding experi-
ments for ceramics were performed on a centerless grinder for in-feed and
through-feed grinding. As a result of the advantages of the ELID technique,

Power
supply

Coolant

Electrode Coolant

Blade
Brush

Grinding wheel

Depth of cut (feed)

Cylindrical work

Auxiliary
wheel

FIGURE 6.9
ELID centerless grinder.
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ground surface roughness was successfully improved by a factor of approxi-
mately two.

6.3.2 Results of ELID Centerless Grinding of Zirconia Ceramics

Figure 6.11 shows the relationship between in-feed speed and surface
roughness in Rz using #2000 and #4000 wheels for the in-feed grinding of
Si3N4 and ZrO2 ceramics. Better results for ZrO2 were obtained with the
#4000 wheel at a lower in-feed speed of 0.04 mm=min. As higher in-feed
speeds result in higher productivity, efficient centerless grinding was
achieved with ELID.
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FIGURE 6.10
ED truing for ELID centerless grinder.
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Figure 6.12 shows the relationship between the total depth of cut and the
surface roughness in the grinding of Si3N4 and ZrO2 ceramics. The surface
roughness remains approximately constant during the ELID grinding of
both the ceramics after a total grinding depth of 40 mm. A better surface
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finish was obtained using the #4000 wheel for the grinding of the Si3N4

ceramic workpieces.
Figure 6.13 shows the chan ges in the ground surfac e roughn ess obt ained

using the #2000 and #4000 wheels during ELID grinding of ZrO2 by through-
feed grinding. The ground surface roughness did not change noticeably due
to continuous electrolytic dressing for any of the workpiece. A smooth
surface roughness, approximately equal to that obtained using loose abra-
sive processes, such as polishing or buffing, was obtained using the #4000
wheel. The grinding contact time was very short, approximately 5 sec, for
each workpiece.

Figure 6.14 shows an example of surface profile obtained using the #4000
wheel for ZrO2 ferrules. A very smooth surface can be achieved. Figure 6.15
presents examples of ZrO2 optical fiber ferrules finished by ELID centerless
through -feed gri nding. Tab le 6.1 shows Rz and surface straightness (Rq)
obtained for different wheel grits. A significant improvement in the surface
roughness and straightness was achieved by fine-grit wheels using the ELID
technique.

(M

Ra 9. 8n m, Rz 64. 2n m, Ry 76. 0n m
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nm

(Measured by 2 μm R Diamond stylus
evaluated at distance of 1.25 mm)
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FIGURE 6.14
Example of surface profile produced by #4000 wheel and ELID technique.

FIGURE 6.15
Samples of ZrO2 ferrules produced by ELID centerless grinding.
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The ELID process enabled the maintenance of protruding fine grains that
realized stable and efficient grinding performance with high quality and
accuracy, with respect to roundness and straightness.

The following conclusions are based on the above-mentioned experi-
mental results:

1. Stable, efficient, and precise grinding of ceramic components has
been achieved by mirror grinding using the ELID technique.

2. Efficient and precise truing can be attained by the electrodis-
charge method for metal-bonded grinding wheels using centerless
grinding.

3. Good ground surface roughness and accuracy are achieved using
the #4000 metal-bonded grinding wheel in through-feed grinding
for ZrO2 optical fiber ferrules.

4. Good ground surface roughness can be obtained using the #4000
metal-bonded wheel in microfabrication grinding.

5. A micropin core with a very high aspect ratio can be ground efficiently.

6.4 ELID Grinding Characteristics for the Machining of

Optical Surface Quality for Ceramic Spherical Lens Molds

6.4.1 Mechanism of ELID CG-Grinding

We have performed efficient, high-precision grinding of SiC and Si3N4

ceramic spherical lens molds with cup wheels by the ELID process (hence-
forth called ELID CG-grinding) and have investigated the ground surface
characteristics in detail.

TABLE 6.1

ELID Centerless Grinding Results (mm) by Through-Feed
for ZrO2 Ferrules

#800 #2000 #4000 #8000

Rz 0.90 0.26 0.066 0.072
Rq 0.040 0.26 0.032 0.054
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Similar to the conventional ELID grinding system, ELID CG-grinding is
essentially composed of the following elements: (1) a cup metal-bonded
diamond wheel, (2) an ELID DC-pulse power source, (3) a specific grind-
ing fluid (which serves as an electrolytic agent), and (4) a fixed
copper electrode. Figure 6.16 shows a schematic diagram of the ELID
CG-grinding process.

The generating mechanism of the spherical surface ground with cup
wheels was first introduced in 1920 by W. Taylor, an English scholar. As
shown in Figure 6.17, the workpie ce is mo unted on a work spin dle, a nd
the inclination angle a between the axis of rotation of the workpiece and
that of the wheel spindle is properly adjusted. Theoretically, the radius of
curvature of the lenses that are produced can be calculated using the
following equations:

R ¼ Dsi=(2�sin a) (for convex lens) (6:6)

R ¼ Dso=(2�sin a) (for concave lens) (6:7)

  

ELID
power
supply

Nozzle

a

Cup wheel

Electrode

Work piece

FIGURE 6.16
Schematic of ELID CG-grinding.
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where R is the radius of curvature of the lenses, Dsi is the internal diameter
of the grinding wheel, Dso is the external diameter of the grinding wheel,
and a is the inclination angle of the axes of rotation between the workpiece
and the wheel.

From a geometrical point of view, the parameters of dimensional error and
shape accuracy in ELID CG-grinding consist mainly of the following: (1)
inclination deviation of the workpiece axis from the wheel axis, (2) position
deviation of the wheel-workpiece contact point from the workpiece rotation
center in the a plane, and (3) position deviation of the wheel axis from the a

plane. Among these, (1) and (2) affect the dimensional error of the lenses, and
(3) influences the shape accuracy of the lenses. In contrast, wheel wear has no
impact on the shape accuracy of the lenses that are produced.

6.4.2 Experimental Setup for ELID CG-Grinding

Experiments were conducted on a specific LOH machine. Two cup-cast-
iron-bonded diamond wheels were used. The mesh size of the wheels was
#325 for coarse grinding and #4000 for finish grinding. NEXSYS was used as
an ELID coolant. A DC-pulse generator was used as the ELID power supply,
with adjustable output voltages, currents, and duty factors. An open voltage
of 90 V with a current of 20 A was set for these experiments. SiC and Si3N4

ceramics were tested. Figure 6.17 shows an overview of the experimental
setup.

6.4.3 ELID CG-Grinding of Ceramic Spherical Lens Molds

Figure 6.18 shows the sur face roug hness and to pograp hy of the SiC spher-
ical lens mold produced using ELID. Experimental conditions were a wheel
speed of 5000 rpm, a workpiece rotation rate of 500 rpm, a feed rate of

 ELID power supply

Wheel

Electrode
Workpiece

FIGURE 6.17
Overview of experimental setup.
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30–50 mm=min for #325 and 4–6 mm=min for #4000, and a spark-out time of
60 sec. Although some initial defects appear on the surface, the ELID
process achieves an improved surface finish, with a surface roughness
similar to that obtained by loose abrasive processes such as polishing or
lapping. In this case, the finished roughness was approximately Ry ¼ 73 nm
and Ra ¼ 3 nm, which demonstrates that ELID with extremely fine abra-
sives can produce highly smooth surfaces. This technique is also character-
ized by high precision and efficiency, attributable to the metal bonding of
the abrasi ve. Fin ished example s are shown in Figure 6.19. A mirror-l ike
mold could be finished in approximately 3–5 min.

In addition, other optics and mold materials, including Si3N4, Tungsten
carbide (WC), Zirconia (ZrO2), Silicon hardened steel (X38CrMoV5.1), and
Zerodur were fabricated in order to demonstrate the effectiveness of the pro-
posed method. We obtained the surface roughness of the following materials:

Si3N4 Ra ¼ 8–12 nm (#4000 SD)
WC Ra ¼ 2–3 nm (#4000 SD)

ZrO2 Ra ¼ 1–2 nm (#8000 SD)
Si Ra ¼ 6–8 nm (#4000 SD)

Steel Ra ¼ 5–8 nm (#4000 SD)
Zerodur Ra ¼ 7–8 nm (#4000 SD) 0.5–1.5 nm (#8000 SD)

Based on the above-mentioned experimental results, extremely smooth
surfaces were successfully achieved. These results also indicate that ELID
CG-grinding can be successfully used to fabricate spherical lenses and
molds with a more stable process, at higher efficiency and of better surface
quality, compared to conventional grinding.
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Efficient and precise grinding of spherical lens molds with cup wheels
using the ELID process was proposed and tested in the present study. Our
investigations revealed that ELID CG-grinding can be used to successfully
achieve better surface roughness.

6.5 ELID Grinding Characteristics and Surface Modifying

Effects of Aluminum Nitride Ceramics

6.5.1 Experimental Setup for ELID Grinding of AlN Ceramics

Aluminum nitride (AlN) ceramics have excellent electrical insulation and
dielectric properties, a high thermal conductivity that is approximately 10
times than that of alumina, as well as a thermal expansion coefficient that is
close to that of Si. As such, AlN ceramics are anticipated to be used in
semiconductor mounting boards, heat-dispersing substrates for power
modules, and other heat-sink materials in a variety of high-value-added
applications [24,25]. In this section, we report the efficient, high-precision
grinding of sintered AlN ceramics using the ELID process and describe the
ground surface modifying characteristics in detail.

FIGURE 6.19
ELID ground lens mold.
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Table 6.2 lists the experimental conditions for ELID grinding. A precision
rotational grinder was used for external grinding. The wheels used in this
experiment were #325, #600, and #1200 for rough grinding, #2000 and #4000
for intermediate grinding, and #8000 and #30000 for finishing. The #30000
wheel had an average grit size of approximately 0.3 mm. In addition, surface
evaluation and testing, as described in Table 6.3, were carried out on AlN, in
which ELID grinding was performed in order to examine the surface prop-
erties and surface modifying effects. In this experiment, ELID grinding was
performed on test specimens that are referred to as the ELID series. For the
purpose of comparison, another set of test samples were polished using
emery paper and then finished by buff polishing using alumina abrasive
grains (average grain diameter: 0.3 mm) (referred to as the polished series).

Figure 6.20 shows the results of surface roughness measurements for AlN
subjected to ELID grinding. The obtained results indicate that finer the grain
size of the grinding wheel, greater the improvement in the surface roughness.

TABLE 6.2

ELID Grinding Conditions

Workpiece Aluminum Nitride (AlN) Ceramics

Grinding machine Precision rotational grinder
Grinding wheel Cast-iron-bonded diamond wheel (#325,

#600, #1200, #2000, #4000, #8000, and #30000)
Grinding conditions Wheel rotation: 2000 rev=min

Work rotation: 3000 rev=min
Depth of cut: 2 mm=min, 1 m=min

Grinding fluid Chemical solution type grinding fluid
(5% dilution to water), density: 1.07 g=cm3, Ph (50�):
10.0, conductivity (50�): 123 msec=cm

Electrical conditions Open voltage: 90 V, peak current: 10 A, pulse timing (on=off):
2=2 msec, pulse wave: square

TABLE 6.3

Methods Used for Surface Evaluation and Testing

Surface roughness SURFTEST-701 (Mitutoyo Co. Ltd)
Surface observation JSM-5600LV (Scanning Electron Microscopy; SEM) (JEOL Ltd)
Surface hardness test Nano hardness tester (CSM Instruments)
Surface tribology test Reciprocating sliding test system (HEIDEN Co. Ltd)
Surface elemental analysis ESCALAB MK II (x-ray Photoelectron Spectroscopy; XPS)

(Thermo VG), Microlab350
(Auger Electron Spectroscopy; AES) (thermo VG)
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A dramatic improvement in the roughness of ground surface was con-
firmed between #600 and #2000 wheels. This is attributed to changes in
the material removal mechanism between the two grains. By final-finish
machining using #30000 abrasive, a satisfactory surface roughness of
0.008 mm Ra was obtained.

Significant improvement in surface roughness and form accuracy was
successfully achieved by fine-grit wheels using the ELID technique. Figure
6.21 shows the behavior of the electrolytic current for processing using a
#4000 grinding wheel. The current is low at the initial electrolysis stage and
increases after the wheel comes in contact with the workpiece. There is no
subsequent variation with processing time, and the current remains con-
stant at approximately 0.25 A, indicating that the ELID conditions are
appropriate and that stable processing occurs from beginning till the end.
This trend in current values was confirmed for all of the other wheels, in
addit ion to the #4000 wh eel. A finished exampl e is shown in Figure 6.22.

6.5.2 Observation of the ELID Ground Surface

Figure 6.23 shows the resu lts of SEM observati ons of the ground surfac es
obtained with #325 to #30000 grinding wheels. The surfaces ground with the
#325 and #600 wheels demonstrate a rough processed state with the material
removed by the breakdown of the grain boundary. On the surface, ground
with the #1200 wheel, small areas in which the material was removed by
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FIGURE 6.21
Behavior of the electrolytic current for processing using a #4000 grinding wheel.
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means other than the breakdown of the grain boundary were confirmed.
However, in the same way as the surface ground with the #325 wheel, most
of the areas were removed in the brittle failure mode, in which the break-
down of the grain boundary is the principle mechanism.

Conversely, the surfaces ground with the #2000, #8000, and #30000 wheels
were processed to a smooth surface, with almost no breakdown in the grain
boundary. SEM observations of machined surfaces confirmed that between
rough machining with #1200 abrasive and intermediate finishing with #2000
abrasive, there exists a brittle–ductile transition point for aluminum nitride.
In order to create a high-quality machined surface, the use of fine abrasive
parti cles of at least #2000 is essent ial. Figure 6.24 summar izes the rela tion-
ship between the wheel mesh size and the removal mechanism when ELID
grinding is used. These results demonstrate that ELID with extremely fine
abrasives can produce highly smooth surfaces. This technique is also char-
acterized by high precision and efficiency that are attributable to the metal
bonding of the abrasive.

6.5.3 Surface Modifying Effect by ELID Grinding

In order to verify the surface modifying effect at the top of the substrates
on which ELID grinding was applied, the hardness was tested using a

FIGURE 6.22
ELID ground AlN.
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nanoindenter. The maximum indentation load was set to 2 mN. Figure 6.25
shows the results of calculating the Vickers hardness of the top surface, from
the relationship between the indentation load and the indentation depth. The
resulting value indicates that the hardness of the ELID series is approximately
400 HV higher than that of the polished series. Consequently, it was found that

10 µmµm10 μm

#30000(g)

FIGURE 6.23 (continued)
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FIGURE 6.24
Relation between wheel mesh size and removal mechanism.
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implementing ELID grinding on AlN produces a surface modifying effect that
enhances the hardness of the top surface of the workpiece.

Figure 6.26 shows the rela tionship bet ween the frict ional coeffici ent m

and the number of sliding cycles, with respect to the results of the friction
and wear testing. The testing conditions were as follows:

. Load: 200 g

. Diameter of opposite material (alumina ball): 3.175 mm

. Sliding distance: 10 mm

. Testing speed: 5 mm=sec

. Number of tests: 100 times

The results indicate that the frictional coefficient m of the ELID series is
lower than that of the polished series. The high-quality surface hardness, as
shown in Figure 6.25, obtained as a result of the surface modifying effect
due to ELID grinding may be one of the reasons why the sliding character-
istics are improved.
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Results of hardness measurements using a nanoindenter.
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6.5.4 Analysis of the Modified Surface

The properties of the machined AlN surface were analyzed by chemical
eleme nt analy sis usin g Auge r electron spect roscop y. Figure 6.27 shows the
results of this analysis. With respect to the intensity of oxygen atoms, the
peaks of the ELID series are sharper than those of the polished series. Figure
6.28 shows the res ults of elemen tal analysi s in the depth dir ection for
various test material surfaces using x-ray photoelectron spectroscopy
(XPS). The etching rate was set at 5 nm=min. With respect to the state of
diffusion in the depth direction of the oxygen element, the ELID series
maintains a higher peak than the polished series, suggesting that the in-
crease in sur face har dness shown in Figu re 6.25 is caused by the oxyg en
diffusion phenomenon demonstrated here. As shown in Figure 6.26, ELID
grinding yields superior tribological properties in the early stage of trib-
ology testing, by virtue of not only the highly smooth surface attained, but
also the resulting oxygen element diffusion layer. The ELID grinding
method can be used to fabricate machined surfaces exhibiting desirable
characteristics for hard AlN ceramics.

Further experiments are planned in order to clarify the details of the
diffusion mechanism of the oxygen element and determine the optimum
processing conditions for ELID, such as the type of abrasive, the feed rate,
and the machining fluid.

According to the above-mentioned experimental results, the final finish-
ing using a #30000 wheel produced an extremely smooth ground surface
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roughness of 0.008 mm Ra. In addition, the ELID series demonstrated surface
hardness and sliding characteristics that were superior to those of the
polished series. These advantages may be attributable to the diffusion
phenomenon of the oxygen element produced by the ELID grinding.
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7.1 Introduction

This chapter is focused on belt centerless grinding applied to hard-
to-machine materials. The initial objective is to assess the feasibility of
high stock removal on ceramics while maintaining a good control on the
process. Attempts in this area have been few and not highly successful,
hence there are few or no literature on this subject.

The use of coated abrasives has been proven to be more economical and
faster than alternative stock removal procedures. Coated abrasives have
been transformed from simple ‘‘sand paper’’ through technological advances
in backings, adhesive bonds, abrasive grains, and joint designs. Coated
abrasives are used for dimensioning to close tolerances in a variety of
materials ranging from wood, metal, ceramics, and glass.
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High-speed stock removal is made possible through technological advances
of the three main raw materials that comprise the coated abrasive belts.
Minerals, backings, and adhesive bonds are the three raw materials that
encompass the manufacture of coated abrasives. Minerals perform the ac-
tual job of grinding, finishing, and polishing. Emery and garnet, two natural
minerals, are supplemented with six synthetic materials: aluminum oxide,
silicon carbide, alumina-zirconia, ceramic aluminum oxide, diamond, and
recently CBN. The base, or carrier, for the abrasive mineral is the backing
material. To optimize the flexibility, rigidity, or toughness required for the
application, the proper weight, thickness, and type of material needs to be
selected. Four backing materials that are generally used are paper, cloth,
fiber (a combination of paper and cloth), and polyester film.

The machines that use the abrasive belt technology are more powerful
and efficient than past machinery. Through the combination of multiple
machine heads, excellent surface quality can be achieved in a single pass.
The configuration of rough grinding, semi-finishing, and final finishing
machine heads can achieve a surface finish of 0.26 mm or less. Improved
machinery can achieve high levels of accuracy going down to +0.25 mm.

The process of centerless grinding is used for continuous grinding of cylin-
drical surfaces. The workpiece is supported by a rest blade in contrast to
cylindrical grinding where the workpiece is supported by its centers. The
grinding head is responsible for the removal of material. A contact wheel, an
idler roll, and the abrasive belt are the three main components of the grinding
head. The regulating wheel ensures the contact between the workpiece and the
grinding head. The regulating wheel is a rubber-bonded wheel that is tilted to
generate axial feed. It rotates at approximately one twentieth the surface speed
of the contact wheel. The cutting forces exerted by the grinding head hold the
workpiece against the work-rest blade (through feed support). The workpiece
rotates at the same sur face speed as the regu lating wh eel (Figure 7.1).

Centerless grinding has several important advantages:

. The process is rapid, as through-feed centerless grinding is almost
continuous.

. The operator requires very little skill.

. The process can be easily automated.

. The workpiece is fully supported by the work rest and the regulating
wheel in the cutting zone. This allows more intense cutting without
the fear of distortion.

. Accurate size control is achievable because there is no distortion of
the workpiece.

Abrasive belt centerless grinding offers some additional advantages:

. Stock removal time is decreased.

. Belts require much lower unit forces.
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. Higher feed rates are attainable.

. There is no need for dressing or truing of a wheel.

. Setup times are reduced.

. Constant surface speed can be maintained.

. Cooler operation.

. Belts can be used in multiple-head configurations.

Surface quality also depends on a number of variables. Specification of
machine rigidity, the contact wheel, the abrasive belt and the parameters
for the workpiece surface speed, belt speed, and production through-feed
rate are just a few examples of these variables.

7.2 Definition of the Problem

Ceramic materials are difficult-to-machine materials. To obtain a good
quality machined surface, it is necessary to use a very small depth of cut,
usually at the submicron level, which keeps the process to very low
productivity and efficiency. Most of the highly industrialized countries

Inclined regulating

wheel

Workpiece

Abrasive belt

Idler rollContact wheel

Through-feed

holder

Angle of tilt of

regulating wheel

FIGURE 7.1
Abrasive belt centerless grinding setup.
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invested very heavily in the development of ceramic materials in the last
15–20 years. Even though there are a number of good results obtained
using ceramic materials, the rate of increase in the number of applications
for these materials in industry is still very slow. Due to their excel-
lent wear resistance and tolerance of high temperature, ceramics are the
desired materials for many applications in the automotive, aerospace, and
bearing industry. The barrier is the high cost and difficulty of machining
these materials.

Hardened tool steel is another kind of difficult-to-machine material that is
studied in this chapter. M7 is molybdenum-type high-speed steel designed
with higher carbon and vanadium to provide high hardness (up to HRC
65–67) and good wear resistance.

The first issue to be addressed in belt centerless grinding of ceramics is
dimensional control. Centerless grinding, in both its fixed abrasive and
coated abrasive variants, uses a rubber-regulating wheel to ensure the
contact between the cutting tool (wheel or belt) and the workpiece. Thus,
the introduction of an elastic element in the dimensional chain renders the
adjustment of the depth of cut difficult. In the specific case of belt centerless
grinding, there are two more elastic components that intervene on the
dimensional chain. The cutting action of the abrasive belt is insured by the
contact roll, which has a much higher elasticity coefficient than bonded
abrasive wheels. The second additional elastic component is the backing
of the abrasive belt. The variability introduced by these factors also affects
the influence of the work parameters, surface speed, and feed, on the
material removal. As in any other cutting process, the part itself will influ-
ence the dimensional precision of the process through its material charac-
teristics and tolerance heredity.

7.3 Objectives

. To establish the necessary characteristics for the abrasive belts and
the machine tools, using them such that high stock removal can be
achieved on ceramic materials while maintaining good output preci-
sion and surface quality.

. To optimize the process parameters for belt centerless grinding of
ceramic materials and hardened tool steel. Our preliminary trials
focused on the relationship between process parameters, belt
speed and through-feed, and several output parameters: depth
of cut, stock removal, material removal rate (MRR), and surface
roughness.
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7.4 Experiments for Ceramic Materials

Experiments have been performed on an ACME Model 47 Belt Centerless
Grinder. The machine tool has been modified by the manufacturer to meet
the needs of our research better. The main modifications were focused on
increasing the variability of the main adjustable parameters: belt speed,
feed, and part diameter. In this respect, the machine was equipped with
smart drives for both the main drive and the regulating wheel. Thus, the
contact wheel rpm can be continuously varied between 0 and 5000 rpm
while the regulating wheel covers the 0–115 rpm range. The tilt angle of the
regulating wheel can be varied between 0 and 10 degrees. The regulating
wheel diameter is 152.4 mm, for which the maximum through feed (for
maximum regulating wheel rpm and maximum tilt angle) is 1066.8 cm=min.
The 70 durometer rubber-covered contact wheel has a 203.2 mm diameter
and 101.4 mm width.

The abrasive belt used for these tests was a 3M Flex diamond belt with
125 mm grit size. The length of the belt is 2133.6 mm and the width is 101.4.
The test samples were extruded aluminum oxide 96%, cylindrical shaped, with
an average length Lave¼ 101.25 mm (Figure 7.2). The sample material density is
r¼ 3.702 g=cm3. Taking into account that these were preliminary tests and that
there is very limited data on this type of process, we opted for a full factorial
design of the experiments. Thus, the variable process parameters were

. Belt speed (m=sec), with 5 levels: 30.48, 35.56, 39.62, 44.19, and 48.26.

. Through feed (cm=min), with 5 levels: 149.1, 174.0, 198.9, 223.5, and 248.4.

The fixed parameters were

. Regulating Wheel tilt angle: 38

. Set depth of cut: 30 mm

101.2

2 2

 � �

12

12 12

FIGURE 7.2
Al2O3 sample, showing the location of the six points where the diameter was measured.
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Thus, the experiments matrix had a 5� 5 size with 25 set points. For
each set point, the experiments were repeated four times. The sample set
was 5� 5� 4 ¼ 100 samples. The measured sample input parameters were

. Initial average diameter for each sample, Di (mm) (the measurements
were performed on three diameters and on three locations on the
sample’s length).

. Initial sample weight, Wi (grams).

. Initial sample roughness, Rai (mm).

The sample average for the input parameters were Di ave ¼ 6.903 mm; Wi ave ¼
14.231 g; and Rai ave ¼ 0.58 mm. The measured output parameters were

. Sample final diameter, Df (mm) (average in six points)

. Sample final weight, Wf (g)

. Sample final roughness, Raf (mm)

The computed output parameters were

. Actual depth of cut, DOC ¼ Di – Df (mm)

. Stock removal, SR ¼ (Wi – Wf)� r�1� Lave
�1 (cm3=cm)

. Material removal rate, MRR ¼ SR� Feed (cm3=min)

The tests were performed using high-flow 5% water-based coolant.

7.5 Results

After the samples were machined and measured, the data were first
analyzed as a pure sample set, considering all 100 samples. Using this
approach, we can obtain initial information on the consistency of the tests.
Figure 7.3 thr ough Figure 7.5 sho w the measu red paramete rs, sa mple diam-
eter, sample weight, and surface roughness for all 100 samples. Each set of
20 samples was machined with a constant belt speed while the feed was
increased. A very good correlation can be observed for sample diameter
(Figure 7.3) and sample weight (Figure 7.4). The sample roughness (Figure 7.5)
displayed an acceptable correlation coefficient and maintained its values in
a predictable range for the belt grit size.

In addition, from this data we can observe a relatively high heridity of
the parameters. This behavior is typical for machining processes where the
dimensional chain includes elastic elements, allowing variations that occur
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in the initial state to propagate, with a certain dampening coefficient, to the
postmachining state.

The second step of our analysis is to treat the sample set as a multiple
observation one. Thus, we computed the average on the four samples that
were machined in the same set points. The average values obtained for each
set point were then plotted in four ways: 3D surface, contour bands, which
are obtained by intersecting the obtained surface with XY planes, and 2D
scatter graphs for feed and belt speed, respectively. The analyzed param-
eters are depth of cut (Figure 7.6a through Figure 7.6d), stock removal
(Fig ure 7.7a through Figu re 7.7d ), MRR (Figure 7.8a through 7.8d), and
surfac e rou ghness (Figure 7.9a through Figure 7.9d).

From Figure 7.6a through Figure 7.6d, it can be observed that the depth of
cut has a typical variation of the centerless grinding process, that is, it
decreases with the increase in the through feed and increases with the
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FIGURE 7.6
(a) Depth of cut vs. feed and belt speed. (b) Contour bands for several values of the depth of cut.
(c) Depth of cut vs. feed for each of the used belt speeds. The sample coefficient of determin-
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coefficient of determination, R2, is also shown.
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increase in the belt speed. The high values obtained for the sample coeffi-
cient of dependency indicate a very good linear relationship among the
process parameters and the output ones. The somehow unexpected result
was the range obtained for the depth of cut. As previously mentioned, the
set depth of cut was 30 mm. The measured depth of cut ranges from 49 to
121 mm. A possible explanation for the difference between the set depth of
cut and the measured one is that the reference coordinate is set when first
contact between the abrasive belt and the sample takes place. Keeping in
mind that the dimensional chain contains three elastic elements, this first
contact translates, in fact, into a pressure applied on the sample by the
contact wheel and the regulating wheel. When adjusting the regulating
wheel for the set depth of cut, we increase this pressure. The resulting depth
of cut is, therefore, a combination of the work parameters (speed and feed),
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the cutting capacity of the belt, and the contact pressure. Thus, the good
linear dependen cy, sho wn in Figure 7. 6c a nd Figure 7.6d, offers a good
opportunity for controlling the process. Useful in this respect are diagrams
such as the one presented in Figure 7.6b. The contour bands are obtained by
intersecting a surface such as the one presented in Figure 7.6a by XY
horizontal planes. The vertical offset of these planes represents the value
of the analyzed parameter, which in this case is the depth of cut. Each point
on a contour band corresponds to the same depth of cut, thus offering
the possibility of optimizing the process parameters. The values obtained
are atypical for grinding ceramics and are related, to a high degree, with the
cutting capacity of the diamond belt.

The next analyzed parameter is the stock removal, and the corresponding
grap hs are presen ted in Figure 7.7a, through Figure 7.7 d. Theo retically , the
stock removal is directly proportional with the depth of cut. To confirm
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the results obtained by measuring the depth of cut, the stock removal was
compu ted usin g the weig ht variati on of the sampl es. Figure 7.7a through
Figure 7.7d display the same type of variation as for depth of cut, maintain-
ing the high values for the linear correlation, confirming this way the
consistency of the experiments. This parameter also has high values as
compared with previously known values for stock removal in the case of
grinding ceramic materials.

Combining the values for stock removal with the ones of the through
feed, we computed the MRR, which is a very good indicator of the process
productivity. The graphs showing the variation of this parameter are pre-
sented in Figure 7.8a thr ough Figure 7.8d. As shown in Figure 7.8c, the MRR
increases with the increase in the through feed, the higher depth of cut at
lower feeds not compensating for the increase in feed. Thus, when optimiz-
ing the process for a certain depth of cut, both variations should be taken
into account. As expected, the linear correlation is very good.

32 34 36 38 40 42 44 46 48
150

160

170

180

190

200

210

220

230

240
2.75

2.65

2.55

2.45

2.35

2.7

2.6

2.5

2.4

3.5

2.5

1.5
250

R
ou

gh
ne

ss
 (μ

m
)

200

(a) (b)

(c) (d)

150 30
35

40

Work speed (m/sec)Feed (cm/min)

45
50

3

2

2.6

2.5

2.4
2.5

2.6

2.6 2.7

2.6

2.6

2.5

2.7

2.

1.5

1.7

1.9

2.1

2.3

2.5

2.7

2.9

140.0 160.0 180.0 200.02 20.0 240.0
Feed (cm/min)

S
ur

fa
ce

 r
ou

gh
ne

ss
, R

a 
( μ

 m
)

30.48 35.56 39.62 44.19 48.26

Work
speed

(m/min)

1.5

1.7

1.9

2.1

2.3

2.5

2.7

2.9

30.00 35.00 40.00 45.00 50.00
Work speed (m/sec)

149.1 174.0 198.9 223.5 248.4

S
ur

fa
ce

 r
ou

gh
ne

ss
, R

a 
(μ

 m
)

FIGURE 7.9
(a) Surface roughness vs. feed and belt speed. (b) Contour bars for several surface roughness
values. (c) Surface Roughness vs. feed for each of the used belt speeds. Surface roughness vs. work
speed for each of the used belts. (d) Surface roughness vs. work speed for each of the used belts.

� 2006 by Taylor & Francis Group, LLC.



The final parameter analyzed is the surface roughness, Ra. The graphs
obt ained are presen ted in Figu re 7.9a through Figure 7.9d.

The data obtained for the surface roughness do not show the same consist-
ency and correlation as the other analyzed parameters. The sample determin-
ation coefficients are between 0.3 and 0.4. The obtained roughness range,
between 2.3 and 2.8 mm, is not uncommon for the grit size and depths of cut
used in these ex perime nts. From Figure 7.5 a nd Figure 7.9a, we can observ e a
slight increasing trend toward higher values of belt speed and feed.

7.6 Preliminary Conclusions

. The preliminary tests presented in this chapter strongly indicate that
high removal rates can be obtained by belt centerless grinding of
alumina using diamond belts, and thus establishing a solid starting
base for further studying and developing this application of belt
centerless grinding.

. The process showed very good consistency.

. The linear relationships between the work parameters (belt speed
and through feed) and the depth of cut, stock removal, and MRR are
very strong with an average sample coefficient of determination
above 0.96. This aids in controlling the process well.

. Based on the established correlation, the process can be easily opti-
mized.

. No inference can be made yet on the resulting surface roughness.

7.7 Experimental Plan for M7 Hardened Tool Steel Drill Bar

To conduct the experiments, the initial measurements (including diameter,
weight, and roughness of 400 samples) have been finished. The grinder has
been adjusted initially. The contact wheel and regulating wheel have been
dressed. The contact wheel is a 90 durometer rubber covered contact wheel
with 203.2 mm diameter and 101.6 mm width.

The abrasive belt used for these tests are:

. 3M Flex diamond belt with 125 mm grit size, 2133.6 mm length, and
101.6 mm width.

. 3M Flex CBN belt with 125 mm grit size, 1371.6 mm length, and 101.6
mm width.
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The test samples were M7 hardened tool steel drill bar, cylindrical shaped,
with an average length Lave ¼ 98.425 mm and 1188 point angle.

The variable process parameters were

. Belt speed (m=sec), with five levels: 35.56, 40.64, 45.72, 50.8, and 55.88.

. Through feed (cm=min), with five levels: 208.53, 250.24, 291.95,
333.66, and 375.36.

The fixed parameters were

. Regulating wheel tilt angle: 58

. Set depth of cut: 0.254 mm

Thus, the experiments matrix had a 5� 5 size with 25 set points. For each set
point, the experiments were repeated five times. The sample set was
5� 5� 5¼ 125 samples. Considering the use of both diamond belt and
CBN belt, 250 samples are needed. The measured sample input parameters,
the measured output parameters, and the computed output parameters are
the same as those in the experiments for ceramic materials. The tests were
performed using a high-flow 5% water-based coolant, which is designed
to operate at very high fluid pressures and volumes and primarily for
machining and grinding exotics and highly alloyed steels.

7.8 The Problem Encountered and Possible Reasons

In preliminary testing of the samples, a taper shape of the workpiece was
observed after grinding. The taper shape existed in the samples before
grinding and, in theory, grinding should be able to remove it. However,
after grinding, the taper tended to increase even after dressing the contact
wheel and the regulating wheel. Possible reasons could be that hardened
tool steel has a higher hardness than ceramics and was machined with a
larger depth of cut, for which the flex belt was not rigid enough to keep the
workpiece going forward in a straight line. This resulted in the deviation in
the workpiece, which led to the taper shape.

7.9 Remaining Work

For ceramic materials, future experiments will be performed using smaller
grit sizes for the diamond belts, concentrating more on the surface quality.
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In addition, by using a load cell on the regulating wheel’s slide, we expect to
better control the first contact between belt and part, thus minimizing the
initial contact pressure. For hardened tool steel, the reasons for taper shape
need further investigation and factorial experiments need to be conducted.

7.10 Benefits to Companies

Owing to the results of this research project, belt manufacturers will have
the necessary information to modify their products to achieve better effi-
ciency in the grinding of ceramic materials. Machine tools manufacturers
could use the data to adapt their machines to the specific conditions of high-
efficiency grinding of hard and brittle materials.

7.11 Related Work Outside AMMC

Koes, R.W., Coated abrasive centerless grinding offers both stock removal
and quality manufacturing advantages, ACME Manufacturing Company,
Technical Report.

Mayer, J.E., Fang G.P., Effect of grinding parameters on surface finish of
ground ceramics, Annals of the CIRP, Vol. 44, No.1, 1995.

7.12 Related Work Inside AMMC

Marinescu, I.D., Dontu, G., Abrasive belt centerless grinding, Abrasives
Magazine, February=March, 1999.
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8.1 Introduction

Acoustic emission (AE) has been widely used in many fields such as
material behavior detecting, nondestructive testing, investigating friction
and wear processes, monitoring engineering structures, and mechanical
machining processes since the late 1960s.

Lapping with diamond abrasive slurry is one of the most used processes
for very hard and brittle materials. Previous research on lapping and free
abrasive wear indicated that brittle fracture plays an important role in the
material removal mechanism, especially when the abrasive size is big and
normal pressure is high. Cracks generated in the lapping process reduce
material strength. A key problem in industry is the controlling and monitor-
ing of the surface damage and integrity of ceramics in-process. AE technol-
ogy has been recognized internationally as one of the most promising
in-process abrasive machining damage detection and monitoring method.
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The lapping process is a very complex three-body abrasion. During fric-
tion and wear processes, many AE signals could be generated because of the
interactions, impact, dislocation, deformation, and removal of materials. In
the area of tribology, AE was used to characterize wear mechanisms, dis-
cern plastic deformation and fracture, and to monitor active friction and
wear processes. AE signals were related to friction coefficient, abrasive grit
size, and wear rate.

Until now, a little attention has been paid to research of lapping using
AE. K. Phillips has used this method to determine the active number of
abrasive particles in a specific unit of area during lapping of glass and
fused silica. Another researcher, Dornfeld, investigated the glass-lapping
process using AE and he focused on distinguishing between two-body and
three-body abrasions and between the ductile and brittle material removal
mechanisms.

By supporting the study regarding the monitoring of machining pro-
cesses using AE signals, the industry will be able to apply the results
efficiently. This will improve its manufacturing processes in terms of quality
of parts and machining productivity. The study of the AE signals emitted
during certain operations can lead to a better understanding of the phenom-
ena that take place in the machining area and thus create the possibility of
conducting the processes according to the desired goal.

8.2 Related Work

8.2.1 Within University of Toledo

1. Marinescu, I., Webster, J.A., Brittle=ductile grinding regime for brit-
tle materials, Diamond and CBN Ultrahard Materials Symposium
93, Ontario, Canada, Sept. 29–30, 1993.

2. Ruiling, Zeng, Acoustic emission investigation of ceramic lap-
ping process, MS Thesis, Kansas State University, Manhattan,
Kansas, 1998.

3. Webster, J.A., Marinescu, I.D., Benett, R.J., Acoustic emission for
process control and monitoring of surface integrity during grinding,
Annals of CIRP, Vol. 43, 1994, pp. 299–304.

8.2.2 Outside AMMC

1. Ivanov, V., Application of the acoustic emission method for non-
destructive monitoring and investigation of materials, Defektoscopiya,
No. 5, May, 1980, pp. 65–84.
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2. Kish i, Cozo , Investigat ion of scrat ching ceramic s using aco ustic
em ission, Internat iona l Journa l of Japa n Societ y of Pr ecision Eng ineering ,
Vol . 22, 1988.

3. Ton shoff, H.K., Wulfs beerg, J.P., Kals, H.J .J., Developm ents and
trends in monito ring and contr ol of mach ining pro cess, Annals of
CIR P, Vol. 37, 1988, pp. 611–622.

8.3 Methodology

The key pro blem is the pickin g up of an AE sign al effective ly. A monito ring
system bas ed on recordi ng and pro cessing of the AE signal s was develo ped
to stu dy the a ccuracy and sensitiv ity of this type of sens or to any chan ge in
the state of the lapping pro cess. The equi pment shou ld be able to recognize
any mo dificatio n or malfun ction in the proces s. The se could be generated by
wrong selection of the mach ining paramete rs or by unp redictable malfun c-
tions or damage s of workp ieces or the lappi ng mach ine.

The exper imental equipme nt used in this res earch is listed as follow s:

– Lapm aster lapp ing machine , mo del 12C, variable spee d 90 VD C,
7.5 amp mo tor (0–60 rpm) with 12’’ grooved cast-iro n plate, 5 ’’ cast- iron
conditi oning rings, and a magn etic stirrer

– Col e-Parm er per istaltic pum p, 7021–24 pum p head and 13 mm
diame ter Mas terflex Tygon special tubing

The AE measu rement syst em includ es the fo llowing :

– AE sensor, model R15 (PAC—Physical Acoustics Corporation),
sensitivity scale: 100–1000 kHz

– Preamplifier and filter, model 1220A, gain: 40=60 dB, frequency scale:
100–1200 kHz

– IBM 486 PC with GPIB interface board

Other instruments used

– Roughness meter Hommel tester LV 15

Figure 8.1 shows the sc hematic of the exp erimenta l setup . Three ce ramic
workpieces touch the lapping plate on their bottom surfaces and the load on
their top surfaces. The workpieces are held in place by a slotted disk that is
fixed at the bottom of the load using a piece of double stick tape. The AE sensor
is installed on an arm and immersed directly in a few drops of oil put in the
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load (about 0.2 mm from the bottom end of the recess of the load plate). The oil
is used to transmit the AE signal from the load to the AE sensor.

The AE signal generated at the workpiece=plate interface is transmitted to
the AE sensor via workpieces and the load. After amplifying and filtering,
the raw AE signal with frequency between 0.1 and 1 MHz is collected and
data are recorded.

Ceramic workpieces (rings with 0.5’’ ID, 0.8’’ OD and 0.2’’ thickness) made
of Al2O3 (Table 8.1) were lapped with diamond slurry on the single-side
lapping machine using a cast-iron plate and two conditioning rings.

Conditioning ring

Abrasive slurry

Lapping plate

Load

Phenolic disk
Workpieces

PC

AE

AE signal

Main
amplifier

Pre-
amplifier

Oil

Lapping machine

FIGURE 8.1
Setup for the acquisition of the acoustic emission signal in the lapping process.

TABLE 8.1

Workpiece Material Properties

Material Al2O3—99.8%

Physical properties

Density (g=cm3) 3.96

Mechanical properties

Tensile strength (MPa) 310 (at 258C)
220 (at 10008C)

Modulus of elasticity (GPa) 366
Poisson ratio 0.22
Compressive strength (MPa) 3790 (at 258C)

1.929 GPa (at 10008C)
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Diamond abrasive was suspended in a water-based carrier and supplied by
a peristaltic pump at a flow rate of 0.75 mL=min. The slurry was based on either
monocrystalline or polycrystalline diamond grains with 0.25 mm grit size.

Durin g the lappi ng exp eriments, the follow ing parameter s were kept
constan t:

. Flow rate: 0.75 mL =min

. Carrie r type: water -base d

. Slurry co ncentrat ion: 1.4 g=500 mL

The follow ing parameter s were varied :

. Diamon d type: mono crystalline and polycr ystallin e

. Rotati on of the lapping plate: 3, 6, and 9 rpm

. Load: 380, 750, and 1200 g

. Lappin g time: 5, 15, 30, and 60 min

8.4 Experi me nta l Re sult s

8.4.1 Experiment al Pro cedure

Three variable s we re consi dered in the experi ments: (1) type of diamond:
monocr ystallin e (M) and polycr ystallin e (P); (2) rotati on speed of the plate:
3, 6, and 9 rpm; (3) mass of the load: 380, 750, and 1200 g. The experimental
conditi ons are liste d in Ta ble 8.2.

In each experiment, AE signals were recorded and three parameters were
extracted from the AE signals: hits, counts, and energy. Each lapping
experiment lasted 60 min. The AE signals were sampled for about 30 sec
at the end of each lapping time: 5, 15, 30, and 60 min. The surface roughness
of the workpiece and the material removal rate (MRR) at each sampling
stage were measured.

8.4.2 Data Analysis

One objective of the experiments is to find the correlation between the AE
signal and surface roughness of workpieces. Counts, hits, and energy are
some of the important AE parameters in the AE signal analysis. Experimen-
tal data show that counts and hits vary irregularly with machining time. It is
not encouraged to try to find the correlation between AE counts, or hits, and
surface roughness of workpieces.
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The lappi ng pr ocess can be consid ered as a proce ss with energy release .
A rough surface has hig h energy and a smooth surfac e has low energy. It is
reas onable to focus on its ene rgy while checkin g the relati onship bet ween
the AE sign al and surface quality of workp ieces.

8.4. 2.1 Energy Per Uni t Tim e

Ene rgy per unit time (EPT) can be obtaine d by divid ing the total ene rgy
reco rded in a period of time by the durati on of the reco rding. From Figure
8.2, it can be observ ed that the EPT dec reases with time, showin g the sa me
variation as surface roughness. Similar cases can also be observed in tests
carried out with both 6 rpm and 9 rpm. We can say that EPT has some kind
of correlation to the surface roughness. In these experiments, we cannot tell
if the EPT finally goes to a small constant as the surface roughness does.

One can see that increasing the load leads to higher values of the EPT,
which can be explained by higher AE activity since the abrasive grains are
pressed more against the workpiece. The same observation can be made for
increasing the plate rotation. One can say that an increase in the plate
rotation will yield smoother surfaces and higher values for EPT.

Taking into account the ideas mentioned above, one can say that the EPT
is a relevant AE parameter for monitoring the lapping process. It is sensitive
to the changes of load and plate rotation and can also monitor the roughness

TABLE 8.2

Experimental Conditions

Test Number Type of Diamond

Rotation Speed

of Plate (rpm) Mass of Load (g)

1 (M31) M 3 380
2 (M61) M 6 380
3 (M91) M 9 380
4 (M32) M 3 750
5 (M62) M 6 750
6 (M92) M 9 750
7 (M33) M 3 1200
8 (M63) M 6 1200
9 (M93) M 9 1200
10 (P31) P 3 380
11 (P61) P 6 380
12 (P91) P 9 380
13 (P32) P 3 750
14 (P62) P 6 750
15 (P92) P 9 750
16 (P33) P 3 1200
17 (P63) P 6 1200
18 (P93) P 9 1200
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resu lting from the proce ss co nducted with certain values of the pro cess
paramete rs. This can be explain ed by the correlatio n that ex ists betwee n
the inp ut paramete rs (load and plate rotatio n) and the outpu t paramete rs,
one of which is the sur face rou ghness. Owing to the abov e conclusi on, the
next steps that were taken were focus ed on stu dying the relevance of EPT
for monitorin g other parameter s of the lapping pro cess and the correlatio n
betwee n them and this featu re of the AE sign al.

Figure 8.3 sho ws the variati on in EPT function of the load used fo r
lapping for both monocr ystal line and polycr ystallin e diam ond grai ns. One
can draw the conclus ion that EPT is sensitiv e to the type of abrasive that is
used for lappi ng since the values of this AE featu re are dif ferent fo r mo no-
and polycr ystallin e diamo nd grai ns. On the ot her han d, the dif ferent val ues
of EPT func tion of load can be exp lained by dif ferent mecha nisms of
mater ial remo val. At very low values of load, the pre valent phenome non
that occurs in the machi ning area is the rolling of ab rasive grains on the
workpi ece sur face. This gene rates AE signal s with low ene rgy and is related
to low values of MRR. When using a heavie r load (750 g) indentat ion,
scrat ching and plowing of abrasiv e grains on the workpie ce surfac e occu r.
All these phenomen a generate AE signal s with mu ch higher ene rgy bec ause
of the friction bet ween the abrasive grain and the workp iece mater ial that is
involved in these mechanisms of material removal. By increasing the load

15,000
0.6

0.4

0.2

0

0.6

0.4

0.2

0

10,000

5,000

0

15,000

10,000

5,000

0

5
M61 M62 M63

M91 M92 M93 M91 M92 M93

M61 M62 M63
15 30 60

5 15 30 60 5 15 30 60

5 15 30 60

Time (min)

Time (min) Time (min)

Time (min)

E
P

T
E

P
T

R
a 

(μ
m

)
R

a 
(μ

m
)

FIGURE 8.2
Energy released per unit time vs. time (left) and surface roughness vs. time (right).
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used for lapping, the mater ial remo val mecha nism is ba sed mai nly on brittle
fracture of the ceram ic mater ial. Thi s gene rates AE signals with higher
energy than the ro lling of the diam ond abrasive grains on the workpi ece
mater ial, but less er than the friction betwee n them. From Figure 8.3, one
can conclude that EPT of the AE signal is sensitive and can be successfully
used for monitoring the type of abrasive and the prevalent mechanism of
material removal.

Simil ar conclu sions can be draw n from Figu re 8.4, wh ich sho ws the
variation in the EPT function of the rotation of the lapping plate. It can
also be seen that the energy released is different for the two types of
diamond grains (monocrystalline and polycrystalline), as it is always higher
for the polycrystalline diamond. EPT is directly proportional with the rota-
tion of the lapping plate because at higher speeds all the phenomena
generated by the material removal mechanisms are more intense. One can
say that EPT is suitable also for monitoring the rotation of the lapping plate.

8.5 Conclusions

Among multiple features of the AE signal, it was found that the energy per
unit time is sensitive to the change in almost all lapping parameters and
thus it is suitable for monitoring this machining process. The energy of the
AE signal has some kind of correlation with the surface roughness of
workpieces, and this can be explained by the correlation between the
input and output parameters on one hand and between the input param-
eters and the AE signal on the other.

8.6 Remaining Work

For the AE system, a high-speed signal acquisition should be used to
monitor the lapping process in real time. Many experiments on work
parameters and the quality of lapped workpieces should be carried out to
confirm the conclusions drawn so far. Based on the experimental results,
a practical database can be established and used in real production. Some
new programs should be developed to efficiently analyze AE signals and
correlate them to surface integrity.
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9.1 Introduction

This chapter represents a state-of-the-art process in the domain of electro-
lytic in-process dressing (ELID) abrasives. The information enclosed repre-
sents a considerable effort of analysis and synthesis of more than 50 titles
from most relevant research published on this topic in the United States,
Japan, and western Europe for the last 10 years. A comprehensive descrip-
tion of the principle and characteristic mechanisms of ELID abrasion are
introduced. Specific features of each component of ELID grinding and
polishing system are described further. Next, an explanation of the success-
ful and wide application of ELID principles to ceramic grinding is fur-
nished. Most important, 14 applications of ELID principle to modern
abrasive processes are documented. The final summary and conclusions
represent a handy tool for rapid information on ELID abrasion.

9.1.1 Principle and Mechanism of ELID Grinding

ELID grinding is a grinding process that employs metal-bond-abrasive
wheels dressed in-process by the means of an electrolytic process. The
procedure continuously exposes new sharp abrasive grains to maintain
the material removal rate and continuously improve the surface roughness.
A key issue in ELID is to sustain the balance between the removal rate of
the bonding metal by electrolysis and the wear rate of diamond abrasive
particles (Chen and Li I & II, 2000). Whereas the diamond wearing rate is
directly related to grinding force, grinding conditions, and workpiece mech-
anical properties, the removal rate of the bonding metal depends on ELID
conditions such as voltage and current, and the gap between electrodes.

ELID grinding was first proposed by the Japanese researcher Hitoshi
Ohmori in 1990 (Ohmori and Nakagawa, 1990). Its most important feature
is that no special machine is required. Power sources from conventional
electrodischarge or electrochemical machines, as well as ordinary grinding
machines can be used for this method. ELID grinding is based on electro-
chemical grinding (ECG). The grinding wheel is dressed during the elec-
trolysis process, which takes place between the anodic workpiece and the
cathodic copper electrode in the presence of the electrolytic fluid. The main
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difference between ELID and ECG is that the purpose of ECG is to aid the
grinding by removing material from the workpiece, whereas the purpose of
ELID is to remove small amounts of material (few microns) from the bond of
the wheel.

The chemistry of the process is presented in Figure 9.1, whereas the
mecha nism of the proce ss is pre sented in Figure 9 .2. The rate of bond metal
dissolution is highest at the metal–diamond interface particles; in other
words, the tendency of electrolytic dissolution is to expose the diamond
particles (Chen and Li I, 2000). In addition, the metal dissolution rate
increases with diamond concentration particles (Chen and Li I, 2000).

For a fixed gap and applied voltage, the current density does not change
much with the diamond concentration particles (Chen and Li I, 2000).
Hence, to maintain a constant rate of metal removal, the applied electric
field should be lower for a higher diamond concentration tool and vice
versa. This electric field concentration effect is greatly reduced when the
diamond particle is half exposed (Chen and Li II, 2000). This effect sharply
decreases from its highest value near the diamond–metal boundary to a

Fe − 2e → Fe+2

Fe − 3e → Fe+3

H2O → H+
 + OH−

Fe+2 + 2OH− → Fe(OH)2

Fe+3 + 3OH− → Fe(OH)3↓

Fe+2(3)

FIGURE 9.1
Dressing mechanism of ELID grinding. (From Qian, J., Ohmori, H., and Li, W., Int J Mach Tools

Manuf, 41, 193, 2001. With permission.)
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small value at a distance of the order of the diamond particle size (Chen and
Li II, 2000).

In a conventional grinding operation, the tool face is smooth and has no
protrusion of diamond particles after truing (Chen and Li II, 2000). Mech-
anical dressing opens up the tool face by abrasion with dressing stone,
which makes the grits to be exposed in the leading side and supported in
the trailing side. Laser and electrodischarge dressing opens up the tool face
by thermal damage, producing craters, microcracks, and grooves.

This induces a degradation of the diamonds because the diamond graph-
itizing temperature is relatively low, about 7008C. In electrochemical dress-
ing, grits are exposed by dissolving the surrounding metal bonds (Chen and
Li II, 2000).

9.1.2 Components of ELID Grinding System

The ELID system’s essential elements are a metal-bonded grinding wheel,
a power source, and an electrolytic coolant.

The metal-bonded grinding wheel is connected to the positive terminal of
the power supply with a smooth brush contact, whereas the fixed electrode
is connected to the negative pole. The electrode is made from copper that
has one-sixth of the wheel peripheral length and a width of 2 mm wider
than the wheel rim thickness. The gap between the wheel and the active
surface of the electrode is 0.1–0.3 mm and can be adjusted by mechanical

Fe2+ Ion

1. Predressing started

4. Dressing stabilized 3. Dressing started

2. Predressing completed

Protruding
grain

Oxide (Fe2O3)

Scraped oxide
Oxide layer

removed
Worn grain

FIGURE 9.2
Mechanism of ELID. (From Stephenson, D.J., Veselovac, D., Manley, S., and Corbett, J., J Int Soc

Prec Eng Nanotechnol, 25, 336, 2001. With permission.)
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means. The stage s of ELID grinding are pres ented in Figure 9.3; the pre ci-
sion truing of the microgr ain wheel up to a runo ut of 2–4 mm (see Figure 9.4).
This is achieved through an electrical discharge method and it is carried out
to reduce the initial eccentricity below the average grain size of the wheel
and improve wheel straightness, especially when a new wheel is first used
or reinstalled.

1. The predressing process of the wheel by electrolytic means. The
protrusion of the abrasive grains is sought. The procedure is
performed at low speed and takes about 10–30 min.

2. The grinding process with continuous in-process dressing by elec-
trolytic means.

1. Wheel condition
   on completion
    of predressing

2. Wheel condition
    after truing

(Predressing)

ELID cycle ELID grinding

Constant grain
protrusion

obtained

4. Stabilized wheel
    condition during
    ELID grinding

3. Wheel condition
    at start of
    ELID grinding

Swarf easily
removed

Oxide layer removed
during grinding

Oxide
layer

FIGURE 9.3
Stages of ELID grinding. (From Bandyopadhyay, B.P. and Ohmori, H., Int J Mach Tools Manuf,
39, 839, 1999. With permission.)
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The conditio ns of electr olysis of the last two stage s are differen t (as shown in
Figure 9.5 and pres ented in next par agraph ) bec ause of the chang e in the
wh eel sur face co ndition.

9.1. 3 Electri cal Aspects of ELID Grindi ng

The current char acteristics (curr ent value I and voltage E) are not constan t
dur ing a complet e ELID procedur e. When the predres sing stage starts, the
active surfac e of the wheel has a hi gh ele ctrical conductivi ty; the current is
high wh ile the volta ge bet ween the wheel and the electro de is low (ve rtical
line 1, in Figure 9.5). After sever al minutes , the bond material (cast iron) is
remo ved by electrolysi s and transform ed in to Fe2þ . The ion ized Fe wil l form
Fe(OH )2 or Fe(OH )3 accordi ng to the chemic al transform ations shown in
Figure 9.1.

The hydrox ides furthe r change into oxi des Fe2O3 through electr olysis.
This insulating oxide layer (20 mm thick) will reduce the electroconductivity

Infeed

CIB-cBN wheel

ELID power supply

Insulating material

Bronze tungsten carbide

Reciprocation

FIGURE 9.4
ELID truing mechanism. (From Qian, J., Ohmori, H., and Li, W., Int J Mach Tools Manuf, 41, 193,
2001. With permission.)
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of the wh eel surface. The cu rrent decrease s while the volta ge increas es
(vert ical line 2, in Figure 9.5). Now, the gri nding proces s can start with the
protrud ing ab rasive grains. As the grai ns are worn, the insu lating oxides’
layer is also wo rn. This increases the electroco nductivity of the wheel so that
the electr olysis intensifie s, gen erating a fresh insu lating layer (vertical line 3,
in Figure 9.5). The pro trusion of the grai ns remai ns constan t.

The layer of ox ide has a large r flexi bility and a low er retention charact er-
istic as comp ared to the bulk bond mate rial (Zhan g et al., 2001a) . Figure 9.6
depicts the charact eristics of the oxi de film thickn ess and differen t typ es of
grinding operati ons, rou gh or finis h. For roug h grinding, thin ins ulating
layer is re quired, where as for mirr or-like finish ELID grindi ng, a relativ ely
thick insulat ing layer is pre ferred.

An impor tant aspect is the slig ht increase in the wheel diam eter (o r
thickn ess) during ELI D grinding (Zhang et al., 2001a) bec ause of the etched
and oxid e layer s’ form ation. The increase in the rela tive wh eel diame ter
caused by insulat or layer forma tion for differen t typ es of electrolyt es is
pres ented in Figure 9 .7.

9.1.4 Characte ristics of Grindi ng Wheel in ELID Applic ations

The wheels for ELID appl ications are as follow s:

Cast-Iro n-Bonde d Diamond . These wh eels are man ufactur ed by mixing
diam ond ab rasive, cast-iro n powder or fibers, and a small amou nt of
carbo nyl iron pow der. The co mpound is shap ed in the desired form
under a pressure of 6–8 t=cm2, and then sintered in an atmosphere of
ammonia. These wheels are not suited for continuous grinding for long
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periods of time because (1) a tougher metal-bonded wheel has poor
dressing ability—both efficient and stable grinding cannot be achieved;
(2) high material removal rate frequently wears the abrasive imposing
frequent redressing procedures; (3) the wheels become embedded with
swarf during grinding of steels.

Bond

Abrasive grain Thinner insulating layer
than abrasive protrusions

(a)

(b) Insulating layer comparable to
abrasive protusions

FIGURE 9.6
Ideal wheel conditions for: (a) efficient grinding; (b) mirror-surface finish. (From Bandyopad-
hyay, B.P., Ohmori, H., and Takahashi, I., J Mat Proc Technol, 66, 18, 1997. With permission.)
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FIGURE 9.7
The depth of etched and oxide layers with different coolants. (From Zhang, C., Ohmori, H.,
Kato, T., and Morita, N., Prec Eng J Int Soc Prec Eng Nanotechnol, 25, 56, 2001a. With
permission.)
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Cast-Iro n Fiber-Bo nded Diamond (CIFB- D) . Thes e wheels pro vide hig h
gri nding ratio and hig h mater ial remo val rates.

Cubic Boron Nitride (cBN) . ELID grinding provides dre ssing of tough
me tal-bonde d wh eels duri ng gri nding pr ocess. Thi s in-proc ess dres s-
in g pro cedure will contro l the abrasive protrus ions before and duri ng
the grindi ng of ceram ics.

9.1.5 Structure and Prop erties of Cer amics

Today, the U.S . stru ctural ce ramics marke t is estim ated at over $3500
millio n as compared with $20 millio n in the year 1974, $350 mi llion in
1990, and $865 million in 1995. The applicatio n of thes e mate rials can be
found in tool man ufactur ing, automo tive, aero space, electrical , electro-
nics industries, communications (fiber optics), medicine, and so on
(http: == ww w.acers .org =news =facts heets.asp ).

The properties of ceramic materials, like all materials, are dictated by the
types of atoms present, the types of bonding between the atoms, and the
way the atoms are packed together (also known as the atomic scale struc-
ture). Most ceramics are compounded of two or more elements. The atoms
in ceramic materials are held together by a chemical bond. The two most
common chemical bonds for ceramic materials are covalent and ionic, which
are much stronger than in metallic chemical bond. That is why, in general,
metals are ductile, and ceramics are brittle.

The atomic structure primarily affects the chemical, physical, thermal,
electrical, magnetic, and optical properties. The microstructure can also
affect these properties but has its major effect on mechanical properties
and on the rate of chemical reaction. For ceramics, the microstructure can
be entirely glassy (glasses only), entirely crystalline, or a combination of
crystalline and glassy. In the last case, the glassy phase usually surrounds
small crystals, bonding them together.

The most important characteristics of ceramic materials are high hard-
ness, resistance to high compressive force, resistance to high temperature,
brittleness, chemical inertness, electrical insulator properties, superior elec-
trical properties, high magnetic permeability, special optic and conductive
properties, and so forth.

9.1.6 ELID Grinding Applied to Various Materials (Grobsky
and Johnson, 1998)

During the last 10 years, a number of publications have addressed the
merits of ELID when applied to bound abrasive grinding on brittle materials
such as BK-7 glass, silicon, and fused silica using fine mesh superabrasive
wheels. Many of these publications report that ELID grinding provides the
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ability to produce spectacular finishes on these brittle material surfaces,
with surface roughness on the nanometer scale (4–6 nm).

For some applications, this completely eliminates the need for loose
abrasive lapping or polishing. The application of ELID grinding to the
fabrication of large (150–250 mm in diameter) optical components is also
studied. Published data suggest that ELID grinding can be successfully
applied to substrates of this size regime.

9.1.7 ELID Grinding Applied to Ceramic Materials

Interest in advanced structural ceramics has increased significantly in recent
years because of their unique physical characteristics and significant
improvements in their mechanical properties and reliability.

Despite these advantages, the use of structural ceramics in various appli-
cations has not increased rapidly in part because of the high machining cost
of these materials. The cost of grinding may account for up to 75% of the
component cost for ceramics compared to 5%–15% for metallic components
(Ohmori et al., 1996).

The primary cost drivers in the grinding of ceramics are (1) low efficiency
resulting from the low removal rate; (2) high superabrasive wheel wear rate;
(3) long wheel dressing times (Ohmori et al., 1996).

The grinding process often results in surface fracture damage nullify-
ing the benefits of advanced ceramic processing methods (Bandyopadhyay
and Ohmori, 1999). These defects can significantly reduce the strength
and reliability of the finished component and are sensitive to grinding
parameters.

Stock removal rate increases with the increase in the number of passes,
higher stock removal rates obtained for stiffer machine tool (Zhang et al.,
2000a, b). For similar bond type grinding wheels, a larger stock removal rate
was obtained for larger grit sizes of the wheels (Zhang et al., 2000). Cast-
iron-bonded wheel has a larger stock removal rate, yet a lower grinding
force as compared with a vitrified bonded grinding wheel (Zhang et al.,
2000). Machine stiffness has little effect on residual strength of grounded
silicon under multipass grinding conditions; this can be attributed to the
effect of actual depth of cut of the wheel on workpiece strength (Zhang et al.,
2000). As the number of passes increases, the actual depth of cut approaches
the set depth of cut, which means that regardless of the machine tool
stiffness, the grinding force does not significantly alter the workpiece
strength (Zhang et al., 2000). In addition, more compressive residual stress
can be induced with a dull grinding wheel or with a grinding wheel of a
higher grit size, or with a wheel of stiff and strong bond material (Zhang
et al., 2000).

It was proved that a grinding wheel with a larger grit size presents a
larger damage depth to the grounded piece (Zhang et al., 2000). As the
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number of passes increase s, the norm al grinding fo rce also in creases (Zhang
et al., 2000). Thi s increas e in force is steepe r in the beginn ing passes a nd
slow s down as the numbe r of passes increases , a phe nomenon more evident
for a high stiffne ss machi ne tool (Zhang et al., 2000). Beca use of mach ine
tool deflecti on, the norm al grinding force was smaller und er low er machine
stiffne ss (Zhan g et al., 2000). In ad dition, the norm al force appr oaches
a limit value, regardle ss of the machi ne stiffnes s charact eristics (Zhang
et al., 2000).

Therefor e, ELID may not be benefici al to workp iece strengt h, althou gh it
may be good for workpi ece accura cy (Zhan g et a l., 2000). An interesti ng
aspect , yet contr oversia l and not much stud ied, add resses the pulverizat ion
phenome non, whic h takes place in the surfac e layer of a ceram ic workp iece
duri ng grindi ng (Zhan g and Howes, 1994). Surf ace pulverizat ion mak es
ceram ic grains much smaller than those in the bulk , and mak es the grou nd
surfac e look smoot her.

9.2 Mater ial R emova l Mechanisms in Gri ndi ng

of Cerami cs and G las ses

Genera lly, there are two approaches to investi gate the mecha nisms of abra-
sive–w orkpiece inte raction s during the grinding of ce ramics (Band yopad-
hyay et al., 1999):

1. Indent ation–f racture mecha nics appro ach , wh ich mode ls ab rasive–
workp iece in teraction s by the idealize d flaw syst em and deform-
ati on pro duced by an inde nter.

2. Th e machi ning appro ach involv es measu rement of forces co upled
with sca nning electro n microscop e (SEM ) and atomic force
microscope (AFM) observation of surface topography and grinding
debris.

The mechanism of material removal in ceramic machining is a combination
of microbrittle fracture and micro or quasiplastic cutting. The quasiplastic
cutting mechanism, typically referred to as ductile-mode grinding (pre-
sented in Figure 9.8), result s in gro oves on the surfac e that are relativ ely
smooth in appearance. By careful choice of grinding parameters and control
of the process, ceramics can be ground predominantly in this model. On the
other han d, the microbr ittle fractu re mecha nism (shown in Figure 9.9)
results in surface fracture and surface fragmentation. Ductile regime grind-
ing of ceramics is preferred as no grinding flaws are introduced when the
machining is performed in this mode.
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As shown in Figu re 9.8 and Figure 9.9, directly unde r the grit, a plastica lly
defo rmed zone can be notice d. Two pri ncipal crack syst ems are gen erated in
the proce ss. These are me dian =radial crac ks and lateral crac ks. The brittle
mod e remov al of mater ial is bec ause of the form ation and pro pagation of
these lat eral crack s.

The specif ic depth at whic h a brittle –ductile transi tion occurs is a functi on
of the intrins ic material proper ties, suc h as plastici ty and fractu re, a nd is
given by (Band yopadhy ay and Oh mori, 1999):

Platic flow energy

Fractur e en ergy
�

Ep

Ef
� d (9: 1)

wh ere d is the criti cal depth of cut.
Alth ough it is not easy to observ e these microcr acks pro duced by grind-

ing, the depth of the me dian crack can be determi ned usin g the form ula
(Inas ki, 1988):

Imc ¼ [0 : 034(c otan c) 2= 3 {( E=H ) 1= 2 =Kc }] 2= 3 F2 = 3 (9: 2)

where c is the indenter angle and F is the indentation load, E is the modulus
of elasticity, and Kc is the fracture toughness of the material. Therefore, the

Grinding
grain

L

Workpiece

Plastically
deformed

zone

FIGURE 9.8
A close-up view of the schematic of an abrasive grain removing material from a brittle
workpiece via ductile-regime grinding. (From Bandyopadhyay, B.P. and Ohmori, H., Int J

Mach Tools Manuf, 39, 839, 1999. With permission)
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depth of the median crack depends on the material properties, force, and
grinding grit shape. Indentation load (F) is determined by dividing the
grinding force with the number of active cutting edges on the contact area
between the grinding wheel and the workpiece.

This relationship would apply only above a threshold load of F*. The
critical load F* that will initiate crack can be determined by

F� ¼ aKc4

H3
(9:3)

where a is the coefficient that depends on the indenter geometry.
In conclusion, crack size can be estimated theoretically by Equation 9.2

when the load exceeds a certain critical value, which can be determined by
Equation 9.3. The important parameters for the critical loads to propagate
subsurface damage are presented in Table 9.1 (Bandyopadhyay et al., 1999).
In achieving the plastic deformation process, the grain load for SiC and
Si3N4 should be less than 0.2 N and 0.7 N, respectively. SEM and AFM
techniques permit to evaluate the surface and subsurface fracture damage.

Workpiece

Grinding
directionGrinding

grain

Lateral
crack

Plastically
deformed

zone

L

Cl

FIGURE 9.9
Schematic of an abrasive grain removing material from a brittle workpiece via brittle-regime
grinding. (From Bandyopadhyay, B.P. and Ohmori, H., Int J Mach Tools Manuf, 39, 839, 1999.
With permission.)
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The microgr aphs look like in Figure 9.10 and Figure 9.11. From SEM and
AFM micrographs, one can assess the difference between the material
removal mechanism of brittle fracture and the ductile mode.

9.3 ELID Technique as Compared to Other Grinding

Techniques

9.3.1 Summary of ELID Technology

The ELID technology can provide in-process dressing of tough metal-bonded
superabrasive grinding wheels. With the application of this technology, the
metal-bonded wheels will be electrolytically dressed during the grinding
process. This in-process dressing will control the abrasive protrusion before
and during the grinding process. Significant reduction of grinding force has
been reported with the application of ELID. The specimens were ground both
in longitudinal and transverse directions. The basic construction of the ELID
grindi ng syst em for sur face grindi ng is shown in Figu re 9.12.

TABLE 9.1

Critical Loads Required to Propagate Subsurface Damage

Materials H [GPa] E [GPa] Kc [MN=m3=2] F* [N]

SiC 24.5 392 3.4 0.2
Si3N4 14 294 3.1 0.73

Source: From Bandyopadhyay, B.P., Ohmori, H., and Takahashi, I., Journal of
Materials Processing Technology, Vol. 66, 1997, pp. 18–24.

FIGURE 9.10
SEM micrographs: (a) #325; (b) #8000. (From Bandyopadhyay, B.P. and Ohmori, H., Int J Mach

Tools Manuf, 39, 839, 1999. With permission.)
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The ELID essential elements include a metal-bonded grinding wheel,
electrolytic power source, and electrolytic coolant. The most important
feature is that no special machine is required. The metal-bonded wheel is
connected to the positive terminal of a power supply with a smooth brush
contact, and a fixed electrode is made negative. The grinding wheel is
dressed because of the electrolysis phenomenon that occurs upon the sup-
ply of a suitable grinding fluid and an electric current.

In ELID process, protruding grains abrade the workpiece. As a result, the
grains and the oxide layer wear down. The wear of the oxide layer increases
the wheel’s electroconductivity. The current in the circuit will increase,

FIGURE 9.11
AFM micrographs: (a) #325; (b) #8000. (From Bandyopadhyay, B.P. and Ohmori, H., Int J Mach
Tools Manuf, 39, 839, 1999. With permission.)

Brush CIFB wheel

Power

Coolant

Chuck

Work

Electrode

For ELID

FIGURE 9.12
Construction of ELID grinding system. (From Qian, J., Li, W., and Ohmori, H., Prec Eng, 24, 153,
2000a; Qian, J., Li, W., and Ohmori, H., J Mat Proc Technol, 105, 80, 2000b. With permission.)
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increasing the electrolysis as a result. Therefore, abrasive grains protrude
and the oxide layer is recovered. The electrical behavior is nonlinear because
of the formation of this insulating oxide layer.

9.3.2 Other In-Process Dressing Technologies

The concept of in-process dressing was promoted in its crude form by
Nakagawa (Nakagawa and Suzuki, 1986). The effects of in-process dressing
using a dressing stick were studied. The wheel is dressed at the beginning of
each stroke. Higher material removal rates were reported. An application of
this procedure to side grinding is difficult.

The concept of ECG was introduced by McGeough (1974). The electrolyt-
ically conductive metal-bonded wheel is the anode and a fixed graphite
stick is the cathode. The dressing process is an electrolytic phenomenon.
Wlech et al. (1993) employed this principle but they used sodium chloride
solution as the electrolyte, which is harmful for machine tools.

Another technique is based on electrical discharge phenomenon. The
electroconductive grinding wheel is energized with a small pulse current.
The flow of ions creates hydrogen bubbles in the coolant, creating an
increasing electric potential that, when becomes critical, generates a spark
that melts the material that clogs the wheel. This procedure does not pro-
vide protruding abrasive grains continuously, and is unsuitable for ultrafine
grinding of materials, especially with a micrograined-size grinding wheel.

Other nonconventional machining processes based on electrochemical
metal removal are electrochemical machining, ECG, electrochemical polish-
ing, and so on.

9.4 Applications of ELID Technique

ELID grinding was employed to process several types of materials like
ceramics, hard steels, ceramic glass, ceramic coatings, and so forth, with
various shapes (plane, cylindrical external and internal, spherical and
aspherical lenses, etc.) and dimensions. Various ELID applications and
their reference literature are listed here:

– ELID-side grinding (Zhang et al., 2000, 2001a); ELID double-side
grinding (Ohmori et al., 1996)

– ELID-lap grinding (Itoh and Ohmori, 1996; Itoh et al., 1998)
– ELID grinding of ceramics on vertical rotary surface grinder (Ohmori

et al., 1996)
– ELID grinding of ceramics on vertical grinding center (Bandyopadhyay

et al., 1997)
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– ELID grinding of bearing steels (Qian et al., 2000b)
– ELID grinding of ceramic coatings (Zhang et al., 2001a)
– ELID ultraprecision grinding of aspheric mirror (Moriyasu et al.,

2000)
– ELID grinding of microspherical lenses (Ohmori et al., 2001)
– ELID grinding of large optical glass substrates (Grobsky and Johnson,

1998)
– ELID precision internal grinding (Qian et al., 2000, 2001)
– ELID grinding of hard steels (Stephenson et al., 2001)
– ELID mirror-like grinding of carbon fiber reinforced plastics (CFRP)

(Park et al., 1995)
– ELID grinding of chemical vapor deposited silicon carbide (CVD-SiC)

(Zhang et al., 2001a)

9.4.1 ELID-Side Grinding (Zhang et al., 2000, 2001a)

ELID-side grinding setup is presented in Figure 9.13. ELID grinding was
compared with a conventional grinding operation applied to same work-
pieces in similar conditions. The oxide layer obtained during ELID grinding
changed the contact status between wheel and workpiece; practically, it was
a new bond wheel with a large-flexibility and contractile-ability bonded

Rotation

Workpiece

Rotation Electrode

Brush

Wheel
Nozzle

Power soruce

−+

FIGURE 9.13
Principle of ELID face grinding. (From Zhang, C., Kato, T., Li, W., and Ohmori, H., Int J Mach

Tools Manuf, 40, 527, 2000b. With permission.)
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wh eel in place of the hard and high-rete ntive cast-iro n bond . The co nclu-
sions of the stu dy were as follows :

– ELID doub le-side gri nding can be employe d to pr oduce mirr or-like
surface finish.

– Surf ace finish of the workpi ece grou nd wi th ELID was bet ter than that
of the workpi ece grou nd co nvention ally.

– The material removal mecha nism for ELID double -side gri nding was
brittle-f racture mo de for co arser wh eels and duc tile mode for finer
wheels.

– The material remo val rate for ELID doub le-side grindi ng was slig htly
higher as co mpared to conven tional grindi ng.

– ELID grinding is highly reco mmend ed in precision grinding of har d-
brittle mater ials on co nvention al machi ne to ols.

9.4.2 ELID Double-Side Grinding (Ohmori et al., 1996)

ELID double-side grinding setup is presented in Figure 9.14. A close-up
view of the sa me is given in Figure 9.15. The conclus ions of the stud y were
presented in the following list:

– ELID grinding can be employed to produce mirror-like surface finish.
– Surface finish of the workpiece ground with ELID was slightly better

than that of the workpiece ground conventionally.
– Microscopic characteristics showed that the surface of the workpiece

ELID ground has fewer pits and sticking-outs, ductile-mode removal
was the main removal mechanism.

(a) (b)

Electrode

− +

Wheel
Press WorkpieceHolder

FIGURE 9.14
Setup for ELID double-side grinding: (a) eccentric wheels; (b) concentric wheels. (From
Ohmori, H., Takahashi, I., and Bandyopadhyay, B.P., J Mat Proc Technol, 57, 272, 1996. With
permission.)
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FIGURE 9.15
ELID double-side grinding schematics and close-up view.
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– ELID grinding is highly recommended in precision grinding of hard-
brittle materials on conventional machine tools with low rigidity.

9.4.3 ELID-Lap Grinding (Itoh and Ohmori, 1996; Itoh et al., 1998)

ELID-lap grinding is a machining process that employs constant pressure
and uses metal-bonded abrasive wheel with ELID. It produces better results
for both surface roughness and flatness as compared to other grinding
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FIGURE 9.17
Surface aspect of ground workpiece: (a) with ELID; (b) without ELID.
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system. In this research, conventional lap-grinding and ELID-lap grinding
operations were compared. This method is applied for the following
purposes:

– Grinding materials for which mirror-like finish cannot be obtained
through constant feed grinding

– Grinding with metal-bonded wheels finer than JIS #10,000
– By employing a simple setup to be mounted on an existing lapping

machine

The principle is presented in Figure 9.18:
The workpiece (made out of silicon and tungsten carbide) is pressed

against the lapping wheel. The lapping wheel is connected to positive
pole, by means of a fine brush that smoothly touches the wheel surface,
while the electrode is connected to the negative pole. The gap between
electrodes is of 0.3 mm. The conclusions were listed as follows:

ELID-lap grinding of silicon with JIS #4000 wheel outputs a mirror-like
finish at roughness of 3.8 nm, as compared with 7.4 nm roughness
outputted by a conventional lap-grinding.

ELID-lap grinding of tungsten with JIS #4000 wheel is more stable than
conventional lap-grinding from the viewpoint of the stability of the
removal rate value (for an 80 min period).

Power source

Coolant

Electrode
Brush

Wheel

Work

FIGURE 9.18
Principle of ELID-lap grinding. (From Itoh, N., Ohmori, H., Moryiasu, S., Kasai, T., Karaky-Doy,
T., and Bandyopadhyay, B.P., Int J Mach Tools Manuf, 38, 747, 1998. With permission.)
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ELID-lap grinding of silicon was achieved in a brittle-fracture mode for
JIS #1200 and down and in a ductile mode for JIS #4000 and up.

When silicon was ground together with tungsten carbide, the surface
roughness improved when compared with grinding the silicon alone;
brittle-to-ductile transition was observed for JIS #4000 mesh size wheel.
In a later study (Itoh et al., 1998), silicon and glass (BK7) were ELID
lapped with metal resin diamond-bonded wheels of grit sizes of JIS
#8000, JIS #120,000, and JIS #3,000,000.
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Mater ial remo val rate result s are presen ted in Figure 9.19. ELID- lap grin-
ding usin g the JIS #3,000,00 0 metal resin bond wh eel produc ed very good
grou nd surfac es of PV 2.8 nm for sili con and PV 2.5 nm for glass.

9.4.4 ELID Grindi ng of Cer amics on Vertical Rotary Su rface Grind er
(Ohmori et al., 1996)

The ex perime nts were condu cted on a vertical ro tary surface grinde r with a
5.5 kW motor spin dle. The feed can be co ntinuous ly ad justed with in a ran ge.
The workpie ces were made from inte red sin tered reaction- bonded silico n
nitride (SRBSN) and cast- and-sin tered sili con nitride (Si3N 4). The grai n size
was bet ween 0.3 and 0.4 mm for SRBSN and between 0.6 and 0.8 mm for Si3N 4.
Cast-i ron fiber-bo nded diamond wheels of 2 00 mm diam eter were used.
A Noritak e AFG-M grinding fluid at a rate of 20–30 L=mi n was used as
electro lytic fluid.

The grain size of diamo nd gri nding wh eel has the charact eristics pre -
sented in Table 9.2.

The most significant conclusions of this study are listed below:

– Mirror-like surface finish was obtained after grinding with #4000 mesh
size wheel (see Figure 9. 16 and Figure 9.17).

– The cutting speed has no significant effect on the surface finish of the
workpiece.

– Feed rate has no significant effect on the surface finish, especially for
mesh size wheels finer than JIS #325.

– Better surface finish characterizes SRBSN when compared with Si3N4,
especially with rougher wheels.

– Similar surface finish characterizes SRBSN and Si3N4 when finer wheels
were used.

TABLE 9.2

Characteristics of Diamond Grinding Wheel

Mesh Size Grain size (mm) Average grain size (mm)

170 88–84 110
325 40–90 63.0
600 20–30 25.5

1200 8–16 11.6
2000 5–10 6.88
4000 2–6 4.06
6000 1.5–4 3.15
8000 0.5–3 1.76

Source: From Itoh, N. and Ohmori, H., Journal of Materials Processing Technology,
Vol. 62, 1996, pp. 315–320.
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9.4. 5 ELID Grindi ng of Ceramics on Verti cal Grindi ng Center
(Bandyo padhyay et al. , 1997)

The experi ments were carried out on a verti cal mach ining center. The silicon
nitride workpie ces were cl amped to a vice firm ly fixe d onto the base of a
strain gauge dynam omete r. The dynam ome ter was clampe d onto the
mach ining center tabl e and the recip rocatin g grinding operati on was
per formed.

A direct-c urrent pulse gen erator was used as a pow er suppl y. The sq uare-
wave voltag e was of 60–90 V with a peak curren t of 16–24 A. The pulse
wid th was adjusted to 4 m sec on-tim e and off-time . Differe nt values for the
depth of cu t and for the width of cut were exp lored. Mater ial removal
rates of 250 mm 3=min up to 8000 mm 3=min were obtaine d. A comparis on
bet ween the resu lts obtaine d after an ord inary grindi ng opera tion and the
resu lts obtaine d after an ELID grinding opera tion was carri ed out.
A mod ified ELID dress ing pro cedure was also st udied. The modif ied
ELID dressing was performed in two stages: (a) at 90 V for 30 min; the
insulating oxide layer was mechanically removed by an aluminum oxide
stick of #400 grit size at 300 rpm; (b) another dressing stage at 90 V for
30 min. (Fig ure 9 .20, Figure 9.21, Figure 9.22, a nd Figure 9.23) The co nclu-
sions of the stu dy were as follows (se e also Figure 9.24):
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– ELID grinding can achieve high material removal rates.
– ELID grinding is recommended for low-rigidity machine tools and low-

rigidity workpieces.
– The grinding force increases continuously during ordinary grinding.
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FIGURE 9.21
Typical surface-roughness patterns for #4000 mesh size wheel.
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– Grin ding force is lesser during ELID grinding when co mpared with
conven tional grinding; this effect became more visibl e after 18 mi n of
grinding.

– An increase in the volta ge value duri ng ELID grindi ng will reduce the
value of the gri nding force even more; this ef fect bec ame mo re visible
after 18 min of grindi ng.

– Full potential of ELID gri nding can be achieve d only after 24 min of
grinding when the grinding force st abilizes at a low value.

– ELID and conve ntional grindi ng produced almo st the same sur face
finish in rou gh grindi ng.

– The grindi ng force was constan t and low after the modifi ed ELID
dressing pro cedure was applie d to the wh eel.

9.4. 6 ELID Grindi ng of Bearin g Steel s (Qian et al., 2000)

In this resea rch, ELI D as a supe rfinishi ng techni que for steel beari ng com-
pon ents was stu died. The exp erime nts we re conducted in bot h traver se
and plunge in feed mode s. The wheels utilize d were cast- iron-bon ded
usin g CBN as abrasive . The exp eriments were carr ied out on a common
cyl indrical gri nder with a 3. 7 kW motor spin dle. The neg ative electr ode was
made out of stainle ss steel. A Noritake AFG-M gri nding fl uid diluted to 1:50
at a rate of 20–30 L=min was used as electrolytic fluid. A direct-current pulse
generator was used as a power supply. The square-wave voltage was of
60–150 V with a peak current of 100 A. The pulse width was adjusted to
4 msec on-time and off-time. Three types of experiments were conducted:

1. Traverse and plunge ELID grindi ng for evaluat ing the ef fects of the
grinding wh eel mesh size and grindi ng method on sur face rough-
ness and wavi ness value.

2. Traverse gri nding with differen t mesh size wh eels to as sess the
influence of the mesh size of the wh eel over the sur face finish and
material removal rate.

3. ELID grinding with #4000 mesh size wheel was compared with
honing and electric finish methods.

The conclusions were as follows:

– ELID grinding as compared to conventional grinding offered a better
surface finish (Ra ¼ 0.02 mm for #4000 wheel).

– Plunge ELID grinding outputted poorer surface finish than traverse
ELID grinding, especial ly fo r coarser grit abrasive wheel s (see
Figure 9.25).

– Waviness of ground surface improves with the increase in wheel mesh
size (Fi gure 9.26).
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– ELID process is stable for traverse mode grinding and not so stable for
plunge mode grinding (see Figure 9.27).

– Roundness of the ground surface increases with the mesh size of the
used wheel.

– Out-of-roundness can be negatively affected by the stiffness of the
machine tool, not only as a result of the grinding operation.

– ELID traverse grinding tends to offer a more promising potential than
plunge mode grinding.
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– A number of three to four spark-out passes will improve the precision
(waviness and roundness) of the ground surface.

– Effects of grinding parameters on surface roughness for ELID grinding
and conventional grinding are comparable.

– Increased depth of cut and increased traverse rate worsen the surface
finish.

– ELID grinding offers better results than both honing and electric
polishing (see Figure 9.28).

– Smooth ELID ground surfaces have poorer high band waviness than
honed ones, explained by the tool performance because of the smaller
contact zone.

– ELID grinding technique induces compressive surface stress of about
150–400 MPa, with a smaller peak than that outputted by a honing
process of 600–800 MPa.

– The depth of the compressive layer produced by ELID operation
(10 mm) is half the one produced by a honing operation (15–20 mm).

– The cycle time of ELID grinding is twice as large as the one that
characterizes the honing and the electric polishing operations; but better
roughness and higher removal rate achieved through ELID grinding by
a coarser wheel and higher traverse speed prove ELID grinding more
cost-effective for small batch production situations.

9.4.7 ELID Grinding of Ceramic Coatings (Zhang et al., 2001a)

Ceramic coatings include a large group of subspecies, such as CVD-SiC,
plasma spray deposited aluminum oxide, and plasma spray deposited
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chro mium oxide. The effici ent mach ining and the require d qua lity of these
ceram ic coa tings have no t been mastered yet . In this resea rch, a compara tive
stud y of diam ond gri nding of ce ramic coatings on a vertical grinde r was
done . Two types of dressing proce dures as applie d to cast-ir on-bon ded
diamo nd wheel, wi th #4000 me sh size—a lumina rotary dressing and ELID
dress ing and grinding— were co mpared. The co nclusion s can be synthe-
sized as follow s:

– There is a critical cu rrent value for each electro lytic dres sing system;
wh en the current is smaller the thickne ss of the insulat ing oxi de layer
increas es with the value of the cu rrent; ot herwise, it decre ases.

– Thickne ss a nd depth of oxide layer largely depe nds on the coolant type.
– A sm all increase in the wh eel diame ter or thickn ess a fter electro lytic

dre ssing is notice d, co nversely as in the ro tary and other mecha nical
me thods of dre ssing.

– Roughn ess for the ro tary dre ssing dec reases sharper than ELID method
in the first 3 min; after 3 min, the rou ghness decrease d constan tly for
ELID grinding but showed a waveli ke mode l for the dressing method.

– The wear of abrasi ve grains wil l produc e an instabi lity of the grindi ng
per formance for dress ing techn ique, wh ile it remain s co nstant fo r ELID
te chnique.

– Surf ace roughn ess depends on mater ial pro perties in bot h me thods.
– All ceram ic coatings exce pt sintered SiC presente d a better roughn ess

after ELID dres sing than after rotar y dressin g.
– Plasm a spray deposite d chro mium oxi de is difficul t to grind to an

extrem ely fine roughn ess.
– For both dress ing method s, the microg raphs prove that the mater ial

remo val me chanis m presents both brittl e-fractur e and ductile mo des;
for the ELID dre ssing, more ductile mode than the brittl e-fractur e mode
was pre sent, excep t for sintered Si C; wh ereas for the rotary dressing
mo re bri ttle-fract ure mode than the duc tile mo de was present.

– Ductil e-mode grinding can be implemen ted even on a common grinde r,
by co ntrolling the wheel topogr aphy.

– For the ELID me thod, the interac tion bet ween the abrasive grain a nd
the workp iece sur face is accomp lished through a spring-dam per
syst em (because of the exi stence of the oxi de layer ), where as for rotary
dre ssing, the contac t is rigid and stiff (see Figure 9.29); oxide layer
ab sorbs vibrations and redu ces the a ctual exp osed cutting edge of the
ab rasive grain.

9.4.8 ELID Ultraprecision Grinding of Aspheric Mirror (Moriyasu et al.,
2000; see also Figure 9.30)

The quality of soft x-ray silicon carbide mirrors influences the performance
of modern optical systems. To accomplish the high precision of these
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aspheric mirrors, an ELID grinding system was employed. A #1000 cast-iron
grinding wheel was mechanically trued and predressed using electrical
methods. The workpiece surfaces were concave spherical with a curvature
of 2 m. After grinding, the form was measured and the data were compared
with the planned data by the mean of the least squares method. A form error
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Abrasive
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Abrasive

Work

Y0 = Axsinα C0

Yr
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FIGURE 9.29
Wheel–work interface models for ELID and conventional grinding. (From Zhang, C., Ohmori,
H., Marinescu, I., and Kato, T., Int J Adv Manuf Technol, 18, 545, 2001b. With permission.)
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FIGURE 9.30
Aspherical form control system. (Moryiasu, S., Ohmori, H., Kato J., Koga H., Ohmae, M.,
Ultraprecision form control of aspheric mirror with ELID grinding, 2000.)
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was calculated and compensation data were generated. Accordingly, a new
form was ground. This procedure was applied five times to exponentially
decrease the errors from 2.6 to 0.38 mm. Analyzing the repeatability of the
system, the achieved data are considerably accurate.

9.4.9 ELID Grinding of Microspherical Lenses (Ohmori et al., 2001)

The ductile-mode grinding of brittle optical parts is studied in this research.
The implementation of ductile-mode cutting requires expensive items like
ultraprecision vibration-free rigid machine tools, high-resolution feeding
motion control, submicron grit wheels, clean work environment, and so
on. The conclusions of this study are as follows:

– ELID grinding is stable, efficient, and economical.
– Low grinding speed, insufficient work-wheel fixture, instability on

using ultrafine abrasive and small-size wheels, difficulty in achieving
precise and efficient truing and dressing of the wheels, trouble in
obtaining precise and effective fixtures are some problems connected
with implementing the ductile or semiductile-mode grinding of micro
optical components.

– Coarse grit size wheels (#325) do not show any difference in the final
roughness when ELID is applied.

– #4000 wheels, however, showed a better surface finish when ELID was
employed.

– ELID high-precision grinding of microspherical wheels with cup
wheels (ELID-CG grinding) has the potential to achieve high spherical
accuracy and finish Ra 20 nm.

– ELID-CG grinding can be successfully used to fabricate microspherical
lenses with a more stable process, higher efficiency, and better surface
quality than conventional grinding.

9.4.10 ELID Grinding of Large Optical Glass Substrates (Grobsky
and Johnson, 1998)

The ability of ELID grinding using fine mesh superabrasive wheels to pro-
duce spectacular finishes (Ra 4–6 nm) on brittle surfaces of BK-7 glass, silicon,
and fused silica was proved. For some applications, ELID grinding elimin-
ated polishing or lapping operations. In this research, ELID grinding was
employed to grind optical components of 150–250 mm diameter.

9.4.11 ELID Precision Internal Grinding (Qian et al., 2000, 2001)

Few researches have reported on mirror-surface internal grinding because
of the limitation of the abrasive grit size applicable to nonmetallic bond
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grinding wheels. A novel method to carry out ELID grinding of internal
cylindrical surfaces on an ordinary grinding tool, named interval ELID, is
presented (see Figure 9.31). The wheel is dressed at intervals and the
abrasive grains remain protruding. After predressing operation, the insu-
lating oxide layer is 30 mm thick, increasing, therefore, the external diameter
of the grinding wheel. The current characteristics for interval ELID grinding
are shown in Figure 9.32. In internal grinding, the abrasive wear occurs

Workpiece Coolant
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FIGURE 9.31
Schematic of interval ELID grinding. (Qian et al., 2000b)
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rapidly because of the smaller diameter of the wheel. The conclusions of the
study are presented briefly here:

– Because of the limitation of the wheel diameter, the wheel speed can be
adjusted only within a small range; the effect of speed on work results
is not significant.

– The higher the speed (within the limited range), the better the internal
surface finish.

– Effects of grinding parameters during interval ELID grinding are
similar to those obtained after conventional internal grinding.

– Ground surface quality increases with the increasing mesh size value of
the wheel; fine abrasive wheels can, therefore, be used to fabricate
smooth surfaces, without the risk of losing the stability of the surface
roughness.

– Internal mirror-surface finish was possible for pieces made of bearing
steel, alumina. Later studies (Qian et al., 2001) added some new
conclusions that are presented here.

– Pipe dressing electrodes are superior to other shape electrodes.
– Another ELID technique, ELID III, is introduced (see Figure 9.33).
– It is possible to achieve mirror-like surface with an appropriate coarse

grinding wheel; the roughness obtained after ELID III grinding with
#2000 grit size is almost the same with the roughness obtained after
ELID with #4000 with cBN.

– A combination of ELID II and ELID III can be used for finishing
processes especially when small diameters are applicable.

– Both rough and finish grinding can be achieved on the same machine
tool using ELID II and ELID III procedures.

Workpiece

DC-pulse ELID power supply DC-pulse ELID power supply

Pipe-shape electrode
Workpiece

MRB-cBN wheel

CIB-cBN wheel

FIGURE 9.33
ELID II and ELID III internal grinding processes. (From Qian, J., Ohmori, H., and Li, W., Int J

Mach Tools Manuf, 41, 193, 2001. With permission.)
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9.4. 12 ELID Grind ing of Hard Steel s (Ste phenson et al., 2001)

Har dened bear ing steels like M50 was ultr aprecision ground to prod uce an
optical quality surface (Ra < 10 nm), using a 76 mm cBN grit and 500 mm depth
of cut. The final surface finish is enhanced by the burnishing action of the worn
cBN grits. ELID technique was employed to improve the surface finish by
maintaining the protrusion and sharpness of the cBN grits and avoid the
pull out of the carbi des in the sec ondary finishin g zone pheno menon.

An other grinding techn ique used to minimi ze microcr acking, sur face
burn, and phase trans formati on is low stress grinding (LSG). Howe ver,
special demands of mach ine tool stiffn ess, low and controllabl e vibrati on
state , low wheel spee d, and frequent wheel dressing opera tions should be
add ressed in this case. The LSG is charact erized by lower removal rates,
low er grindi ng ratios, and signifi cant increas ing of producti on costs,
wh ile some localize d surfac e da mage and sur face finish in the rang e of Ra

100–200 nm are to be obtained .
Othe r studies (O nchi et al., 19 95) re ported an Ra 30 nm rou ghness after

grindi ng SAE52100 with a porous cBN wheel , but with relative ly low
remo val rates and very fi ne cBN wheels , or up to Ra 60 nm (Puthanan gad y
et al., 1995 ) after supe rfinishi ng har dened st eel piece s with #500 grit size
fused alumina sto nes.

This study employed cBN grinding wheels with the grit size of 30 mm for
roughing, 2 mm for medium finish, and 0.7 mm for final mirror-like finish. The
following conditions were used: 100 mm diameter D151 electroplated diamond
wheel at 3000 rpm, traverse rate of 5 mm per rev and an n-feed of 1–4 mm per
pass. The following parameters were used for the current work such as: voltage
60 V, peak current 10 A, on-time 6 ms, off-time 2 ms, and square pulse wave.

Some of the most important conclusions of the study are presented here
(see also Figure 9.34 and Figure 9.35):

. A repeatable surface finish less than Ra 10 nm can be ultraprecision
grounded with 75 mm cBN grit and 500 mm depth of cut.

180 300
250

200

150

100

50

0
0 5 10 15

Depth of cut (nm)
20 25 30

160
140
120

S
ur

fa
ce

 fi
ni

sh
 (

nm
)

S
ur

fa
ce

 fi
ni

sh
 (

nm
)

100
80
60
40
20
0

0 5
Feed rate (mm/min)

10

Ra (nm)

Ra (nm)
Rz (nm)

15 20

Rz (nm)

FIGURE 9.34
Surface finish vs. feed rate and depth of cut. (From Stephenson, D.J., Veselovac, D., Manley, S.,
and Corbett, J., J Int Soc Prec Eng Nanotechnol, 25, 336, 2001. With permission.)

� 2006 by Taylor & Francis Group, LLC.



. Best surface finish of Ra 2.3 nm was obtained with a 200 mm depth
of cut.

. The order of chip thickness is 1–10 nm.

. Carbide pullout of the cBN grits can be avoided by employing ELID
dressing technique.

. Development of optical quality surfaces can be considered in terms
of the processes occurring in the primary and secondary finishing
zones of the cup wheel, with the final surface finish enhanced by the
burnishing action of worn cBN grits.

9.4.13 ELID Mirror-Like Grinding of Carbon Fiber Reinforced Plastics
(Park et al., 1995)

CFRPs are used in aircraft and spacecraft industries, machine tool spindles,
power-transmission shafts, and robotic arms. The conclusions of this study
are listed as follows:

– Surface roughness of the CFRP improved substantially for diamond
wheels with mesh number below #4000.

– For diamond wheels with mesh number finer than #4000 wheel, the
roughness did not improve noticeably.
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– The higher limit of the surface roughness for a #6000 wheel was Rmax

0.65 mm.
– CFRP surface roughness is better than that of brittle materials grounded

in similar ELID conditions because of the elastic deformation of this
material.

– Mirror-like surface finish is strongly dependent on the grinding
direction; the grinding at 908C with respect to fiber direction permits
the best results.

– The spark-out effect on the roughness was noticeable for rapid feed-
grinding but small for creep feed grinding.

– Mirror-like finish is accompanied by a homogenization mechanism by
grinding heat and chip smearing.

9.4.14 ELID Grinding of Chemical Vapor Deposited Silicon Carbide
(Zhang et al., 2001a)

Chemical vapor deposited silicon carbide (CVD-SiC) is the second most
ideal material for deflection mirrors used in short wavelength laser system,
next only to crystalline diamond. Conventional polishing techniques were
found insufficient to produce CVD-SiC mirrors. The conclusions drawn in
this study are as follows:

& ELID grinding has a strong potential to achieve extremely smooth
surfaces.

& The surface roughness reduced with the grain size.

& In ELID grinding exist fewer pits and sticking-outs produced during
brittle fracture when the abrasive grains crush and plow the surface
of the workpiece, as compared to other dressing techniques; the
number of pits and sticking-outs reduces with the decreasing of the
grain size.

& The ratio of the ductile vs. brittle-fracture mechanisms is higher for
ELID grinding than for conventional dressing procedure; the ratio
increases with the decreasing of grain size.

& It is possible for ELID to realize ductile-mode removal even on a
conventional, not-so-stiff, and precise grinder, by properly control-
ling the depth and composition of the insulating oxide layer.

9.5 Summary and Conclusions

ELID grinding is a grinding process that employs metal bond-abrasive
wheels continuously in situ dressed via an electrolytic process. The procedure
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exposes new sharp abrasive grains by dissolving the surrounding metal
bonds to maintain constant the material removal rate and continuously
improve the surface roughness.

ELID grinding was first proposed by the Japanese researcher Hitoshi
Ohmori in 1990 (Ohmori and Nakagawa, 1990). Its most important feature
is that no special machine is required. ELID uses a square-wave voltage of
10–100 V with a peak current of 5–50 A. The pulse width is commonly
adjusted to 2–7 msec on-time and off-time. The ELID system’s essential
elements are a metal-bonded grinding wheel, an electrolytic power source,
and an electrolytic coolant.

The metal-bonded grinding wheel, connected to the positive terminal of
the power supply with a smooth brush contact, is dressed during the
electrolysis process by the fixed copper electrode, connected to the negative
pole, in the presence of the electrolytic fluid. The copper electrode has
one-sixth of the wheel peripheral length and a width 2 mm wider than the
wheel rim thickness. The 0.1–0.3 mm gap between the wheel and the active
surface of the electrode can be adjusted by mechanical means. A special
high pH grinding fluid at a rate of 20–30 L=min is used as electrolytic fluid.
The stages of ELID grinding are as follows: (1) the precision truing of the
micrograin wheel; (2) the predressing process of the wheel via electrolysis,
performed at low speed for about 10–30 min; (3) the grinding process with
continuous wheel in-process dressing by electrolytic means.

A controlled insulating oxide layer (approx. 20 mm thick) is obtained. The
layer of oxide has a larger flexibility and a lower retention characteristic as
compared to the bulk bond material. Thickness and depth of oxide layer
largely depends on the coolant type. As the grains wear during the grinding
process, the insulating oxide layer is also worn. This increases the electro-
conductivity of the wheel so the electrolysis will intensify, generating a
fresh insulating layer. The protrusion of the grains remains constant. For
rough grinding, thin insulating layer is required, whereas for mirror-like
finish, ELID grinding a relatively thick insulating layer is preferred. A slight
increase in the wheel diameter (or thickness) during ELID grinding is
noticed because of the oxide layers formation, conversely as in the rotary
and other mechanical methods of dressing.

During the last 10 years, a number of publications have addressed the
merits of ELID when applied to abrasive grinding on brittle materials such
as BK-7 glass and fused silica, ceramics, hard steels, ceramic coatings, and so
on, with various shapes (plane, cylindrical external and internal, spherical
and aspherical lenses, and so on.) and dimensions. For some applications,
ELID grinding eliminated polishing or lapping operations.

ELID grinding provides the ability to produce spectacular finishes on
brittle material surfaces, with surface roughness on the nanometer scale
(4–6 nm). Coarse grit size wheels (JIS #325 and coarser) show only slight
differences in the final roughness when ELID is applied as compared to
conventional grinding. However, for finer wheels (JIS #4000 and finer),
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ELID showed a better surface finish when it was employed as compared to
conventional grinding in similar conditions.

ELID grinding is more stable than conventional grinding from the removal
rate value viewpoint. Material removal rates of 250 mm3=min up to 8000
mm3=min were reported. The chip thickness is of an order of 1–10 nm. Stock
removal rate increases with the increase in the number of passes, stiffness of
machine tool, and larger grit sizes of the wheels. Cast-iron-bonded wheels
have a larger stock removal rate yet a lower grinding force as compared to a
vitrified bonded grinding wheel.

ELID grinding can be accomplished through brittle-fracture mode for
coarse wheels and in a ductile mode for finer (JIS #4000, . . . , #20,000, FEPA
#1200, and finer) wheels. By careful choice of grinding parameters and
control of the process, ceramics can be ground predominantly in ductile
mode and this results in grooves on the surface that are relatively smooth in
appearance. Ductile-mode grinding can be implemented even on a common
grinder, by controlling the wheel topography.

SEM and AFM techniques permit to evaluate the surface and subsurface
fracture damage to assess the difference between the material removal
mechanism of brittle-fracture and the ductile mode. Both the cutting speed
and the feed rate have no significant effect on the surface finish of the
workpiece.

ELID grinding can be used for low-rigidity machine tools and low-rigidity
workpieces. Grinding force is lower during ELID grinding as compared to
ordinary grinding. Grinding force was constant and low after the first ELID
dressing complete procedure. ELID grinding technique induces compres-
sive surface stress of about 150–400 MPa. The depth of the compressive layer
produced by ELID operation (10 mm) is half the one produced by a honing
operation (15–20 mm), for instance.

Hardened bearing steels like M50 can be ultraprecision ground to pro-
duce an optical quality surface (Ra < 10 nm). The final surface finish is
enhanced by the burnishing action of the worn grits. A surface roughness of
Ra 30 nm can be attained after SAE52100 grinding with porous cBN grind-
ing wheels, but with relatively low removal rates and very fine cBN wheels.
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10.1 Introduction

The lapping process has become a widely used procedure to achieve the high
tolerances required for today’s advanced ceramics. Lapping is a loose-abra-
sive machining process, which combines abrasive particles within an oil or
water-based carrier to form a slurry. The slurry is fed into a rotating lap plate
(usually cast iron) to form an abrasive film between the plate and the parts to
be lapped. In typical lapping operations, the abrasive is forced into the lap
plate, and the parts are lapped with continuously supplied abrasive sus-
pended in a liquid medium. Lapping is an automated, three-body abrasion
process used to obtain a superior surface quality: high dimensional accuracy
and flatness, good roughness, and minimal subsurface damage. Other bene-
fits of lapping include no clamping or heat distortion due to low cutting forces
and speeds, no expensive tooling required, very thin and nonmagnetic parts
can be processed, irregular-shaped parts can be easily machined.

During the lapping process, the main actions of the abrasive grains
against the workpiece include indentation, rolling, scratching, and plowing.
Many researchers have studied the behavior of brittle materials under the
action of a diamond indenter. Lateral and median=radial cracks were gener-
ated during the indentation process. Material removal mainly results from the
propagation of lateral cracks, which commonly takes place in the unloading
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stage. The median cracks that extend toward the depth direction play a very
significant role in the surface and subsurface damage of material [1]. Buijs
et al. [2] investigated the glass lapping process and developed a model
based on indentation fracture. The model expresses the material removal
rate (MRR), surface roughness, subsurface damage, and load=abrasive par-
ticle as a function of particle size, material properties of workpiece and
lapping plate, applied pressure and relative velocity between the plate
and the workpiece.

As the contracting company (Warren Diamond Co.) is a member com-
pany, we can identify it as the primary beneficiary. The project’s main goal
is to optimize the lapping process, by finding a correlation between the
process parameters (of which very important is the type of the slurry) and
the final parameters of the ceramic parts (dimensional accuracy and surface
roughness). Therefore, a part of the optimization process is concerned with
a comparative study of the behavior of polycrystalline versus monocrystal-
line diamond slurry. The aspects that will be taken into account are the MRR
and the grain size distribution.

The final results are important for those who want to apply the lapping
process to ceramic parts efficiently. Recommendations concerning the pro-
cess parameters (rotation of the lapping plate, load per grain, and time) and
the slurry (type and size of grains, optimum size distribution, and flow rate)
that has to be used will be available to the member companies.

10.2 Experimental Methodology

Lapping experiments were carried out on a Lapmaster International Model
12C lapping machine that has a DC variable speed motor, which spins a
300 mm plate over a range of 0–60 rpm. The experimental setup is illustrated
in Figure 10.1. Ceramic workpieces (rings with 0.5’’ ID, 0.8’’ OD, and 0.2’’

Weight

Abrasive application

Conditioning
ring

Lapping
plate

Phenolic
disk

Workpieces

FIGURE 10.1
Lapping setup.
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thickness) made of Al2O3 (Table 10.1) were lapped with diamond slurry on
the single-side lapping machine using a cast iron plate and conditioning rings.

Diamond abrasive was suspended in a water-based carrier and supplied
by a peristaltic pump at a flow rate of 1.5 mL=min. Three workpieces, fixed
at the bottom of a weight with a holder, were lapped simultaneously. The
slurry was based on either monocrystalline or polycrystalline diamond
grains of four sizes: 25, 15, 3, and 1 mm.

Using 25, 15, 3, and 1 mm grains, the following parameters were kept
constant:

. Flow rate, 1.5 mL=min

. Rotation of the lapping plate, 56 rpm

. Slurry concentration, 1.4 g=500 mL (7 ct=500 mL)

. Load=grain, 0.0037 g=grain for 1 and 3 mm grains 0.8404 g=grain for
15 and 25 mm grains

During the experiments, only the machining time was varied: 2, 7, 17, 47,
and 107 min, for each grain size, for both monocrystalline and polycrystal-
line diamond slurry.

For all the workpieces, the following characteristics were measured before
and after each experiment: thickness, mass, and surface roughness (meas-
ured in four areas). The average initial surface roughness was Ra ¼ 1.5 mm.

10.3 Experimental Results

An important component of these lapping tests is the evaluation of the
performance of monocrystalline and polycrystalline diamond slurry. In

TABLE 10.1

Workpiece Material Properties

Material Al2O3—99.8%

Physical properties
Density (g=cm3) 3.96
Mechanical properties
Tensile strength (MPa) 310 (at 258C)

220 (at 10008C)
Modulus of elasticity (GPa) 366
Poisson ratio 0.22
Compressive strength (MPa) 3790 (at 258C)

1.929 GPa (at 10008C)
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addition, the experiments aimed to determine the effect of the abrasive size
and machining time on the surface roughness and MRR. Figure 10.2 and
Figure 10.3 are diagrams of the surfac e roughn ess da ta obt ained for both
monocrystalline and polycrystalline slurry.

As shown in Figure 10.2, the surface roughness decreases more rapidly
with time at the beginning of machining. After approximately 15 min the
surface roughness does not decrease significantly or even increases. After 15
minutes it is not recommended to continue the lapping process.

Results from lapping with the smallest abrasive (1 mm) showed the
polycrystalline diamond producing a better surface than the monocrystal-
line diamond whereas for the 3 mm grains the latter yields better results
from the roughness point of view. The best roughness values were obtained
with the 15 mm grain size (Figure 10.3) for both monocrystalline and poly-
crystalline diamonds in all the studied ranges of the lapping time. For larger
grain sizes, the influence of the diamond type is insignificant.

Figure 10.4 through Figure 10.6 illu strate the influe nce of the lapping time
and grain size on the MRR. For 1 mm grain size, the monocrystalline
diamond leads to higher MRR after a short machining time. The 15 mm
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Roughness versus time.
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abrasive gives better results than any other size and the polycrystalline
diamond outperforms the monocrystalline one.

With the 1, 3, and 15 mm abrasive sizes, it can be considered that the
polycrystalline diamond is effective in improving the surface finish whereas
the monocrystalline diamond generates a better MRR. This is possible
because of the different abrasive action of each type of diamond and its
behavior determined by its physical properties.

The monocrystalline diamond behaves differently from the polycrystal-
line one only because of larger grain size. This could be due to the breakage
of larger polycrystalline grains (25 mm) into much smaller particles than
those resulted after the breakage of monocrystalline diamond. One can see
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this aspect illu strat ed in Figure 10 .7 and Figure 10.8 in wh ich the grain size
distribution for both monocrystalline (Figure 10.7) and polycrystalline (Fig-
ure 10.8) diamonds are shown before and after lapping. The final grain size
distribution is shown for the slurry that was collected after the total lapping
time (107 min).

As can be seen, even if the initial grain size distribution is almost identical
for both types of diamonds, after completing the lapping process, the grain
size distribution differs in terms of the number of smaller particles. The
mean grain size was initially 22.36 mm in the range of 8.482–62.23 mm for
polycrystalline and the mean size was 20.54 mm for monocrystalline dia-
mond, spread in the range of 12.00–52.33 mm. At the end of lapping, the
grain size was in the range of 0.375–47.98 mm for polycrystalline and 0.53–
40.35 mm for monocrystalline diamonds. From the shape of the size distri-
butions one can see that after lapping, the number of larger grains is higher
for monocrystalline than for polycrystalline diamonds.

The ideas mentioned here can explain why the MRR for the 25 mm
polycrystalline grains is lower than that for the monocrystalline diamond.

Based on the presented research some conclusions can be drawn:

. Lapping of alumina parts with diamond slurry can significantly
improve the surface roughness after approximately 15 min, for all
grit sizes studied. This will help in the optimization of the lapping
cycle.

. Abrasive size is one of the most important factors in the lapping
process influencing the MRR and surface roughness.
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. Comparison between the polycrystalline and monocrystalline dia-
monds suggests using the former for better surface finish and the
latter for better MRR.

10.4 Remaining Work

In order to get more relevant results, more values for the rotation of the
lapping plate and weights should be considered. Acoustic emission (AE)
technique can be used to determine the material removal mechanism in
lapping and thus the resulting surface quality. AE signals are very sensitive
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Grain size distribution for 25 mm monocrystalline diamond: (a) before lapping; (b) after lapping.
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to the characteristics of the lapping system such as slurry flow rate, the
concentration, and the grit size of the abrasive in slurry. Therefore, this
method can be used to optimize the process parameters according to the
desired goal.
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11.1 Introduction

Advanced ceramic materials offer superior temperature, and tribological
and strength characteristics to metals, although the replacement of metal
parts with ceramic parts, in many instances, has been hindered by the high
cost associated with conversion. Ceramic parts are expensive because of the
difficulties in fabrication (20%–30%) and machining (70%–80%). Much of
the effort to reduce the cost has been applied to fabrication methods to
obtain techniques for near-net shape processing. This goal is much harder
to achieve because the required tolerances are tightened every year. Thus,
effective and adapted machining methods are required.

The task of machining ceramics differs greatly from metal machining.
Metals are more ductile than ceramics, so material removal is primarily
done by plastic deformation, which enables us to obtain good surface
quality and finish with high dimensional accuracy and with relative ease.
However, ceramic material is usually removed through brittle fracture. This
mechanism makes it difficult to machine ceramics with good surface quality
and integrity. Surface grinding with diamond wheels has been practically
applied, but the surface integrity (primarily surface stresses and cracking
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damage) suffer because cracks are initiated during grinding, and the result-
ing surface quality is not sufficient for many applications.

To improve the surface integrity of ceramic materials and to achieve good
surface quality, micromachining techniques are used. Lapping, fine-grinding,
polishing, honing, and abrasive belt grinding are some of the micromachining
methods that are used in achieving this. Material removal is accomplished less
aggressively, that is, lesser material removal rates than machining processes
and in a more ductile method. Among the processes mentioned, lapping and
polishing differ from machining and other micromachining methods in that
the abrasive is loose and not bonded to any surface. Lapping and polishing are
commonly used to improve the surface of ceramic materials.

11.2 Double Fracture Model

During the lapping process, it is possible to have two types of stock removal
mechanism. One of them we named as double fracture mechanism. The
fracture is a macrofracture and is the effect of a grain that works like an
inde nter (Fig ure 11.1).

At the same time as the fracture, a qua ntity of energy is transfo rmed in
local heat because of the friction and deformation. Unloading fazes the
lapping because a small thermal shock, a microfracture, appears on the
parti cles that were just separated by the macr ofractu re (Fi gure 11.2).

This mechanism will give us an explanation of what happens in grinding,
where the phenomena is more intense because of the dynamics of the
process. Even in ductile grinding where the removed material is in a plastic
deformed mode because of the thermal shock, the plastic chips suffer a
thermal fracture and some of them will be transformed into a powder.

An SEM picture of the collected chips from ductile grinding of alumina
oxi de sho ws a spiraled def ormed shap e like a turning chip (Figure 11.3).
Because of this thermal shock, even the ground surface can be affected and
some cracks can be observed. To avoid this, some Japanese researchers used
a low-power laser to close the cracks after grinding.

These are some hypotheses combined with some evidences regarding this.
More detailed research is necessary to elucidate the stock removal mechanism
of brittle materials particularly in the case of different types of ceramics.

11.3 Experimental Procedures

11.3.1 Materials

Zirconia-toughened alumina (ZTA) is an aluminum oxide (Al2O3) ceramic
material in which stabilized zirconia (ZrO2) is present as a secondary
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dispersed phase. It is composed of 80% Al2O3 and 20% yttria-stabilized
zirconia (15.4% ZrO2, 4.6% YtO3). The method of fabrication is hot isostatic
pressing (HIP) and then sintering to almost 100% density. The properties are
listed in Tab le 11.1. Thi s material has advant ages over single- oxide alumina
ceramics because the addition of stabilized zirconia to alumina increases the
toughness, strength, and wear resistance while retaining good chemical and
heat resistance. The material’s tetragonal (metastable) phase to monoclinic
(stable) phase transformation provides these enhanced characteristics. ZTA
is used for cutting tools and in applications where high abrasion is required.

The material was cut using a diamond saw to obtain dimensions of 1.35
(0.53 in.) � 1.35 cm. The surface to be lapped was surface-ground before
lapping. Grinding simulated a machining step that a ceramic part might
undergo before lapping. The surface finish was 1.78 mm Ra+ 0.89 mm

Microfracture

3000�

10000�

30000�

FIGURE 11.1
Microfracture of ceramics.
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(7.0 min. Ra+ 0.5 min.). GE man-made standard series diamond powders
of sizes 30–40, 10–20, and 2–4 mm were used. The concentration of diamond
was kept constant at 7 carats (1.4 g) per 500 mL of carrier.

11.3.2 Apparatus

A Lapmaster 12C, single-side, flat lapping machine was used for experi-
ments. Figure 11.1 and Figure 11.2 illu strate the setup. The 12 in., radially
grooved lap plates and conditioning rings were cast iron. The speed of the

Macrofracture

FIGURE 11.2
Macrofracture of ceramics.

3 mm

FIGURE 11.3
Ductile ceramic chips.
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lap plate was constant at 56 rpm. Normal force was kept constant at 2.07 kg
(4.6 lb). The carrier used was Amplex Corp. type WS=BC (a generic poly-
propylene glycol carrier). A special carrier type W805 (a new, proprie-
tary carrier) was used in a separate test. A peristatic pump delivered the
diamond-carrier slurry at a flow rate of 1.5 mL=min. The lapping power was
measured by using a power cell connected to the lap plate drive motor. The
surface finish was determined using stylus-type surface analyzer and quan-
tified using the roughness average parameter (Ra). The volume of material
removal was calculated by using average thickness values and verified
through weight measurements.

11.3.3 Methodology

Lapping experiments were conducted using three abrasives of different
size. ZTA workpieces were lapped with all three abrasives in descending
order: 30–40, 10–20, and 2–4 mm. Three workpieces were lapped simultan-
eously. The lap time was 60 min, divided into 4 segments of 15 min each.
Surface finish and material removal were measured after each lap segment.
Further tests used 10–20 and 2–4 mm abrasive, respectively, to highlight the
surface finish performance with respect to time.

11.4 Conclusions

A new model for material removal mechanism was proposed based on the
experimental evidences. The ‘‘Double Fracture Model’’ was proved in the
stock removal mechanism of ceramics lapping.

Based on this model a new technology was developed for laser assisted
grinding of ceram ics (see chapter 14).

TABLE 11.1

Properties of Zirconia—Toughened Alumina

Density (g=cm3) 4.45
Hardness (MPa) 900–1000
Fraction toughness, Kic (MPa m1=2) �7.5
Young modulus (MPa) 2000
Porosity (%) 0.1
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ABSTRACT A double side grinding (DSG) computerized kinematical
model accounting for piece rotation inside its slot into the carrier was
developed. Trajectories for representative points located on the end faces
of the workpiece were simulated. A radial wear gradient of the active
surface of the wheel was predicted. Experiments accomplished with differ-
ent wheel specifications, process parameters, operation duration, and cool-
ant types were carried out. A strong correlation was found between the
predicted length of the trajectory of a specific point located on the piece
surface and the experimental material removal rate. A radial wear gradient
was experimentally confirmed. Conclusions on optimizing the DSG process
for advanced ceramics with diamond were drawn.
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12.1 Introduction

The cost of abrasive finishing operations applied to ceramic components can
count for as much as 75%–80% of the overall manufacturing cost of the part
[1], compared with as little as 15%–20% for similar operations applied to
conventional metallic components. Lowering this cost by increasing mater-
ial removal rates is limited by the grinding-induced damage of ceramic
component leading to strength degradation [2,3].

The study of abrasive material removal mechanisms of ceramics can be
accomplished at two levels: microscopic and macroscopic. The micro-
scopic level involves modeling of the interaction between a single super-
abrasive grain and the work by a combination of two main mechanisms:
brittle fracture—investigated by indentation fracture mechanics [4,5], and
plastic deformation—investigated by ductile regime grinding of ceramics
at extremely shallow depths of cut [6]. A correlation of the data obtained
at the macroscopic level in terms of operation parameters [7,8] with
microscopic level interactions is limited by the influence of the random
variables that characterize the abrasive operations. Predicting wheel per-
formance is therefore more difficult for abrasive processes than for pro-
cesses with tools of known geometry.

Abrasive material removal mechanisms of ceramics fall into two main
categories: two-body interactions with bonded abrasive (as in grinding), and
three-body interactions using loose abrasive (as in lapping and polishing). As
shown in previous work [9], one important goal of ceramic abrasion research
consists in promoting a highly productive, economical, easy-to-automate, and
ecologically friendly grinding process that generates smooth and geometric-
ally precise surfaces with low subsurface damage, and that can successfully
replace slower three-body abrasion processes. Extensive studies in double side
grinding (DSG) [9–12] modeled the kinematics of the process to analyze the
path types, the velocities of workpieces, and the kinematical possibilities
of different machine tools. These studies concluded that modifying path
types can improve both surface finish and geometry by up to 30% and 40%,
respectively, but at a cost of 50% reduction in material removal rate.

According to Uhlmann and Ardelt [9,10], greater changes in performance
can be achieved by varying the path type than by varying the grinding
pressure or path velocity.

The present research deals with a kinematical model of the DSG operation
that, innovatively, accounts for the cylindrical workpiece rotation inside the
accommodation slot into the carrier. Trajectories for representative points
located on the end surfaces of the workpieces are simulated. Theoretical
conclusions on surface finish of the ground components and on wear of
active surface of the wheel were drawn.

Experimental studies were conducted to validate the model. DSG experi-
ments were conducted under a range of conditions: with different wheel
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specifications, coolants and cooling strategies, and values of process
parameters.

A significant correlation between the simulated parameters of the model
and the experimental results of the grinding tests validated the model as a
useful tool for predicting the DSG operation efficiency.

The predicted radial wear gradient of the active surface of the super-
abrasive wheel was also validated.

12.2 Kinematical Model for the Double Side

Grinding Operation

During the DSG process, cylindrical workpieces of radius rp are freely
accommodated in specially designed slots into the carriers and moved
simultaneously between the two counter-rotating grinding wheels, as
shown in Figure 12.1. Three to six carriers follow a planetary motion pattern,
led between a fixed external rim and a rotary internal pin.

Technically, this mechanism is a 2K-H internal planetary gear system, in
which the sun gear role is played by the internal pin that has zi teeth and a
radius ri, the planet gear is played by the carriers that each have a number of
zc teeth and a radius rc, and, finally, the internal gear role is played by the
fixed external rim that has ze teeth.

An eccentric placement of the pieces with respect to the center of the
carrier, re, offers significant advantages when compared to a circular
arrangement [9,10], especially, in preventing the formation of the wear

Top wheel

Workpiece

Carrier

Internal
rotating pin

Bottom wheel

External fixed
toothed rim

FIGURE 12.1
Components of the double side grinding system.

� 2006 by Taylor & Francis Group, LLC.



grooves, a conclusion that will be confirmed and explained further by the
present paper, too.

The analytical description of the complex kinematics of the operation
is based on three coefficients. The coefficient Kt describes the ratio of the
revolving velocity of the carrier’s center around the global center, nq, to
the internal pin rotational speed, ni, and is mathematically described by the
relation:

Kt ¼
nq

ni
¼

zi

ze

1þ zi

ze

¼ 1

1þ ze

zi

: (12:1)

The second coefficient, Kc, describes the ratio of the revolving velocity
of the carrier’s center to the rotational speed of carrier itself, nc, and is
given by

Kc ¼
nq

nc
¼

zi

ze
zi

ze
� zi

zc

¼ 1

1� ze

zc

: (12:2)

Finally, the speed ratio, Kn, describes the ratio of the revolving velocity of the
carrier’s center to the rotational speed of the grinding wheel, nw, (nw ¼ nb

for bottom wheel and nw ¼ �nu for upper wheel), and is given by

Kn ¼
nq

nw
¼ Kt �

ni

nw
(12:3)

Whereas the first two coefficients are constant for a given setup, the last one
can vary according to the specific values of the rotational velocities of the
wheels.

A fourth coefficient, K, based on the coefficients introduced in Equation
12.1 and Equation 12.3 and one that is very useful in practice, is a multipli-
cation factor that relates two controllable process parameters: the rotational
speed of the internal pin and the rotational speed of the bottom and upper
grinding wheels, respectively, defined by

K ¼ nw

ni
¼ Kt

Kn
(12:4)

Acc ording to the geomet rical mode l pres ented in Figure 12.2, the instantan-
eous global location vector for the center of the workpiece is given by

r ¼ i
j

� �T

� cos(uq) cos(uc)
sin(uq) sin(uc)

� �
� ri þ rc

re

� �
, (12:5)
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where the instantaneous rotation angle of the internal pin and of the carrier,
uq and uc, are, respectively, calculated in the relations:

uq [degrees] ¼ nq [rpm] � 360

60
� t [sec]

uc [degrees] ¼ nq [rpm] � 1

Kc
� 360

60
� t [sec]

(12:6)

The offset location of the accommodation slot with respect to the center of
the carrier can vary between zero and a value defined geometrically in
Figure 12.3 and mo deled mathe matically by the rela tion:

(re)max ¼ min rc � rp, (rew � rp)� (ri þ rc), (ri þ rc)� (riw þ rp)
� �

, (12:7)

where rew and riw are the external and the internal radius of the grinding
wheel, respectively.

As the bottom and the upper wheel are counter-rotating with a velocity
nw, the workpiece center describes different trajectories on the active surface
of each of the two wheels, trajectories that are altered (stretched or

y yc yp

r3

Xp

Xc

Op

rpOq

O X

re

rq

rc

qp

qq

qe

–

–

FIGURE 12.2
Geometrical model for double side grinding.
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comp ressed) wh en compared with the glob al trajector y recorded in a global
fixed coor dinate system , accordi ng to the relati on:

�rrw ¼ R w � �rr, (12: 8)

wh ere the gri nding wheel rotationa l matr ix, R w , is given by

R w ¼
cos( uw ) sin( uw )
� sin( uw ) cos( uw )

� �
, uw ¼ nw �

360

60
� t (12: 9)

By em ploying the global coordi nates of center of workpi ece from Eq ua-
tion 12.5, the rotationa l matr ix from Eq uation 12.9 , and the ex pression of the
spee d ratio co efficient from Equati on 12.2 in Eq uation 12.8, the gene ral
expression of the global coordinates of the trajectory of the workpiece center
onto the active surface of the wheel can be written as

rw ¼ i
j

� �T

� cos(uq � uw) cos(uc � uw)
sin(uq � uw) sin(uc � uw)

� �
� ri þ rc

re

� �
(12:10)

Carrier

Workpiece
Grinding wheel

Central pin

Outer fixed rim

ri + 2rc

rp

rp

ri
rc

re

re

rc ri

rew

riw

FIGURE 12.3
Dimensional chains for the workpiece offset value with respect to the center of carrier.
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This expression describes a compressed hypotrochoid on the active surface
of the bottom wheel, and an elongated hypocycloid on the active surface of
the upper wheel.

To prevent the wear track formation on the active surfaces of the grinding
wheels, the trajectory of the workpiece’s center in local wheel coordinate
systems should avoid resembling a multi-cusp curve. Thus, the rotational
speeds to be avoided are calculated accordingly.

The workpiece’s center travels on the active surface of the wheel and
makes one complete orbit in a time period of:

T [sec] ¼ 60

nw � nq
¼ 60

nq
� Kn

1� Kn
(12:11)

The center of the workpiece will be at the same distance with respect to the
center of the wheel as initially was, rw, after a period of time given by

Dt [sec] ¼ 360

6 � nq [rpm] � 1� 1

Kc

� � (12:12)

When the period defined in Equation 12.11 is formed by an integer number
of times, N, of duration time defined in Equation 12.12, the resulting trajec-
tory will be an N-cusped hypotrochoid, a curve that must be avoided, as
shown earlier, to prevent the wear track formation. Therefore, for each value
of the rotational speed of the internal pin, ni, the values of the rotational
speed of the grinding wheel to be avoided are given by the relation:

navoid
w ¼ ni � Kt � 1þ

1� 1

Kc

N

0
B@

1
CA, N 2 Z� (12:13)

Negative integer values of N characterize the rotational speeds of the upper
wheel that need to be avoided, whereas the positive integer values of the
same determine the rotational speeds of the bottom wheel to be avoided to
prevent uneven wear of the tool’s active surface.

To simulate the trajectory of a point A located on the workpiece’s outer
diameter at an angle c with respect to global abscissa, the friction between
the workpiece and the slot was neglected. In these conditions, the workpiece
is free to rotate inside the slot with an instantaneous angular velocity, vp,
determined by the complex interaction between the planetary motion of
the carrier around the global center, and the instantaneous rotation of the
carrier with respect to its center.

The location vectors of the point A with respect to both global origin and
carrier center, �rrA=O and �rrA=Oc

, are, respectively, described by the relations:
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�rrA=O ¼ �rrþ rp �
�ii
�jj

 !T

�
cos(c)

sin(c)

� �

�rrA=Oc
¼

�ii
�jj

 !T

� re �
cos(uc)

sin(uc)

� �
þ rp �

cos(c)

sin(c)

� ��
(12:14)

�

Accordingly, the tangential projections of the instantaneous velocity vectors
of point A, Vq

rot and Vp
rot, are, respectively, calculated using the relations:

Vrot
q ¼ vq � rA=O � cos(c� dq)

Vrot
p ¼ vc � rA=Oc

� cos(c� dp) (12:15)

The instantaneous angular velocity of the workpiece alone, vp, is numeric-
ally determined as the resultant of the instantaneous angular velocities of all
points located on the outer diameter of the workpiece, as presented in the
relation:

vp ¼
Mþm, if M � m� 0
M, if jMj > jmj,
m, if jMj � jmj

8<
:

(12:16)

where:

M ¼ max
Vrot

q þ Vrot
p

rp

( )
; m ¼ min

Vrot
q þ Vrot

p

rp

( )
:

(12:17)

In general, the instantaneous global location of a random point R located on
the end surface of the workpiece at a distance rrand with respect to the center of
the workpiece, is a combination of three rotations: the rotation of the carrier’s
center around the global origin, the rotation of the carrier itself, and the
rotation of the workpiece inside its slot, and it is modeled mathematically by

rr ¼ i
j

� �T

� xr

yr

� �
¼ rþ rR �

�ii

j

� �T

� cos(vpt)
sin(vpt)

� �
, (12:18)

where rR is the distance between the random point R and the center of the
workpiece.

As the upper and the bottom wheels are counter-rotating, the trajectories
described by the random point R on the active surface of each of the
two wheels are altered with respect to the global trajectory presented in
Equation 12.18, according to the relation:

rr=w ¼
i
j

� �T

� xr=w

yr=w

� �
¼ R w � �rrr: (12:19)
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Finally, the length of the trajectory of the random point R, in global coord-
inates and with respect to the local coordinate system of each grinding
wheel are, respectively, calculated for a number, i, of different positions
using the relations:

lr ¼
X

i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xr(i)
� xr(i�1)

	 
2þ yr(i)
� yr(i�1)

	 
2
q

(12:20a)

lr=w ¼
X

i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xr=w(i)

� xr=w(i�1)

� �2
þ yr=w(i)

� yr=w(i�1)

� �2
r

(12:20b)

12.3 Trajectory Simulation

For the machine tool used during this experimentation, an Italian double-
sided grinder SP-3 type 210-3P made by Melchiorre Officina Meccanica SRL,
the internal pin has zi ¼ 44 teeth, the carriers have zc ¼ 32 teeth, and the
fixed external rim has ze ¼ 108 teeth. The geometrical parameters have the
following values: the radius of the internal pin ri ¼ 46.8 mm, the radius of
the carrier rc ¼ 33.3 mm, the offset position of the slot re ¼ 11.4 mm, and
the outer radius of the workpiece rp ¼ 10.3 mm.

Accordingly, the constant coefficients have the values of: Kt ¼ 0.2895 and
Kc ¼ �0.4211.

There are several different types of cycloids described on the active
surface of the wheels, in function of the value of multiplication factor K.
The mos t represe ntative types of trajector ies are shown in Figure 12.4.
The resultant instantaneous angular velocity of the piece, vp, varies between
0 and �2. 72 rad =sec , accordin g to the variatio n func tion pre sented in
Figure 12.5.

The trajectory of a point fixed on the slot after one revolution of carrier
around the global center is represented by the red curve, whereas the
trajectory of a point fixed on the outer diameter of the workpiece is repre-
sented by the black curve in Figure 12.6 (al l the dimens ions are in mi lli-
meters). The two points coincided initially, when the carrier started its
counterclockwise revolution around the center from the 3 o’clock location.
The differences occur because of the variation in the instantaneous rotation
value of the workpiece inside the slot.

The simulation of the trajectory of a point located on the outer diameter of
the piece, for 20 revo lutions of the carrier around the global center, is
depicted in Figure 12.7. This simulat ion offers in dications of wheel wear
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dynamics. As it can be observed, the wear track density decreases from the
internal diameter of the wheel toward the outer diameter, generating a
radial gradient for the tool wear. This is an inherent result of the process
kinematics and is independent of geometrical or process parameters.

The variation of only three input parameters can generate significant
variation of the output parameters. These three input parameters are: the
slot’s eccentricity, the wheel rotational speed, and the value of the Kn

coef ficient def ined in Equati on 1 2.3.
As it can be conclu ded from Equa tion 12.20a, the ideal global traje ctory

of any point fixed on the end surface of the workpiece is not influenced by
the kinematical parameters, but only by the geometrical parameters of the
planetary gear system, which are fixed for each setup and machine tool
utilized. Conversely, the trajectories of the same point on each active surface
of the bottom and upper grinding wheels are, respectively, influenced by
the wheel rotatio nal speed, but only wh en the co efficient from Equa tion 12.3
is variable.

For different values of the slot eccentricity, the trajectory of the
workpiece’s center, expressed in the global coordinates system, is altered
gradually from a circle at re ¼ 0 to a three-cusp concave curve with accen-
tuated curvature for higher eccentricity values, as it can be observed in
Figure 12.8. As it can be observ ed in Figure 12.9, the traje ctories of four
points, located at the intersection of the workpiece diameter with inner and
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FIGURE 12.4
Type of hypotrochoidal curves generated for different values of the speed ratio coefficient K.
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outer diameters of the piece, described on the active surface of the bottom
wheel, tend to have lesser and larger cusps when the value of the eccentricity
re increases from 0 to 12 mm (the latter value is calculated for the current
setup used accordi ng to Equation 12.7).

For different rotational speeds of the grinding wheels, limited currently
by the machine capabilities between 0 and 250 rev=min, the trajectory of the
center of the workp iece is altere d, as presente d in Figure 12.10, from a multi-
cusp curve to a pure circle (nw ¼ nq), and again to another multi-cusp
curve, to end as a planet-orbit-like curve at the highest rotational speeds.

For decreasing values of the Kn coefficient within the feasible interval
(from 0 to 1), the trajectory of the workpiece’s center on the active surface of
the bottom wheel is altered from a circle to a hypotrochoid that has lower
number of cusps for lower values of the coefficient, and, finally, to planetary
curves with an increased coverage of the active surface of the grinding
wheel for lowest values of the speed ratio.

Instantaneous angular velocity [radians per second]

Instantaneous angular velocity of workpiece

Maximum instantaneous angular velocity of workpiece

Minimum instantaneous angular velocity of workpiece

Rotation angle of center of carrier [�C]

6
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−4

−6
0 90 180 270 360 450 540 630 720

FIGURE 12.5
The variation of the instantaneous angular velocity of the workpiece for two revolutions of the
carrier around the global origin.
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FIGURE 12.6
The trajectory of two points after one revolution of the carrier.
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FIGURE 12.7
The trajectory of one point after 20 revolutions of the carrier.
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12.4 Experimental Validation

Factorial experiments of DSG of alumina ceramics with diamond were
carri ed out in the experi mental conditio ns listed in Tab le 12.1. Befo re eac h
experiment, the wheels were dressed to a completely restored cutting ability
according to the bond type: the vitrified bond wheel was dressed mechan-
ically with silicon carbide superfine dressing sticks, whereas the metal bond
wheel was predressed using an electrolytic in-process dressing (ELID)
technique.

A complete set of experimental results are presented elsewhere [13,14]. It
was reported that wheel speed and specific pressure between the tool and
work are significant for the variation of measured parameters, and that the
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FIGURE 12.8
Trajectories of the workpiece’s center and four other representative points located on the work
surface, expressed in global coordinates, for offset values re of: (a) 0 mm; (b) 6.35 mm; (c) 12 mm.
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FIGURE 12.9
Trajectories of the workpiece’s center and four other representative points located on the
work surface, expressed in local coordinates of the bottom grinding wheel, for offset values re

of: (a) 0 mm; (b) 6.35 mm; (c) 12 mm.
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coolant applied under pressure in the grinding zones dramatically improves
the tool performance and tool life. In the present report the correlation
between the length of the simulated trajectory of the workpiece’s center
and the operation productivity is quantified.

For each of the three tests, both the values of the trajectory length and the
corresponding value of volume of stock removed were used to define the
regression model. Each point on the graph is the average of at least six
experimental values. The standard deviation was found to spread between
10.2% and 0.6%.

As both the abrasive grain size and the specific pressure influence the real
depth of cut at microscopic level, thus influencing the volume of material
removed, and as the present model deals with macroscopic level phenom-
ena only, for each value of grain size and specific pressure experimentally
explored, specific linear regression equations were written. Noticeably, the
dry experiment did not generate consistent data; this aspect is discussed
later in this paper.

TABLE 12.1

Values of Parameters for the Test Runs

Grain size

[mm] Concentration

Bond

Type

Specific

Pressure

[MPa]

Coolant

Type

Wheel

Speed

[rpm]

Carrier

Speed

[rpm]

3.25 50 Metal 0.068 Synthetic 60, 75, 150 7, 12
9 100 Vitrified 0.068 Synthetic 60, 75, 150 7
9 100 Vitrified 0.203 Synthetic 60, 75, 150 7
9 100 Vitrified 0.068 Dry 60, 125, 200 4, 10
9 100 Vitrified 0.203 Dry 60, 125, 200 4, 10
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FIGURE 12.10
Trajectories of the workpiece’s center and four other representative points located on the work
surface, expressed in local coordinates of the bottom grinding wheel, for rotational speed values
of the bottom wheel nb of: (a) 20 rpm; (b) 30 rpm; (c) 100 rpm.
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For each regression equation, relative predictive power of linear model,
R2, average values, and standard deviation values for the residuals are
detailed in Table 12.2.

Figure 12 .11 plots the re sults of the three ex perime nts: the 3.25- mm test,
the wet-9-mm test, and the dry-9-mm test, in terms of volume of material
removed Vw as a function of the length of the trajectory on the bottom
wheel. The high values of R2 (generally higher than 0.985) indicate a very
strong correlation between the volume of material removed and the calcu-
lated length of trajectory. Thus, the mathematically formulated model is
validated to be used in predicting the volume of material removed as a
function of known kinematical parameters.

12.5 Discussion of Results

As presented earlier, the variation of only three factors, specifically, the
slot’s eccentricity, the wheel rotational speed, and the speed ratio coefficient
Kn, leads to different output parameters generation. From these three, the
value of the slot’s eccentricity is least influential as it causes only slight
aspect modifications of the trajectories without significant improvements in
the wheel surface coverage.

Conversely, the modification of the speed ratio coefficient Kn is most
influential because it causes drastic modifications of the type, aspect, and
size of the curve. The simulation shows that better coverage of the active
surface of the wheel is obtained for large values of the coefficient, when the
trajectories resemble planetary orbits. In the same time, there are values of
the coefficie nt det ermined in Equa tion 12.13 that nee d to be avoided to
prevent uneven wear on the active surface of the wheels. In general, better
coverage of the active surface of the wheel is obtained for larger values of
eccentricity, lower values of speed ratio coefficient, and higher rotational
speeds of the wheels.

TABLE 12.2

Mathematical Formulation of Regression Models

Grain Size

[mm]

Specific

Pressure

[MPa]

Cooling

Strategy

Regression

Equation

QMR l R2

Residuals,

Average + Standard

Deviation

3.25 0.068 Coolant QMR ¼ 0.027 l 0.985 �5.4%+ 15.8%
9 0.068 Under QMR ¼ 0.855 l 0.991 �7.1%+ 10.1%
9 0.203 Pressure QMR ¼ 1.695 l 0.994 �3.6%+ 5.1%
9 0.068–0.203 Dry No correlation N=A N=A
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The present kinematical model shows that the rotation of the workpiece
inside its slot helps in complicating the path along which a random point
located on the end surface of the piece travels during the process. This helps
to continually alter the grinding direction leading to improved surface finish
and geometry.

The real-time process simulation predicts the development of a radial
gradient of the wheel wear track density. Regardless of the value of slot
eccentricity, and wheel and carrier rotational speed values, the density of
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FIGURE 12.11
Volume of material removed vs. length of trajectory for: (a) wet DSG with 3.25 micron grit size
wheel; (b) wet DSG with 9 micron grit size wheel, for two values of pressure; and (c) dry DSG
with 9 micron grit size wheel, for the same two values of pressure.
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the grinding tracks is higher in circular sections closer to the wheel’s
internal diameter, and rarer in circular sections closer to the wheel’s external
diame ter, as seen in Figure 12.7. This is an inheren t resu lt of the pro cess
kinematics and cannot be overcome by controlling the process parameters.
This theoretical result is confirmed practically by the uneven erosion during
the process of an adherent layer, initially deposited on the active surface of
the wh eel, as it can be observed in Figure 12.12. The layer is intensiv ely
worn in circular sections close to the wheel’s inner diameter and barely
scratched toward the outer diameter of the wheel.

A strong correlation between the length of the simulated trajectory of the
workpiece’s center and the operation productivity was experimentally
observed. As the grain depth of cut is influenced by microscopic parameters
that cannot be accounted for in a macrokinematical model (as grain size and
specific pressure), the predictive model must be either calibrated for each
value of grain size and specific pressure utilized, or integrated by a wheel

FIGURE 12.12
Radial wear gradient of the diamond wheel.
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topographical model with an analytical model that describes the interaction
between a single abrasive grain and the work surface. The former solution
was adopted for the present paper, whereas the latter is described in extenso
elsewhere [15].

The experiments revealed that all wet tests consistently generated highly
correlated data, whereas the dry test did not. This can be explained by the
advantages gained when using an effective grinding fluid and a correctly
chosen cooling strategy [13]: the wheel’s cleanliness is maintained through-
out the process, the real depth of cut is better controlled, the three-body
abrasion promoted by the fine diamond breaks is eliminated, the grinding
temperature is controlled, etc.

The average grit size has the most dramatic influence over the process
productivity, with the 9-mm abrasive size wheel hundred times more effi-
cient in removing material than the 3.25-mm abrasive size wheel in similar
conditions. This difference in productivity can be explained mainly by two
effects: (1) connection with the grain depth of cut and (2) abrasive concen-
tration, but not by an interaction of these two, as the protrusion height
distribution is a function of grain size alone and is independent of the
concentration [16]. Thus, the selection of the right grain size and the correct
abrasive concentration for each particular application is more important for
process productivity and surface finish than the choice of any other process
parameters.

A three-time increase in the specific pressure between the wheel and
the workpiece generated a two-time more efficient operation. This can be
explained by the correlation between an increased depth of cut and the
shape, size, and number of active abrasive grains.

12.6 Conclusions

A kinematical model for the DSG operation accounting, first in this research,
for workpiece rotation inside the slot into the carrier is described. Trajector-
ies of different points located on the machined surfaces are simulated and
dimensionally and geometrically characterized. The correlation between the
length of the trajectory of the workpiece’s center and the material removing
productivity is mathematically modeled. A radial gradient for the wheel
wear, with track density values decreasing from the internal diameter of the
wheel toward its external diameter, was predicted and experimentally
demonstrated.

Significant correlation between the simulated parameters of the model
and experimental results qualifies the calibrated model as an accurate pre-
dicting tool for the DSG productivity.
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13.1 Introduction

Super polishing of magnetic heads is a very important process in the storage
media industry. It creates a very flat surface with small surface roughness
allowing only a small gap between the head and the storage media (hard
disk, floppy disk, tape, etc.). This process can be optimized by making the
right decisions in terms of slurry selection (type, amount), plate material,
speed (plate and parts), time, and pressure on the parts.

This chapter provides experimental data for the magnetic head material
removal rate and surface finish. These two parameters were considered as
the important factors for the magnetic head manufacturer as it reflects the
needs of the customers. In this step, where we super polish the magnetic
heads, we are trying to obtain a direct relationship between slurry type and
material removal rate. Other characteristics to be included are particle size,
concentration, and amount; more parameters will be included in future
experiments.
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The main goal of this chapter is to obtain a clear and quantitative difference
on the machine parts using polycrystalline and monocrystalline slurries to
help the decision-making process. In super polishing, changing the slurry
type will modify the machining characteristics and, therefore, different
surface finish and material removal rate.

The first approach toward super polishing of magnetic heads attempts to
provide qualitative and quantitative analysis of the resulting surfaces of the
magnetic heads and the material removal rate of the process. Keeping
other parameters as constant as possible and changing only the slurry
type, we are able to determine the best choice to cover the customer needs
in terms of production volume, economy, and surface quality. This fact
will help the related industries to make appropriate suggestions to their
customers’ needs.

13.2 Related Work

13.2.1 Inside University of Toledo

Extensive work on super polishing of magentic heads was carried out at the
University of Toledo’s Precision Micro Machining Center. The following are
the two active projects:

Mono vs. polycrystalline diamond lapping of ceramics ID # PMMC 1703.
Acoustic emission monitoring of lapping process ID # PMMC 1704.

13.2.2 Outside PMMC

Super polishing of magnetic heads is an important field of research for the
superfinishing industry. Some of the results of these research were pub-
lished:

An ultraprecision lapping on magnetic memory disk substrate of glass by
fixed abrasives in newly developed microspherical cell

Yoji Tomita, Tanaka Co. Ltd, Japan and Hiroshi Eda, Ibaraki University,
Japan

Japan society of manufacturing engineers
Abrasive micromachining of advanced materials to precision tolerances;
Andrew M. Corsini, Peter Wolters of America Inc.
Ceramic industry manufacturing conference and exposition, Pittsburgh

PA, 1995;

� 2006 by Taylor & Francis Group, LLC.



Abra sive engi neering society
A few nanome ters’ fl atness polis hing of NiP plated magn etic disk

substr ate with alum ina abrasive s
Heiji Yasui et al., Departm ent of Mecha nical Engi neering, Kum amoto

Un iversit y, Japan
Ultra precision in manuf acturing engi neering confere nce, Aac hen,

Ge rmany, 1994
A stu dy on ultrasmoo thness polishing of glass magn etic disk substr ate
Heiji Yasui et al., Kum amoto Univ ersity, Japan
Prog ress in precis ion enginee ring and nan otechn ology proce edings of

the 9th internati onal preci sion engi neering seminar, Braunsc hweig,
Ge rmany, 1997

13 .3 Meth od olog y

This research utilize s four typ es of slurry with the other paramete rs (plate
mater ial, plate surface roug hness, time, load, spee d, slurry amo unt) kept as
constan ts. The proce ss start s with the mach ining of the polishing plate to a
roug hness of 20–30 m in. and max imum conca vity of 25 m m.

The next step is the te xturing of the plate usin g the slurry to be studied, in
a higher concen tration . Loads of 12 kg are applie d to the ceramic ring a nd
machi ned for ab out 99 min.

After textur ing, the charg ing proces s is sim ilar to the textur ing but a
5.5 kg load is added to parts and mach ine for ab out 99 min. The n the
parts are cleaned and meas ured and loaded into the part ho lder that
locate s them at 60 8 angle s usin g six parts per batch . The batch is then
polished for about 12 min, following a cleaning bath with reagent alcohol
(<1% of water) and measured again. This way, we obtain the material
removed in the cycle. After that, the parts are taken to the atom force
microscope (AFM) and then analyzed for roughness and profile of the
polished surface.

Figure 13.1 sho ws the locat ion of the parts in the par t hold er. The slurry
types are monocrystalline diamond 0.25 and 0.125 mm and polycrystal-
line diamond 0.25 and 0.125 mm. The plate is tin and the polishing speed
is 40 rpm.

Notes: During this experiment, the initial roughness of the plate played a
very important role in the determination of the material removal rate; also,
the material in the part holder (soft or hard) creates a different material
removal rate.
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13.4 Experimental Results

The main results obtained for the four types of slurries are as follows:

13.4.1 Material Removal

For 0.25 mm monocrystalline diamond, we removed 7.395 mm per 12 min
of machining or 0.6163 mm per min. This rate is with a different charging
method and is showing lesser efficiency than the one described earlier.

For 0.25 mm polycrystalline diamond, we removed 15.636 mm per 12 min
of machining or 1.303 mm per min.

For 0.125 monocrystalline diamond, we removed 3.236 mm per 12 min of
machining or 0.2697 mm per min.

For 0.125 polycrystalline diamond, we removed 3.575 mm per 12 min of
machining or 0.2979 mm per min.

It can be seen that on the 0.25 mm slurry, the material removal rate for
polycrystalline is twice that for monocrystalline, optimizing production
volume and time savings.

In the 0.125 mm, the results are quite different; the removal rate is
very small (around 9%) compared with the 0.25 mm. In this case, the
decision-making process should include other parameters like economy,

60�

Part

FIGURE 13.1
Part location on the experiments.
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availability, and so on. Figure 13.2 shows the graphs for material removed
during the experiments.

13.4.2 Roughness and Profile

The preliminary results on the AFM show roughness on some parts of about
2 nm on the lower end of the range. The roughness and profile measure-
ments are in progress because of a heavy volume of work on the AFM and
the priorities assigned to it by the department of chemical engineering
(owner of the equipment). This fact does not allow more results to be
disclose d now that this rep ort is getting pri nted. Figu re 13. 3, Figure 13.4,
Figure 13.5, and Figu re 13.6 are surfac e roughn ess imag es obt ained on the
AFM for dif ferent parts. Figure 13.7, Figure 13.8, and Figure 13. 9 are topog-
raphy images of these parts.

13.5 Remaining Work

The remaining work includes:

. Analysis of the roughness and profile of the parts for the different
types of slurries.

. Analysis of the effect on the plate surface roughness, it has proven to
be of critical importance in these experiments.

. Analysis of the part holder material (soft or hard) that also showed
itself as an important parameter.
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FIGURE 13.2
Average material removed (in mm) per batch of six parts.
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FIGURE 13.3
Image of a nonlapped magnetic head showing the roughness of the full scanned area and the
roughness of the small rectangle.
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FIGURE 13.4
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Roughness analysis
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FIGURE 13.5
Image of a nonlapped magnetic head showing the roughness of the full scanned area and the
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FIGURE 13.6
Image of a lapped magnetic head with 0.125 mm slurry, showing the roughness of the full
scanned area and the roughness of the small rectangle.
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FIGURE 13.7
Image of a nonlapped magnetic head showing the topography of the surface.
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Image of a lapped magnetic head using 0.25 mm slurry, showing the topography of the surface.
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. Other parameter that might be analyzed is the speed (parts and plate)
and its effect on the surface roughness.

. The material of the plate is also in the scope of this study.

. Use of acoustic emission techniques for the polishing process
analysis.
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FIGURE 13.9
Image of a lapped magnetic head using 0.125 mm slurry, showing the topography of the surface.
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14.1 Objectives

The objectives of this chapter are to determine the parameters of a new
technology for high productivity, low cost of hot-pressed silicon nitride
(HPSN) ceramic materials and to determine if an available grinding wheel
system can be used for these applications.

Ceramic materials are commonly brittle materials with varying degrees of
brittleness. The aim of this research is to increase the ductility of HPSN
ceramic materials by the aid of laser preheating process and in process. With
this method, it will be possible to increase the depth of cut (productivity
of the process) more than 20 times and at the same time, keep the process in
the ductile mode (free of surface and subsurface damages).

This research is unique in that the grinding system will be considered as a
thermal-tribo system and the laser energy and friction energy together will
provide indications for the necessary energy for increasing the ductility of
HPSN ceramic materials.
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14.2 Problem St atement

14.2. 1 Intr oductio n

Ceram ic mater ials are conside red brittle materials and are examp les of
diffi cult-to- grind (machine) mater ials. Thi s is bec ause of the me chanical
pro perties of thes e materials, mos t notabl y hardnes s, bri ttleness , and abra-
siven ess. Previous resea rch showed that the only way to obt ain a good
qua lity gro und surface is through ductile grinding of ceram ics with dia-
mond wheels . But even in this case, the depth of the cut mus t be less than
1 mm, whic h makes the proces s very expensi ve. Man y re searchers have trie d
diffe rent soluti ons and a very succes sful method was that of high-spee d
grindi ng of ceram ics, but even in this case the pro cess is very exp ensive.
Ceram ic mate rials are not extensi vely used in in dustry bec ause the cos t of
the machi ning is very high and rep resents betwe en 50% and 80% of the co st
of the par t. We are look ing for a soluti on to redu ce the cos t through
increase d produc tivity.

Fro m the exp eriments done with high- speed grindi ng, one can observe
the effect of the temperatur e on the qua lity of the sur face and note that an
increase in tempe rature he lps in obt aining a bette r sur face and a bet ter
pull out.

14.2.2 Experimental Setup

Based on this observation, an experiment was done at the Center for Grinding
Research and Development at the University of Connecticut. A laser was
mounted on a surface grinder to preheat the ceramic surface just before it
contac ts the grinding wheel (see Figure 14.1). A dyna mometer and a therm o-
couple were used together with a data acquisition system. The experiment
was done for four types of ceramic s (Tabl e 14.1): Al2O3, Ferrite, ZrO2, and
Si3N3. The aim of the experiment was to show that it is possible to increase
the ductility of ceramics through a preheating process and to increase the
depth of cut while the material is in the ductile state. The experiment was
done in two steps: (1) grinding of ceramic materials and (2) grinding of
ceramic materials preheated with laser under the same experimental condi-
tions. During the experiment, the forces and the temperature were measured
in process. The experiment parameters were as follows:

. Wheel speed: Vs ¼ 25 m=s.

. Depth of cut: a ¼ 50 mm.

. Work speed: vw ¼ 2 mm=s.

. Wheel type: 1A1, D400, C75, Resin Bond & Friable Diamond,
Kt8821YA.
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14.2. 3 Results and Discuss ions

The experi mental resu lts are pre sented in Tab le 14.1. The norm al force ( Fn )
and tangen tial force ( Fz) were gene rally hi gher un der the laser pr eheated
conditi on (Fi gure 14.2 and Figure 14.3). The beh avior of silicon nitride is
remar kably unu sual. From Figu re 14.4 , one can see that there are two
behavi ors for the friction coef ficient: in one, the friction co efficient dec reases
when preheating the ceramic s (Ferr ite, Zr2O3), in the ot her two materials,
the coefficie nt rises slight ly in resp onse to laser pre heating.

But the mos t interesti ng result s are shown in Figure 14.5, in which we can
see that the roughn ess of the surfac e is bet ter fo r all four types of ceram ics
when the grinding is don e with prehea ted ceram ics.

When we loo k at SEM photos (Fi gure 14.6 and Figure 14.7) of surfac es
grou nd with and without heat, we see a tende ncy to ward a ducti le sur face
in the case of grinding with prehe ating. The struct ure shows some evide nce
of melting zones, probably at the asperities of the ceramic materials.

Converter

Thermocouple

Diode laser

Data
aquisition
system

Dynamometer

Charge
amplifier

A to D
Converter

Conditioning
board

FIGURE 14.1
Experimental setup for tests.

TABLE 14.1

Experimental Results

Workpiece

Material Al2O3 w=Heat Ferrite w=Heat ZrO2 w=Heat Si3N4 w=Heat

Fn [N] 15 9 2.5 2.0 15 25 10 15
Ft [N] 2.5 2.0 0.5 0.25 7 5 5 8
Ra 8.2 12.5 12.3 13.6 5.4 6 3.8 4.5
Force Coefficient 0.167 0.222 0.2 0.125 0.467 0.2 0.5 0.53
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FIGURE 14.2
Normal grinding force.

FIGURE 14.3
Macro-fracture.

FIGURE 14.4
Micro-fracture.
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It is not definite that it is a melting phenomenon, but there is evidence of a
thermal phenomenon caused by the preheating and from friction phenom-
enon between the grinding wheel (diamond and bond) and the ceramic
material.

This same trend is signaled by the increase of forces and energy. We know
that in the case of ductile grinding, the specific energy is much higher than
brittle grinding.

14.3 Stock Removal Mechanism

Many researchers mentioned in their papers the influence of the tempera-
ture upon the stock removal mechanism in the case of brittle material, but
no one had performed specific research in this area. Even the measurement

FIGURE 14.5
Workpiece Finish—Ra(min.).

FIGURE 14.6
SEM Image of a ground surface without heat.
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of the temp erature in the grinding contact area is no t yet a pre cise techn ique
and in the case of ce ramics there are result s between 600 8 C and 1500 8 C.
Ueda et al. (1995) spen t many years of his resea rch work to establish an
accura te me thod and to pick up the temp erature at the interf ace bet ween the
abrasi ve grain and workp iece.

Fro m pre vious work (Mar inescu , I.D ., ‘‘ Laser Heatin g in Grindin g of Ceram-
ics ’’, CIRP Paris Janua ry Me eting, STC-A brasive Pro cesses, Jan uary 26, 1995;
Marin escu, I.D., ‘‘ Double Frac ture Model in Lappin g of Ce ramics ’’, Proce eding s
of AS PE, Spring Meeti ng: Jun 2–4, Annapo lis, MD) it had been observ ed that
som e of the chip s collected have a spiraled plastic deforma tion shape wh ich
does not mean necess arily that the pro cess was ‘‘ductil e’’ but shows a cl ear
evide nce of plastic def ormation (Fig ure 14.6). Ba sed on this observ ation it is
pre sumed that in the case of ceram ics (of the same type) the real phenom-
eno n is a double phenome non. The remo val of mater ial can be by fracture or
by plastic deforma tion (shar e). This has the effect of a high tempe rature
(high er in the case of a plastic deformed remo val mechani sm than in the
case of a frac ture-contr olled mecha nism) . Bec ause of this hig h tempe rature
and of the co ntact wi th the atmosp here imme diately after grinding, a
therm al sho ck will prod uce a thermal fracture in bot h the ground sur face
and the chips. In order to avoid this, a method was developed in Japan
using a laser to decreed or eliminate the thermal shock as soon as the
piece lost contact with the grinding wheel. It is assumed that in the case
of ‘‘brittle’’ mode there is a double fracture. A macro-fracture which is

FIGURE 14.7
SEM Image of a ground surface with laser heat.
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resp onsible for stock remov al of the mater ial (Fig ure 14.3) and a micro-
fracture which is at intrag ranular level (Fig ure 14.4) is responsi ble for some
of the surface and subsurface damage.

The pr esentatio n of this mecha nism is based on evide nce (Figure 14.5)
and hypothesis, and more research is necessary, especially in order to
elucidate the heat transfer during the process.

14.4 Conclusions

(1) Heating ceramic materials before grinding aids the material
removal process. In the four ceramic samples, the surface quality
was also improved.

(2) With the exception of Si3N4 and ZrO2, the tangential and the
normal forces were higher in laser-assisted grinding tests. This
indicates a tendency toward a ductile regime grinding mechanism.

(3) Future research will seek to increase the depth of cut while
maintaining the ductile grinding model and minimizing surface
roughness and subsurface damage.

14.5 Future Directions

(1) Investigation of the tribology of laser-assisted grinding of ceramics:
correlation of the friction coefficient and the wear with the tem-
perature of ceramics caused by laser.

(2) Correlation between the melting and softening points of the cer-
amic and the optimum temperature for obtaining a ductile surface.

(3) Correlation of the ceramic properties with friction and wear
phenomena (qualitative and quantitative).

(4) A low-power laser was used for the tests. A more powerful laser
will be used in the future tests.
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15.1 Introduction

The purpose of this chapter is to present the wear properties of an ELID-
grinding wheel based on an in-process observation using a CCD micro-
scope tribosystem. The normal load is changed from 0.049 to 9.8 N. It was
noticed that when the surface of the grinding wheel is not covered with
an oxide film, powder formation or plowing is observed. The measured wear
rate for powder formation or plowing spreads from 9.6 � 10�8 to 5.5 � 10�7

mm3=mm. When the surface of the grinding wheel is covered with an oxide
film, flake formation is observed. The wear rate of flake formation is distrib-
uted, in this case, between 6.7 � 10�6 and 2.7 � 10�5 mm3=mm. During the
initial friction stage, the friction coefficient in the presence of an oxide film
has a higher value than that without an oxide film. This is because of the fact
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that the wear is higher at initial friction stage than that without an oxide
film. The friction coefficient at the final friction stage decreases as contact
pressure increases.

The electrolytic in-process dressing (ELID) is a grinding technique used to
increase surface quality. This innovative method was proposed by one of
the authors (Ohmori, 1992; Ohmori and Nakagawa, 1995, 1997). The tech-
nology is expected to contribute greatly to precision grinding, especially in
the technique of mirror surface finishing of hard and brittle materials.
Tribological characteristics of various hard and brittle materials with
ELID-grinding have been investigated (Kato et al., 1999, 2000, 2001; Zhang
et al., 2000; Ohmori et al., 2001).

The processing mechanism of the ELID-grinding is shown in Figure 15.1.
The first position illustrates a cross section of a grinding wheel after truing
denoted with stage 1. In the second stage 2, predressing started. The bond
material is removed through electrolyze. The goal of this stage is to produce
a proper protrusion of grain cutting edge, and to form a layer of oxide on the
wheel surface.

The nonconductor oxidation film (Fe2O3) is formed on the surface of the
grinding wheel as shown in stage 3. Stage 4 of the ELID-grinding can begin
when the intensity of the electrolysis phenomenon is controlled by the

After truing

Dressing started Dressing completed

ELID-grinding startedELID-grinding

Fe2+ ions Protruing
grain

Insulating layer

(Hydroxide, oxide)

Contact Scraped oxide
Worn Oxide layer

removed

ELID-cycle

Chip

2

1

45

3

FIGURE 15.1
ELID-grinding mechanisms.
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thickness of the sterilized oxidation film. The electrochemistry reactions are
as follows:

Fe! Fe2þ þ 2e�

Fe2þ ! Fe3þ þ e�

H2O! Hþ þOH
�

Fe2þ þ 2OH� ! Fe(OH)2

�
Fe2O3

Fe3þ þ 3OH� ! Fe(OH)3

As displayed in the chemical relations, the layer of oxide plays an important
role in achieving an excellent ELID-grinding condition. However, the micro-
scopic aspect of oxide layer has not yet been analyzed, and the speed of
formation, for example, remains unknown. Moreover, an investigation of
the tribological properties of the ELID-grinding wheel has never been ac-
complished. The purpose of this paper is to investigate wear properties of
ELID-grinding wheel under dry grinding conditions.

15.2 Experimental Method

Figure 15.2 shows an outline of the CCD microscope tribosystem. The
contact zone was continuously monitored with the CCD microscope during
the experiment. The wear process of the wheel was recorded on a video tape
recorder. The sapphire pin (radius of pin tip: 1 mm, Hv: 2500) was used as a

Monitor

Normal load

1

VTR

CCD
micro-
scope

2

35

4

3

FIGURE 15.2
Schematic diagram of the CCD microscope tribosystem.
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specim en. The cast-iro n bon d diamo nd wheel of #400 (100 concen tration ,
w75 � 5 mm, 34.5 mm in the wi dth of the wheel stone, 3 mm in thickn ess,
ave rage grai n size: 50 m m) was used for the disk test specim en. The initial
electr olysis dressing was applie d to the disk specim en with a vertically
pre cise rotar y plane gri nder after truing. A 30 m m thick oxid ation film was
then gene rated. The cas t-iron bon d diam ond-grind ing wh eel lacking the
oxi dation film was used. All the specim ens were cleaned with acetone
usin g an ultr asonic cleaner.

We ar tests were carri ed out at room te mperatur e und er dry conditi on.
Norm al load val ues of 0.98, 1.96, 2.94, 3.92, and 4.9 N we re used. Sliding
veloci ty was fixed at 0.02 m =s, and the sliding distance was 120 mm. Wear of
the pin was measu red by a gravimetr ic method using a n electr onic balan ce
at a 0.0001 g pre cision . Each worn sur face was meas ured with a pro filomet er
after the wear te st to obtain pro files normal to the directi on of friction. The
pro files we re used to cal culate the wear rate. The wear rate, w , is define d as
w ¼ V=L , where V is the wear volu me and L is the slidi ng dista nce. Each
point of the diagrams from the experime ntal results is an average of five
tests and meas urement s.

15.3 Experimental Result and D isc uss ion

15.3. 1 Wear Mode of Abrasi ve-Grin ding Wh eel

When surfac e of the gri nding wheel was not cove red with an oxi de film ,
eith er fi ne powder-li ke wear particle s are form ed by the pro pagati on of
microcr acks (Hokk irigawa, 1991) or no typical wear particle is formed. Such
a wear mode is referred to as plowing or powder formation.

When the surface of grinding wheel is covered with an oxide film, wear
intensity is caused by a brittle fracture, during which large flake-like wear
particles are formed by a surface crack propagation (Kitsubnai et al., 1991).
We call this wear mode as flake formation.

Figure 15.3 shows the wear proces s of the abrasive -grind ing wheel. It can
be seen in Figure 15.3a that large wear particles were not formed in this case,
but powder-like wear particles were observed.

On the other hand, the generation of the powder-like wear particles
was observed from the first friction stage, when the surface of grinding
wheel is covered with the oxide film as shown in Figure 15.3b. Subse-
quently, when the sliding distance was increased, the predominant wear
mode changed from powder formation to flake formation. As shown in
Figure 15.3b the wear of the pin is very high when flake formation is the
wear mode.
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15.3. 2 Wear Propert y of Sap phire Pin

Figure 15.4 sho ws pict ures of the pin specim ens after wear test.
Figure 15.5 shows the wear of the pin speci men. It can be seen that the

wear of sa pphire pin , me asured as frict ion paired with the grinding wheel
cove red with oxide film, is six to seven times greater than that of a sa pphire
pin meas ured as a friction pair with a grinding wheel with out oxi de film. It
is consi dered that the number of active diam ond grains, which enable for an
excel lent pin cutting, increases with the rise of oxi de film wear.

From Figure 15.6, it can be observ ed that after the grinding wear is tested
unde r diffe rent condi tions, the pin sur face ro ughness pre sents similar re-
sults. It is conside red that sur face rou ghness depe nds onl y on the size of the
diamo nd grai n.

15.3. 3 Fricti on Propert y

Figures 15.7a and Figure 15.7b sho w the relati onship between the friction
coefficie nt and the norm al load at the initial friction stage . It can be seen
from Figure 15.7a that init ially the frict ion co efficient has a low val ue, a nd
subsequ ently increas es shar ply for the norm al load of 4.9 N. Conve rsely,
from Figure 15.7b, it can be seen that the frict ion coefficie nt in creases
gradual ly accordin g to the rise in the norm al load. The dif ference betwee n
the friction coeffici ent values corresp onding to minimum and max imum
thickn ess of oxid e film is large r than that co rrespondi ng to the grindi ng
with out oxide film, a s sho wn in Figu re 15.7. It is also pro ved that the friction

Initial friction
stage

Final friction
stage

Sliding direction

Sliding direction
Sliding direction

Initial friction
stage

Sliding direction

(a) Without oxide film

(b) With oxide film

Final friction
stage

500 μm 500 μm

500 μm500 μm

FIGURE 15.3
Wear process of grinding wheel.
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proper ties duri ng init ial friction stag e are cl osely correlated to wear mod e at
the initial stag e as shown in Figure 15.3.

15.3. 4 Wear Propert y

Figure 15.8 sho ws the re lationship bet ween the wear rate of the grinding
wheel and the norm al load. It can be seen that the wear rate with out ox ide
film spr eads from 9.6 � 10 � 8 to 5.5 � 10 � 7 mm 3=mm, whereas the wear rate
with oxid e film ranges from 6.7 � 10 � 6 to 2.7 � 10 � 5 mm 3=mm. The oxi de
film is likel y to wear 12 to 322 time s mo re easil y than the cast- iron bon ded
mater ial und er dry condi tions. It can also be seen that the wear rate of
grinding wh eel is indepen dent of the norm al load.

15.4 Consideration for ELID-Gr ind ing from th e Viewpo int

of Trib olo gy

Figure 15.9 shows an example of a gri nding based on the rela tionship s from
Figure 15.5 and Figu re 15.8. The follow ing relati on can be draw n:
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FIGURE 15.6
Surface roughness of the pin.
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where G1 represents the grinding ratio without oxide film, and G2 symbol-
izes the grinding ratio with oxide film.

It can be seen that the wear rate of the grinding wheel covered with oxide
film is very large, about 10�5 mm3=mm. However, the grinding ratio value
for the wheel with oxide film is larger than that of the wheel without
oxide film. It can be concluded that ELID-grinding is an efficient technique
whenever high productivity is required.

Figure 15.10 shows the relationship between the contact pressure and the
friction coefficient during the final friction stage. The contact pressure is
calculated by using the normal load and the contact area of the sapphire pin
after the friction test. As seen, the contact pressure with the oxide film is
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FIGURE 15.9
Example of grinding rate.
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FIGURE 15.10
Relationship between contact pressure and friction coefficient at final friction stage.
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bet ween 2.2 and 4.0 MPa. The sa me paramete r for wh eels with out the oxide
film spr eads from 4.2 to 72 MP a. The friction coef ficient values for SD 400
with oxi de film is very low, about 0.17–0.32 at 4 MPa, wh ereas the value
of the frict ion coefficie nt for SD 400 with out the oxide film is 0.06–0.52
at 4 MPa.

It can also be seen that both values of the frict ion coefficie nt are likel y to
dec rease as the ave rage contact pres sure increases (Tsu ya et al., 1991 ;
Kaway u et al., 2000).

Figure 15.11 exe mplifies the relation ship betwee n the contac t pr essure
and the gri nding wheel’s wea r rate. Fur thermo re, it can be seen that in the
case of SD 400 with oxi de film, the wh eel’s wear rate has high values of 10 � 6

to 1 0�5 mm 3=mm at low pre ssure because of intense wear such as flake
form ation of oxide film .

In the case of SD400, the wear rate of the wheel take s a low val ue of 10 � 7

mm 3=mm at high contac t pres sure because of mild wear suc h as plowin g
or powder form ation. Wear rate of the wheel SD400 with oxid e film is
about 180 times large r than that of SD 400 at 4.0 MPa. From Figure 15.9 and
Figure 15.11, it can be conclud ed that even thou gh the grindi ng wh eel
cove red with oxide film causes an inte nsified wear rate thr ough flake
form ation, its grindi ng rate is hi gher than that of a grindi ng wheel without
the oxide film.

Figure 15.12 sho ws the relations hip between the frict ion coefficie nt and
the wear rate of the grindi ng. From the tribo logy viewp oint, ELID-g rinding
is chara cterized by a high wear rate of the grinding wh eel with the oxide
film and a rela tively low friction coeffici ent. Accordi ng to the re sults, the
layer of oxi de film enabl es good grinding with a larger flexi bility and low
retention.

Conversely, conventional grinding is characterized by a very low wear
rate of the grinding wheel; however, it has a high friction coefficient. As
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these results have shown, a high grinding ratio cannot be achieved during
conventional grinding.

15.5 Conclusions

The study of wear properties of the ELID-grinding wheel for multipoint
contact was based on an in-process observation using a CCD microscope
tribosystem. The following conclusions were drawn:

1. When the surface of the grinding wheel is not covered with oxide
film, powder formation or plowing were observed and the wheel’s
wear rate ranges from 9.6 � 10�8 to 5.5 � 10�7 mm3=mm.

2. If the surface of the grinding wheel is covered with an oxide film,
flake formation is observed and the wheel’s wear rate ranges from
6.7 � 10�6 to 2.7 � 10�5 mm3=mm.

3. During initial friction stage, the friction coefficient for the wheel
covered with an oxide film has a higher value in contrast to the
wheel lacking oxide film. This is because the wear is more intense
for the former than for the latter.

4. The oxidation film on the surface of the cast-iron bond of the dia-
mond wheel has a great influence on wear characteristics and friction
coefficient.
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16.1 Introduction

The function of technical products can be distinctly improved by innovative
material applications. Particularly, high-performance ceramic materials
have gained a great potential for application in many fields because of
their outstanding properties. Examples are hip joint endoprotheses on alu-
mina or zirconia basis, slide bearing and burner components from silicon
carbide, as well as ceramic roller bearing components or the frequently
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discussed ceramic valves from silicon nitride (Spur, 1989; CeraNews Spe-
cial, 1996; Pattimore, 1998 ; Popp, 1998; Thiemann, 1998).

Although ceramic parts, as these examples confirm, meet the highest
demands on service life and functionality, even today they are only rarely
used. The reasons for this lie in the costs accompanying the production of
components and in the fact that the respective manufacturing technologies
cannot be often used in mass production. On the one hand, high hardness
and brittleness of ceramics result in poor machinability and on the other, the
same machining produces different charges and machining results deviat-
ing from the producer, which complicates automation. At the same time, the
innovative application of ceramic materials calls for a far-reaching revision
of the production process sequence, particularly in the fields of design, raw
part production, machining, and quality control.

Generally, more than 50% of the total production costs arise hereby in
finish machining. Using high-precision finishing technologies, however, is
usually inevitable, because the quality of production directly influences the
functional behavior of the ceramic parts, and the quality of parts after
sintering is not sufficient for application. Machine tools for the machining
of ceramics must often meet highest demands. In addition to general
requirements such as high static and dynamic rigidity as well as highly
precise and rigid bearings and ways, suitable clamping systems, special cl
devices and cl cleaning equipment, as well as additional devices for the
conditioning of diamond tools must be integrated into machine tools. Con-
sequently, the machining process assumes a key position in terms of econ-
omy and accuracy.

The high costs of finishing result on the one hand from the relatively
low productive power of the generally used machining technologies,
which are almost exclusively based on the classic finishing technologies
such as grinding, honing, lapping, and polishing, as well as on a few
special technologies. Grinding hereby plays the most important role
because of the high flexibility, the high attainable material removal
rates, and the comparably good automation. On the other hand, there
are no adequate strategies for accurate and economical machining of
complex geometries such as borings, grooves, spherical surfaces, or sculp-
tured surfaces. A purposeful development of machining technologies apt
for ceramic materials based on the conventional methods and the appli-
cation of efficient systems form the prerequisite to use the application
potential of ceramics for real parts more effectively.

The example of the manufacturing process grinding illustrates the com-
plexity of the correlation between process input quantities and the machin-
ing result (König, 1980; Spur, 1989; Uhlmann, 1993; Funck, 1994; Brücher,
1996; Liebe, 1996). The spectrum of influencing quantities comprises a
ceramic-apt grinding machine and the detailed design of auxiliary pro-
cesses, especially the conditioning of diamond grinding wheels and the
selection of suitable cooling lubrication conditions.
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Numerous research studies were conducted during the past few years on
finish machining of ceramic materials (Spur, 1989; Uhlmann, 1993; Brücher,
1996; Holl, 1997; Popp, 1998). In addition to the further development of
innovative manufacturing technologies such as ultrasonic machining, elec-
trical discharge machining, or laser assisted turning, these studies have also
inspired a distinct progress in grinding technology. To illustrate the poten-
tial for optimization, this paper will elaborate on some examples of current
developments in the field of grinding of ceramic materials.

Although it has become clear in retrospective that the originally predicted
growth rates could not be realized, the potential for the application of high-
performance ceramics could be further increased based on the comprehen-
sive research results. Parallel to the optimization of innovative technologies,
future efforts must therefore focus on transferring the acquired knowledge
in sensitively dealing with this material to industrial applications. This
implies that fundamental investigations and feasibility studies will concen-
trate increasingly on industrial projects that focus on quality control, stand-
ardization of material and process properties, and the aptitude for mass
production. The dialog between research and application, as well as the
interdisciplinary exchange of information must therefore be enhanced. One
approach, for example, is the Industrial Workshop ‘‘Machining of Ceramic
Materials’’ (Industriearbeitskreis ‘‘Keramikbearbeitung’’) that takes place
every six months at the IWF Berlin.

With regard to the future, providing adequate manufacturing technolo-
gies for innovative ceramic applications will continue to represent a major
field in academic research.

16.2 Honing

16.2.1 General Information

The improvement of the surface topography of tribological functional surfaces
has led to a broad application of the honing process to finish machining.
Because of high profile bearing ratios in connection with machining traces
that cross in a defined way and enhance the absorption of lubricants, honed
metallic and ceramic surfaces have good tribological properties particularly
during sliding stress, improving the running-in behavior and the service life.

However, suitable honing parameters and optimization approaches deter-
mined for metallic materials cannot be applied to the honing of ceramic
materials caused by different material removal mechanisms specific for
ceramics. Therefore, to supply the fundamental connections required for pro-
cess optimization, the influence of honing conditions on the course and the
result of the honing process must be defined for the various ceramic materials.
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16.2.2 Technological Investigations

Extensive investigations on different ceramic materials proved that oxide
ceramic materials can be machined with diamond honing stones with wear-
resistant bronze bond in the self-sharpening range (Weigmann, 1997). For
alumina, the range of ductile material removal can be reached while main-
taining the self-sharpening, if small diamond grain sizes in the order of D10
are used at high honing stone pressures. High surface qualities in connec-
tion with low residual compressive stresses are reached in this range at the
subsurface. An increase in diamond grain size leads to a higher roughness.

For zirconium oxide, in contrast to alumina, a necessary grain normal
force was determined for the initiation of the material removal. This initiat-
ing power leads to an initiating pressure that increases with decreasing
diamond grain size and that has to be overcome to carry out a stationary
machining process. The surface formation for the material zirconium oxide
is characterized by microplastic deformations. The share of brittle material
removal increases with increasing diamond grain size. Figure 16.1 summar-
izes the fundamental connections determined for the materials alumina and
zirconium oxide.

For the material silicon carbide, a stationary material removal is possible
only if small diamond grain sizes are used in a wear-resistant metal bond.
The surface formation at small diamond grain sizes in the range of D10 is
characterized in addition to single brittle chipping areas by plateau areas
that resulted from a ductile material removal. The ductile material removal
and the low expansion of the brittle fracture areas lead here to the surface
qualities of Ra¼ 0.05 mm and lesser. For bigger diamond grain sizes in the
order of D20, there are enhanced brittle chippings that cause an increase in
surface roughness and a reduction in material strength.
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FIGURE 16.1
Material removal rate and roughness in relation to diamond grain size and stone pressure
during honing of oxide ceramic materials. (From Weigmann, U-P.: Honen keramischer Werk-
stoffe. Dissertation TU Berlin, 1997. With permission.)
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Silicon nitride can be machined with diamond honing stones with cer-
amic bonds and with metal bond CBN honing stones. If ceramic bonds are
used, honing can be used only as a finishing process due to a high tool wear.
Using CBN honing stones leads in connection with a high stone pressure to
a stationary machining condition that is characterized by a ductile material
removal with brittle chippings in the contact zone of single grains.

Furthermore, it could be shown that the temperature increase of the tool
may represent a limiting criterion for the process design particularly at high
material removal rates. The amount of heat induced into the material at
constant removal mechanisms is hereby not defined by the material removal
rate, but by the effect induced into the active zone. If the heat removal is
improved or if a higher heat-resistant fixing is used for the honing stones on
the tool, it can be presumed that the material removal can be further increased.

16.2.3 Influence of Material and Structural Properties

Material and structural properties exert a great influence on the honing
conditions. Thus, a variation of material properties within a material
group causes considerable changes in the honing process (Weigmann,
1997). For alumina, for instance, the machining process and the surface
formation are highly influenced by the alumina grain size. For zirconium
oxide, on the other hand, there is a trend toward an influence of the material
hardness on variations of honing parameters. In contrast, different SiC
specifications produced almost identical honing results; a correlation bet-
ween honing process and material properties is not possible here. The Si3N4

specification has a great impact on the course of the honing process. The
predominant mechanism of surface formation for this material is deter-
mined by a ductile material removal. Compared with hot-pressed silicon
nitride, sintered and gas pressure sintered material specifications lead to an
increase in the share of brittle material removal.

16.3 Grinding with Lapping Kinematics

16.3.1 Process Technology

Surface grinding with lapping kinematics represents an advanced deve-
lopment of plane parallel lapping. The kinematic design of the machine
is the same, but instead of lapping wheels and loose grains, bound grinding
wheels are used. These mostly consist of silicon carbide or diamond in various
bindings. The machining on double-wheel machines allows us to operate a
great number of workpieces simultaneously between two horizontal wheels.
The parts are fixed in holders that are led between two pin circles. This way,
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the characteristic cycloidal path curves are generated between parts and
wheels. Corresponding to these path curves, characteristic wear profiles
emerge in the process, which require that wheels be conditioned at regular
intervals.

In contrast to most of the other grinding methods, not the feed in this
double-wheel principle, but the force affecting the upper grinding wheel in
the process is defined (Funck, 1994; Spur and Aredlt, 1997; Uhlmann and
Ardelt, 1998; Uhlmann, 1998). Using grinding wheels considerably increases
the attainable material removal rates in comparison with lapping. As the
dirt development is significantly reduced, the process is suitable for automa-
tion. Disadvantages compared with lapping include a higher heat develop-
ment and lower flexibility with respect to cutting tool–workpiece material
combinations. Moreover, this method places higher demands on the machine
construction in terms of driving powers and dynamic machine rigidities.

Existing lapping machines are only marginally suitable for the application
of grinding wheels, because higher cutting forces arise during machining
with bound grain, and higher driving powers are required. Because of the
increased stress, the grinding process reacts more sensitively to vibrations
than does the lapping process. The workpiece holders suffer an increased
wear on the tooth flanks and on the sparings due to higher velocities.

16.3.2 Machining Process

Surface grinding with lapping kinematics is less flexible in terms of material
combinations of parts and tools than lapping, i.e., the materials and
machining parameters must be carefully coordinated. Constant material
removal rates can only be reached over a longer period of time, if the
grinding wheels operate in the self-sharpening range. Therefore, selecting
an appropriate cooling lubricant is also very important.

With respect to evenness and plane parallelism, the attainable accuracies
are comparable to those of lapped parts. Ground parts, however, exhibit a
surface structure with curved grinding traces superimposing in all direc-
tions. Lapped surfaces on the other hand are characterized by a microscopic
crater structure that does not reveal any directional dependencies. If surface
isotropy is a necessary quality criterion as, e.g., in optical applications, then
surface grinding with lapping kinematics cannot be used. The various re-
mov al mechanis ms and resu lting surface pat terns are shown in Figure 16.2
for the example of a silicon nitride sample.

16.3.3 Application and Prospect

Today, many different parts are machined by surface grinding with lapping
kinematics. Fields of application with the respective part examples are:
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. Bearings: inner and outer rings of bearings, front sides of cylinder
rolls

. Pneumatics: faying surfaces on regulating and control elements

. Gaskets and washers: faying surfaces of rotary seals of any kind,
gaskets and washers from oxide and nonoxide ceramics, graphite,
hard metal, and steel

. Tools: indexable inserts, circles, and revolving blades

In contrast to lapping wheels, profiling of grinding wheels in this range of
size is much more difficult. On the one hand, the stiffnesses of the wheel
dresser are often not sufficient. On the other hand, the material costs of the
used diamond coatings are so high that multiple removal of greater profile

Ground surface

Tool
Pellets D46 C50
Mineral oil

Machine
Hahn and Kolb
Duomat ZL 700 CNC

Surface roughness
Ra = 0.13 μm
Rz DIN = 0.83 μm 100 μm

20 μm

Lapped surface

Tool
Boron carbide F800

Water

Machine
P. Wolters

AL001

Surface roughness
Ra = 0.08 μm

RzDIN = 0.58 μm
20 μm

100 μm

FIGURE 16.2
Silicon nitride samples ground and lapped.
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deviations may endanger the economic viability of the process. Profiling
causes special problems because of the interrupted cut at pellet grinding
surfaces.

The current investigations on surface grinding with lapping kinematics
are carried out in cooperation with several industrial partners. Surface
grinding with lapping kinematics shall be qualified for the machining of
difficult-to-machine materials such as silicon nitride or different hard metals
to such an extent that numerous, subsequent lapping operations and fol-
lowing polishing processes can be substituted by one operation to signifi-
cantly shorten the process sequence in part production.

16.4 Cooling Lubrication in Grinding of Ceramic Materials

16.4.1 General Facts

The task of cooling lubrication in the machining of ceramic materials is to
minimize the mechanical, thermal, and chemical stresses arising in the
active zone between tool and workpiece. The cooling lubrication serves,
on the one hand, to reduce the friction between grain and workpiece and
thus to reduce the heat developing in this area. On the other hand, it cools or
thermally stabilizes workpiece, tool, and grinding machine by absorbing
and removing the developing heat. In addition, the cooling lubrication must
wash away the chips from the contact zone or the workroom of the machine
(König, 1980; Spur, 1989).

To fulfill the task of cooling lubrication safely, all elements of the cooling
lubrication system, i.e., cooling lubricant, circulation system with feeding
and cleaning devices, must be effectively designed and coordinated.

16.4.2 Selecting the Cooling Lubricant

16.4.2.1 Technological Aspects of the Selection

The cooling lubricant is of central importance for setting favorable cooling
lubrication conditions. Its properties, which are determined by type, oil,
additives, concentration, and condition, considerably define the efficiency of
the cooling lubrication. Nonwater mixable and water mixable cooling lubri-
cants are available for grinding machines.

16.4.2.1.1 Setting Conditions

The individual cooling lubricants vary in fulfilling the tasks of cooling and
lubricating. The different cooling and lubricating capacities of the single
media differently affect the process and the work result in relation to
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process characteristics such as depth of cut and angle of impact of the
cutting edges on the workpiece surface, as well as in relation to character-
istics of the active partners, e.g. their ductility, the geometry of the cutting
edges, and the existing chip volume.

In connection with an increased chip thickness, a heightened material
removal rate leads to a transition from grain flattenings to grain splinterings
as predominant wear mechanism because friction processes are reduced
and the mechanical stress of the diamond grains increases at the same time.
Investigations proved a stationary course of the grinding process that is not
significantly influenced by an improved lubricating effect of the cooling
lubrication. However, a further increase in related material removal rate
already holds the danger that the single grain stresses lead to a splintering
of bigger grain fragments and to complete grain chippings for cutting edges
that jut out widely. In contrast, reducing the material volume removed per
time and the grinding wheel width unit enhances the ductile material
behavior during chip formation that is accompanied by intensive friction
between grinding grain and material as well as strong grain flattenings.

It is presumed that for these grinding conditions, a good lubricating effect
of the cooling lubricant is comparably more important to slow down the
wear progress. Starting from an almost comparable initial level, the normal
force rose to a clearly higher value in the investigations after a related
material removal of V0w¼ 780 mm3=mm when using a solution. The meas-
ured radial wear confirms the assumption that the grain wear has not yet
progressed as much at this process time when using lubricating oil as when
using an aqueous solution.

Although using grinding oil offers technological advantages at various
material removal rates at low feeds, its application partly faces limits in the
range of creep feed grinding. The grinding wheel was strongly thermally
damaged after it had been used at a feed of ae¼ 0.7 mm and with grinding
oil. The mineral oil was obviously not able to absorb the amounts of heat
generated to a higher extent with the contact length. The problems did not
occur when using a solution. Up to a feed value that lay in the investigations
at ae� 0.2 mm, independent of the material removal rate, the described
advantages of a mineral oil as cooling lubricant could nevertheless be
confirmed (Brücher, 1996).

16.4.2.1.2 Grinding Wheel Specification and Topography

Irrespective of the used grinding wheel specification, the use of a grinding
oil causes a lower increase in process forces. This fact supports the assump-
tion that the statements made with regard to the resin-bonded grinding
wheel can well be applied to other specifications. Minimum differences
were found for the ceramically bonded grinding wheel. Apparently, the
cooling lubricant here has the most minimum effect on the design of the
cutting-edge space. Yet, this tool also reveals differences of 50% in the radial

� 2006 by Taylor & Francis Group, LLC.



wear after a related material removal of V0w¼ 780 mm3=mms (Brücher,
1996). The increase in grain stress causes an early failure of the brittle–
hard bond, which is connected with an increased grain loss and the gener-
ation of new cutting edges (Figure 16.3).

The topography of the grinding wheel, which can be defined by the profil-
ing and sharpening conditions, exerts a great influence on the efficiency of the
cooling lubrication. On the one hand, it determines the capacity of the tool to
transport the cooling lubricant. On the other, it causes a change in the relevant
wear mechanisms that are supported or limited by the cooling lubricant. At a
small grain protrusion, the grains are firmly enclosed in the bond and there-
fore exposed over a long period of time to the mechanical and thermal stresses
of the grinding process. The grain wear that is characterized primarily by
grain microwear, with high portions of flattenings for this grinding wheel
specification and the used grinding conditions, is in this range decisive for the
course of the grinding process. As there are hardly any grain chippings
because the grains are firmly enclosed in the bond, progressing grain flatten-
ings lead to very high numbers of cutting edges at simultaneously high single
grain forces and thus, to strong increases in force. Using grinding oil can
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Normal force as a function of material removal for different grinding wheel specifications and
cutting fluids.
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hereby reduce the stresses on the grain and hence the degree of grain flatten-
ings, and lead to a more favorable grinding process.

At large grain protrusion, on the contrary, the single grain forces increas-
ing with starting grain wear quickly exceed the critical loads, so that grain
chippings occur frequently. This is accompanied by a distinct increase in
radial wear of the grinding wheel. The lower stresses on the grinding wheel
during grinding with oil, however, continue to result in slower wear speeds,
because the wear conditions necessary for exceeding the critical load by the
single grain force are generally reached later.

16.4.2.2 Physiological, Ecological, and Economic Aspects

In addition to the technological properties, the physiological and ecological
behavior of the cooling lubricant, which due to measures on the part of the
legislator is increasingly reflected in economic characteristics, is also
decisive in selecting the optimal cooling lubricant.

The purposeful selection is hereby impaired by the large number of
technological, economic, ecological, and safety-technological criteria,
which must be equally considered. To quantify the aptitude of various
cooling lubricants, the selection of cooling lubricants can generally be
based on an evaluation of the costs expected for the use of the cooling
lubricant. The total costs consist hereby of the specific costs for the
cooling lubricant change, the specific costs due to the reduction of cooling
lubricant amount by chips, workpiece, etc., as well as specific maintenance
and control costs. All these types of cost are massively influenced by the
cooling lubricant, so that a cost comparison under constant operation con-
ditions can serve to select the cooling lubricant alternative that presumably
has the least cooling lubrication costs. A considerable disadvantage of this
procedure, however, is that not all relevant criteria of selection are included
in the costs and in the selection process. Above this, there is the problem of
giving a sufficiently exact evaluation of some cost shares already before the
use of the cooling lubrication in the process.

One possibility to include nonquantifiable criteria in the consideration is
presented by an efficiency analysis (Spur and Brücher, 1995; Brücher, 1996).
Here, the single objectives are divided as much as possible into subobjec-
tives and then evaluated individually with respect to their potential to fulfill
the objective. This can be done by means of concrete characteristic quantities
and, if that is not possible, by means of subjective judgments. The individual
judgments are afterward combined in consideration of their importance and
a total efficiency of the cooling lubricant is defined. The decision of selecting
a cooling lubricant affects various departments in a company such as
buying, manufacturing, planning, as well as the representative for safety
and environment, all of which might have different preferences regarding
the selection. To minimize the subjectivity of the decision, experts of these
departments should take part in organizing the objective’s hierarchy, in
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determining the important factors, and in evaluating to what degree the
subobjectives are fulfilled.

16.4.3 Design of the Feed System

The feed system realizes the supply of the contact zone with the cooling
lubricant. The pressure in the contact zone can hereby serve as a measure
for the quality of the supply (Spur et al., 1998). A reduction of the grinding
wheel wear can be observed with increasing cooling lubricant pressure. The
total grinding forces, which result from cutting forces and cooling lubricant
forces increasing with the pressure, rise strongly at an increase in feed
pressure when a free jet nozzle is used. If only the pure grinding forces are
observed, one can record only a minor increase in force. In the context of a
decreasing wear, this can be explained by the fact that the diamond grains can
be kept longer in the bond at lower grinding wheel surface temperatures and
that they cover longer friction paths under the formation of stronger grain
flattenings.

Improved nozzles and nozzle settings form the prerequisite for a reduc-
tion of the necessary cooling lubricant volume. A turbulence-free feed of the
fluid must be guaranteed to achieve the required jet qualities. In addition to
the design of the nozzle, the design of the feed lines from the pump to the
nozzle also contributes to the jet quality. Tight radii or sharp edges should
hereby be avoided.

Another approach to reduce the circulating cooling lubricant amounts is to
use tools with internal cooling to exactly induce the cooling lubricant into the
active zone (König et al., 1993). In the extreme case, the cooling lubricant is
proportioned in such a way that it is completely used by evaporating. A major
advantage of this cooling lubrication technology is that only few amounts of
cooling lubricants are required (ca. 10–100 ml=h) and that the cooling lubri-
cant is sprayed only once and does not have to be operated in a cycle.

16.4.4 Design of the Cleaning System

The cleaning of the cooling lubricant assumes a special importance in terms
of aspects such as its function and service life. Ceramic chip particles
moreover increasingly attack guides and bearings when they circulate in
the machine. Therefore, enhanced demands on the cleaning process must be
placed when machining ceramic materials.

Processes flotation, filtering, and centrifuging can be used to clean the
cooling lubricants used in the machining of ceramic materials. These methods
may also be combined in series or parallel connection. A comparative inves-
tigation of different cleaning systems revealed advantages for the alluvial
filter and the centrifuge with respect to filter fineness and drying degree of
the filtrate (Brücher, 1996). A disadvantage of the alluvial filter is that the
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relatively large amounts of waste to be disposed arise due to its operation
with filter appliances. High-energy costs must be expected on the other hand
when using a centrifuge because of the high drum driving power.
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17.1 Introduction

Ceramic component parts frequently meet the highest demands on long-term
guarantee of functional properties. Unfortunately, however, the production
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costs are so high that these materials have not yet been totally accepted.
A major part of these costs arises in finishing machining and thus, in the
classic abrasive processes such as grinding, honing, lapping, and polishing.
Moreover, there are still no adequate strategies for accurate and economical
machining of complex geometries such as borings, grooves, spherical sur-
faces, or sculptured surfaces (Uhlmann and Holl, 1998). Ultrasonic lapping
and electrical discharge machining are suitable for the production of these
flexible geometries, but have some significant disadvantages. Although only
conductive materials can be machined with EDM, low material removal rates,
high wear of the molds, and mostly insufficient accuracy impose limits on
ultrasonic lapping. Therefore, adequate manufacturing technologies for high-
precision and economical machining of ceramic materials have been studied
and optimized during the past few years.

Based on ultrasonic lapping, in which a tool oscillating with ultrafre-
quency pushes loose grains into the workpiece surface and thus, removes
material, various manufacturing technologies have been combined for some
years with ultrasound. Almost all cases produced an improvement in pro-
cess results (Drozda, 1983; Uematsu et al., 1988; Nankov, 1989; Prabhakar
et al., 1992; Pei et al., 1993; Suzuki et al., 1993; Westkämper and Kappmeyer,
1994). Better bore qualities can be reached with difficult to cut materials, if
single-pass honing is replaced by high-frequency honing (Westkämper and
Kappmeyer, 1995). Warnecke and Zapp (1995) examined the influence of
workpiece vibrations directed axially toward the grinding wheel in alter-
nating surface grinding of ceramic materials. In addition to the generation of
an improved surface structure, the friction in the active zone and the
mechanical stress could be reduced. Cutting with ultrasonic vibrating
blades served to reduce the cutting forces while achieving good machining
results (Neder, 1990). Ultrasonic lapping successfully produced graphite
electrodes for electrical discharge machining (Rhoades, 1985, 1995). Polish-
ing with ultrasonic assistance improved the surface of steel workpieces
machined with EDM (Williams and Allen, 1995).

So far, ultrasonic lapping and ultrasonic-assisted grinding have been used
in industrial production for the finishing of brittle–hard materials such as
ceramics. Because of the high material removal rates obtained in ultrasonic-
assisted grinding, along with a high geometrical freedom, a broad field of
application can be predicted for this process in the future.

17.2 Ultrasonic Technology

Elastomechanical ultrasonic vibration is generated by the transformation of
electric energy in piezoceramic or magnetostrictive sonic converters.
A voltage generator serves to convert a low-frequency mains voltage into
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a high-frequency electric alternating-current voltage. The generated longi-
tudinal vibrations are periodical elastic deformations of the mechanical
vibration system in the micrometer range at supersonic frequencies, that
is, higher than 16 kHz (DIN 1320, 1969). The sound generating unit preced-
ing the actual ultrasonic tool or shape-generating counterpart consists of a
sonic converter, an amplitude transformer (transforming sections), and
sonotrodes (Spur and Krieg, 1995). Figure 17.1 describes the design of a
vibration system.

The process of sound generation and transformation should be largely
free of losses to obtain high total efficiency of the vibration system. At the
same time, it is required to produce a maximum vibrational amplitude at
the sonic converter to reach an amplitude at the working surface that
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FIGURE 17.1
Design of vibration system and vibration course for the example of ultrasonic lapping. (From
Bönsch, C.W., Dissertation RWTH Aachen, Germany, 1992; Haas, R., Dissertation RWTH Aachen,
Germany, 1991.)
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corresponds to the machining task. Mainly a loss-free increase in amplitude
is guaranteed by means of resonance, that is, a vibration with a frequency
that corresponds to that of an eigenfrequency of the system. For the con-
structive design of the system, this means that the geometrical lengths of the
single elements must correspond to half the wavelength of the vibration or
an integral multiple.

The amplitude of the converter, however, is generally too low for ma-
chining. It can be raised to a value sufficient for machining by a subsequent
transformer. The sonotrode serves to take up the tool and also facilitates the
resonance-apt adaptation to the entire vibration system. In addition, there is
the possibility to design the sonotrode in such a way that it aids in achieving
an extra amplitude gain (Haas, 1991). The ultrasonic vibration unit is
clamped at the places where vibration nodes occur because acceleration
and amplitude are zero at these points and thus, normal force freedom
predominates.

Electric energy is converted into mechanical vibrations in modern
machinery using the piezoelectric effect. It concerns the reversible property
of special ceramic materials to deliver an electric voltage when affected by
external forces. This characteristic is used for the generation of ultrasonic
vibrations in such a way that the applied voltage is converted into mechan-
ical vibrations. Modern sonic converters usually contain several piezocera-
mic disks of lead zirconate titanate restricted by two final masses that are
mechanically prestressed by a centric screwing.

17.3 Technology of Ultrasonic Lapping

17.3.1 Fundamentals

The manufacturing process of ultrasonic lapping can be assigned according
to DIN 8589 part 15 (DIN 8589, 1985) to the special lapping technology,
vibration lapping. The geometrically undefined lapping grain distributed
loosely in a fluid receives impulses by a shape-generating counterpart
vibrating in the ultrasonic range, which enables the grain to carry out
material removal (Haas, 1988; Spur, 1989).

Originally, ultrasonic machining was thought to be drilling and sinking
by ultrasonic lapping, during which the profile of the shape-generating
counterpart is projected onto the workpiece. The machinability of a work-
piece by ultrasonics was first described in 1927 by Wood and Loomis (Wood
and Loomis, 1927). However, this observation remained largely unnoticed
at first, until the British Balamuth requested a patent on a new machining
process, nowadays known under the definition vibration lapping, via the
law firm Farrer (1948). Extensive scientific investigations were conducted
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duri ng the 1950s and 1960s for instan ce by Sha w (1956) and by Blanck
(1961). Moreov er, inves tigations on ultras onic lappi ng with addit ional
transl atory motio n were carried out in the ear ly 1980s (Noelk e, 1980).

The increasi ng appli cation of ce ramic mater ials during the 1980s requ ired
the develop ment of suitable man ufactur ing technologi es for har d machini ng.
Ultras onic lapping is particul arly pr edestin ed for this purpose . In contr ast to
conven tional manufactur ing pro cesses, particul arly with geome trically
define d cutting edge , ultraso nic lapping ser ves to machi ne preferabl y mater -
ials with low frac ture toughness KIC. Sinking the shape -genera ting counter-
part into the workp iece enables the gene ration of any contours, wh ich is no t
or only parti ally possi ble wi th other process es. Figure 17.3 pres ents the
paramete rs and limitin g qua ntities det erminin g the work result .

A rotatio nal superpos ition of the sink ing proces s and a path-d etermined
machi ning he lped to effectively exte nd the method (Fig ure 17.4).

In analo gy with Spur and Engel (1996) and Engel (1997) , who establish ed
an exact definition of the term for the tool during lapping, the tool in
ultrasonic lapping is described as a combination of the shape-generating
counterpart with the lapping grain. In ultrasonic lapping, the loose grain

FIGURE 17.2
Process of ultrasonic lapping and machining (Photo from MAFELL Company, Oberndorf, a.n.,
Germany.)
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deposited in a medium is pushed in the orthogonal direction to the work-
piece onto and into the workpiece surface by vibrations of the shape-gener-
ating counterpart. The high-frequency cyclic stress affecting the workpiece
surface to be machined by a great number of geometrically undefined lap-
ping grains in the working gap leads to material removal. Water is mostly
used as the medium, and boron carbide is usually used as the abrasive.

During the rotational motion of the shape-generating counterpart and a
path-determined machining, the resulting relative motion between the
shape-generating counterpart and the workpiece is supplemented accord-
ingly by additional velocity components. The chip formation and removal
mechanisms applying to brittle–hard materials such as ceramics differ dis-
tinctly from those of ductile materials such as metals. The term for grain
engagement coined by Sabotka (1991) illustrates the subordinate role of
plastic processes (penetration) during material removal. Owing to the
great number of covalent bonds, material removal is caused by brittle
fracture as a result of the mechanical stress in cutting processes. Kinematics
in ultrasonic lapping lead to a multitude of microscopic engagement results
in the workpiece surface, which is in sum form the macroscopic material
removal. Each grain engaging into the workpiece surface causes deform-
ations and induces microcracks into the subsurface. If the stress is relieved,
lateral cracks are formed at the edge of the plastically deformed zone and
eventually, particle chippings occur (Lawn, 1993; Engel, 1997; Hilleke, 1998).

The material removal mechanism during ultrasonic lapping has not yet
been clarified completely. During the process, the inaccessible active zone
hinders direct scientific investigations of these mechanisms, so only analogy
tests can contribute to the clarification of the active correlations. However,
one can proceed from the assumption that the kinetic energy transferred to
the grains by the shape-generating counterpart leads to microscopic mater-
ial removal when striking the workpiece surface.

There are different removal mechanisms listed for ultrasonic lapping in
literature that rate the various identified mechanisms partially according to
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their effect, and partially treat them equally. The following principles have
been determined so far (Spur, 1989; Bönsch, 1992; König et al., 1993; Spur
and Krieg, 1995; Hilleke, 1998):

. Direct impact

Material removal is caused by the stress applied to the workpiece surface
by the lapping grain, with a brief direct contact between the shape-gener-
ating counterpart, the grain, and the workpiece. The kinematic prerequisite
for this is that the minimum working gap is smaller or equal to the
maximum grain diameter. It is agreed that the direct impact is mostly
significant for the achievement of high removal rates. The process is
primarily designed in a way that supports this active mechanism.

. Indirect impact

Transfer of energy is necessary for material removal from the shape-
generating counterpart to at least two lapping grains to the workpiece
surface, under the condition of a force-locking contact between the shape-
generating counterpart, lapping grains, and the workpiece, and a working
gap height higher than the maximum grain diameter. The distribution of
the impact impulse on several grains leads to a reduction in the material
removal when compared with the direct impact.

. Grain spinning-on

The mechanism of grain spinning-on includes the acceleration of the lap-
ping grain because of the contact with the moving shape-generating
counterpart. The grain transfers the energy necessary for material re-
moval to the workpiece surface without a simultaneous contact between
the shape-generating counterpart, lapping grain, and the workpiece.

. Rolling motion of grains

This mechanism was found for the superficies of the shape-generating
counterpart owing to a lack of transverse vibrations. The grains roll off
between the shape-generating counterpart surface and the workpiece
surface and engage with the cutters in the material, causing material
particle chippings.

. Cavitation

Because of the vibrations of the shape-generating counterpart during the
process, the substrate material of the lapping grain, mostly water, is
cyclically compressed and expanded. When the water is expanded,
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steam bubbles may be formed that can cause mass accelerations during
subsequent compression and thus contribute to the material removal.

Figure 17.5 presents the predominant mechanisms of material removal
during ultrasonic lapping.

Recent investigations (Hilleke, 1998) confirm the statement that direct and
indirect impacts as well as grain spinning-on onto the workpiece surface
represent the predominant mechanisms of material removal during ultra-
sonic lapping. The contribution of cavitation phenomena is considered to be
trivial (Rozenberg et al., 1964).

17.3.2 Machinability of Ceramic Materials

According to Spur (1989), the machinability of a material is defined as the
material behavior during a defined machining. Statements regarding the
coefficient of difficulty of material separation are included in this contem-
plation. Criteria for the analysis and assessment of machinability are given
by the attainable material removal rate, the realizable accuracy of dimension
and shape, as well as the surface quality. Moreover, subsurface damages
caused by the machining process and the resulting subsurface properties are
taken into consideration when assessing ceramic materials.

The attainable material removal rate during ultrasonic lapping of ceramic
materials depends first on the fracture toughness KIC of the materials.
Ceramics with a low fracture toughness as for instance Al2O3, RBSN, and
SiC can be machined with a high material removal rate, whereas the attain-
able material removal decreases considerably with increasing fracture
toughness (HPSN or ZrO2) (Spur, 1989; Cartsburg, 1993). These findings
can also be transferred to reinforced ceramic materials (Grathwohl et al.,
1988; Cartsburg, 1993).

The pronounced connection between the fracture toughness of the mater-
ial to be machined and the attainable material removal rate can be explained
by the described mechanisms of material removal and the related surface
formation. Materials with a low resistance to cracks are characterized by the
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Predominant removal mechanisms according to Hilleke. (From Hilleke. M., Dissertation RWTH
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fact that they are har dly able to redu ce mechani cal stres ses by local plasti c
defo rmation. Inst ead, they tend to form and spre ad cracks. If these cracks
extend to the surfac e, large r mater ial areas are remove d (Weigman n, 1997).

Figure 17.6 sho ws the real izable mater ial removal rates and the res ulting
shape -genera ting counterp art wear on the co unterpar t face during ultr a-
sonic lapping of differe nt ceramic s in relation to the fracture toughnes s. The
long mach ining times in ultraso nic lappi ng of ceram ic mater ials with hi gh
fracture toughness cau se an enhan ced wear in the form of a reductio n in
leng th of the shape -genera ting counterpar t. The rep roduci bility of mater ial
removal rates and counterpar t wear is still very limite d. Some times the high
scatter ing of resu lts can be attributed to the constantl y changi ng machi ning
conditi ons in the workin g gap.

17.3. 3 Conve ntiona l Face Die-Sinki ng

If the fee d moti on of a shape -genera ting counte rpart in a xial direc tion is
parall el to the ultraso nic vibr ation, the proce ss is called conven tional face
die-sin king. The proces s can be used pur ely for drilling or for the generatio n
of profiles in the workpie ce. In this case , a profi led shape -genera ting co un-
terpart is used, whose neg ative shape is pro jected onto the workpi ece
(Figure 17.4a).

The mach ining proce ss is generall y designed by first sele cting the me an
grain size considering the desired removal rate and the resulting surface
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quality. Afterward, the related reaction force and the vibrational amplitude
are determined in relation to the grain size. The feed required for the
die-sinking motion can be realized both with a compulsory feed at cons-
tant die-sinking speed and with a force-controlled feed with constant con-
tact pressure. As a rule, the machining is carried out with a force-controlled
feed. The supply and removal of the abrasive is carried out by means of an
abrasive dressing equipment, which keeps the grains equally distributed in
the medium.

Among the process parameters, lapping pressure and feeding power, as
well as the vibrational amplitude exert the greatest influence on the work
result. In contrast, additional parameters such as the connection between the
shape-generating counterpart and sonotrode, abrasive pressure, and so on,
have only minor impacts and thus minor significance (Bönsch, 1992). Both
parameters significantly define the size of the working gap and also
the primarily occurring removal mechanism and the flushing conditions
in the working gap.

17.3.3.1 Vibrational Amplitude

Setting the vibrational amplitude at the shape-generating counterpart deter-
mines the maximum height of the working gap during the process and the
attainable impulse when the shape-generating counterpart strikes the indi-
vidual lapping grain in the working gap. In principle, it can be confirmed
that an increase in vibrational amplitude leads to an increase in material
removal rate. On the other hand, statements regarding the relation of the
surface quality to the vibrational amplitude differ. Although Haas (1988)
observed a clear surface deterioration with increasing vibrational amplitude
and explained it by the increasing share of larger grains in the working gap,
other authors concluded that there is no crucial connection between surface
roughness and vibrational amplitude (Bönsch, 1992; Vogel, 1992).

In addition to a relation of the average peak-to-valley height and the
vibrational amplitude, there is also a relation to the material to be machined
(Haas, 1988). Hilleke (1998) assumes here an influence of the structural
properties grain size and grain boundary strength.

If the vibrational amplitude is too small, the grains are not pressed deeply
enough into the workpiece surface, leading to a reduction in material
removal rate. Increasing the vibrational amplitude serves to increase
the material removal rate to a critical value. If the parameter is further
increased, the material removal rate decreases, because the idle path of the
shape-generating counterpart, during which hardly any impulses are trans-
ferred to the workpiece, increases (Spur, 1989).

Bönsch (1992) found that the optimum vibrational amplitude corresponds
roughly to half the mean diameter of the used grain. If the working gap is
enlarged further, increased single grain stress occurs due to the high feeding
power that may lead to grain fracture. As a result, the number of grains
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existing in the working gap increases. The probability that the indirect
impact mechanism occurs in contrast to direct impact rises due to the high
grain density. This distribution of the impact impulse on several grains
reduces the material removal rate.

17.3.3.2 Lapping Pressure

Although the selection of the vibrational amplitude influences the attainable
removal rate and the surface quality, the lapping pressure affects only the
removal rate. The set lapping pressure determines the stress applied to the
grains in the working gap. Increasing the lapping pressure therefore leads to
an increase in impact impulse and therefore to an increase in material
removal rate. If the lapping pressure is too high, however, the grains in
the working gap splinter and the impact impulse affecting the workpiece is
reduced (König, 1988).

17.3.3.3 Abrasive

The geometrically undefined lapping grains represent the crucial part of the
shape-generating counterpart in ultrasonic lapping because of the direct
contact with the workpiece surface. When selecting the lapping grain, it
must be considered that the hardness of the grain is higher than that of the
material to be machined and that there is a sufficient compressive strength
to the rising stress caused by the process. Boron carbide is preferably used
as the abrasive because it exhibits a higher resistance to fracture than silicon
carbide and is less expensive than diamond. A grain size of 40–50 mm is
used in industrial practice, representing a sensible compromise between a
high material removal rate and a high surface quality (Hilleke, 1998).

Basically, it can be stated that increasing grain diameters lead to an increase in
material removal rate (Noelke, 1980; Grathwohl et al., 1988; Haas, 1991). Con-
tradictory statements exist on the influence of the grain size on the attainable
surface quality. Earlier studies describe a linear connection between surface
roughness and grain size (Blanck, 1961; Youssef, 1967). Cartsburg (1993) on the
other hand concludes that reducing the grain size barely improves the surface
qualities, but considerably increases the machining times. The counterpart wear
is influenced by the grain size in such a way that selecting a more coarse grain
produces an enhanced wear at the face (Noelke, 1980).

The main tasks of the substrate fluid are transporting the grains to the working
gap, removing the chips and worn grains afterward, and cooling the shape-
generating counterpart (Haas, 1991). Continuously renewing and removing the
abrasive secures the process stability. A central bore in the shape-generating
counterpart serves to suck off the used abrasive and facilitates the supply of fresh
abrasive simultaneously to the working gap by the generated lower pressure.
Such a compulsory flushing is particularly indispensable if the machining depth
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increa ses. Investigations on the influence o f th e mixing r atio o n t he cutting
process s howed t hat t here is an optimum percentage distribution o f g rain and
abrasive. Deviations from t his optimum distribution lead to a d eteriorated
process behavior ( Haas, 1 991).

17.3. 3.4 Wear of the Shape-G enerat ing Count erpart

Since the mater ial remo val duri ng ultr asonic lappi ng is based, as desc ribed,
on the embrittleme nt of increasi ngly stresse d mater ial areas, mater ials with
a distin ctive elastic– plastic behavi or are used as co unterpar t materials. The
wear, howeve r, cannot be avo ided despi te a specific mater ial selection;
theref ore, the follow ing effects on the pro cess resu lt emerge (Noe lke, 1980;
Bö nsch, 1992):

. Insuffici ent accura cies of dim ension and shape

. Low counterpar t times and frequent co unterpar t exch ange

. Shift in resonan ce frequenc ies to unfav orable ran ges due to len gth
change s in the shape-gene rating counterpar t and the generatio n of
inadvert ent flexural and torsional vibra tion

The use of PCD counte rparts could signifi cantly redu ce the wear and
distin ctly im prove the rep roduci bility of the accura cies of shape and dim en-
sion (Noel ke, 1980; Kö nig and Bö nsch , 199 1). Owing to the hig h mater ial
costs, however, PCD counterparts have not been accepted for ultrasonic
lapping.

On the other hand, there is a relation between counterpart wear and
fracture to ughness of the used workpi ece mater ials (Figure 17.9). The wear
of the counterpart increases with increasing fracture toughness of the work-
piece. The reason for this is the rising machining time for more viscous
materials because the stress applied by impacting grains can be balanced
increasingly by elastic–plastic deformations. Materials with a low fracture
toughness have a greater tendency to form and spread cracks and thus lead
to higher material removal rates.

17.3.4 Conventional Face Die-Sinking with Rotational Superposition

To carry out a drilling without die-sinking a defined profile into the work-
piece, the counterpart can be superimposed by an additional rotational
motion. This superposition causes an increase in the material removal rate
and of the accuracies of dimension and shape (Cartsburg, 1993). Besides, an
improved reproducibility of the results can be determined. Because of the
rotation of the shape-generating counterpart, the grains are equally distrib-
uted in the working gap, leading to a more stable process behavior. Profiling
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here is not reached by form ing of the shape -genera ting counterpar t, but by
geomet rical gen eration (Noelke , 1 980).

Comp ared to the surfac e form ation during ultras onic lapping with stand-
ing shape -genera ting co unterpar t, add ing a rotatio nal mo tion cau ses
chan ges in the pre dominatin g re moval mechanis ms. The rotation leads to
a rolli ng motion of the grains at the face of the shape-ge nerating counter-
part. Above this, grai ns are embedded in the face, so a scrat ching engag e-
ment into the workp iece occurs. This me chanis m superpos es the impulse
exch ange of the direct and indire ct im pacts and causes a surface formati on
that is similar to the one of a co nvention al lappi ng proces s (Cartsbu rg, 1993).
Over lapping these mecha nisms leads to an increase in material removal rate
by up to 40% if contac t pre ssure and rotationa l speed are consi dered.

A crucial rotationa l speed em erges in relati on to the co ntact pre ssure
wh en the mater ial re moval rate cannot be increas ed any further or dec rease s
(Fig ure 17.10). The reason for this is the rup ture of the lapp ing film in the
worki ng ga p and the res ulting chat ter vibratio ns (Ca rtsburg, 1993). Spur
and Krieg (1995) could find in this context a change in the wear profile in
rela tion to the rotationa l speed . High rotationa l speed s lead to an increase d
wear at the outer edge of the counte rpart. Thi s is owing to the high centr i-
fuga l forces that cause the grai ns to dri ft outwar d. The enhan ced wear at the
edge of the shape-generating counterpart leads to a reduction in material
removal rate because of the reduced active surface.
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17.3. 5 Path Machin ing

In ad dition to the generatio n of bores and the pro jection of profiles onto the
workpi ece, accordin g to Figu re 17.4c, there is possi bility to gen erate any
contours alm ost inde pendent of the co unterpar t geomet ry by superpo sition
of a fee ding mo tion vertical to the die-sin king motio n. This is done , for
exampl e, in finishin g of thin substr ates and in the prod uction of fine struc-
tures in glass and ce ramic s (Hille ke, 1998). As Figure 17.11 shows there are
two possibl e machi ning strat egies in path- controlle d mach ining:
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1. Die-sinking the counterpart to desired depth and subsequent run-
ning over the required contour (deep feed machining).

2. Slow die-sinking of the counterpart at a high cross-feed speed, so
that the counterpart reaches the desired depth of cut in several runs
(layer machining) (Noelke, 1980; Hilleke, 1998).

In deep feed machining, the cutting operation is determined by the relative
motion between counterpart superficies and workpiece wall and by the
rolling motion of the grains. The hammering of grains into the workpiece
surface typical for ultrasonic machining is almost omitted; therefore, only
low machining speeds can be realized with this machining strategy. High
feeds, moreover, increase the danger of clod-like macroscopic chippings
that considerably reduce the part quality (Hilleke, 1998).

Layer machining leads to a cutting process carried out by the face of the
shape-generating counterpart that corresponds to that of ultrasonic-assisted
die-sinking and thus, to comparable machining speeds. Due to missing
cross vibrations vertical to the counterpart axis, a real three-dimensional
machining is not possible with path-controlled ultrasonic lapping.
A respective design of the sonotrodes, however, may serve to induce not
only longitudinal vibrations, but also lateral vibrations into the process. This
helps to remove material at the workpiece surface directed to the superficies
at simultaneous rotation. This kinematic extension of ultrasonic lapping to
ultrasonic form machining serves, on the one hand, to generate and machine
complex spatial structures and, on the other, to attain a path-controlled deep
feed machining at higher material removal rates (Dieter Hansen, 1990).

17.4 Ultrasonic-Assisted Grinding

17.4.1 Fundamentals

Ultrasonic-assisted grinding can be seen as a technological development of
ultrasonic lapping with a rotating tool using bound grains. It represents an
economical alternative to this method. So far, comparatively less knowledge
exists regarding machining parameters, tool specification, and work results.
Ultrasonic-assisted grinding has, nevertheless, already been used in indus-
trial practice.

First investigations of ultrasonic-assisted grinding with corundum grind-
ing wheels date from 1956 (Colwell). Vibrating the workpiece with a fre-
quency between 10 and 18 kHz as well as a vibrational amplitude helped to
achieve better surface roughnesses and to reduce the process temperature
during surface grinding of steel materials. Scientific investigations of the
process during the 1970s dealt with the influence of the grinding kinematics
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on the result of steel machining (Yano et al., 1970) as well as with the
application of diamond grinding wheels to the machining of titanium alloys,
hard metal, and alloy steels (Nerubai, 1977). Material removal rates could be
increased in all existing investigations as compared with conventional
grinding, whereas clear statements concerning machining times and attain-
able surface qualities could not be derived. Ultrasonic-assisted grinding has
been used for the machining of brittle–hard materials since the 1970s and
1980s (NN, 1977; Uematsu et al., 1988). Comprehensive scientific studies of
this process, however, appeared only in the 1990s (Bönsch, 1992; Prabhakar
et al., 1992; Pei et al., 1993; Suzuki et al., 1993; Spur et al., 1995; Warnecke and
Zapp, 1995; Spur and Engel, 1996; Holl, 1997; Spur and Holl, 1997).

During ultrasonic-assisted grinding, the kinematics of the grinding pro-
cess are superimposed by a longitudinal oscillating active motion. To realize
different kinematic variants with respective positions of active partners,
tool, and workpiece, ultrasonic vibration can be induced into the contact
zone by both the tool and the workpiece. This constructive freedom of
design serves to generate varying contours and structures in the workpiece,
and to machine any surfaces. Compared with conventional grinding, the
mechanisms of surface formation and wear mechanisms are fundamentally
altered due to the superposition with ultrasonic vibration (Spur and Holl,
1997). The ultrasonic vibration leads to a temporarily recurring change in
direction in active velocity.

The excitation of oscillation is realized by an external voltage generator
and a sonic transducer according to the piezoelectric principle. Hereby, an
output amplitude of only a few micrometers is reached, which can be
increased by means of subsequent sonotrodes up to A � 80 mm, depending
on the respective application.

Al2O3

Zr2O

Process

FIGURE 17.12
Process of ultrasonic-assisted cross-peripheral grinding with internal flushing and workpiece
example. (From Holl, S.-E., München, 1997. With permission.)
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In relation to the positio n of the active partn ers to one ano ther and to the
contou r to be mach ined, it can be distin guished bet ween axial and radial
osc illating superpo sitions with res pect to the grindi ng tool. Accordi ng to
DIN 8589, T 11, and Car tsburg (1993), the kinematic modificati ons depicte d
in Figure 17.13 result for the used pro cess method s.

Ultr asonics can gen erally be used for all kinematic mo dificatio ns. With
resp ect to ceram ic mater ials, ho wever, the mach ining of comp lex co ntours
suc h as borings , groo ves, sphe rical surfaces or scu lptured surfaces, and
filigr ee structur es is especiall y interes ting. In this contex t, ultraso nic-
ass isted grinding offers an effective alt ernativ e to pre viously used, mostl y
une conomical, or compara bly costly te chnologi es. In addition , ultraso nics
allow a purpose ful struct uring of the workpi ece surfac e, wh ich can for
instan ce be used to avo id directi onal machi ning trac es.

17.4. 2 Machi nabilit y of Cer amic Materia ls

Nume rous inve stigati ons of ultras onic lapping as serted that the attain able
mater ial removal rate Qw increases with dec reasing te nsile strengt h of the
ceram ic mater ial. Figure 17.14 illus trates that the removal rate in ultr asonic-
ass isted face grinding is also strongly related to the mater ial. In ad dition to
the KIC-value , however , strengt h, hardnes s, and cutting behavi ors also play
an importan t role. Altoge ther, the result ing mate rial removal rate can be
seen as relati vely hig h. Mo reover, compa rative tests with ultraso nic lappi ng
pro duced gen erally bet ter accu racies of shape and clearly hig her tool lives.

The critical contact pressure, starting from which process instabilities may arise
depending on the equipment, decreases with increasingly difficult machinabil-
ity (in this example of Al2O3 to SiC and ZrO2 to SSN). This leads to the demand
for an application of apt machine components. This refers particularly to the
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high forces and moments typical for grinding. Stiffness and settable tool
speeds and contact pressures represent important boundary criteria (Spur
et al., 1998).

Compared with conventional grinding, ultrasonic-assisted grinding causes
higher mechanical and lower thermal stresses. Due to the altered kinematic
active motions, the total grinding tool topography engages briefly in relation to
the machine setting parameters. The ultrasonic vibration produces steeper
angles of engagement as well as shorter cutting lengths and higher depths of
engagement, resulting in higher mechanical stresses affecting the tool cutting
edges and the material. Using ultrasound considerably reduces the grit flatten-
ing and the share of grit fractures. In contrast, however, the share of grit
splintering increases, leading to an increase in the number of single cutting
edges. The respective wear mechanisms balance each other, so the wear re-
mains generally almost unaltered. It could be proved in this context that the
brittle fracture share increases slightly during surface formation, yet without
causing a significant change in bending strengths and residual stresses (Spur
and Holl, 1997). Tests on pendulum grinding found that the described effect of
ultrasonic assistance influences the work result more clearly with increasing
contact length (Spur et al., 1995).

17.4.3 Surface Grinding

Surface grinding is divided into two process variants—pendulum grinding
and creep feed grinding. In contrast to the pendulum mode, creep feed
grinding is characterized by high working engagements ae at low table
feed speeds vft, resulting in high contact lengths and low chip thicknesses.
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This leads to low single grain forces, but higher total process forces because
more grits engage at the same time.

Figure 17.15 shows the fundamental influence of superimposed radial
ultrasonic vibrations in the course of process forces dependent on the
grinding time during creep feed grinding of sintered silicon nitride (SSN)
and alumina (Al2O3). Analogous to Uhlmann (1993) it was found that the
forces during conventional conditions increase in degressive fashion at
increasing related material removal V

0

w. This indicates a fast alteration of
the grinding wheel topography. Proceeding from a sharpened tool charac-
terized by a relatively high grain protrusion, an increasing material removal
causes a flattening of the diamond grits and an increase in friction effects. At
the same time, the forces affecting the grits increase until single diamonds
start to splinter or break out when a certain critical load is reached, which
leads to diminishing grain protrusion. On the contrary, ultrasonic assistance
results in an almost stationary course irrespective of the machined material;
hence, force values are distinctly reduced with increasing related material
removal V

0

w. This contrast is particularly distinct in normal direction, that is,
in the direction of the longitudinal workpiece vibration.

17.4.4 Face Grinding

Drilling with face grinding can be carried out with tool-path-controlled or
force-controlled feed speed. The machine used plays a decisive role in
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selecting the respective feed type. Although ultrasonic lapping machines
operate preferably with force control, the application of ultrasonic spindles
on face milling machines is usually realized with a tool-path control.

17.4.4.1 Tool-Path-Controlled Feed Speed

To evaluate the machining process, the development of process forces is
analyzed for a tool-path-controlled feed speed. Figure 17.16 illustrates that a
grinding operation without ultrasonic assistance produces a poor process
conduct because rapidly increasing axial forces occur in this case. After a
grinding time of tc ¼ 22 sec, the force already reached a value of Fz ¼ 240 N
that can no longer be tolerated, so the process had to be stopped. The
permanent tool–workpiece contact is presumably responsible for a quick
blunting of the grinding coating, leading to a strongly reduced cutting
ability. This results in an enormous increase in force, if feed speeds are
constant. Therefore, an economical production of such contours with con-
ventional methods (grinding without ultrasonics) is not possible.

Using ultrasonic assistance, in contrast, leads only to a minor increase in
force and thus results in a stable process during the entire machining time.
Ultrasonics produce steeper angles of engagement and a complete mean-
time lifting of the grinding tool from the workpiece surface. Hereby, a rapid
blunting of the tool in connection with a loading of the coating is avoided.
Moreover, friction effects are considerably reduced and the contact zone is
better supplied with cooling lubricants.
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The relati vely smal l gri t size (D4 6) permi ts good surfac e qua lities and
accura cies of shape. The axial wear amo unts to about 5–10 m m per 10 mm
depth of cu t, consi dering the positioning accura cy of the mach ine to be
used. Projected to a coating width of 5 mm, this leads to a theoretica l
mini mum to tal tool pat h of 5 m depth of cut.

17.4. 4.2 Force- Control led Feed Sp eed

When usin g a force-co ntrolled feed speed, the grinding tool is sunk wi th its
face into the workpie ce un der constan t bear ing pre ssure pPAD. Withou t
ultr asonic as sistance, the axial feed speed was fou nd to be rapidly dec reas-
ing towar d zero , wh ich can be explain ed analog ous to the previous sec tion
by the blun ting of the tool. The proce ss come s to a standst ill after a few
milli meters and can onl y be reactiva ted by a meant ime sharpen ing of the
coati ng. However , this would be to o cos tly and theref ore uneconomi cal for
real mach ining task s. In contras t, ultraso nic assista nce pro duces an almo st
stati onary process course that is also stable at hi gher depth s of cu t. The
emer ging fee d spee d and thus the mater ial removal rate increase with
increasi ng rotatio nal speeds, beari ng pres sures, and amplit udes unti l a
mach ine-tech nical limit with the resu lt of occurring ins tabilities is reached.

17.4. 5 Cro ss-Periphe ral Grind ing

For parts made of advanced ceramics, grooves, radii, sparings, or other sculp-
tured s urfaces can be produced before sint ering by green or white ma chinin g
or in the cour se o f finishing, for exa mple, by ultra so nic path lapping (Klocke
a nd Hilleke, 1 997 ) or, for high er dimensions, b y coordina te grindin g (M ü hl
and Schumacher, 1994). Conductive ceramics can also be machined by elec-
trical discharge machining. The process results, however, are generally unsat-
isfactory. Supplementing ultrasonic path lapping with diamond-coated
grinding tools leads to ultrasonic-assisted cross-peripheral grinding. This
method largely corresponds to the kinematics governing face milling.

Figure 17 .12 shows the machi ning pr ocess a nd co ntour elemen ts
machined from the solid by ultrasonic-assisted cross-peripheral grinding.
During machining with tool-path-controlled table feed speed, the resulting
grinding forces can be used in relation to the engaging tool area to analyze
the machining process and its efficiency. Fundamental technological inves-
tigations proved that the resulting process force is dependent on the feed
speed vfr, the working engagement ae, and the back engagement ap, as well
as on the machined material. To analyze the machining of complex geom-
etry elements at one setting, Al2O3 was used as an example to finish a ring
groove from the solid. The respective tool-path control can be easily realized
by the CN C-contro l of the base machi ne. Figure 17.17 shows the measure d
characteristic resultant outputs during machining.
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The machining of the ring groove is divided into two working steps and
four process phases. In the first step, the tool was sunk with its face into the
material to a nominal back engagement ap ¼ 2 mm by means of an ultra-
sonic-assisted face grinding process. Afterward, it was switched without a
break to ultrasonic-assisted cross-peripheral grinding (working step 2). As a
result, a simultaneous internal and external machining takes place at first
because of the core that remained after the first working step (process
phase 2). The width of the groove corresponds to the working engagement,
which is in this case the outside diameter of the tool. A purely external
machining is realized in the third process phase until the outer circumfer-
ence of the tool meets again the beginning of the groove. The final process
phase serves to close the ring groove. Hereby, the tool engages at the outer
circumference, with the contact surface decreasing continuously.

The four process phases of face sinking such as simultaneous internal and
external machining, purely external machining, and closing of the groove can
be clearly characterized by means of the graph of axial force Fz and table feed
force Fx. The force component Fz is important only for the face sinking of the
tool. Considering the drifting of the signal accompanying the long process
time, Fz can be neglected in the course of working step 2. As had been
expected, the stationary force component Fx assumes a sinusoidal curve,
which can be explained by the permanent change in direction in connection
with the circular path of the tool. The surface quality was measured radial to
the ring groove on the five test points A–E (Figure 17.17). The values are very
equal, with the arithmetical mean deviation not exceeding Ra ¼ 0.25 mm.

Further tests on the materials ZrO2 and Al2O3 partly realized a material removal
rate of Qw> 10 mm3=sec at high process stability under variation of back engage-
ment ap and table feed speed vfr at a working engagement of ae ¼ 10 mm.
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17.5 Process Comparison

A comparison of the attainable surface-related material removal rates dur-
ing the application of various processes for drilling in the ceramic material
alumina produces the highest values for ultrasonic-assisted face grinding
(Figure 17.18). Comparable material removal rates could be determined for
conventional face grinding and rotation-superimposed ultrasonic lapping,
which however were about two-third lower than those during ultrasonic-
assisted grinding. Ultrasonic-assisted conventional face die-sinking in con-
trast produced by far the lowest material removal rates. The reason for the
superiority of ultrasonic-assisted grinding as compared with ultrasonic
lapping is that the bound diamond grains completely transfer the impulse
energy to the workpiece during grinding. On the contrary, a part of the
energy induced into the process is used in ultrasonic lapping by the splin-
tering of the lapping grains. In addition, the scratching grain engagement
during grinding proves to be more effective than the impulse-like engage-
ment of the grains in lapping (Cartsburg, 1993).
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N.N.: DIN 8589 Teil 15.: Läppen. Beuth-Verlag, Germany, 12. 1985.
Dieter Hansen AG.: Keramikbearbeitung mit Ultraschall—ein Bestandteil der High-

Technology. Firmenschrift, Wattwill, Switzerland, 1990.
Drozda, T.J.: Mechanical nontraditional machining processes. Manufacturing Engin-

eering 91, 1, S61–64, 1983.
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markt, Würzburg 103, 18, Germany, S30–31, 1997.

König, W.: Keramik bearbeiten—aber wie? Vortragsband zur VDI-Fachtagung Neue
Werkstoffe erfordern neue Bearbeitungsverfahren, Düsseldorf, Germany, 1988.
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