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ROTOR BL;;DES\J-

1. Fleld of the Invention
. The" present 1nventlon relates generally to

lncrea51nq.the durablllty of blades in gas turbine

_ engines. In partlcular, the 1nvent10n relates to a

-57 déformable protectlve coating applied to shrouded _
R blades to reduce susceptibility to blade airfoil damage
caused by t e,lmpact between the shroud and airfoil of

adjacent bl des. The coating acts as a shock. absorber

by deformuﬁgﬁon impact so that the 1ocallzed impact

lO. energy transmltted to the airfoil is reduced.
"-,2,} Descrlp'lon of the Known Art
Gas turblne engines having axial flow fans and
compressors frequently use mid span shroud projections
_ to prov1df“damp1ng or reduce blade airfoil vibration.
15 T '
extendlng radlally from a rotor disk. The shroud

ompressor blades have airfoil sections

extend c1rcumferent1ally from each blade

airfoil and?contact shroud pro;ectlons on adjacent

blades durlng englne operatlon;' The adjacent shroud
.20 pro;ectlons have opposing matlng faces that are in

abuttlng engagement during englne ‘operation. Together,
the shrcudfjo”'

@all the blade a1rf01ls engage during

] on to form an’ annular stiffening ring.
Mid span ds have commonly been used on high aspect

25 . ratio fan 'dﬁcompressor blades. High aspect ratio

. This Sheet Has Been Re,p

L




1§Fi el d of the Invention The present inventi on rel ates ~gén'eral ly
tg: -increasing the durability of blades in gas turbine engi nes. In

partlcular the inventi-omielates to a 5 deformable protective coating
applled to shrouded ‘ﬁg@@@neagﬂreduce susceptibility to blade airfoi

-dapage caused iflbet ween the shroud and airfoi}3@Y-10388
adfacent bl ades.
i npact so that th

as a shock absorber by deform ng on
npact 10 energﬁ'transn1tted to the airfoi

i sigr educed. 2. Descrlptlon of the Known Art Gas turbi ne engines -
h.ilng axial flow fans and conpressors frequently use nmid span shroud
prgj ections bragesvare Tahpbhyedy lendgcans adaxrawfdiavingrizighnspas

g fan or COMPI £SRGEn btadsﬁobavelatﬁf Phti8QCt i Gieh blededry radially
gm a rotor dis e shroud
i especially susceptlble to aerodynamlc flutter, and
] typlcally have low resonant frequen01es which may be
5 excited at rotor. operatlng speeds. The stiffening ring
formed by the mid- span shrouds prevents blade
aerodynamic flutter,'and increases the resonant
frequency of the blades..
: - Examples of blades with mid span shrouds are shown
f 10 in U.S. Pat. Nos. 3,734,646 issued to Perkins May 22,
3‘ 1973, and 4,257,741 ;ssued to Betts et al harch 24,
; 1981. The Betts patent describes a shrouded blade with
. a pad applled to’ shroud mating faces. However, the pad
_ in Betts is wear reslstant rather than deformable, and
15 does not address redhcing damage to blade airfoils due
- to impact betweeh'fhe shroud and airfoil of adjacent
blades.
During englne operatlon forelgn objects may be
ingested by the fan and compressor. sections. The fan
20 and compressor blades must be de51gned to withstand
such foreign object;ingestion-with minimum damage to
the biade airfoils. During a severe ingestion event,
such as a bird lngestlon, the blade struck by the
forelgn object canfbe damaged.: In addition, the sudden

25 loading on theﬁ*lade can cause the blade shroud to

dlsengage from th hroud on the adjacent blade and

slide forward to- i pact agalnst the adjacent blade

airfoil. The 1mpa t of the shroud agalnst the adjacent
blade airfoil can‘r;sult in severe localized impact

30 1loads and a1rf01l damage requlrlng the adjacent blade

to be replaced. :p’extreme cases, blade failure can

occur, requiring engine shutdown due to. vibration

caused by'out'ofj'ahance loads.
approach to'reducing airfoil damage

_ One pos51bl_
35 durlng foreign object lngestlon is to thicken the



#tlons ext end circunferentially from each bl ade airfoil and contact
proj ect i ons on~adjacent bl ades during engi ne operation. The

ad;acent shroud Zthgﬁgnggb&Qmﬁlnaye opposing mating faces that are in

abutting engagenent operatlon Toget her, t he shrouds on
%!&@F i ng engi ne operation to foriREmleI8RI ar

all the bl ade alrfo
stiffening ring.’ uds have commonly been used on hi gh aspect

25 gatio fan and conpressor”bLadesj H gh aspect ratio

airfoil'section;-*ﬂowever, thickening the airfoil

section is undesirable because it adds weight to the

engine and-Can*a ect the aerodynamic performance of
the blade_airfoil{f As a resdit, engineers and
5 scientists continge to seek EEtter methods for
increasinq?the foreign object damage tolerance of
blades used 1n gas ‘turbine englnes. '
SUMMARY OF THE INVENTION
it is therefore an object of the present 1nvent10n
10 to provide a means : for m1n1m1z1ng airfoil damade from
shroud 1mpact durlng foreign object ingestion.

It is a further object of the present invention to

e R A T R N A R TR TR

provide a means for minimizing airfoil damage from

shroud - 1mpact whlch does not adversely affect blade

15 performance or 51gn1flcantly ‘increase engine weight.
It is a further object of the present invention to

'prov1de a meansé'fr mlnlmlzlng airfoil damage which
does not add mechan1cal complexxty to the engine.
It is a: further object of the present 1nvent10n to
20 provide a means;for mlnlmlz;ng airfoil damage which is
easily and:inexﬁensively adaptable to existing engine
hardwareff ' '
It is a further object of the present 1nventlon to

prov1de a means“for mlnlmlzlng airfoil damage which is

25 durable and- subje't to mlnlmal erosion or service

deterloratlon caus:d by air flow through the blades.

Thevobqects f the 1nvent10n will be more fully

understOodzfrom- drawings and the following -
description.
30 relatively thin;

to a localizedfa_

_ the present invention is a
'eformable protectlve coating applled

a on shrou"fd blades to reduce blade
airfoil damage s :
and airfoil-of
in response: to im

US _mpact between the shroud
facent bla&es.' The coating can deform
act between the shroud and airfoil of




b@%des are relativelylong and narrow, haV|ng hi gh span | ength to chord

th rati os. Such’ blades are ‘especial ly suscepti bl e to aerodynam c
fEutter, and t ypi tHa@aml sonant frequenC|es which may be 5
e}0|ted at rotor opeLE The stiffening ring formed by the
n1d span shrouds pre aerodynan1c flutter, andl3PMads 88 t he
rQSOnant . frequency of th Exanpl es of bl ades with md
sﬁ-n shrouds are shomm —4-

adjacent blades to]deduce the 1ocallzed impact energy
transmitted to. the- oll and hence reduce airfoil

iembodlment the deformable

: daﬁage. In a. prefe
protectlve coatlng ncludes an aluminum layer applied

5 to a corner. face of titanlum ‘alloy shroud.
BRIEF DESCRIPTION OF THE DRAWINGS

A more complet ;understandlng of the invention will

be galned from the f '

ow1ng detalled description which is

glven in connectlon w‘ h the accompanylng draw1ngs, in
10 ‘which: e

Figure 'l is afsiﬁéiified schematic of a gas

< - turbine engine crosSV sction.

T e s Qs X S i g S s T R SR

:;rged cutaway v1ew of a bladed
rotor in the fan sectlon which includes fan blades with

Figure 2 1s an

15 mid span shrouds. :
Figure 3 is a'Giebﬁtaken along lines 3-3 in Figure

2, looking radlally 1nwardly along the blade airfoil
axis, and shows theref?

tive motion of adjacent blades

due to ingestion*of: forelgn object.

20 Figure 4 1s a_vﬁew,of enlarged area 4 indicated in

Figure 3, showlng theffocatlon of the protective
coating on the. shroud corner face.

. Figure 5 ‘is "“oss sectional view of the

 .protect1ve coat“n he corner face of the shroud

25 taken. along lin Flgure 4,

Figure 6 is arged view of the relative
motion of adjaqent. lades shown in Figure 3, and also
shows the relativ ing of the corner face of the
' . irfoiléon the adjacent blade

e protective coating.

shroud relative[t;
30 during deformatio




10 Bn u's. Pat. Nos. 3,734,646 issued to Perkins My 22, 1973, and
4,2B7,741 issued to Betts et al March 24, 1981. The Betts patent

desbrlbes a shr outtkigiSHattaideBesh Réplaced - a pad applied to shroud mating faces.
However., the pad R wear resistant rather than defornable, and
Afhge to blade airfoils due 1@@W1ﬁ&iﬁ8
arrfoll o

Hoes not addres

betyfen t he shroud an adj acent bl ades. Duri ng
engkne operation foreign objects may be i ngested by the fan and

ir essor sections. The fan 20 and conpressor bl ades nust be designed to

¥st and such foreign object |ngest|on with n1n|nun1danage to t he

g

bl age airfoils. During a sdé

2

i nggst t he bl ad b : d
2ddfE i on. "t he sudden o Shg 8 i%ﬁ tﬁm%FiS%g@a%%%ﬁé'g??Ee?ﬁ poETRdL N

gas turbinhe englne 10 Engine 10 includes a fan

_wsectlon 14, a compressor section 16, a combustor
5 section 18, a.- hlgh pressure turbine section 20, and a
- low pressure turblne sectlon 22, all disposed in a

-serlal relatlonsh1p in an axial flow path, and

3 ‘generally concentrlcally arranged about a longitudinal

F - axis 12. Durlng englne operation air, indicated by

f 10 arrow 9, is pulled into fan section 14 and is °

E compressed by fan bladed rotor 15 and compressor bladed

? ' rotor 17 in the fan section 14 and compressor sectlon

¥ - 16, respectlve y.f Compressed air exiting compressor
section 16 flous 1nto combustor section 18 where- it is

15 mixed with fuel and burned to produce a high pressure,
high temperature gas stream. The high pressure, high
temperature gas stream exiting the combustor sectlon 18
is expanded:;hrough the high pressure turbine bladed
rotor 21Eanddiowﬁpressure bladed rotors 23. The high

20 preSsure tufbinéwbladed rotor 21 drives the compressor
bladed rotorf;l"tﬁrough a core shaft 24, and the low
pressure turﬁihe'bladed rotors 23 drive the fan bladed
rotor 15 through a fan shaft 25, which 'is generally

coaxial with 'haft 24. The airstream 9 entering the

25 engine may 1nclude one or more foreign objects 11. For

.instance, blrd' or other forelgn matter, such as dirt
and debrls,“are sometlmes 1ngested by gas turbine
engines. " i

.Flgure'Zpshows a cutaway view of fan bladed rotor

30 15, Bladed,rofof 15 includes a generally axisymmetric
rotor disk 3¢ nd a plurality of blades 36 mounted on a
rotor disk”r: é on the perimeter of rotor disk 30.

The blades 3 e mounted on disk rim 32 by means well
known to those_skllled in the art, such as by fitted

35 engagement Wlth dovetall slots on the disk rim 32. The




_ﬁsengage fromthe _shroud on the adjacent blade and slide forward to
gpact against the adjacent blade™

. airfoil. The inpact of the shroud
f»»s nst the adj acHiidSheet HadBeaienRbel f0| | can result in severe |ocal ized

grpact 30 |oads a ‘requiring the adjacent blade to be
e2pl aced.  In extr m”“ ng failure can occur, red-@lW'rig)@rﬂgl ne
Ut down due to vi used by out of bal ance Ioads

fissi bl e approach to redu0|ng ai rfoi

damage” %B durlng f orei gn obj ect
ggestlon Is to thicken the

blades are mounted_on the rotor disk rim 32 in a

generally unlform.;hlrcumferentlally spaced apart

manner, as shown Fxgure 2.

Each blade 36 includes an
alrf011 sectlon 38

_fxtendlng generally radially
outwardly from dlsk 30.

w

During engine operation, the
fan bladed- rotor rotates about engine ax1s 12, as’
1nd1cated by arrow 49. : :

Each blade also includes a shroud 50 which extends

’ cirCumferentlally from the blade airfoil, so thag the

shroud 50 1s generally perpendicular to the blade
airfoil. -

10

Shrquds oﬁ@adjacent airfoils extend between -

the adjacent'blaﬁes;f During engine operation the

) adjacent shrouos arefin abutting engagement, and the
‘adjacent shrouds 50,..when taken together, form an .

annular shroud ring 51 which extends circumferentially

ahput, and in spaceéirelationship to,'

30} as shown in Figﬁre 2.

15

the rotor disk

Figure 3 is a view taken along lines 3-3 in Figure
2, looklng radlally 1nwardly along the blade airfoil

20 axis of two adjacent ‘blades Boa and 36Db.

As shown in °
Flgure 3, the alrf01l section includes a leading edge

41 formlng the. upstream edge of the airfoil 38 and a

trailing edge 42: formlng the downstream edge of the

airfoil 38, A genefﬁlly convex suction surface 44 on

25 one side of the alrf01l 38 extends from the leading
edge 41 to the tra'l;ng edge 42. A generally concave
pressure surface 46 on the other side of the airfoil 38
extends from the 1ead1ng edge 41 to the trailing edge
42. - -

30 -

Eac Yo jd 50 on each blade 36 can 1nc1ude
a first shroud”pr ttlon S4 extendlng generally
Circumferentially 1

rom the suction surface 44 of the
airfoil and a second

‘'shroud prejection 56 extending
generallyfcirCumfereﬁtially from the pressure surface




F'oi . section. Fbmevér thi ckening the airfoil section is undesirable

begalse it adds welght to-the __engine and can affect the aerodynamc’
~ pekformance of blade airfoil.. As a result, engi neers and 5
scientlsts contlnu BdsRé met hods for - increasing the foreign
iect damage tol er ””’ des used in ‘gas t ur bi ne engi3P¥s10388

_7_
46 of the airfoil. ffhe first shroud projection is
generally triangularfand includes a first mating face
64, an upstream face 84, and a first corner face 74.
First corner.face 7Kdis adjacent first mating face 64
5 - and:extendS”fron the ‘first mating face. 64 to the
upstream face 84. fTﬂe second shroud projection is
generally triangular:and includes a second mating face
66; a downstream face 86, and a second corner face 76
- extendlng from the second mating face 66 to the

K

10 downstream face 86. The second shroud prOJectlon 56

" also includes a generally concave cutback surface 77
adjacent the second matlng surface 66. An airfoil
'tran51t10n surface’ 79 extends intermediate the cutback
surface 77 and the alrf01l pressure surface 46. The

.

[ s - - eprevgserec o
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15 alrfoll transition surface 79 provides a smooth,
aerodynamlc tran51tlon from cutback surface 77 to the
pressure surface 46.

Referring agaln to Flgure 3, during engine
operatlon the flrst matlng face 64 .of first shroud

Cape e mmaet

20 progectlon 54 on each blade is in abutting engagement

— v

with the -second: matlng face 66 on the second -shroud
! ) pro;ectlon 56 of the adjacent blade. Due to the blade
rotatlon 49, a forelgn object 11 entering the engine

along a1rstr_gm 9- may impact agalnst the pressure
25 surface 46 of a blade, such as blade 36b. . The 1mpact

causes dlsengagemen'fof the flrst matlng face 64 on

blade 36b from the second matlng face 66 on blade 36a,
and can cause blad“*36b to sllde forward, along the
interface between f_rst matlng face 64 on blade 36b and
& 66 on blade 36a. The displaced

b is shown in phantom in- Figure 3,

30 second matlng fa

p051tlon of blad :
and is 1nd1cated:asN36b'
The motlon o blade 36b relatlve to blade 36a
results in- the ‘corner face 74 of blade 36b 1mpact1ng
- 35 agalnst the a1rf011 of blade 36a. . The impact point on




¥MARY OF THE | NVENTI ON It is therefore an object of the present
“éntlon 10- to prowi-de--a neansfor..mnimzing airfoil danmage from

S‘goud Jnmpact durin forelxn 0bj ect ingestion. . It is a further
olff ect of the prese JJ ﬁr aced  provide a neans for mninizing

aiffoil damage from ct whi ch does not adversely affect. bl ade

gperfornance or si rease engi ne wei ght. VlﬁoBﬁs
¥t her object of the present invention to provi de a neans P

gii M zing airfoil damage which does not -egkd nechani cal coaneX|ty to
B engine. It is a further .object of the present invention to 20
pvide a neans for mnimzing airfoil damage which is- . easily and

gxpensi vel y adamea@iefbmlexramsﬂglomgbmrfaceVW§dﬂ@rfhdlcated atlboigta
& t her object Yo tIF PigaGA! 5 nv%ﬂtron

1mpact of the corner face 74
against blade 36a- can: result in severe airfoil damage
on blade 36a, and ;'*extreme cases, blade failure.
closed in this appllcatlon
prov1des 1ncreased damage tolerance of blade airfoils
in the event of fol ign object ingestion. The

increased damage tolerance is provided by applylng a

5 The 1nvent10nfd

deformable protect1 e;coatlng to each blade. The
10 protective coatlng 1s ‘located to reduce airfoil damage
- caused by impact between the shroud and airfoil of
< _adjacent blades dur_n” disengagement of the adjacent
blade shrouds. The@_notectlve coating deforms during
~ impact, thereby absorblng energy and reduc1ng the
} 15 impact load’ transmltted to the airfoil.
F - Referrlng to~R;_ure 3, in the preferred embodiment
i
|
:

a protective coat1ng’95 is applled to the first corner
face 74 of the first shroud progectlon 54 extending’
from each blade alrf011 suction surface 44. - Figure 4
- 20 shows an enlarged v1ew of the coating 95 on corner face
P 74. The coating extends over the portion of the corner.
face 74 whicéh contac s the adjacent blade airfoil

| during forelgn object_lngestlon. The view in Figure 5
is taken along llnes 5=5 in Flgure 4, and shows the
tendlng across the thickness of
the first shroud”pro ectlon 54 from a shroud pro;ectlon
bottom edge 53 t

a preferred embod

25 protective coatlng

hroud projéctlon top edge 55. 1In

2mbe ntg the protectlve coating is
blended smooth w tfe corner face surface 74, the top

30 edge 53, and botti edge 55 to ‘éliminate steps or
-d15cont1nu1t1es W 'c'ﬁcould dlsrupt airflow over the
corner face 74. In.a referred ‘embodiment the
protective. coatlngid_es not extend onto first mating

surface 64, nor onto upstream face 84.




sprovide a neans for mnimzing airfoil damage which is 25 durable and
Esubj ect to m ni mal-erosi on 6r Service deterioration caused by air flow
Lt hrough the bl adegye }hsBﬂm Rdfacedbj ects of the invention wi'll be nore

e6ful |y understo mnngs and the foll ow ng description
EBriefly, the prese$ a 30 relatively thin, defi®Dw-aldiss

fpr ot ecti ve coating a localized area on shrouded bl ades to

i educe -bl ade airf0|l danage caused by t+#—inpact between the shroud
fand airfoil -of adjacent blades. The coating can deform in response to
8 npact between the shroud and airfoil of

Alternatively,‘the protective ccating could be
located on the airfoil surface, such as at the impact
point 90 in'Figure-i; However, locating the protective
coating o’ the'aiffofl surface could result in a

5 detrimental effect on the aerodynamic performance of
the airfoil, since the .airfoil tran51t10n surface 79
would include a hum”fiaused by the coating thickness.
In addition, the coeﬁﬁng would be subject to erosion by
the air flow over the airfoil surface. Locating the

10 coating on the shroud corner face does not 1mpose as

. great an aerodynamlc penalty, since the coating can be

< smoothly blended to the shroud corner face. Locéfing
the coatlng on the shroud corner face also reduces the
coating’s susceptlb’ﬁ'ty to erosion by the air flow

15 over the blade airfoils.

In a preférred mbodiment the blade 36, including
the shroud_?rojeotioq |

B s shic e malienens g o o2y
.

s 50 and airfoil 38, is a titanium
alloy forgihg, althouéh the blade may be cast or made
from other metdls or. comp051tes. The titanium alloy

20 blagde has a nomlnal comp051tlon by weight of about 6%

o aluminum, and about 4% vanadium with the balance

! essentially tltanlum.; This alloy is commonly referred

to as Ti-6-4. o

- et

The protectlvelcoatlng may 1nc1ude multiple
25 coating layers. Because blade materials such as
tltanlum alloys cannform adhesive oxide coatlngs, it is
difficult to obtaln good adhe51on of some coatlngs.
Thus, it 1s_usually*;'

ecessary to include a first bond

@with the blade material and

30 compatible with a § cond coat layer. For example, the
protective coatln 95 can include a first bond coat
layer, such. ‘as” a”

coat layer compatib

ckel- -aluminum alloy bond coat layer
97, and at least_goseoond coat layer, such as an




- ff- . adj acent bl ades to reduce the |ocalized inpact energy

10

15

. 20

25

30

,;snltted to the airfoil, and hence reduce airfoil damage. In a
g;erred enbodi ment the’ defornﬁbke-- protective coating includes an

i num | ayer applﬂhdsméuﬁgg jﬁrqfr face of a titanium alloy shroud.

13DV-10388
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aluminum outer layer 99 placed over at least a portion

-10-

of the first bond ‘coat 1ayer, as shown in Figures 4 and
5. _ .

The flrst nlckel aluminum bond coat layer is
preferably a 004 1nch to .006 inch thick layer applled
to the shroud corner face by, for instance, a
conventional plasma spray process to form a plasma

 sprayed layer on the 'shroud corner face. The first

bond coat layer 97 can have a nominal comp051tloh by
weight of about 5% alumlnum with the balance

-essentlally nlckel._:A nickel aluminum alloy

commerc1ally available as an alloy powder and suitable

" for plasma spraying is Metco 450 supplied by Metco, Inc.

In a preferréd'embodiment the second coat layer
is an alumlnum outer ‘layer 99. which can be a .016 inch

to .020 1nch thlck layer applied over at.least a
portion of first bond coat 1ayer 97 by a conventional

plasma spray-progessfto form a plasma sprayed layer on
the first bond CQatﬁlayer_97. In the preferred
embodiment, the aluminum outer layer is at least about
99%-alumingmfby weight, the balance being incidental -
impurities. A sditable'aluminum composition in the
preferred’eﬁbodiment'is commercially available as a
powder for plasma spraylng, such as Metco 54 supplied
by Metco, Inc.

., Tests to determlne the damage tolerance of blades
durlng forelgn object ingestion are ‘required for fan

blade certlflca ion, and are typically conducted by

firing progectl ;nto rotating blades during engine
-' Snducted on blades without the

protective coatlng showed that the shroud corner face
74 digs 1nto th_, rf01l transition surface 79 at point -
90 on the adjacent blade, so. that the impact energy is

concentrated at the - 1mpact point 90 in Figure 3. The

testlng. Test



}gﬁlEF DESCRIPTICN OF THE DRAW NGS : A rore conpl et e ‘under st andi ng of
ghe' i nvention will —be-gained fromthe follow ng detailed description
ghich is gi ven TJL onnectlon W TH the acconpanying drawings, in 10

phich: ‘ F|g m een mhlfled schematic of a gas t ur bi ne
gngi ne cross sectlon ure 2 is an enl arged cut awa
s aded rot or Wl n whi ch includes fan bl ades>'(Lv:\iﬁ\ﬂt‘/‘r§1Wl(gifggjl

j d span shrouds. Figure 3 is a viewjtjaken along lines 3-3 in

j gure . 2, looking radially inwardly al ong the bl ade airfoil axi s,
hd shows the relative notion of adjacent bl ades due to ingestion of a

fPreion object. 2Qoges exnird¥ed hir¥di ) Bhle *0kaLERTnY BRat AT AALSIL
| for certlflcatlon.'_'

Tests conductedion.blades with the protective
coating showed that, -on impact the protective coating
5 deforms. The deformatlon included not only compression

of the protectlve coatlng but also a shearing action,
or smearing of the protectlve coatlng, allowing the
'shroud corner face to slide sllghtly relative to the
airfoil surface on the adjacent blade. As a result,
10 impact energy is. abs;rbed by the deformation of the

coating, and the load~transferred to the airfoil is
. dlstrlbuted over a larger area than the localized
impact point 90. Teet results showed that the
protective ccating-reauced airfoil damage to a level
15 allowable for certification.
The energy absorb1ng and load distributing
. features of the deformable protective coating are due,
at least in part,_tp;the low shear yield strength of
the prctective ccatiéé as compared to the shear yield
20 'strength of the hladefairfoil material.. Shear stress
typically reSults*frcﬁ traction forces applied parallel
to;the surface of'ahfcbject.' The shear yield strength .

of a material 1s_th_“1eve1 of shear stress at which the
material w111 unde go. permanent set, or permanent

25 deformatlon.- Th 6 4 blade alloy, from which the

" airfoil and shroud a;e formed, has a minimum.shear

yield strength exceedlng 60 k51 (60,000 pounds per

 square inch). - It
strength of the;q
30 spray should not

'S preferred that the shear yield
_er’alumlnum layer applied by plasma
eed approxlmately 5 ksi. A plasma

spray 1ayer gen yélncludes voids or inclusions
~ which reduce the st ength of the layer. In the

preferred embodw.__f

wthe protectlve coating shear yield
strength is 1ess than about ten percent of the airfoil
35 material shear yleld strength.



H Flgure 3, showi ng the |ocation of the protectlve ~ coating on the shroud
‘corner face. Figure 5 is a cross sectional view of the
protectlve coat i ng.on-the-cornér face of the shroud 25 taken al ong |ines
{ 5-5 in Figure 4. Re@atee (6 is an enlarged view of the relative
inFigure 3, and also shows t he
ace of 'the " shroud relative to the

durlng def ormati on of tkmaﬁﬁQXe%??%%
-12=

J motion of adj acerfhis it
relative sliding o “
airfoil on the adj

1 coating:

Referring to Flgure 6, the shroud projection 5S4
w1ll generally 1mpact against the adjacent airfoil such
that the impact force includes a force component

perpendicular to the airfoil surface and a force
5 component parallel cc the airfoil surface. For
instance, the tangent to airfoil transition surface 79
at 1mpact p01nt 90 1s indicated by an imaginary axis
- 104 in Flgure.s, Durlng forelgn object ingestion,,
first Shrou&,pro]ect;on 54 slides along an imaginary
10 axis 108, which is generally parallel to first mating
- surface 64 on blade §6b and second mating surface 66 on
+  blade 36a. Angle 102 formed by the intersection of
axis 104 and axis 108 is less than ninety degrees. As’
a result the ‘shroud progectlon 54 1mpacts at point 90
15 with a component of . force parallel to the airfoil
transition surface 79r as well as with a component of
force perpendicular'to airfoil transition surface 79.
On blades without the protective coating, the titanium .
shroud corner face 74 digs into the titanium airfoil
20 transition surface 79 at point 90. The high shear
vYield strength of tne airfoil resists deformation and
does not permlt slldlng of the shroud corner face that
would otherw1se ;rnduced by the force ‘component
. parallel to the alrfoll surface.
25 In contrast,_tne low shear yield strength of the .
‘protective coapinq“gs-allows the coating to deform by
shearing, orvsméarlﬁ&, on impact at point 90. Shearing

of the protectlve 'oatlng permlts the shroud corner
face 74 to sllde;aefng the alrf011 transition surface

30 79 to a p01nt 91_d;splaced from 1mpact point 90 due to
the impact force omponent parallel to airfoil
tranSLtlon surface 79. The displaced position of blade
36b due to thlsrslidlng motion is indicated in phantom
as 36b" in. Flgure 6. Deformation of the coating

35

absorbs 1mpact energy In addition, deformation of the
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HE DRAmrNGS Figure 1is a sinp
DETAILED DE?CRIFTIFﬁngmIs cghgi ne 10. Engi ne 10 |ncludeﬁ_ahfan
schenath40 acoypressor ' combustor 5 section 18, a Eg Al
SeCtlonelturglnenEectlo IOM/pressure turblnﬁ secélon
grggigéd in a seri al relatlonshlp inlan aX|aIde0}Npat ax?g 12. During
general |y concentrically arranged about a | ongi t udi na 13DV-10388
englne operation air, indicated by

-13-~

coatlng and the sllght slldlng of the shroud corner
face relatlve to the alrf011 result in dlstrlbutlon of

fac . Therefore 1ocallzed impact

5 stress on the a1rf011; whlch is a measure of force per

unit area, is reduced ) .

1 c_embodlment of the present
1nventlon ‘has been d scrlbed it w1ll be apparent to
those Skllled in the_art that various modifications can

10 be made without depart;ng from the scope of the

invention as rec1te

1n the appended claims. For

1nstance, the lnventlon has been described in relation
to a_ shroud protest _;eoatlng on a fan blade, but the
1nventlon is also’ a_aptable ‘to shrouded compressor or

15 turbine blades. Slmllarly, the invention was described
for tltanlum alloy” blades, but other applications coulg
include a shroud prj“ectlve coating on a blade having a
different metal cq nesltlon, ©Or on a blade having a
composite mater1al constructlon. Further other

] 20 applications could 1nclude different combinations of

‘F. o shroud coatlng mater1al and airfoil material, where the

shear yield strengthzof the protectlve coating is low
compared" to the shear _teld strength of the airfoil

P ' material. _ N L
25 The present 1nve'tlon has been descrlbed in
connection w1th a o
embodlment.__ﬁgy
skilled in the ar

ic representatlve .example and
- will be understood by those
hat ‘the 1nventlon is capable of

et — S

other examples and. ey "dlments.

30



10 arrow 9, is pulled into fan section 14 and is conpressed by fan

bl aded rotor 15 and conpressor bl aded rotor 17 in the fan section 14 —

ahd conpressor section 16, respectively. Conpressed air exiting '

conpr essor section 16 flows into conbustor section 18 where it is 15

m xed with fuel_and burned to produce a high pressure, hi gh tenperature

gas stream The high pressure, high t enper at ure gas streag}qﬁ¢ting t he

conbust or sec;tunmm ' anded through the high pressur I pt0ess

bl aded rat ummmlﬁ'gssure bl aded rotprs 23. The hi gh 20

-pressure turBiné bl aded®rosor+21:drives the conpressor bl aded rotor 17

‘through a core shaft 24, and the | ow. pre?sure t ur bi'ne—-bt-aded_rot ors 23

drive the fan bl aded rotor 15 through _ shaft 25y. T
S 5""

which is
generally coaxial with shaft 24. The Lam 9 ent gj el Replaceq |
engi ne may i.nclude one or nore foreign objects 11. For 77” l Ill’l’lii’l

1. A bladed rotor comprising:
a) a rotor disk; _
b) a plurality of blades generally qniiorﬁly
circumferentiaily mounted on the rotor disk, each blade
.*l. 5 including.an airfoii extending radialiy outwardly from

the rotor disk, and each blade further including a
shroud éxtending‘circumferentially from the airféil;
wherein shrouds of adjacent blades are in abutting
engagement; and ' _

10 c) a deformable protective coating applied to
each blade, wherein the protectivé coating is located
to reduce airfoil damage caused by impact between the
shroud and airfoil of adjacent blades.

2. The bladed rotor as recited in claim 1,
10 wherein the deformable protective coating is applied to
the shroud. ’

3. The bladed rotor as recited in claim.1,
wherein the qeféfhable_protecﬁive coating has a shear
. ' - yield strengﬁh iéés than the shear yield strength of
15 the airfOil.matérial.-

% 4. The bladgd rotor as recited in claim 1,
wherein the shear yield strength of the airfoil
material'is.at 1éést ten time# greatet;ﬁhén the shear
yield strength of the deformable protective coating.
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The bl ades 36 are

ski

the

ingtance, birds or other foreign matter, such as dirt and debris, are
someti mes i ngested by gas turbine . engi nes. . Figure 2 shows a

away vi ew of faﬁ-bLaded“Lotor 30 15. Bladed rotor 15 includes a
erally aX|sy m Im rotor disk 30 and a plurality of blades 36

nted on a 'n” on the perineter of rotor disk 30.
I ,g ri'm 32 by means -wel | known to those -
¥ Thited 35 engagenent with dovetleﬁqV'S]IQﬁasS on
. -15-.

lled in the art, stch*as" b
disk rim 32. The :

5.  The bladed rotor ‘as recited in claim 1,
whereln the blade, 1nc1ud1nq the shroud and airfoil, is
a titanium alloy, end wherein the deformable protective
coatihg includes at least an aluminum coat layer.

5 6. A blade for mount@ﬁg on a fotor disk in a
substantially uniformly and'circumferentially spaced
apart relationshipfwith other blades on the:roﬁbr disk,

- the blade qemprieiﬁg: _
. a) an airfoil section extending radially
10 outwardly from the-disk,andﬁhaving a pressure surface
~ and a suctlon surface;

b) a flrst shroud progectlon extending
circumferentially from the suction surface of ‘the blade
airfoil section, the first shroud pro;ectlon including
15 a first mating- face and a corner face ad]acent the

first mating face.~:

c) a segoﬁd shroud projecfioq extending.
cifcumferentially f#om the pressure surface of the
blade airfoil sectién, the' second shroud projection

.lll' - 20 including a second mating face, wherein the first and
.

second mating faces:of adjacent blades on the rotor '

disk are in abutt_ng engagement, and
d) a deformable protectlve coating applied to
the corner face on the flrst shroud projection, wherein
25  the deformable pr
airfoil damage ca

'ctlve coatlng is located to reduce
=d by 1mnact between the first

shroud projeption'and airfoiw'of adjacent blades.

cet Has emRTTWm
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-6- bl ades are nounted on the rotor disk rim32 in a general ly
unlfbrn1 circunferentially spaced apart manner, as shown Figure 2. Each
bl-ade ‘36 i ncl udes—an..__airfoil section 38 extendlng generally radially 5
outwardly fromdisk 30. During englne operation, the fan bl aded rotor

rot at es about enngmm('m .indicated by arrow 49. Each’
bl ade al so includ "‘ﬂmm ch extends 13Dv-10388

_.16_.

7. The blade as-%ecited in claim 6, wherein the

deformable protectlve coatlng shear yleld strength is
.less than the shear yleld strength of the alrf01l
material. '

-5 . 8. The blade as recited in claim 6, wherein the
airfoil material has;aﬁshear yield strength at least
ten times. the shear yield strength of the deformable

k4

.: protective coating.

9. The blade as fécited in claim 1 or 6 wherein the
10 deformable protective coating includes an aluminum
layer. :
10. The blade as recited in claim 9, wherein the

aluminum layer is a pi§§ma sprayed. layer.

11. The blade as régited in claim 1 or 6, wherein.the
15 protective coating inéyhdes a first bond coat layer
compatible with the shﬁ?ud'material and applied to at
‘ o least a portion of the é:orner face on the first shroud
' projection, and a secoﬁﬁ coat layer compatible with the
first bond coat layer"éid applied to at least a portion
20 of the first bond COat:iayer.

12. The blade as- rec1ted in claim 11, wherein the

flrst bond coat layer. and the second coat layer are
plasma sprayed layers.fi

13. The blade'aSj%ecited in claim 11, wherein the

25 first bond coat layer is a niCKél-aluminum'alloy having

a nominal compositioﬂ ] weight of about 5% alumlnum

with the balance essentlally nickel.
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mmmmmm i

wpeiappsnsene



circunferentially fromthe blade airfoil, so that, the 10 shroud 50 is
gerferal |y perpendi cul ar to the bl ade airfoil. Shrouds of adjacent
arrif oi | s extend between the adjacent bl ades. During engine operation the

adjjacent shrouds ar agenent, and the -adj acent shrouds
50, when taken togeﬁm"“ mmllmﬁm annul ar shroud ring 51 which extends

cincunferentially = abowt, *and in spaced rel ationship to, the L3b¥r 1di3sk
30, as shown in Figure 2. : Figure 3 is a view taken along:lines 3-3

i nlFigure

2, looking radially inwardly alomgtthe blade airfoil 20 axis

of {two &adj acent bl ades 36a and 36b. As shown in. Figure 3, the airfoi
section includes a Ieadln ﬂ " 41 formng the upstream edge of the

airfoil 38 and a

Jlage 1357 el ERe dBuRitiRadBedybesrimh&he

airfoil 38. A gener§EEMnEOEB§§ §H§EfOEsSHEf§%%s%4éHbut 99% aluminum by

weight, the ba;agge being ;nc1dental impurities.

15. The blade as recited in claim 12 or 14’ whereln the
5 first bond coat layer is between approximately .004
inch and . 006 1nghhth1ck, and wherein the second coat
layer is between?eéproximately .016 inch and .020 inch
thick. b ‘ .

. 16. The blade as recited in claim 12 or 15 wherein the
10 o blade,_includingftﬁe airfoil and shroud, is a titaniunm
alloy forging_hayiﬁg a nominal composition by weight of
about 6% aluminuﬁ:and about 4% vanadium with the
balance essentially titanium.

" This Sheet I
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25 qne side of the airfoil 38 extends fromthe-leading edge 41 to the
trailing edge 42. A generally -concave pressure surface 46 on the other
side of the airfoil 38 extends fromthe | eading edge 41 to the trailing
edge 42. 30 Each bl ade shroud 50 on each bl ade 36.can include

a first shroud projection 54 extending generally circunfbi@vitiabsy from
the suction surface 44 of the airfoil and a second shroud projection 56
ext endi ng generally circunferentially fn@sathe pressure surface

ROTOR BLADES
ABSTRACT

A bladed rotor having blades ‘with blade shrouds
includes é deformable protective coating applied to the
5 - blades to increase the damaée tolerance of the blades
during foreign object ingestion. The protective
-: : coating deférms upon impact between the shroud and
airfoil of adjacent blades. The deformation absotrbs
impact energy and improves distribution of the impact
16 load transferred between the blades. -

" FIG. 3 e
This Sheet
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7- . 46 of the airfoil. The first shroud projection is general ly _:4_
trrangul ar and includes a first mating face 64, an upstream face 84, and
a first corner face 74. First corner face 74 is adjacent first mating
face 64 5 and extends fromthe first mating facei64 to the upstream

face 84. The second shroud projection is generally triangular and

I ncl udes a’ second nating face dg% downstream face 86, and a second
corner face 76 extending frbmthe second mating face 66 to the , 10
downstream face 86. The second shroud projection 56

9N W Yn S

This Sheet Has Been Reﬂlaced
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al so includes a generally concave cutback surface 77 adj acent the
segohd mating surface 66. An airfoil transition surface 79 extends
internedi ate the cutback surface 77 and the airfoil pressure surface
46. The 15 airfoil transition surface 79 provides a snooth,
aerodynam c transition from cutback surface 77 to the pressure surface -
46. Referring again to FiguréE&EEBuring engi ne operation the
first mating face 64 of first shroud 20 “projection 54 on each blade is in
abutting engagenent W t ing face 66 on the second shroud
projection 56 of the adj . Due to the bl ade rotation 49, a
foreign object 11 enteri g% he engi?é-é: ~al ongzcai,\rstream 9 may i npact

agai nst the pressure 2 surface 46 of a bl gde, such as bl-ade 36b. The

I mpact causes di spngagenent 0% fthe3tir mating face 64 on

S )




s

bl ade 86b fromthe second nmating face 66 on blade 36a, and can cause

blad% 36b to slide forward, along the , interface between first mating
face 64 on blade 36b and 30 second mating face 66 on blade 36a. The

di spl aced "position. of blade 36b §é§2$mn i n phantomin Figure 3,
and is indicated as 36b' on of blade 36b-relative to

bl'ade 36a results |n t he corner face 74 of Dbl ade 36b |npact|ng 35
agai nst the alrf0|l of blade 36a. The inpact point on
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fo
-8-4 ¢ the airfoil. transition surface 79 is indicated at point 90 in
Fijgure 3. The inpact of the corner face 74 agai nst bl ade 36a can result
in severe airfoil damage on bl ade 36a, and in extrenme cases, blade
failure. 5 The invention disclosed in this application provi des
I pcreased damage tol erance of bl pde airfoils in the event of foreign
obj ect ingestion. The I ncr égiﬂanage tolerance is provided by
appl.yi ng a | ~
. a{
) B
9
- u
I
o/
1V,
2
J
L

This Sheet Has Been Re[ilaced




andl airfoil of

sufface 44. Figure 4 20 $ho

rnabl e protective coating to each bl ade.
| oG ted to reduce airfoil damage

st shroud projection 54 extending

fage 74. The coating éxtends .over

wh[ch contacts the adj acept plade airf
i ngestion. The view in F guye 5

an shows the

b

9
\9
M

261

E— .

\9
M

|

ms during

i npact, thereby
| oad transmitted to the

_in the preferred enbodi nent
face 74 of the
fron1each bl ade airf oi
an enl afged view of the coating 95 on corner
he portion of the corner

during foreign object

i
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taken along lines 5-5 in Figure 4,
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£1GURE G

The 10 protective coating is
caused by inpact between the shroud

adj acent bl ades during di sengagenent of the adjacent
de shrouds. The protective coatin

face 74




75 protective coating extending across the thickness of t Bed iz Bt
shroud projection 54 froma shr.oud projection - - bottomedge 53 to a -
‘shroud” prOJectlon top edge 55. | a -preferred- enbodi nent, the
protecti.ve coating is . bl énded..snmoot v vikt h 't he corner- face surface 74,
the top 30 -edge 53, -and- botton1edge 5? to elimnate steps or

di sconti-nuiti-es mhrchicould-disrupt artt :
a preferred enbodi nent the . protective coating chEPBACEMEﬁSnSWEET
first mating - surface=64, noF onto upstrean1face . -1 .
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ROTOR’' BLADES

1. 'Field of the Invention
The present invention relates generally to

increasing the durability of blades in gas turbine
engines. 1In particular, the invention relates to a

5 deformable protective coating applied to shrouded
blades to reduce susceptibility to blade airfoil damage
caused by the impact between the shroud and airfoil of
adjacent‘blades. The  coating acts as a shock absorber
by deforming on impact so that the localized impact

10 energy transmitted to the airfoil is reduced.

' 2. Description of the Known Art

Gas turbine engines having axial flow fans and

compressors frequently use mid span shroud projections
to prov1de damping or reduce blade airfoil vibration.

15 The fan or compressor blades have airfoil sections
extending radially from a rotor disk. The shroud
Projections extend circumferentially from each blade
airfoil and contact shroud projections on adjacent
blades during engine operation. The adjacent shroud

20 projections have opposing matlng faces that are in
abutting engagement durlng engine operatlon. Together,
the shrouds on all the blade a1rf01{s engage during
engine operation to form an annular stiffening ring.
Mid span shrouds have commonly been used on high aspect

25  ratio fan and compressor blades. High aspect ratio

<5
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9. Al ternatively, the protective coating | ocat ed
on the &irfoil surface, "such as. at the inpact. 1 're 3.
Fbwever l ocating the protective coating on. yHE =2 de could
fesul't"in‘a 5 detrimental effect on thé aerodyla ¢9ﬁ0§3ﬁ5§n of ST
the airfoil, 5|nce the airfoil transition surface 91 el ude a-
hump caused by- t he coating thickness.: 1?;add|t on,- t-he coatihgl-woul d be
subject t o .erosion by _ " ' »_J.' L

blades are relatively long and-ha;tow; having high span:
length to chord width ratios. Such blades are |
especially susceptible to aerodynamic flutter, and
typically have low resonant frequencies which may be
5 excited at rotor operating speeds. The stiffening ring
formed by the mid span shrouds prevents blade
aerodynamic flutter, and increases the resonant
frequency of the_bladee._
Examples of blades with mid span shrouds are shown
10 in U.S. Pat. Nos. 3,734,646 issued to Perkins May 22,
1973, and 4,257,741 issued to Betts et al March 24,
1981. The Betts patent describes a shrouded blade with
a pad applied to shroud mating faces. However, the pad
in Betts is wear resistant rather than deformable, and
15 Jdoes not address reducing damage to blade airfoils due
to impact between the shroud and airfoil of adjacent
blades.
During engine operation foreign objects.may be
ingested by the fan and compressor sections. The fan
20 ang compressor blades must be designed to vithstand
such foreign object ingestion with minimum damage to
the blade airfoils. During a severe ingestion event,
such as a bird ingestion, the blade struck by the
foreign object can be damaged. 1In addition, the sudden
25 1loading on the blade can cause the blade shroud to
disengage from the shroud on the adjacent blade and
slide forward -to impact against the adjacent blade
airfoil. The impact of the shroud against the adjacent
blade airfoil can result in severe localized impact
loads and airfoil damage requlrlng the adjacent blade s
to be replaced. 1In extreme cases, blade failure can '
occur, requiring engine shutdown_due to vibration
caused by out of balance loads.
One possible approach to redu01ng airfoil damage
35 during forelgn:ob]ect ingestion 1is to thicken the



the air flow over the airfoil surface. Locating the 10__coating on the

shroud corner face does not inpose as ° great-an aer|PEPPapLtmRem Ay " .
si nce_ the-coating can-be .. ‘snmoothly blended to-the ghre geﬁ&ﬂﬁ@?ﬁh ¢
Locati-ng = - the coating on the shroud corner..face al.go0|reduces the ]
coating'.s susceptibility to-erosion by the ait flow 1% oveld) AUGe1996adp | - .
airfoils: .. - ~In a preferred enbodi nent -the bl adg B6, i-ncluding{ .
‘the shroud projections 50 and airfoil 38, F§-a titanipm - —alrtoy forgijng,
al though the bl ade may be cast or nmade  -from ot hertammtals gr conposiftes:

The titaniumalloy 20 blade has a noninal conposition by. weight of about
6% al um nady farid aesttichys valedevarw thichkerbalgame airfsicential ly

LT RS IR e 0 Bl o the
engine and can affect the aerodynamic performance of
the blade airfoil. As a resuli;:engineers and

5 scientists continue to seek better methods for
increasing the foreign object damage tolerance of
 blades used in gas turbine engines. '

It is therefore an object of the present invention

10 to provide a means-‘for minimizing airfoil damage }rom
shroud impact during foreign object ingestion.

It is a further object of the present invention to
provide a means for minimizing airfoil damage from
shroud impact which does not adversely affect blade

15 performance or significantly increase engine weight.

It is a further object of the present invention to
provide a means for minimizing airfoil damage which
does not add mechanical complexity to the engine.

It is a further object of the present invention to
20 provide a means for minimizing airfoil damage which is
easily and inexpensively adaptable to existing engine
hardware.

It is a further object of the present invention to
providé a means for minimizing airfoil damage which is

25 durable and subject to minimal éiosion or service
deterioration caused by air flow_through the blades.

The objects of the inventién will be more fully
understood from the drawings ané,the following

_ description. Briefly, the preSént invention is a

30 relatively thin, deformable prpgéctive coating applied
to a localized area on shroudeﬁ;blades to reduce blade
airfoil damage caused by the imﬁéct between the shroud
and airfoil of adjacent blades.ﬁ The coating can deform
in response to impact between the shroud and airfoil of



25- coating |ayers. Because_blade naterials such as titanium all oys

can :f orm adhesi ve oxi de coatihgs it o difficult to obtafn good
adhesi.on of sone coatings.. - -~ Thus |t is usually necessary to |nclude a
First bond’ coat ‘| ayer compatible .with the bl ETko .
conpati ble wth a second coat | ayer. For exanple, AL {ive
coating 95 can’include a-fi-rst bond coat -~ : laydr;| such as a . L
ni ckel - al umi num al | oy bond coat |ayer. 97, and at M E8AUG 39%30(!ncl coat
I'ayer, such as an T : ' : ' -

~4 -

adjacent blades to reduce the localized impact energy
transmitted to the airfoil, and hence reduce airfoil
damage. In a preferred embodiment the deformable-
protectlve coatlng includes an aluminum layer applled

5 to a corner face of a titanium alloy shroud.

BRIEF DESCRIPTION OF THE DRAWINGS
A more complete understanding of the invention will

be gained from the following detailed description which is
given in connection with the accompanying drawings, in

10 which: ’

Figure 1 is a simplified schematic of a gas
turbine engine cross section. |

Figure 2 is an enlarged cutaway view of a bladed
rotor in the fan séction which includes fan blades with

15 mid span shrouds.

Figure 3 is a view taken along lines 3-3 in Figure
2, looking radially inwardly along the blade airfoil
axis, and shows the relative motién of adjacent blades

due to ingestion of a foreign object.

20 Figure 4 is a view of enlarged area 4 indicated in

Figure 3, showing the location of the protective
coating on the shroud corner face.
~Figure 5 is a cross sectionéi view of the
. Protective coating on the corner face of the shroud
25 taken along lines 5-5 in Figure 4;

Figure 6 is an enlarged viewhbf the relative
motion of adjacent blades shown 1n Figure 3, and also
_ shows the relative slldlng of the ‘corner face of the

shroud relative to the a1rf011 on_the adjacent blade

30 during deformation of the protecti&e coating.

L artH
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» 10-

al umi num outer |ayer 99 placed over at é&@LA@E@ﬁmﬂWﬁHEET of

the first band coat’ I'ayer, as shown in Figures 4 and The

first nickel -

alun1nun1bond coat l-ayer.is 5 prefer b

Qggt hltq .006 . -
fnch thick. layer applied: - -t0.'thé shroud cdrner fac by, orgﬁﬁstarcé,'a_

conventi onal
the shroud -cor ner face ~“The first

10

15

20

25

30

35

pl asma spray. process to forn1asp|asna - Lesprayed-| r fon

DETAILED DESCRIPTION OF THE DRAWINGS

Flgure 1 is a simplified schematic of a typical

gas turbine engine 10. Engine 10 includes a fan

R 4 . " .
.section 14, a compressor section 16, a combustor

section 18, a high pressure turbine section 20, and a
low pressure turbine section 22, all disposed in a
serial relationship in an axial flow path, and
generally concentrically arranged about a longitudinal
axis 12. During engine operation air, indicated by
arrow 9, 1is pulled into fan section 14 and is
compressed by fan bladed rotor 15 and compressor bladed
rotor 17 in the fan section 14 and compressor section

- 16, respectively. Compressed air exiting compressor

section 16 flows into -combustor section 18 where- it is
mixed with fuel and burned to produce a high pressure,
high temperature gas stream. The high pressure, high
temperature gas stream exiting the combustor section 18
is expanded through the high pressure turbine bladed
rotor 21 and low pressure bladed rotors 23. The high
pressure turbine bladed rotor 21 drives the éompressor
bladed rotor 17 through a core shaft 24, and the low )
pressure turbine bladed rotors 23 drive the fan bladed
rotor 15 through a fan shaft 25, which -is generally
coaxial with shaft 24. The airstream.9 entering the
engine may ihcludé one or more foreign objects 11. For
instance, birds or other foreign matter, such as dirt
and debris, areisometimes ingestéd by gas turbine
engines. - ' _ -
Figure 2 shows a cutaway view of fan bladed rotor
15. Bladed rotor 15 includes a denerally axisymmetric
rotor disk 30 and a plurality of blades 36 mounted on a
rotor disk rim 32 on the perlmeter of rotor disk 30. _
The blades 36 are mounted on dlsk rim 32 by means well
known to those skilled in the art, such as by fitted
engagement withbdovetail slots on the disk rim 32. The



bond coat |ayer 97 can have a noninal conposition by 10 weight of about 5%

al um num wi-th the balance - . éssentialfy'hiCke{.iA”gEPﬁgtE- S oy
comrercial ly. avai l.abl e as an al ] oy powder and.suitabl|e’ =" phPasta) - -
Spraying i s Metco 450 .supplied by Metco, Inc. ™ 7. f'{.1n a.preferre

enbodi nent, the second coat -layer 15 is an al uni'num quter! DAUG 1998 whi bh
can be a-.016 inch. - -. .to..020 inch-thickg.ayer- applii ¢d over- at leapt]a
portion of first bond coat |ayer 97 by a conventionalf - plrasma spray-
process to forma plasma sprayed | ayer on’ - the 'filest _bopd coat

| onat about | PL5a8E;AFE e B LIE oo lt PP 88 Fhcpaintal -
inmpurities. deserabbyeunifioinuncioopofierientiallhespacegreparted - '
embodi ment Lgmﬁﬁgﬁ% g%g'eﬁgoaxaﬂaaks 3 3pach ROVEEL 587 iRLIFABSSRRAYI NO,
airfoi section 38 extending generally radially
5 outwardly from disk 30. During engine operation, the
fan bladed rotor rotates about engine axis 12, as’
" indicated by arrow 49. N '
| Each blade also includes a shroud 50 which extends
" circumferentially from the blade airfoil, so that, the
10 shroud 50 is generally perpendicular to the blage
airfoil. Shrouds of adjécent airfoils extend between
the adjacent blades. During engine operation the
adjacent shrouds are in abutting engagement, and the
adjacent shrouds 50, .when taken together, form an
15 annular shroud ring 51 which extends circumferentially
about, and in spaced relationship to, the rotor disk
30, as shown in Figure 2. .
Figure 3 is a view taken along lines 3-3 in Figure
2, looking radially inwardly along the blade airfoil
20 axis of two adjacent blades 36a and 36b. As shown in
Figure 3, the airfoil section includes a leading edge
41 forming the upstream edge of the airfoil 38 and a
trailing edge 42 forming the downstream edge of the

_ airfoil 38. A generally convex suction surface 44 on
25

one side of the airfoil 38 extends'from the leading
"edge 41 to the trailing edge 42. A generally concave
Pressure surface 46 on the other 'side of the airfoil 38
extends from the leading edge 41 to the trailing edge
42.

30

Each bladé shroud 50 on each blade 36.can include
a first shroud projection 54 extending génerally
circumferentially® from the suctién surface 44 of the
airfoil and a second shroud projéétion 56 extending
Génerally circumferentially from the pressure surface



25 by Metco, Inc. Tests to determ ne the ¢ Lol er-anee - '
bllades ™ ~ -during-forei gn° obj ect ingestion are T edqt "aKCENH§QQSHEET | ade’. "
certification, and are typically conducted.by  figing projectiTesjinto -

Yotati ng-bl ades .during engine -30 " testing.” Testi hg|cd@AbReogn plpdes

wi t hout the _ _
74 .di.gs into the airf.oil .transition.surface~79 at. pormt ———96—en-t e

.prot-ective coating showed at thef{sproud corner flace
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adj acent bl ade, so that t he |npact ener gy is .c ncentrat ed at th i npact

point 90 in Flgure
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the erf01l The first shroud projectlon is.
gengrally trlangular and includes a first mating face
64, an upstream face 84, énd a first corner face 74.
First corner face 74 is adjacent first mating face 64
and extends from the first mating face 64 to the |
upstream face 84. The second shroud projection is
generally triangular and includes a second mating face
66, a downstream face 86, and a second corner face 76
extending from the second mating face 66 to the
downstream face 86. The second shroud projectibn 56
also includes a generally concave cutback surface 77
adjacent the second mating surface 66. An airfoil
transition surface 79 extends intermediate the cutback
surface 77 and the airfoil pressure surface 46. The
airfoil transition surface 79 provides a smooth,
aeroéynamic transition .from cutback surface 77 to the
pressure surface 46. ' '

Referring again to Figure 3, during engine
operation the first mating face 64 of first shroud
projection 54 on each blade is in abutting engagement
with the second mating face 66 on the second shroud
projection 56 of the adjacent blade. Due to the blade
rotation 49, a foreign object 11 entering the engine
along airstream 9 may impact against the pressure
suxrface 46 of a blade, such as blade 36b. . The impact
causes disengagement of the first mating face 64 on
blade 36b from the second mating face 66 on blade 36a,
and can cause blade 36b to slide forward, along the
interface bBetween first mating face 64 on blade 36b and
second mating face 66 on blade 36a. The displaced
position. of blade 36b is shown in phantom in Figure 3,
and is indicated as 36b‘. .

The motion of blade 36b relative to blade 36a
results in the corner face 74 of blade 36b impacting
against the airfoil of blade 36a. The impact point on
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the airfoil ttahsition surface 79 is indicated at point
90 in Figure 3. The impact of the corner face 74
against blade 36a can result in severe airfoil damage-
on blade 36a, and in extreme cases, blade failure.

The invention disclosed in ihis application
provides increased damage tolerance of blade airfoils
in the event of'foreign object ingestion. The
increased damage tolerance is provided By applying a
deformable protective coating to each blade. The
protective coating is located to reduce airfoil damage
caused by impact between the shroud and airfoil of
adjacent blades during disengagement of the adjacent
blade shrouds. The protective coating deforms during
impact, thereby absorbing energy and reducing the
impact load transmitteq to the airfoil.

Referring %o Figure 3, in the preferred embodiment
a protective coating 95 is applied to the first corner
face 74 of the first shroud projection 54 extending
from each blade airfoil suction surface 44. - Figure 4
shows an enlarged view of the coating 95 on corner face
74. The coatinc extends over the portion of the corner
face 74 which.contacts the adjacent blade airfoil
during foreigﬁ'cbject ingestion. . The view in Figure 5
is taken along: llnes 5-5 in Flgure 4, and shows the
protective coatlng extending across the thickness of
the first shroud pro;ectlon 54 from a shroud projection
bottom edge 53 to a shroud progectlon top edge 55. 1In
a preferred embodlment the protectlve coating is
blended smooth w1th the corner face surface 74, the top L
edge 53, and bottom edge 55 to ellmlnate steps or
discontinultles which could dls;qpt airflow over the
corner face 74. In a preferred'éﬁbodiment the

protective coatlng does not extend onto first mating
surface 64, nor onto upstream face 84.



shroud corner face to slide sllghtly relative-to t

: ' ' 3“'face on
the adjacent blade. As a result:, 10 inpact ‘energy |§EgLA€E ﬁHEE? T
def ormati on of the boating, and the | oad transfieqred to the -)|I .
di stributed. over a Iarger ‘area than the.localized | | .iTQAUG g@ nt 9),.Test:t
results showed that the protective coatlng red cfd airfoil ge to a-
| evel' .15 al | owabl-e for-certification. - " ..: ~Thele and -
| oad distributing: . features of the defopgable ptotective coatlng are
due, at l'east in part, to the low shear yield strength or he

protective coating as conpared to the shear yield 20 strength of the bl ade

airfoil material. Sﬁ?@érﬁ&t@$§1¥ th&pbeéhbbﬂﬁﬁﬁﬂééhéiﬁ&néé@m&lB@ forces
applied parallel Fe surface 2 obj ect. The shear Zle|d strength
of a material ¥3°¥Hed| RPe h8fa%F§8913§P§ §9ﬁ7\ﬂﬂ?ﬂ1??ﬁ?t thé 1impact

point 90 in Figure 3. However, locating the protective
coating on the airfoil surface could result in a

5 detrimental effect on the aerodynamic performance of
the'airfoil, since the airfoil'?ransition surface 79
would include a hump caused by the coating thickness.
In addition, the coating would be subject to erosion by
the air flow over the airfoil surface. Locating the

10 coating on the shroud corner face does not impoée as

. great an aerodynamic penalty, since the coating can be

~ smoothly blended to the shroud corner face. _Locéfing
the coating on the shroud corner face also reduces the
coating’s susceptibility to erosion by the air flow

15 over the blade airfoils.

In a preferred embodiment the blade 36, including
the shroud projections 50 and airfoil 38, is a titanium
alloy forging, although the blade may be cast or made
from other metals or composites. The titanium alloy

20 blade has a nominal composition by weight of about 6%
aluminum, and about 4% vanadium with the balance
essentially titanium. This alloy is commonly referred
to as Ti-6-4.

The protective coating may include multiple

25 coating layers. Because blade materials such as
titanium alloys can form adhesive oxide coatings, it is
difficult to obtain good adhesion of some boatings.
Thus, it is usually.necessary to include a first bond
coat layer compatible with the b1ade material and

30 compatible with a second coatllayer. For example, the
protective coating 95 can include a first bond coat
layer, such as a nickél—aluminum alloy bond coat layer

37, and at least a second coat layer, such as an-



material wll

undergo permanent set, or pernanent 25 deformation. The

Ti-6-4 bl ade all oy, fromwhich the - "~ airfoil and dhk f-ored— has -a:
nininunishear- yi el-d strengt h exceedi ng “60 ksi (§ ggCEMG%HESHEET.
square inch). is preferred that the shear-yield || strengthi™or hp

out-er alun1nun1layer applied.by plasma 30 spray sh¢u d‘H@AUGMﬁ@gd‘

approxi mately 5 ksi. A -plasma- spray layer .gener.glly -includes Vo ds'or"

i ncl.usi ons

whi ch reduce the strength of_the .l aypr .- TTtire reff erred

enbodi nent the protective coating shear y|eI skrength is less tHan

about ten percent of the airfoil 35 material -shear yield strengrim
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alqminum outer layer 99 placed over at least a portion
of the first bond coat layér, as'shown in Figures 4 and
5.

The first nickel-aluminum bond coat layer is
preferably a .004 inch to .006 inch thick layer applied
to the shroud corner face by, ﬁQr instance, a
conventional plasma spray procéés to form a plasma
sprayed layer on the shroud corner face. The first
bond coat layer 97 can have a nominal compositioh by
weight of about 5% aluminum with the balance
essentially nickel. A nickel aluminum alloy
commercially available as an alloy powder and suitable
for plasma spraying is Metco 450 supplied-ﬁy Metco, Inc.

In a preferred embodiment, the second coat layer
is an aluminum outer layer 99 which can be a .016 inch
to .020 inch thick'layer applied over at least a _
portion of first bond coat layer 97 by a conventional
bPlasma spray process to form a plasma sprayed layer on
the first bond coat layer 97. In the preferred
embodiment, the aluminum outer layer is at least about
99% aluminum by weight, the balance being incidental
impurities. A suitable aluminum composition in the
preferred embodiment is commercially available as a

powder for plasma spraying, such as Metco 54 supplied

py Metco, Inc.

Tests to determine the damage tolerance of blades
during forelgn object ingestion:’ are required for fan
blade certification, and are typlcally conducted by

firing projectiles into rotating blades during engine

testing. Testing conducted onﬂhlades without the
protective coating showed thatfﬁhe shroud corner face
74 digs into the airfoil transiﬁion surface 79 at point
90 on the adjacent blade, so tﬁat the impact energy is
concentrated at the impact point 90 in Fiqgure 3. The



212- Referring to Figure 6, the shrioud prOJectlon 54 wi ||

generdlly inpact against the'. adj'acent airfoil Sugh— that.*4 +ppact -
force i ncl udes a f.orce conponent perpendlchaREPbACEEEﬁnF dEE T $ur f ace
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tests exhibited airfoil damage éxceeding that allowable
for certification. '

Tests conducted on blades with the protective
coating showed that, on impac;, the proﬁective coating

5 deforms. The deformation inclﬁded not only compression
of the protective coating but also a shearing action,
or smearing of the protective coating, allowing the
shroud corner face to slide sligﬁtly relative to the
airfoil surface on the adjacent blade. As a result,

10 impact energy is absorbed by the deformation of the
coating, and the .load transferred to the airfoil is

- distributed over a larger area than the localized
impact point 90. Test results showed that the
protective coating reduced airfoil damage to a level

15 allowable for certification.

The energy absérbing and load distributing
features of the deformable protective coating are due,
at least in part, to the low shear yield strength of
the protective coating as compared to the shear yield

20 "strength of the blade airfoil material. Shear stress
typically results from traction forces applied parallel
to the surface of an object. The shear yield strength
of a material is the\ievel of shear stress at which the
material will undergo permanent set, or permanent

25 deformation. The Ti-6-4 blade alloy, from which the
airfoil and shroud are formed, has a minimum shear
yield strength exceeding 60 ksi (60,000 pounds per
square inch). It is preferred that the shear yield
strength of the outer aluminum layer applied by plasma

30 spray should not exceed approximately 5 ksi. A plasma
spray layer generally includes voids or inclusions
which reduce the strength of the layer. In the
preferred embodiment the protective coating shear yield

strength is less than about ten percent of the airfoil

35 material shear yield strength.



|nstance the tangent to airfoil transition surface 79 at inpact point

90 i5 |nd|cated by an i'rmgi.nary axis - 104 tn Figure 6. Durlng foreign -
obj ect, I ngestion, first-shroud projection 54 sl{xk oftfg—aR—i-nagi nary
10 axis 108, which is génerally parallel to flrst g .30 hﬂ?%ﬂﬁﬁp on
bl ade 36b and second mating- surface 66 on ... blade|3 oret fjor med
by t he i nterséction of - axis-104"and axis 108 is] |s: ety .
degrees.: As. a result, the shroud projection 54 acts at p0|nt 90 15
with a conponent of force parallel to the =47 oi tr-anst-en-sur fface .
79, ras well as with a conponent of force perperdicular to airfoilf .

transition surface 79. .. On blades without the proteciive toattmg—the

titani um shr ouReEEHTEMS & FAGW Y6 i nEBet Ferehdanraieatipoi 5420

transition suwface géheatalngi rﬂx;gﬂﬂ:t Tawa bhgh aheaédjace)itelaﬁir% gnglpof the
rc

airfoil re5|sgg @ef Qn¥ﬂﬁgét

e includes a force component
perpendicular to the airfoil SQrface and a force
5 component parallel to the airfqi; surface. For
instance, the tangent to airfoil transition surface 79
at impact point 90 is indicated by an imaginary axis
104 in Figure 6. During foreigﬁjobject ingestion,,
first shroud projection 54 slides along an imaginary
10 axis 108, which is generally parallel to first mating
- surface 64 on blade 36b and second mating surface 66 on
-~ ' blade 36a. Angle 102 formed by the intersection of
axis 104 and axis 108 is less than ninety degrees. As"
a result, the shroud projection 54 impacts at point 90
15 with a component of force parallel to the airfoil
transition surface 79, as well as with a component of
force perpendicular to airfoil transition surface 79.
On blades without the protective coating, the titanium .
shroud corner face 74 digs into the titanium airfoil
20 transition surface 79 at point 90. The high shear
Yield strength of the airfoil resists deformation and
does not permit sliding of the shroud corner face that
would otherwise be induced by the force component
parallel to the airfoil surfacé,g
In contrast, the low shear yield strength of the
protective coating 95 allows théjcoating to deform by

25

shearing, or smearing, on impaéﬁrat point 90. Shearing
of the protectlve coating permlts the shroud corner

: face 74 to slide along the alrf011 transition surface
30 79 to a point 91 displaced from 1mpact point 90 due to -5
the impact force component parallel to airfoil

transition surface 79. The dlsplaced position of blade

36b due to this sliding motion is indicated in phantom

as 36b" in Figure 6. Deformation of the coating

35 absorbs impact energy. In addition, deformation of the



.does not pernit sliding of the shroud corner face that woul d ot herw se

be induced by the force conponent ~ -~ parallel-to the airfoil surface. 25
I'n contrast, the |ow shear yi-eld strength of the : F : 95
+al | ows. -t he- coating to deforn1by - shearing,.or sme ﬁbﬂ@ﬁﬁﬁ ~VE§§§%J '
. point.90. Shearing of "the protectlve coatlng pefnts the shroud’c rner'
face 74 to slide along the airfoil transiition surfac 91
di spl aced- frominpact--point 90 due to . -the inpactff S
parallel to airfoil " transition surface Z? . The {i spra ' 'ojsof

bl ade 36b due to this sliding nmotion is ndlcate L n_phant om

36b" in Figure 6. Deformation of the coating 35 absorbs inpact energy.

I n additionj
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def ormati on of the
coating and the slight sliding of the shroud corner

face relative to the airfoil result in distribution of
the impact load over a larger area on the airfoil
transition surface 79. Therefore, localized 1mpact
stress on the airfoil, which is a measure of force per
unit area, is reduced.

While a specific embodiment of the present
invention has been described, it w111 be apparept to
those skilled in the art that various modifications can
be made without departing from the scope of the
invention as recited in the appended claims. For
instance, the invention has been described in relation
to a shroud protective coating on a fan blade, but the
invention is also adaptable tq'shrouded compressor or
turbine blades. Similarly, the invention was described
for titanium alloy blades, but other applications could
include a shroud protective coatiﬁg on a blade having a
different metal composition, or on a blade having a
composite material construction. Further, other
applications could include different combinations of
shroud coating material and aiffoil material, where the
shear yield strength of the protective coating is low
compared to the shear yield st;eﬁgth of the airfoil
material. |

Thé present invention has been described in
connection with a specific representative example and
embodiment. However, it will.§e=understood by those
skilled in the-art that the invention is capable of

other examples and embodimenté;:
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CLAIMS

1. A bladed rotor comprising:
a) a rotor disk:
b) a'plurality of blades generally qniformly
circumferentially mounted on the rotor disk, each blade
5 including an airfoil extending radially outwardly from
the rotor disk, and each blade further including a
shroud extending circumferentially from the airfoil,
wherein shrouds of adjacent blades are in abutting
engagement; and ' .
10 c) a deformable protective coating applied to
each blade, wherein the protective coating is located
to reduce airfoil damage caused by impact between the
shroud and airfoil of adjacent blades.

2. The bladed rotor as recited in claim 1,
10 wherein the deformable protective coating is applied to
the shroud. '

3. The bladed rotor as recited in claim 1, _
wherein the deformable protective coating has a shear
yield strength less than the shear yield strength of

15 the airfoil material.

-~ 4. The bladed rotor as recited in claim 1,
wherein the shear yield strength of the airfoil
material is at least ten timés greater than the shear -
yield strength of the deformable protective coating.

et Has Been Reﬁaced
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.the inpact

| oad over a larger area on the airfoi
79. . Therefore,

localized inpdct 5 _streess on the airrfoil, which is. a'

nmeasure of force per,dwmmenif—area i's reduced. ' Vhit-e—a—spee
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wherein the blade, including the shroud and airfoil, is
a titanium alloy, and whereinithe deformable protective

coating includes at least an aluminum coat layer.

6. A blade for mounting on a rotor disk in a
éubstantially uniformly and circumferentially spaced
apart relationship with other blades on the rofor disk,
the blade cemprising:

a) an airfoil section extending radially
outwardly from the disk and having a pressure surface
and a suctlon surface,

b) a first shroud prOJectlon extending
circumferentially from the suction surface of the blade
airfoil section, the first shroud projection including
a first mating face and a corner face adjacent the
first mating face; - '

c) a second shroud projecfion extending
circumferentially from the pressure surface of the
blade airfoil section, the second shroud projection
including a second mating face, wherein the first and
second mating faces of adjacent blades on the rotor
disk are in abutting engagement, and

d) a deformable protective coating applied to
the corner face on the first sh:oud projection, wherein
the deformable protective coating is located to reduce
airfoil damage caused by impacﬁ between the first
shroud projection and airfoilzéf adjacent blades.

i i
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eonposite material construction. Further, other 20 appllcatlons coul d

I ncl ude di fferent conbinations of shroud ‘coat i ng

mat erial ,. where_the shear_yield strength of the- Vi !
[ow =~ conpared to the shear yleld strength ‘of the 'ir70|l ﬂ et ey |
25 The pre s been deseribed in n
specific-repr eseﬁ“l mﬂmﬂﬂwﬂm - . enbodi rent .’ '\ever | tig\?mgl |-
understood by those ¢ L siilFed*in the-art that the EfH-+-0R—-S—C3]

ot her exanpl es and enbodi nents: 30 ° ~16- -

7. The blade as recited in claim 6, wherein the

deformable protective coating shear yield strength is

less than the shear yield strength of the airfoil
material. '

5 8. The blade as recited in claim 6, wherein the
airfoil material has a shear yield strength at least

ten times the shear vield strength of the deformable
protective coating. -

g9, The blade as recited in claim 1 or 6 wherein the

10 deformable protective coating includes an aluminum
) layer.

10. The blade as recited in claim 9, wherein the

aluminum layer is a plasma sprayed layer.

11. The blade as récited in claim 1 or 6, wherein the

15 protective coating includes a first bond coat layer
compatible with the shroud material and applied to at
- least a portion of the cornér fa;e on the first shroud
projection, and a second coat layer compatible with the

first bond coat layer and applied to at least a portion
20 of the first bond coat layer. -

12. The blade as recited in claim 11, wherein the

first bond coat layer and the second coat layer are
plasma sprayed layers. .

13. The blade as recited in claim 11, wherein the

25 first bond coat layer is a nickel-aluminum alloy having

a nominal composition by weight of about 5% aluminum
with the balance essentially nickel.
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14 1. A bladed rotor conprising: a) a rot RIEPBF’@EMENT SHEET a

pl-urality of blades generally uniformy circunf-erentfi
rotor disk, each-blade_ including an airfoil "extendifg raﬂ?
fromthe ‘rotor disk and having an—airfail surface fqr

hi gher strength bl ade further i-n ' -
ext-endi.ng circunf I I"m "am he ai rf0|I Wnere(tn shrouds. of adJ atent

bl .ades are in
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14. The blade as recited in claim 13, wherein the
second coat layer is at least about 99% aluminum by
weight, the balance belng 1nc1denta1 impurities.

'15. The blade as recited in claim 12 or 14 wherein the
first bond coat layer is between approximately .004
inch and .006 inch thick, and wherein the second coat
layer is between approximately .016 inch and .020 inch
thick. |

16. The blade as recited in claim 12 or 15 wherein the
blade, including the airfoil and shroud, is a titanium
alloy forging having a nominal composition by weight of
about 6% aluminum and about 4% vanadium wiﬁh the

balance essentially titanium.

This Sheet Has Be,
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abutting engagenent; and - c) a permanently def or mabl e protective

“coat i ng including a relatively |lower strength material externally applied
to each bl ade, wherein the protective coating is located to reduce airfoil
‘damage caused by inpact between the shroud and airfoil
2. The bladed rotor as recited in claim1, wherein the
protective coating is applied to the shroudis- 3. The ‘
recited in claim1, wherein the deformable protective o t| gl{l?[zs she*ar

ol

yield strength | ess than the shear ydoe]!,&séﬂgg%h of thHejair if alf .

ABSTRACT

A bladed rotor having bladeS'Qith blade shrouds

includes a deformable protective coating applied to the
S blades to increase the damage tolerance of the blades

during foreign object ingestion. The protective

coating deforms upon impact between the shroud and

airfoil of adjacent blades. The déformation absorbs

impact energy and improves distribution -of the impact
16 load transferred between the blades.



4. The bl aded rotor as recited in claim1, wherein the shear yield strength
of the airfoil materjal is at l'east ten tinmes greater than the shear yield
strength of the deformable protective coating. 5. The bl aded rotor as
recited in claim1, wherein the defornsbl e protective coating i‘ncl'udes an
al um num | ayer. 6. The bl aded rotor S recited in claim1, wherein the

bl ade, -'i ncl udi ng the shroud and airfoil, is a titaniumalloy, and wherein. .
t he deformabl e protective coating incl udes. at least an al um.num coat | ayer.

n 4 OB T TR O WD G U W W s §

o)
174
/ _
Zanail]

Filgure

L W TR W D W T B T U WL WS U0 Uh €5 U UGN SR WD G5 G A6 SN Wh W N

e
o _L// >
| J*

b



7. The bl aded rotor as recited in claim1l, wherein the defornable
“protective coating includes a first bond coat |ayer conpatible with the

bl ade material and applied to at |east a portion of the blade, and a second
, coat .l ayer conpatible with the first bond coat |ayer and applied over at

| east a portion of the first bond coat _| ayer. 8. The bl aded rotor as
recited in claim7, wherein the first. 8dRd coat layer is _a_ nickel-al uni num
all'oy having a nom nal conposition by wei ght of about 5% akpn PumecwTt el
bal ance essentially nickel. : REPCACEMENT SHERT

" 10 AUG 1996 .




9. The bl aded rotor as recited in claim8, wherein the second coat |ayer is
at | east about 99% al um num by wei ght, the bal ance bei ng incidental

i mpurities. 10. The bl aded rotor as recited in claim9, wherein the first
bond coat |ayer is between approxi mately 0.004 inch and 0.006 inch thick,
‘and wherein the second coat |ayer is befpgen approxi mately 0.016 inch and
0. 020 inch thick. 11. The bl aded rotor as recited in claim 10, wherein
the first .bond coat |ayer and the second coat.|ayer are
| ayers. . 12. The bl aded rotor as recited in claim11,

i ncl udi h - =
.|nc udi ng t he SCD
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girfoil and shroud, is a titaniumalloy forging having a nom nal
conposition by wei ght of about 6% al um num and about 4% vanadiumw th the

hal ance essenti al | y titanium 13. A blade for nmounting on a rotor disk in
a substantially uni.formy and circunferentially spaced apart relationship
wi th other blades on the rotor disk, thesblade conprising: a) = an

airfoil: section extending radially outvvardly fromthe disk and havi ng an
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ai rfoil: surface, including a pressure surface and a suct§g A
pressure surface formed froma relatively higher strengt MEP&HSHFET
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16 b) a first shroud projection extending circunferentially from
the suction surface of the blade airfoil section, the first shroud
projection including a first mating face and a corner face adjacent the
first mating.face; c) a second shroud projection extending
circunferentially fromthe pressure suri&dte of the blade airfoil section
t he.second shroud projection including a second mating face, wherein the
first and second mating faces are adapted for respectively mating second
and first- faces of adjacent blades on the yotor disk in abutting

engagenent and d) a pgrmanently deformabl e protective coating
including a relatively |ower stirepgth matgrial applied to the corner face
on the first shroud projection, erein the deformabl e protective coating
is located to reduce airfoil damage cagsed by i npact
shr oud prolectlon and aler|I of adjaéént ) S EET
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bl dades. 14. The cited in cI aim 13, wherein the deformable
pr-at ective W@ mﬁl d strength is less thanh___t he _,s_hear yL,.__el d...
strength of smatrer i al . .15. The SESMITRCEY e b AAETE ;18]
wherein the a|rf0|l mat eri al has a shear yle

the shear yield strength of the def or matifte

bl ade as regpapdst n claim 13 wherein the def
i ncl udes an al um num | ayer .

1. A bladed rotor comprising:
~a)  arotordisk;

b) a plurality of blades generally uniformly circumferentially mounted
on the rotor disk, each blade including'an airfoil extending radially outwardly
from the rotor disk and having an airfoil surface formed from a relatively higher
strength material, and each blade further including a shroud extending

- circumferentially from the airfoil, wherein shrouds of adjacent blades are in
abutting engagement; and

c) a permanently deformable protective coating including a relatively
lower strength material externally applied to each blade, wherein the protective
coating is located to reduce airfoil damage caused by impact between the
shroud and airfoil of adjacent blades.

2. The bladed rotor as recited in claim 1, wherein the deformable protective
coating is applied to the shroud.

3. The bladed rotor as recited in claim 1, wherein the deformable protective
coating has a shear yield strength less than the shear yield strength of the
airfoil material.

4. The bladed rotor as recited in claim 1, wherein the shear yield strength of the
airfoil material is at least ten times greater than the shear yield strength of the
deformable protective coating.

5. The bladed rotor as recited in claim 1, wherein the deformable protective
coating includes an aluminum layer.

6. The bladed rotor as regjted in claim 1, wherein the blade, including the
shroud and airfoil, is a titanium alloy, and wherein the deformable protective
coating includes at least an aluminum coat layer.
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17. The blade as recited in claim16, wherein the alum numlayer is a
pl asma sprayed | ayer. 18. The bl ade as recited in claim 13, wherein the

protective coating includes a first bond coat |a mm“ \m h the
shroud material and applied to at | east portlbﬂmmﬁm1 l" ce on the
first shroud projection, and a second co | ayer compat tbl & with the first
bond coat | ayer and applied to at |east a portion of the first bond coat

ayer. 7. The bladed rotor as recited in claim 1, wherein the deformable protective

coating includes a first bond coat layer compatible with the blade material and
applied to at least a portion of the blade, and a second coat layer compatible
with the first bond coat layer and applied over at least a portion of the first bond
coat layer.

8. The biaded rotor as recited in claim 7, wherein the first bond coat layer is a
nickel-aluminum alloy having a nominal composition by weight of about 5%
aluminum with the balance essentially nickel.

9. The bladed rotor as recited in claim 8, wherein the second coat layer is at
least about 99% aluminum by weight, the balance being incidental impurities.

10. The bladed rotor as recited in claim 9, wherein the first bond coat Iayef is
between approximately 0.004 inch and 0.006 inch thick, and wherein the
second coat layer is between approximately 0.016 inch and 0.020 inch thick.

11. The bladed rotor as recited in claim 10, wherein the first bond coat layer
and the second coat layer are plasma sprayed layers.

12. Thé bladed rotor as recited in claim 11, wherein the blade, including the
airfoil and shroud, is a titanium alloy forging having a nominal composition by
weight of about 6% aluminum and about 4% vanadium with the balance
essentially titanium.

13. A blade for mounting on a rotor disk in a substantially uniformly and
circumferentially spaced apart relationship with other blades on the rotor disk,
the blade comprising:

a) an airfoil section extending radially outwardly from the disk and
having an airfoil surface, including a pressure surface and a suction surface,
said pressure surface formed from a relatively higher strength material;
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17 19. The blade as recited in claim 18, wherein the Tirst "bond coat |ayer

and the second coat |ayer are plasnma sprayed |a Iade as
‘recited in claim18, wherein the first bond coan'!) mlim,lw-mﬂm - al um num
al l oy having a nomi nal conposition by vve ht of about wm RUM wi th the

bal ance essentially nickel. 21. The bI e as recited in claim 20, wherein

Lot oe oot DA T8 shR, ABtlof Sehao RN, rolf el ance
wher ei n t he suictien sbidace obthe blage airfail sectlon the f rst shroud pro;ectlon including a
first mating face and a corner face adjacent the first mating face;

c) a second shroud pro;ectnon extendmg circumferentially from the
pressure surface of the blade airfoil section, the second shroud projection
including a second mating face, wherein the first and second mating faces are
adapted for respectively mating second and first faces of adjacent blades on
the rotor disk in abutting engagement; and

d) a permanently deformable protec_five coating including a relatively
lower strength material applied to the comer face on the first shroud projection,
wherein the deformable protective coating is located to reduce airfoil damage
caused by impact between the first shroud projection and airfoil of adjacent
blades.

14. The blade as recited in claim 13, wherein the deformable protective coating
shear yield strength is less than the shear yield strength of the airfoil material.

15. The blade as recited in claim 13, wherein the airfoil material has a shear
yield strength at least ten times the shear yield strength of the deformable
protective coating.

16. The blade as recited in claim 13 wherein the deformable protective coating

includes an aluminum layer.

17. The blade as recited in claim 16, wherein the aluminum layer is a plasma
sprayed layer.

18. The blade as recited in claim 13, wherein the protective coating includes a
first bond coat layer compatible with the shroud': material and applied to at least
a portion of the cormner face on the first shroud zprojection, and a second coat
layer compatible with the first bond coat layer ahd applied to at least a portion
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bet ween apprOX| ma‘tely 0.004 inch and 0.006 inch th| ck and wherein’the

seeond coat |ayer is between approximtely O. OlGLI'u'ﬂumrnﬂ nch t hi ck.
23. The blade as recited in claim?22, wherein th ' ""9 t he

airfoil and shroud, is a titaniumalloy Jorgl ng hdvi hg a rbnisnal
conposition by weight of about 6% al um Adm and about 4% vanadiumwith the

bal ance ‘ess¢9t TR Infadd h&Me&iBd. in claim 18, wherein the first bond coat layer and the
second coat layer are plasma sprayed layers. |

20. The blade as recited in claim 18, wherein the first bond coat layer is a
nickel-aluminum alloy having a nominal composition by weight of about 5%
aluminum with the balance essentially nickel.

21. The blade as recited in claim 20, wherein the second coat layer is at least
about 99% aluminum by Weight, the balance being incidental impurities.

22. The blade as recited in claim 21, wherein the first bond coat layer is
between approximately 0.004 inch and 0.006 inch thick, and wherein the
second coat layer is between approximately 0.016 inch and 0.020 inch thick.

23. The blade as recited in claim 22, wherein the blade, including the airfoil and
shroud, is a titanium alloy forging having a nominal composition by weight of
about 6% aluminum and about 4% vanadium with the balance essentially
titanium.
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