1 STEP M LI NG PROCESS BACKGROUND OF THE

| NVENTI N The present invention rel ates general ﬁ& gégééw“?urbi ne
endi ngs, and, nore specifically, to mlling of blisks therein. A

turbofan gas turbine engine includes in serial flow conmunication a fan

t hrough which anbient air is propelled, & nultistage conpressor for
pressurizing a portion of the air, a conbustor wherein the conpressed air
is mxed with fuel and ignited for generating hot conbustion gases, and
hi gh and | ower pressure turbiﬁﬁﬁpﬁﬁﬂéﬁNﬁkﬂR nergy fromthe conbustion
gases for powering the conpressor and fan, respectively. Both the fan and

CONPr eSsor yi I Qd | m of rotor blades which extend
radially ogﬁﬁ%ﬁ@@@%ﬁmﬁﬁme bl ades are freestandi ng or
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acceptable stress limts. . A Typical rotor blade’is carried in the
di sk by anspesifically toqoillingof bligks thereini des into a correspondi ng dovetai |
slot in the perinmeter of the disk. However, as the nunber of rotor blades
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several bl gdeshihighi wHidle aaelsient aly & p&déﬁéﬂ%dl iaﬁhﬁlﬂtistaﬁe compréggR' fbrngl vy,
bl i sks have been devel oped and are found in comercial use and_are,
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centrifugal stresses in the supporting disk, However, the
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a rotor disk. The blades are freestanding or cantilevered radially outwardly
from the disk and the centrifugal loads generated therein during operation must

be carried by the disk within acceptable stress limits.

A typical rotor blade is carried in the disk by an integral dovetail which
slides into a corresponding dovetail slot in the perimeter of the disk. However,
as the number of rotor blades around the perimeter of the disk increases in some
designs, insufficient material is available around the perimeter of the disk for
supporting the several blades within the acceptable stress limits.

Accordingly, blisks have been developed and are found in commercial
use and are characterized by the absence of independent dovetails, with the
blades instead being integrally joined to the rotor disk in a one-piece, unitary
assembly. In this way, fan or compressor blisks may be used in an engine for
maximizing aerodynamic‘ efficiency thereof while reducing the associated
centrifugal stresses in the supporting disk.

However, the manufacture of a blisk is substantially more complex than
the manufacture of individual rotor blades and discrete rotor disks, and
manufacturing defects therein involve a substantially greater risk. If even one of
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2 the several rotor blades being manufactured is outside an acceptable
manuf act iri ng tol erance, the entire blisk is defective and nust be scrapped
at caonsi derabl e expense. Accordingly, the manufacture of a single blisk
requires great care and attention to rran:zlf acturing tol erances which

I ncreases the tinme to manufacture the bl fFsk, and correspondi ngly increases
the cost thereof. For exanpl e, one conventional nethod of

manuf acturing a blisk includes a rrultlstep point machining or mlling
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airfoils speC| T graﬁl gétgiénP!lagﬁgr ed f%r t hel r ag gék glggn?ree?g‘o?& enct Ions, the
bl ades typmaaiulfgctunngttolamne, the readire blisk issdéfectivet drel musbb@ssctappedmt have

varyi ng taper, have I ave pressure, side
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i ncl udes anmmfaathmrthebhslclandlcogesptﬂuhmglymdamﬂmaoytlthaﬂaofcal shaft which
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mul ti pl e passes The |nt oces |ca des a
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freestanding rough airfoils: hird step uses yet another baII end
m |1 of theemisphericalcutiingendiattachedr to a cyhndncal shaft which rotates the mill

for removing material in grooves from the blank in multiple passes.

The point milling process typicahy includes a first step of rough milling
individual pockets axially across the perimeter of the blank between its opposite
axial faces in successive steps or levels until the pocket has a substantially
complete depth. The blank is indexed to repeat the rough milling of the several
pockets around the perimeter of the blank with the remaining material between
the blanks being freestanding, radially outwardly extending cantilevers which
rbughly approximate the 3-D shape of the individual airfoils with a suitable
excess of material therearound. This rough milling uses a relatively large ball
end mill which is plunged into the blank in each pass over substantially its full

radius to maximize material removal.

A second step in the process uses a smaller ball end mill to semi-finish the
platform at the bottom of each pocket and provide suitably small radii with the
freestanding rough airfoils.

A third step uses yet another ball end mill of the initially large diameter



3 to sem-finish the pressure and suction sides of the individual rough
airfoilss in turn. The end m Il typically circles each rough airfoil in

mul tiple cutting steps fromthe outer tip to the inner root near the

pl aff orm and uses suitably smaller tolerances to produce a semni-finish
airfoil still having excess material. 3 A fourth step uses yet
another, small ball end mll to finish machine the individual platforns at

the bottom of the,pockets to final dinmensio wi t.h suitably snall,
t ol er anced® sem‘lg““st?‘ﬁlﬁd’,re‘t’sﬁéeﬁﬁ such ﬂaﬁsﬂg i 1) ‘Fﬂéoﬂggﬁg:g‘l?dso‘lﬂades uses
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convent i ortleTances fuPTOduCS 3 sefifipish airf wingexpessinatesial. s may  be rough

and sem -finish mlled as in the above process, with the final machining

thereof being of ISGhR SiepSiddd yel SEIHAT SRR YR FHACRIIN i indh Moyl Mamachi ni ng
is precise and relatively qurck, yet 'requires expensive equi pnment which
cor r espondndiyidualnplatferms at Hthe dmttono fof rthe ysarketsr . final dimensionsbwtith net hods,
however, the Hé}di Vi Eﬁ%@r rough airfoils nust neverthel ess be sem -finish

mlled w tSH8 #9eS- whi'ch necessarily applies a contact force on
the airfoils. Since the airfoils are freestanding or radially cantil evered,

they tnherent | Yafkd anb 15 stop eia@ihinld R ailf6f bladtes fused yét o' tafie ™ 1

whi ch nust be acconmodat.ed”in the I Nng process to a renovinhg
excessi ve badltend mill totfinish waghise thedhdividhal ditfodkindefreby again caclifigthe
flexibility. s,agco ted. by remopving. relatively litt]le paterial, in each
pass to m"ﬁﬁiﬁli@‘éaitaﬁg&%ld@%ﬂ@ %e‘PP&E‘t‘?‘Bﬁ‘PE? S@H%%P#ﬁ@sa{%mm@i der abl e
i ncrease igBlefirides fadhidtR the lenf1Bfs oF le&él?uféd" arfgjl$eri es of grooves
al ong the surface of the ai Pfoil It |eaves t|hnte veni ng cusps whi ch nust be
mnimzed in height for achieving an acceptably smoth final surface

contour of the Iprannthercconventionali mansfadeingf pracess, ¢ individuakiairfoils s.
may be rough and semi-finish milled as in the above process, with the final
machining thereof being effected using electrochemical machining (ECM). ECM
machining is precise and relatively quick, yet requires expensive equipment

which correspondingly increases the cost of manufacture.

In both methods, however, the individual rough airfoils must
nevertheless be semi-finish milled with a ball end mill which necessarily applies
a contact force on the airfoils. Since the airfoils are freestanding or radially
cantilevered, they inherently elastically deflect under the force of the cutting
mill, which must be accommodated in the milling process to avoid removing
excessive material which would render the blisk defective. Airfoil flexibility is
accommodated by removing relatively little material in each pass to minimize
the elastic deflection of ﬂ'Ie airfoils, at a considerable increase in milling time.
Since ball end milling cuts a series of grooves along the surface of the airfoil it
leaves intervening cusps which must be minimized in height for achieving an
accéptably smooth final surface contour of the pressure and suction sides of the
individual airfoils.



4 Furthernore, the individual blisk airfoils are individually mlled
and therefore additional manufacturing variations occur statistically from
bl ade-to- blade. Since the resulting blisk is a rotor conponent which
opefates at substantial rotary speed, it nust be suitably dynamcally

bal anced during operation. Balancing i f typically effected by providing an
annul ar bal ancing | and near the hub of the disk fromwhich material may be

preci sely ”BChFﬁﬁﬂetftﬂérebQﬂ\@'ﬁ%ﬂﬂidaD%l@EtdﬁfSﬂ@htélEndmdu gﬂﬂﬂ!&t’%ﬁd the
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t he bl ank fdrbhabaiciicotheenfi¥dBiik. @ sidewal | in the blank. The sidewall is then
cut by the mll. alternately repeating cutting of the groove and

sidewal |, the groove is mlled deeper in the blank to forma pocket along
whi ch the si deflgwevert bedealargiergosrection sffg¢ctad| at the land mededsariiyt basa i nproved

ffici d t.h f EE DESCRI PT|.ON.OF THE
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particularly described in the follow ng detailed descri pt lon taken in

conj unct i edividual eirfoilscmayyagyire gd dmmg puovided sufficient nitefille 1 is a
schemati ¢, [ RIS HRILA ISR treltd iH¥thiiallnbdiAhe TG 2 the blisk.

~ Accordingly, it is desired to provide an improved process for milling gas
turbine engine blisks with improved efficiency and accuracy.

BRIEF SUMMARY OF THE INVENTION

A blank is milled using a rotating mill. A groove having a bottom is first

“cut across the blank to partially expose a sidewall in the blank. The sidewall is
then cut by the mill. By alternately repeating cutting of the groove and sidewall,

the groove is milled deeper in the blank to form a pocket along which the

sidewall extends. Since the sidewall is formed in steps, improved efficiency and

accuracy is obtained therefor.
BRIEF DESCRIPTION OF THE DRAWINGS

The invention, in accordance with preferred and exemplary
embodiments, together with further objects and advantages thereof, is more
particularly described in the following detailed description taken in conjunction
with the accompanying drawings in which:

Figure 1 is a schematic representation of a multiaxis milling machine for



5 point mlling a plurality of circunferentially spaced apart pockets in
the perifreter of an initially solid blank to forma gas turbine engine
rotor_blisk in accordance with one enbodi ment of the present invention.
Figure 2 is a elevational, partly sectional view through a portion of the

perimeter of the blank illustrated in Figure 1 showing a ball. end mll
initially formng one of the pockets therein. Figure 3 is an
enl arged, elevational end view of the mIl illustrated in Figure 2 cutting

a plurality of grpoves thr h i he peri net. of t bl gnk t.o fQrm.one of
t he pocket ﬁopﬁeg@ﬁ’ﬁ‘gaﬁdp %ﬂ% GéﬁgFﬁﬁqf?eﬁ? g SPRgR 8part pockets m%‘ﬁure 4is
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illustrated in Figures 1- n accordance with an exenplary enbodi nent of
t he pr esenacdordamee with onoembbdiznemrEdrt Presat irentiar. | NVENTI ON
Il'lustrated schematically in Figure 1 is a workpiece or blank 10 in the

exenplary formaf a solid annul ar di sk having an annul ar central, hub 12 or
i nner portion o lmidﬁs&eﬁﬁ}?ﬂr\ﬁ;ﬂ%ﬁy W‘%gl?ré’ﬁ aap?%ﬁ’&!%fr haft 14
in a unitamndrigietan6F Pleklgnie BiRkated in P 4%0%%%%&91 e yelltihpaay form
specificalfy configured for mlling a Corresponding a gas turbine &ngine
fan or comfomsingronglof the p&keatsithéreimcl| udes a plurality of circunferentially
spaced apart rotor blades 18 extending radially outwardly fromthe hub 12
whi ch defines t Ly shed r di sk .whi.ch in ral pRAL he sever al
bl ades 18 thereg‘gﬁdferg it egga%gerdme;eﬁvguﬁgialh%d X{e oﬁgé%%i@#a@%%%%?ﬁg ration
i ncl udi ng Figaeeraakting £ pPREAME I geGEeE EhrdugR thdPerimeRh of telblarlo\BXms uct i on
side which extend fromroot fo ttlag and betfween correspondi ng | eadi ng and
trailing ed@gesf tiepackeissbereinanditaken genarallpalongilinedohf i gurati on which
typically twi sts about a corresponding radi al axis extendi ng therethrough
fromthe root te; {i.p E%I L | I n
chord I ength thg% §t4m1ie§ear1?lglf}ﬁ§§%t?e er %t%hélggﬁaa&\yé{%%ﬁl%‘gﬁfneﬁ{od:t}?%ﬁ

milling the blisk illustrated in Figures 1-3 in accordance with an exemplary

embodiment of the present invention.
DETAILED DESCRIPTION OF THE INVENTION

Hlustrated schematically in Figure 1 is a workpiece or blank 10 in the
exemplary form of a solid annular disk having an annular central hub 12 or
inner portion of the disk from which integrally extends a tubular shaft 14 in a
unitary or one-piece assembly. The blank 10 has a conventional form specifically
configured for milling a corresponding a gas turbine engine fan or compressor
blisk 16 which includes a plurality of circumferentially spaced apart rotor blades
18 extending radially outwardly from the hub 12 which defines the finished
rotor disk which integrally supports the several blades 18 thereon.

Each blade 18 has a conventional configuration including a generally
concave pressure side and a generally convex suction side which extend from
root to tip and between corresponding leading and trailing edges. Each blade
has a suitable airfoil configuration which typically twists about a corresponding
radial axis extending therethrough from the root to the tip of the blade, with
varying taper or change in chord length therebetween. The camber of each
blade also typically varies from the root to tip, with the resulting airfoil having a



bl ade al so typically varies fromthe root to tip, with the resulting
airfoil having a ' 6

rel atively conplex 3-D contour requiring suitably snooth surface finish
over the pressure and suction sides thereof for maxim zing aerodynanic

efficiency. The blank 10 is mlled or machined in a conventi onal
multiaxis mlling nmachine 20 specificall$ configured for rotating a cutting
tool in the preferred formof a conventional ball end mll 22 for point

m | i ng t he relaimély complive34D estitousrequinmgshitably $racaticihirface fifishelvet thee to t he
mll 22 typicall Lth five, degrees_or axes .of novenent fqr, follow ng
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same type Qerhh@eKoflfhe'Wldrk £0 45ihits T hifb 1t aé(mibﬂésh&iﬁqﬁm uracy,
and with reduced tinme and cost. The step mlling process 1 n accordance with
an exenpl arplatfotm @4 betweenfeathef fheddades 1Bnvention is illustrated in

i ncreasing detail in Figures 2 and 3, and is represented generally by the

fl owmchart represgntatjy.on shqun i | gune 4. . ferri initially to
Figure 2, the st grfaaf%%g@sﬁ}eggﬁlﬁﬁ?‘?d{@dz% ‘-‘.f’:‘@‘_‘gﬁ"eﬁfs te
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starting at the perineter of the blank 10 by feeding the rotatrng mll

section, the milling machine 20 has beén previously used in commercial

production of blisks for many years in multiple process steps of rough
machining individual blades, semi-finishing the individual blades and platform,
and finish machining the individual blades in a relatively complex, lengthy, and
expensive milling process.

In accordance with the present invention, the same conventional
multiaxis milling machine 20 may be used in a new and improved process of
milling the same type of blank 10 with significantly improved efficiency and
accuracy, and with reduced time and cost. The step milling process in
accordance with an exemplary embodiment of the present invention is
illustrated in increasing detail in Figures 2 and 3, and is represented generally by
the flowchart representation shown in Figure 4.

Referring initially to Figure 2, the step milling process is initiated by
cutting an elongate groove 26 having an arcuate bottom to partially expose a
sidewall 28 starting at the perimeter of the blank 10 by feeding the rotating mill
22 transversely across the blank. The so exposed sidewall 28 is then cut by again
feeding the mill 22 transversely across the blank and along the previously cut



22 transversely across the blank. The so exposed sidewall 28 is then cut by
again feéding the mill 22 transversely across the blank and al ong the
previpously cut 7 groove 26.
Then by alternately repeating the groove and sidewall cuting the groove is
step mlled radially deeper -in the blank and forms a correspondi ng pocket

30 al ong which the sidewall 28 extends. More specifically, the | ower
end of the ball end mlIl 22 is illustrated in nore detail in Figure 3. As

i ndi cat ed agrovee 26hdHenl by ahetnately r%ieaﬁng:tbafgﬁmvermdaéidéwﬁmfﬂ:@lm ion
with an outer dianeter 2R,. and radi us I
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mlling pat S sul digitally programmbl e
controller of the machine. The entire sem spherical ball end of the mll 22

has suitabl e cutMoog spedfidalliyhteclomer ehdvef the halteiridcaiill 22 i fitustiaeed iri cal | y
i ncl udes a convex hottom portion 32 which extends dianetrically to a

peri met er omore defatan Eigured. siindigatediabeve ithe Balkend gpll 8P és semisphericaly.

During operati ) ' ; t i th
preferably %n#om%ﬁ%%o%@d&%%gﬂaﬁg& ?Wﬁ%ﬂndent |y
cut by usi ngo bargéetiein theanityr dinenated of thedmutirg ahd idf thé anifleisperatively  As

initially shown in Figure 2, the ml]ing machinge is suifably programed for
f eedi ng ! hemogniad iy the mullmg maching, fer irotatign and: feeding %Qear%oggged
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circunferentiglly spaced apart ones of . tQhje sidewal)s .28. After the grooves

26 at one |@vgng§¢%tﬁrﬁflﬂeeal,s Qe %%ﬂw mdd M@ﬂyr}eﬂuém A{ONVE¥ n wi t h

correspondi | ; : ' : 0 . ' bottom
P?&tocthor C&ﬁ'ﬁﬂt 3 oA 39 fwhibR eRenls Hametrically to é'ﬁehpd ?Na@l side B8 ofithé

32 is used ng the several grooves 26 to“a sul y rough tol erance
of plus andmill 22e/hicH isalsoichpabiadf vattinga sui t abl e excess side material 38
relative to the required finish side of the respective blades 18. The

pocket si deval ! g8 {8y, Lhr S P "ot e Mt g2bSe 34 it
preferably only the mill bottom 32. The pocket sidewall 28 is independently cut
by using preferably only the mill side 34 at its tangency.

As initially shown in Figure 2, the milling machine is suitably
programmed for feeding the rotating mill 22 in plurality of alternating passes
disposed generally in the axial direction for cutting a corresponding plurality of
the grooves 26 adjoining each other at bottom cusps 36 having a common level
to widen the pocket 30 between a pair of opposite or circumferentially spaced
apart ones of the sidewalls 28, After the grooves 26 at one level are milled, the
two sidewalls 28 are then cut in turn with corresponding sides 34 of the mill 22.

In this way, the mill bottom 32 is used for cutting the several grooves 26
to a suitably rough tolerance of plus and minus a few mils and with a suitable
excess side material 38 relative to the required finish side of the respective blades
18. The pocket sidewall 28 may then be finish cut using the mill side 34 to a
suitable finish tolerance significantly less than the rough tolerance and down to
about 0.8 mils (0.02 mm) for example.



suitable finish tolerance significantly | ess than the rough tol erance and

down to dbout 0.8 mls (0.02 nm for exanple.

8 . Al t hough the sane mll 22 may be used in a first pass to cut a
single groove 26 and then fed again over that groove to use the mll| side
34 to finish machine the sidewall 28, it_is preferred to cut the severa
grooves 26 for initially w dening the po%ket 30 in nultiple rough machi ning
radial levels or steps followed in turn by finish nmachining the two

si dewal I s 28 usi #g theesame milh 22 may beriseddn: a firstipasy to apdat singlet he
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adj oining grooves 26 are initiall'y formed axially ac he peri neter of

t he bl ank 1ovideningathe pocket @0nin mudtiple wiugly machining bielee0r siEps The
mll 22 is f transyersel y._agross.t.he perineter he .bl ank in three
exenplary p %@?ﬁmﬁﬁpgﬁ%% %t‘fotS&fvffﬁ%% ‘ésé%g}f‘eg BT a left
groove, and2g dﬁcﬂﬂien@ﬂlt@ﬁ‘{&ely@eﬁé%g the groove ahldssidawdll &i‘ctiﬂg)fo a rofhe
exenpl ary outer dianeter 2R of about 500 mls (12.7 nm, With the mll

bei ng posi t ipoakef 30de its finabanshiull depth i the peoimeten o 2he blankor i ng t he grooves

26. In this way, the radial cutting depth of the mll is selected to cut a

groove 26 in eaCkhB?SSef hst ' L e t .hem: | 4s R of
the mll. For exanp & g&r%g%%eﬁtfi?ﬁgﬁ%é%ﬁ 'gra{/htogee %bﬂ%%r&hfqg (1. 27
nm)  whi ch usetereinl thraen@rcuniferendhliy h&jo&ﬂﬁ%lgﬁckdv%s Q6/tafd itdtidllyormedlaxially m |1 .
The mill is then repeatedly fed across the blank in nultiple transverse

passes and @oss she perimetgr ofithe blank 1Qtaestart the dermationy of sin els 1-7

e
nas 5 radh aPRERe RO neBRAYER Sl Rl RS KA HEld o the BRnC0""

whi ch i s sufthieeiexsinplaryi prissdsads! illusteated i Bigiae 2abfyrmal @ntersiropes,td left of the

-

i nci pi ent sidewal |l s_ 28, . After mlling the seventh level, the mll
bott om 32 | SrPeisand agighy greayedn fYeut wardly from a respective one of the
grooves 26 adjacent either sidewall 28 prior to cutting that sidewall In

this way, a finifqgeqaMl ISl avESH REMPEEY dul& diameter 2R of about 500 mils
(12.7 mm), with the mill being positioned for using only the mill bottom 32 for
forming the grooves 26. In this way, the radial cutting depth of the mill is
selected to cut a groove 26 in each pass substantially shorter in depth than the
radius R of the mill. For example, the radial cutting depth may be about 50 mils
(1.27 mm) which uses only one fifth of the available cutting radius of the mill.

The mill is then repeatedly fed across the blank in multipie transverse
passes and multiple radial steps or levels, with the first seven levels 1-7 being
shown in partial phantom in Figure 3. The seven radial levels each has a radial
depth of about one fifth the cutting depth of the mill 22 which is sufficient to
initially form the radially outermost portion of the incipient sidewalls 28,

After milling the seventh level, the mill bottom 32 is back stepped radially
outwardly from a respective one of the grooves 26 adjacent either sidewall 28
prior to cutting that sidewall. In'this way, a finite gap is provided between the
mill bottom 32 and the underlying previously cut groove 26. The same or
common mill 22 may then be fed along the path of the underlying groove 26



mll, bottom 32 and the underlying previously cut groove 26. The sane or
common nf 11 22 may then be fed along the path of the underlying groove 26
9 near one of the sidewalls 28 for finish mlling that sidewall to a
suitabl e side- depth for achieving a suitafle finished surface of the bl ade
18. Then the other sidewall 28 is simlarly side-mlled to finish

di nmensi on. The same mll 22 is then alternately used to conti nue
the step mlling downwardly for cutting the groove 26 with the m |l bottom
32 and {hen gl dlof IR it Licehdlf 3 Gl i N
Figure 3, theégrrnc? dH|%s§§§ ?'8;/ I ncl 1 ne om t he radi al S.XISb?{'OI’ usi ng

its side 34 ﬁqﬁﬂlSﬁodachnsvmlgragsmtable)ﬁmslmi surfaceedf| the bidesl8] Then Henother

repositioned 0 p05|te ncljnation adj acent the opposite sidewall 28
for side m I$1\glﬁ allﬁg |S} emilledo ‘gﬁi@s‘\ﬂﬁy, t he individual pockets

30 may be step milled in small depth I ncrements corresponding with each of
the initial |evel r}ﬂﬂp 4 ] mﬁhﬁg

seq., as requi red??% :rZIggc ?egl nal depth @[Wwﬁgﬁ%%%?{e‘%eeg}é &ﬁg atform
Such’parti al ddvarpWar ﬂorngﬁmlglthwgmcmeﬂmvghﬂmmﬂ}ooﬂme&%andthehmmg 22
and correspo feed rates t reater_than

possible in gﬁ%l’ﬁﬁ‘hgg dq" g\xﬁ/{@%gi ﬁl@’ﬂ% l&lﬁgm.'%&t% !@ﬁf&i %] unged

radially to éli t@l&hkﬁﬁé%fjﬁldﬁm &%&?g@ggﬂg@ﬂﬁﬁxﬁ%ﬁ?ﬂe@@&&%@&é groval

along all ava| |'e cutting sur I'n actordance
wi th the invthetsidewalls28;ant isdherl repetitiohedmtith ambppssitecimokiwationsadjacent

anount of exgess side | te [ 38.is.left on, each side of the corresponding
bl ades 18 bet§PRRoSHE 8 e‘f’ﬁézglf 1%’&‘#%3%“ éf‘ie -sidewal s 28 is

preferably a finish cut made preferably just above t he previous roughing

groove |evel. Thig, @4 ﬁxeflhﬂivﬂha&‘;bbck’e'is% t\@/%nhﬂ@d%‘gnﬁll'de the
eser

bal | tangency using a po tion of the‘end mlI d solely for finish
machi ni ng, V\memmentsl“@rtﬁspmndmgfwudleemhdomthe Maldevﬁltvéﬁ side hy m@myrough

machi ni ng. pro ess, of step et

alternately ?@%ﬁpﬁbﬂ ‘?‘?ﬁp ﬁeﬂeag EE?I %%Ptﬁh 1"ﬁ‘ﬁe

sidewalls 28pgletGtSha ﬁlﬁff@rm. Such partial depth rmllmg allows very high rotary
speeds of the mill 22 and correspondingly high feed rates substantially greater
than those possible in conventional milling where a ball end mill is typically
plunged radially to its full-radius cutting depth for maximizing material.
removal along all available cutting surfaces of the mill.

-

In accordance with the invention, as each new level of material is
removed, a small amount of excess side material 38 is left on each side of the
corresponding blades 18 being formed. The side machining of the sidewalls 28
is preferably a finish cut made preferably just above the previous roughing
groove level. This allows a finish cut on the side of the end mill at the ball
tangency using a portion of the end mill reserved solely for finish machining,
whereas the bottom of the end mill is reserved solely for rough machining,.

This process of stepping down the pocket 30 while alternately roughing
and finishing the bottom of the pocket 30 and the sidewalls 28 effects a more
accurate airfoil shape since the blade 18 being formed is constantly supported by
solid material directly below the area where the finish cut on the sidewall is
being made. This stepping process proceeds until the entire pocket is finished to



accurate airfoil shape since the blade 18 being forned is constantly
supported by solid material directly below the area where the finish cut on
the sidewall is being nade. This stepping process proceeds until the entire
pocket is finished to 10

the platform by rough nmachi ning the pocigt depth in increnents and
alternately finish machining the pockets sidewalls 28 in turn. The

resul ting Egcket 30 will have the convex suctjon_side of one blade 18 and

t he concavthepladermbdygpugh smachining thepecketdenth im iicrements apd alfemately er ance.
The bl ank i.s.then.i.nd d to cket a é rocg k repeat ed

pref er abl yhgﬂ‘s%‘ﬁ%gu S %e }(éts%%?‘%&lﬁ e*%%”ﬁ‘é Eé&fhr& %‘2‘5 nggdy used
mil. haveﬁ{écbheeapéﬁft@hrsﬁ!’e @FMIMS and elcoatRe présduréside oBaneach of

the sidewalls 28 is side cut in a Flurallty of sub-steps or sub-levels

spaced radadjacsntdtiadecbethdolfinisheddbleransel dde blank igrthew indesed o thessextpl e, the
mll 22 ma rai;sed fromlevel 7 .to nd then,fe t.he path
of the- undBPRSR ABCIPE RFESSS 1 tFvated HereRH Y gk A1y B0d aiivi i on o

t he si dewalkcedSwletr bf the blreASNasEInIENSI on, for exanple. The m |l 22 may
then be |owered a fraction of the full rough cutting level and again fed

al ong the correspondlng groove 26 for nmachining an addltlonal radially
i nner portion ointhmpfgmmb@memlﬂmtratm fythe sislewalie nt

i1 lustratedgin F| , oL Ievel

desi gnat eq 28 i side b & phisdfinf P afborendlr iy %Vﬁ!s ﬁmﬁﬂﬁfa

fini shed dm&n&mmﬂsewt oR/E%PFBtJé)EahEﬁéEthéhﬁﬂmrﬁé b@méedﬁﬁémlmmt ain a
cl earance between the end nill 22 and the |ast cut groove 26 at |evel 7.

Si nce the Hitpilevsl §andsthen f@d gl@ngrtb@ path ofdhe mdsrlmgcagp\se 26 to miaghing or ned

sub-evel sty plterRoff Prrsriet B A RE RS o bR ihag Rl s ©
resul ting ieRar I“eUbFE@ﬂﬁllQQhMa)SMlﬁb Mé&hlfra%ﬁoﬁmf thé eull rsighagtibade 18.

As shown in Flgure 1, the stép mlling process is initially used for step

mlling a fevel amslptagamcm)la&rg the serrgsponding @roove 6 ﬁ@érmnduamgoﬁnt he

bl ank 10, w,t k. t hen N | I ntially indexed to the next
adj acent s%g'i 10%3%@'{]3‘6“5%?%% gpﬁéﬁ&éévpégﬁ% lled in an identical manner
to mll a freestanding airfoil blade 18 in the formof a cantilever

ext endi ng radi alth Yheekemplaty efribodirhér@ illustrated in Figure 3, the end mill 22 is

fed in four sub-levels designated 5, 5a, 5b, and 6 for side cutting the sidewall 28
to its finished dimension down to the peﬁultimgte grdove at level 6 to maintain a
clearance between the end mill 22 and the last cut groove 26 at level 7. Since the
mill side 34 is also arcuate, small side cusps are also formed along the sidewall

28 in each side cutting pass. By using the multiple sub-level passes, the resulting
side cusps are substantially removed resulting in a substantially smooth sidewall
28 for the finished blade 18.

As shown in Figure 1, the step milling process is initially used for step
milling a full-depth, complete first pocket 30 in the perimeter of the blank 10,
with the blank then being circumferentially indexed to the next adjacent second
pocket 30 which is then step milled in an identical manner to mill a freestanding
airfoil blade 18 in the form .of a cantilever extending radially outwardly from the
hub 12 of the blank.

In the preferred embodiment, a first ball end mill 22 is used to step mill



hub 12 of the bl ank. In the preferred enbodinment, a first ball end
mll 22 is used to step m | the entire first pocket 30 until its
two sidewalls 28 are finish machi ned. Then, a different second ball end
mlF 22 of identical configuration is used to step mll the second pocket
30 conpletely to finish the two sidewalllls 28 thereof. Accordi ngly,
it is preferred to use a plurality of different ball end mlls of identical

confi guraty : WP gm | rfgg@{ | pocket s
30 to pr od%‘g%ng%%%wsétsgﬁ%ﬂg&g@sﬁ@%’r ol legl a esﬂ%gh%\tgghq?‘ﬁh{?e form
of a freesdiffiertm gecomdt ballarel milh22 ofjdemtical cgnfiguratioreisaised pestep muiththeot t o
tip thereof to,define.the resulting bJisk 16 illusfrated in Figure 1.

Si nce the “??F?‘I‘dPQdF%§Q§§ qtsly\feeéngﬁhdiﬁm‘gﬁéewhhgétweq%s desirable to use
the sane m |l for both rough and finish mlling in each pocket w thout
change, if possj : QfLerfe ' :ﬁ?fgf'e'ﬁ ' %?F Sp which
woul d ot herw seAgécoc?glrI%g{nggc anggoggégﬁ]%@vﬂﬁﬁﬁ or gggggg&m of

m d- pockletideﬁﬁ?ls{tomigeraﬁmrrm stepl mil? instesnid soﬂééﬁmﬂﬁrgaﬁllﬂwpﬁ ther vl |
separately chining the successive grooves 26 and the devel opi ng sidewal | s
28 to naxiﬂ?cn?@'scﬂmmsgemetgawo HifeDlig qnfggbfqﬂ%ﬁéﬁe Rl o o |
portion of d B : ; Wl i ooves
26, with oo tingablcyes RiviAS VEY PP A rf OB FERIRY Rprell 07 C

si dewal | s @&define the resultinglolisk 16aRwstratexhin/Figaredect i ve portions of the mill

22 are being used which therefore allows the mll to be operated at a
substantially higher, ro speed, t han conventional ,fyll . depth cutting
bal | end mill, SAEE e SEHIY WhPy rBRCHing s dedrale (e ey nce
s mat ef iahe L3118 BAH RSP EA ArBRCIIAAS Sn Ghett PRt hy: fof L the
full depth cu?ti ng i|:n t he nventi onal process, ?he m |l develo %\qfess
cutting | opossitdedtd mrevendsthteo fdrmdtion. of a disconfomeuse cusp evhichnemulde fini sh

A 0 0 A B o B 1L
with [itt gnife aRheCiIb 9Dt 298t @lfferdrdXbcitons Yor Sefdbiely ibchfifing the
successive grooves 26 and the developing sidewalls 28 to maximize cutting
efficiency. The mill bottom 32 uses only a small portion of the entire mill for
rough machining the corresponding grooves 26, with the mill sides 34 being
used for independently sidemilling the sidewalls 28.

In both cases, only respective portions of the mill 22 are being used which
therefore allows the mill to be operated at a substantially higher rotary speed
than a conventional full depth cutting ball end mill, and with a substantially
greater feedrate as well. Since less material is being removed in each pass of the
mill compared with the full depth cutting in the conventional process, the mill
develops less cutting loads and improves tool life.

Furthermore, since the finish sidemilling of the sidewalls 28 is alternately
effected after rough milling a corresponding underlying groove 26, the sidewall
28 is rigidly supported with little if any circumferential flexibility as found in the
freestanding conventional process. As a result, the finish milled blades 18 can be
made with suitably smaller manufacturing tolerances and with a more accurate
nominal dimension, and with greater accuracy from blade-to-blade. This



freer‘standi ng conventional. process. As a result, the finish mlled blades 18
canibe-made wth suitably smaller manufacturing tolerances and with a nore
accurate nom nal dimension, and with greater accuracy from bl ade-to- bl ade.
Thi s ' 12 effectively

el i mi nates the probl em of bl ade-to-blade manl# acturing variation found in

t he conventional process which coul d cause unaccept abl e unbal ance of the
machi ned bl i sk. Since it is desired to have relatively snall

bl endi ng r adi i efRRLVEY elirhBatéddthe Hobled® of qﬁ?ﬂ& &fin iation
correspondi ng Iatfo?ms 24, a sub@gquent ?na{ﬁ]é{r?éﬁgggra |oﬁ rrayéggaré ected
usi ng a smal | douddadmthecortvahtional prodess which doubd siuseamiateepiiblé tabilatdiedfdual
platfornms 24 itg mﬁﬁjﬁgnal manner . Accordingly, a single type of
ball end mill ‘285 r both rough machining the grooves 26 in the
pockets 30 as well as finish machining the sidewalls 28 to formthe
corresponding f1ni el 34RSirdd 1o hatk Halaivly! dm QI bicR i r gfeor e
be used to conmpletely forman i1 ndividual pocket %\lﬁg%ggg?:g&g%%\?}enei onal
process requi riogts ofrtbe serecral ladesi8 drel the compsparntdihg platfopins 24 cabubskgaérth,
and finish the gpckets defining th oy respondi ng bl ades. In
addition to réﬁﬁ'ﬁ?g r?@efaé*ﬁnbﬁﬁayg[@nﬁ&?#ﬁuﬁlﬁ r?gé%‘aﬁ?roﬁ%aﬁ%%bau gnd gapkfor ¢ he
total nunmber dinibiaiacRinthghelifdivRilial pRFoRRS 26 BIPL idled the entire.
blisk is about half the total nurrberf)o E%EF gﬂ%l) %{I gioﬂ%g%ér?}{ne?t he

conventional process. And a substantial reduction in the nunber of
i ndi vi dual cuts or 4xsordinglys aasingleatype ef bl enchaillr 221 iscused for béth rough

end i 11 or eBpeRePiNe e ERGRee 76 in i mptkert oS BRI E gl ackiping e ©
subst anti al rWﬂgmsitaf@ﬂﬁﬂ@ééorﬁésﬁmdiﬁgm@aﬂé&sﬁb.eA%ﬁglﬁgégeﬁai if§ 16,

roughly a 50% reduction in total tifne. As a result, I ni shed
bl i sk 16 st ep %A magdherefare berused de campletelydfopmereindividualpodiat 80 ethetess a

plurality of 5. X ding radially outwardlLy fromthe co n hub 12
with inproved qgggglﬁ‘é%%oiﬁ%g#ﬁsgﬁq%e%?%ﬁém& to separate?y rough, sermi-

finish, and finish the pockets defining the corresponding blades.

In addition to requiring few ball end mill changes from pocket to pocket,
the total number of ball end mills required for completely machining the entire
blisk is about half the total number of ball end mills used in the conventional
process. And a substantial redtiction in the number of individual cuts or passes

is also achieved in accordance with the invention.

Furthermore, the collective advantages of using a single end mill for both
roughing and finishing each pocket 30 result in a substantial reduction in overall
time for producing the complete blisk 16, roughly a 50% reduction in total time.

As a result, the finished blisk 16 step milled in accordance with the
present invention includes a plurality of blades 16 extending radially outwardly
from the common hub 12 with improved accuracy and finish as compared with
a conventionally point milled blisk. The 3-D contour of the individual blades is
more precise from blade-to-blade and has a dis tinctly different and substantially
smoother surface contour achieved with a substantial reduction in number of

cutting passes. The improved blisk 16 tself therefore has aerodynamic and



a conventionally point mlled blisk. The 3-D contour of the individual

bl ades ks nore precise from bl ade-to-bl ade and has a distinctly different
and substantially snoother surface contour achieved with a substanti al
reduction in nunber of cutting passes. The_inproved blisk 16 itself

t heref ore has aerodynam c and 13

13 structural advantages over the conventionally point mlled blisk
The step mlling process significantly decreases processing tinme since

there are fewer cut equired to.rough and finish the bl.i,sk, and those cuts
can be done a‘iﬂ"&t‘é‘iagﬁ F IW@%F@’%W"@@H?@YEO%FB%‘EB speed because of
the shal |l ow depth of each cut. This, in turn, reduces cutting forces for

d . d . ... s e | Jed
reduci ng wear an é@?gmﬁgﬁﬁ%ﬁp@%rm&mwe&wes ofdisinBetimie! dinde

machi ne 20 itself. rocess i's now focused on mlling an
accuratel y sithete pedewer Afts reqptirddoabugh and figishrthe sk, aud theseautstandes,

resulting in a nore accyyat ir flowath through t ocket ., and,bet ween
the adj acent ®PRgiaka si Can&}’&@ﬁt?‘e}e?a%t%aﬂ ﬂmﬂgéﬂ%}lﬁeﬂf %%\aﬁ(’%at
are consi dere r X | ihb Svédresant

I nvention, ot eeétﬁrr%a%?{algi gﬁ%’ g?%e@aﬁ&gi\ﬁtgﬁgg algélamggeg%%% ent to those
skilled in thgafbh the balltend millscisi welb a$ on ¢heymilling inachise 20 litselét dhe stepesi r ed

to be secured in the appended clai'ns all..such nodifications. as.fall wthin
the true spir RIeesss ipRow fecysh @Htmél%%:“%{aﬁ?ﬁ %Ze‘fw“sefé{%"?ﬁ‘?ﬁ ng

process ey b ysifheOftoAY iAADEIual %Pﬁe&frewﬁﬁgﬁrﬂmo@éﬁﬂﬂﬁetﬂﬁ Blsarpathi ch

require rough a nrs Ining I n steps. , other shapes of end mlls
may al so be utledugh the pocketarebbetiveern the adjacent bladessi red to be secured by
Letters Patent of the United States is the invention as defined and

differentiated in w}%lef %llelrg Vﬂarx]'% gelee%l ﬁES&I%EM&anl wia? & considered to be
preferred and exemplary embodiments of the present invention, other
modifications of the invention shall be apparent to those skilled in the art from
the teachings herein, and it is, therefore, desired to be secured in the appended
claims all such modifications as fall within the true spirit and scope of the
invention. For example, the step milling process may be used on any other type
of component, besides blisks, which require rough and finish machining in steps.
And, other shapes of end mllls may also be used.

Accordingly, what is desired to be secured by Letters Patent of the United
States is the invention as defined and differentiated in the following claims in
which I claim:



14 WHAT IS CLAIMED IS: 1. A method of mlling a blank 10 with a

rotating mll 22 conprising: cutting a groove 26 having a bottomto
partially expose a sidewall 28 in said blank by feeding said rotating m |
22 across sai d bl ank; cutting said sidewall 28 by feeding said mll
22 al ong said groove 26; and al ﬂarnatel y repeating said groove and
sidewal | cutting to step m |l said groove deeper in said blank and form a
pocket 30 WHAJ ISFCICAIMBDAdSsi dewal | 28 extends. 2. A nmet hod accordi ng
to claim1 further conprising: cutting said groove 26 with a bottom
32 of said rotating mll 22; and cutting said sidewall 28 with a

si de 34 of lsai dArmethodwof milling 2blank30 with A roating dnil P aodiprisingy cl ai m 2
further conpri sing: back stepping said mll bottom 32 away from

said groove 26 prjor to cuttl sai d sidewal | 28: and . using a
comon mll 22 EB‘JP%%Wﬁ@ﬁ;}%@m&%mﬁgm@m@%em%wdgmu%w bot t om
32 and sai gd.:qgi W Lk | L1 i 4. .. A nmethod according
to claim 3%‘3@%&@%8‘%#&4%?&5&5“&4&&%?%?@% ality of said grooves
26 adj oi ning each other at a common |level to w den said pocket 30 between a
pair of said sid@tmﬂglsadeﬁdeﬁEH%byfeedingbﬁi&iidﬁﬂﬁ%l&ﬂaiégidbv%iﬁ?m&'5 in
turn with said mll side 34. 5. A nethod according to claim3 further
conprising cutting said sidewall 28 in a plurality of sub-steps spaced
above said gr oo@lernately repeating said groove and sidewall cutting to step mill said

groove deeper in said blank and form a pocket 30 along which said sidewall 28

extends.

2. A method according to claim 1 further comprising;
cutting said éroove 26 with a bottom ?2 of said rotating mill 22; and
cutting said sidewall 28 with a side 34 of said rotating mill 22,

3. A metho_gi according to claim 2 further comprising:

back stepping said mill bottom.32 away from said groove 26 prior to
cutting said sidewall 28; and

using a common mill 22 for alternately cutting said groove 26 with said
mill bottom 32 and said sidewall 28 with said mill side 34.

4. A method according to claim 3 further comprising:

cutting a plurality of said grooves 26 adjoining each other at a common

level to widen said pocket 30 between a pair of said sidewalls 28; and
cutting both of said sidewalls in turmn with said mill side 34.

5. A method according to claim 3 further comprising cutting said sidewall
28 in a plurality of sub-steps spaced above said groove.

WAL




15 6. A nmet hod according to claim3 further conprising: step
mlling a first pocket 30 in said blank; and step mlling a second
pocket 30 in said blank spaced fromsaid first pocket to mll a cantilever
18 extending outwardly fromsaid blank. 7. A nmet hod.according to claim
6 further conprising: using a fitst mll 22 to step m |l said first
pocket 30; and using a different second mlIl 22 to step mll said
second pocket 30. 8. A met hod according to claim7 further conprising
usi ng a pl br al i Aymethodi dcterding tolaing3 ferther comprisimg:l in turn a plurality of
sai d pockets 30 to produce a plurality of said cantilevers in the form of

airfoil blades 18 haying varyi ng ,St aper, fromroot to tip thereof.
9. A met hod SEPIREH aﬁ&tcﬂc’&g‘?ﬁw%@ﬂﬁ#’gﬂd sai d groove cutting has a
rough tol erance; and said sidewall cutting has a finish tol erance

| ess than said obhiltinked RB&S AinPkdigk ' e
process of clai %@? to pkg%uce zg ureztilsl ty g#lab‘rlégkezsbﬁge%nﬁ&éﬁﬁa%%%di ally
outwardly poékatdo edilarantiléved 8 extending outwardly from said blank. .

7. A method according to claim 6 further comprising:
using a first mill 22 to étep mill said first pocket 30; and
using a different second mill 22 to step mill said second pocket 30.

8. A method according to claim 7 further comprising using a plurality of
different mills 22 to step mill in turn a plurality of said pockets 30 to produce a
plurality of said cantilevers in the form of airfoil blades 18 having varying twist
and .taper from root to tip thereof.

9. A method according to claim 7 wherein:
said groove cutting has a rough tolerance; and
said sidewall cutting has a finish tolerance less than said rough tolerance.

10. A blisk 16 step milled by the process of claim 7 to produce a i)luraﬁty of
blades 18 extending radially outwardly from a common hub 12.
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