, ste3eD\ TDYR6TT?L $ ABRADABLE SEAL ‘HAVI NG | MPROVED DURABI LI TY BACKGROUND COF
THE | NVENTI ON Ol1-414 The present invention relates generally to air0§§§&§
for mmmmmm”mwmmmengines, and relates nore particularly to seals having

| mpr kil Y. G5 B NG SN GlRAR ARG Bl E K BRI OYRGes of pover,
e.g., miorueg powner f 5o ef—gefreratofrs—ang—general | y

I ncl ude conpressor (typically preceded by one or nore fan stages),

conmbustor and turbine sections. As illustrated generally in FIG 1,

conpressor and turbine sect EHYKGRVYLAN F&F LNYENIYOBach i ncl ude

shaf t - mount ed. O aldih el sHlirks RAGRIGRILY adedagy b BLadesads! ecat ed
within a hollow housing or case 3, with intervening sets of stationary
vanes 5 mmmtmorhing renghass, Aind gedlases mogeepprovicdédrbet eenethe ti ps of
t he bl ades and the case qut r..ai.r seals), and between the vanes and the

di sks (k¥ BHGERFENE %%%kﬂ%ﬁ'ajr | eakage between those conponents.
Air is ingestethd ot Ryigiee alral eztelanatnooﬁpseasedsbwfrpbatakngedfgsks
and associated blades in the conpressor. The conpressed air is then burned
with f ue|mqq1ut%é>%¢oéﬁroraltr&r@?r)ter°§t &shiPgWepr §856ratand t BRfePaPaFal §uses,

Whi ch causg dAtd i s ddie (teytpliiaaq1@65&@%@3e3n9¥aaﬁec'b@t fdrbapafonpressor

stages and are then e ected ouf an engine exhausf to provide thrust. The
case i s isttayed toomnstert dncakagbiof sectdpnsonbist idduptodbeds ar ound

the tips of the bl ade | .e., between the blade tips_and.the case, which

| eakage rEdifth _Jt%el_r}a%‘]:idci gﬂcfog‘lprteﬁg‘ognﬁin_ﬁe%uﬁ&&gt géfﬁéoﬂﬁsgaﬂgof‘ny

conponentfard GHEJHEIN Zdeakruded shaFst-adunakdpr epeating aisrpyl) eakage

whi ch does occur in a nornally-operatlng %as turbi ne engi ne occurs between
e

the tips aFrHaDlEade: &fdblisdesage 1ogadeserhEbAnt Aehel hawohovaéngapes and
the d'SW%aé%“%Jnvﬁgﬁ fy£é¥¢éﬂi%%t%@stgghskgéggggrbsvgges 5 &gﬁéégd to

the case. Air seals 4,7 are provided between the tips of the

blades and the case (outer air seals), and between the vanes and
the disks (knife edge seals) to prevent air leakage between
those components.

Air is ingested through an engine inlet and compressed by
rotating disks and associated blades in the compressor. The
compressed air is then burned with fuel in the combustor to
generate high pressure and temperature gases, which cause
rotation of the turbine sections and associated fan compressor
stages and are then ejected out an engine exhaust to provide
thrust. The case is intended to prevent leakage of air or
combustion products around the tips of the blades, i.e., between
the blade tips and the case, which leakage reduces the
efficiency of the engine.

Despite the design of components to minimize leakage, a
substantial proportion of any leakage which does occur in a
normally-operating gas turbine engine occurs between the tips of
the blades and the case, and between the tips of the vanes and

the disks. One manner of eliminating such leakage is to
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fabricate all mating parts to extrenely close tol erances, which becones

i ncreasi ngly expensive as tol erances are reduced. Mreover, given ta
tenperature ranges to which the parts are subjected to before, duri g’%%ﬁ
after operation, and the resultant thermal expansion and_contraction of the

parts, sfAPTLETE oileMatd®S WA SaftOt PFESCRELY| £1PAS RPLPFEPERTe BoiGRen
mating Pafdmd i%%rﬂe%%a%q'yn@xggmg%ntasw@e&eéaﬁcefshseedegageed.

Accordi ngly, gas turbine €ngi ne designers have devoted significant effort
t o devel dpinepveff,ectiivem ghe seapsrasndepaengeal tel yhsehl sheoppotedané

5, 706, 237 10 e & BTSSPl e AR aP PR G ac e gk B of (he

present inpeRIltta0it amdrengldr explay siivaoapdr abadrbyti ohevenchehpaety, Seehs
requi re a bal ance of several _properties including relative abradability
upon bei (g XN EHEER P Sa Hidtlalitn G IBPEdESFRAT &R0 bRT FEEPRFENRETWeen

dur abi | I thgt stRE Pt RN RBLARGEE WokBohBAt QEathgndndentyi Afmage.
material, and rél ative ease and reasonabl e cost of nanufacture. See, e.g.,
U. S. Pat Aerdgdd, 022st gusbliae, ewgiiok desapseraskaymedevotede assi gnee of
t he present_ i.nvention d.expressly incorperated by referenced_herein. A
Lypi cal COMBHASEEr bt 10551 CPnaRaeSPiRg BLAFCERESt Pht coo8ig: , 208 ot
substr at arail clardialsezeisakompyeedcofpabeddable metelrigouer s@éaserg. ,

sprayed on the substrate, and_an abradabl e, seali n&al ayer aggl ied to the
netal | ayerS: Basi-cAlossedlri®3§ 74peits® VABRUBE At afNdmPri Q6 of3 4l Lo hims keid
silicon wth4so u of. ed,p e ty nd is

pl asma s\grta;%eld 'mhg'@h%trgugsst%;{gtﬂgg (gxohgbgségﬁ?r’g?ge\?lsgl gﬁén f%%%ntéai | i cone

r ubber andverieorelaast expriessdyaingarperated bii céfangnaé sberechude hol | ow
m cr ospheres fQr_.poraosity, an hese materials,are typjcall Lied in a
I ani y i scous S & SiEs Roned SB5eaPY) ShvErRh ontPhif e flitag.
systens havetireviateddatequateupehl BeiRgCeohDadBé®, by her Lot £fBhGISoPadkesi re
2 (O-414 for a seal system having a higher tenperature capability,

conpat i bltéPrh&Ledii 0Bk FEsdiSEANERY hdERabihdEyt yEherBabse¥paRs1enphatanred

er osi on rgshs e r.eadi d co C e.tip of
knife edé@?han ggo ﬁ&hgu%%;g%%lgghgkﬁaf:%ﬁﬂﬁ Cﬁg ﬁc%:%?%?%‘é yQélﬁg ?ﬁsé an

obj ect ofresenabdsemositnoénmaonfectprevi déean aig. sedlSf oPatuseNon a gas
turbine engine.. .t .is_a,further object. of the present jnventipn to ovi de
a net hod%df%:i%(esror%zn§°asd&?"t’u?"g‘ilﬁg éﬁgﬁﬁgoaﬁségﬁ?gtﬁﬁtt?ﬁ o@?ﬂje%mf%ecg){jesi red
| nproved tpey fpdieBRnEe ipvehtPbASARt dkpresdl§. incdipbbatyed ByOtdEsrayact of
the present invention to provide such a nethod that produces seals in a
cost ef f ®&&%&i& -manner. It is still another object of the present invention
to provide a gegh,fihal werghesegMES thap ¢ L O j and
t hus provi des no y\ﬁ%i ght W%e al tsy.BrAccorégng tgeﬁﬁgé%sggétégﬁt%ﬁ%%neﬁ on,
an air sealg.i,s adimetlads stbstratse an apgasnalirbenzl ehgyer tenposed npf eaved

durability. The aiy seal includes seal , substrate and_an abradab seal

| ayer, \Aﬂ?éé"l‘?-ﬁal?roé' | &88%¢ I58§8P'easOBOhBSSaﬂb%?r%t%En%?‘?i%ra %H?A%J(fe'
foam prefeanably 1ayieteappreelanbcahkbymdeasi 14psr pol yypicel foaam idfgcor di ng
to anot her aspect of the invention, a_gas turbine engine seal systemis
di scl osed2YPRE pSladenPeialy MasmpK SEsahuBERrm 2R bt Il peri with serg
substr at @ridfihadARBLAALE PBAYyedRES! bBLadPPbLELiLPed DRRdil BYRlsnahe

abradabl e seal material 1s conpose a densified polyim oam The

syst em f wptagedc omyic $be subshgiake.cofpbaensealiapeeelrfaks nncwde el ative to
t he seal _assenbl y-and having abrasiye portion interacti wi.th the

abr adabl € l?ézﬁonn% éllb:%glr. a‘?ﬁeogﬁf&ﬁgséSWEF%ﬁ %‘f’a{ h%a‘é?ﬁﬁjrﬁgg’co%%ﬁ?ayand

t he abradabkie isealudemhenilak afickbepheaksassenpbyosDoperai@ tigeds ovi de
sealing. 3 Ql-414

materials are typically applied in a highly viscous state and
allowed to dry/cure in situ. While these seal systems have

provided adequate performance to date, there remains a desire



According to yet another aspect of the invention, a nmethod of form ng an
air seal having inproved durability is disclosed. The nethod broadl ¥1-414
conprises the steps of providing a polyimde foam densifying the foamto
forma layer of densified foam providin seal substrate, .and bondi ng the
| ayer of g‘éﬁs?f?%ﬁff%%?ﬁ?’% kba‘?éb‘;f) ast’sql’?’egi 2tet“l§’efr€%]ﬁr§aicd’p§ibrﬁsl al’. One
advant agecGhpd 1o D eStedhimd NV gk drs et tHee wirRir 190y ded strreyved
accept abl e d%rabi lity and abradability, particularly at higher

t enper at ukBRTOYed AR I3, FeHiesS tange dfet Hedsidye fbriasigentineh iconcasted

effectiv 0 05$; f10t | gh AYsd™Y£ than conventional seal

mat eri al §b§&ﬁéff)9%%$%ﬁ?go€f t fég)see%fé'of r’?ﬂes prgsent i nvention, as well as
addi ti onal advantages and objects will becone apparent to those skilled in
the art in light of the foll ow SGLI At Lo onpanyi ng draw ngs
wherein |ike reference nuner a%g@ég?cﬁgl ?hg gﬁ\]gﬁgﬁféﬁ BRI EF DESCRI PTI ON OF
THE DRAW NGS FAézoAdisgBy Crissi seqt ishbpdctvicivitfe @ rik@enton ifent itoypiteal gas
turbine engine. FIG 2 is a cross sectional view of an exenplary seal in
accor dancRrQ¥9e t3e Presil fRFeHI%nn A @23 Gurbinge€H9dEtS -ve vi ew show ng
the fault plang. ofientat o of St iRl Arate o phalng 1988l SRS
DeTAl LED DRSoR AN b e i o % ENBGD?JNENTél) et i eI PESVErE 1
t he preseatmetrhvedtobDfostiaies tgratwirirsea@ndioe ade isead gdsitt prbviedes
engi ne. The air seal cooperates w th an engi ne conponent, adapted for notion
Fol'ati ve Vo 3es SR CTRPTE e ahe R O PoRER oA P aCErng wi th an
abradabl e seal ;¢reieryed dr@iedfodfctdidf 38Rl preseneviigees@dldnngo For
exanple, the air seal may be used ‘as an outer air seal 4 between the tip of

a rotati nerowhde oFudh aalanethafl thatagwraiucey sead soinhgusiosd BIifectddg al so
be used gn&pife edge sea:. 7 positioned between a portion 6 of a stator
vane 5, sucCh as a stator box, and a rotating disk tip portion 8. The seal
may be fornmed Issiiyg stiylswurctiier cbyertcicll Ihheapaielsaibite ipwlepitiiode tboam as a

tarti terial. On h suitabl | yi mide f tart| terial i
HT-340 pob§PHSR 3 2t bvelid it oMY MOEFecanTReS TRETPPAL R881an i ni ti al

density oha@dpLil 0. ShPOtHEs Peividdl hd alidR pelfiallegr.ams per cubic meter).
Dependi ng on the needed height for the seal there nmay be one |ayer of
pol yi mi de foard@@CXHNGtER t9NRy FARSGE AL dthemiinviepitd onay @ns adfr §6RY Aisde

foamas t ' iel..| a = . St arti rials is
f or med, a%@sé%%%%r%@ﬁ%aﬁ nag 4ae%r#rﬁggj*élel<%%n?nﬁta#é%%r% %f/)k’%g used to
formthe dutabiliyer ST tding sedleriradludEee gpalepilnistdsitaames badt ang

material is then subjected to a . densificatiqQqn treatnqent tqQ increase th
Gonsi ty FOTREADLS 397 HEL YR MOHTD B FHAMIE 6P LodBVE™ a5t COBPESER! Bor ans

per pubi ca n@éesified peefimide HRat epddiityatl yoaurds ri®methaing chont (160
kil ograms per cubic neter), such as from 12 pounds per cubic foot (192

ki | ogr amsdpr?iEief Py ER)de £ pounds per cubic foot (400 kil ograns per
cubic nmeter). ﬂ%géxgcﬁ | Yo t%ﬁf‘é}s'é%e‘& e t;h%a;{‘ﬁx'g% YLQALeh PE@”t%?bPLBH”dS

per cubic foot ograns per cublic mater ensi fi catl on treat ment
shoul d al sngimersesk systahcay ditsampdd.of Thee sysitpmrbdeaddamcooplréses the

range of ;ég{n éLsA'soerHt?iy (hgévB:‘u%(gg/acrgQ alt Osu 2s5c1%%ie % 7&1?‘1 lé%/r%rcrl% le seal
material applied to a bond layer. The abradable seal material
is composed of a densified polyimide foam. The system further
comprises an engine component adapted for motion relative to the
seal assembly. and having an abrasive portion interacting with
the abradable seal material. The abrasive portion of the engine
component and the abradable seal material of the seal assembly

cooperate to provide sealing.



Wil e any suitable densification treatnent known in the art may be used, it
is preferred to use a thernonechani cal densification treatnent. In bgl_i
treatment, the polyinede foamis first heated to a tenperature greater than
550 degrees Fahrenheit (287.5 g%r es Centi ?r ageg and then,conpressed for a
time suffici eftCIFOMGIT LIFE J @8RSty CanGPEndaYeBE B8Ryt . MaRYOd

sui tabl e dgeansridiyVad Riltheednt HERM ke inpedvea aQrRbesStiheshaatedosed.
polyi m de foam 5 ol -al 4 After the polyimde foam material has_been

densi fi edhs imetdipchdraadlyo CAMPriSsisr &8ehEL§RE, Of eRPHIAABIVWAIPALY FREde

pol yi-m de: § gam fmtard aln d %hteh%alﬂxo'i%ego&ﬂ a %g%rékegéﬁgﬁgi‘édo%a&x?r med
froma netallic material”, such as a nickel -b, 35ed, cobalt-based, or

i ron- basegersuipkimrgd loyseadr sabpdlinate;, eodpbentiéngatbei dbysnchfadeasified
graphite-sreinforced | yi mi de. The suybstrate is.preferably an engi ne
corrponentfrqsﬁircHtQaLs,‘?1 ae‘e'%tqatsé’lbsﬁ&?t@ 310 goﬁﬁ‘r SRoA BF?t figdtase 3. The pol yini de
foam materi al grRy fesrahrrdRd Jdfo thize prelehtat AvBit 8oRONEi fHatayge §es1ed from
a suitable adhesive material. For exanple, one or nore strips of a

pol yi m de¥qV Al HEFInRY afa R AsePSiaided doxaRid itV agRdopbradabsl i de foam
mat eri al ; f W u endipg : | o i f . the
adhesi ve %&ﬁ%ﬁ a af:gl;&reia%( S]'%?ﬁe% g%f‘n%i%%sgg%gém rkrgt %glajéﬁbg?'tﬁg&sggas?r%%e may
t hen be phec qatrdsertonmaen tuionh isheoadhedifeetimeetoapretince(ahd dbesendt er,
t he adhesi ve may be cur by appl ying_heat and/o [essure to create a
strong bd?f'd"gd’et"’b/&é’er’i“qrﬁe%g\?l"yicﬁgg'g&&gﬁlaﬁatsgﬁiaﬁnagﬁgl?iﬁ'substrate and t hus
forman air seslhdia\detaial ¥ atablseaseak bA¥epre98ROSELHvOht Bolenss fueth
polyimde foam The curing step referenced above conprises placing the air
seal in & afdddisnal advestagesgandeohiecssariiit heqonai epparenay, teeal i ng
t he vacu , | yq a m;t.o4t aj | £] u VE, .

appl yi ng@né%tso)%ag\/ég g?legsh\ér %lll:énl hé‘aggﬁgéko?ﬁg ﬁé?l%‘gfgg ég%:?&‘?tlf%n Z2
psi (0. 84ridy/xrampargripign giraivd ngenaheatine 1i Ret hef anénce anemé £ o3 adep et i al
t enper at r,%(i n the range of from 65 degrees Fahrenheit (18.3 degrees
Centicr a(L)!léj & & ‘ees Fahrenheit (29.4 degrees Centigrade) to a second
tenperature in the .range of from 400 degrees Fahrenheit (209.24 degrees
Centigrade) to 420 degrees Fahrenheit (215,39 degrees Centigrade) which is
mai nt ai ned for 30 ni nut eSRIEF1 DESRBIPTIANAOFhEHEaPRAWIRGDI i ng the air seal.
The tanpi ng st i referabl L ug, . r of.fro . rees
Fahrenheit (- dezlr g‘éss aCé:%'lt%is)gér %%g)'ﬂggﬁgmbﬁg{'egg ogy%égéé%séga%r%legﬁ
(-15. 54 @as @urbihedegidae.Centi grade) per minute. The cooling step is
preferably caryjed.oyt at a cooling.rate of 3 degrees Fahrenheit (-16
degrees Centi gritte’ pér anichase tsﬁcglﬁ%ieg%ef—‘aﬂ PR P ¥R 4B YegfRbsin

Cent i gr ad@cd¥@fanBditi®h Ahkeprakkeyel Ynbend$bAg an autocl ave, the caring
step may conprise fixturing the air seal in a tool designed to apply
mechani cal pr d8€ur 8 4i%d ahPeIrisRgCtAvenvaoeenshewiegckheeliaptevbbarey. |f
needed, t j I e ] : p ug nt. Prior to
subj ecti #ﬁeﬁ‘lgaﬁ?ﬁlsgaﬁ){:{l% tsﬁggpggéggﬁ&?ngosgzéfgi %é%%yﬁégf%g%i rable to
subject the air seal to a drying treatnment conprising heating the air seal

to a tenperature_jn [ f 225 degrees Fahrenheit (107.1 degrees
Centigrade) to %f’é”’&é%%e@?gﬁﬁ%@ﬁﬁgi 99( ﬁlég ﬁ%ﬁ?@%@EWl? Q&%’j”%’r atine
period in the Refedaiolg hohowo FAG481N0oHhE, pFBsEndr Yh?ent IR FENELES to
especially necessary if the substrate for the air seal is a,

gr aphi t e-deidiflorséed fOryusedéncdngasi terbype pegineur i hgetabht st

conpri se i j:d i l; i.n i 0, initial
Femper ot SrEEE T o a8 o B SosPNROKEly, JARRLE9 LEP MYEDoA Srllut iV
Centi gradey tthe &eale@neehakdihgerheabra29yd2pdeyi ersifeat a gt fkg)witangm ng
the initial t erature to a.second tenperature in the range of 630 degrees
Fahr enheial%r(a\f%ga? (f@ﬁ‘rleg’?%%ﬁfﬁggﬁéﬁ?)r P Bgﬁ ﬂéﬁr%%%f%%r%g%‘é}qe(%g. 1
degrees (aiiig{Ade)rorh@ixdimpd el N@hal birsg8ahl ahal NSe S€5OMTa L eapes@tdlF eafPr a
tinme in the range of 60 mnutes to 150 minutes, and thereafter cooling the
air seal .SefHe 4 HRFUFGTstE8s tdPpeoLf 8r Fefahing Yand ehatlklade 12 AR @ «ase
Fahrenheit (-16.9 degrees Centigrade) per mnute to 4 degrees Fahrenheit
(-15.59 degrees Centigrade) per mnute. JThe cooling step is perforned at a

rate in the range of from 3 degrees Fahreheit (-16 degrees Centigrade) per
mnute to 5 degrees Fahrenheit (-7.5 degrees Centigrade) per mnute. 7



Ol- 414 Referring nowto FIG 2, it. has been found that when the air seal
‘4,7 is formed froma plurality of layers 20 of densified polyimde foam
material and has a plurality of |am nation planes 22 perpendicular to the

| am nation direction 24, the air seal 9,7 should be installed so that the

| ami nation planes 22 are substantially perpendicular to the cent erfi+fe 426
and the axi al irec.tiog 28 of the eng%ne agd substanti al I%/ arallel to the
radi al di r ec®F o HBTEf >t hel eAGin&1S®VR% YSFonf y2 d8itRgred a"%&* df densified
foam i s usedposirei ewal bstwedrd ab@o@tmmteed:fl B bbatomaneThj Ssuch hecause the
densificati on. brocess its S égs the formati ogsof fault planes. The

gl fr %S% A
| ami nated aiF-seal X7 Bas T ANFpPEneSHSFPrBIE BN €5 | ani nation pl anes
22. The orientat i okat h@axf el tfophedassimal ahyvmitt(abnlaecthraéna: aeal, notions

are shown ing, . he n_fr h re oi_ng,des r|pt| n, an air
seal 4,7 has Ee?n g'reoéséggﬁ\ﬂ% cf%gﬁagéaér)\rg r%ﬁaﬁl e seéé?lra (grf f8ried from

one or nore $aifeabsl eopodyirmins fliced poiytiimicdeateatrisrl dls. HThéMabroasm.MEd@ortl on
Phe tostr oy P RANEL 8 ML 3ndDEE0RY, T8Nl el REORE] AE P! OV e

t he desired | sealing stin esent i nvention u3|ng air
seal s f or neddérsinya ofokhowt db 4f Dannﬁatmn alubas Thegc rieb é dk alxmre manpeas

|am nat ed andopdherad:f o LA MISY 8 &g dkeales Ak Lhe daveany ve air

seal s exhi bit erosion reéesistance east “as conven i ona
el ast oneri ¢ teerg maypbeoors sidviezond Pfaﬂbt;@l}iES‘éaars asThbeastargdals of the

present invepi{ion Al 3¢ f'&llﬂlte Qgg@f’?%f ptoiy%h&ee%%g{naﬁsgﬁ?ed sqgrt:.n%ent

conventional, porous si cone ru seal's advant age of the pre
i nvention i shatritialhe I & HEAI-pRrYeF e nidnt watsniedbie feamegi | &by and

abr adabi | i t ygy a1y @Mﬁ&ﬁﬁe%@cﬁhﬁg@&tﬂwﬁt1&%@ ak?lchﬁf,f HeSQREGAtyres. In

addition, the air seal of resent 1 nvention 1s cost effective,
rel ativel y sfepr éﬂ’teomf-‘éb-‘rﬂfﬁafteé shapt P Fagsriaki gh any nore than

conventional sealryBbel i &hide E’foam gaﬁéfhgvmlc@rme iRr eRENts r%ﬁ%%@&a% nas

been descri bed above i n sone detail, nunerous variations a substitutions
may be nade WPRTCépArtTTRITEASNTE Henaxsaprt the densitMvehtthen potyimidescope

of the foll ovbsly ol 654 sdipag! aubié f'o§tt Pe e NG ShO QL o hﬁiué he

i nvention has been described by way o ilTustration and not b I'mtation.
9 Ol- 414 \VrgheT)s teL Al REFFyty: greater than 10 pounds per cubic fost (160

kilograms per c¢ubic meter), such as from 12 pounds per cubic
foot (192 kilograms per cubic meter) to 25 pounds per cubic foot
(400 kilograms per cubic meter). Preferably, the density of the
foam is greater than 15 pounds per cubic foot (240 kilograms per
cubic meter). The densification treatment should alsc increase
the shear strength of the polyimide foam to be in the range of
from 140 psi (9.8 kg/cm®) to 325 psi (22.75 kg/cm?).

While any suitable densification treatment known in the art
may be used, it is preferred to use a thermomechanical
densification treatment. In this treatment, the polyimide foam
is first heated to a temperature greater than 550 degrees
Fahrenheit (287.5 degrees Centigrade) and then compresssd for a
time sufficient to obtain the desired density and shear
strength. Any suitable means known in the art may be used to

compress the heated polyimide foam.



1. An air seal for use in a gas turbine engine having inproved durability,
<conprising: a seal substrate; and an abradabl e seal |ayer on the seal
substrate, said abradable seal |ayer being conposed of a densified
polyimde foam 2. An air seal according to claim1, wherein saidoﬁgﬁgpable
seal layer conprises a plurality of layers of said densified polyim

foam 3. An air l,. i . | r.ej l.d yd.m.de, f oam has
 densi ty of at Teast B0 agr e ah Rereplaf 4 paBh ta B 40 e G
accordi ng tmay|ke mut, taherwidessard polditni dengoamrdayidtlensihey of at | east
240 kil ogrags, Pl eUBL G MR &iria2- i Medd p388ke 3G dhBg: L& LRI 15 wherein
sai d polyin de foam has a denS|t{_|n the range of from 192 kil ograns per
cubi ¢ net er°2® TR F59T ahenepet LEGOIRtSFEeRer BMRR @SsReBiCkIYBIIGER. of 9. 8

kg/cn2 to about)2%atadK0dsMronipabld dper8ah ofCCY di B {Ref! @inPodstyherein
sai d seal substrate conprises a golyner.conp05|te.,7z An air seal according
to clai m 1, makRTEnSERR % ra gFaPhisearrigfoaredpolydaideio The|supstrate

is preferably an engine component such as a stator box © cr a
portioen of the case 3. The polyimide foam material may be
bonded te the substrate by a bonding layer formed from a
suitable adhesive material. For example, one or more strips of
a polyimide film adhesive may be placed on a surface of the
polyimide foam material or a surface of the substrate.

Depending on the location of the adhesive material strip(s), the
polyimide foam material or the substrate may then be pluced in
contact with the adhesive material strip(s). Thereafte:r, the
adhesive may be cured by applying heat and/or pressure fo create
a strong bond between the polyimide foam material and the
substrate and thus form an air seal having an abradable seal
layer composed of a densified polyimide foam.

The curing step referenced above comprises placing the air
seal in an autoclave, surrounding the air seal with a vacuunm
bag, sealing the vacuum baé, applying a vacuum to the air seal
in the autoclave, applying an autoclave pressure in the range of
8 psi (0.56 kg/ecm?) to 12 psi (0.84 kg/em?), ramping the
temperature in the autoclave from an initial temperature in the
range of from 65 degrees Fahrenheit (18.3 degrees Centicrade) to
85 degrees Fahrenheit (29.4 degrees Centigrade) to a second
temperature in the range of from 400 degrees Fahrenheit (204.24
degrees Centigrade) to 420 degrees Fahrenheit (215.34 degrees
Centigrade) which is maintained for 30 minutes to 1,5 hours and
thereafter cooling the air seal. The ramping step is preferably
carried out at a ramp rate of from 3 degrees Fahrenheit (-16

degrees Centigrade) per minute to 4 degrees Fahrenheit (~15.54



8. An air seal according to claim?1, wherein the air seal is a knife edge
seal. 9. A gas turbine engine seal systemconprising: a seal assenbly
having a seal substrate and an abradable seal naterial applied to a bond

| ayer; said abradable seal material being conposed of a densified polyimde
foam and an engi ne conponent adapted for notion relative to the sfatrél4

assenbl y and .havi n.abrasive portion interacting with the abradabl e seal
deqﬁegﬁgh%né%?ﬁ??/)e p;f%r PiBRt®r (e ERSHINY SSfPohtrR: sfisdabhe

mat eri al, whereéby
abradabl e seshrnbtcerdual aof atdwlSeql rassenblly degopey atadreanpiovidg seal i ng.

seal subst rate e eacosfy, B BREER S derterne 2aRponeht(0dmpr | ses a
disk. 11. A gegreas I5iens iengdele peeamisysd em according to claim9, wherein
Compr i s0s a ot atanl e yanietn b R3EhE T RirReiEie: e Sir iy tiem morording.
to claimo, apreprise fdabdrngithe sonpoxEintinf ar tdo Patelsighe@nt £NYPpAG having a
centerline; ddchar@tz418ressure and heating in an oven as described

previously.

If needed, the air seal may be subjected toc a post curing
treatment. Prior to subjecting the air seal to the post curing
step, it may be desirable to subject the air seal to a drying
treatment comprising heating the air seal to a temperature in
the range of 225 degrees Fahrenheit (107.1 degrees Centigrade)
to 275 degrees Fahrenheit (135 degrees Centigrade) for a time
period in the range of 1 hour to 48 hours. This drying
treatment is especially necessary if the substrate for the air
seal is a graphite-reinforced polyimide composite.

The post curing treatment comprises placing said air seal
in an oven, heating the oven to an initial temperature .n the
range of 65 degrees Fahrenheit (1B.3 deqrees Centigrade! to 85
degrees Fahrenheit (29.42 degrees Centigrade), ramping lthe
initial temperature to a second temperature in the rangs of 630
degrees Fahrenheit (331.9 degrees Centigrade) to 670 degrees
Fahrenheit (354.1 degrees Centigrade), helding the air seal at
the second temperature for a time in the range of 60 minutes to
150 minutes, and thereafter cooling the air seal. The ramping
step is performed at a ramp rate of 1.5 degrees Fahrenheit
(-16.9 degrees Centigrade) per minute to 4 degrees Fahranheit
(-15.54 degrees Centigrade) per minute. The. cooling stap is
performed at a rate in the range of from 3 degrees Fahrenheit
(-1% degrees Centigrade) per minute to § degrees Fahrenlieit

{-15 degrees Centigrade) per minute.



sai d abradabl e seal material conprises a plurality of |am nated |ayers of
said polyimde foam having a | am nation plane; and said | am nation 8i§9f4is
substantially perpendicular to said centerline. 13. A gas turbine engine

seal systemaccording to claim er.ei n_said | ami nati | ape is
substantially ea‘W‘ng PV troad:ijlg' \gpr ?‘t :rhgr? g’fega%ugﬂggﬁgeaﬁgen the

subst ant i g 4 Ysdrer pgndi il fRyrnied &ﬁ:_o?&(|aa|pl(i11|r’fa_3.(ittg/06f0ﬁ.a§'§t§ eogbpe. 14. A gas
tur bi ne engi ne seal systen1accord|ng to claim9, wherein said seal

subst r at elefriphiesk Pl yiamsien &eant ipdognd papyrePlesapésytef 15. A gas
. o e o \ : T
turbine engine seal Iﬁya%te%mzfzﬁg%ﬁﬁe%tcﬁl%ralt@ he""‘i?lfnggggﬁhddgggéﬂ&ﬁ

pol yi m de T oam conprises a chani cal I'y densi olyim oam 16.
A gas turdi nelngine ssdl 4Yyistsémudcc dediing thd ledasm @hawhehei hamanation

pol 06 (98 128 2 ISTaLl .0} SRSl SR oLEn  RELTBL i

density ofndttHeeasti 24Qik@d¥Bonl®8 ArUahet hbline andi BEbSEahtS¥SLeM

according to claim9, wherein said polyimde foamhas a density in the

range of Haxmhle tqy/tie radied Kgrestiea 30sréathst pRAGDA-i nEVAR #angelynf

System aCoor B LKA 6 RAGHSn TO8 o BoRa T aySr eI SoHer SRA by B 1 east

one adhesiwiersted pirortka d aygr. ofThddhesi becemser the. densification process
itself results in the formation of fault planes.

The laminated air seal 4,7 has fault planes defined by its
lamination planes 22. The orientation of the fault planes
relative to the plate seal motions are shown in FIG. 3.

As can be seen from the foregoing description, an air seal
4,7 has been provided which has an abradable seal layer formed
from one or more layers of a densified polyimide material. The
abrasive portion of the engine component and the abradable seal
layer cooperate to provide the desired level of sealing.

Testing of the present invention using air seals formed
from a polyimide foam material as described above and as
laminated and adhered to the substrate indicates that the
inventive air seals exhibit erosion resistance at least as good
as conventional elastomeric (e.g., porous silicone rubber)
seals. The air seals of the present invention also exhibit
abradability at least as good as conventional, porous silicone
rubber seals.

An advantage of the present invention is that the air seal
provides both acceptable durability and abradability, and
provides -these characteristics at higher temperatures. In
addition, the air seal of the present invention is cost

effective, relatively simple to fabricate, and does not weigh

any more than conventional seal materials.



20. A nethod of forming an air seal having inproved durability, conprising
the steps of: providing a polyinde foam densifying the polyinide foqqg] to
forma |layer of densified polyimde foam providing a seal substrate; Ad

bondi ng said | ayer of densified polyimde.foamto a seal. substrate to form
sai d a?r seal . i.e&%tgﬁ%s%tcdfrﬂf%&ltod‘ Hag Ress qﬁ‘?é:rréibr?cgél'tbtﬁ’vﬁollﬁi ni de .

f oam provighdast £ CHRE 5iss PrMil £ itth A dHdUIrsild ity tft ilowE Ratedel axeles of
said polyimde foam 22. A nethod according to claim20, wherein said

densi fyi rglshept cdepr s siang thaamome RS 19F ddesiinyiend ioa @mpéhei sicgpef oam
and said e ' I i Ty : (Al eatl l.yi m de
foamto aéfe%%p%%%%ﬁea%’%%qﬁ'an%ﬁggé d tn?%;rt%dgtef %%dg}'?itlr%gd
sufficienthdo v aimventdiesrsilias dresat ete sdrainelb ® vk iWlagy reefimd. i ers teahiionmaner
and conpressi.n he. heat ed pol yi mde foam 23...A nethod according to claim
20, wher f7ts Yehtesistrate providing step conprises providing an

engi ne conponent to which said polyimde foamis to be bonded. 13 Ol-414
24. A nmethod according to claim 20, wherein said bonding step conprises
applying a bonding material to a surfackE~~ of said polyimde foam and

appl ying pressure to bond said bo:~d:.ng material to said seal substrate.
25. A method according to claim 24, wherein said bonding material applying
step conprises applying at | east one adhesive strip to said polyimde foam
surface. 26. A nethod according to claim 20, further conprising



curing said air seal after said bonding step and said curing step
conprising placing said air seal in an autocl ave, applying a vacuw%fghfgid
air seal in said autoclave, applying an autoclave pressure in the range of
0.56 kg/cn2 tq 0.84 kag/cnR, tanping the tenperature in said autoclave from
an initi MATedhFe CAIMED AS¢he range of frown 18.3 degrees Centigrace to
29. 4 degrees Centigrade to a second tenperature in the range of from 204. 24
degrees Centigrade to 215. 34 degrees Centigrade, maintaining said second
tenperature for a®n mérpeepddiPh BAE iBngedaf BorPimetergive 1havimurs, and
cool i ng j - ; A ording to claim 26, wherein said
ranpi nq éﬁéﬁ%ﬁﬁfdk§$3%86%§5¥'ag§gﬁggfg?§'of from-16 degrees Cen~~igrade per
mnute to -15.54 degrees Centigrade per mnute and said cooling step is
carried out at_  a ¢ olig%Fra%e_of a16 degrees Centigrade per mnute to -15
degr ees~Cent i §r &F& pEP°mAbtE’ 38 A nmethod according to claim 26, further
conprising placing said air seal in an oven after conpletion of said curing
step and postcuring said air seal. 14 01 414 29. A nethod according to
clai m 28, fur@Bebeasphilei A§adr yRHETsANdtAFrSeRhsSPPFBFaE® pFaking said air

o erper SEEACRETR, RS  Tegelr Ko e o RtR of AN T TR BaZs™ 1O
Centigradeatrar a tinme period in the range of 1 hour to 48 hours. 30. A
met hod according to claim28, wherein said postcuring step conprises:

heating said oven to an initial tenperature in the range of 18.3 degrees

Centigrade to0229. 32 degr Qéﬁlcéﬂbbgﬁiﬁ?;tbaﬁpém BAiwhéréimasai@nperature to
a second tenpe:_~ature in the range of 331.9 degrees Centigrade to 354.1

degr ees @OFEAGIGe SR dRHETsEPBPALFesedl PRUTahi &Y sRE obrly @ B9 o33k fc:~r
atine i%e%@ﬁfﬁ%%9%09§iﬁ9dgi@UEﬁ? to 150 mnutes; and thereafter cooling
seal’,

said air
3. An air seal according to claim 1, wherein said
polyimide foam has a density of at least 160 kilograms per cubic

meter.

4., An air seal according to claim 1, wherein said
polyimide foam has a density of at least 240 kilograms per cubic

meter.

5. An air seal according to claim 1, wherein said
polyimide foam has a density in the range of from 192 kilograms
per cubic meter to 400 kilograms per cubic meter and a shear

strength of 9.8 kg/cm® to about 22.75 kg/cm®.

6. An air seal according to claim 1, wherein said seal

substrate. comprises a polymer composite.

7. An air seal according to claim 1, wherein the air seal

is an outer air seal.

10



31. A method according to claim 30, wherein said vanping step is perfor rred
at a ranp rate of -16.9 degrees Centic~rade per mnute to -15.54 d
Centigrade per mnute and said cooling step is perforned at a rate i na‘t
range o from-16 degrees Centigrade per mnute to -15 degrees Centigr ade
per mnute. 32. A nethod according to claim 20, wherein said densifying
step conpriseg dgpsLiyi QQafaéQccPPdJVﬂg{"ﬁj@ d0Am to, Raver&i e tah OrRater
than 160 kg/ nB. 15 hod according to claim 20, wherein
sai d denssfgi kgifeepdgenpedses densifying said polyimde foamto have a
density greater than 240 kg/nB8. 34. A nethod according to claim 20, wherein
sai d densifying step conprises densifying said polyimde foamto have a
density in the, ranggasf thriotmd hkiieaBsdal AQes tegh omplifi s ibg :
.As. A2. AE. Af. A LA % A A As2. A95. A" . A A@Q.. A% A, +G\D; <D~?@V X
KLt u] w mhc”Y] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cPa] ca]ca] ca]ca]c
a]ca]ca]ca]ca%cg%gg]gg% S LRl KA @ £FMar [substrate and an abradable
*1xsni d_Z]]ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] calcalc
a] ca] ca] sedtahebriitadpp] ted cd ca!borsl &2 BChk LM
, Hst &+21 st } xsni d_Z] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca]ca]c
a)J ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! ' DHI X Z}
5'9'2'[!!!!!,sa1d abradable seal material being composed of a densified
<SSt }xsnid_Z]]ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] caP@a]/efa]-éﬁ] E@]”@a] %la‘%‘ca] ca] ca] ca] ca] ca] cal " ##$$=$F$c$d$$$$%94
%% % Ny Ve VREEE&E&E ' =' @ G } xsnid_Z]]ca] ca]ca]ca]ca]ca]lca]ca]ca]calcalcalc
aJca] ca] ca]ca] ca] ca]ca] ca]ca]ca] ca]ca]ca]calcalcalcalcalcaljcalG1l"""" """ ((+
(((3)5)n)p))) ar*epyifé*edmpenent adapted for motion relatlve to the seal
+- +/ +}xsni.d calcalca ] a] cal ca] cal ca]
ca] ca] cafﬁﬁf@%t\fa]ligg] E%}'bra%c '} 5%%’8’ %‘:thoﬁ r%] ..... J7ng/ J%IQZ) T222K3L
3P3S333FANKBEM4bxENsEa] x}lﬁﬁéﬁﬂéllﬁ]ﬂ@e]fs?t])e aj e | ] el veen e taadne @l ahea] cal cal
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca ] ca] ca] cal ca] ca! 4405;
5<5@W55589 588 6FBBBP BRI %?9% seal material of the seal
;1 Xsni d_g]s%gﬂbgg] eg%gg%gg%cg%c&%&@]@]%ﬁa]d:a] ca] ca] ca] ca]ca]ca]ca]ca]ca]c
a] cal ca] caJca
P WRX A =" =d=k===>>>>>2* 2@H?| 2t 2y ?{ ?????2?27????, @ @ xsni d_Z] ] ca] ca] ca] ca] ca] ca

]ca]ca]ca]ca] ] cal ca] ca)] cal ca] cal cal ca] cal ca)] cal.ca] cal.cal cal.cal cal.ca] ca
Jcal ca ot s e %\%@g&%&@%&d&d@éﬁa BT Sy ch ¢
a] caj ca] ﬁﬁb@élﬁal:s@aceésa] sab st £0d Cedne s & Cs?dactaixceﬂdsa]a%i Grlier] caj caj ¢
a] ca] ca] ca] ca] ca! REEEE\ FFFFFFF&Gb HI #1 A1 1 9JJIKKKL2Lf LLL} xsnid_Z] ] ca] c
a] ca] ca] eAPEAPcaPBRPRETE aFREPELIRB] & H¥H ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ¢
a)J ca] ca] ca] ca] ca] ca! LLLM MNNOOGP;

PBP{ PPQSQRQSTTUUV#V* VaVWKWWNWWAKX} xsni d_Z] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] ca] ta} ca@cg@sa]ua@me] cerjgiale el caf e & ol whilrnea | tea @l ,

IQ]Y O CofBErgunL g Cy YE L ARG e A Ll e A d e Cal

said engine component comprises a rotatable vane.

12. A gas turbine engine seal system according to claim 9,

wherein:

said- engine component forms part of an engine having a

centerline;

11
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said lamination plane is substantially perpendicular to

said centerline.

13. A gas turbine engine seal system according to claim
12, wherein said lamination plane is substantially parallel to a
radial direction of said engine and substantially perpendicular

to an axial direction of said engine.

14. A gas turbine engine seal system according to claim 9,
wherein said seal substrate comprises a component formed from a

polymer composite.

15. A gas turbine engine seal system according to claim 9,
wherein said densified polyimide foam comprises a

thermomechanically densified polyimide foam.

16. A gas turbine engine seal system according to claim 9,

wherein said polyimide foam has a density of at least 160 kg/m’.

17. A gas turbine engine seal system according to claim 9,

wherein said polyimide foam has a density of at least 240 kg/m°.

18. A gas turbine engine seal system according to claim 9,
wherein said polyimide foam has a density in the range of from
192 kg/m® to 400 kg/m® and a shear strength in the range of 9.8
kg/cm® to-22.75 kg/cm?.

12
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providing a polyimide foam;

densifying the polyimide foam to form a layer of densified

polyimide foam;
providing a seal substrate; and

bonding said layer of densified polyimide foam to a seal

substrate to form said air seal.

21. A method according to claim 20, wherein said polyimide
foam providing step comprises providing a plurality of laminated

layers of said polyimide foam.

22. A method according to claim 20, wherein said
densifying step comprises thermomechanically densifying said
polyimide foam and said thermomechanically densifying step
comprises heating the polyimide foam to a temperature greater
than 305 degrees Centigrade for a time sufficient to obtain a
density greater than 160 kilograms per cubic meter and

compressing the heated polyimide foam.
23. - A method according to claim 20, wherein said seal

substrate providing step comprises providing an engine component

to which said polyimide foam is to be bonded.

13
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10 material applying step comprises applying at least one adhesive

strip to said polyimide foam surface.

26. A method according te claim 20, further comprising
curing said air seal after said bonding step and said curing
step comprising placing said air seal in an autoclave, applying
a vacuum to said air seal in said autoclave, applying zn
autoclave pressure in the range of 0.56 kg/cm? to 0.84 kg/cm?,
ramping the temperature in said autoclave from an initial
temperature in the range of from 18.3 degrees Centigrace to 29.4
degrees Centigrade to a second temperature in the range of from
204.24 degrees Centigrade to 215.34 degrees Centigrade,
maintaining said second temperature for a time period in the

range of 30 minutes to 1.5 hours, and cooling said air seal.

27, B method according to claim 26, wherein said ramping
step is carried ocut a ramp rate of from -16 degrees Cenitigrade
per minute to -15.54 degrees Centigrade per minute and said
cooling step is carried out at a cooling rate of -16 degrees

Centigrade per minute to =15 degrees‘Centigrade per minute,
28. A method according to claim 26, further comprising

placing said air seal in an oven after completion of said curing

step and postcuring said air seal.
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and said drying step cemprising heating said air seal to a
temperature in the range of 107.1 degrees Centigrade to 135
degrees Centigrade for a time period in the range of 1 hour to

48 hours.

30. A method according to claim 28, wherein said

postcuring step comprises:

heating said oven to an initial temperature in the range of

18.3 degrees Centigrade to 28.42 degrees Centigrade;

ramping said initial temperature to a second temperature in
the range of 331.9 degrees Centigrade to 354.1 degrees

Centigrade;

holding said air seal at said second temperature for a time

in the range of 60 minutes to 150 minutes; and
thereafter cooling said air seal,

31. A method according to claim 30, wherein said ramping
step is performed at a ramp rate of -16.9 degrees Centi¢rade per
minute to -15.54 degrees Centigrade per minute and said cooling
step is performed at a rate in the range of from -16 degrees

Centigrade per minute to -15 degrees Centigrade per minute.
32. A method according to claim 20, wherein said

densifying step comprises densifying said peclyimide foam to have
a density greater than 160 kg/m’,
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