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fixed abr ve artieles and, in particular, techniques f rolling
abr asi ve an?r?u@%@i%?ﬁng processes. BACKGROUND [0002] An 3{5“?5@5%93/09“05

manuf acturing process involves the application of an abrasive article to a
wor kpi ece to polish, grind, or otherwi se renove material fromthe workpiece.
In many processes it i s MODBIINGAMNABRASIVE PROGENRO of naterial renoved
froma workpiece. |tACHIEVE CONFRIOLLEDMA TRRIAIaBREMOY Alenove material at

a constant rate, i.e., to achieve a constant rate of cut with the abrasive
.article. That is, it is often desirable to renove a relatively constant
anmount of material fromthe workpyge L¥TBED od of tine. In other

cases, it is desirable to renove a fixed anount of material froma
wor kpi ece. [(001] &ht ventiaste]atdstio fized elwiasiab heictes aodnn pattictlag teaimiquies frfr
mat eri al renoved even _as the abrasive article wears. [0003] One common way

for cont r of PR IRERPTATH IRAD A CTHRR SR TO58SS¢ e noved from a  workpiece is to force
the abrasive article into the workpiece at a constant rate. In other words,

a machine may be used within the pWR H@{ﬁ/si cally nove the abrasive
article into the workpiece at prede mg;c}i‘? enents. These nmachi nes often
tend to be[(08ayWn dbkBivd maRethiRS prbedss afvelvey fRPblieatiot of an abiakivt afitlk

mai ntai n. Moreover, such machines are I|imted to well-defined workpiece

geonet ri eslo awgrkpigeedapelish, grind geoherpisk pmeve materéal figs theiveukpigess Ipe

damaged, f i f ot hi e wor kpi ece
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manuf act ur wegkReds &sis Sfor sRdtgplélsftenidediedlDRakmoonartisl atel dohsthnt raRMA) toor

automated, to control the anmount of material renopved from a workpi ece. For
exanpl e, s@vhievE: eRmsiapt ﬁ%ﬁdﬁicﬁb‘yﬁhm@o@%@ﬁl‘é@c@'Uéléngbﬁtés’tlblsr?étﬁﬁéﬁ%fa&% tamount  of
mat eri al Qpn t rkpi 3 ' 4 ' .23,
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abr asi on t mdthecased, ds Hosirable td eznddeasiix Midunc bematefhlaion @ warkpisee. In

wor kpi ece, and the like, based on_the nmeasurenents. Alternatively, an

oper at or nEifGTEAy itds depirabls to srmralthaginend opmateral remeyed evemes dhs arasiid make
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[0003] One common way for controlling the amount of material removed from a
workpiece is to force the abrasive article into the workpiece at a constant rate. In other
words, a machine may be used within the process to physically move the abrasive article
into the workpiece at predefined increments. These machines often tend to be heavy, rigid
machines that are expensive to construct and maintain. Moreover, such machines are

( limited to well-defined workpiece geometries, and can easily damage a workpiece. The
workpiece may be damaged, for example, if the machine unexpectedly contacts the
workpiece while rapidly advancing the abrasive article.
[0004] Other abrasive manufacturing processes make use of feedback controls, either
manual or automated, to control the amount of material removed from a workpiece. For
example, some abrading machines incorporate sensors to measure an amount of material
removed from the workpiece, and may adjust process Variableé, e.g., an application force
of the abrasive article, coolant flow, an abrasion time, a velocity of the abrasive article
relative to the workpiece, and the like, based on the measurements. Alternatively, an

operator may measure the abraded workpiece or the removed material, and make manual



adjustnents to one or nore process variabl es based on the neasurenents in an
attenpt to achieve a constant rate of cut of the workpiece. [0005] In
general , wez0080693F7 manual neasurenents and adj ust ment s BCI/YS200BR41302€r1 T OF
and can easily lead to the production of unacceptabl e workpi eces. The use
of feedback | oops and automated controls, however, can add significant
expense t i i r : may be
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di fferent athipesa cinsvant ke efoms of thSUMvRYcd 0006] | n general, the invention is
directed &@Qﬂtﬁilgm%fﬁs t hat allow an abrasive _nmanufacturin rocess to
achi eve a el 185 Hmaral meashesments andyadjustmenss is BORRAP STEioiRdt  of
material r JeAl ' of: 0 z within
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achi eved lyd anetdedabntals) howavde kamegdd dignificdnt eapeasofo dnhdrasiveasi ve articl e,
and controlling the abrasive manufq%ggturi ng process in accordance with the

model . [ OdeRPPaPHBINEGHOesh MOTapYel PGS Eems Ay d Lpaifed; 1A PgRIsEIRIIPGS Pefers to a
fixed abrasi ticd = k Ll cle i.ch abrasive

particl es%gdrr%&ﬁe;?’e%ﬁyﬁ% Itléétté3 %g’l?%usggéﬁgg e?% é%egﬁgﬁ‘)é’g‘fﬁﬁ%e\% th a fixed
abrasive is sonetines referred to in the technical literature as two body
grinding where the abrasive articl e SUnIERRody and t he wor kpi ece from which
material is abraded is the second body. In general, techniques are described
for cont H0#06] nlp generahpipg inventionrs direcied totedhnigyentiat ellaw an abrasivnd

he” abr asioasept ety kOB el finfondy sl Bt o

enbodi mentamdufiof mxeniliremova, ith@s r€ding@nahdBichIdlRediopFeaibagenahltheg an
open-1 oop nodel of a cut rate of an abrasive article when applied to a type

of wor kpi decesodpreprtagahy, the qeatphel masHalasmanlegn e aghirpiddye of t he
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i nvent i on mauthichefiggdodeds i Hysidencecoiipthe shaigl.a nachine to abrade a
wor kpi ece with an abrasive article, and a controller to _control the
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i s direct exbriding withrfitedrabrsd@ddbs@ndtiznisuaferred to in the technical literature as two

body grinding where the abrasive article is one body and the Workpiece from which

material is abraded is the second body. In general, techniques are described for
controlling the application of a fixed abrasive article and compensating for wear of the

abrasive article by a predetermined model of the abrasive wear to achieve a controlled
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performance.

[0008] In one embodiment, the invention is directed to a method comprising generating an
open-loop model of a cut rate of an abrasive article when applied to a type of workpiece
over an abrading period, and abrading a workpiece of the workpiece type with the abrasive
article in accordance with the model to achieve a substantially constant cut rate.

[0009] In another embodiment, the invention is directed to a system comprising a machine
to abrade a workpiece with an abrasive article, and a controller to control the application
of the abrasive article to the workpiece by the machine to achieve a substantially constant

cut rate for the abrasive article.



conprising instructions to cause a programrmable controller to direct a
machi ne to abrade a workpiece with an abrasive article to achieve a
substantiagjﬁ/ 08"%"’%2%m cut rate for the abrasive article over an abrading
period. [08L 3" ¥°X ot her enbodi ment, the invention is difEHBHHS12
conput er -readabl e medi um conprising data representing a nodel for use by a
machi ne to abrade a workpiece with an abrasive article to achieve a

subst ant i a[GN0Ebrawother embediment thegnveéritien abdiasitadetoqr compvgeraeatabiermedibmadi ng
period. [0012] .l n another enbodiment, the.inventjon i.s direcied.ta a, nethod
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abradi ng a workpi ece of the work-piece type wth'the abrasive article in
accor danceahwesive aticlerpyeiedn atsadisppenias. a control | ed amount of materi al

renoved fr wor.kpi ece..dur | 1t he abr.adi n eriod. [0013 n_anot her,
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wor kpi ece over an abrading period; and abrading a plurality of workpieces
of the wor Ripegeeartiplyao achitve hambstabtially apastant dug rate fasrtheyghrgsivgarticlesvpean ods i n
accordance vm'%ih the?{{mdel to renove a constant anount of material from each
wor kpi ece. a‘fré Y4PeHP-anot her enbodi ment, the invention is directed to a

net hod compyg12] RoanofifRh 8rdbiitEnt thoOROG AP ARIG] tof m&hBEcbRpARNEe par amet er
of an abrasive article when applied to a type of workpiece over an abrading
period, andewebiimgiangpen-pioprmddel pf dfut rafsraf ph ebrasive frtichewhen kpuliedéo ayype wi t h

the abrasive anticle faor yaryving ti.ne periods in. accor.dance.with the nodel
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one of a cut rate of the abrasive article during the abrading period, an

am)]lcmt 011:_ meterial femoved froveie rprkpiecealoring tee @H?lc}imgp@liﬂfhabradi ng period, a
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provi de a mneopliRsdeDbf 2cluaitt agas abksive Exi@lEPYEen dppHed RCAMYPE WE S oridiEBlovBEarNer ei n
may be utilized within an abrasive nmanufacturing process to achieve a
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constant amount of material from each workpiece.

[0014)] In another embodiment, the invention is directed to a method comprising
generating an open-loop model of a performance parameter of an abrasive article when
applied to a type of workpiece over an abrading period, and abrading a plurality of

( workpieces of the workpiece type with the abrasive article for varying time periods in
accordance with the model to achieve a substantially constant value for abrasive
performance parameter over an abrading period. The performance parameter may
comprise one of a cut rate of the abrasive article during the abrading period, an amount of
material removed by the article during the abrading period, a surface finish achieved by
the abrasive article, and a resultant geometry of the workpiece achieved by the abrasive
article.
[0015] The invention may provide a number of advantages. For example, the techniques
describe herein may be utilized within an abrasive manufacturing process to achieve a
substantially controlled cut or finish without requiring the use of feedback controls within

the abrasive manufacturing process. Moreover, the techniques may reduce the need for
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manual quality control neasurenents of the abraded workpi ece, and nanual
adjustnents to the abrasive manufacturing process. [0016] In addition, the,
t echni quewomag4/06eeice any variability between workpi ecepcTM3®3/041302
specifically, the techniques may be used to nodel and conpensate for wear to
the abrasive article over a period of time. By automatically adjusting

e arti r a period of time. B djusting
Phe.t echni At i Boftl ARk B Oine BEEg ARG S A ASLL AR %

anot her agvhnitagdye asufheiating proesssmay al | ow an i ncreased nunber of
wor kpi eces to be processed using a conmon abrasive_ article. For exanple,

appl i cat i GA1&)k In additionethg techinisues way exiues anavasiabditn RetWart YoRmiRceaRnMosut on a
series of b t i ing the
ot el oPEERNE e ool B be Pt ) A Corhens BRI YRR KPUESEENE 0, ¢
new, and irfieleaverdperipdidfninarBy annatichpadidstinateocesnviriables) d.e, afplichgon
abrasive article. As a result, the abrasive article may experience_ reduced
wear on ti9Ece, based o thadrriinmeeiaise, the teshpiaresson briused IORRME RESCERE atvedenni ques
that uti I{'”ggc Ae j xed abrading tinme for each workpi ece throughout the life
of the abrastve article. [0018] The details of one or nore enbodi nents of

t he i nvenlodeT] As encikdr aiodrtigel, thetttuhniques aixp allywng inkreased gsmbartht he
description _below. Oher features, objects, and advantages of the invention
wi |l be app&pises Prhshregsseddising anomgpomaRiadyasitiplys Foratrmime #prisatiop o ns.
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abr asi vest?]r}g:ﬁ%% usﬂf)nag?ﬁéy%%@:b sS Ea?lﬁgél?; EXS Sl%l{/éust °§‘ aasg ﬁ%és)%ﬂcgﬂ%%% nrseta g?ﬁ rate
of cut duthefigheased foradiingofipidco duting thg iAitiabdtheswf treabrasbddl lifefioy., wienabr asi ve
article. {thZO], FIG 2 is a schematic diagramillustrati ng an_exanpl e :
abr asi ve theabragiyp aricle s nepy and j8e abradigg tenciay e sicreaped laisg iy the [hémfzt}qe FIG 3

isaflovxgd}?sr- fayr.t el t I t he

mat hemat i ca &n%%gﬁl.%' ﬁ%oazrgfﬂﬁtfﬂé%% {‘% ag&f}{r:g{;jiﬁ%% ﬁ%ﬁ?? P{ﬂlgt&%g? éeagtdelggenpl ary cut
rat e dat ainitisworlgrderee in congparisomeithabovegtiana itenhhieuex hanailizeal fixef@b2dingFl G 5
is a graph that illustrates exenplary cut rate data_ that can be nore

accur gt eFEW‘Fg‘ﬂfre@%WPg@%ﬁﬁwoﬁéTq%Pg@d%EB?% aﬁﬁg{veiagmge.sum of two exponenti al
conponent {018} TheM2iARU R Bt hbrd Erib I dBAER3 bP thk3R%ention are set forth in the

accompanying drawings and the description below. Other features, objects, and

advantages of the invention will be apparent from the description and drawings, and from

the claims.

BRIEF DESCRIPTION OF DRAWINGS
[0019] FIG. 1 is a block diagram of an abrasive manufacturing process that achieves a
substantially constant rate of cut during an abrading period using a mathematical model
for an abrasive article.
[0020] FIG. 2 is a schematic diagram illustrating an example abrasive test apparatus for
use in generation of the model.
[0021] FIG. 3 is a flowchart that further illustrates the process of generating the
mathematical model.
[0022] FIG. 4 is a graph that illustrates exemplary cut rate data that reduces over time
along a single exponential.
[0023] FIG. 5 is a graph that illustrates exemplary cut rate data that can be more

accurately represented with a fitted curve that is a sum of two exponential components.
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[0024] FIG 6 is a graph that illustrates predicted application force over
an abrading period to achieve the substantial rate of cut. [0025] FIG 7 is
a graph th h'olhb%ﬁﬁat es a predicted constant cut rate ovgk f4i ng
period. [0 26% Iél is a flowhart that further |IIustratT/el55§3§[h%Q¥ eghnl gues
of controlling abr a5| ve manufacturing process in accordance with the nodel

to achi eve anti al I onstant rate of cut.. TAI LED CRI PTI QN
[0027] FI G@%b’ﬁé %}Sd‘c&? ’iiﬁf%ﬁftesaiﬁe%isﬁeé&ml&aﬁ% I5e PYF A GOBIDESEE0S ¢ hat
achi eves Q@gghq@,gltﬁ@sdmgaﬁﬁﬂ%mr&@@tval during an abrading peri od Controller
4 provides control signals 5 to abrading machine 6 to control the

appl i cat i of00H5] Fbu.abis\acgraph thet idlugtrates a predicirpdeorstadl.cut raty exsp thesdbrading ont r ol
signals 5, abrading machine 6 applies abrasive article 8 to workpiece 10
with rel at iPGEO cﬂovemsnt to polish, grind, or otherwi se abrade a surface of
the workpi ¢g626] FI8281s a%ﬁré}ﬁft'tﬁit fﬂrtﬁ’éi‘ﬁl@&!;h%te‘é%t&&lm@icg %@E&t&)]ﬁﬂ% ARGVl one
or nore processS control paraneters based on process control values 11. For
exanpl e, comnoficheing promgys pucperdancoritly e nxidghtalashBve o selwtantielly egnstant
application fo%ce (F) at which abrading machine 6 applies abrasive article
8 to Workp|%t g8t gt As anot her exanple, controller 4 may control a tine
period for abradl ng wor kpi ece 10 an angul ar velocity at which rotatable
shaft 13 of abrading machi ne it')li éyﬁ t| cle 8, coolant flow
rates, and other process settlngs ased on process control values 11.

[ 0029] Cont[66R7} EIGAL Mblbdcmamnpmm%msmnhmlfacm&inmode&s P tlacieyegt er 12,

whi ch maintai an open-1| oop ,nat he e the process
control va|ca%§$1fedwt%ﬂ§5@ep‘fq'? GUFIpg ¢ aﬁa{ 8@?1‘1‘1 Gwﬁﬁ&k&g PH?"@J‘%?%QNE‘SM r ol
values 11 tsﬂmﬁﬁrsttﬁ%raai% Adi&ihe éynﬁenﬁe%ﬁpl RbLYEA 453” ih tﬁ@ gaprasive

performance,” e. g., tanti a y control cut e abrading
peri od. I\/athlmewecHl Inuc@lonSbétmcsnurdfsmnabcﬁ tlradmg 'moqphinel Goapplies abradiee sense

abr adi ng_ VeI Bt Bomgieck 10 St oIt e PEBHIs GO S GRNFACPRRY g

process 2 I’gﬁi,fa&qj’fltﬁé/@or@%gr olled material renmoval w thout requiring
real -time feedback. However, controller 4 my nevertheless utilize

open- | oop riH028] Clmtrpﬂext,fboq:tgmtstcomml\mgnhlsmgdbm oslp@naiosc proBesy\oo9el4/ 069477

lr:) gla-{ UtS 32‘033%%%?% Bgsre t%ﬁsp?%cépsga 'troﬁ %lueesxlalmo? examplleI czo%troﬁer r%gjlf 03' { als, in

control signals 5 to control an application force (F) at which abrading machine 6 applies

abrasive article 8 to workpiece 10. As another example, controller 4 may control a time
period for abrading workpiece 10, an angular velocity at which rotatable shaft 13 of
abrading machine 6 applies abrasive article 8, coolant flow rates, and other process
settings based on process control values 11.

[0029] Controller 4 may receive process control values 11 from computer 12, which
maintains an open-loop mathematical model 14 to compute the process control values.
More specifically, computer 12 computes process control values 11 to control abrading
machine 6 to achieve a desired abrasive performance, e.g., a substantially controlled cut
during the abrading period. Mathematical model 14 is referred to as “open-loop” in the
sense that the model does not rely on real-time feedback signals obtained while abrading
workpiece 10. In other words, controller 4 and manufacturing process 2 may achieve
controlled material removal without requiring real-time feedback. However, controller 4

may nevertheless utilize open-loop model 14 in conjunction with feedback signals.



nodel 14, or to control other process control values not conputed using the
nodel . [0030] As described herein, nodel 14 mathematically represents. the .
cut rate MOWBHeS#7e article 8 as a function of a | engtheTadS2v43ree13nhat t he
abrasive article has been applied to workpiece 10. Consequently, nodel 14
can be used to predict and conpensate for the wear of abrasive article 8

over the pltadionganes &Qmpﬁ?ﬁ@@zepf@edﬂ?&ﬁ sifgﬁ%,ﬁﬁ?éh}l ﬁhieca%,dela ?&RH}ﬁfnelz may

utilize nodel 14 t'o calculate process control values 11 f use wthin the
abr adi ng pedé¢ldd, ertosonireleithes prepgsagimtrol vatagserdt admpead veidg treonpdadr kpi ece 10.

For exa onput.er..12 .may i K del 14 to cal cul ate process control
val uesxlgmpgm ﬁg?%gg?%%ﬁ%%h%?%?qvlgingﬂg? ati*)caéﬁ F‘?Pﬁ%fef‘a‘ﬁ u%%%‘?ﬂga 81W%d in
order to AgHle®VA su@dalolallembl of fudk el Wd Iasi atiiladhdseRhpRgh to0r 1O
renove a target amount of material during the abrading period. Exanple

process vapikaisced0: Fansequgntlyemedek Fatandy uset toyedietrandsomipensateofer theor ce of
abrasive articlg 8 agai hsg workpi.ece 10, .a i cat.ion velocity of abrasive
article g’e?'réﬁ%ﬁ‘%a@’é{e%g‘cyﬁ# Rﬁr&ezabf@nﬁpﬁﬁ?d;tﬁ%ﬁé PB&?W@RQBWQH?%Q period, a
fl ow of OfinMiter ™ Bay Gl 180 cAdRack bﬁ&’eess[c%ﬁ@é]] vahltg 199BLaRWidhn ard use
of nodel 14 may all ow manufacturing process 2 to achieve a nunber of

advant agesbrading pedrdiercphtonlzn ayameotmatoal reraengl Bomaberkpieve 10mBorf act uri ng
process 2 may.achi eve a substantiall onstant cut rate of rkpiece 10, or
Femoval oPRPIC ZpELien T iRy bR ] M © it tret foRgtoma e o

f eedback %ﬁtfn@!e@n&&@[ﬁ@}é@ durin@@he hiG6HRL %Sléﬁ& Feaée8 WeiBet e collandige on
operator 18 during the abradi ng period. an exanple, operator 18 need not

make qual rateyduingtangibragisigperiofdeeitte refhoehs st amowikif swderia duriagithenanual |y

adj ust prgcess._cont val ue 6, .as.Ls,.conmon in.s .conventi onal. '
b s ve. RERIPEBEIT ducafibit B3ed8 veRBusSinal ek o PP B alinkPition oy
reduce angorotfdf abRislvielatidies weahist waikpie@CED, 3 apflitatiSpBEBEIHest abiivepiresles. More
specifically, nodel 14 conpensates for wear to the abrasive article 8 over

a period Bfelativedo waskpieqedhp duration forghe ehrading perieh edlovhef eRecHinEe6 can
utilize [oces tral values 11 to drive process variables, e.g.,
applicati gor?? ngsr’c%lég?%)ﬂ,’kgbased on the duration of use of abrasive article S

Consequenf(ogl] T gsiertiontid cdecofneded 14 enayells @tnirnfacha iy stocsse 2w héhigleocess
control values 11 and nodel 14 to nore precisely abrade a nunber of
wor kpi ecednenber of gdeantagss ever sery @ ondstenp| Eor example. ebrapive aguiagturigss to
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fixed anotapdet afouft i@/ WIGIHET lVog oER0D3 /0D £Ed0ak controls. Moreover, the
techniques may reduce the reliance on operator 18 during the abrading period. As an
example, operator 18 need not make quality control measurements of abraded workpiece
10, and manually adjust process control values 16, as is common in some conventional
abrasive manufacturing processes.
[0032] In addition, the techniques may reduce any variability between workpiece 10 and
subsequent workpieces. More specifically, model 14 compensates for wear to the abrasive
article 8 over a period of time. As a result, controller 4 and abrading machine 6 can utilize
process control values 11 to drive process variables, e.g., application force (F), based on
the duration of use of abrasive article 8. Consequently, abrasive article 8 can be reused in
accordance with process control values 11 and model 14 to more precisely abrade a
number of workpieces over an extended period. Controller 4 may compute durations to

abrade each workpiece in accordance with model 14 to provide controlled material

removal. For example, a constant rate of cuf can be achieved or a fixed amount of
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material can be renoved whil e abrading each of the workpieces in accordance
with process control values 11 and nodel 14. [0033] As a result, in sone

cases the Leehpistdes My actually extend the life of abrggiaodiiisste 8-
For exanpl e, application of process control values 11 to achieve a

substantially controlled cut my reduce the application tinme used during
the initial_stages pof the .abrasjve.article' s life, 1.e. en abrasive
bticle o MR Berditsd YR Abii et nE sarkSesf Ao BECe RRAG ng
period. | npaddesy conboligaludshel m@aphédedt4.on time nmay be varied in accordance

wi th process control values 11 while abradi ng workpiece 10, or subsequent
wor kpi eces [0033] £t wesdt, an serbe easpy thatgohnisuas mey ketgaldy extenskthy lifesef gbrasivebr asi ve

= \ dur e initial. o
corpar | son e e B R aPOEE0 WPbeG Ehlfol Afteh 10 S A A MRty ¢ e
t hr oughout cbigolfarcas e rédick eleQipplidatios +inhD@3d lduARE Brl inigiahRaek dE tHer | Ng

process 2 may take any of a variety of forms, and the techniques described
herei n ar e 2hgpsiveiaaley life 1.6, phen plrasise atiglec wrelaivels no®. saiodiaks wereaspd

rechant cal SHBE RRrei kR i ARRLS B AR R e it Bt or varer s

canmshaft andcariaite A procéts BB Valuag] BRUiIE hbdadihigReorkpietd 105 Ut sissedqi@nt
| appi ng, manufacturing fiber optic connectors and optical_ devices, and the

li ke. Consexrkpiess, torshiste asubstantially eaiollad sutrotior repultabrasivetirtisle S apay
SubSt ANt ald e RS [éibe AL AN RENLOLIBALS RBLARRLEE by AdvaRidtal Vo
article, €.¢§., CcU ra?e, Anbunt ot At er all renbve by e article, a

surface fi nedhiques war kpliRcefixcdebraidgtimetdondeut ihk@brasB03h]clsS Iifd. ar | y, the
invention is not linited to a particular téﬁe of abrasive_ article 8. For

exanpl e, adPed4l\Abrasive eyapuigctrrye prosess danibiake pny,af fyanety of fogms. 38 ithani ng,

s et P oY’ _ f
oo bert . EetfllonelbACKBL R BRLAhAGRB iR ictr AR BN BEBbRERIGET O
const r uct ecprocesanforrenainple, afrasivy mamfacturieX proetss,2 mby bg b ¢hemmichl robchaficalny

i ncl ude an abrasiv rface coated ontg a backing. The abrasive surface may
i ncl ude a mOﬂa@pg @\@’. ProsessyfREProguctioa of seicopdycion Wf,erso?aneal?éﬁ |ap‘§er,anﬁﬂlaft
usual l'y ing;

: HefgorhE 5 MiisRAE bl k&FadiflRt /| Paﬁlx@@"f d f Rfedid@i Sh to
wor kpi ece 16. T%e %E‘?dagﬁge %ar t |S§ﬁ?aesﬁ$aﬁ%v§?d§8efse Lgtlﬁ’r ro‘?%ﬁout ft" he

bi nder, solabypttadrdgvicte andithedikes Consqnérbecahptthel binay generae niddebldgloout t he
bi nder as we|] as %1!’ ong he outernost surface. The abrasiye gar ti (il es my
conpri se hai#e¥HP FTNAD lﬁg)’ f?IEFaé‘E?bI%Ee RUFEAnGHP HaTG e fﬁﬁ"‘tar EFSEE Artiglge | ydi ng
organi ¢ ang i NQi9aR! Ak bf mh@Ral rethoV¥ BPRR/ DR384 Blsubiadd 150 A3 AR02

geometry, and the like.

[0035] Similarly, the invention is not limited to a particular type of abrasive article 8. For
example, abrasive article 8 may provide for grinding, fining, polishing, conditioning or

otherwise abrading workpiece 10, and may take the form of an a belt, 2 pad, a disc, and the

like. Moreover, abrasive article 8 may be constructed in any number of ways. For

example, abrasive article 8§ may include an abrasive surface coated onto a backing. The

abrasive surface may inclade a binder, e.g., polymeric, ceramic, metallic, or the like, and

usually includes abrasive particles that provide a desired surface finish to workpiece 10.

The abrasive particles may be dispersed throughout the binder, solely along the outermost

surface of the binder, or throughout the binder as well as along the outermost surface. The

abrasive particles may comprise hard abrasive particles, and softer abrasive particles,

including organic and inorganic particles.



[ 0036] Mbdel 14 may be generated for abrasive article 8 using data coll ected
over a period of tine from abrading machi ne 6 of abrasive manufacturing
process 2WOR0e46p41 vel y, nodel 14 nay be generated usPaom/Uamoabsiasd ve test
apparatus 20. Abrasive test apparatus 20 and conputer 12 nay be | ocated
of fline from abrasive manufacturing process 2, but directly comrunicatively

coupl ed, 0361 MR thay be gethte® Fdr@brAive Al 8¢ Qﬁ'gihg ahiv.coBBIt@P &R a pbRSd
apparatus 20, conputer 12, or both, be maintained by a manufacturer of

abrasi ve ohimg diom Shradipg ayichiae 6ef ebrapiya memufrcging peocesp ud Bemativeliay,  f or

exanpl e, resi w thin ring pl ant I rasive article 8 was
pr oduced, mé)ﬁ‘aldlreﬁa a%pée%@(r)zﬁ?%\gﬂl@&ﬁ ih:lbor ﬁ’?‘rﬁ%&&taﬁpgaﬁ%uggl%‘ ?‘% r Qs%\Feotgsé:sagp LaWE r ol

val ues 1620 @ahd bsthputert 12 £i@1bé Wched offling fi@m abthsivedmaniifhotadiey ?bcé%@b! @ network.
[0037] FIG 2 is a schematic diagramillustrating an exanpl e abrasive test

appar at us dzectlygommegscatiyelyaouplgdi o vetwatkd 60 condrofler 4.apltepatieily, ebmpivecl e.  As

shown in El 2...0 nore kpi eces. 30 be r l.ne | aten 36.
Aorasi ve it prarieeSR, BomBREC 1, WRES, B Aot §Bap g SRS 20, and
i's retaingicld & Abbive ees?Appibiiny Farld ot 3k reays fitekardPle, reSidp sedueat | y,
abrasive article 22, fixture 24, and shaft 26 rotate via_ power supplied by a

not or ( nomashaaryingiplaat Whaspbrasyyeapticls § ogspraduced aned paslestrensdi nent

moans. for ceRguaical miTaevEbist Pk J90E71 FMPREsenBtia 3. Bkl Tea For ce

(F). Abra§,ﬁvﬁe§ppﬁmﬁqw&80m abrasive article 22 may be positioned in direct
contact with the surface of workpiece 30 to abrade a surface of workpiece
30. Pl at ef0038] F¥Gr? isesschepatigoiipgpedBustpting an pearpple pbriagive fast apataies: 2006t ween

wor kpi ece_30. rasi t] . P -] t at abl bout the
axi s of sﬁg"’p’é‘?gt%gesfﬁgg? Oﬁ]%?gav\/r}iﬁ?ﬂla%rna%/bq%gve ré%lg’[ ?‘é%ﬁ?‘ﬁglﬂdﬁc{ighg%ey&aﬁ%t or (not
shown) houwasihivdet BO mdydrae@hed lon pldiérs3sraAhasive anlled ¥ @ositibhed witldd and

wor kpi ece 30 maé@be rot at ed_agai nst one angt her_under force Il:) to abrade

wor kpi ece 2B@sive tasting apparasperiapd i retaied ia Axtpesd4 mppaedtoetaeblegipftdly ve as a
b5 or us S Srdafieftl? atillive akle NAES B 48 shalP 26 Wl Hupdbier SRURRHYE 2T T 2

sequence aotsrgpoteshenndivithin ladasiagidZe operations to characterize the response

to common processing paraneters for abrasive article 22. To provide
accurate (ON8T fipthe3apls cqhodunens, Tounae 3¢ e gl ep¥edicaby alghg R SYR9E 30 and

R L b e b
i nl i ne as dpsret] fofce §Br. asbrasive Sirface 28 of abrasive article 22 may be positioned in direct
contact with the surface of workpiece 30 to abrade a surface of workpiece 30. Platen 36
carries the workpiece 30 and helps maintain contact between workpiece 30 and the
abrasive article 22. Platen 36 is rotatable about the axis of support shaft 40, which may be )
rotationally driven by a motor (not shown) housed within base 38. In this manner,
abrasive article 22 and workpiece 30 may be rotated against one another under force (F) to
abrade workpiece 30.
[0039] In operation, abrasive test apparatus 20 may serve as a test station to evaluate and
characterize the cut rate of abrasive article 22 for use in determining model 14. In general,
apparatus 20 may perform a sequence of representative abrasive operations to characterize
the response to common processing parameters for abrasive article 22. To provide
accurate data for use in abrasive manufacturing process 2, workpiece 30 and abrasive

article 22 may be of the same types as workpiece 10 and abrasive article 8 of FIG. 1,

respectively. Moreover, if apparatus 20 is not used inline as part of abrasive

-8-



WD 2004/ 069477 PCT/ US2003/ 041302 manufacturing process 2, e.g., abrading
machi ne. 10 common equi pnent and conditions may be used or sinulated to

further 8%60 ccuracy of the collected data. [004 31s a
flowchart at fﬂt?rchr illustrates the process of gener at%%ﬁb%o%g’(ﬂf‘ﬂ?l ary

mat hemat i cal nodel for controlling abrasive manufacturing process 2 to
achieve a substantially constant rate of cut. Although described for
exenpl ary FHPPBSBEINE Procsses, @rﬁc:eabfﬂldéﬂ&fpé@llw t0, raEIRORERIIPRIEnd aRrheqndifions| t i s

under st 00yl vEhol SHIDETALE Bk 0hd e or ik BoicaYgate” d.

different mathematic e generate fie techni ques for

vari ous wol0(E0 Gt Y pestiovadhaashat durdter hl@is&ateymrocmsmfememang ankxaaplhtyngs,
and the like. [0041] T gener&i‘e nodel 14, an operator, g., operator 18
of FIG 1, nﬁ‘h@i‘%‘l‘:ﬁwg‘%ﬁ Exrreonisolling abrapiye manpfas R g PECETSCH @sach@vea abr asi ve

article 22 o(dghispboRERTRLAENcRUARES R ackIbe S BALANES bl dieased bed

in reference to op rasive test” apparatus

however , tkmspmpﬁ?cahmhemauéqdaum als asHengostbbi the teghmifnalira ot limited.
manuf acturl ng pr ocess to generate_ the data. [0042] Upon gel ecting the

abrasive aff ’éWOESjée‘ihﬁfFﬁm gthemAtcad moedglsmaay Rees edisEgrthe trshnigues for
initiate a gﬁﬁ@.l\sfwg%@ém&gﬁg% aﬂB Se %chgest"a/}{ gfb%és%tdoﬂﬁél s(afi‘ﬁ)gs, AQthERa! e,

oper at or sr've est a to a brasive article 22
t o wor kpi ef@041) Toienerateemoded n4 taantpefatsrce g (, bpgrafool 8 af FE?,stl miii Al seycpeimt:od.

Dependi ng on the types of abrasjve artjcle and_work |ece bei n ested, the
abr adi ng p&F P98 #ki g?’%ﬁ‘@éle? (P arap e G Ao £ 2 @) oF ‘Pieﬁ*‘f? [6Y, Parpgse \L?én days.

[0043] Dur 'te&sfgpgs &g% Q&Erﬁ%dgﬂ r3€fch Qo cfbe fasﬂu% t%hhﬁ?%tg% g«]wt nfdhé at

vafious inter ata typica |cat es t anmount of
mat eri al flemhoﬂhmntsahbwacr,ab@bparabi Ay uuhza dtteathbg pmchise aof Alolagivé 0 t he poi nt

of neasurenent, The mtervgl S na flxed or may vary based on the length
of time abmBAF{ASTULIngRIPREsSS g gene 31 i ed to workpi ece 30. For exanpl e,

l'ogari t hm gaddoy Uﬂ’bﬁ%@ﬁéﬁﬁgﬂs h%lbé‘h%{fcléabﬁer%yl@éoﬁtﬁﬁéjaﬁr%ﬁe%ara%pm%s%oum
of material renoved fromworkpiece 30, as the cut rate of abraSive article

22 may gendo iitiate arsmlmﬁ oBX pomemabaasiw: apertionhetdrbFerdixagipfse ppayatoni®n appl i ed

t tant f || ect ed dat used t
ol cul ate. SecthobaRvS ik amnatalin 2t HF GOt T E 22 I S tpRae BSIER s, “whi ch
can be use@oﬁgarﬁ%&é ?F@‘ffoi b@st%&ada@%t SerRRNTRPRHIRY on BHRItSs\6® aBabive lftick?

during the interval For exanple, a cut rate per unit tinme can be
det er m ned andwoskmi¢cei tmr@tvsitd tiye abirading periadmayrage fromra femtrminugs tp ampy ed
during the correps{gqndl ng time interval by the anmount of tinme for the

i nterval. Sf the cut rate for tine interval N can then be

cal cul at ed [0043] RIHg tHE tediabBnLptriodabserR6t Y& EsllebtsPat data at various intervals
(54). The data typically indicates the total amount of material from the initial application
( of the abrasive article to the point of measurement. The intervals may be fixed, or may
| vary based on the length of time abrasive article 22 has been applied to workpiece 30. For
example, logarithmically increasing time intervals may be used to record the amount of
material removed from workpiece 30, as the cut rate of abrasive article 22 may generally
reduce exponentially over the abrading period when applied at a constant force (F¢).
[0044] The collected cut data can be used to calculate an amount of material removed
during each of the intervals, which can be used to determine the cut rate achieved by
abrasive article 22 during the interval (55). For example, a cut rate per unit time can be
determined for each interval by dividing the amount of material removed during the
corresponding time interval by the amount of time for the interval. An estimate of the cut

rate for time interval N can then be calculated by computing an the cut rate between time

9.



-9 WD 2004/ 069477 PCT/ US2003/ 041302 intervals N and N1 and between tine
intervals N and N+1, and taking the average of the two nunbers. [0045] For.
exanpl e, waezhobdoowsi ng table illustrates a portion of eyemalBeuwlizdat a
measured from abrasive test apparatus 20: Table 1 Interval Tinme Total Cut
5 40 164.8 6 50 196.7 7 60 225.6 In the above exanple, the cut rate (R
for interval N=6 can be calculated as follows: R6 =1

196. 7- 164n8r2RaV énd N6l ahddbedvednltyme (ntér0alé & £Q-N07, and G046 thhlexdragsofahg ve can
be fit, e.qg., éia conmputer 12, to the calculated cut rate data (50). In
Sone cases, “Cut rate data indicates a decrease in cut rate over time
that foll | RARSHAS : Fl.G . %gagml i raph
that ill u@??ﬂ? eoééjééggﬂ)n% tgéy cut gd:b leeclﬂ([%ﬁgestar@tn loihe%ifjég{ea{sn over d?tla rrnlllaeag (e)%g a

si ngl e exipomebiasiat te56appetates Zommonl y, the cut rate data is better nmatched
by the sumof two or nore exponentials. FIG 5 is a graph that illustrates
exenplary cut rate data that can be reble 1accurately represented with a
fitted curve 57 that i a;sUu fexponentT3 | 58B. Mbre precisely,
the cut rate (R) can bd m&‘iﬁ%’@j t ilcal ﬁnqepreﬁm fol | ows:

R=RlI xe- "I T' +R2xet / T2 (2)! In5equatjiion &4} Rl |andlgd&8 arg constants set
according to an initial {CUU rate flor t} abrasii/dr(.5 artlicle 22. In
particular, Al + R2 equgals_t iniltial”But dat e ok abrasive article 22,
i.e., the y- intercept ijn FIG 5. [Furtétker, t eiZi.& a |l ength of tine that
the abrasive article 22 has been applied to the workpi ece 30, T1 and T2 are
time constants, and e represents the base comonly used for natural

| ogar i t hnig.thd 4047 pxdmpls.checyrac B} &y interyalchit6 catt lbe cdlcudatedibs fadlows: t ype wil |
decline as a singl exponential. In equation 2, R2 would be zero. In such a
case, equati onR2_.&_%&9@)@'1§4-§q_ﬁ25r57‘e]c96i7n 937?4I i near equatio Hby taking the
natural |og, as’ fall o#8-4010 WO 6RO 0694 PCT/ US2003/ 041302

{0046] Next, a curve can be fit, e.g., via computer 12, to the calculated cut rate data (50).
In some cases, the cut rate data indicates a decrease in cut rate over time that follows a
single exponential curve. FIG. 4, for example, is a graph that illustrates exemplary cut rate
data that reduces over time along a single exponential 56. More commonly, the cut rate
data is better matched by the sum of two or more exponentials. FIG. 5 is a graph that
illustrates exemplary cut rate data that can be more accurately represented with a fitted
curve 57 that is a sum of exponentials S8A and 58B. More precisely, the cui rate (R) can

be mathematically represented as follows:

-t/ —t/T. _
R=Rxe""" + R, xe™"™ ) )

In equation 2, R; and R;are constants set according to an initial cut rate for the abrasive
article 22, In particular, R; + R; equals the initial cut rate for abrasive article 22, i.e., the y-
intercept in FIG. 5. Further, f equals a length of time that the abrasive article 22 has been
applied to the workpiece 30, T and T are time constants, and e represents the base
commonly used for natural logarithms.

[0047] In some processes the cut rate of an abrasive type will decline as a single
exponential. In equation 2, R, would be zero. In such a case, equation 2 can be

transformed into a linear equation by taking the natural log, as follows:

-10-



Ln(R) = Ln(RL)+ | | TJIXt (3) I | [0048] In this format, the slope (m of
the equation 3 is defined as in =TiJ I, and the y- intercept (b) is defined
as b = Ln( , | cut rate data may include sone intrinsi varjability
due to thea’pdr%)ﬂgg‘se@gﬁd t he neasurenents. A best fit Iinet'{do/ zgosfof'}amzrg%r
equation can be found by using the well known | east squares nethod. This
method will mnimze the sumof the squares of the residual errors of the
data subtracted fromthe fitteddjne. Mre specifically, the | east squares
net hod can be uskd(Ry=f Ln(Ra) + xid intercept for the line. Ryzcan then
be found by taking the anti-lo Ggfe the intercept and the tinme constant, T,
. Wl be the negative inverse of the slope. [0049] Mdire commonly, the cut
rate of an abrasive will be better fit by the sumof two ponenti al curves
as in equal®¥i8] In theioembloths skpedmy oRthegzquatinor izeicﬁnedrrp‘emes(E%n?rmﬁéhe y-
conponents of equation 2 can be found by an iterative process/ In

particular, a least., square fit be performed, e.qg., . vja conputer 12 of
FIG 1, usﬂlilfsr%wiiyscsiﬁen%rﬁs %ﬁéﬂfﬁg- yicthah catRsaty 151)39 s Ide SPRETRTONE 1 r ot

sl ow y-decl ini,ng, e nential 58B..This can he n ._exam.nhi ng the data
and esti rratvf’ﬂﬁblaﬂe&l}(lgq? ﬁ'{gpfr%cs?fs PP HieAYTED ﬁ'eg‘tqtfegﬁ gt?ﬁfes%?heggﬁ?‘g?ﬂé? ®hecome
i nsi gni ficaah hefshnd HyRGing Mhe/welRnéidh RadtfshBired HletholO Mhis mdthed Wals Hiinite:
equation having a single exponential conponent can be subtracted fromthe
cut rate dahssum obthe Rquargstad theatesidual\armrgofrthe deta aubtersted fram theditkedilineer val . I n
i ke manner, nd nential .c n . 1 1.dL.y._Qgo to zero
can be cal %?‘Igtgg%ﬁﬁ%g% Tthﬁifés%gtrsgg %rggg}ethdngﬁgﬂ &giu%%dstg’@lng:%?g e?%&arléﬁsw tﬁéf ysis.
Thi s secongheni igN¢dnaherciiPAREBY takaiy thb afti-gy ciubé mdatan ahd iR tichd)enetzhgi nal
cut data at_each interval to provide a nore accurate estimate of the first
exponent i allzedvilltteshe neppiive ipveyseakthe s10PBe repeated, i.e., nore accurate
estimates f ihal cul at ed,

nt i1 tho 10049 More PARRRENY, E o BUPGPER RS A\ HEd RREEHE LY the SERUBLTT o

dat a poi nt £xpoedntidletirved at hcequationBixderedotli Re anéd Rp anendn-adroCc Thpexygmesiiatan be
changed to reduce or_mnimze a standard deviation for the final residual
at each i ntceppapentypirguatineheanrdourdpy g iterative pycesst lnpytieyianalessh  he
data. Dat V) I J Pe.: ageg.to find
an oquati ondPFaEh SR el o, s cApREF PO A0RAE I RB (R APy

abr asi ve t yperceptlbrtoABrizA4he it FowPGCHedIBAOIPOAGRIP S8 B .0ThB katpodonedsol vi ng

equation 2 as scri hed, del 14 can he exte d to ex SS an
g examgn%ng the data anggst?mat%lg where ltjhe fast dec 9§ng CXPOIISI&)TEG? curve, S8A, has

become insignificant and using only the data after this point. The resulting equation
having a single exponential component can be subtracted from the cut rate data at each
interval to yield residual data for each interval. In like manner, the second exponential
component 58A that rapidly goes to zero can be calculated from this residual data using a
least squares analysis. This second exponential component can then be subtracted from
the original cut data at each interval to provide a more accurate estimate of the first
exponential equation. This process can be repeated, i.e., more accurate estimates for the
exponential components can be repeatedly calculated, until the residual falls before a
predetermined threshold. The number of data points included in the estimates of the
exponential components can be changed to reduce or minimize a standard deviation for the
final residual at each interval. Other techniques can be used to fit equation 2 to the data.
Data from several samples of an abrasive type may be averaged to find an equation that on

average gives a good fit to cut rate data for the abrasive type.
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application force (F) of abrasive article 22 needed to achieve a controlled
cut rate during the abrading period (52). In other words, the above .
equat i onsWinxe+/@eTy deri ved to express cut rate of abraimeszenstodcior 22 over
time when a constant force (Fc) is applied. Fromthis relationship, a

mat hemati cal expression can be derived for the application force necessary

t o achi eveo050¥ Upbh e¢dobAng eduaridh € agdeRBEYed Phdtel M A te dtiehdeBiASipAds BRN | od.
For example, a mathematical expression can be derived for the application

force of &ppligatignfores ¢H)of abmasive artighy Imesded Brrchisva a roricelledsubrateeduringget

const ant t 3 t £ 1) hat t hV i.GlL.e has been
applied tgl%taﬁéﬁv@rﬁ%ﬂ)ec Sh)e[%(?@ﬁ] “@%%?’%%%&%ﬁ%ﬁ%ﬁéa%ibg gl?/\g%wggtt%r m ned t hat
Rl and R2epfresqubtiat@0f abragivs areisie 28idvlr tidb &/hap RlcbaAkdt ddrck QFHEs appliedexper i ment

tested several abrasive articles of one type, where each article was tested
at a consfzom thipredationghipudymathematicgl exprassior gasrherfierivest tos thpapplisatienfferce each
article t e t f uat. i : [ ith.force. The
experi men E&Eimof C’[ﬂﬁc\gte aﬁgﬁﬂ@e&%ﬁg ?taaﬁl 33,01nﬁwﬁg1ﬁxgth¥%tb¥a§i?n&vﬁ%1t% d'c 8rnge when

di ff erent ekgnplesa inathemated exprieiior’dan Haaieviaed fir i@ applickiivy fbhe of Whrasiaé e of a
singl e abrasive article changed with the application of force was al so
obser ved. attisle Bioarorkpisee 3RA3s 4 hmstipmokay@rgeh consiant puttrptgtand piengdl ofdéme of t he

wear of t & %{@g%sy‘t%hagﬁé%pgsr%{égaﬁ@gﬂ%&igrﬁn‘%%%%ggegat ed. The abrasive was

first used's en by wear to the point that

the cont [06051] Bageddn éxperif@at, itdes! definmthe e Re Bid R} ofxhati@s? Hefatgwhthe. For
exanple, after two or three tinme constants of the fast declining
exponent i &1 appHeationtforcgt dhgaxparivesnt tested gevrgalabrasiyeartinies ofione &ypeTWhergbr asi ve

was then %E&%a?ﬂgl@%va@ ST qg@ﬁ%ﬁf@%@&&@@g@%{ i¥re! %Caﬁi?@%&.{‘ﬂ)rcef PAsifEd d used-

for a suffrcient tinme perio e cu e cou e measur Wi th sone
degree of eagcatideyo obseng lomsthe penstadsofoqatittd? saticblieh &scd. MEheadxhagmest W | |
wear duri ngothe test. The incr aser]j Er;lé_‘iorce was sto&)f)ed at a peak fqrce and
then t est EBPWd tHatBm GMSHoRAMY. 1198 Tedid BRf chanasakhearditiprentiorees wegisedde t hat

was used iﬁl}a%\?yﬂﬂg v%ﬁétﬁ:ﬁn Hadw BE LEATINT 2 sﬁ%ﬁ éi:l:‘&sﬁe?gﬁcl\é hhieRd %ﬁgﬂﬁ h force

| evel wer raged. e cut rate was on nmeasur once at t i ghest
f orce | evepplication ekfomgd was dléreotiseiviedwiTig esperimmentavas fdohoircssh e auindertibat used:
20, 30, 40, 30, nd?ﬁztg newt ofnqsl. The average state of wear wougﬂ\eﬁg t hat which
exi sted e aficst ofi laMeabe! the abragiye dupingfe RERFTERRIL WAY BESAK I TEWE rate

measur eneRy,s figdt ué Hadfle GRS WA@Y Vead Mc?glﬂt iRt ge0f What the

cut rate woul d have been at each force if the abrasi did not wear at all
duri ng t hicenttibstion efithe Y46t @aliningE3pFenRATISIASRAORY Migitdd 2For @85 sk, Expewdnent s

showed t h%} thtrebeetir?lg gcrn?s%gl s of the %a%E gecﬂglin% e?cggllcgtigl? "[‘?%lclut 1]faitf:t \Evgsdthttar? ct?anging at
a slower rate. The abrasive was then tested at a sequence of monotonically increasing
forces and used for a sufficient time period that the cut rate could be measured with some
degree of accuracy. Long test periods are undesirable as the abrasive will wear during the
test. The increase in force was stopped at a peak force and then tested with monotonically
decreasing forces of the same magnitude that was used when the force was increasing.
The cut rate values at each force level were averaged. The cut rate was only measured
once at the highest force level. For example, the following sequence of forces could be
used: 20,30,40,30, and 20 newtons. The average state of wear would be that which existed
at the middle of the test at 40 newtons. Averaging the cut rate measurements at 20 and 30
newtons would give a good estimate of what the cut rate would have been at each force if

the abrasive did not wear at all during this test.
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straight line by the | east squares nethod. The line was found to have a
non-zero intercept. Further experinents showed that the cut rate at

different st@bfseefsyear could be fitted to a series of ﬁéf@éﬁ%ﬂjl&ﬁes t hat

had different sI opes but the same non-zero intercept. The nhon-"Zer
intercept is an extrapol ation of the cut rate outside of the wor Ki ng range

of the abrasi is a mat i cal copstruct tha | cul ating
the cut rat@?‘éﬁ\ft H?nfrf?é‘ts %WE‘?&@ h’ﬁ(r‘?@'@raé? it satg gpia Py ag‘?‘%orf"g range of
the abrasi \gaigfit fikteby BB ERstMkuires GERModWTHE 1B keh (e tahawesa H6n-8dcbembickpl Y
cuts the workpi ece. ‘At |ow forces, below the working range, the abraSive is

i nef f ect i v&ustheraxpeiimgnts Reowashthpi the eut rate ahiliferdns states of af@@xx@,omlchbe fitted toi ang

range, the abrasi wor.kpi e 0054] Wih the eq i ons of
now'the. cutnena sheh SR hEE fgtefor AEPETH sheS npicTe idShofily eligthbn-
eonst ant f Qeffinteditt BQchﬂ%)&éﬁonr&Ttﬁe &l aaneeatsielon tﬁ&b@x%r?gtraﬁ%é(@ﬂh@m nt in an
abrasive articles |life, a nodel of howto achieve a constant rate of cut by

varyi ng t hebfasiee Ifclaﬁnllféhem@@ﬂﬂcponm%ﬁhat aidy & c@@l@m@ thasutdete widdn ghech t hat :
R(t) =3(t) xFE+l e RiLsS nding r force,.and | is
Ehe) yot il ertbierpian e fowbl: chhEaTorkde hfhe e atialif i MeroBee SLciF pe
above. [ 005th WhicR®vedbrasid dffecBvely CuiClid WOrkbRes. AXRIVERIES, Bdlbwitid Rofk@ig uni t
force as a function of tine. It is independent of the appllcatlon force,

and can be rmeemmah@@\fbys m@ﬁ@%ﬂ’ﬁﬂgcﬂ(wg thegvorkpip¢ec et igh derces-abasg the ol | ows:

R(t)-1 FFi Rd be def d h that: R(t t)xF
(g)) Accolrcﬂ’(ﬁg‘e a]ig?e&feghag\m 5%%&?5?0%%§sa[§%%?gb;ngerls\ljgd : (1)=&t

F XG( t)=Fx EOGSM'WQH@'N(&%EU&S of hrw@hé cut rét8bf anQBRB]velantice UidngeathBughithe second
teimis in ependent of force as | is a constant. Consequently, a constant

rate of cutlifagt @nstaphiore, ek havethe ahraghchap @hfosceaatd“@@rlrpeult biebragives yt

| ndependent gl e ohd M&g@%@g@ﬁ@@&@%@% B#129%a¢ the force can be

found. First, a variable & was defined such that:
R(t)=G@)xF+1I @
where R is the grinding rate, F' is the force, and I is the y-intercept from the measurement
of cut rate vs. force as described above.
[0055] Moreover, G(t} is a function that expresses cut rate per unit force as a function of

time. It is independent of the application force, and can be determined by measuring R(t)

at a fixed force Fryeq as follows:

( Gp=R0=L (5)
¥ Fixed
Next, a pseudo force F’ can be defined such that:
R(t)=Gt)xF’. ©)
Accordingly, the following equations can be derived:
F'xG(t)=FxG{t)+1, and )
F'=F+ 1
Glt)’ ®

[0056] In equation 8, the second term is independent of force as I is a constant.
Consequently, a constant rate of cut at R can be defined, which represents 2 desired level

of cut independent of time:
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whi ch can be witten as: F(t) = t) . (10) Equation 10 expresses the
application force as a function of tine to achieve a target constant rate
of cut. ENAWHHE470 and equation 3 can be conbined: R PCTR{2§03/0R382 1 r, +R2e
ri TZ-11IxF . (11) where Rc represents the target constant cut rate during
the abrading period, R and R2 are constants set according to an initial
cut rate for the abrasive articlel Fc repfeﬁents the constant force used to
det ermi ne equatRCc;n(E(t mth)zr@(mDE Fr(t)s+t—he—ly*:i(f¥(f)r>¢:5(1t)-whj ue fromythe
measurement of cut rate vs. forcel The t@Ehni ques described herei'n can be
applied to a variety of abrasive articles and abrasive manufacturing

pr ocessesWhikbicap ke mpitien asthe  t echni ques may readily be applied to abrasive
articles where the gut ,rate at a nonent in the life of the article is a
function, e.g. Fh .to the applied normal force. EXAMPLE | (16P57] For
pur poses of exanpl e,G¢he cut rate of a silicon carbide abrasive article was

measured when applied to a plastic lens on a | ens polishi.ng nmachine.
Speci fi caEnyatiopr8 expregses o appHEFPN Farch ap @ fyresion oEMsdp aclieYecatarsghex machi ne

manuf act u i . it h W ndsor, CT. The

pol ycar bo%‘gﬁteam/g?\égspv\g% a %é% %@tmﬁg%gégns&:ﬂ%m Gentex Optics of
Dudl ey, MA. The silf[con cgrbiyde abF'asi ve was a P280 3Mr34 abrasive from 3M
Conpany of St. FRau AWTﬁeeééB)l—Ferxth_e test, the abrasive was(ryt into the

formof a 7-petal 7pRem da&iRy. thé|l ens polishing machine was modified by

replacing the spring | oaded single acting air cylinders wth double acting
cyl i nder s wheregtaoepigeends e tageisanstant ent rateohusingdbe abrading period fe agbRerare Tap

i | £ .m..fJ . h h f
e

| i nearitycefstanhforédiiised & GetwiSniné efuation 3/ hdf ¥p@sdnietht BtigteeRpt val@d from the
extrapol ated cut rate at zero force, was essentially constant. The

f ol | owi ngeasygment ok pet ratstvai I0Es- J@éﬁeoanm%é@SCBPTctmwarsb%mﬁeém asive

-1 947 : , A 2
Aver ages, 1 eae e el ey iy ing -5k, 1L ERgME G, e 5°°
44.0 39. Ote2lniguekundy readily be applied to abrasive articles where the cut rate at a moment in

the life of the article is a function, e.g., linear, to the applied normal force.

EXAMPLE 1
[0057] For purposes of example, the cut rate of a silicon carbide abrasive article was
measured when applied to a plastic lens on a lens polishing machine. Specifically, the lens
polishing machine was a Gerber Optical Apex machine manufactured by Gerber Coburn
Optical, Inc. of South Windsor, CT. The polycarbonate lens was a 76mm SFSV PDQ 7
B4.25 lens from Gentex Optics of Dudley, MA. The silicon carbide abrasive was a P280
3M734 abrasive from 3M Company of St. Paul, MN.
[0058] For the test, the abrasive was cut into the form of a 7-petal 76 mm daisy. The lens
polishing machine was modified by replacing the spring loaded single acting air cylinders
with double acting cylinders to provide a more consistent force as the lens wore down.
Tap water was filtered using a 2 {m filter, and was vused to wash away the swarf removed
during the grinding process. The first tests measured the linearity of the cut rate vs. force
and found the intercept, or extrapolated cut rate at zero force, was essentially constant.

The following results were obtained over a number of twenty second abrasive tests:
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10537 57.5 53.5 52.0 30.0 22.0 12418 72.0 67.0 67.0 43.0 29.5 14299 90.0
84.0 79.0 55.0 40.0 Slope 0.00774 0.00712 0.00691 0.00492 0.00393
Y-interce 9.7 -19.8 -17.7 -18.0 r .998 .996

[ 0059] Thgﬁllolzﬁ%a@ﬁé test was repeated with thr ee abr asi %g%&las?lzhﬁgm%%?
(Average,, Average2, Average3) and after various anount of wear. The third
abrasive daisy was tested three tines (Average3 1, Average3 Averages3. 3).
The normal forces (colum 1, rows 2-6)T during the test are Iisted in

rans, and[the peEasufe cpl 2-0 iste Cro b dat a
igndi cat ed —he—a%oﬁ—nape—a%wﬂv b DiPeagt; AWI%DEE%@L@%&QSHM d2d r‘?“rr\?{ag%é est,
average cut rd&t7@8 at]eack-Sorce | ¥ were c2hputed. RO 7 and 9.9ist|the
sl ope and y- i rcept c uIa ed the d Fi hall rowj 9 S a

p /- TgsEroept s 10h o YasTOW I TIEE

"Corre| at| aYal Cgelf;ln ant 'nhh S a |'Stih | nmRasure

oo ot

linearity of iABTath. 1‘-1"1'1950I0>er $35s tp 1,5%0e bbtte?0d stfai giit() li he

fits the ayeraggg daja \gNnt y secgmg tests pe Qe uEed 9ghave suddEciept cut
to be accwatelyr—repsured—Fhe—+ntercept—was—ount—to—average—2Z0m-€erpns
for the 20|sed®?® tbst OGP -1| ni c3bf pet Setd, 00603-ONex{, tH:Ctest was
continued {o cg}@;eact eI isoiae pxp{pmﬂgl a qmll n tk@om r at gy o4shng
several di Herent —ees —The—flat-a feastfet—whttetsthg—a-constant

appl i catiop Y-apteieepto 92834gr aps 1491 | ustr aﬂ%@ in thej?al | oni ngl88bl e
Table 3 Tipe Cupul at| ve @gg Cuf Ra19g6 0090 99910 B7 49@5 20 8196380 30

113 3.35 40-148-323—60207 27 258 =15 WO-20041-669477
PCTI USZOO?’{(R)%&??%& 111]23%% )? te§t \;Jgsolj%ef)ted \Wﬁ' threemi)rgs&cvgmsci)és (A%}agel, A?veragez,
Averages) and after various amount of wear. The third abrasive daisy was tested three
times (Averages ), Average;n, Averagess). The normal forces (column 1, rows 2-6) used
during the test are listed in grams, and the measured cut {columns 2-6) is listed in microns.
As the data indicated the cut rate of the abrasive article had changed during the test,
average cut rates at each force level were computed. Rows 7 and 8 list the siope and y-
intercept calculated for the data. Finally, row 9 lists a “correlation coefficient” r, which is
a statistical measure of the linearity of the data. The closer r is to 1, the better a straight
line ﬁts the averaged data. Twenty second tests were used to have sufficient cut to be
accni_rately measured. The intercept was found to average -20microns for the 20 second
tests or -1 micron per second.

[0060] Next, the test was continued to characterize the exponential decay in the cut rate
using several different forces. The data measured while using a constant application force

of 9283 grams is illustrated in the following table:

Tabie 3
Time | Cumulative Cut Cut Rate

0 0 N/A
10 37 4.05
20 81 3.80
30 113 335
40 148 3.23
60 207 2.75
80 258 25
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100 307 2.38 120 353 2.18 150 415 1.95 180 470 1.78 210 522 1.65 240
569 1.46 280 623 1.34 320 676 1.28 360 725 1.18 400 770 1.06 440 810 -
0.98 480wWaxB090B877 540 896 0.80 600 944 0.73 660 9384 KLTAB2003201309019 0. 58
780 1053 N A 100611 Columm 1 lists the tinme interval within the test
abrading period in seconds. Colum 2 lists the cunul ative cut for the test
abrasi ve process. Columm three |ists an averaged cut rate cal cul ated as
descri bed above. Based on the illu3ublaggdodata, the constants R, R2, and

re L conetancs T b i AP, RIS [cocaicd o oore
force, as indicated in th&0®olll owi ng0Tabl e:| Tal.-3 4 Horce RL Ti R2 T2 5521
é.02125ég ]2.53513344831222;;??2@0:7251283':,’}I. 928 92;;13 f)‘rg_Q 1.84 54 10411 3.11
. . 516—2- 31 —Averagel-2-81+528-11.95 32 STD 23 8 35 39
- 16 150 415 1.95
180 470 1.78
210 522 1.65
240 569 1.46
280 623 1.34
320 676 1.28
360 725 1.18
400 770 1.06
440 810 0.98
480 848 0.88
540 896 0.80
600 944 0.73
660 984 0.63
720 1019 0.58
780 1053 N/A

[0061] Column 1 lists the time interval within the test abrading period in seconds.

Column 2 lists the curnulative cut for the test abrasive process. Column three lists an

averaged cut rate calculated as described above. Based on the illustrated data, the

constants R;, R;, and the time constants 7 and 72 were determined. This was repeated at 3
several different forces and the constants of equation 2 were determined for each force, as

indicated in the following table:

Table 4
Force R1 Tl R2 T2
5521 1.91 519 1.35 21
8217 2.84 503 1.28 31
6283 2.55 499 1.84 54
10411 3.11 - 606 2.82 25
13044 3.62 516 2.47 31
Average 2.81 528 1.95 32
STD 23 8 35 39
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WO 2004/ 069477 PCT/ US2003/ 041302 [0062] In Table 4, colums 2-5, rows 2-6
lists constants derived for the normal forces wused during the test. Row 7
and row 8 |J t.he,averages and standard deviations for t t S,
respectiveﬁfiofggkgé Equation 9 was then used to corrpute!{'glnterﬁlg)sg{P?fdn;‘!;ﬁ'4?3'3E
application force as a function of tinme that would achieve a substantially

constant c e.based agn th bove- descri bed at a: r) =
B seco MR TaRR 5 imy Y 5 5 B S0 Sethrpanats P G9¢aLILS RO et xo
f/32sec+l. QuH @Bfipknd RsDALSW g%&Eow BhRt AUGLAYEes! dndRtMARIAL RMaBiond BF @ | N

Table 4 were used, and R and R2 were derived fromthe data in Table 3. The
intercept renjtatsaesperitvediori ved fromthe data in Table 2. The application

force was d at 9283 qgrans,, as |listed in Table.4. . An arbitrary. target
constant ¢ ﬁbﬁﬁu?%}gmﬂggluéﬂt&fowu%ea Iio.rgmb?ﬁpglé?&t.mnﬁ%cefaéIallﬁﬂ\‘fr%é‘ ‘%lfabl e
lists a porfmhoathotlabahibnad subsRnBalycQRRh €t F4:0 Bhded On SRV AesclpRle 5 Time
Force Avg. Force Total Cut Cut Rate 0 4306 VA O VA 10 4783 4544 26 2.45
20 5220 500ita49 2. 25 40 5955 5587 93 2.43 60 6513 6234 146 2.51 100 7268
6890 241 2.36 140 7%87 7527 335 2,31 200 8440 8114 471 2.20 260 9069 8754
599 2.11 340 99@9)% Lyt s ! 5@@3:3,%_10@ 1488
1165 2.05 660 13410 2555&/3@2@"?%“1‘0»1.8&9::%6%&”?&04@.0&@6&@ 11 900 15855
15262 1926 2.05 [0064] Columm 2 illustrates the predicted values for the

nor mal appllppatticeldr. g aeragedsrsesipnisdisiedtin dpble4 wep asetherd Rl wnd Bdsweint rate

of cut wit hde}iggd &gﬂla% ¢ dta Bl Il“flib(icla 5 The ‘ﬂitérccpt I=-1pm/sec was derived from the data in

Table 2. The application force was selected at 9283 grams, as listed in Table 4. An
arbitrary target constant cut rate (R¢) was selected to be 1.5 pm/sec. The following table

lists a portion of data that can be computed from the equation:

Table 5
Time Force Avg. Force | Total Cut Cut Rate
0 4306 N/A 0 N/A
10 4783 4544 26 2.45
20 5220 5001 49 2.25
40 5955 5587 93 2.43
60 6513 6234 146 2.51
100 7268 6890 241 2.36
140 7787 7527 335 2.31
( 200 8440 8114 471 2.20
| 260 9069 8754 599 2.11
340 9920 9495 766 2.05
420 10789 10355 927 2.00
540 12106 11488 1165 2.05
660 13410 12758 1420 2.10
780 14669 14040 1668 2.11
900 15855 15262 1926 2.05

[0064) Column 2 illustrates the predicted values for the normal application force
necessary to achieve a substantially constant rate of cut with the abrasive article, e.g.,

abrasive article 8 of FIG. 1. Column 5 illustrates the predicted cut rate over each interval.
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abrasive article 8 of FIG 1. Columm 5 illustrates the predicted cut rate
over each interval. -17 WO 2004/ 069477 PCT/ US2003/041302 As illustrated in
Tabl e 5, MR2004069% %t e remni ns substantially constant, e T/U2esm41d02n a
twenty or thirty percent variance. The average cut rate is about 2.2 nisec,
which is higher than the desired rate of 1.5 pm sec throughout the entire
abradi ng RetihRfated MPTRAY 8 the LHREaNALIANE SullidhtaBy EGRUEES DYlelakhg the
average of nore data to determ ne an average Iii and R2.°For exanpl e,

vari ance tWentyesshirtygerckfbyarmnce VER Hirage chemss mapolse.2 palkeevelich lr oughout
the duratjon of the abrading period. &3865] FIG 6 is a graph illustrating
the predi Bebd thyy the desiredaple Of 3.3gymiseq hsoughpaidhn goting abragingmsTiadhi eve t he

const ant MorsoPkE doiics ihhe fegh S PRY o Blrdak o B iR g B RS' | 02

cut rate afadehere BRhAR, VEorsanple vt bS (B tiah A0V, af EyencITo 9t &8 mdyibtng t he
abrading period as the application force is varied. EXAMPLE 2 [0066] As

i |1 ust r at edhigvad teavgiiont the dupmsion ehtheobradingeervd. abr asi ve article can be

conput ed . |.abl e. ' of

abr asi on @ﬁsﬁﬁ%%ﬁg?%@gg@%@éaﬁ ¥§ éﬂ%%?ﬁ‘g"t‘d‘@i?{?‘?g‘ég%%% él%%hﬂgaglégﬁgo control

t he anmunpertid t6 Wthiofe the ¥Wbistaptiatate dfitut. FIG. 76X agmgﬁ thal GlhsaaR s WY eedieee type,

abrasive type, and machi ne of Exanple 1 were used. In this nexarTEI e a nodel
a8

of the abtenstapbcutaaie pyaribe airading pegethgAs pan heateen By H1E; Trdhe e pae ahths from
h . - f . .
10, 836 or MEE bk Tefiabe Sk fndhufo G0t Afng BE SFacihhelfd SEHATC, 00 RL

Tabl e 6 Thpmicksecfored)is Gatgdl e 1, cunul ative Sanple 2, cunul ative Sanple 3,

cunul ative cut (mcrons) cut (mcrons) cut (mcrons) 0 0 0 0 10 48 54 51
20 90 96 102 30 130 135 142 40 1EXAMBLES) 60 234 237 247 80 297 297 312

[0066] As illustrated in Example 1, application force of abrasive article can be computed
as a process control variable. As another example, time of abrasion can also be computed
from the open-loop model an used to control the amount of cut of a workpiece. In this
example the same workpiece type, abrasive type, and machine of Example 1 were used.
In this example a model of the abrasive was found by averaging the rate and time

constants from three samples of the abrasive at a constant force. The force was set at

10,536 grams.
[0067] During the experiment, the following data was taken:
Table 6
Time (second) | Sample 1, cumulative | Sample 2, cumulative | Sample 3, comulative - )
cut (microns) cut (microns) cut (microns) ’
0 0 0 0

10 48 54 51
20 50 96 102
30 130 135 142
40 167 172 180
60 - 234 237 247
80 297 297 312
100 354 355 369
120 410 409 427
150 488 481 508
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100 354 355 369 120 410 409 427
PCT/ US2003/ 041302 Table 6 (cont.) Tinme (second) Sanple 1,
cut (mcrons) cut (m

2,
(m crons)

cunul at iwee2098084e 3,

150

cunmul ati ve

488 481 508 -18

WD 2004/ 069477

180 559 551 582 210 626 613 649 240 689 674 722 280
802 320 841 815 880 360 909 877 956 400 971 939 1024 460 1056 1020 1121
520 1128 1094 1205 580 1195 1165 1281 640 1253 1228 1349 100681 The

cunul ative Sanpl e

190Sho 3%4530% 248

abr asi ve cut rate vvas nodel ed by th&bmc%tim exponentlal terms as
pr evi ousl y—deseribed—Theconstants—+romecach—of—the—three Sanp les—wer
aver aged tglmﬁéfteéﬁlﬁﬁ)ne Pi/breatulative o | Sample Lramplative s sSanme 3, SHOWRENGN] | n
the folldwi ng table: Tabl eut{nmrony) R2 (T2 ceamptrens) 3. 395 48u(miciongl3 3[1. 17
Sample 2 (3. 14 .1 2,184 314 Q Sarrple 3 3. ?5% 556. 5 2. 449 2@298 Average
3. 313 522-5—2-08229-6100691 Thenodelwas—then—usedto—determne—a—spries
of tinme ijnterval® thal woul d6®6nove 60 nicrddd of matlerial 1¢49m t he
wor kpi ecq usi ngpne abrasiveggoticle. |Equatigps2 was (integrajed to giye the
curul at i vie—etut—of—the ‘““f kpi-eces—as—a furetton—of—tmg—C=Rbxbeth-H—— -’
17~) (13) C=B80xT 41-e /TVoRoxT2x(li-e / T8(13) 802

320 841 815 880

360 909 877 956

400 971 939 1024

460 1056 1020 1121

| 520 1128 1094 1205
580 1195 1165 1281
640 1253 1228 1349

[0068] The abrasive cut rate was modeled by the sum of two exponential terms as

previously described. The constants from each of the three samples were averaged to

determine an average model for the process. This is shown in the following table:

Table 7
R; T, R, T
Sample 1 3.395 484.8 1.613 31.17
Sample 2 3.146 526.1 2.184 31.78
Sample 3 3.396 556.5 2.449 25.98
Average 3.313 522.5 2.082 29.6

[0069} The model was then used to determine a series of time intervals that would remove

60 microns of material from the workpiece using one abrasive article.

Equation 2 was

integrated to give the cumulative cut of the workpieces as a function of time.
—-t/T, ~t!T,
C=R1><Tlx(l—e ‘)+R2><T2><(l—e 2)

where C is the total cumulative material removed by the abrasive article. Although this

(13)

equation cannot be inverted to solve for the time, ¢, the time for any given cumulative cut

can be found to a needed accuracv by the method of successive approximations or other

similar techniges. Programs such as Excel from Microsoft Corporation, Remond,

Washington, include solver functions that can be used to find the time for a given
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where Cis the total cunulative material renoved by the abrasive article.
Al t hough this equation cannot be inverted to solve for the tine, t, the :
tinme for WB20§40@W77cunul ative cut can be found to a ne®§ddUKRBEAEOY by t he
met hod of successive approximations or other simlar techniges. Prograns
such as Excel from M crosoft Corporation, Renond, Washi ngton i ncl ude

sol ver functions that can be used fo flnd the tine for a given -19 WO

2004/ 0694 pupeityecytsy bitsiarget seanulinhied byt the aumaer oftieesithy yerkraase Wasl ti pl i ed by
t he nunbeg, grmne the
desired c%nﬁegﬁld\ggé%ﬁ&edae ter ttﬁgaﬁ%fea cf@?!ﬁ&ggm rg%%gj fq%quatl on 13 was
t hen usedaliradede Begnationel X i:ms thet atedab ﬁaﬁrmethematal Ihrediap tiasl d}The abrasimnf or a

speci fi ed abradi n erv was found by subtracting the tot abrading tine
for the %‘E‘Fé%“\/sé’ ﬁf’“é lﬂtﬁ'@ag W@Pﬂ@hlés‘ﬁft@ﬂ‘% & 40fplahra 8'%’% Fal from

the total gﬂif%sﬁEa}t ‘featetﬁ'éje fof‘tﬂ@px%‘?%‘& 1%:1 e Caﬁ?ﬁ?mk&%ﬁﬁnﬁ "X‘PF | ece was

t hen abra engt tine equa ated 1 nterva and t he
cut was nﬁﬁlsofrtbﬂspebiﬁeﬂhm@vakanpl e, the force was hel d constant so a
measurenent of the change in cut with a ch% ge in force was not needed. The

cal cul at etP0FP quk@ra%was theyabraded fo5 a lengpidiane squshiodhs ealewgied rtevakh ti ne

(i or ons) MR BE Bl el Py iy, Brch ool Sy sl 8576

65 27 670f tR8clufhge 3D 8vith a change in force was not needed. The calculated time interval

and the resulting cut from abrading for each time interval is shown in table 8.

Table 8
Time interval Measured Cut
(seconds) {(microns)
12 68
14 60
16 61
18 59
19 61
21 65
22 66
23 62
24 63
26 65
27 67 B
28 58 ’
30 68
32 64
34 70
36 67
39 66
42 71
46 70
50 76

[0071] The table shows that the cut per interval was nearly constant and was close to the

target of 60 microns.
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32 64 34 70 36 67 39 66 42 71 46 70 50 76 [00711 The table shows that
the cut- per interval was nearly constant and was close to the target of 60
m crons. - b Wee&dq4 069477 PCT/ US2003/ 041302 [0072] At obG1Esanpl e
used the same workpiece, this nmethod can be used to renove the targeted
anount of material froma series of |ike workpieces. In other words, the

nmet hods of l.es ane or t coul,d be used .to gontrpl .the,cut qof a
wor kpi ece éﬁﬂﬁi@ﬁlgggkb&e%?r&%\lﬁg eedsjt.helsf’mﬁﬁﬁpr “Hore gglioflgﬁrll g P%edﬁge force

control i némvetewsgb@itoitef nfateiial frafDierie® oV ikd workpfeEs. e kabitewords,
polishing a long |l ength of sheet netal ggssi ng through a processing |line

may not al Itesdneihpde les qog petwangondd heusedite contom i cuhrba werknipcetas

wor kpi eces _ar: [ HBV . L rabl [

exanple, t ﬁgﬁ%hogﬁoggﬁgﬁ\%b tan| c%%)ﬁﬁ{égc{ﬁﬁ?l&@%h%% f?%%/gﬁ)xgﬁgmgtg%?%%%ﬁ%?%gﬁmf ers
uses a fi x@tk @pnadiewaried Bhread@pk)folishinh 4 iopg lengiacf shaerdnétal pebihgh t he
wafers with a slurry. In __order to_maintain a consistent process, a mninmm

aver age andiRbglbd PiwsessHEdEs ey m allpwdprehangesy indbecabrg@irgHmeThe pad i s

comonly a | e _het Lec to
vary the cduBFuhes SRR bhREiCRR SE B Hitley b4 o BELIER] e

appl i cat i orFer exdigple.ahel ChemithinYeciayidabPriaagzation {CNIY vf kamicomhiwugwalersass, the
time of conditioning cannot be changed but the force could be changed as in

exanpl e 1. akred abrasivedo abrade androngitior aaep useditocRstigh theokaiag With yeHEY elitess
Fad o) S SRR ST L DA O0BRe o B3lt Posuc
1, 5 Eesimen s e e i s ot 1 o
Pur ther il |70 hedmere W?ngctt@é’ﬁﬁ’i tg%@ditﬁéfé%ﬁ%@ e a?ﬂ‘déé‘?rg’ég ltor‘fﬁenglgé’élieﬁr i ng
Pate o cut MPRPETGRDES t CAAOBTRRR) b forl SanRuty? RSIAT (Bb e GABRETT
sequence ofcbndil;imis'g \zmréqb be changed butoflg foves aiudd bhehapged asinexamgle) 1. "Waen
descri bed ifoeg%tmaci alndafgl%\é %1\(119 %Zd co%t&dnin g is done excess pad material is removed when

the pad conditioner is new and sharp. Reducing the force or time to abrade only the

amount needed will extend the life of the expensive CMP pads. Use of the model may

extend the life of the pad and provide a more consistent CMP process.

[06074] FIG. 8 is a flowchart that further illustrates the techniques of controlling abrasive

manufacturing process 2 in accordance with the model to achieve a substantially constant

rate of cut. Initially, an operator, e.g., operator 18 of FIG. 1, performs a sequence of

( abrasive operations to generate the cut rate model, as described in detail above (60). Next,

the operator selects a target constant cut rate for abrasive article 8 during the abrasive

manufacturing process 2 (64). This cut rate is usually a minimum desired rate of cut. In

the examplel above, a target constant cut rate of 1.5 jim/sec was selected.

[0075] Based on the model and the desired rate of cut, computer 12 invokes model 14 to

compute process control values 11, e.g., predicted normal application forces of column 3,

Table 5, to achieve a substantially constant rate of cut (66). These process control values

11 are communicated to controller 4, e.g., as a lookup table, for driving control signals 5 to

control abrading machine 6.

[0076] Once configured, abrasive manufacturing process 2 can be used to abrade one or

more workpieces 10 during an abrading period. Initially, operator 18 selects a first
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the operator selects a target constant cut rate for abrasive article 8
during the abrasive nmanufacturing process 2 (64). This cut rate is usually
a m ni numVed4/BP4tate of cut. In the exanpl el above, FATHLGEBEBNZtant cut
rate of 1.5 pnmisec was selected. [0075] Based on the nodel and the desired
rate of cut, conmputer 12 invokes nodel 14 to conpute process control values
11, e.g., HERieGede BULRICRRBIECAILPUpdAL ARHrMesEWnudNvalues 1ARL&I oh theO
achieve a substantially constant rate of cut "(66). These process control

val ues 1Rctebalyasivusriielgtiestlactede dior pxdnde, each ebrgsive aiticls § maxbavetsapiee, for
driving cant.rol.. si |.s. 5~1.0 rol. abradin LN _[0076] Once

confi gur eé{{]a}% hlt slin\%glgﬁageﬁ u?é%sfﬁlge?lﬂ ’%aFIBSJBJscg:‘ ]Eaﬁga&;%ggp%rgoé% ap %e lgéef)lade one or
nor e Wor kpepreestative @8 tHengt file AR tRObRGeUIRTdr@ele, ok Aedcridbd ih fueher @k in18Ssel ect's
a first -21 WD 2004/ 069477 PCT/ US2003/ 041302 abrasive article 8 (68).

Cont r ol | erPaenirApplipdisn SeripbNpr YLD 3ot Gay Mdtalagren)filgd Sl Gn2@Reandict ual

abrasive art..cle sel ect.ed. F X I C rasi rticle 8 may have
come var 1RBIRY {4 B TEs e g OB R (AR da B BB S Sl

per f or mancEoritidtiex4 nia§ RERIER baforvifined indBe agH hdjfudtRodels colt®] PAlLES Cluloar
article, as described in further detail in U’'S.  Patent Application Serial

No. 10/ 115o5@ensatesfociievaniatiprl Hyheperiorinpect ingex indigatep dpzut wtriof aselectaded

"Abrasive Articles,and t hods_ f t Manuf.actyre and e .of Sane..

cont r o | e Eiagf b 1 i Sl o R S 2Rt SR Kl o
val ues 11 doatroMérnany dhfply Bicrdabeth¥ agﬁlﬁia'ti@;ﬂl fortd by AguPgslé =TS B= 1MIeRS
indicates the cut rate of a selecte abrasive article 8 is, for exanple,

91% of t heachigve thgtdssignd qamstapl et 5@ abrasive article, then controller 4 nay

simply in | gat | | - _ e :

e eve 1 HOORAR R Afng BRI QUi VB O Lol Yot Bradind phnine
control vaj teesbralie warpibel 0. el phrtébule Clodtraldraippicsprobess €ontfol tvaluabt hde

wor kpi ece 10. In particular, controller 4 applies process control values 11

gener at ed SFReraipdgaa medel |4 tgaphigyea sbstgptallrganiplicd ¢ Frithabrasivearticlast h

abr asi ve [.C . L QR : i iece 10
for aI \pgr e?‘g %neéro‘gqupﬁ%nd) “32?9? 6%(')’0[@ Bﬁ%?%lngév%lrc%;é %e?wlfgy ﬁ&gﬂ gﬂ%@%%%\%@%r kpi ece
10 (75, 76&jme,apaaverdBmasi sebecas hew warlpi¢c710 (763)6), onevbabrhsive artialerSef@7abr asi ve

article 8 | s selected, controller 4 nmay update process control values 11,
i f necess a@&j’, OIz’ﬁg’- c]g APEY aragheficlg 8 hsa%?FﬁCE?@j @%‘é’ilérdf BRY SPREGPEISFHdi ng
period, i .&muiroPyaleW 14l Fhedsarlfand cﬁﬁﬁ%}@gﬁfiﬁingqn&gﬁfe‘ﬁ asél b a BAY aBBRERGt ed,
controller 4 directs abrading machine 6 to abrade the newy selecte
wor kpi ece pediobased maw tGme (s & ndw awasivé articke 8 iheolcaslactnd] canttrodldi hdirgnés i od. I n
other wor dﬁ)’radtnbgemgc rir?éj !5 ?ogaﬁgéel t%g ngv%ﬁrdse{egteaaalio(}klllaigéeel0 based on a current time
within the current abrading period. In other words, the abrading period used to calculate
process control values 11 may span multiple workpieces 10, thus allowing controller 4 to )
predict and adjust for wear of abrasive article 8 due to application to previous workpieces. |
[0078] Various embodiments of the invention have been described. These and other

embodiments are within the scope of the following claims.
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process control values 11 may span multiple workpi eces 10, thus all ow ng
controller 4 to predict and adjust for wear of abrasive article 8 due to
application to previous work-pieces. [0078] Various enbodi nents of the

i nvention have been described. These and other enbodinments are within the
scope of the following clains. -22 CLAIMS 1. A nethod for controlling an
abrasi ve process conprising: generating an open-|loop nodel of a cut rate of
an abrasive article type when applied to workpiece type over an abrading
period; and abrading a workpiece of dihepgr kpi ece type with an abrasive
article of the abrasive article type rm accordance with the nodel to

achi eve a substantially constant cut rate. 2. The nethod of claim1, wherein
abradi ng a workpi ece conprises: applying the abrasive article against the
wor kpi ege i N AAGEHHod3HCRNNbIIA AR GbAKIvERE G ess¥RiRmgEONt ol vari abl es; and
adjusting at |east one of the process control variables over the abrading
period in agemrd@nra agcnHotfhmodaldéla chorateodfiap\abrashe astidis typetviteh lapplisaitst ant
cut rate. 3. The nmethod of clainms | qr 2, wherein abrading a workpiece
conpr i s&TKpiece iRY PYFY an 2prafipg pepnd: a1“§te; conputing val ues for a process
control vari algifho P%c@@fﬁngp[ﬁ&re't fuftn aR GEAL IR BARIb e it D de!
using the target cut rate as an input to the nodel; an controlling the
pr ocess agieid typt irvaochalhe witle thetthedeh by atliavg apabstadialigsenkstan cuitwate. conput ed
val ues. 4. The nethod of claim 3, wherein conputing val ues conprises
conputing application force values, and controlling the process control
vari abl g co I | 4 ] i i . which the abrasive
articl egi s gg%‘k?@%”%@f%@{“ %’@e\;\% Et%?!é@g%é{r/cgr 't ée%og%)rrgs |S'ng peri od based on
t he conput ed appllyltgshe Sbrasiircartielehgaingtthe Watkpicte i uedobdihce oithrons ioR@orst or i ng
the conputed values wthin a grinding machi ne; and abradi ng the workpi ece
with t heresssseonire!l gariableseangdsi ng t he grindi ng machi ne over the abrading

period in ac g&[‘]é% F’h{fm I cont rol
Vari abl e, - S9SARER kel oo chin e BB Benif B AR vt e BEREER Bty e
conpri sassorddicadiithghé modsitto \wolikye Be eubdtdnfiallheordbn@sittetear ticl e during a test
abr adi ng peri od;
3. The method of claims 1 or 2, wherein abrading a workpiece comprises:
selecting a target cut rate;
computing values for a process control variable over the abrading period in
accordance with the model using the target cut rate as an input to the model; and
controlling the process control variable over the abrading period based on the

computed values.

4. The method of claim 3, wherein computing values comprises computing application
force values, and controlling the process control variable comprises controlling an application
force at which the abrasive article is applied against the workpiece over the abrading period

based on the computed values.

5. The method of claim 3, further comprising:
storing the computed values within a grinding machine; and
abrading the workpiece with the abrasive article using the grinding machine over the

abrading period in accordance with the computed values for the process control variable.
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measuring an anount of material renoved fromthe test workpiece at intervals
during the test abrading period; generating cut rate data that represents a
cut rate per unit time based on the neasure anount of material; and fitting
an equation to the cut rate data to conpute cut rate as a function of tine.

7. The et nOdmahad GPcidin 1-SNQNGLR ARAGHAL A B8 BRGRLseCOMDI i Ses gener at i ng

the nodel to conpute the cut rate of the rasive article as a function of
a |l ength of tabreinghatest Werkpebe sithviee ghrbdied atiblzsiubieg i tegp pbraduigtperibdie

wor kpi ece at a substantially_.constant force. 8. The t.hod of claing 1-7,
Wher o1 1 gener BRI 00 AT LLE R TR (g 169 8 ORI 2 e JURES £ he

cut rat %@ésﬁa&mﬁﬁeﬁdﬁn exponentials. 9. The nethod of claim8, wherein
generating the no conpri ses generating the nodel to express the cut rate

R i n accor dargeaenatithct rhterdata thaueresentsascut ehtt pesuniRaRd based Dn thdRueasuten 2,
where Rt and R2 are constants set according to an initial cut rate for the
abr asi vemoynt plopaterigl @gdial s a 1ength of time that the abrasive article has

been applied g, %6&%@?@&1 et ﬁ&ddatﬁ toa&t%}P-elt_l%e n@%g?ﬂe%gﬁnpﬁ&%%ﬁ %’f‘ﬁﬁ]eb f10 The

met hod of clains I'n generating rises one
generating values for a process control variable for use when abrading the

wor kpi ece to_achieve the substantially constant cut rate over the abrading
period; Jand dewerethodhaf elaimsguas Wisiengenergiipgie megek qomprspegancstingthe process

control n\‘{g&ell ab cl:o?nﬁurge tHe %l rahd OFnE Hhlali9e Eﬂﬁleaal%raaﬁin&ﬂ)npoq{ai lgﬁigth of fime that the

abrasive article has been applied to the workpiece at a substantially constant force.

8. The method of claims 1-7, wherein generating a model comprises generating the

mode] to compute the cut rate as a sum of two exponentials.

9. The method of claim 8, wherein generating the model comprises generating the model

to express the cut rate R in accordance with a first equation as follows:
-t/T, ~t/t
R=R Xe ""+R,Xe "

where R; and R; are constants set according to an initial cut rate for the abrasive
article,

t equals a length of time that the abrasive article has been applied to the workpiece,
and

T; and T> are time constants.

10.  The method of claims 1-9, wherein generating the model comprises one of:
generating values for a process control variable for use when abrading the workpiece
to achieve the substantially constant cut rate over the abrading period; and
generating an equation for computing the values of the process control variable in

real-time during the abrading period.
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