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abrasive articles and, in particular, techniques for
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[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 variables’, 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
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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.
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[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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[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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[0021] FIG 3 is a flowhart that further illustrates
the process of generating the mathematical nodel.
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[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.
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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 cut can be achieved or a fixed amount of
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pdMsRESIEMIDPrb ks Fiprfciddn ¥hichfcaRbad! Wafand chpbiegeantiQrankshaft

or subsequent workpieces, to achieve a substantlally

digheipoing eud Saishingstoll sufecing, lapmnasnwfmmrmg fébeg opag connectors
an%x ?10516&9%% agﬁ GEAe ong n(iﬁeﬂg}/ ﬁﬁh{é‘r b %{aﬁﬁeg%g% r%lgdeel 14 to

arison Wi conve (o) I qUés

ao?hle‘vb xsdbahitady Rgndthnrabiakive pgHotnantcl padhicas oy en abrasive article,
article's life. [0034] Abrasive manufacturing, process
e.g FRyrale alBOUH P! Sratesial pjaveq Dy the WHAlE, a #iERce [Bish, a workpiece

g&ﬁ&ﬁ&r%ﬁ@? ggécrlbed herein are not limted to a

partic type of abrasive manufacturing process.
[0835] ®xdmplyethe atveaton & noalivfied toa pagicplaotyps ©f abraaye bryicke 8. For

chem cal nmechani gal ol.i. shi ng (.C\VP). .pr oc
e E%,@?{asw © 8%"1@%%1“@8@2%%&) \%&“é]r“% 1)“?:‘5 E‘Fﬁm%’rfd’ndlt“’nmg or
otﬁé@ﬁ@ib@ﬁdm% ot Q0! 2@ Aidtake MeSBHASE ak @bbIt, a pad, a disc, and the
surfaci ng, Tapping, manufacturing fiber optic

hl@o rMempmrs abraside @tpltcle@amayjb@ p@esgructafhm m‘r}enumbce of ways. For

ent ut er ener

BT R e i RPN P (ROt bline e
AR REREe Baydiclady A5ihd@, &1 p6lythericfcefamicCibtallat, 6r the like, and

anpunt of naterial renoved by the article, a surface
usuplly gigludgs plypgipe parécles 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.



geonetry, and the like. [0035] Simlarly, the
invention is not limted to a particular type of
wW@boaseose7 article 8. For exanple, abrasive arpCmUs2083/041302
may provide for grinding, fining, polishing,
conditioning or otherw se abradi ng workpi ece 10, and
[00?6{] Meka 1uhBay & g'en@fat@ﬂo@alg}%é&e al%cféagjusn?g git8 CollcrRd (N%? a period
Ke. Moreover, abrasive article 8 may be constructed
ofutm@frymrabmgimg mfaclum/@ of @wamwmamih@urlam@@wél ltarndtively,
8 i ncl ude anp .abrasi ve surface
A g e A S A RS AP AL Gheh Rl et apparats
20Par@: confpiktet MR hy beABE A 6fflikEEfréh abfasive rmin'ilﬁactdrk—% pra@ds 2, but
usual ly includes abrasive particles that provide a
dirgetly cenmegichtivady £ounleh eigo nuow i wrentroller 4THltespatiyslyy abrasive
artlcle S t. hr.ouah t Qgg
tes apg?rat ?O’n ;ﬁl?erggt grrel%)glgﬁ)e gintait 38% 2 ﬁﬁmﬂ% fof abraswe

arti€le QU g:tmmvd fast a?pﬁldﬁl@ 203ndebmpasr m a1ag, fohexamyile, rrHﬁSé w1th1n a
surface. The rasive partlcFes may conpri se hard
memaepiag Plant Weare sbrasiveadiste S anpiodisedearshnay elleéfgomcally

oG O B B3 D ., o

pﬁkﬂ&%ﬁﬁhbﬂchﬁﬁ@ﬁbf&Slve article 8 using data coIIected

erlo of, tinme from abradin
[ORATILEC, & ihAchemati Aiagerm skadngan %%Fg)?f’ngftrﬁ%}veq E?St apparatus 20 for

usdRd géne}éhorﬁ%f S0 BN ah @Fre RBAD ADER™ VR HIESD, one or more
apparat us 20. Abrasive test apparatus 20 and conputer

wdikpieegs Hemhy bateszined 61 p]:a,@nf%o At esdriele?risi pesitiencidrvgthin
l%r O S Ul ol Sixc 1is ¥?t0.0 n If}cﬁ%{lrlg\rlzﬁle{i(?@g?l{gtlo%gfatable shaft 26.

aSéve teﬁmp&ratl{s %0

CRREQASINMS, abr@sie ARHONAL fituA04, @mrmatﬂe;m rbéate Ofa poQleh sugﬂ@ﬁed by a
nai nt ai ned by a manufacturer of abrasive article 8.

mpjer fxit seowswithip pavsrgi32.20 and conputer 12 may, for

[06%@_]”1?1' thie e{a%?ﬂlg ?m\l)\%&it}leﬁt %ousg%% ﬁﬁg lﬁg idpigeﬂ) kf&ﬂgaﬂ’ﬁﬁsﬁg a support

rasive ar
shaft&dtto providd 4 meamdmwgagmtgabfasﬁbelarﬁme 2P muhemkplecﬁ Bkt a
values 16, or both, to controller

e|§1frp ¢ faree @’) ﬁ‘%qspv& ng@%%(o E[b@%Vﬂ ar‘p?l@‘%Z znarysbed)osmoned in direct
ccﬁﬁ%@%ﬁ'tﬁe i B0¢ @%PMPH:%E RELd Mtaddla SXEIRIE %Q&g&e\g@ Platen 36

test apparatus 2 use in generation of
catmes the wabipsie\d® aad thielpls enaiftgingiootent hatwednGrokpieon 80 @nd the

SR S e Pt P e 4R s O PSPt which may be

rot®dhhINgddRMA A MStof Gnot @H&Nﬁﬁ@@é@\kfﬁﬁlﬂ bake3d.i Mt tHisSnadther,
nount ed to rotatabl e shaft . Consequently, abrasive

abgasiyecdriicle 22 apfl wonkpiec0 ramb%mat@d agipshpae anather ysdovderce (F) to
ab[rﬁ%g P’ﬁ:C%{%@ egﬁg{e(g%ozrﬁ:ﬂ% , thanlsinngoggl Prgysge
[Odﬁﬁmrbpéﬁﬂfbhpﬂirﬁwe&bﬁmgp@aﬁl@ PP@fidy 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
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shaft 34 to provide a neans for engagi ng abrasive

article 22 with workpiece 30 at a desired force (F).
WOR0A®69427 sur f ace 28 of abrasive article 22 nmapChEs2003/041302

positioned in direct contact with the surface of

wor kpi ece 30 to abrade a surface of workpi ece 30.

I, fsh

o SRR GUEE o R R R P dons
ma® De uBtdbievim8hitddso futlatr pwva ieudcctuaey akihs CQHCONW t

shaft 40, rotationglly driv
(0D FIG iy mARSB e i bae &ie BrACtshp CEspaiigE om cxemplary
maﬁi%mbmnéaeﬁ ! Bndlif qurvg mﬁﬁﬁc%)mg%&@s 7 &f @hRse a

agal nst one anot her under force (F) t abr ade
subwtemkipily cens8t rft©0B38E. Althoyshrdescrored fatm@mp\l@}’ tPBQlOS@S in reference

to SRBtearalPsaR i SwRERE 4t uiderdoot Bafna bR Feng! Syimiced
In 6@Er Wokls! MERhemANRMABcADERIelskflay bdgdRNfE@Lsing the techniques for

appar at us 20 may perform a sequence of representative
vala@masmrkpleg@was, jabrasive ertisghmaiyaes @rdcess copiiel yegligs g thplike.

[O%T‘gr%&?ﬁ leSg§ ngf} Log)t%%t?erg?s g{jor er%%rr %glo\fl %I@ r1t kefs 1:91}/23%1601‘3 one

or RMIARESIVE hrifiglePOE @bfsile aniulk P2 o). Bsr amlpamy @aiposes, the
article 22 may be of the sane types as workpi ece %8
techpiguehwilkbs desgripaddn gefgregee 1o Qneraior a%%\@é&%ha%wms In other

R L N T B
mateficfambigprodess btmgﬁﬁﬁﬂate?theelagt. abr adi ng rmchl ne 10,
common equi pnent and, con g% ons

[0042hHronesglepidng the eREESLVE AR O QPPRIOT ol gawg% a‘afPSlFﬁ fest apparatus 20
ﬁ‘ﬁ’ﬂu&tﬁ scgftoﬁc of RRAOIbrAdie o;%rétﬁ)né‘ (iéi)owﬁpéfaﬁnﬂlé" <’1\>tperator 18
lustrates the process of generating
direate labltaalwy teshragaeates 2tal applycibirasi verardeln 22 ¢ Wori@lwsr@sasm a

manuf.act yy.i S to.a eve bs
copgbant (Faud: bleCaRRiR bttt P ReluRe By PO Bigbiyeypuict
an@ WoRPRS&S Helh g 8fted, 8RE Soradifg OGS ina g raigk ek fe@ﬁimnutes to many
equations, it is understood that the techniques are
homestorsyen flafist ed. I n ot her words, different
(OB ISTA68 s B aSBET 8L SRRy A rarionsmerval
(54 TRl datd typieslly pivass shectotil ambustadftmaerial fimmdthe mitibl dpplication
0041] .To generate m)df 14, an o&%gator % o
of ba@%ve clgflo te@omt of FlepfuspRgats Spiervalsdiale frsdoor may
a@pﬁ bt t}?erlEﬁ%h ©F time -a8rasRRGLARIY 82 Bhd Be‘éh %p Zed(tB Rork @ée 30. For
ary purposes, the techniques wl e descri
examptee foensthoscally mpeasmug)lnma teryiaks emayelst usaé paregordshe @mount of

R e T e R P
reMc@%ﬁEéne%ﬁBﬂ’y Q@é‘%@i&adlﬁ?p&ﬂidavhérp@%ﬁbd Wpoconsehede@ o).

the abrasive article, operator 18 controls abrasive
[004Ht Thepyodected cut2ta 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
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toinitiate a series of one or nore abrasive
operations (44). For exanple, operator 18 directs
W@bra®sose7 t est apparatus 20 to apply abrasi ve BCT/U81083/041302
22 to workpiece 30 using, a constant force (Fc) for a
test abrading period. Depending on the types of
abrasive article and workpiece being tested, the
intaioaladi ang N rand betveegn tiamgatefwabV and Aw /namltakingttiee amemage of the
hours or even days. [0043] During the test abrading
“mbﬁwpaﬁ operator 18 collects cut data at various
[00145{ BoV&ampld, ﬁfafoumﬁlgqélsle 111%%&@\5 ertioﬂQif‘éﬁ&rﬁﬁletcﬁfedata measured
amount of material fromthe initial application
fromfablra‘sefeatbs’tapparetuar?ﬂl cle to the p0| nt of measurenent.
The intervals may be fixed vary based on the
| ength of time abrasive ar?@i&é 22 has been applied to
wor kpi ece 30. [F anple, gar ylincreasing
time interval oﬁﬂﬂ@ﬁ' ed fg%reczrgﬂkﬁg%guaunt of
material renoyed fﬁon1mnrkp¥@he 30, d$4the cut rate of
abrasive article 22 may|gen Oally rq@gqe
exponenti al | y rever—the—abrading—pertod—when appl i ed at
a constant fotce (Fc). |[0049] The cdbécted cut data
can be used to cal cul ate an anmount of naterial renoved

In b0V SRamPite O P BOLPRINGTEY Yigh a9 el 4 ollgvs:

22 d t F | t t

per Ry ot ffﬂ?ﬁ 1§1§r§§g cﬁé% Jﬁggwfé?ngagh ?nfgrvég Sy

di vi d| th@)a‘ﬂl‘bunt off0mafer Val renoved during the
BT R S R i ATyl

In $oMedadey, (N ®@rhid BAR ifMEcatalaCdéerth 8OinRyit SR G B fbews a
cut rate between tine -9 WO 2004/ 069477

smgvkwxpjsmual/ @4\1@ OIG. Arifos example.Ns agtrpkithat AWeptigies wgamplary cut rate

o PS8 B Al SO B 0, AR, B o

dath abetet hiattﬁ&dl BY €% AnPefthiowd nfre exqsulbhitals UFIG 6t1aa graph that
nmeasured from abrasive test apparatus 20: Tab

illustgtes %amphrm@utr@feaqiamb@t cag begnatg @C@ratelygeprf%ﬁeﬂ Wlfh gditted

cmi%%? Z?f\x/a{lng %\ﬁ@n can e ca u%t d(;l@g ﬁaﬁl%mg& e Eut pate (R) can

be hfdtheikraliGallyBregi2Serfiedl &Golows:3. 04 (1)
_ —-t/T; -t/T,
R=R xe "+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, ¢ equals a length of time that the abrasive article 22 has been
applied to the workpiece 30, T; and T3 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:
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6 2( 50-40 60-50 [0046] Next, a curve can be fit,
e.g., via conputer 12, to the calculated cut rate data
W@ 2@)3/0694rh sonme cases, the cut rate data indi CBEBEESH03/041302

decrease in cut rate over time that follows a single
exponential curve. FIG 4, for exanple, is a graph
t hat |IIustrates e ary cut rate data that reduces

[

i:

over E a:@[(%? xponential 56. More

ata is better matched by the 3)
sun1of two or nore nentials. FIG 5 is a graph
that illustrates exerrpl ary cut rate data that ,can be

[0%%%}10 [ gtua%ltlg {lgéz eogttﬁea?&éy ég‘}ﬁ 15 %éf&)gg as %f—ﬁe— %7and the y-

precisely, the cut rate (R) can be nathenatlcalfy

1ntre?dé[)t9(%§ N &dingd af BH VR, ) RactullleuX rfte Batdlmay ifude Sombd th&insic

In"equation 2, R and R2 are constanfs set
vaﬁabmt}ddlmgotthb pocésniahd e metsureateatst ok béshét hbe tsthe Einear equatlon
article 22.

cappe U InEIBE 2SI NBORRISaeT &U%?metﬂoda ﬁHt gtiod will Trinimize
thci: F‘&nrg ot? Eﬁtsqh ef J)igfh e Pesidudl &GS of fhe%%u%tr@cté@ﬁg&nhé’fltted line.

rasive article 22 has been applied to
Mbi'eespwziﬁkepll}ed@ 188 squiareamoetial canebetuispe tcimdb 2 slops andhimekreept for

ts. th t
g §B5r Rt Rireter Boivpaiy (Bone thebbaes CheRBCEER! e e constant
Tjanwﬁ‘lbc;eatﬁéﬁ@ga‘hyr@%v‘étsle'ofﬁ%@lé e as a single
exponential. In equation 2, R2 woul d be zero. In such

[084YaMere coquuenlpriho cwantetos an ebrapive ovilhbe betierditdy|theaan of two

crBON oG DA PlRbn S DT ShOh Byt 2 s B . T pbhenti

cofionerts of &A8dn L Raik bé foundbiyan itetdige ii)h‘(ﬂ:[é& (Iﬂ’)paﬁfcutdﬂea least
equation 3 is defined as in = -1

squaredit cappe p@forn@dd%s b Weompufsr 12 of F%]) 1, uﬂ@g lg%ﬁ slpg (m) and the y-
in e%e?hgﬁtt@ematé {111% H&IAYE eblﬁ‘ﬁlﬁ% Q%&lent\fﬁ I5igADiid é’anqiéedone by

process an the asure A best fit line
extamitihg thei da&aandeqﬂmntlmwhclanh&aﬁtstf drehidingexperiengalt duevepéB A, has

b FO° SHTBReah Lt G0V B oo S 4P B e bofestyps Fffion
ha¥@ed SHAE Ei‘ﬁdn%ﬂtlil rc@ﬂi‘pbﬁk%t Ehﬂ b&shibkdab8d froMPh8 cut rate data at each

specifically, the |east squares nethod can be used to
inferyed tayisldopsidaa dlatarfpeq:a@épmtetvel Intlike manwer, tiR sceand ¢xpenential

o A APt 2 B Bl i
le®t s§i@esSdnalis. ThlS second exponentlal 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 repeatedl‘y 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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[0049] More commonly, the cut rate of an abrasive wl|
be better fit by the sumof two exponential curves as

WO pooeqesr on 2 where both R and R2 are non- zeP@I/U31063/041302
exponential conponents of equation 2 can be found by
an iterative process. In particular, a least square

[0830] G BRIPRE fe@t!idﬁ%ﬁ 2 2% d@soribéll arnS@émmcﬁﬁ bé 3xt@f1déﬁ| tPexpress an
using the slope (m and the y- intercept (b) t

application ferce B dfi abmslvs;la@wls/ 22 seddeditm gcl@wmtmﬁqsd g8 mate during

be { {
S R R ey it G bbb i e i DAY B3R AR
ex?@@ﬂﬁ rht0 OF ghviabive aﬂicleﬁlmo%? LiRE Wiknya édﬁ@taﬂﬁﬁoﬁzea(@k)?fs applied.
Is point. The resulting equation havi ngéa singl e

Fresagbis eelatienshipg rptesmaticalexpecssion crmbe derivedden the @pzlmatlon force
t |
e T TRt R B

ex@ﬁi B enikhen@fichlnaiprassiph dhryb@@asreti Jorzthe applwauble force of abrasive
culated fromthis residual data using a

ansﬁqa P ESWRHGNSFS 38 as ?rﬂl%ct@a ORI SOREARY B faé%ﬁ‘iﬁo?ﬂéﬁgth of time
G2 LGy Dey ?,fékﬂag@ pliEQMB b RRpibqy nal cut data at

erva rovi e a nbre accurate estinmate of
[0031] Bdseddn e;qxqmmmn,nt whs égeratihahthallRi mdpt,of equ;atloaﬁ iberease with
repeat ed, nor e accura‘ﬁg est tes for

the SO KFO<C SHiS R BoR A L EpbATEaY S C5Io i Speigpe. where

eaHﬂEftlclet\pfs tEﬁéd guadonk@ahl SriahRiugh &s 1. A A eBhT8 e was used for
reshol d. The nunber of data points included in the

eaels witivket teObedrve hew texpostantsiod bqt@a@mp@m@nmé witirforse. The experiment

o RO SRR LA 5 BRSPS Pt B v

[0052) IR Wsiadod 6f hdw tiRWNALAHOSF 2sih@le bbRisFakiticle Eahged wathe
several sanples of an abrasive type may be averaged to

applieatioaref defgamiapalsp whservdl.  Bheexngaimeny was @prtjda queh g m@@ner that

o S PP YR B e T e

w@ofqtatt used s@ tias thasic ratdkat] baen G’Jﬁiuc&dlb}c sieae thx p@ntidat the
press an application for

copbiygenelhed kY B8 SROBTTDOE b e hDE. o P Pclwéwf two
orqgfe@gh{é@boﬁﬁcﬁﬁt@ de ﬁé%)ist db8lifh Og'@i pofiRkEhs, Thé @ut@Q@\(@as then changing at

equat 1 ons ave been derive express cut rate of
a dbwasiaiee Thetaboisye2asdher testedrat amaqnerme@tﬁ mematenidally ¢ecreasing

foist hehSerEy » SBFiSCLPBh pEit B bRl Puldgeasured with some

deBRRI df @BdrY. fInGest PREEERSRE Mnde@lrﬂﬂa heMe aBraiRetwilllweRe during the
cut rate at” any point within the abradi ng period. For

tesix Jiwp lincreage irnfoneasiay seppedepp peaki forrecmd than tagied with nppotonically

de\cﬂ‘%l%l&lgg E(lgl gsg?f tgtg sz];an(i) [ &S%x? :éug%l?ﬁ %\}a\é %se@&ltxé -t ns%lé c Was mtcreasmg.

Theadue rad dalted frREEIN0ade el daverd b]%agdde Ta:brcasnateewasr ¢rilg heasured
has been applied to the workpiece. [0051] Based_ on
ongg pthe highest forcepel qEpmample therfallowingaaguarge gf forces could be

us@@.%,écﬂib,é’o, a8 @8@1@@&6@45? IThe 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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the application force. The experinent tested several
abrasive articles of one type, where each article was
w0 embeeb4at a constant force through its |ife. BCT/US2003/041302
different force was used for each article to observe
how t he constants of equation 2 varied with force. The

L | ¥ T
[0?93 %@%ﬁentsﬁﬁ@%&j tHab BHe dvBRcEd BB &R AG{ARLR] beleldNfed & a

change when different forces were used. .
strpighbidje Byhthe Jeast syupiss methddowheHime ovss founddodhvea §pmgéere intercept.

rasive article anged with t pplication of .
Fupp SEniEnth sfodrERR0RE oty b e RS iR BBl e ftea to
seiBaACT sBafFBIR) thidkd diffeerisioped bwfthd fgneearzepd idtéept. The non-

abrasive during the experinment was negat ed. The

zergbntesGopbis apgatrapalation efdbe e ratautsidecof dag WoHking reaee obidp
duced b t i t : ' i on..of
o s Pt B L RS sRA LR P O ORE A Ol

wdTRIng@¥a¥f ehe Afrisive. 'THe wokidghteg: 4f theanasist RnhSramke bhforces
fast declining expaonential. The cut rate was then

widhwhigh e dhrasive effestiesly caisdhe wREkpiseadit v iRiges; hglaw the working
ral{[%? {h%%bi?'atsi i$ ﬁgﬂf&% at f:utﬂﬁg %eos{){)r%?ileh% %Pﬁirgﬁ &{cﬁ% tab(t)‘%e ethe

ces and use or a suffrcien erio
warkiinglraige, theubrhsive oreaskpient indamagdme degree of
accuracy. Long tes&jSBIeFli ods ar? un esi_rabl.(ﬁ aE t he ht i
[0034 ¥ jth ghe Gauptions 4 e th GUiTRE ofrababrasyyeearticle caanggs fpught its
1if 9f SfRsRSoRleO RRESL VA thetbuP BAK cHAEESw AR fort O A tidcRS ot ilvad Abrasive
nonotoni cally decreasing forces of the sane magnitude
artidie lifeps modedf\hwrtotahleicfeor censteas rathel ah by ngryimghide dorce can be

rate_.val ues. ach force |level were averaged. The cut
fo't‘%{i@:%g’saYf'ﬁ’lagferfgg'gﬁfl%@ne%osﬁ‘é%ﬁﬁ' t he hi ghest force
| eve or le, the foll ow ng sequence of forces
cou|?@§—§@%£§h »40, 30, and 20 newtons. The )
average state of wear utd be that which existed at
whege Rt g ssinginerple: £ é%tth\é\g?m%c?‘naé\}\i g TIHKWPEBPME? fgasurement
of%H{raf@&s‘s‘?f&@@%ﬁe@%%b@&e.zo and 30 newtons would give
a goo

estimate of what the cut rate would have been
[0635]@doteofar 66) isfa funbidorathrbeipressahi ait rape pwamit fatceal kb function of

.durjng this tes -12.. 2004/ 069477, PCT/ US2003/ 041302
ol 3] ISR 6 RUETAAE TH 4 D FAGERTE Y Pipating R()
at d#Hx@d ¢6Ue B head@libwki tted to a straight line by the
| east squares nethod. The line was found to have a
non-é((aégli(m-eicept. Further experinments showed t(lgint
the clt rgte at different states of wear could be
fitted to a “series of straight lines that had
Neitf £ pyeadé fostopesntihstdefined sehehaion- zero i ntercept. The
non- zero intercept is an extrapol ation of the cut
r at eR((ﬂ)si(&ét >fFfhe working range of the abrasive) It
is a mathematical construct that aids in calculating
Adtdoedingly, thatf@lowing equatioes candrekdemiyed:ange of t he
abrasive. ,The workjng range of the abrasive is the
rang& MG( r%é%XG\{ISH-I/\Mth the abrasive effectiv@)y
cuts the workpiece. At |ow forces, bel ow the working

G(t)

[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 a desired level

of cut independent of time:
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range, the abrasive is ineffective at cutting the
wor kpi ece. At high forces, above the working range,

w0 bsabmasi ve or wor kpi ece i s damaged. [0054] RET/0S1008041302
equations of how the cut rate of an abrasive article
changes thought its Ilife at constant force, and how
the cut rate changesv)%:\hforc fixed point in an

abr 3R] LeG(ALH)RSCDSE. F e ppe TR * o

constant cut b
found. First, a variable G was i ned such that: R(t)

whitcH&dn)be writtenlas: (4) where Ris the grinding rate, F is
the force, and I is the y-intercept fromthe
meas ?QER’M_I of cut rate vs. force as described abovep
[ 00 55 Mogeggver, G(t) is a function that expresses cut
rate per unit force as a function of tine. It is
Equaidepeheigmesses the applipion face om fuocie omrde topaehigye a target

Cogggﬁg% d b gg&lr:%k)? d%&\lgtlon(a% a]fl xeﬂ rce FF| xed
pseudo f ce F fined such that: R(t) G(t)x
. M_DEJ@LA Ff ol | owi ng equations can bg1)
derlved R Xty RpeX t—)I+_| ‘and (7) F =F+3t (8) )

[0056] In equation 8, the second termis independent
wlefe Rorapeesastsithd rget constanbent rate Gorisg theeabrddng peripdnBt angt R; are

copifs 59 FeyaRe G Fiv HiieRerh Bt B A tefls e
coBt/ 1R 4édd B%é?ﬁ?&%ﬁ@(f&ﬁ@ %nﬁil répfeédenisfthd %)ﬁ‘t@(cbbtWalue from the
F(t) + =¢t)xF(t) +l, whi ch can be witten

meggurepen) o-cuREate vs. (fammy. TL}Z te)?hrEqwtdeéfﬁled hexeif eashesapphed to a
vapgtSfl | C%}as% a];t(i)crlgs an%sabpas{vg '?r%ﬁ?ei}tlﬂf ﬂrggesgeg. %péﬁYﬁ)l@, the
techmques may 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
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 pm filter, and was used 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:

-14-



const ant

rate of cu

be conmbi ned: Rc -1

article,
deternn

equat Lon

t.
F(t) -

2, andl

cut

vaFMeef r g

m Aﬂﬁ‘agdiﬂi‘ g

SUA%ngHz d

(

Equati ons 10 and equation 3 can
Riet/T, +Rke-t1 T2-1 xF~.
wob@re6Re7 repr esents the target constant cut
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pol ycar bonat e Iéns was a 76nm SFSV PDQ B4.25 | ens
[0039 ribEdimkanty Gt was repfeated citythrelfabrative dsislidsc(éwenagmbMeragez,
abrasji v s a, P280 3wmr34 ab SIV rom 3
AP AR DS SBP RO FHE T B (b e S R e tree
tnﬁéét(Aletageg lhﬁwéﬁgé'; 29‘Avéra§gﬁ?t @he K&*{ﬂ'ﬁ!ﬂ&@éssoéoluﬁﬁlel l8R$2-6) used

pol i shi ng machi ne was no ied by replacing the spring
dulrmgdlmiewanfgh&tecbm grh@s,aannd thes/micareadscut (golwmann) & listad; in gnicrons.
I|nder re._consi.stent
%lﬁ éi t\%]? c;H% e CUtr‘é?E %ago abra asiye ?rtllct Shraél Cffhg & cﬁ?m% I?l?e test,
avbialot it raB éh@ﬁ forze tbvbpwm&bn@mu IRIWSSNmfcIfS Y@ niyg6be and y-

during the (?rl nding process. The first, tests measured
intereept Gatadated for ghe date Bipally.apw Qists § (rogislation gosidigiat th@vhich is

a §t£]( s‘ﬁE %afur@ of ﬁ%&tﬁ&lﬁﬁ{ﬁ#ﬁe 0{1 TRL Soddr r%?fool R G&ter WREaight

essen y constant. | owm ng resu ts were
hrﬁkﬂtat}m@demgﬂf data.nTwbrty seforidviestt wersasedth ]asmeasffmeant cut to be

tests: -14 WD 2004/ 069477 PCT/ US2003/ 041302 T
acpgAe %ﬁx}@ﬁe&g@zwwg% B%ﬁvff%ﬁe?éﬁ%or? 8P 26 sccond
teﬁ%’&r "Jlgﬁ%r e@ggc% g0.5 28.5 28.0 18.0 9. 8656 45.5

. 2p45165 10537575535520300220

[OQQ(X] 11\86x'i,zh@ te@7was GntidugBtorhagesrize 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:

Table 3
Time Cumulative Cut Cut Rate

0 0 N/A
10 37 4.05
20 81 3.80
30 113 3.35
40 148 3.23
60 207 2.75
80 258 2.5
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14299 90.0 84.0 79.0 55.0 40.0 Slope 0.00774 0.00712

0. 00691 0. 00492 0. 00393 Y-intercept
.998 .996 .999 .984 .993

r

-22.4 -19.7 -19.8
[ OO5B(T/TRZD03/041302
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Table 3

(cont.) Tine

qkbat

I ve Cq%4cut Ré

ate 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 cumulative 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
several different forces and the constants of equation 2 were determined for each force, as

indicated in the following table:

Table 4
Force R1 T1 R2 T2
5521 1.91 519 1.35 21
8217 2.84 503 1.28 31
9283 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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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
wQ@am4/pE71. 18 400 770 1.06 440 810 0.98 480rGHBSHNB®11302

540 896 0.80 600 944 0.73 660 984 0.63 720 1019
0.58 780 1053 NV A [0061] Colum 1 lists the tine
[O(é%ﬁi]%\fl%'blé/ﬂ,tcbhﬁnisfl% 1B%E 2aPERERR NG deBifed Tor SRCRIAR forces

um 2 lists the cunulative cut for the test
usgd dugng/depesscBew.7 @gl rawrd kidh theavierapes arthstandaed deyedtiopafor the
rate cal cul.at,ed as descri bed above. Based on the
conp tg,trpg%egév%}& a, the constants R, R2, and the tine

[0063)SERAAtiSn §lwRNBenhReiMeS ortifite b AbARM appldaSiondsict &P£aineton of
at several different forces and the constants of

tiragy that wenldachisve a gelséantinhe gorfstant ewtahterbapeseon the above-described
da%Eédi cated in the followng table: Table 4 Force Rl Ti
T2 5521 1.91 519 1.35 21 8217 2.84 503 1.28 31

0283 2. 55 499 1.84 54 shRfbbsBokh/626 2.82 25 18044
3. 62F5‘16T. g . —O5- FX9283g. (12)
S5um’secX e +T.84um] secxe +1.0um / sec!|

In particular, the average time constants listed in Table 4 were used, and R1 and R2 were
derived from the data in Table 3. The intercept /=-1um/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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STD 23 8 35 39 -16 WD 2004/ 069477 PCT/ US2003/ 041302

[0062] In Table 4, colums 2-5, rows 2-6 lists
weovshemrs derived for the normal forces usedpd/UR2993/041302

the test. Row 7 and row 8 |ist the averages and

standard devi ations for the constants, respectively.

[: ~ Lan - 1S ; a, o
AsiBiled R0 3E FAL! RS L RiADTRHE Ce BGAT a2
twEft bEthatyPpcitdis vamdrica) Miie avsisiadit rawis datel. Dasesec) whidhes
~above-described data: 1.5um/ sec+ 1.Qum/ sec Fé%? =
highesthamthe dosized rater ¢f5l2% Haéses throggheunthe egiiFsabsadipgpeend. +

1. Qum /| sec~~ x 9283q, . 2)..In.particu t .
Miaithie FHiRcs Bt o ricrd B bupiaend Ahoralb Hhors' ffig dctormine
an @dafRIR A0 132 PeRELample vaviafcd 6famstihe T foridved 8% & 18ss may be

The Tntercept |=-1gn sec was derived fromthe data in

aclﬁa‘tﬂdéh@ughtlh{é theppiration ¢fdhe pypdisgmesodel ect ed at 9283
ted in T . i .
roft5h 2R, £ e ot Qo b i B o T3 4 81sf Bl sradineg

perltBtdf 2hleOvitRGubabitel rdté 8t suta FIGS T isargrafh that dlubthees thapredicted

be conputed fromthe equation: Table 5 Ti For ce:' Avg.
coRgE euTatezAveTihe ADTAIERtEI000 A3 DRESST NI 74 e pybiaie of the

b3S oA Rins I s Oy (Res i brmBRt p e 1
apHiBT Bk BAMIBA5 2. 31 200 8440 8114 471 2.20 260

9069 8754 599 2.11 340(&&1&5 766 2.05 420 10789
10355 927 2.00 540 121 165 2.05 660 13410

[066%]@& ittt iﬁ%xample 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, cumulative
cut (iicrons) cut (microns) cut (microns)

0 0 0 0
10 48 54 51
20 90 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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[0064] Columm 2 illustrates the predicted val ues for
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vari abl e. As another exanple, tinme of abrasion can

00RO TorErEs St 1a5 PR 0 5 (o W RpMBUEPoPa ke &

pre%aﬂpld%s&ib@d SamR cwtéﬁﬁg £68 da¥RBf thakkds saeplbyREre ABfged to
machi ne of Exanpl e were used. In this exanple a

deterodet améversgs m@deééor\tbe prasesso his ibghawreingbe frdloweg tahlee

and tine constants fromt bi 7san‘pl es of the abrasive
at a constant force. The fotce’ was set at 10, 536
grans. [0067] Dl.ﬁlng tHe expgrinent] thedollow ng T,
Hafa Was falzan Tahl e R T| faa =) /car\r\nrl\ Sa“P! e—1
(S@mpllfa?_c ive Sarrpﬁl W52, _cynmul atBg8 S Sanpl e 3,618unul hti val.17
QUbpidn Crons)  auf4e( m crions) segh (m ¢rong)dd 0 00 3178
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.
C—Rlelx(l—e )+R2><T2><(1—e ) (13)
where C is the total cumulative material removed by the abrasive article. Although this
equation cannot be inverted to solve for the time, ¢, the time for any given cumulative cut
can be found to a needed accuracy 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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10 48 54 51 20 90 96 102 30 130 135 142 40 167 172
180 60 234 237 247 80 297 297 312 100 354 355 369
wa 29444977409 427 150 488 481 508 -18 WO 2004POB0&2063/041302
PCT/ US2003/ 041302 Table 6 (cont.) Tinme (second)
Sanmple 1, cunul ative Sanple 2, cunul ative Sanple 3,
cunul ative cut (mcrons) cut (mcrons) cut (mcrons)
curh@lpti goeit5 The §@get catiduBipbied b tipamimira of 68es B AvorRPece28as

7 748 8 20 .841 815 880 60 90 77, 956 . 400 971
abrg S E3ed et s Ao tbrpml sy e RbH e iy gukgiete s
abréd&b Ec{h@ﬁoﬁ- 28vas Gd vk bR dLe28ink3ROtdtA1 Q6 ldinthandbTRS AbtEsion

rat e

cut was nodel ed ‘2% the sum of two exponenti al

timedphasspesifieg pbradingsinterd sves fpymd by Hbtracsing thmtota] pbrgding time for
.of & I L We . i
e Bt € e ) SR RER S e B TARER O BN R he

own I n
end of thowparifidddbleeval Table 7 R1 T1 R2 T2 Sanple 1 3.395

484.8 1.613 31.17 , _
[0070] A workpiece was then abraded for a length of time equal to the calculated interval

and the cut was measured. In this example, the force was held constant so a measurement
of the change in cut with 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
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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Sanple 2 3.146 526.1 2.184 31.78 Sanple 3 3.396 556.5
2.449 25.98 Average 3.313 522.5 2.082 29.6 [0069]

wabh@4nede! was then used to determ ne a seri esPOf/USI0N3041302
intervals that would renmove 60 mi crons of nmateri al
fromthe workpi ece using one abrasive article.

[0652 BTt o R (HiEX amip i1 R8d aieesqn{eqw&k%i%cé, s ﬁiégad%ltah ‘)t(se %gi& to

of "the workpi eces as a function of time. C=
retfipve e GFgetpd RROWNITE matgrial front 4 F2jes of Bke warkpiesee s othigewords,

total .cupul ative material .renoved by t abr.asi ve .
tne Refhor SO R RinlimeRn Lo Byl BE PR ot B RS aFoatpipts or
seS&Y of8wdrRpietdie It inBEbe fnord HichbleRo (e foRdR)colirYIER a process where the
cumul ative cut can be found to a needed accuracy by

tinacheanret beodhriefl. Foreesmpley @oligpnpsilongtlpeatl obshegt metal passing

simlar techn.qge r U :
e} B ST B ORI S0 R SRR,
[06T8]VWheh diretdtOWsrkiphsats &r@RbRdediSeahal 0e hioneldéshableito®afyahe time.

a given -19 WD 2004/ 069477 PCT/ US2003/ 041302
Fog gkample; the Chgmicarecharepd Plangrizationt () & sepucppductor wafers uses
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cleat the erid of the previous abrading interva
C¥IPaipplitationsttizd caniditionaitg mebe dont ahtintmiskpdoist¢heaicase, the time of

i nt.erval . 70] A workpi ece wa hen abraded for.a
copighii sntal b6 cbeas opt e fate ARl A Flu 2R AERUp By When
fidel QintAn AR fce EVIP Wa dondiflodibg & ®heRRERs pAdi@alefibLie rt@dved when
hel d constant so a neasurenent of the change in cut

thepacheanditivmagis new adsbapwiedpeing Hedara or e te abrade apkyghe
LR A0 SRR e (A O A e
extandehe/hfe dYlespadesd ubvidd s amodcesistant CMMplocess2 68 14

[0894] F]i% g]is a tllgwgt?art 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 pim/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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WO 0®70494The tabl e shows that the cut per interRel/USRG3/041302

nearly constant and was close to the target of 60

m crons. -20 WD 2004/ 069477 PCT/ US2003/ 041302 [0072]
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aclmlﬂ ehmasllve ﬁrtmha &sﬂ«mtede Fovkexmple, sueh kiprasive articled atalydiave some
t he hods of exanples one or two could be
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reigfegmtﬁ%?thé dut PRY f&%éfg ctﬂﬁiér[l@lgl & deScitRg 1{1) ALARr detail in U.S.

ontro IN a process t1 ne cannot e varile
PaEont Applintion, Sepial Nehl 0l 853 ngthmgt Ralofgreh éided Aptlad, 2002, and

e Rty Tt lin b RESES g Wi Prnicion®”
CYRFIfRE 58S BAEHhR %Eﬁgﬁﬁjand: ind@ﬁ}’an*a CERf ﬁro@é‘s% 'cbﬁ‘t%levai&s 11 to
vary the tine. exanpl e, em cal Mechani cal

commnmw fatthover{aghe) Ifghe B@fnrmnmjmtlox inflédfatas shaugw sate of a selected

S SRS e 12 Gy P ekt s P BiSiae e then

cOAtroDES i @itm;ny AL&Se the apldJieifeice bagenanple rM_M) onadi.10 to
needs to renoved for each wafer. The pad is

acHSYAHI ‘%ﬂsﬁfﬁ eQpstint g rafene ti me between wafers. |t
[0077] Upon updating the process control values 11, controller 4 directs abrading machine

6 to abrade workpiece 10. In particular, controller 4 applies process control values 11
generated via model 14 to achieve a substantially controlled cut with abrasive article 8.
Upon completion (74), e.g., upon abrading workpiece 10 for a pre-determined period of
time, operator 18 may select a new workpiece 10 (75, 76), a new abrasive article 8 (77,
68), or both. If a new abrasive article 8 is selected, controller 4 may update process
control values 11, if necessary, and controls abrading machine 6 based on a new abrading
period, i.e., a new time Ty. If a new abrasive article 8 is not selected, controller 4 directs
abrading machine 6 to abrade the newly selected workpiece 10 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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may be nore precise to vary the conditioning tine than
the conditioning force. In other CM applications,
w0 b@4oendi ti oni ng nay be done continuously. | NnPETIUR2083/041302
case, the time of conditioning cannot be changed but
the force could be changed as in exanple 1. Wen
fixed tinme and force CMP pafl itioning is done
excess pad material is re en the pad
conditioner is new and sharp. Reducing the force or
1tlme to %ﬁrade only the anount needed wll extend the
Ilfékgﬁﬂi rve CMP pads. Use of the nodel may
ext epdehiis CM:}%nOIfoo b A depsk AAH rRE BF hﬁj@orﬂsﬂ?@ﬁl@icle the when
conS|stent process. [0074] FIG 8 is a flowchart
apphied tofwerkbieee 1ypE @yer ant absadingperachatdu es of controlling
abr asi act ur.i,n ordan
*he Tititne {8 Otholbrt i uBisBRER Bk il AHEARNELbE Bggebrasive
ariélb typefth hécdkdance dithQRemdtEN to ahibve a be@lraﬂilﬂ[y dohs@ht dut Gate.
1, perforns a sequence of abrasive operations to
generate the cut rate nodel, as described in detai
abo t r
C ons rﬁ& %nm % ﬁlﬁhglﬁglgel%%lg agi?‘at% ‘:glcthe? §/% dl{}ﬂéo%%{t%er comprises:
abr ashitaifing ﬁ&éﬂﬂfbaclt siphdl GepeRAERS a Stafebof)the Wbﬂ@l&ai arrdat e
is usually a mninmnumdesired rate of cut., In

th
exarAPPRInGHe vhrasiye pricketo the Werlstce dh acqordaace pith, tie open-loop
[0075] Based on the nodel and the
In%%%?&%géﬁg%gbgg&g&ﬂ conmputer 12 invokes nodel 14 to
conpute process control values 11, e. g predlcted

t f s of | u
5 008 ke IR SRS AT RS kit Piedise TR,
The Scﬁapﬁiﬁr%t?é %bﬁl@ﬂ’% flcly Qéalﬁ%% thekworR 1@0&&%&65@&%% &ne or more

control'l er 4, g., as a lookup table, for driving
mD@ﬁS¢@ﬁKéNgwﬁm§,5mio contr ol abradlng machi ne 6.

[ 00 configured, abras acturkn es
e S R R R e
acdoddhi@ vith b haslieN® Je@lelve the dubsthmtadlly\conap@roat gite. 18
selects a first -21 WD 2004/ 069477 PCT/ US2003/ 041302
abrasive article 8 (68). Controller 4 nmay update the
pr o
4 br ottt beiahEs Bfercth AR ekt Bpe AY Frocess control
vaziables comprasres adjueti ardgashemveofanrappliceion dbick iof theiabrasivie article
rate uentl each icle m
ST OGRCBes o ae auib frodel BY aniisetor velggib fdhe
abtr&%%&é Féﬂtt?\fe t8hd @l)ﬁ(ple%é uﬂsc%efdaﬁgéiwm tHeUhb B! a @&h@dH for the
U.S. Patent Application Serial No. 10/115,538, to
ab@:chlyg Mriodadndor eoplarftiflosd April 3, 2002, and entitled
"Abrasive Articles and Methods for the Manufacture and
Use of Sane" Controller 4 may read the performnce
5.i NdeRne rARHo@EF disim DI WEGSS BEdin0d wodpiRs cdhpfises:
conpensate for the variation. If the perfornance i ndex
i ndiselereng § ezt it Ffbe of a sel ected

pre-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.
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abrasive article 8 is, for exanple, 91% of the cut

rate of the average abrasive article, then controller
wa200ap6BTMply i ncrease the application force bRCHUS2003/041302

multiple M1/0.91 = 1.10 to achieve the desired

constant cut rate. [0077] Upon updating the process

.cont Belfitn 5 GO :g&@.e ol Rls BBl A omput
0 wacﬁ?%gn&%b?§ %%%adb mo#& lece 10, an pgrtﬁ%uFaranuung
apphadtionlfbee vdluapphd esntpriliceths pramss aintrehyaredleldomprises controlling

generated via npdel, 14 to achieve a.sybstantjially .
an@@ﬁﬁ%ﬂn B Gt VHIC DRSS s @Péleé .agalwahe wotkpiece over the
abF RIS FdrlRAbabddn the cgmguﬂéHQﬁluQQr adi ng wor kpi ece 10 for

a pre-determned period of tinme, operator 18 may

sel ect a new workpiece 10 (75, 76), a new abrasive

artigcle 8 7, , 68), both.. 1f a new abrasive
7wntiiﬁ%ﬁ%ﬁ$§Oéﬁﬁgb%éﬁgﬁ%éﬁWﬂ%SP%% 4 may update process

contgeRltiN@itd@brabive akticlOBEMSSRMIitPHhERN @idlesRnadi ng

machi ne 6 based on a new abrading period, i.e., a new

t i meuptleting the gompwicd yakuss {aa the proedse cgntial vareble bpsedioacelected
s ntroller 4 directs abrading nmachine 6 to abrade the

B y sel ected workpi ece 10 based on a current tinme

within the current abrading period. In other words,

t he abradig% Period used to cal culate process contro

9

8.val ukly mathp@ gl <lpign7 nvbareipuedaiinadhe epmputed valups,gomprises:
al | qw . j | Wi f wear
ot Al HRRIBREE ek FonPEThEh-ARHA0L Eieid B 102
wor kqoingeeiag the 2088 for\the paesssenodl veefable wsingtthe performance index
i nyention have been described. These and ot her
as ARPBRYT R §n%§% within the scope of the following
clainms. -22 WD 2004/ 069477 PCT/ US2003/ 041302 CLAI M5
1. A nmethod conprising: generating an open-|oop node
9.0f alleumnethad ef dhimah, faphersiomprisimgi cl e t ype when

applied to workpi.ece e over..an.abradi.n eriod: .an
b rgriSe fopsep EEErls tmat i R SRS g 2 Ao
pedbtggidve article of the abrasive article type in
accordance with the nodel to achieve a substantially
consawenatioatly Fare@nputing atuesderibe prsress| cantiplatipbletin ggal-time
' ' t kpi ece further conprises:
]x%%féfﬁﬁ%gQgﬁgggggéggn%@%%al representing a state of
t he wor kpi ece; and applying the abrasive article to
wor kpi ece in,accorgance with the open-loop node

t he
10y Thiemetbed Bhelring pgHEPEr COMPFIESet hod of clai m 1,
wher gj .k i [ j . ying the
&bﬁhegatgg t@gﬂgp&e@ vméﬁahﬁﬁg SRS Aecind RR&

abrasiv e agal nst t prece 1 n accor dance
wi t habombngthevomrkepiece with the abrasive article using the grinding machine over
the abrading period in accordance with the computed values for the process control

variable.

11.  The method of claim 1, wherein generating a model comprises:
abrading a test workpiece with the abrasive article during a test abrading period;
measuring an amount of material removed from the test workpiece at intervals

during the test abrading period;
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process control variables; and adjusting at |east one

of the process control variables over the abrading
w@ero47accor dance with the nodel to achi eve PEEUS2003/041302

substantially constant cut rate. 4. The method of

claim 3, wherein adjusting at |east one of the process

cont gealzrauﬂg Eﬁﬁlﬁ{e‘%ﬁtm% %@9&&{%& MW @it {1&1@%533‘&% i

an application force of rasive article “against
medsgrovondipi eCmateniahacdr dance with the nodel, an

application vel o abra3|ve artlcle rel ati
© P ERE AR Raiod T e <Ot mi<ichue B CaMRRAs Pl o fuiption of Eme.
duration for the abradlng period, and a cool ant fl ow.
5. The nethod of claim 1, wherein abrading a workpiece
1%0 inhesresthod sktlaim il hgzeaemtingyeut raﬂ@tdataatomprbcsecmmimg jangverage

el e i SRR st PN ot e e ring

bgﬁewéﬁmgemscut rate as an input to the nodel; and
controlling the process control variable over the
abradi ng period based on the conputed values. -23 WO
%003‘;&%%&%’F&ﬁaﬁ%ﬁ?f}ﬁéf?ﬁ&%ﬁ@ﬂsﬁg The et hod of claim
re-co onpri ses conputing

appl dodgiutiag afrémdl(’al Eﬁblulﬂﬁed aim the@hticl dndfe titeatprdamesisd
control variable conprises controllln an appllcatlon
f or ciiugtingaingmbenel exppagitigbcoppanents of shegaypiiatbasgh e the
BiLSGEpver the abrading period based on the
“%ﬁﬁbuteg valugs 7. The method of claimb5, further
conpr|5|ng selectlng t he abraS|ve article froma

Zglur gg{a5|ve articles; | ating the . h
gt gbelafmy | Wh%elarg&e%reen%am(’ 51 COPH PEHECHRALE dhe
m8dkl W&ﬁﬁﬁlﬁg thelduk kef-éé 8f th8 abrhbige ﬁﬁfcﬁ@éjs Phunctic &P a7length of time that
wher ei n ‘updati ng the conputed val ues conpri ses:
the elrdsirie arictedias beemanpdiefl taitr Warkpicechat asubsientiadily sbnsigitiferce.
article; and conputing the values for the process
control variable using the performance index as an
15.np Ul‘hetlﬁethb@ onvldih 14 Swhel¢if goRdrh@tk ®bdellcaiipribes detétatifd the
conpri si ng neasurlng an actual cut rate upon abrading
mpged LRI e QRUFALHAS 3 HEn bR RIS od:  and

16.  The method of claim 15, wherein generating model comprises generating the

model to express the cut rate R in accordance with a first equation as follows:
—t/T, —t/t
R=RXe ""'"+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.
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automatically re-conputing values for the process
control variable in real-tinme based on actual cut
w0 240e/06m3d7 t he nodel . 10. The net hod of cl ai m 5PCT/U8100&041302
conprising: storing the conputed values within a
grindi ng machi ne; and abradi ng the workpiece wth the
br a [ RG]
D e RIS IO nbth TR DBmPHES s hing the
mjodel to hemputo eespplécation dérce vhih abtasive atticleTtoshehiqukcsfas a

claim rei erati a del. ¢ | Ses: . .
ropfon o lier e Pand PRt @ e i REonf PR FpdbBisve ricle has been
appliell Rthe WoRkpie@Pr adi ng period; neasuring an amount of

material renoved fromthe test workpiece at intervals

during the test abradlng perlod -24 WO 2004/069477

2003/ Q4 ratln data

1§ gpr HEpEod O p 470 Bl stpte B8 it Wperating the
mBBETY ELpradiabd b plfcaﬁ&t Rite(F) idhckofdahtd With AReSsHdalgh &b 4

the cut rate d%ta to conpute cut rate as a function of
follows: 12. The method of claim 11, generating cut rate

data conprises conmputing an average cut rate for each

i nterval based on the neasured anmount of materia

renmoved during at ,least two imtervals. 13. The net hod
of C:I_agy . furth& C rmrlsm , geonputi ng a residual
erro se —t/ﬁﬁe o& t”@ﬂ he cut rate data; and
adjustlng nber expone al conponents of the

equat ased on the uted resi du rror

The. HGGE Toressiay (F Frediienty YR ‘g{‘}“ﬁd & gsiag period,

COMhSB R, d8DRE AbicBRstAMISset g@&ﬁclimé % SO Cui AR I%H the abrasive

rate of the abrasive article as a function of a |length
atgitlet i e that the abrasive article has been applied to

" ne PRERYSEE b AN ATh A B Al S T anacn,
aigonpri ses generating the nodel to conpute the cut
rate_as a sum of two exponentials. 16, The nethod of
cl ai fieprssentha Bytgices Néhlatfioawﬂﬁéw equ iRy 3t @B dnitial time To.
generating the nodel to express the cut rate Rin
accordance with a first equation as follows:
1R=R X mefhbd 6R2bedm tl/ tvBerein 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.

20.  The method of claim 1, wherein abrading the workpiece comprises abrading the
workpiece with the abrasive article at achieve the substantially constant cut rate for an

abrading period that exceeds at least 500 seconds.

21.  The method of claim 1, wherein abrading the workpiece comprises abrading the
workpiece with the abrasive article at achieve the substantially constant cut rate for an

abrading period that exceeds at least one hour.
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where RI and R2 are constants set according to an
initial cut rate for the abrasive article, t equals a

wo eovgiobe4of tine that the abrasive article has PERNS2003/041302
applied to the workpiece, and Tl and T2 are tine
constants. -25 WD 2004/ 069477 PCT/ US2003/ 041302 17.

2dhe paibes Qinpisdligm 16, wherein generating the nodel
conpri Ses generatl ng the nodel to conmpute an

appl & mait:hlon tdf @hm@ owotkipieca lwithsinvabrasive artidet amdt he

and BeEfyBR o tP e ffnfearRe oEfP 2breo e 2 odbh ekpiece by the
mhaeiahe 1nadwbﬂd€ﬁ’cet\@1tﬁ BeopaLlopp ﬂﬁﬂel tl)eachfgh@a SEdsR@AEal®¥ constant cut

claim 17, wherein generating nodel conprises
ragfef@éﬂwtﬂhﬁ@ﬂtewéﬂdﬁodel to express the application force
(F) in accordance with a second equation as foll ows:
F(t)= RGI 1 XF Re-t'TI + Re-t/T2 -11J C, where Rc

23.epr ehesifstent BEclhiad UB twHeeds tdonGUller bt Anafdeghck Renal
abradi ng period, where RI _and R2 are constants set

repEeSeRHIETOState oftheivarkpigse. aid congrals themachime 40 ppplY Ve abrasive
ax?'élte'tg i wégﬁt{)fe%) | e&g&tdﬁnée 1él§ ﬁ??@?ﬂ-@%@a}{l%{%ﬁ% ?iH(sl; gh%:}%?dback signal.

orce use G deternm ne
represents an intercept value fromthe first equation

initial _tinme To. The method of claim.1,
2fahera’gpensyém?%x{l§1ﬁb22{ mglefﬁya g’e c&a%xle;rscggtrglﬁ éheomachme in accordance
wiif 'i‘)ﬁé 81 bk Q’l@ééé? §or§tﬂf1 vﬁnﬁﬂ&c ad a(?]QQE hQkasY Bhd ﬁlbtlhg pk&¥ss control
use when abradi ng the workprlece to ac leve t
vagisgblts amei anl dbyadimgpdrandtto @dhicveathe sobstantin iy cadstant cugrate.
period; and generating an equation for conputing the
val ues of the process control variable in real-tine

231ur i e $RRnPEr AShIB, Rt thedQntrdilg AARIRAE 10t &Je'q\if@&ll

wher ei n abradln%ﬁthe wor kpi ece conprises abradi ng
appbicptpindeecegi the @lwaglp\aéalaﬂtth@wﬂ@aecm thatw@ velomty of

n n [a
o8 APRRE b X BRH A il s Byt Blon R e 50 Rfgiod. and
coviih@ldwof claim 1, wherein abrading the workpiece
conpri ses abrading the
26.  The system of claim 22, wherein the controller comprises a computer-readable

medium to store a set of values for a process control variable for use in controlling the

machine during the abrading period.

27.  The system of claim 26, wherein the set of values represent application forces and
associated time intervals within the abrading period, and the controller directs the machine
to apply the abrasive article against the workpiece during the abrading period in

accordance with the values to achieve the substantially constant rate of cut.

28.  The system of claim 26, wherein the controller updates the values for the process

control variable based on a performance index associated with the abrasive article.
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wor kpi ece with the abrasive article at achieve the
substantially constant cut rate for an abrading
w@emioe4rhat exceeds at | east one hour. -26 WPCT/US2003/041302
2004/ 069477 PCT/ US2003/ 041302 22. A system
conprising: a machine to abrade a workpiece with an
29br agh¥ §ysdéth bf Ligim 28 0wRer&@Mhd &kdn%plef RGN 48 iniR8ting an actual
application of the abrasive article to the morkplec%
ciyraternd thenatebsiveeartigle sloting therebeading persd, apkie-doogutassbietalues for

to_achiev substantially constant cut rate for the
tw%qs%%org;o?ivag .e%?al?tff@ggﬁaé’%%g? dag?'ai m 22, wherein
the controller obtains a feedback signal representing

a state of the mprkgiece, and controls the machine to
3@ppl Yhe Resteb ebslaire 22 durthed conpaisinge aeorvpireeadaple medium to store a

C ce Y the open-10 del and t.he feedback..
G RC Goth e GerBE Ry BT S i 0 FREBAEtion force
of Db tabaisive lartedhg st tHeheorkBiebd ARl 4 1ima SE ikl A §itadivk pbriod.
one or nore process control variables, and adjusts at

| east one of the process control variables over an
br agh [ | eV antal .
SR P RGELPGah DARIE A FTEL ATHR B0 e
canpdtaiddd ef vahes dsit Spratesk easttolongalsle farse dp phd wadti®when abrading
force of the abrasive article against the workpiece,
ther PV IRBIEFE R ACBIS Ve greosebitgnt@ﬂly COREIRFIES 68 articl e
relative to the workpiece, a duration of the abrading
period, and a coolant flow 26. The system of claim
322, Wheswiam phelaipo Al foitharcoopnisimgse®mputer to generate the model and
conput er-readabl e nedi to store a set of.values for .
SROPE bie! G508 PamruliF e sl ot nithin B Hgmoweh wherein
corBplten@l Gtk eh iR FoPdprRSER GoRes] vaHiabld Tn acdflBYS el model,
claim 26, wherein the set of values represent
anghesimpaRicyas the velss nidle meshine ifert usd whiemabiadingrthevorkpiece to
a%édgitﬁe %&%tﬁﬁ%lgﬂéo%g aﬁpra'eooq, u@md the controller directs
e machine appﬁy e abrasi ve article agai nst the
wor kpi ece during the abrading period in accordance
with_the values to achi eve the substantially constant
33-at e TBt systam obglainy R fusthercamprisiag 4 yserigterigpe piesentedyey the
c&r[ﬁ?ﬁ_ tE1QblrELeivRARE RS clithie VRhMER the Eoré ePlPafass thg Qfgltugﬁln
vari abl e based a performance I ndex associated wt
adchuelaabr wih Vie moddl okiag theXdrgdd0c B @6 /a0 68 Aipnt to the model.
PCT/ US2003/ 041302 29. The system of claim 26, wherein
the controller receives data indicating an actua

34.  The system of claim 32, comprising a user interface presented by the computer to
receive input data indicating an amount of material removed from a test workpiece at
respecting intervals during a test abrading period, wherein the computer generates the

model based on the input data.
35.  The system of claim 34, wherein the computer generates the model by calculating

cut rate data indicating a cut rate per unit time based on the input data, and fits an equation

to the cut rate data to compute cut rate for the abrasive article as a function of time.
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cut rate of the abrasive article during the abrading
period, and re-conputes the values for the process
w@ominel47vari able in real -tine based on the dap@r/uS®dn3/041302
The system of claim?22, further conprising a
conmput er-readabl e nediumto store a nmathenmati cal
3@rodethd fiatent 6f AhiBS33, Mherdih HeAlotnRiter CRRURRS AR MR rate data by
article to an application force”™ of the abrasive
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b l] ' 31. T f claim30, wh [
PR ER RO vyl e ol for real i
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for use by the machi ne when abrading the workpiece to
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t |_ai 0, further ricsi . ut er
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claim 32, further conprising a user interface
wgyl@ggﬁpgaswmpﬁ%ﬁy%%‘g%m%ﬁqo receive a target cut

rate, wherein the conputer cal culates the values in
accordance with the nodel using the target cut rate as
3%n i Rpusystem ehdaimpd®wheddn thEmeode) sepaencots the @itmat82s a sum of two
eCOHPrti@isi ng a user interface presented by the computer
AN Eei ve i nput data indicating an anount of

material renoved froma test workpiece at respecting
intervals during a test abrading period, wherein the

4@ onpletystranel dras 39, aeratp el meded sepressntstiee ¢uipale (Baina.
ac%grdag&ewﬁﬂgtfﬁgpr?ggatﬁ als R gdys: Wherei n the conputer
g Re nodel by cal

ener at es alculating cut rate data

i ndi ggtin Cut/T a per upixf time based on the input

dat a; flsfg ar?qe'égggsﬁﬁ t}o,the cut rate data to
conpute cut rate for the abrasive article as a .
f uncthesh fornd Regre copganpgpes gerordise 47 mitil vepEdooihesbmsive

The system of claim 35, wherein the conputer

calcul ates the cut rate data by conputing an average

cut reaelsfadengthofitimetiiet visd abbasethrticle hhebsmmappliabio the workpiece,
amount of material renoved during at |east two
andnt ervals. 37. The system of claim 35, wherein the

CONPHL 14 BARPEhESofktdsi dual error based on the
equation and the cut rate data; and adjusts a nunber

of exponential conponents of the equation based on

41t. he "f}?enl)yl’sl%e%jo c Bs.ill’I{jM lwh%gerir? thie model represents an application force of the

abrasive article to the workpiece as a function of a target constant cut rate and a length of

time that the abrasive article has been applied to the workpiece.
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38. The system of claim 32, wherein the nodel
represents the cut rate of the abrasive article as a
wo eoveeam’ of a length of tinme that the abrasi vBCHUS1003/€11302
has been applied to the workpiece at a substantially
constant force. 39. The system of claim 38, wherein
4phe madelstéR Rl ERAAUS, WhReidUhe MBS S
exponenfejl]als 40. The syst em of clrg?rr%ge% mﬁféglg:\éﬁcnﬁorce(mm
agreadance sithaswrend egyatienas fpHews:(R) in  accordance with
a first equation as follows: R =Rixe-t/Tj] +R2xe-tit2
where R and R2 are constants set according to an

initial cutfrate f Ze abr asi article, t equals a
Iengt]b PI _tji ne tha cthé abr asi, >%]‘I_arti cl e has been
appl i eg %er,/T2 _g cand T2 are tine
const ants The sg em of a| m 40, wherein the
nodel esents a plication force of the abrasive

arti SHEte RRESGR Risit@ae coustantyhEAs dirings the abradiggtperiod,
cons{aBte £Uhd ?@Eﬁ: &Hggﬂe g&rﬁg&%}d&fé to bh EGEU&IQ"&{ &att«bf%r the abrasive

abrasive article ha
arztlZE WO 2004/ 069477 PCT/ USZOOS/ 041302 42. The system

nodel res t he
appl }Fa 5?1?%??“%5& %é‘ﬁf??)““gﬁy copsiagt {% 34 aet%mla%gﬁélrst equation,
agguation as follows: F(t)- RC I 1xF Rle-tI T, +
R2e t1T2 I J C, where Rc represents the target
cons{ eppresens an attercelmtrwahvg frame thelfiraiciqugtigreati andpitialvivee &.
R and R2 are constants set according to an initial
cut rate for the abrasive article, Fc represents the

43UbsThaystdrh i €loins I anberéi@themdsiate bitagalRs %ﬂ@lécla Qvith the
first equation, and | represents an intercept val ue

abragKg bslerat fhey SUéﬁfalﬁtqllmoa%tar&r@ut ¥iitq fogan abiadingperiod that exceeds at
lelﬁ%o%ééo%ﬁk of claim1, wherein the nmachi ne abr ades t he
workpiece with the abrasive article at the
substantial ly const ant cut rate for an abradi ng period
i hat Tl$xceeds {3‘ ?ast 500 secaonds.
e system of claim I, wherein the machine abrades the workpiece with the
abrasive article at the substantially constant cut rate for an abrading period that exceeds at

least one hour.

45. A computer-readable medium comprising instructions to cause a programmable
controller to direct a machine to abrade a workpiece with an abrasive article in accordance
with an open-loop model to achieve a substantially constant cut rate for the abrasive article

over an abrading period.

46.  The computer-readable medium of claim 45, wherein the instructions cause the
controller to apply the abrasive article against the workpiece in accordance with one or
more process control variables, and adjusts at least one of the process control variables

over the abrading period to achieve the substantially constant cut-rate.
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44. The systemof claim11, wherein the machi ne abrades
the workpiece with the abrasive article at the
waaimsnemari al | y constant cut rate for an abradi PQI/psI00eH1302
that exceeds at |east one hour. 45. A

conput er - r eadabl e nmedi um conprising instructions to

4Taus &ha cPmpGeArarabIE medRidt bOEIhiRs 43 Qyitr&if Gile ﬁftﬂ?&i@hp&use the

to abrade a workpiece with an abrasive article in

cortEdier ihadiust @ lepstpne ef dh) dnopplinasihel foras ¢l abrasive article against
AP Bl £ AN RHb 0GR TR) SlappiSud VEloelS of e brasive
artiolqrelative tethd ailrRpib@duiingdhe Sradify Horiodher ei n the
i nstructions cause the controller to apply the
abrasive article against the workpiece in accordance
ith o) riabl.es. an
B e EoPbyeERaB e BRI SATEEYL SR o RRgn sawse the
contavilet toediedot adimaghprerdusidg tie: AekiiRy periditinsuBstiant vatt ¥set of
onstant cut-rate, -30 WO 2004/069477 )
VPEeY 1953 EPSEBerag ol varblemsiculatedipmra mathempticnl medeluofthe cut rate
ofthiaftdRe JWgL €i n the instructions cause the
controller to adjust at |east one of. (1) an
application force of the abrasive article against the

kpi duri t di . jod, and (2
40 o1 ThEE oot eaestly mrphe SuRach Piera fhece bol e pegcsent
applichiiéh fREdsRLE ﬁlﬁogﬁfégﬁﬂné itﬁlfer@efﬂ DO Ghiaffe ﬁﬁﬁﬂ%ﬁﬁ the

_conput er-readabl e medi um of claim47, ere
Insiuetions causa sheenntrellethie diredrthe vlatkine toapfily tetabtdsive article against

' duri t he _abradi.ng. period in accordance wth
ROt Mt ARG B OB bRns Gy R RN GRRE o niche e
subslaqtiblat @shsfahortesoftat.nemat i cal nodel of the cut rate

of the abrasive article. 49. The conputer-readabl e
medi um of claim 47, wherein the set of val ues
epr JN ' ; .an i ated ti
b er el ampRPlenttic ARILAL LA, SRRL BfiutoBns case the
camsilentotreaie thawsket fremeorviipekihg detioe diat &cdcutel éhe model.
machi ne to apply the abrasive article against the
wor kpi ece during the abrading period in accordance
50t hThOGOnIR MR ad BIAMBAIEM o cMEm MY RHARM | !iﬁs)fru‘&?&‘rcstc%ﬂge the
rate of cut. 50. The conputer-readable nediumof clarm
capgrollgineriey aketthemodeltfpurcti-thme compsrtivmef theontueal | er to
receive the values froma conputing device that
executes the nodel. 51. The conputer-readabl e nmedi um
5nf  cAabiphter-reddabeintedilit coMphisiHg Hh@RSpre@iBRg hil6pen-loop model
controller to invoke the nodel Tor real-tine
fog gsrolit afiaghing to atmadempakgieces ithanebmsirearticle saladbicye a

su@?tqhﬁﬁﬁycc%m%tscju@ gattg Arehd SRS eearHiile %vgrnanoégo?arll&illl é) 8&10’5‘.’ del

53.  The computer-readable medium of claim 52, wherein the model represents the cut
rate of the abrasive article as a function of a length of time that the abrasive article has

been applied to the workpiece at a substantially constant force.

54.  The computer-readable medium of claim 53, wherein the model represents the cut

rate as a sum of two exponentials.
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for use by a machine to abrade a workpiece with an

abrasive article to achieve a substantially constant
W@ 04068427 f or t he abrasive article over an abredi/ng003/041302

period. 53. The conputer-readabl e nmedi um of claim 52,

wherein the nodel represents the cut rate of the

br

? a’isl'l% Lfrt%rgeg%a%ger @Iﬁ%}iﬂl“tﬁf‘c% (ﬁ‘é’feﬁlhg%g? éﬁ)édei feﬁgesents the cut
ra‘m(rﬂ&m mercbahc@wahhsftrwﬁquatﬁdryasdonmmnt force. 54. The

comput er - r eadabl e medi um of cI aim 53, wherein the

rmdeIRr—eRque @t‘éthp]g rife as a sum of two

exponent| -31 WO @04?0694’77 PCT/ US2003/ 041302

?{Og}?&'ke&e cgﬁsqgﬁé Set g@c%'r&’iﬂ% 93 %@Ln%ﬂ]cétd'rate ?{h%'aﬂraswe

the el “repr gsents e cut
aN!K:lEh a first equation as follows: R= R x e-tlTi + R2

X e-tlt2 R2 are constants set accordi ng

to awquﬁ#Sﬁlsmgtﬁ af tlmatﬂgatfﬂ%frab(rﬁévea%?%lg gt becgrappiedito the workpiece,
al.Eguals a length of time that the abrasive article has

een applied to the workpiece, and Tl and T2 are tine
consT amtdsl; abbtim& henstantput er - r eadabl e nedi um of cl aim

55, wherein the nodel represents an application force

of the abrasive article to the workpi ece as a function

50f aTﬁ@&ﬂﬁ’}% ut&ORaAANM melitn A BmAIN wheteN @k in@fel iép[’@.ents an
that the rasive article has been applied to the
apmpktmnef@@e of Btk abragveatiplgiie therw&albceeamﬁmgmro@f afaggefreonstant

resents t.i on .
o Goig A et g e S E R A Rt B Bt BB workptece
follows: F(t)= RCG1 1 xF Re- t/T + Re-tlT2 | C 1
2 where Rc represents the target constant cut rate
SYur i hee ereperrigadadle medivap! clitmelte WRereihde F@odg} gepresents the

I, for

E&%Qéﬁ@r agcle\s/(g5 lrgé:c%?c h cﬁ)? g%roégeﬁ‘lfl% ks f}agtf%% Stantial | y
constant force used to determine the first equat i on,
and | represents an intercept -value fromthe first
equation af an |n|R| al ytine To

F(t)=
() Rl —t/Tl +R2 —t/T2 I_| C,

where R¢ represents the target constant cut rate during the abrading period,

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

F¢ represents the substantially constant force used to determine the first equation,
and

I represents an intercept value from the first equation at an initial time To.

58. A method comprising:

generating an open-loop model of a cut rate of an abrasive article type when
applied to a workpiece type over an abrading period; and

abrading a workpiece of the workpiece type with an abrasive article of the abrasive
article type in accordance with the model to achieve a controlled amount of material

removed from the workpiece during the abrading period.
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58. A nmethod conprising: generating an open-I|oop nodel
of a cut rate of an abrasive article type when
wappkioed7t 0 a wor kpi ece type over an abradi ng PEr/USIN3/041302
and abradi ng a workpi ece of the workpiece type with an
abrasive article of the abrasive article type in
59.C COMAa Rfetholf I3 1diMS sTRMBleid Mrafhl BeSvGHBRN E&Leﬁ@s abrading the
anmount of material renoved fromthe wotkpiec uring
wotkpiedsrimdiqogdanee il the BRAAEO 20iTdy6bE@ANtially constant rate of cut
dPCT/@?ZB%ﬁ/ 0413.0ﬁ 59. The nethod of claim 58, wherein
W AGT S RWGPRpi ece conpri ses abradi ng t he
wor kpi ece in accordance with the nodel to achieve a
substantially constant rate of cut during the
68br adhegephod d¢laiBes, Whereireathiating theoverkpie&8comprises pbrading the

abradi ng_t he,workpiece c ri ses abrading the .
el 08 el RiaRE SRS wORR e T lie: PRomlig ratepial from the
wotlfpiee dafBy e fra péicd. fromthe workpiece during

t he abrading period. 61. A nethod conprising:

generating an open-|loop nodel of a cut rate of an ‘

br asi i 1ype when applied to workpiece type
6gver%a%&g§§g%rﬁhlgs%%’ri od; and abrading a plurality of

wor k pereeatiiigein dpes-1ow) kipi o atyip@teditan abrashleradisdly 8/pe when
article of the abrasive article type for varying tine
appliefl 4@ @orkpiere LEpeHRsE 8n ahAmE Retipbd®d to renove a

const@lk; Qf ik :8Ce. . :
oo A AT TR s oL GAEAOFKRBr RRiv it o
theablgsive aeticle gipp fosesying tiormpetiodginthccatdanceswitlothetrh@lel to remove
ti eriods:. and. | ying the abrasive article to
agﬁlﬁng@n?ﬂ’ét %’P%ﬁ%?&g?%ﬁ ‘YCHEPIF%ESpeCt i ve comput ed

duration. 63. A nethod conprising: collecting abrasive
6£erformance data for a type an abrasive article when

ppl Theimethodpficiaia 6df whetclopibsading dervearkipieery camprises:
open- | . nogdel.. of er.f or nance raneter as a
func??lgﬁ&onfg agl?atbor%gécgrstge gglﬁthBP&Spgﬁ‘grret er based on the

col | egilgidg iy @shsie PAEEQS BERRGE tikakarkpiiaes @b iRdes@cO@REcomputed
or .nore workpi eces of the workpiece type with one or
dpafi@abrasive articles of the abrasive article type

in accordance with the nodel to achieve a desired

63. A method comprising:
A collecting abrasive performance data for a type an abrasive article when applied to
a type of workpiece;
generating an open-loop model of a performance parameter as a function of a
process control parameter based on the collected abrasive performance data; and
abrading one or more workpieces of the workpiece type with one or more abrasive
articles of the abrasive article type in accordance with the model to achieve a desired

abrasive performance.
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abr asi ve performance. -33 WO 2004/ 069477
PCT/ US2003/ 041302 64. The nethod of claim 63, wherein
W@booatié9ag7 one or nore wor kpi eces conprises abr@diUsmoz041302
plurality of workpieces with a single one of the
abrasive articles in accordance wth the open-I|oop
47008l ReBEH b Rind 6§ AR kbAlInk 008 hEhE RLrRRLAS bffprises
er f'ornance each o kpleces
abraalﬁﬂgaa:lplufalny af wofkpiccohwith lamngbf(auh crfgh@aiﬁasme amickes in accordance

wor kpi eces rlse abradi n east o
wxvf&hﬁ%pe%&o 5[15‘? CEES Ste;r% aﬁﬂéoaﬁf»ta%ﬁ éasa‘fetﬂe&ﬁ%é@ance for

eaElE‘ f@ﬁ%’rg@@&%. vvlth t he open-1oop nodel to achieve a
stantl 'y uniform abrasive performance for the

mnrkpleces abraded with the plurality of abrasive
rti od .of . cl.ai m 63, wher ei

6 deS| dn%IBngf ?}émb g?’f“gl?eﬁfﬂﬂ Rradigsine QB LoLe WOFI?A%CFS gopgprises
ab?efdn?g £Uast 8hEof e WOHGied@Bivithi allufaBRDYaHe 5.151@&'[\/& Bgicles in

Kpi ece, a surface finish inparted to
acwdmmesm&l tham@ealmmpdeé @eac@l@yﬁ@tsmpstammlle{m&ow abgsive

asi v ti t of..cl 1y 6.3 ein
pPRE s el oiibisre dardnErdR i MpRlie SO gl e
conprises at |east one of an application force of the
abrasive articles, a relative velocity between the
66abr aEhevaethpd Pt ¢lakn havhasein sy desired alrasize perfRITTagEe mRIESeS at

1e§‘s*? [ ﬁec' bt}l £ c%%&gt g&)tt%l g@a’l %@ﬂ(}roﬁﬂg \9015( f%wé raash&a&af fifdsh

oo} conprls ng: genera

inpaged toxhe wmlqﬁéceoﬁncha Wel‘kfpﬁm:mﬂmﬁel}nﬁ aeinaIedrbycthe abragdp:eartlcle.
abrasive article type when applied to a type of
sem conductor conditioning pad; polishing a plurality

6PT SHHU R0y o 91‘«11&{‘@_@ es{lﬁeré% ttllﬂe oE&QY @bﬁtﬁ‘&l'ﬂaf@ne@é%f ‘?ﬁe $f28-loop

conditioning pad type; and eatedly abrading t
moda dompasesrag lqmtobnmdf lan applscbtlats fores afrthﬁ @bl@swe attio;hes a relative

br, i Tl t d t.h 1.
R oo MRS L SRR b Rt
confRt RashifdledJariacMowlratt BEa abslasti ngs. 69. The met hod

of claim 68, wherein repeatedly abrading the
conditioning pad conprises varying a tinme period for

% 30 WS BREHLRCr Us2o0a/ 041302 70. The et hod
of cdeAbrtifgan ‘oba{—ﬁjop m&feeaf £pdrjoralanedpargmétbeof a type abrasive
argc?lg %I/I:}el vsl?elnnappﬁed to a type of semiconductor conditioning pad;
polishing a plurality of semiconductor wafers with a conditioning pad of the
conditioning pad type; and
repeatedly abrading the conditioning pad with an abrasive article of the abrasive
article type in accordance with the model to remove a substantially equal amount of

material from the pad during each of the abradings.

69.  The method of claim 68, wherein repeatedly abrading the conditioning pad

comprises varying a time period for each of the abradings in accordance with the model.
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conprises varying an application force of the abrasive
article during the abradings in accordance with the
WOREal0694785 PCT/US2003/041302

70.  The method of claim 68, wherein repeatedly abrading the conditioning pad
comprises varying an application force of the abrasive article during the abradings in

accordance with the model.
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