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20. Abstract
resulting from the plastic indentation of the workpiece by the abrasive
trains . Grinding forces during up and down grinding were different
)ut both correlated with the indentation fracture parameter when the
~omminution characteristics of the chips du ring down grinding were
accounted for .
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Grinding forces have been measured on a number of polycrysta lline ceramics and corre-

J lations between the forces and workpiece properties have been attempted in an effort to -
gain insight into mechanisms of chip formation . The closest correlations were with a
pa rameter related to the indentation fracture characteristics of each workpiece . This
suggests that a major mechanism of chip formation during multipoint abrasive machining
of ceramics is fracture resu lting f rom th e plastic indentation of the workpiece by the
ahra~ ive grains. Grinding forces during up and down grinding were different but both 

I -- correlat ed wit h the indentation fracture parameter when the comminution characteristics .1
- of the chips during down grinding were accounted for .
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FT
1. INTRODUCTIoN

The quality and useful ness of a precision ceramic component may depend entirely on the

abrasive mach ining operations used to shape and finish its surfaces . \‘et it has been flOte,1
that abras ive surface finishing is still an “art based on experience ” 11 . 211 . There are
good reasons for this comment . I’irst , the mutual interactions between the components
of a surface finishing system (eg - machine , tool, work pie’e , environment , e tc . )  are
comp lex and not well defined (2 ) .  Second, the mechanisms whereby material is removed

are not comp lete ly understood. I”or examp le finish surface grinding ca uscs  chi p forma-
tion on an extremely fine scale at high rates under conditions of stress and temperature
that are difficult to measure (2 , 31.

Neverthe less considerable progress has been made since the first Symposium on the
Science of Ce ramic Machining and Surface Finishing 14 1. It is now known that significant
plastic f low may accompany chip formation during grinding of even the most br i t t le cer-

amics (5-8 1. Scratch test studies (9, 101 and work us ing model grinding sy st em s employ-

ing single point diamonds mounted on a gr inding wheel (2 , II( ha ve clea rly shown that the

mechanism of mater ial removal depends on the normal force on the abras ive grain or ,

t’~iuivale ntlv , on the depth of cut . At low loads materiaL is removed by plastic flow , as

the lo~id increases crack ing occurs and finally chips wit h dimensions larget’ than the
a br is ive  grain form 1101. In a multipoint cutting process such as surface grinding, the
subsurface interaction of the fractures due to chipping represent a maj or mechanism of
material removal 1101. Single point gr inding studies have further shown that chips can
form in front of and behind the abras ive grain (3 , 8), the latter presumably due to rela\a-
i~ n ~‘i stored elastic energy .

In ~ie~ of the complexity of the situation the question arises as to whether therc is :uly

physica l prope rty or combination of physical propert ies which can be related to the f o rc e s

inv~ lve I in rnaehinin~ a part icula r ceramic. From the scratch test and sin~ le :~~int grin~l-
ing s~ot’k it is recognized that the resistance to plastic flow and to fracture must bot h he

inc luded in avi v model of chip formation (2 , 7—9 ). Low speed scratch tes ts  have shmi vi th a t
the forces v a i v  with hardness when plastic f low is the dominant mode of material removal

I~ 1. (;ieli tse et a t .  [ 1 l (  have demonstrated in single point grinding that the Ierk ’es vai~
is  -

~~
-. where ~ is the fracture stress , and F Young ’s modulus when brittle c t - ac t iu - t ’ i~

the dominant mode of materia l removal.

t Vigi i res in brackets indicate the literature references at the end of this paper 
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Recent .inalvses of the relation of material prope rties and chip formation during ceramic
machining have benefited from the indentation fracture theories of Lawn and •~oworkers
(12 , 13). Evans and W ilshaw (13 )  hay.’ mo telled abrasive macbiting as a series of
sliding parallel indenters and have shown that the chip volume, v , is v — ~ S .’4 H U2 K
- - where P is the vertical load on the abrasive grain, H is the hardness and K is
the fracture toughness . Sawing rate data of I”ice and Sperone llo 114 1 fit this relation
well . Kitchner et al. (15( have measured the depth of damage , c, introduced in Si:~N4
during s ingle point diamond grinding and have shown it to be related to the ve rtica l ‘ I

grinding force . P. according to a re lation derived by Lawn and Marshall (16) based on
identation fracture theory P— N ~ c . Thus , studies using single point abrasive sys-
tems and analyses incorporating the relatively new identation fracture theories have
both led to an improved understanding of the important physica l parameters determining
material removal during abrasive machining o~ ceramics. Whether these results can
he direct ly app lied to multipoint machining operations such as surface grinding is ques-
tio.iable. The simultaneo’is interaction o~ ad jacent abrasive grains during chip formation
w ill alter the relative amount s of plastic flow and fracture art I thus the result ing forces.
Which tom inates and under what conditions are not clear.

in this report we attempt to establish correlations ay examining the effects of workpiece
propert ies on forces generated during the surface grinding o~ a number o~ different
ceramics. It was our hope that a clear correlation would establish the pred minant
mechanism of material removal under given conditions . Correlations are attempted
between the forces and the workpiece properties to determine, at least , what properties
most affect the mechanism o~ chip formation .

IL
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~~ 2 . EX PFRIM FNT A!. PROCFI)t’ UF

2 .1 GRINDING

Gr inding was carried out using a L)oAll Model 1)618-7 high speed precision surface grinder
w ith a fixed spindle speed of 3540 rpm . A tO O grit resinoid bond diamond wheel l~~. 2 cm

(6 inches) in diamete r and 1.32 cm ( 1/8  inch ) wide was used for all measurements. The
cutting point density on the wheel face was 480 cm and the mean w idth to depth ratio

I for a groove made by a single abrasive grain, as deternt ined by techniques described by
Hacker . et aL.  (17 ) was 1. t~. Grinding forces were measured with a strain gauge dvna-
momete r based on a design of Cook et al . 1181. The dv na momete r is similar to these

J 
used 1w others (2 )  and will tiot be discussed. W ith a sample mounted on the dvnamometer ,

- the hor izontal and ve rtical grinding forces induced in the workpiece during a grinding
pass can be measured independently. The elastic stiffness of the dvna niometer is
1.2 l0~ gm/cm in the hor izontal direction and 4. ~ l0~ gm/cm in the vertica l direct ion.
The sensitivity of the instrument is 3 gm in both directions. Grinding wa s carried out

r both w ith the cutting face of the wheel moving In the same direction as the workpiece
(down or climb grinding) and with the wheel moving in the opposite direction (up grinding~.
Different parts of the same w orkplece were used for each case , i.e. one part of the sur-
face \~as up ground and a separate part was down ground . Samples w ere  g round at feed
rates of 0, 042 , 0 .21 , and 0.4 2 cm/sec (1, S and 10 inches/m is). The dept h of cut ~ as

- 25 .4 urn (l0~~ inches) except in one ease where It was half this value. At least five passes

~ ere made at each feed rate and each sample was always ground at increasing rates of
material removal. The wheel was dressed Lw grinding the face of the wheel with a silicon

- ca chide wheel before each sample was ground at the lowest rate of material removal.

I’he theoretical chip geometry ( i .e. chip length and max im u m  ~‘hip thickness (1 7) IL’l
- 

the grinding condit ions used here are listed in Table 1.

Table I . Theoretical maximum chip thickness . t , and chip Length , ~~, for the 100 gt ’ t t

I diamond wheel at the machine settings used in this study.

\~ hee l L)epth of cut Feed Rate t
_______________ _____________________ 

(in/ m m )  (Mm) (mm)

100 gr it 2!~. 4um 0 .042 cm/ sec  0 . ~~ 2 .0

i 
0 .21 0 .71 2 .0

I 0 .4 2 cm / sec 1.0 2 .0

Hi
21)0 ~ll ty pe D1Al—M D100N/1 DolU/4B:~

_ _  

_ 
_ _ _
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F ront Table I ~~e note nirsi that the gr it depths of cut , t , are sma ll and ire on the orde r

of lO~~ of the chip lengths. An indentation made by an abrasive grain an a ceramic work-

pie.~e is , the refore , no more than i lo~tg thin scratch (5 , ~1 provided material is removed

by plastic flow . As noted above , however, if brittle fracture ta kes place during chip

format ion the actual chip geometry ‘nay in no way resemble the dimensions in TabLe I

Note aLso that the small grit depth of cut indicates the advisability in many instances of

using small wheel depths of cut . Otherwise a large amount of the binde r in the wheel face

may contact the workpiece .

Samples used for grinding we re approximately 2S .4 x 6 .4  x 3 .2 mm (1 x 1(4 x 1(8 inches).

Grinding was carried out on the 25 .4 x 6 .4  mm side in the short (6.4mm) direction. All

grinding was carried out dry .

2 ,2 (‘1IARACTERI~~ATION OF TIlE G HOL~ND SU RFACE

lioth optical and scanning electron microscopy were used for routine characterization of

the surfaces produced by grinding. Most observations were made after the last pass at

the highest feed rate of 0 .42 cm/sec.

2 .3  WORKPIECE M~~TERIALS

The materials machined in this study are listed in Table 2. Also included in the table

are the supplier , method of manufacture and grain size. - ,

~
j

4 
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1~A, Table 2 . Materials used for Grinding I’orce \ leasurenw nts

Material Supp lier Manufacturing Approximate
Method Grain Size

__________________________ _____________________ ___________________________ 

(ulu)

P /.T Honeywell Cold Pressed and 3I
MgO U TRI Cold Pressed and 18

Sinte red

Ferrite Ni/ n Honeywell Hot Pressed 13

I’e r t i te  Ni/n Honey we ll Hot Pressed 3

Silicon Nitridea Westing house Hot Pressed 2

Stlicon Nit ridea Norton Hot Pressed I

Silicon Nitridea Westinghouse Hot Pressed

LucaIo~ Alumina G.F. Cold Pressed and 38
Sinte red

Aluminab AV~~O Hot Pressed 2

-~D 9~ 9 Alumina Coors Cold Pressed and 2
Sinte red

Heron Carbideb AVcO Hot Pressed 8

“Courtesy Dr. F. F. Lange
‘ ‘ i i  rt esv Dr. .1 . Niesse

The \~vstinghouse s ilicon nitrides listed In the table differ as follow s (l~1. 20) . “
.-

“

v~as fal~i’icated from powders containing 90” - S -phase Si3N4 and 10 ’ - -phase S i N 4 .
was fabr icated from powders containing 9O’~ a-phase and 10” ~-phas. t~~~ d,-~

~lI thr e materia ls were Pphase after hot pressing . The three different Si 3N 4 m.iterial-
are interesting because , as noted later , they exhibit measu rably different properties .

I L
~

~

. ~~ .T___
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3 . I XPERIMENTAI. IIFSL LTS

3 .1 (;RINDING FOHCE MEASUREMENTS

In order to conserve space the results are presented in tabular rather than graphical
form although a few c u r s e s  will be presented for illustrative purposes . The grinding
force measurements are listed in the Appendix. Each value of force is normalized by the
width of the cut , b, and is the average of five passes made at the depths of cut and feed
rates indicated. Some brief comments concerning the force meas urements are g iven be-
low .

Grinding forces on P/T , Mgt) and the ferr i tes w e re extremely low and without excep tion
increased ~ j th rate of material removal . The forces measured during up and dow n grind-
ing we re about equal. The vertical forces measured on the smaller grained ferrite ex-
ceeded those measured on the larger grained material . The horizontal forces measured
on both ferr i tes were not a function of gra in size.

The forces measured on Si3N4 dur ing  25 . ~~m cut s were the highest measured in the
— ser ies. In orde r to minimize damage to the dynamorneter or wheel, measurements of

the effect of rate of material removal on grinding forces were made using a cut of 12 .2um.
We note here that in a numbe r of cases the vert ical Forces measured during down grinding
exceeded those measured during up grinding in contrast to results on other hard ceramics
such as 114C and A VCO A 1203. Examples of this behavior are shown in Figure 1 in which
the grinding forces for the Westinghouse “i’ Si3N~ are plotted as a funct ion of feed i-ate
during cuts of 12 .2Mm.

The forces measured on alumina depended on fabrication. Sintered material such as
Lucalox and Coors AD 999 showed low grinding forces at low feed rates but the forces
increased rapidly with feed rate . AVCO hot pressed alumina on the other hand sustained
a r e l a t i v e l y  high fo rce leve l at aD feed rates as indicated in Figure 2 . The low sensitiv ity
to feed rate during down grinding is not understood but may be related to the comminution
cha racterist ics of the chips as they tra vel between t he wheel and the workp iece . This
point is discussed later.

At the lowest feed rate the forces on H4C d u r ing dow n grinding were greater than those
during up grinding . This behavior reversed at the higher feed rates.

-

~ 
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WESTINGHOUSE o( PHASE

0 DOWN
A- UP

100 GR IT

200 - 
100 GRIT 

500 d ‘O.OI2mm,7’
d.0.OI2 mm Z

~ 160 ~ 40 0 -  fr

I ‘~~° ~~~~~~~~~~1
;oo 

~ 1~v~
’

j .1 .2 .3 .4 .5 .1 .2 .3 .4 .5

V ( cm/sec ) V (cm/sec )

F F
Figure 1. t1- ~~tzonta l, _iiJ , and vert ical, -g~”. grinding forces
measured on We sttng ho’ise “n.’ Si3N4during up and down grinding
plotted as a function of workp tece feed rate . b is the width of the
cut . The depth of cut . d. Is 12 .2gm (0 .00 5 inz~h).
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AVCO A1203
0- DOWN
A - U P

400 - 

1
A — — - 6

/ GM/ CM
c

_ :~~~~~~
——

~
~ 200 - 

~ soo /
100 GRIT 600 - 

d ’ OO25 n’~’n100 - d ’  0.025mm 
uE1.~40O -

200
L I I I 

~

.1 2 .3 4 .5 . 1 .2 .3 4 .5

V (cm/sec ) v (c m/ssc )

F F
Figure 2. Florizotnal, _

~B, and ve rtical , —
~~~~

.
. grinding forces

measure on AVCO hot pressed A 1203 during up m d  down ~zrInding
plotted as a function o’ work piece feed rate. b is the w idth of ’ the
cut . The depth of cut , d, is 25.4um (0 ,091 inch).
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3.2 l”X AMINAT ION UI” TIlE GR )UND St’IU” ACES

I The ground su rfaces of eve ry sample were exam ined following the last grinding force
measurement w hich , as noted ear lier, was made at the highest feed rate used In this
wor k, 0.42 cm/ s ec .  The nature of the surf mees will he commented on and illustrated In

J a few cases with scanning electron mlcrographs.

the  ground surfaces of P/,T were smooth and severel burnished . This account s for the

f h igh grinding t’orces measured on this relatively soft ceramic .

i 
The Mgt) su rfaces were ~lm(lar to the ferrite surfaces and contained plastically flowed

I. legions and regions where material had been removed by brittle fracture . These surfaces
ire simi lar to those examined in an earlier study 161.

‘l’he large gratned ferrite showed more tntergranular fracture than plastically flowed
lIhft,’ri.II. The fine grained ferrite showed large flowed regions with some patches where
materia l was removed by inte rgranular fracture . Examples of these surfaces are shown
in I’ igtire :~~. Recall that the grinding forces on the fine grained material were slightly
hi~ Iirr it  the highest feed rate .

Witt ~ ’cit excep t ion all silicon nitride su rfaces were quite smooth and burnished and con-

~u~ tcd mainly of plast ically f lowed regions . Patches where material was removed 1w w hat

app~’.u’ed to be intergranular fractu re were seen scattered ove r every surface .

I The ~int e red alt iminas had surface features resembling the SI3N4 samples . ‘
~ typ ical

-: e\zilup le is shown in Figure 4(a) for Coors Al) 999 alumIna down ground. 0. 42 cm/sec .

‘l’he irregu lar patches are where material has been removed by (ntergranular fracture .
t - In cOl i t i-~isl , the hot pressed alumina showed fewer burnished reg ions as shown in t’ igui’e

41l ) . \ lost matet’ia l has been removed Lw transgranular rracture . The H4C surfaces

~f r f • f ~ siniil.qr to those of S13N4 and the slntere.d aluminas and contained regions of plasti-

c d l v  f lowed material and patches where material had been removed by br ittle fracture .

l)iie to i large amount of debris on the surfaces the nature of the fractures could not he

assessed .

‘~ few genera l comments concerning the nature of the ground surfaces are appropriate at
this time . l”Lrst , no significant differences were noted between surfaces produced by up
and by down grinding . This ~ is unexpected in view of the diffe rences In forces observed.

Second, all surfaces contained significant amounts of plastic flow . The large g ra
ferrite and hot pressed alumina contained less plastic flow than the others . Finally , it

L 
must be cautioned that the conditions observed here may not be identical to those obtained
In actua l pract ice . ‘rhe samples were gioiind dry and were mounted on a dynamometer
w hose comp liance is significantly g reater than that of the machine table itself. Both dry

I grinding and a lower comp liance may enhance burnishing .

I
- .



GRINDING DIRECTION

20p.m 201am

~~~~~~~ 
~~~~~~~~~~~
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~~~~~~~~ ~~~~~~~~( a ) ( b )

HOT PRESSED NIZnFERRITE
DOWN GROUND
d : 25.4~~mV~~O.42 cm/sec

(a) IO~ m G. S. , (b) 3~ m G.S.

Figure 3 . S”annin~ electron micrographs ~f the gro.ind
si i r fa~~ps of Ni/n ferrite w ith mean grain sizes o~ (a) 10
and (b) 3,.ini
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GRINDING DIRECTION
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COORS AD999 AVCO HOT PRESSED

ALUMINUM OXIDE

DOW N GROUND
d ’25 ,41&m

V~ 0.42 cm/s ec

I.’ (gu re 4. ~c.i iiniii,~ elect ron mic m g  raph s of the g round

surI’ace’i o~ (a) (‘Cors Al) 9~~1 a lumina -imi (h~ ‘t V( ’() hot

pressed ii iimina .
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4. G RINDING FORCE ( ‘ORRl~’L~~TION S

The properties used fot ’ the correlations are listed in Table 3 . Note that many of the
values in the table were not measured directly on the material used in this study , hut

were taken from the literature or supp lied by individuals noted in the references to the
table, In all cases the vertical and horizontal gr inding forces measured during both up
and down gr inding dur ing a 25.4um cut at a workpiece feed rate of 0 ,21 cm/ sec were used
for corre lations.

4.1 MELTING POINT

No obvious corre lations with melting point were noted .

4.2 II- ~RDNESS

Since ha rdness is an indication of resistance to plastic flow an examination of the relation
between grinding forces and hardness is warranted , The horizontal and ve rtical forces

measu red during down grinding are shown as a function of work piece hardness in Figure 5.
There is a trend toward increasing vertical grinding forces wiUi hardness but the horizon-
tal forces drop in the harder materials. In both cases the highest gr inding forces are
those measured on ceram ics exhibiting intermediate values of hardness . Similar trends
were observed during up grinding but the forces measured on ceramic s w ith intermediate
ha rdnc ~ 5 were lower than those shown in Figure 5 .

12 
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Table 3 . RepresentatIve physical and mechanical propert ies of ceramics.

Bend Polycrystal-
Tensile line Young ’s KStrength Modulus IC

Grain Melting Knoopa (_
~~~~\ 

(GN ~\Material Size Point (SC ) Hardnes s 
~ m2 I ~ 3 /2,)

PZT 3 l300 200 ‘•
‘ 55

h 
83

b o m h

Mg() 18 2850 400 ~ 2S~ 303c 2.5 ’

NiZn Ferrite 13 1660 550 ~ 166d 
200g 

-

Ni/.n Ferrite 3 1660 650 # 194 d 900g -

‘
~~~~~

‘ Si .,N 2 Siblimes 1450 * 375 c 307 e
‘ at 1870

Norton Si3N4 1 Sublimes 1500 ~ 307e 5~ 1e
at 1870

~~~
“ Si ,~N 4 I Subllmes 1550 ~ 651~ C

at 1870

Lucalox Al 203 38 2050 1800 * 440c 400 C 4 1 i,k ~.
‘\ \ C() \ l O  10 2050 1850 ~ 4O?~ 400c 6 .5 1

AD9t~~ A l 903 2 2050 2000 ~ 469 c 400c

H4C 8 2350 2600 ~ 448 c 4 9 n

References for Table 3.

, t .  All values measured in this laboratory . (# 100gm load. * 500 gm load).
‘~~. Honeywell data sheet .
c .  En ineering Properties of Selected Ceramic Materials, Ame rican Ceramic Society ,

0 umbus , ObTo (1Wi~L’
d. M. llraitburg , Honeywell Inc . private communication (1972).
e. F. F. Lange, Joumn. Amer. Ceram. Doe., 56, 518 (1973)
f . AVC () data sheet . . -

g. .1. Smit and Ii. P. Wijn , Ferrites, Wiley & Sons, New York (1959) p. 225.
h. .1. C. Bruce , et al. Fracture Mechanics 

~
j  Ceramics, Vol . 4, R.C. Bradt et al.

ed.. Plenum, N.Y.  (1978) p. 696.
I. I’. Gutshall and (;. (;ross , 

~~ j . Fract. Mech ., 1. 463 (1969) .
j. R. F. Pabst , Fracture Mechanics of Ceramics, Vol . 2, R. C. Bradt et al. ed .,

Plenum N.Y. Tl ff74T p”. 557.
k. S. W . I”reiman et al. ibid p. 666.
l. Measured in this laboratory by hardness Identation technique of Evans and Charle~ .

b urn . Amer. Ceram. ~~c. ,  59, 371 (1976) ,
m, L. M. Ba rker , jfj~~~ture ~dec~~ nlcs ~f Ceramics, Vol . 4, H. C. Bradt , et al. ed..

Plenum, N.Y .  (1978) p. 490 .
n. C. Gazza, Army Research Center , Watertown , MA.,  private communication (1972) .
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4. 3 TENSILE STRENGTh

Gr inding forces measu red during down grinding are sho~ n as a function of tensile st i’ength
in Figur e 6 . There is a trend ror the forces to increase with strength but again the forces
measured on materials with intermediate st rengths are high . Simila r behavior is observed
when the forces measured during up grinding are plotted versus tensile strength .

4. 4 I’k)LYCRYSTALLIN E YOUNG’S MODULI ‘S

No corre lations were noted but again the forces were highest on materials with interme-
diate va lues of modulus, eg, Si .~N4.

1. 5 STRA IN ENERG\’ DENSITY . ~~~

in sing le point diamond grinding studies on alumina workp ieces Giel isse et al. t i l l
oht.iinetI excellent corre lation between grinding forces and the strain ene rgy density .

L.. where ~ Is the tensile strength and F is Young’s modulus. No correlations were

noted when the grinding forces measured in this work were plotted versus

I. ~ I”RACT I RE TOUGHNESS

It can be argued that , if a ma,ior mechanism of material removal during grinding is the

initiation and/or propagat ion of brittle cracks , then grinding forces should correlate w ith

fracture toughness. Figure 7 show s that the grinding forces measured during up grinding

do increase with the fracture toughness, but not linearly.

The grinding forces measu red on Lucalox were low with respect to the other aluniina~
particula rly during up grinding. The vertical forces mea~~ured on Lucalox ire indtt ’,ite~
on the plot . The low forces are attributed to the large grain s u e  of this material.

G lelisse at al. [1l~ ha~ e noted a similar sharp decrease in forces during single p&nti t

grinding of aluminas when the grain size exceeded about 20 urn.

No correlations between grinding forces measured dur(n~ down i~rinding and K1(. ~ err

obtained .

L 
15 
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4. 7 INIWN I’ \l ’RIN h’R \C I’t R i’: I’ -~ R - ~\ lFr1:u

As noted in the m t  ioduct ion. rece nt theor i rs  of pla ‘~t i~ - it~dentat ion i’ae ’t ii .- of It i’ittle
matei- ia is ha ~-c led to l f l t ’ i- i’ - sed unde rst i t id i  h g  of thi’ r n -~’hiti i s t n  of material i - t ’ i~~~v t l

during the high speed p ict  ot ci .e i n t 5 ’s  . ni ,i )~~t t  resu lt ct t h e  pta st ic  iudeut,i t ion of -i

brittle so l id with a shat’p idt ’ntc r  is  the foi - m t t  ion of - i in-f i~’,’ late ’~-.,i - i - , -I~s i~ in~
rou ghly p~i i-a lid to the su i- I i ce . When these c ra c ks  tnt e i-st ’~-t the su r f a c t -  or other t i a  —

u re s i chip u -~ formed and mate’ rial is removed , The vol time of mate i-ia I removed is
proport toni l  to the s ite  of these c racks  which , in turn , is governed it ~ the v i’ ilicil force
on the pa rtic le , I’, the ha r~1ne ss , I I , and the f racture tot hne-~’~, ).

~ . \\ hen mater iel  ic  —
m o ’ a I 5tii i- t ug itt i-a 51 C mach i t t i t i g  t s as  sunied to take place by a pa i- i  I te l a t -  la y  ot 41 idi iig

indente i-s • ) - ‘
~ ens -~ n51 ~ ~l ~~~ ~ 1 ~1 h ive  shown the n ppe t- limit f~ t - the ol n me i-c m~~vcd to

s f-I — 3 ’4 —
be \ I~ Kc 11 Thus , under conditions of a fi’~ed rate of material t-einoval

that i s  • ~i ‘~t ’d feed rate au5I dept h of cut, the g t-inding fo rc es  .i i’ e t’ \ pected to be close to -l

Lint - i t -  function of K 3 ~ u / 
. Figure 8 sho~i s this to be the ~‘a sc for ci ita taken diii’inc

up grinding . The low data point represent s the large g rained Lucalox data di s~- ci sscd
above . The high point is Norton ‘

~~ :i r’
~~ 

. Fig u r e  8 represents Itv fa t -  the best correlation

~i e have found between materiaL properties and grinding force measurements .

\~hen the grinding forces measured durmg down grinding ace plotted iii a similar fashion,
no 5 ’o i ’i-elat ion is obtained. in what follow s we attempt to rattonatt te his lack of corre la —

t iort  by conside ring a basic difference in the mode of material remova l during up and clown

s i t a c e  grinding of ceramics on a dynamonieter . During up gr inding, chips arc formed at

the leading edge of the contact area between the wheel and workpiece and ire immediatel
eu’~ t c t  front th~ system . During down grinding the chips formed at the leading edge of

the ~iheel-~iorkpte~ e interface must first travel between the work piece and the wheel to the
bec k edge of the contact a rea before the~’ can be c~ecte~i . The initial chip si .~~‘ in both

~asC~ is larger than the theoret ical chip site and Is presumably determined by the inden-
tation fracture characterist ics of the workp iece and the cutting point geometry on the
wheel su i- f ace as discussed by Evans and Wi lshaw . $ 13~. During up grinding the ver t ic a l
g t - i t t ~Ii ng for ce s men su i-ed Lw the dynamomete r depend mainly on the forces nece ssa i t  t o

form the chi ps. I)uring down grinding, on the other hand, the measured t’ertical gi’inding
forces must il so hc related to the impact ft- a ctu re or comminut eon characte r ist ics (11 the
iso lated chips. If the c hips break tip reaeIil~ us they travel between the whee l and the
work  piece the vertical grinding fort ’ Cs \t ilL be reduced. if the chips d~ not It rca k up t e t  d —

liv high vet - t ic.el  g rinding forces are e\pe5 ’tcd - -‘ parameter i-e lating to the it’ilit of e
ceramic to res ist impact f i ict i i  t e  has been suggested l~t Clarke et . ai . ‘ fl l’he numbi’ t’

.1
- 
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of pieces a cubic centimeter of mate rial,3would break up into under the influence of an

elastic-ene rgy density , W , is N-~ where v is the fracture surface energy and ~

can be approximated by . ~ is the fracture strength and E is \‘oung ’ s modulus.

Clarke et . al. [21) suggested that a suitable toughness parameter is -In N. If N is large

the chips brea k up readily and their effect on the vertical grinding fo rces should be small .

By relating this concept to surface grinding we suggest that the ve rtical grinding forces

measured during down grinding vary according to 
~~~~~ 

K~ ’~ U~~~~
2 In N. This relationship

is shown plotted in Figure 9. Note first that a correlation is obtained in--Heating that the
comntinution characteristics of the chips do affect the vertical grinding forces measured
during down gr inding . Note also that the data are in two distinct g roups. The data o~t

Figure 9 suggest that a major reason for the large diffe rence in grinding forces measured
during down and up gr inding on Si3N is that  once formed  the chi ps break up only wi th

much difficulty and cause high forces dur ing down grinding . The other group o~ data in-
cluding the aiuminas and 134C also show good correlation. MgO is low presumably because
the chips are easily deformable [5) and do not cause high ver t ical gr inding forces. No
corre lations were noted when the forces measured during up grinding were plotted in

this manner.

H

2o ..1

ii
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5 . CONCIA’SIONS

-\ nit nihe r of po ints c - tue ct-fl ing mu it ip- t int a Ii ra s i t-v machining of cc i-ant ics have cu te t g ~ d Ifrom this work . First , grinding fot-c es we t-c highest on cc rant Ic wor kp ieee s w i t h  inter-
mediate va lues of ha rdness. Secondly, in materials exhibiting high grinding forces , the
fm -ct’ s measured during down gr inding exceeded those mc’asus red during up grinding . The
hi ghest grinding forces nicasu red were on hot pt-es-sod Si:1N4 and the lowest were on softer
ceramics such as N i~~n fe t - r i t e  and MgO - Furthermore , the gene i-al featu res of titost
gi-ound surfaces were sintila r. The surfaces contained regions of highi v deformed ma —

te ria l and r-egions where materiaL had been removed ht- brittle into rg ranula r and t rans—
granular f ractu re. I
The gi-inding force c’orre lations strongly suggest that initial c h ip  formation occurs i t t -

indentation fracture , If this is the case then the highly defot-nied regions on the ground
surfaces presumably occu r after the leading edge of the ti-heel passes . This is a plausible
argument because a-s the whee L depth of cut decrease s (it’. approaches the theot-etical chip
thickness) the abrasive grains have more of a tendenc -v to remove niatei-ial ht- plast ic
flow . This situation is enhanced by the bu rnishing action of swarf moving between wheel
and workp iece , hi gh ve rt ica l  grinding forces and Itv the m ci-eased compliance of the (h-na—
montete r -

We shou ld point out , howeve r, that we have obse,-ved the su it -faces of cet-amies ground on I
stiff tables to he t -erv similat- to those discussed here . Maim- differences a t e  usually in 

—the re lative amounts of plastic flow and fracture rather than in the absence of one or the
other.

Uased on the correlations of grinding fo rces and workp icce properties disc u ssed in this
report we conclude the foLlowing:

I - Chip formation during lip and down surface gi-inding of hard ce ramics occurs .4
initially b~- indentation fracture due to the impact of the abrasive grains of the 

—whee l on the workpiece .

2. The gi-inding forces (luring up grinding cot-i-elate with workpiece prope i-ties according
to the indentation fracture theories of Lawn et aL . ( 12 , 131. in particular the forces j  Iva t-v linea rly with a pa rameter derived liv Evans and Wi lshaw (1 3 )  according to

1R u I ~~ where K1, is the fracture toughness and ii is the ha rdness. 
I

3. ( rinding fo rce-s during down grinding differ ft-orn those during up grinding because
the chips formed at the leading edge of the whoel-workpioce Interface must travel
b~ tw~ pn the w heel and work plece before being elected fi-ont the system . This results
in an inc i-eased we rt ical force that can be accounted for in different cc rantics liv co j i —

st ile ring the comminut ion cha racter istics of each material.

22
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- 
4. in every case the ground surfaces contained regions that wet - c plastically f lowed and

regions w here material had been removed by br ittle fracture . It is suggested that a
large amount of deformation occurred after the leading edge of the w heel had passed.

5. Because of the complexity of the cutting point geometry on a grinding wheel, gr inding
force measurements can only be used in a qualitative manne r to examine mechanisms
of material removal . Possibly a better and more direct approach is to measure the
rates of material removal on different materials at constant force settings.

~1
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8. APL’FNI)lX

Horizontal, ~~~~~~ and vertical, ~~~~~~~ grinding forces me-i ured on a number of ceramics
during dow n (wheel moving with workpiece trave l) and up (wheel mo -ing against workpiece
trave l) surface grinding with a lOt) grit dIamond wheel as a func; ion at feed r~ite , b is

I - 
the width of cut . The wo~kpiece materials are Listed in o’-der of their hardness.

Depth of Dow n t ’ p
Material Cut Feed Rate Grindln~~ G r i n d ing

(mm) ( c r n / s e c ) t’
~~ 

F’~, F11 F~,
b b

_____________ ________ _________ 
(gm,’ - ’in) ~gm/cm~ ( g m i - ~rn) (gmicml

I ’~-~T .025 .042 12 74 17 72
.2 1 25 40 165
.42 42 220 59 2-3 i

ML O .025 .042 6 79 11 93
.21 24 208 51 265

{ .4~ 44 268 7-1

Ni:-~’I )“rrlte .02’i .94’. 6 II 6 1-I
:1 t _ .m y .  s. - ‘- 1 11 II 1.; 38

.42 15 49 23 52

NIZN I.’ert- ite . 025 .042 8 27 9 30
(3unig.s . )  .21 14 66 20 74

.42 16 88 27 101

‘
~~~ Si~ N~ .025 .21 306 895 183 551

- 

.012 .042 31 106 34 106
.21 87 311 84 271
.42 128 429 125 399

Norton S13N4 .025 .21 574 1883 312 1046
.012 .0 42 56 361 100 370

.2 1 84 -193 126 505
113 5~i2 153 659

‘b” SI ,3N4 .025 .21 409 13 ~2 254 9’34
.012 .042 2: 12 4 30 103

1 - .2 1 8- ) 396 101
.42 114 590 143 408

-
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Depth of Down ip
Matet- ia l Cut Feed Rate Grinding Grinding

Lucatox A 190.4 .025 .04 2 15 120 25 139

.21 185 65 4 145 431

.42 176 620 172 498

~ VCO A1 2 O:~ 
.025 .042 299 1184 249 775

.2 1 303 1167 397 1071

.42 293 1159 4’)4 1156 -

Coors 
~

120:3 .025 .042 91 413 136 3 15
.21 132 605 220 762 *

.4 2 227 1005 311 1068

134
1’ .025 .042 73 523 43 154

.21 129 710 386 942

.42 152 838 415 125 7

.1

[

:! ~
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