CQOATI NG APPARATUS AND METHODS BACKGROUND OF THE | NVENTI ON [ 0001] The
invention relates to coating of high tenperature conponents. Mbre
particularly, the invention relates to coating gas turbine engine vane
clusters. [0002] In the aerospace industry, a well-devel oped art exists
regardi ng the cooling of conponents such as gas turbine engine conponents.
Exenpl ary conponents are gas turbine engine blades and vanes. Exenplary

bl ades and vanes airfoils are cooled by airflow directed through the
airfoil to be discharged f¢oh I®}FERRADISe SNDN MEREOH®Sr f 0i | surface. Al so,
there may be cooling holes along the vane shroud or vane or bl ade platform
The cooling nmechanisns may include both direct cooling as the airflow
passes through the conponenBA@KGR@WNDnQﬂxﬂHEngNaENEEONhe ai rfl ow has been

di scharg m, t he .conpgnent b es downstr ose to the conponent
exterior?gﬂwgcgth %%? SF §x Apfaattddl & ﬁaaaﬁ%s CIRE TS in U S.
Pat ent s c5ﬂé§ﬂéﬁt§ndM5§é4ﬁ§§tﬂﬂﬂliil§1 A iigdtn@n cRURkh6akkoR, 20980135923.

Vane clustering may have several advantages The reduced engi ne part count
may easedfABnbraRiLe i PRI HMRY YRMRuCRIUSEEght. The reduction in the number of
pl atform and shroud gaps (e.g., a halving wth doublets) may have

per f or mance advantages First, intergap | eakage nay correspondi ngly be

reduced.[§ gggdin ersi on of cogllng air to fg&ﬁ p safls may also be

r educed. ? 4] éﬁpl&F? PG6FedFaREEY ard Yor %%h
regarding the cooling of components such as gas turbine engine
components. Exemplary components are gas turbine engine blades
and. vanes. Exemplary blades and vanes airfoils are cooled by
airflow directed through the airfoil to be discharged from
cooling holes in the airfoil surface. Also, there may be cooling
holes along the vane shroud or vane or blade platform. The
cooling mechanisms may include both direct cooling as the
airflow passes through the component and film cooling after the
airflow has been discharged from the component but passes

downstream close to the component exterior surface.

[0003] By way cof example, cooled vanes are found in U.S. Patents
5413458 and 5344283 and U.S. Application Publication
20050135923. Vane clustering may have several advantages. The
reduced engine part count may ease manufacturing and reduce
weight. The reduction in the number of platform and shroud gaps
(e.g., & halving with doublets) may have performance advantages.
First, intergap leakage may correspondingly be reduced. Second,

diversion of cooling air to cecol gap seals may also be reduced.

[0004] Exemplary cooled vanes are formed by an investment
casting of a high temperature alloy (e.g., nickel- or

cobalt~ based superalloy). The casting may be finish machined
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casting of a high tenperature alloy (e.g., nickel- or cobalt- based
superal l oy). The casting nmay be finish machined 1 (including surface

machi ning and drilling of hol es/passageways). The casting nay be coated
with a thermal and/or erosion-resistant coating. [0005] Exenplary thernma
barrier coatings include two-layer thermal barrier coating systens An
exenpl ary systemincludes an N CoCrAl'Y bond coat (e.g., |low pressure plasna
sprayed (LPPS)) and a yttria-stabilized zirconia (\YSZ) barrier coat (e.g.,
air pl as(rmcsmayagd s(1APSEeomaeheal hgnabe adi PHisic alf FRPRs /GeReSigeedys) .
(EBPVD)). Wth vane clusters é g doub Iet , each airfoil may interfere
Wi th theqqen§a5F1§ﬁgﬁ?yaBﬁlF8 EEBnWHER t et 3P °% he adj acent

airfoil (¥rosibhsraBY seausechaeahgt hi nni ng of the applied coating or even
gaps. SUWNARY OF THE | NVENTI ON [8006] One aspect of the invention involves a

coating apparatus including a robot. An end effector is carried by the
robot. A plasma spray head is nounted by a joint to the end effector. A

pl ur al i t yf 000 53CtRiang 1S 00 U erridle end ieff eeheingsdiptasae spsayaydead to
provi de artlculatlon of the joint. {000;% In various inplenentations, the
arti cul attPEr gy P B§rlﬁﬁlFPa5kP§ SYFPES At G CTEHE 5Y0iSHS teke Ip6ilNdeRRgbe a

bal | andy;seekat vi BbRk- cIREr € gY, bgoﬁzﬁﬁéé%ﬂ&rpqea%cap%tyw Qrgpgyhe
actuators .may be push-pull actuators | east one of
and a yttria-stabilized zirconia (YSZ) barrier coat (e.g., air
plasma sprayed (APS) or electron beam physical vapor deposited
(EBPVD} ). With wvane clusters (e.g., doublets), each airfoil may
interfere with the line-of-sight application of the coating to
the adjacent airfoil(s). This may cause local thinning of the

applied coating or even gaps.

SUMMARY OF THE INVENTION
[0006] One aspect of the invention involves a coating apparatus
including a robot. An end effector is carried by the robot. A
plasma spray head is mounted by a joint to the end effector. A
plurality of actuators couple the end effector and plasma spray

head to provide articulation of the joint.

[0007] In various implementations, the articulation may be
multi-axis articulaticn. The Jjoint the joint may be a ball and
socket jeoint. There may be exactly three such actuators. The
actuators may be push-pull actuators. At least one of the
actuators may comprise a flexible member passing through a guide
on the end effector. Flexible conduits may guide powder and
carrier gas flows to the plasma spray head. An electrical power
line may be coupled to the plasma spray head. A controller may
be programmed to operate and articulate the plasma spray head to

apply a ccating to a vane cluster. The controller may be
2



actuators may conprise a flexible nenber passing through a guide on the end
effector. Flexible conduits nmay gui de powder and carrier gas flows to the
pl asma spray head. An electrical power |ine my be coupled to the plasm
spray head. A controller nay be programred to operate and articul ate the

pl asma spray head to -apply a coating to a vane cluster. The controller may
be 2 programed to operate and articulate the plasm spray head so that the
pl asma spray head passes between first and-second airfoils of the cluster.

[ 0008] ARstgaarasgete operhéei pvdnalbhcilatsd vt'e‘@ @ lecad mpraappeedt ge

| nel udi ng, . PLASTR, 38RAY sHead 0da%a £0h AILERIAN AL Gt JTouRts the

pl asma spray head to t ura pu actuators
coupl e t e rdind 1lef béctbe ahdstpkasma spray head to prOV|de mul ti-axis
articulation of the joint. [0009] In various inplenmentations, the actuators
may be positioned to provide three-axis articulation of the joint. A
controller may be programmed to operate and articulate the joint to coat a
vane cl udio§08ihereithathe gcasmwis fhay ihesdtpassésvobeeseencéatsig and second

airfoils g% ane ha§£ r ﬁi %tl- S, d.9pat ry he . end
effectora%#8 gngno er agpgc %?H ePE%%enE%oﬁnln§%ﬁv%§ %f% tﬁ85 A
i ncl udi ngodaat mpgnaa ahef plbhsoauspedy H&Eﬂ(ﬂdﬁﬁhﬂ'anmcb&&e&t@r.natalllc
SUbStratelﬁ%g&Q%y oglpus tgl?fag £§§%§§ ééﬁgfgnéﬁ% end effector and
plasma spray head to provide multi-axis articulation of the

joint.

[0008] In various implementations, the actuators may be
positioned to provide three-axis articulation of the joint. A
controller may be programmed to operate and articulate the joint
to coat a wvane cluster wherein the plasma spray head passes
between first and second airfoils of the vane cluster. A

multi-axis rcbot may carry the end effector.

[0010] Another aspect of the invention involves a method
including coating an airfoil cluster. The cluster includes a
metallic substrate having a plurality of airfeils including at
least first and second airfoils, the pressure side of the first
airfoil facing the suction side of the second airfoil. The
coating comprises moving a robotic end effector carrying a
plasma spray head. The coating further comprises articulating a
joint between the end effector and the plasma spray head. The
coating further includes discharging a plasma spray from the
plasma spray head to coat the cluster including while the plasma

spray head is between the first and second airfoils.



| east first and second airfoils, the pressure side of the first airfoi
facing the suction side of the second airfoil. The coating conprises noving
a robotic end effector carrying a plasm spray head. The coating further
conprises articulating a joint between the end effector and the plasna
spray head. The coating further includes discharging a plasma spray from
the plasma spray head to coat the cluster including while the plasma spray
head is between the first and second airfoils. 3 [0011] In various

i mpl erentf@Pddhs,In erdloust empieypebéafivane thd ustwestenaladibreg aa veingt f or m and

2, S oud qnd, Lhe, pLASIR, 31 a1 head, 1w ash beieen Lhe pratformand -

I
shr oud. e " coating nmay - further inclu dirrecting
to the haadd aad gasecdchsthgeen fioaw pfataf cceatingg spewddr. Thet Beabead. mdhe

articul ating may,include a conpined pitch,_roll, and yaw artjcul ati on.
[0012] THETHBER 13°HRI6ETRTCNOIE b Mnfs COFTERE PATCRP! bR Bred et

forth i nahhedaceonPanya nen stf et YR N ofigser kBt kAR hBghowrn&X her
features, objects, and advantages of the invention w./l| be apparent from

t he descPFpirehabhel diai HRludhd fTomitse Pérahms FoBR EFNBEBERI PTI ON OF THE
DRAW NGS, [ P9d3]1 sl & .1 is a view of a coating systemincluding a robot
bearing a coating tool. [0014] FIG 2 is a side view of the coating tool.

[0012] The details of one or more embodiments of the invention
are set forth in the accompanying drawings and the description
below. Other features, objects, and advantages of the invention
will be apparent from the description and drawings, and from the

claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0013] FIG. 1 is a view of a coating system including a robot

bearing a coating tool.
[0014] FIG. 2 is a side view of the coating tool.
[0015] FIG. 32 is a face view of the cooling tool.

[0016] FIG. 4 is an enlarged side view of 2 head area of the

coating tool in a neutral orientation.

[0017] FIG. 5 is an enlarged side view of the head area in a

first pitched orientation.



[0015] FIG 3 is a face view of the cooling tool. [0016] FIG 4 is an

enl arged side view of a head area of the coating tool in a neutral
orientation. [0017] FIG 5 is an enlarged side view of the head area in a
first pitched orientation. 4 [0018] FIG 6 is an enlarged face view of the
head area in the neutral orientation. [0019] FIG 7 is an enlarged face
view of the head area in a first yawed orientation. [0020] FIG 8 is an
enl arged end view of the head area in a first rolled orientation. [0021]
FIG 9 igo0aigjewIdaf. & \anenckuibeyed| 0822] vHwG oflchs esbdnaanaln hew of
airfoils of  the cluster of FIG 9. [0023] Like reference nunbers and

desi gnat F‘SHEr?ﬁ PHESVR?FEUR- drawings indicate like el enents. 5 DETAILED
DESCRI PTI ON [0024] FIG 1 shows a coating system 20. The system 20 incl udes
an industrial robot 22. An exenplary robot is a 6-axis robot. Exenplary
robots 2 off-th el t. [ trat e | e is the | RB-140
from ABB%Rgtﬁég] BrE](()Ivari goétegr FBLFégg$héd ggg?rp %%@ é%b%?e ikgﬁi&;garf%é$eg24. A
first |ifkr26 yswedunmteshtaotidhe base for driven rotation about a vertical
first axis 510. A

[0020] FIG. 8 is an enlarged end view of the head area in a

first rolled orientation.
[0021] FIG. 9 is a view of a vane cluster.

[0022] FIG. 10 is a sectional view of airfoils of the cluster of

FIG. 9.

[0023]) Like reference numbers and designations in the wvarious

drawings indicate like elements.



second link 28 is mounted to the first link 26 for driven rotation about a
hori zontal second axis 512. Athird link 30 is nmunted to the second |ink
for driven rotation about a horizontal third axis 514 parallel to the
second axis 512. A fourth link 32 is nounted to the third link 30 for
driven rotation about an-axis 516 normal to and intersecting the third
axis 514. Afifth link 34 is nmounted to the fourth link 32 for driven
rotation about an axis 518 normal to and intersecting the axis 516. An
end/last link 36 is nounted to OETRIED DECGCREPBAONT Or driven rotation about

an axis 5 rmal tq and. intersectin the axis 518. O her_robot

conf i gurét%:%@% ey - Hovﬁg\ﬂ-ﬂs, HE[LTEGYI %TﬁEeWagpough%ﬂﬁ?E@f‘&o d]rI?‘%/]i“_rﬂfSt he
rotati onspmaydheteeHpl edobe 82. CANt &R ETa 4D . rdfA25]s The-1gbat reapkies a
spray apparatus 42 including a plasma spray head 44. In an exenplary

i npl enentf&TERATYhECRERE 44 25° Ablintl’l §hilft b qts -a Thiestidilushgadedan
effector eg(%m 'ir%ng(s)t ?EEeﬁﬁﬁﬁial?rf’?&LyAé’@%éab'%w% golughure grogpted tofat

t he end o] The joi nt 46 has one or nore degrees of freedom The
end ef f eczempd8riysrobatt 22 nhasvantease t t e gt ilnkk3@6ofis thantelioto The

coat od. T EAPhy TRbadr A1 Ragobe  BOC O o R ehd Srr bt Sr deor8r B
control | edcantli CiithAt 2Bnibymotansd Saicthast isaitd Jjieiknt 6afd rodeigennor e
associ at od 20LUR 91 3,.. (97 R6UP5SS DFY Msnd 1AL SASTPHALYLIPLSIRNBELgn: Che
joint isté

mounted to the second link for driven rotation about a

horizontal third axis 514 parallel to the second axis 512. 2

fourth link 32 is mounted to the third link 30 for driven

rotation about an axis 516 normal to and intersecting the third

axis 514. A fifth link 34 is mounted to the fourth link 32 for

driven rotation about an axis 518 normal to and intersecting the

axis 516. An end/last link 36 is mounted to the fifth link 34

for driven iotation about an axis 520 normai to and. intersecting

the axis 518. Other robot configurations may, however, be used.

The various motors for driving the rotations may be coupled to a

controller 40.

[0025] The robot carries a spray apparatus 42 including a plasma
spray head 44. In an exemplary implementation, the head 44 is
mounted joint 46 to a distal end of an effector 48 (“end
effector” broadly describing a structure mounted to/at the end
of a robot). The joint 46 has one or more degrees of freedom.
The end effector 48 is, in turn, mounted to the end link 36 of
the robot. The end effector may be formed as a finger used to
extend into spaces to be coated. The spray head 44 may be
coupled to the end effector 48 for contrelled articulation by
means such as said joint and one or more associated actuators

(discussed below). In an exemplary implementation, the Jjoint is
p .



a ball and socket joint nmounting the head to a distal end of the end
effector/finger 48. Thus, the exenplary ball joint 46 provides seventh,

ei ghth, and ninth system axes of rotation and degrees of freedom [0026]
The spray apparatus 42 nmay be connected to receive various inputs. The
apparatus 42 may be connected via a plasma gas conduit/line 50 to a plasna
gas source 51 for receiving a plasm gas. The system 42 may be connected
via a carrier gas/powder conduit/line 54 to a powder source 55 and carrier
gas soumckalfh Bod seckevi Higipowaelntindedepesid ed. aThHe ssyst eanddr omy be

connected via_cool ant _supply, and return conduits/lines._58 _and 59 to a
cool ant ?83r85%86F°?ﬁ£1§§§fe 22T Hg“%dﬁﬁ%EFQ&Y vPalalpatter 4Pi ne havi ng

conduct 0p$c§2d8B0sE3chOh P POMBEN SOAHE i 9 sReaYiad@sPewerotak i Bhasi@
generation. Power for articulating the head may be recei ved through one or

nore |in€89rg6sS ebnf¥FBEIPRputs for articulating the head may be received
t hrough one or nore |ines 68. Al though shown separately for purposes of
illustration, an exenplary configuration runs the power |ine conductors 62

and 63 r&;gectivel wi thin the cool ant sugpl¥ and return conduits/lines 58
and 59. ﬁﬁﬂaﬂ;‘%lségﬁ'é’ APREEETUGNEF sTABSRentP RIS TR gEITYE ogen

M Xt ur esvaki o0kt £ AEENS YO U8R Ad Ul & naxemR! abyineeekant: 0AShH8E Sma
essentially of water, or other liquid. Exenplary carrier gas consists
essenti abky epndegbnl bre nWr%@@.quB@rﬁplg@ﬁysI@@\x/@@r §1 éempireseivhedcanponent s

for a YSElQ§ﬁ5i85590@ﬂe system 42 may be connected via a carrier
gas/powder conduit/line 54 to a powder source 55 and carrier gas
source 56 for receiving powder to be deposited. The system 42
may be connected wvia coolant supply and return conduits/lines 58
and 58 tb a coolant source 60. The system 42 may be connected
via a power line having conductors 62 and 63 to a power source
64 to provide power for plasma generation. Power for
articulating the head may be received through one or more lines
66. Control inputs for articulating the head may be received
through one or more lines 68. Although shown separately for
purposes of illustration, an exemplary configuration runs the
power line conductors 62 and 63 respectively within the coolant
supply and return conduits/lines 58 and 59. Exemplary plasma
gases consist essentially of argon/hydrogen mixtures or
nitrogen/hydrogen mixtures. Exemplary coolant consists
essentially of water, or other liguid. Exemplary carrier gas
consists essentially of argon or nitrogen. Exemplary powders

comprise the components for a YSZ barrier coat.

[0027] FIGS. 2 and 3 show further details of the exemplary spray
apparatus 42. For ease of reference, the joint 46 is identified

as defining a pitch axis 530, a rcll axis 532, and a yaw axis



[0027] FIGS. 2 and 3 show further details of the exenplary spray apparatus
42. For ease of reference, the joint 46 is identified as defining a pitch
axis 530, a roll axis 532, and a yaw axis 7 534. To articulate the head for
rotation about one or nore of these axes, the finger 48 carries actuators
80, 82, and 84. [0028] The head 44 includes an outlet 70 having a central
axis 526 parallel to which a discharge direction 528 is defined. In -
operation, the head discharges a spray 72 centered about the axis 526 and
general | y3¢n Theadtieeldon B8 hape Bpr aptz2 ivny abeutapmedoreharévefto t he

finger 4 artLcul at i on. h hﬁﬂq' .0k At . exenpl ary
flexibIe§F§§ﬁe%£%%'cgééafﬁgé?%éﬁgp asﬁﬁggggkggﬁgﬁ%t?pfng?’cggﬁa%?'supply and
return conduits/lines, and plasma head power |ine conductors to at |east

spanni ng the gap between the end effector and head. [0029] Each exenplary
act uat or 18628821134 rioel udesn@1ngeti 9f 99-1di xpd ﬁaqutnrg@ aL'cra:.qleJrai&agés

fl exi bl e menber 92 extends fromthe housing 90 and e extended and/ or
retract edZfrparahkel housiimigeh An dhaaiplrarey dicegation B88ailpudhfpuedl. abt uat or

in which . ext ensi d.retraction are_powered. L Accqrdingly
advanta98%§§%€l$%b ?@%3%%%2{%5ﬁ%5ﬁx%§ ﬁa%pgﬁgfﬁgigﬁPt?Fagd?%?g%oth%rovide
push opeani s ob2 6 Tied fdexd id B weirberheO 21 rhengvar s2BasThaubbrei ent maexddility

to nove to acco date the artjculatign, as is discyussed bel ow. Each
exenpl ar JLFFExT Bl o HETHET B pHaMsT 4hPuugh taChURGEORLBE BR° Mashg a

proxi nmal ;epgt 9hoepsidthess. An exemplary flexible jacket 76 contains the
plasma gas conduit/line, cooclant supply and return
conduits/lines, and plasma head power line conductors to at

least spanning the gap between the end effector and head.

[0029] Each exemplary actuator 80, 82, 84 includes a portion 90
fixed to the finger 48. A flexible member 92 extends from the
housing 90 and may be extended and/or retracted from the
housing. An exemplary actuator i1s a push-pull actuator in which
both extension and retraction are powered. Accordingly,
advantageously the flexible member 92 has sufficient rigidity to
provide push operation. The flexible member 92, however, has
sufficient flexibility to move to accommodate the articulation
as is discussed below. Each exemplary flexible member 92 passes
through a guide tube 94 having a proximal end 96 near the
housing 90 and a distal end 98 near the finger distal end 100.
Each flexible member 92 has a distal end at an associated
connection 102 to the head 44. By appropriate combinations of
extensions and/or retractions of the flexible members 92, a
desired combination of pitch, roll, and yaw may be achieved.
Exemplary actuators are linear drives {e.g., motorized screw

drives and/or solenoids). Exemplary flexible members 92 are



housi ng 90 and a distal end 98 near the finger distal end 100. Each

flexi ble nmenber 92 has a distal end at an associated connection 102 to the
head 44. By appropriate conbi nati ons of extensions and/or retractions of
the flexible nmenbers 92, a desired conmbination of pitch, roll, and yaw may
be achi eved. Exenplary actuators are linear drives (e.g., notorized screw
drives and/or solenoids). Exenplary flexible nenbers 92 are 8 wires. The
flexi ble menbers nay be flexible over just portions (e.g., near the joint)
or over bﬁ@aderTB&téhesib{QOEQFbéﬁﬂimayibﬁufﬂéxabéesb&ervﬁem$ pbrthenhead 44

in neutral _and tc orie atlon ectlve To achi eve the
pitched-gs'gffen |gﬁgofg¥$Ei ?é 553 e SR 3% '92 of the actuator 80

is extended while the flexible nenbers 92 of the actuators 82 and 84 are
retracted to rotate the head 44 about the pitch axis 530. An opposite

pi t ched- ¢dg riggdation nRy Qe Qéey by, 2 tor 80
and extenspgnPo the ac{hatorSGS and S%W [%%e%f &%%é?tgiand%ygg%gﬁ
respect i wedopit ehed+emsontfen et heex imesmredtivell yvandtoyawnkdeoei ehéat i ons,
respective o_achieve the ryy d_qrientation. of G _7, the
act uat or ® é£¥hga-%&t%§%ﬁQF%ﬁkPQh qP#%a%Br%g% FgeﬁégﬁﬁcFSHbeﬁe pfithe
consi der atteaBoABYO I Ukt ecidel aatilad aheBFleaibeeshieibtlry sexbenges or
retracted if it is desired to maintain neutral pitch and roll.

actuators 82 and 84 are retracted to rotate the head 44 about

the pitch axis 530. An opposite pitched-down orientation may be

achieved by retraction of the actuator 80 and extension of the

actuators 82 and 84.

[0031] FIGS. 6 and 7 are respective outlet wviews of the head in
neutral and yawed orientations, respectively. To achieve the
exemplary vawed orientation of FIG. 7, the actuator 82 is
extended and the actuator 84 is retracted. Gecmetric
considerations may require the actuator 80 tec be slightly
extended or retracted if 1t is desired to maintain neutral pitch

and roll.

[0032] FIG. B is an end view of the head in a first rolled
orientation. To achieve the exemplary rolled orientation, the
actuator 82 is retracted, the actuator 84 is extended, and the
actuator 80 is extended to a lesser degree so as to maintain
pitch and yaw neutrality. An cpposite roll may be achieved by
reversing extension and retraction of the actuators 82 and 84.
Via superposition of two or more of pitch, roll, and yaw
movements, any desired orientation may be obtained subject to

physical range of motion limits.



[0032] FIG 8 is an end view of the head in a first rolled orientation. To
achi eve the exenplary rolled orientation, the actuator 82 is retracted, the
actuator 84 is extended, and the actuator 80 is extended to a | esser degree
so as to maintain pitch and yaw neutrality. An opposite roll may be

achi eved ‘by reversing extension and retraction of the actuators 82 and 84.
Vi a superposition of two or nore of pitch, roll, and yaw novenents, any
desired orientation nmay be obtai ned subject to physical range of notion

limts. Qop8833]arAn exeIRidl Yiskserothkhepspy ayppppatas us2 42s i sn ithd he
application_of aerospace coatings. Myre particularly, the_ apparatus may be

p .
used to ABBHYCBRECDr ORDRBIPIHRFS HAE NI Moreapar taGHlPRd sy sP8m  The

appar at uaggwaegsulagg b8 uhaYi gatgHdne d}f‘@%ﬁﬁdr@tqa?reg@.rwfsg obstruct ed
areas. [0034] A noteworthy exanple of use of the system20 is in applying

coat i ngsmpdtiahayer useer snofsyasen urBimernigiates. maxppki saeroncof coatings
to such ﬁﬁggggggtgh¥‘ﬁg §e£§I ﬁ@%36tﬂ‘¥3¥§%'dﬂy%f@%E%ngEeggpos't'On syst ems
| ed by~ Sert- due

has been occl'usi on 0 conponent "geometry. [0035] By way
of background, a gas turbi.ne engine's conpressor and turbine sections may

i nclude a nunber of blade stages interspersed with a nunber of vane stages.

One or mMppE3@Y GNeorLARE thLAY%EnERY Be HOLNBE as. as;ﬁ%%le%‘i &0 rid1gy The ring

i ncludes " an inboard platformand an outboard shroud. A circunferenti al
applying coatings to vane clusters of gas turbine engines.
Application of coatings to such components with relatively
remote line-of-sight deposition systems has been limited by

self-occlusion due to component geometry.

[0035] By way of background, a gas turbine engine's compressor
and turbine sections may include a number of blade stages
interspersed with a number of vane stages. One or more of the
vane stages may be formed as a cluster ring. The ring includes
an inboard platform and an outboard shroud. A circumferential
array of airfoils (discussed below) span between the platform
and shroud. As is discussed in further detail below, the ring
may be segmented into a plurality of separately-formed clusters
(e.g., interlocked at the platforms by a structural ring and at

the shrouds by an engine case).

[0036] FIGS. 2 and 10 show an exemplary two-airfoil cluster
{(doublet) 200. Each exemplary cluster includes a first airfoil
202 and a second airfoil 204. Each of the airfoils extends from
an associated inboard end at a platform segment 206 to an

associated outboard end at a shroud segment 208.

10



array of airfoils (discussed bel ow) span between the platform and shroud.
As is discussed in further detail below, the ring nay be segnented into a
plurality of separately-forned clusters (e.g., interlocked at the platforns
by a structural ring and at the shrouds by an engi ne case). [0036] FIGS. 9
and 10 show an exenplary two-airfoil cluster (doublet) 200. Each exenplary
cluster includes a first airfoil 202 and a second airfoil 204. Each of the
airfoils extends from an associated inboard end at a platform segnment 206
to an ad990a6i73t exh auidmaridiend athea pdhatdvdmsegorant 208y 10c [ D8 HeNures

under si d% of the Iatforg sgg nt may include features for nounting each
pl at f or m*S&gHEeHP 89 £8CHdPadEh? T 8e RIS YRS Y ARG F§9PE™55ri ng) . The

pl atf or msegnenbyhasiainfotwas df Upst I epdd e t2kdn ad@rn/rdowastream end 212,
and first and second circunferential ends or matefaces 214 and 216.
Si ni | ar| yorPREIERPEtigcIBgRBAL 2208 haseaty AEITeRAe gD 282, aandoRhset eam end

220, and Gir sboand secondscherunt eranid al. enrds 222 309 224 ach of the

platformcir erential ends and a shrou Ircunferential ends and nay
i ncl ude @ighdevéver thhashebud238ghent ratkeihangma wwedlregmoengh8wA) . aA gi ven

of ol UG e oTB0s, F B U108 B et Shatc T OF SR CACPrOrTseBt the
cl uster. 2Bheahdr st4ai Ehohl 0 202hé spshofsrmhaviint@neE dreadiing edde and a

shroud circumferential ends and may include a groove or channel

230 for receiving a seal (not shown). A given such seal spans

the gap between the adjacent grooves of each adjacent pair of

clusters.

[0038] FIG. 10 is a secticnzl view of the airfoils of the
cluster. The first airfoil 202 is shown having a leading edge
240, a trailing edge 242, a pressure side 244, and a suction
side 246. Pressure and suction side walls are shown as 248 and
249, respectively. Similarly, the second airfeoil 204 has a
leading edge 250, a trailing edge 252, a pressure side 254, a
suction side 256, a pressure side wall 258, and a suction side
wall 259. The exemplary airfoils also have internal cooling

passageways.

[0039] After casting, a ceating is applied along the airfoils.
Exemplary coating techniques are line-of-sight spray techniques
(e.g., air plasma spray '(APS) and electron beam physical vapor
deposition (EBPVD) ). Advantageous prior art coating applications
have been achieved when the spray direction is near normal to
the surface being cocated. For the first airfoil suction side 246
and the second airfoil pressure side 254, essentially normal

line-of-sight flow access is available. However, along portions
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240, a t
Pressure

railing edge 242, a pressure side 244, and a suction side 246.
and suction side walls are shown as 248 and 249, respectively.

Simlarly, the second airfoil 204 has a |eading edge 250, a trailing edge

252, ap
a suctio

ressure side 254, a suction side 256, a pressure side wall 258, and
n.side wall 259. The exenplary airfoils also have internal cooling

passageways. [0039] After casting, a coating is applied along the airfoils.

Exenpl ar
pl asma s
Advant ag
spray di
ai rfoi

y coating techniques are |line-of-sight spray techniques (e.g., air

prayheAPSYy sandiekFect rore boara phiysd cals \saRorsec@eposiitkirFeni EBPVD) ) .
eous prior art _coating applications _have been achieved when the
PEELLBR FidRedrOnbhfaPthier dWef il fHdd Beiosd &6&fed. For the first

SUGLLBR-Si g8+ 246ce88d thes s B /fRih sRIeS lﬁl%aa%lege 254,

essentially normal = line-of-sight flow access is available. However, al ong

portions
suction

This blo
reductio
| i ne-of -
the airf
| eadi ng

off-pprihpe APPsicalien|viph exsiiaralagitdac@agtand decendtangf oi |
%bggkﬁggsthe other airfoil will block normal 1ine-of-sight access.
cking/occlusi on nandates of f-nornal application with attendant

nin coating thickness. [0040] FIG 10 shows series of

sight spray directions 540 positioned at boundaries of occlusion by

9bbgo] FlF%c, 1Q ahsRsShaws.a F@P?knéﬂéfﬁgfgﬁ‘@&%@a;ﬁ‘%ré@ﬂ%sa :
region 260 of the first airfoil pressure’side, there 1s essentially
540 positioned at boundaries of occlusion by the airfeils. FIG.

10 also shows a local surface normal 542. Along a leading region

260 of the first airfoil pressure side, there is essentially

normal or near—-normal line-of-sight access. Thus, along this

region 260, the coating_is full thickness. Downstream thereof,

the off?normal angle © increases. There may be progressive
degradation §f.coating thickness using prior art teéhniques. For
example, in a region 262 to an angle 6 of about 30°, the coating

may be deemed marginal. In a region 264 downstream thereof, and

with greater 6, the coating may be deemed poor.

[0041] Similarly, aleng a trailing region 268 of the second
airfoil suction side 256, the coating may be full-thickness,.
Along a region 270 thereahead, the coating may be marginal.
Along a region 272 yet thereahead, the cocating may be poor.
Along a region 274 yet thereahead, the coating may be marginal.
Along a leading region 276, the coating may be full. The exact
distribution of coating quality will be highly dependent upon
the particular cluster geometry. The presence of regions of
relatively thin coating may locally increase thermal damage. In
addition to being affected by coating thickness, the locations
of possible thermal damage are influenced by the locations of

aerodynamic heating. Thus, a combination of high local
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normal or near-normal |ine-of-sight access. Thus, along this region 260,
the coating is full thickness. Downstreamthereof, the off-normal angle 6

i ncreases. There may be progressive degradation of coating thickness using
prior art techniques. For exanple, in a region 262 to an angle 6 of about
30, the coating may be deened marginal. In a region 264 downstream t hereof,
and with greater 6, the coating may be deenmed poor. [0041] Simlarly, along
atrailing region 268 of the second airfoil suction side 256, the coating
may be faklrotihhekheskeatdhongnd Iewh bre@it(incheheamdad, ishe coating may be

narginaldiséﬁggg a éggéon 272 yet thereahead, the coating may be poor.
Al ong a regiron 9ﬁgye t her eahead, the coating may be marginal. Al ong a
| eadi ng region 276, the coating may be full. The exact distribution of

coating quality will be highly dependent upon the particular cluster

geomet 1Yo flg) PIree 3eh legliBAsONSnAl ophELALL VEL Yaddi ds £aald NG iy | ocally
i ncrease therimal danmage. I'n addition to being atfected y coating
t hi cknesshithéngolcasiloesn ©of pddsiupdre anfeertmdl cdafhge .abeei pbkaented by the

| ocations_of aerodynan ¢ heatjng. .Thus, a.conbinati of Ei h Local 12
aer odynafi’ ¢"hea ?ﬁgx%ﬁéﬁ?%ﬁ%ﬁa%xmi?%ﬁf%IWQH&Fn S &° 88§a895 ?gﬁe 2 $v42)]
In such eegkonsy PASsaPPIOREh d ccrddriessitheuk@aak (khignni Rgihasobepiy to add
suppl emental cooling. One possible avenue for suppl enental cooling would be
to add ofiPLefk- foWsYHer the dilution associated with such discharge of
air would impact the thermodynamic performance of the engine and
counter the advantage that doublets have in reduced intergap air
discharge relative to singlets. Furthermore, discharge along the
suction side affects aerodynamic performance of the airfoil

particularly significantly, thereby impeding turbine

performance.

[0043] Another approach has been to over-apply the coating. With
this apprecach, in order to cbtain a desired ccoating thickness on
the relatively occluded regions, a more-than-desired coating
thickness is applied to the other regions. This may have a
number of detriments including weight, decrease aerodynamic

performance, increased chances of spalling.

[0044] FIG. 1, however, shows the head 44 positioned between
doublet airfeils to apply coating to an otherwise occluded
regicn. Advantageously, articulaticn of the head may allow the
spray to be applied relatively normal to the surface of the

component.

[0045] However, merely by being able to navigate the head 44

between the airfoils and provide a relatively small application
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exi sting passageways to the airfoil surface (e.g., filmcooling holes).
However, the dilution associated with such discharge of air would inpact
t he thernodynam c performance of the engine and counter the advantage that
doubl ets have in reduced intergap air discharge relative to singlets.
Furthernore, discharge along the suction side affects aerodynamc
performance of the airfoil particularly significantly, thereby inpeding
turbine performance. [0043] Anot her approach has been to over-apply the
coating. fdbtbrihbj sbapproashcan beraeti dwdbimim «Xat@die, edveaatifng t hi ckness
on the relitlvel occluded regi ons, a nore-than-desired coatlng t hi ckness
i

i s appli G8PLECBARLOBt hBr OPBGFBAECT THY SHRSFANVE [ dY Qb8P 8fldefPi nent s

i ncl udi ngnwekghtd ﬂi?ﬁéeélﬁﬁo@@f@df{@aiﬂ&t ReyifRr r@n%e hngkeasgd-ghanees of
spalling. [0044] FIG 1 owever, shows the head 44 positioned between

doubl et &ir FEVEBERE ABPLYT cOMPHEE 1P lamat Raaliisle ocelegdaed Legron.

Advant agegush ¥ ?ﬁibﬁH%éé'on of the head may allow the spray to be applied
relatively nor mal to the surface of the conmponent. [0045] However, nerely

by being able to navigate the head 44 between the airfoils and provide a
relatively small application 13 footprint, benefits can be achieved. For

exanpl e, 19¥28] 1 fuscARF AL 1593 clofh Q@eméﬁgtﬂﬂs'élﬁé‘@%@@éﬁ@é|Mé¥§fbqurtr§a| an
i ncreased tine exposure to fhat reglon (e g., a decreased rate
in tailoring the coating thickness to desired amounts. The
controller 40 may be programmed with an appropriate map of the
component (s) to which coatings are to be applied. The map may
allow the controller to traverse the head 44 cover the surface of
the component so as to provide desired coating thickness. In
some situations, the contrecller may be programmed to perform a

touch-up operation (e.g., after a bulk deposition which leaves

thinned areas).

[0047] In an exemplary implementation, a bond coat may be
deposited as described above. A primary YSZ coat may also be
applied as described above, leaving the thinned areas. The
system 20 then performs a pre-programmed touch-up, adding
further YSZ to the thinned areas to obtain a desired thickness

while leaving the remaining areas essentially unaffected.

[0048] One or more embodiments of the present invention have
been described. Nevertheless, it will be understood that wvarious
modifications may be made without departing from the spirit and
scope of the invention. For example, the principles'may be
applied in the manufacturing of a variety of components. The
principles may be applied to a variety of coatings and coating
technologies. The principles may be applied in the modification

of a variety of existing equipment. In such situations, details
14



of novenment during deposition) may provide a desired | ocal coating

t hi ckness. [0046] Use of the system 20 may thus allow greater flexibility
in tailoring the coating thickness to desired anounts. The controller 40
may be programmed with an appropriate map of the conponent(s) to which
coatings are to be applied. The map nmay allow the controller to traverse
the head 44 over the surface of the conponent so as to provide desired
coating thickness. In sone situations, the controller may be programed to
perform af thacbaupiopeiatcaipdeents, afdaering buktkrdepesi tbaninbi ch | eaves

t hi nned areas P047] In an exenplary inplenmentation, a bgond copat y be
opos, t edeBaTHAGEH T bR i SVAES TR ISP ™VaF CBdt Litey CARES BBC2 gl Pbd as
descri bednhabgyet i &€Byt N hend it esh .ame’%rdiigly$y stREY 20mbb8mPetd or N a
pre-programed touch-up, addin further YSZ to the thinned areas to obtain
a desireér?hWéR%b%sth%Wﬁq%Pqé%gﬂﬁgfﬁﬁélpﬁﬁﬁﬂnpﬁﬁl§?eas essentially
unaffected. [0048] One or nore enbodi nents of the present invention have
been described. Nevertheless, it will be understood that various
nodi fi cati ons may be made wi thout departing fromthe spirit and scope of
the invention. For exanple, the principles may be applied in the

manuf acturing of a variety of conponents. The principles may be applied to
a variety of coatings and coating technologies. The principles may be
applied in the nodification of a variety of existing equipnment. In such
situations, details
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14 of the particular conponents, coating materials, coating technologies,
and basel i ne equi pnent may influence details of the particular

i npl enentation. Accordingly, other enbodinents are within the scope of the
following clainms. 15 CLAIMS What is clained is: 1. A coating apparatus
conprising: a robot; an end effector carried by the robot; a -plasma spray
head; a joint nounting the plasma spray head to the end effector; and a
plurality of actuators coupling the end effector and plasna spray head to
provide nmulti-axis articulation of theraieisnt. 2. The apparatus of claim1
wherein: the articulation is nmulti-axis articulation. 3. The apparatus of
claim1 wherein: the articulation includes pitch articulation. 4. The

apparatu%wpf clakqgim§ﬁenein: the joint is a ball and socket joint. 5. The

appar at us 5F° &1%aim ef&’n: the there are exactly three said actuators.

1. A coating apparatus comprising:

a robot;

an end effector carried by the robot;

a plasma spray head;

a joint mounting the plasma spray head to the end effector;
and

a plurality of actuators coupling the end effector and
plasma spray head to provide multi-axis articulation of the

joint.

2. The apparatus of claim 1 wherein:

the articulation is multi-axis articulation.

3. The apparatus of claim 1 wherein:

the articulation includes pitch articulation.

4, The apparatus of claim 1 wherein:

the joint is a ball and socket joeint.

5. The apparatus of claim 1 wherein:

the there are exactly three said actuators.

6. The apparatus of claim 1 wherein:

the actuators are push-pull actuators.

16



6. The apparatus of claim 1l wherein: the actuators are push-pull actuators.
16 7. The apparatus of claim1l wherein: at |east one of the actuators
conprises a flexible nenber passing through a guide on the end effector. 8.
The apparatus of claim 1l wherein: the robot is a six-axis robot. 9. The
apparatus of claim'l further conprising: a flexible conduit coupled to the
pl asma spray head to guide a carrier gas and powder flow to the plasm

spray head;

a flexible conduit coupled to the head to guide a plasma gas

flow to the plrasmappprayubead; caaimeXidhereionduit coupled to the head to
guide a coolant flowto thg g%asna sgﬁag head; a flexu§%$&§8nduit coupl ed
to the head t8tgdfa&tt RBScBOI ART 2F Fow 3D i THeF 17S%s fa ReF§™PSAd at

| east ongaglsaell iteabupaver ghi8e 6QUPh&GAP ddedlasm  spray head. 10. The
apparatus of claim1 further conprising: a controller progranmed to operate
and articulate the plasma spray head to apply a coating to a vane cluster.

11. The apparatus of claim 10 wherein: the controller is progranmed to
operate a@&nd arhecupbpheathe opl asabmspryereiatt to so that the plasma spray

head passes

9.

the robot is a six—-axis robot.

The apparatus of claim 1 further comprising:

a flexible conduit coupled tco the plasma spray head to

guide a carrier gas and powder flow to the plasma spray head;

a flexible conduit coupled to the head to guide a plasma

gas flow to the plasma spray head;

a flexible conduit coupled to the héad to guide a coolant

flow to the plasma spray head;

a flexible conduit coupled to the head to guide the coolant

flow from the plasma spray head; and

at least one electrical power line coupled to the plasma

spray head.

10,

The apparatus of claim 1 further comprising:

a controller programmed to coperate and articulate the

plasma spray head to. apply a coating to a vane cluster.

11.

The apparatus of claim 10 wherein:

the controller is programmed to operate and articulate the

prlasma spray head to so that the plasma spray head passes

between first and second airfoils of the cluster.

12.

A coating apparatus comprising:

a plasma spray head;
17



between first and second airfoils of the cluster. 12. A coating apparatus
conprising: a plasma spray head; 17 an end effector; a joint nounting the
pl asma spray head to the end effector; and a plurality of push-pul
actuators coupling the end effector and plasna spray head to provide
multi-axis articulation of the joint. 13. The apparatus of claim 12
wherein: the actuators are positioned to provide three-axis articulation of
the joint. 14. The apparatus of claim 12 further conprising: a controller
programed toaapendt eféadtarticulate the joint to coat a vane cluster
wherein the plasma spray head gassef bet ween first and second airfoils of
t he vane cIusFeﬂ?lﬁg.m?ﬁBtéB%a Be Ry | ShTAYL B eRG tRePEoRpF FRgCtow

mul ti - axigsgr obot carrying the end effector. 16. A coating apparatus
conprising: a plasma_spray head, an end effector; a joint nounting the

pl asma spray ﬁeﬁéufél%gé ehdresh oot bk ;aCtdid aRSane E@ddpri f§et Bedend ef f ect or

and pl asg®r3RE8Y BRAUL19sma spray head to provide multi-axis

articulation of the joint.

13. The apparatus of claim 12 wherein:
the actuators are positioned to provide three-azxis

articulation of the jeint.

14. The apparatus of claim 12 further comprising:
a controller programmed to operate and articulate the joint
to coat a vane cluster wherein the plasma spray head passes

between first and second airfoils of the vane cluster,

15, The apparatus of claim 12 further comprising:

a multi-axis robot carrying the end effector.

16. A coating apparatus comprising:

a plasma spray head:;

an end effector;

a2 joint mounting the plasma spray head to the end effector;
and |

means coupling the end effector and plasma spray head to

provide multi-axis articulation of the joint.

17. The apparatus of claim 16 further comprising:

a multi-axis robot carrying the end effector.
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provide nmulti-axis articulation of the joint. 17. The apparatus of claim 16
further conprising: a nulti-axis robot carrying the end effector. 18 18. A
met hod conprising: coating an airfoil cluster, the airfoil cluster
conprising a netallic substrate including: at least first and second

airfoils, each airfoil having a pressure side and a suction side, the
pressure side of the first airfoil facing the suction side of the second
airfoil, wherein the coating conprises: noving a robotic end effector

carryingla.pl asmatispd ayoeeisingsrti cul ating a joint between the end effector
and plasma spray,. head; and_djscharging a _plasma spray fromthe p|asnma spray
head to coatg?ﬁ l%gu%?e?%rf?ﬂﬁlﬁhqé}%é%quetﬁérﬁpégnﬁXEBFﬁﬁ ﬁ@%ﬁp?%lm%etmeen
the firsh pBHasecoONsuRd¢FHid SindQqithe met hod of claim 18 wherein: the
cluster is a vane cluster having: a platform a shroud; and at |east said

first and second a#¥ ISt eki%eiidians Ieoncenianoshter cpabeadtfohk platform
and an inner ﬂégfngfa ﬁf@%éﬁgénggdéﬂgﬁd a suction side, the pressure

side of the first airfoil facing the suction side of the
second airfoil,
wherein the coating comprises:
moving a robotic end effector carrying a plasma spray head;
articulating a joint between the end effector and plasma
spray head; and
discharging a plasma spray from the plasma spray head to
coat the cluster, including while the plasma spray head is

between the first and second airfoils.

19. The method of claim 18 wherein:
the cluster is a vane cluster having:
a platform;
a shroud; and
at least said first and second airfoils extending
between an cuter face of the platform and an inner face of
the shroud; and
the articulating moves the plasma spray head between the

platform and shroud.

20. The method of claim 19 wherein:

the articulating comprises combined pitch, roll, and yaw.

21. The method of claim 18 wherein:

the articulating comprises a pitch articulation.
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the articulating noves the plasma spray head between the platform and
shroud. 20. The nethod of claim 19 wherein: the articul ating conprises
conbined pitch, roll, and yaw. 21. The nethod of claim 18 wherein: the
articulating conprises a pitch articulation. 19 22. The nethod of claim 18
wherein: the articulating conprises a conbined at | east two of pitch, roll,
and yaw. 23. The nethod of claim 18 further conprising: separately directing
flows of a carrier gas and a powder coating nmaterial to the plasnma spray
head. 2422TheThetiwiched <f atlmik8 faurilkericonprising: installing the end
effector to atﬁéxéf%%éhfé¥¥ﬁg cé%%rises a combined at least two of

pitch, roll, and yaw.

23. The method of claim 18 further comprising:
separately directing flows of a carrier gas and a powder

coating material to the plasma spray head.

24. The method of claim 18 further comprising:

installing the end effector to a six—axis robot.
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