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HIGH INFEED RATE METHOD FOR
GRINIING CERAMIC WORKPIECES WITH
SILICON CARBIDE GRINIDING WHEELS

BACKOROUND OF THE INVENTION

This invention generally concems igh-cificicacy meth-
ode of grinding cemmic workpieces, and 8 specifically
concerned with a method for grinding zirconia workpicoes
with o salieon carbade grinding wheel at a hisgh mfeed sate.

Methods for shaping and machimng cernmic workpicoes
with grindhng wheels are well Koown in the pnor art. The
workpicces may be. for exomple, the zirconia plungers used
in dicsel engine fuel injeciors, The transition-ioughensd
gireonia used lo foem such plangers has a Knoop Bardness
of herween about 1001100 kgfmm®. In the past, grinding
wheels comploying either dibmond or CBN (carbon-boron-
nrogen) abrisives have been used having Kooop iied-
nesses of U kg/mm® and 4,800 kg/mm”, respectively.
While the relative hardness of dinmond and CBN abrasives
allows such grinding wheels to effectively shape the softer
zireonia blanks into fuel injecior plungers, such shrasive
materials are very expersive. Less expensive abrasive maie-
rials are kpown which age sull considerably harder than
trnmsformation-louehened  irconia. For exomple, silicon
curtnde in a green state has 0 Kooop hardness oo the order

of 2800 ke/mm®, which s considerably higher than (he 3

Knoop hardness of 1 000-1, 1000 kg'mm®, associsted with
zireonia, Unfortunately, aftempds o wse less expensive sili-
coi carbide grinding wheels 1o machioe sireomia and ceram-
ics of like hardnesses have mot yet met with any practical

success. Bul before the meaning of the term “practical ”

sucvess” can be understood i this contexl, some adiditional
background information is necessary.

In onder for o grinding operation to be cfliciend and
effective, ul leasi three faciors must be present. First, the
rudics caf. the volume of material removed from the workpiece
musl be sebstantiolly higher than ihe volume ol materizl
worn away from the grinding whesl as a3 result of 1he
griniding operaticn. This factor is known a3 the G-gatio, 1L is
a parameter vsed exlensively o choraclerize the effective-
aess of o grinding whoel for o specific work=material urder
a given sehap. A high G-ratio means the gnndine wheel will
have less wear (o remove a specific volume of work-material
and better control of the cut tolerances, Due 1o the nneven
wear in (be grinding wheel, the Gi-ratio s frequently caleu-
fnted on the basis of the avernge dinmetral wheel wear, &
which may be expressed as follows:
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where

d, and d. are the dismeters of the front and back ends of
the ground workpuecw, and

iy aml d; are the diameters of the grinding wheel across
differenl scctions, &5 measured in a plastic molding
midle of the wim wheel,

This factior may then be used 10 caleulste a G-ratio

designed us G, ns {ollows:
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where

M is the number of cemmic parts groond,

I} is the initial diameter of the cersmic blank, and

¥, is the dinmeter of the gnnding wheel.

A Goratio of 1 would indicale thal the volume ol matcrisl
removed from the grinding wheel 25 o resalt of wheel wear
was lhe same as the volume of material removed from the
workprece. Such a low ratio 15 penerally unacceptable, since
it inchicates that the grmding wheel wonld bave 1o be retried
after only a few wirkpieces had been ground. Sach frequent
grinding wheel reshaping is ool only expensive, bul also
time copsurminge. Cenecally speaking, he Gerate must be on
the order of about 5 or higher for an acceptable degree of
coomomy 1o be realized in prosluction grinding.

A second required factor & that the grinding operation
must sccugately machine the workpicce 1o within the
reguired wlerances. Por exaomple, il (he purpese of the
grinding operation is 1o machine o piston head around a
blank coramic workpicee, then the circulsr cross section of
the piston head must conform to o high degree of roundness,
or the piston head will sither not fil ioio its oylinder bore
during assembly, ar will fail to generate adequate: compres-
sion within the bore. This particular factor may be cxpressed
85 “roundness”, and i= expressed in terms of the moximum
lircar distance variation between measured roondness aml
true roundness. For example, a roundness of 0001 mm wou kd
indicnie o maximum varsaton from e oundness of 001
mm ilong all diamelers,

The third eequired factor is surface finish, which i an
mahication of the roughness of the resulting ground sl
on the ceramic workpiece. In ihe US., surface finish is
usually expressed ay the anthmtic average of variatons in
the =urface from planarty, and = designated =5 Ra,

Thete are ofher factors that can be considered when
evalunting the efficiency and effectiveness of o grinding
operation, but Geroto, moondeess amnd surfice finish are
certuinly smong (he most imporant in & munulecluring
operation as they bear divectly on wheel wenr and the
resuliing quality of the machining operation.

Previous sttempls to grind zirconia workpieces will reli-
tively imexpepsive silicon carbide grnnding wheeks have
[niled to produce high-olemoce culs within neceptable
G-ratiog. The (i-ratios assacioled with such atiempis almost
oever been higher than 2.0 and are more ypically L0 or
less. Worse yeb, the lack of accuracy of the cuts made m such
prior art gomding operations has precluded the use of such
loww esl grinding wheels where tght wolérances are regquined.
The (requent wheel retruing amd replisement issocisied
with such low Geratior, i combination with the inaccerale
cils miadke by such wheels has resulied i the near exclusive
use of diamond or CBN-type grinding wheels Tor the pre-
cision machining of wrconia céramic components, despile
their high cost,

Clearly, there 5 a peed for & method of producing
high-talerance cuts in cernmic malerials such as
transformation-toughened zirconia and silicon nitride with-
ol the use of expensive diamend or CBN grinding wheels.
Ideally, such o method would employ silicon carbede grind-
ing wheels which could perform o high-lolerance cul in
cernmle workpiecs wilth high Geratio and superior surface
fimsish.
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SUMMARY OF TIHE INVENTION

Generally speaking, the invention is a method for grind-
ing n ceramic workpiece by means of o grinding wheel
having abrasive particles of silicon carbide embedded in a
matrix of bard, strong, and kow porosity booding muterial
ihai includes the sieps of rotating the prinding wheel, and
engaging (e periphecal work surface of the wheel sgains|
the corsmic workpiees ot a high dismerral infeed rabe of a
Teast 004 momisee, The nventors have surpnsiogly [ound
that the use of such a high infeed rate not only raises the
Ceratio an order of magnifude, bui also results in o kighly
accurate cutting action capable of dimensioning zinconia and
silicon mitride workpicces 1o fight folerances and with supe-
rior surface finishes. Serendipitiously, the use of & high
diametral infeed rate also climinales the need for frequent
wheel truing operations that are normally associated with
such grinding operations, ibus compounding the ecomymies
and advaniages associvted with the method. In the preformed
method, the grinding wheel comprises silicon carbide par-
tickes having a LLS. ANSI mesh between 120 and 220 1t
are bownd o @ vitreous matrix baving low pososity (i.e. less
than 36%:).

The grinding engagement =lep of the venlion may be
executed al an infeed rote that ranges from below the
atvrementioned value of 0,04 mmdsec up o and ncluding
0.1700 mmsec for workpiecss formed from  zirconia
However, for a harder workpicee formed from silicon
nitrides, the infeed rute shoull range from between about
0.01 mm/see W 004 mmisec, Even higher infeed rates may
he possible in certain instances for zirconia assuming {hal
the grinding machine sl workpiece can withstand the
grinding Forces associatcd with such higher rates. The grind-
ing whesls should be rofated so that the peripheral work
sirface thereol attaing & peapberal speed of af kast 20
msee, aml mire preferaldly over 35 misee

While not conclusively determined by the inveniors, it is
beheved that the high Cerato, precision culling wetion, snd
elimination of the need for frequent truing and dressing the
whieel ure sl cansed by the sotion of the grinding debris in
uniformly eroding the vilreous bonding matenal that sur-
s the individual abrasive grains of silicen carbide. The
grinding operation immediately creates smnconia particles
having & Knoop hardness of hetween 1,000-1,100 Ky/mm?®
that aveeage ahowt 3 10 4 microns i size. These debris
particles are substantially harder than the vitrcous bond
surroumling the silicon carbide paricles {which have a
Knoop hardness of approximately 600 kgfmm®), and il s
believed Lhal they acl o ersde ibhe surrounding bonding
material fooexpose the sharp edges of the silicon carbide
particles as soon is an undressed wheel comes into contact
witlh a irconia workpiece, Thus exposed slicon carbicde
pariicles proceed o efliciently and precisely cut the sirconia
workpiece as [ong as the [orces necessary for the aloremen-
tiomed high infeed rale are mainiained.

BRIEF DESCRIPTION OF THE DEAWINGS

FIG. 1A is a [ront cross-sectional view of a grinding
wheel implementing the method of the invention oo a
ceramic workpicce;

FIG. 1B is o side cross-sectiongl view of the grinding
wheel of FIGL. 1A,

FIG. 2A s an enlargement of the circled section of the
peripheral work surface of the wheel of FIG. LA labeled
"M“',

FIts. 28 is on enlargement of the circled portion of the
peripheral work surface of the grinding wheel of FIG. 14
Inbeled “2H™
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FIG. 3 is a graph illustrating the relationship Between the
average C-ratio of the grinding wheel and the diametral feed
mle of the wheel inla o zireonin workpiese For silicon
carbicke wheels of differenl porosity levels;

FIGG. 4 is & groph illnstrating the relntionship betwecn the
accuracy of a round cul made by s grinding wheel and =
dinmetral feed mie for grinding wheels having different
pososity levels;

FlGs. 5A, 5B, and 5C each llusirate the relanonship
between the resulting surface finish of & ceramie workpicce
amd the dinmetral feed rate of the grnding wheel for
grinding wheels of differenl porosity levels:

Flts, & illustrates the taogental grinding force expan-
enced by the peripheral work surface of the grinding whieel
over time for dilferent diametral feed rates of the wheel, and

TG, 7 illusirates 1he refaiionship beiween the fangential
grinding force expericnend by the peripheral work surfuce of
a grinding wheel versus fis dinmétral feed rate for grinding
wheels of different porosity levels,

DETAILED DESCRIFTION OF THE
PREFERRED EMHBODIMENT
With reference aow 10 FIGS, LA and 113, the method of

25 e invention is prelersbly implememed by o silicon carbide

erinding wheel 1 Such & wheel 1 may have a metal sipport
wheel 3 circumseribed by an anmalar, abrasive layer 5 that
lermindtes, around s permphery, 0 a work surface 6
Alterpatively, the grimding wheel 1 may be formed com-
pletely from the annular sbrasive liver 5 withoul the metal
support wheel 3. In gither case, such 8 wheel 1 preferably
inchuces a circular opening 7 concentrically aligned with s
axis of notstion for reociving and scounng & drive shaft 9.
The drive shalt 9 is in tum connected to 8 grinding wheel
manipulator 11 {indicated in schematic). The manipulator 11
fanctions to move the grinding wheel 1 along its diameter in
4 direction indicated as “D7 in FIGS. LA aml 1B, Aswill be
discussed in more degail hercinafter, a critical aspect of the
imvention is the mie st witich the munipalator 11 moves ihe
grinding wheel 1 the distance I ioward a ceramic workpicce
13 The rate of such movement abong I i defined herein s
i infecd fale of the wheel 1 agoinst a workpiece 13, The
amiilar abrasive layer S of 1he grinding wheel 1 s preferably
formed from 2240 ANSL mesh pariicles LS of silicon carbide
bound in 2 vitreous matrx 17, Such silicon cachide particles
have a Knoop handoess of about 2,800 kg/mm® which is
hander than #irconia. While coarser grain sizes of op 10 120
mesh may be used, the relotively fine 220 mesh size is
prelermred because B s kess fmable and can make more
sccurate culs in o ceramic workpieoe 13 with virtually oo
compromse o either cutting rte or wheel wear

As will be belter appreciated shortly, the vitreous malnix
17 used in the grinding wheel 1 should be the least porous
matrix material that is commercially available. There are
fowr different grades of grnding wheel porosity that are
commercially availsble, which inorder of descending pons-
ity are designated as L, N, F and 5. A low porosiny, “5” grade
erinding wheel 1 6% prefemed, although many of the advan-
Tages of The invention may be realized by the use of a wheel
1 with & medivm poresity of P Begordless of odustry
hardness-labels, 0 s believed that the vention s best
implemented by a grinding wheel | whese abrasive layer 5
1% oomuixtuee of (e gron particles 15 of silicon carbide in o
livwe porosity vitreous matrix 17 which may be porcelain, but
which also may be mode of niher grain-hinding materinls
such as melals or resing. o the context of this application,
thee term “losw porcsity” menns less than about 36%: porosity,
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amnd more preferably less than 31% porosity, The o
“medinm porosity™ means aboul a 3655 poresity, A typical
erinding whesel suitable for implementing the mvention
would have an abrasive |ayer comsisting of aboul 38%
sibicon carbide particles by volume, and 33% vitreoius bind-
ing material by volume with the remuinder being air spaces
resttlling from a 336 porosily,

In the first step of the method of the imvention, the drive
shaft 9 & actated in onder to bang the peripheral work
surface & of the annolar abrasive layer 5 10 a linear speed
effectve 10 implement & pnoding operation. For the pur-
poses of the invention, such a hoeer speed (s on e order of
48 misee, alibough speeds as low as 20 misee may also be
used, Fora 16 mwh (406 mm} dinmeter wheel, such & hnear
speed 12 attnised ot 2,245 rpms,

In the pexl step of the method, the grinding wheel 1 is
meved i the diametral direction 3 at a rapid rate of, for
example, 004 mmsce wward o cornmie workpiece 13,
which may either be formed from transformation-toughened
Fircomia or gilicon nitride,

When the workpicee 18 formed rom arconda, the diame-
tral feed rale may vary from between about 004 mm/see 1o
aboat (0170 mmsser. The msulting advanioges in Ce-ratm,
aceuracy of cul, and surface Hmsh are illustcated o the
graphs in FIGS. 3, 4, and SA-3C, respectively. In FIG. 3,
such o relotively rapid dinmetral feed rale incresses the
Geratin from about 840 0 the case of 1 wheel having a
miedivm porosity of P oasd ool least 4000 when the wheel
has u low porosity of 5. The sccuracy of the resulting cu,
which is expressed in terms of mundness in FIG. 4, 55 also
substantially incrensed particularly when o wheel having a
low porosaty of 5 is vsed. Note how the roundness of the
resulting cul varies only by approximately 1.0 gm when

sificon carbide wheels haviog an abrasive layer of low
porosity 5 oane wsed. By confrast, silicon carhide wheels

having high pososity ratings of L or N (corresponding o
potsiy vislumes of over 36'%) can be oll=-roumd by 25 much
a5 3.2 gom ot feed retes [alling within tbe aforementioned
prelerred range. Fimlly, as is indicnted in F1GS. SA-SC, the
resiliing surface (nsh is also superior (Le., less rowsch) ol
such rapid dinmetral feed rates for silicon carbide wheels
with fower porosities of 5 in paricular. Nole for example in
FIG. A how the writhmelic average Ra of surface deviations
varying [rom planurity are ooly 0,10 g [r wheeks with the
lorwest porosity % as opposed to (K70 pmowhen wheels of
higher parasity 1, are used,

The graphs in FIGS. 3, 4, SA-58 also mdicate 1hat soame
of the wdvantoges of the invention may be realized on harder
ceramie materials sach as silicon nitnde. While FIG. 3
mndheates thal the Gerolie doss pol improve befwesn a
dizmetral feed rale of 001 mmsee and 0.04 mmisee, FIG.
4 mdicates that the resulting roondoess of the oot does
improve o 2 value of shout 0.9 um for a dizmetral feed rates
af between sboul 0010 and 00025 mmsee. Addilionally,
FIGS. SA-SC indicate that the resulling surface finish is
comparalile to (he best sarfuce linishes accomplished with
lew porosity silicon carbide wheels on sirconia workpicoes
at diametral feed rates of between about 0025 mimsec and
0 mimsec. Heoce most of the advaniages realized with
Tespeet 1o girconia workpicess are also realized with silicon
nitride workpieces.

The advamapes of the mvention are belioved o resull
from o phenomenon which the inventors have named “grind-
ing debris assisted dressing” or GDALD. This phenomenon
may best be undersiood with respect (o FIGS, 2B and 6. FIG.
6 inclicates that, when an undressed silicon carhide grinding

3q

[

[
wheel wtilizing 220 mesh siee paricles of sibicon carbade
seewred in a2 mairix of low porosity viteeous hinder is
engaped agains! a zirconis workpiece, the specific tangent il
grinding foroes maximize within the first second or two of
the grind time, the maximum being &t its greatest when the
dinrmetral Teed mtes are the highest, This grnding fonce
fapers off quickiy afier the st two scconds after the
grinding vperalion commenees, as s secn o FIG, 6. F1G. 7
cormaborites the resulls indicsted in FIG. 6. The applicants
believe that the previously mentioned phenomera of GDAD
i responsible not only for the rapid tapering off of tangential
grinding forces on the work surface of the grinding wheel,
bt also for the favorahle Geratio, roundness, surfoce finish
wil elimination of the peed for o wheel diessing step
associtled wilh the method of the invention. As is besl secn
in FIG. 2B, the applicants helieve that when an undressed
grinding wheal (as shown m FIG. 2A) mifially engages a
workpisce 13 made of girconin or other ceramic, thai fine.
micron-siged particles 20 of Arconin are immediniely ere-
ped. These panicles 20 hove a Knoop handness: bebaeco
1000 and 1,100, whereas the vilseous agent 17 that acrually
binds the silicon carbide grinds 15 only hes a Kooop
Fardness of alsoul 6000, Hence the parmicles 20 of prindimg
debris grinds sway the porions of the porcelun matrix 17
surrotinding the salicon carbide grains 15, theseby exposing
ke sharp edges of the grains 15, As soon a5 this bappens
{which the graph in FIG. 6 indicates occurs in only shout 3
seconds), the silicon carbide grains 15 efectively nnd aceu-
ralely cut the workpicee 13, Applicants submil (hat the
pheacmenon of GDAD, and all the advamages occurring
therctiom have gone unnoticed in the pricr art due (o the
substanfially shower grinding wheel feed rates used in praog
ceramic gnnding operations. [t s only when o grinding
wiheel af low or il least medinm porosity is used a1 & high
diameteal feed rate of at least 004 mm/sec {m the case of
wirconia) that the sdvantages of the invention are realized.

While this invention has been described with respect ton
specific embodiment, various additions, modifications, and
variations of this embodimen! would become evidenl to
persens of crdinary skill in the art, All such varistions,
miodifications, and additinns are intended to ke encompassed
within the scope of this invention, which s limited only by
the clams appended berelo.

Whal is claimed:

L. A methen] for grinding a cermic workpiece by means
of & grimling wheel having a peripheral work surface
mehuding silicon carbule particles embsdded m matrix of
poreelain hoving & Koocop hardness of belween abou
SO0-G00 lg'mm™, ineluding the steps of;

rodating the grinding wheel such that sasd peripheral work

surface attains a peripheral speed of of least 20 meters!
scoond, and

engaging the peripheral work surface of the wheel against

the cerarmic workpicce al dn in-leed rate of ol least (LK
mmnsecond.

2. The method for grinding s ccramic workpiece ns
defined in claim 1, whemin said bomding material is a
seleted ome of the group consisting, of poreelain, metal, and
Tesan,

3} The method for grinding o ceramic workpiese os
defined in clam 1, wherein said silicon carbide abrasive
particles are foer than 80 mesh,

4, The method for prnding o ceraniie workpiece as
defined in claim 3, wherein sasdl silicon carbide obrasive
particles are between 120 amd 220 mesh.

5. The method for grinding o ceramic workpiece os
defined in cluim 1, whercin the ceramic workpiece is formed
[rom woe of the group consisting of xzirconia and silicon
mitride.
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6, The methodd for prinding a ceramic workpieee as

defined in claim 1, wherein said grinding wheel is rotated
such thal sand perpbecal work surface attaing a peripheral
speed of al least 35 meters/second.

7. The methed [or ponding o cerame workpieos 05
defined in claim 1, whercin said in-feed rate of said penph-
eral work surface s at least (010 mm/second,

B The method for grinding a ceramic workpicee as
defined In claim L. whercin saud porcelain malnx is char-
actermoed by o porosity of 36% or lower.

9. Amethod for grinding & workpicce formed from one of
the group consisting of wireonia snd silicon nitnide by means
of a gnnding wheel having a peripheral work surface
including SiC abrasive partickes embedded in & mairix of
homding material wherein said bonding material is porcelain
having a Knoop hardoess of between aboul S00-6(0)
Jeg/mm®, inclucling the sieps of:

mlating the grinding wheel such that said peripheral work

surface attnins a peripheral speed of between abour 35
and 48 mysee, and

engaging e peripheral work surface of ile wheel againsi

the rrconia workpieoe af an io-feed rale of between
aboui 0,04 and 0170 mmcsecond.

10, The method for grindimg i workpiece s defined in
claim @, wherein said bonding material 5 characterized by
i porosily of 36% or lower

11, The methed fer grindine a workpiece as defined in
claim 10, wherem said 510 ahrnsive particles are between
about 100 and 250 mesh.

1
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12, The method for grimling o workpiece o defined in
¢laim 11, wherein said workpiece 8 formed from iransfior-
miteon touphened reonii.

13 A method fior grinding a sircoma workpiece by means
af & erimling wheel having o peripheral work serface
incheding silicon carbide abrasive particles of between aboul
1K and 250 mesh imbedded in o matrix of pon-porous
porcclain bonding material having & Knoop bardness of
belween aboul S00-6(K) Kg/mm®, including the sieps of:

rodating the grinding wieel such thai ssid peripheral work

surlface attams a peripheral speed of of least 20 meters/
seconl, and

engaging the penpheral work surface of the wheel agamst

the zirconia worlgpiece ot an in-feed mte of bebreen
about ({4 and 0170 mm'second,

14. The method for grinding s workpicee as defined in
claim 13, wherein said silicon carbide padicles are 220
miesh.

L5 The method for grinding & workpiece & defined in
claim 14, wherein said porcelain bonding matrix bas 4
pocosity less than 367

16, The method for grinding a workpiece as defined in
claim 15, wherein said porcelain bonding mairix bas a
porosity less than 32%,

17, The metlsod for grinding & workpiece a5 defined in
claam 13, wherem smd workpiece & formed from transfior-
mation leughened snconia.
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