COATI NG | NSPECTI ON  BACKGROUND OF THE I NVENTION (1) Field of the Invention

5 This invention relates to inspection of thermal barrier coatings, and

nore particularly to inspection of coatings on turbine conponents. (2)
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nickel- or cobalt-based superalloys. Desired operating
temperatures often exceed that possible for the alloys alone.
Thermal barrier coatings (TBCs) are in common use on such
components to permit use at elevated temperatures. Various
coating compositions {e.g., ceramics) and various coating
methods (e.g., electron beam physical vapor deposition (EBPVD)
and plasma spray deposition) are known.

An exemplary modern coating system is applied to the
superalloy substrate by an EB~PVD technique. An exemplary
coating system includes a metallic bondcoat layer {(e.g., an
overlay of NiCoCrARlY alloy or diffusion aluminide) atop the
substrate. A thermally insulating ceramic top coat layer
{e.g., zirconia stablized with yttria) is deposited atop the
bondcoat. During this deposition, a thermally grown oxide
layer (TGQ), e.g., alumina, forms on the bondecoat and
intervenes between the remaining underlying portion of the
bondcoat and the top coat.

The coatings are subject to potential defects. For
example, the TGO to bondcoat interface tends to suffer from
separations/delaminations. Such defects tend to be inherent,
so threshold degrees of defect may determine the utility of a
given component. Defects may also form during use.

Much of existing inspection involves destructive testing
used to approve or reject batches of components. Exemplary
destructive testing involves epoxy-mounting and sectioning a
1



30 separations/del am nations. Such defects tend to be inherent, so threshold
degrees of defect may determne the utility of a given conponent. Defects
may al so formduring use. Much of existing inspection involves destructive
testing used to approve or reject batches of conponents. Exenplary 35
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actual blade. This may slightly reduce the time spent, but
does not address the fundamental problems of destructive
testing.

15 Laser fluorescence has been used for nondestructive
evaluation ¢f limited coating parameters. In one example, the
beam of a ruby laser is shined on the c¢eramic top coat and
passes therethrough to reach the TGO. The TGO fluoresces and
the emitted light passes through the top ¢oat to a sensor.

20 Characteristics of the flurorecence indicate stress in the
TGO. Separation/delamination voids are associated with reduced
astress and can thus be detected. U.S5. patent 6,072,568
discloses such inspection.

There remains a substantial need for improvement in

25 testing techniques.

BRIEF SUMMARY OF THE INVENTION
hccordingly, one aspect of the invention is & method for
inspecting a multi-layer coating on a substrate of a turbine
30 element airfoil. At each of a number of locations along the
airfoil, a number of frequencies of alternating current are
passed through the airfoil. At least one impedance parameter
is measured. Based upon the measured impedance parameters, a

condition of the coating is determined.



stress and can thus be detected. U. S. patent 6,072,568 discloses such

i nspection. There remains a substantial need for inprovenent in 25 testing
t echni ques. BRI EF SUMVARY OF THE | NVENTI ON Accordi ngly, one aspect of the
invention is a nmethod for inspecting a nmulti-layer coating on a substrate
of a turbine | eren irfoil u Iong t he
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details of one or nore enbodi ments of the invention 15 are set forth in the
acconpanyi nGRRPERTHEs Bhe FPRAXAIS M@ BAVe 8 source of the current and

electrodes for passing the current through the airfoil. The
apparatus may have means for measuring the impedance parameter
and means for determining the coating condition.
The details of one or more embodiments of the invention
15 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.

20 BRIEF DESCRIPTION OF THE DRAWINGS
FIG.
FIG.

is a view of a coating test/inspection system.
is a secticnal view of a coated item.

FIG.

1
2
FIG. 3 is an alternate view of a test/inspection system.
4 is a circuit equivalent model of a coating.
5

25 FIG. is a graph of impedance and phase angle against
frequency for an exemplary coating.
Like reference numbers and designations in the various

drawings indicate like eleomonto.



bel ow. Ot her features, objects, and advantages of the invention wll be
apparent fromthe description and drawings, and fromthe clains. 20 BRI EF
DESCRI PTION OF THE DRAWNGS FIG 1 is a view of a coating test/inspection

system FIG 2 is a sectional view of a coated item FIG 3 is an alternate

view of a test/inspection syste p bEsTREpFLA{UI t equi val ent nodel of a
coating. 25 FIG 5 is a graph opb?%§g§%n§g$én3 Ease angl e agai nst

frequency for anfﬁﬁenﬁlahywaoamlanpaﬂﬂtmg E@féoent&stmnﬂﬂ¥n§pan&1dgsagnations

th dj cat ta. 3 DETAILED DESCRIPTI ON FI G
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t ur bi ne el erEdde ng Taet HxBiEa ©N G laele btzadﬁcﬂﬁdes Tde xempllapy bl ade 22
includes an airfojl 24 5 extend|qg§fron1a root 26_at a platform?28 to a tip

30. The Zai rP8ignHAY FE98 AgF ARt 4% &Y iing§1a8§et™ 328 Ry B4 WepdralPfig
pressure and; Sucdiil0masi desd3hy a&%%&alﬁhﬁfgpkagémm%m splaaai dgportion

40 for form ng an inboard boundary/wal | core flowpath hrough t he
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are coated. dhsee&kuﬂMaamytSysUgh1EME|nuﬂby@eseaglnepemammmnumnﬂ yoetidd 15

coupled fy conquetors Rt 499a38eh9s B a1y E-88 IRYEE R AU of the
platform 40 for fixing the blade in a disk of the turbine
engine. In an exemplary embodiment, the portion 40 and airfoil
24 are ccated.
The exemplary system 20 includes an impedance analyzer 50

15 coupled by conductors 51 and 52 to a pair of electrodes 53 and
54, The first electrode 53 may be a standard reference
electrode contacted with an uncoated portion of the platform.
The second electrode 54 is contacted with a coated portion of
the blade and, therefore, is advantageously provided as a

20 wetting electrode, The wetting electrode 54 includes a
standard reference electrode 56 mounted in a proximal end of a
tubular vessel 58 and contacting an electrolyte 60 within the
vessel. A check valve 62 is mounted in a distal end of the
vessel 58. When the check valve 62 is contacted with the

25 coating, it establishes fluid communication between the
contact site and the interior of the vessel providing a small
wetting of the coated surface with the electrolyte and
providing an electrical path through the electrolyte from the
coating to the reference electrcde 56.

30 FIG. 2 shows further details of the coating 70 on a
metallic substrate 72 of the blade. The blade has an outer
surface 74 atop which the coating layers are deposited. The
layers include a metallic bondcoat 76 atop the substrate
surface 74, an in situ formed TGO layer 78 atop the bondcoat,

3% and a cecramic topcoat 80 atop the TGO and having an external

4



54. The first electrode 53 may be a standard reference el ectrode contacted
with an uncoated portion of the platform The second electrode 54 is
contacted with a coated portion of the blade and, therefore, is

advant ageously provided as a 20 wetting el ectrode. The wetting el ectrode 54
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74 atop which the coating layers are deposited. | ayers include a
met al | i ¢ boreksgainidgatbp bhedSUZJ%tdlatlelg sasf aue ﬂrzfld tdrat gogitraléor nred TGO

llayer 78 atop the bondcoa nd, a ceram.c 80, at the d
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bl ade 22 during testing and that controls
equipment such as a computer 106. The computer may display
results of the measured parameters and perform analyses to
determine quantitative and qualitative properties of the
15 coating based on the received parameters.

Various theoretical, empirical or hybrid models may be
used to determine coating properties. Such properties may
include the layer thicknesses and the presence, size, and
quantity of imperfections (e.g., voids within layers or

20 Dbetween layers (e.g., separations and delaminations)). FIG. {4
shows a basic electric circuit model. From one end of the
circuit to the other, the resistance of the electrode 54 (FIG.
1) is shown as Rp in series with an electrolyte sclution
resistance Rs;. This, in turn, is in series with the parallel

25 combination of a topcoat resistance R; and a topcoat
capacitance C¢. This, in turn, is in series with the parallel
combination of a TGO resistance Rg multiplied by a Warburg
coefficient Wo and a TGO capacitance C,. This ig, in turn, in
serieg with the parallel combination of a resistance Re of the

30 interface between the superalloy and bondcoat and an interface
capacitance Cgp.

FIG. 5 shows an exemplary graph 120 of impedance 0O
against frequency w. An exemplary impedance scale is 0-~1500
Kohm/cm?. FIG. 5 further shows an egemplary graph 122 of phase

35 angle 9 againat frequency. An exemplary phase angle scale is 0

5



various properties of tenperature, humdity, pressure, and the |ike. The
current is provided by a current anplifier 102 10 coupled to an inpedance
anal yzer 104 for neasuring inpedance paraneters. The inpedance anal yzer 104
is coupled to analysis equi pnent such as a conmputer 106. The conputer nmay
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with the parallel combination of a TGD.resistance Ra nultiplied.by a
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series wth ghee bpadal hatl copbidaid akachiramerss st e Rhadkystibeo80daty er f ace
bet ween .t he superal | oy and bondcoat and an interface capacitance CT. FIG 5
shows ar}oexefﬁrpﬂ“hrsy‘cﬁ‘r éﬁﬁtiﬁbeo?oﬁlrfp}@d‘én@é%bea‘é%?%sw fVEHuBREYSH.  An

exenmpl ary i rRadanGfeSesheih§ gré&&({:ie'éqhm cn2. FIG 5 further shows an

exenpl ary graph 122 of phase 35 angle 0 agai nat frequency. An exenpl ary
phase ang| e scal dejss gnvironmentally controlled tests may be performed in

situ on an assembled engine such as performing periodic tests
on an aircraft engine. Such testing may be used to determine
15 wear and other degradation parameters and determine remaining
life of the turbine element. Alternative tests may involve
contacting two probes with the coating. This may be
appropriate where convenient access to uncoated portions is
difficult. Relatively complex models could be used for such a

20 situation.

One or mere embediments ¢f the present invention have
been described. Nevertheless, it will be understood that
various modifications may be made without departing from the

25 spirit and scope of the invention. For example, details of the
particular turbine elements, coatings, test conditions, and
examination criteria may influence the structure of the
inspection apparatus and implementation of the inspection
methods. Accordingly, other embodiments are within the scope

30 of the following claims.



5 1to 800. In this nodel, roughly the | ocation of the inpedance peak 130 is
i ndicative of RT. The |ocation of the inpedance tail 132 is indicative of
R In the location of the transition 134 is indicative of Rc and Ro. The

| ocation of a |low frequency 5 phase angle peak 140 is indicative of Co and
the location of a high frequency phase angle peak 142 is indicative of Cc.
The location of a tail 144 is indicative of CI. The wetting electrode my
be noved seriatimto a plurality of positions on the blade and inpedance
measurenents taken. Anal ysis of dat ﬁo fromsuch nultiple positions may be
used to even better deternine coating properties. Less environnentally
controlled tests may be perfornmed in situ on an assenbl ed engi ne such as
performng periodic tests on an aircraft engine. Such testing may be used
to det érmethed for ingpastingridnlfiHayer gefing@ata substysi efreteyine eleraer airkyibgomwprising:
remai nin | ] t.cAlternative tests may involve
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conveni ent acdeséach of ypheditedf pejuehcesofiatterndiidd dueteht:. Rel atively conpl ex
nodel s could be used for such a 20 situation. One or nore enbodi nents of
the present invent iPaFiEspl! cussatthepugh thepadoilgder t hel ess, it will be

under st ood t hat vq,ggam&;geﬁ?gﬂ&]@ﬁ&]ﬁ%nwaﬁ%sﬂgﬁgﬁd wi t hout departing from

the 25 spirit and scope e I nvehtion. exanpl e, details of the
particul ar t urdsiemsinglgementdgjoncddhid aogsng t est conditions, and exani nation
criteria npy .influence.the strgctu&e of ,the in%Pe tion apparatus and

irst and ctrode

i npl ement ¥R9TGR SHf! CPREN;HRITE hebteen second electrodes; an

wherein an ionically conductive liquid is applied at contact points of the first and second
electrodes with the coating; and
wherein said determining comprises:
a) determining a thickness of at least one layer of the coating; or

b} identifying a void within the coating or between the substrate and the coating.
2. The method of claim 1 performed while the turbine element is instalied on a turbomachine.
3. The method of claim 2 performed seriatim on a plurality of turbine elements on said turbomachine.
4, The method of claim 1 performed while the turbine element is installed on a gas turbine engine.

5. The method of claim 1 wherein for each said location the current is passed between a first electrode

uniquely positioned relative to said location and a second electrode commonly positioned.

6. The method of claim 1 wherein for each said location the current is passed between a first electrode

uniquely positioned relative to said location and a second electrode uniquely positioned.

7. The method of claim | further comprising:

approving or rejecting the turbine element.



met hods. Accordingly, other enbodinents are within the scope 30 of the
followng clains. 6 Clains 1. A nethod for inspecting a nmulti-layer coating
on a substrate of a turbine elenment airfoil conprising: for each of a

plurality of locations along the airfoil: for each of a plurality of
frequencies of alternating current: passing said current through the
airfoil; and neasuring at |east one inpedance paraneter; and determ ning a

condition of the coating wherein said current is passed between first and
second ,el ectrodes; and wher.ein an j onical conductive liquid_ is applied at
cont hoA BN BT arbe e haf Jata Caulog ta = bt dde iR SN ARGy

wher ei n s} heHQF & hMrdlitPOf RRARIS 8RAg tHR)aiid&l:er M ning a thickness of at |east
one layer of the coating; or b) identifying a void within the coating or

bet ween t he suUbstachoba phuchlithef caopendicy. of aterndling ewetenod of clai m | perf or ned
while the turhj ne eSI e({rgnteﬁgtil (;unﬁ %I I.§d on,a t urbomachi ne. 3. The net hod of
claim?2 perforpr?%dngsél} a e EITUEP rI“il’ta\? of turbine elenents on said

t ur bomachi ne. mehsuripeat IRENGE idbeduhad pardmaer hed med whil e the turbine el enent
is installed on a gas turbine engine. 5. The nethod of claiml wherein for

each sai d | ocaefeRiningea ewditioniof il qeatinged between a first el ectrode uniquely
positioned relati V%l&&%@%ﬂi%gﬁr@%ﬁs‘rﬁ%ﬁeﬁ'ﬁ%&eﬁﬁfsggrgd ?elcﬁn?& él&gx%'d‘éé) nly

positioned. 6. The net wherern I each sal ocation the
current is passed bdicwdem @nfcaligtorriuedterlapél is upplpdet yomas ptinarddha fkiedndve to
said | ocation and a segoR‘d e(j'I ect.roge uni quel y positioned. 7. The nethod of
claim| further coffongEtrgtrodespithdls fpting: #l ecting the turbine el enent. 7
8. A e fiRfcdirisifgspecting a nmulti-layer coating on a substrate of a turbine
element airfoil conprising: for each of a plurality of |ocations along the
ai rf oi | : determining a remaining useful life of the turbine element.

9. The method of claim 8 performed while the turbine element is instatled on a turbomachine.
10. The method of claim 9 performed seriatim on a plurality of turbine elements on said turbomachine.
I'1. The method of claim 8 performed while the turbine element is installed on a gas turbine engine.

12. The method of claim 8 wherein for each said location the current is passed between a first electrode

uniquely positioned relative to said location and a second electrode commonly positioned.

13. The method of claim 8 wherein for each said location the current is passed between a first electrode

uniquely positioned relative to said location and a second electrode uniquely positioned.

14. The method of claim 8 further comprising:

approving or rejecting the turbine element.

15. A method for inspecting a coated item comprising:
electrically coupling first and second electrodes of a test apparatus to the item;
passing an alternating current between the electrodes, the current passing through at least:

a ceramic layer;



for each of a plurality of frequencies of alternating current: passing said
current through the airfoil; and neasuring at | east one inpedance paraneter;
and determning a condition of the coating, wherein said current is passed
between first and second el ectrodes; and wherein an ionically conductive
liquid is applied at contact points of the first and second electrodes with
the coating ; and further conprising: determning a remaining useful life of
the turbine elenent. 9. The nethod of claim8 perforned while the turbine
elenment is installed on a turbomachi ne. 10. The nethod of claim9 perforned
seriatimon a pluralit f.turbine elements on said turbomachine. 11. The
nmet hod of claﬁﬁ¥§a®8F¥%¥%%d while the turbine elenent is installed on a gas

t ur bi ne engi newbohdcoal RgemmRtas thé ceehricna@r whtethe infetdlod sudagdtesai d | ocation the
current is passed between a first electrode uniquely positioned relative to
sai d | ocat i on #riddisiond daisybevest the dandesptnarr gngigiceraprie fyer1and The et hod of

claim8 ngkgﬁﬁ%$fﬁu§@ﬁgeiégqgkgcation the current is passed between a first

el ectrode uniquely positioned relative to said |ocation and a second
el ect r odevhmeiguat gleposhlly cnpting temprises appdyihp tbnadfallg kanducBvd litidercooantpr i si ng:
approvin r rejectin he turbine el erent. %ﬁ. A nmethod for inspecting a
coat@&“F@éﬁ?gﬁﬂ£$F§$ﬁgpé§FQE¥ﬂFEEwF§mB@§5F?% st and second el ectrodes of
a test apparatus to the item passing an alternating current between the
el ectrodes, the current passiq?rthrough at least: a ceramic |layer; 8 a

1

met alf- iThe suwbwdodickaim 45 mdwrtrosaid liawiéis dpptisdepsior theondantiagite iteayweithgired t he

nmetal,lic,substrate; an additional |ayer between the bondcoat |ayer and the
¢lectrodes. . . ) h .
cerafmc lTayer; and nmeasuring an inpedance paraneter; wherein said

el ectrically coupling conprises applying ionically conductive liquid at
cont act
17. The method of claim 15 further comprising:

responsive to said impedance parameter, approving or rejecting the item.

18. A method for inspecting a coated item, the item comprising:

a ceramic layer;

a metallic substrate;

a bondcoat layer between the ceramic layer and the metallic substrate; and

an additional layer between the bondcoat layer and the ceramic layer,
the method comprising:

a step for electrically coupling a test apparatus to the item via two electrodes, each using an
ionically conductive liquid; and

a step for obtaining an impedance spectrum characteristic for a location on the item; and
further comprising a step for identifying a physical characteristic of the item related to the impedance
spectrum characteristic,

wherein said physical characteristic comprises a size characteristic of a void.

19. A method for inspecting a coated item, the item comprising:
a ceramic layer;
a metallic substrate;
a bondcoat layer between the ceramic layer and the metallic substrate; and

an additional layer between the bondcoat layer and the ceramic layer,



| ocati ons between the first and second el ectrodes and the coated item 16.
The nmethod of claim 15 wherein said liquid is applied prior to contacting
the itemwith the electrodes. 17. The nethod of claim 15 further

conprising: responsive to said i npedance paraneter, approving or rejecting
the item 18. A nethod for inspecting a coated item the itemconprising: a
ceramc layer; a netallic substrate; a bondcoat |ayer between the ceramc

| ayer and the netallic substrate; and an additional |ayer between the
bondcoat | ayer, and the ceramc |ayer, the nmethod conmprising: a step for
electrical Iy dBUBFIAY CaMPELREapparatus to the itemvia two el ectrodes, each

using an i onigsdy fhr SleaELALy dbﬁf}l'iﬂ%'ﬂ:e&?apﬁélﬁ'tu@t(ﬁﬂ]@Reﬁquia AR) akdioes, aikhi IRgdance
spectrum characteristic for a location on the item and further conprising
a step for identiefigdlygoadysiiyeligald; @#dar acteristic of the itemrelated to the

| mpedance. sPeoki GAANAGE ks WASKEh aghe RSS! £ Rk ERAIEL SED SRS,

conprises a size charac I St a 'voi d.

coat ed firtleAtorpising £4ew Mdend g a phySREBIHatclediy®s of the T8h adlhte@ tsubst rate; a
bondcoat | ayer between the ceramc layer and the netallic substrate; and an
addi t i GRRgdaNessPECWE Ghagsstarisic.hondcoat | ayer and the ceramic layer, 9 the

met hod \qonmy gaﬂ @gf[sicgl dgltgfa@tet‘i ic &Jnﬁﬁfs@ é:ﬁlliék}{es(ﬁ%'f'ﬁt: A ofke 5th1£ b@ﬁ:‘qg&é}ﬁ)&ﬁ $o the

itemvia tw e r each usi'ng  an 1onically conductiv I qul and a
st ep f eddidbiahlayengnditheicoppedkalager. spect rum characteristic for a location on
the item and further conprising a step for identifying a physical
characteristic of the itemrelated to the

20. The method of claim 18 wherein said void is between an adjacent two of the substrate, the bondcoat

layer, the additional layer, and the ceramic layer.

21. A method for inspecting a coated item, the item comprising:

a ceramic layer;

a metallic substrate;

a bondcoat layer between the ceramic layer and the metallic substrate; and

an additional layer between the bondcoat layer and the ceramic layer,
the method comprising:

a step for electrically coupling a test apparatus to the item; and

a step for obtaining an impedance spectrum characteristic for a location on the item; and

a step for identifying a physical characteristic of the item related to the impedance spectrum
characteristic, said physical characteristic comprising a size characteristic of a void between an adjacent

two of the substrate, the bondcoat layer, the additional layer, and the ceramic layer.

22. A method for inspecting a multi-layer coating on a substrate of a turbine element airfoil comprising:
for each of a plurality of locations along the airfoil:
for each of a plurality of frequencies of alternating current:
passing said current through the airfoil; and
measuring at least one impedance parameter; and
determining a condition of the coating, including identifying a physical characteristic of

the airfoil related to the impedance parameter, said physical characteristic comprising a size

10



i npedance spectrum characteristic, wherein said physical characteristic
conprises a thickness of at | east one of the bondcoat |ayer, the additional
| ayer, and the ceramc |layer. 20. The nmethod of claim 18 wherein said void
is between an adj acent two of the substrate, the bondcoat |ayer, the
additional |ayer, and the ceramc layer. 21. A nethod for inspecting a
coated item the itemconprising: a ceramic layer; a netallic substrate; a
bondcoat | ayer between the ceram c |ayer and the netallic substrate; and an
additional |ayer. t he bondcoat | ay and the ceramc | ayer, the

d
met hod cdHBRFETHY: 0%& VOIGRETE 48y eritap th@éﬁb%trawg serpRug g baukdEett o t he
item andg@r Bb@Red He sQRiAtUndhesbrdR AR GRY 8P S&ifisHA %‘/@J el &nit8e béndb @t a
| ocation on the item and a step for identifying a physical characteristic
of the i tleyerped theedramic taier. i npedance spectrum characteristic, said physical
characteristic conprising a size characteristic of a void between an
adj acent two of the substrate, the bondcoat |ayer, the additional |ayer,
and the ceramic layer. 22. A nethod for inspecting a nulti-Ilayer coating on
a substrate of a turbine element airfoil conprising: for each of a

plurality of locations along the airfoil: for each of a plurality of
frequencies of alternating current: passing said current through the
airfoil; and neasuring at |east one inpedance paraneter; and determ ning a

condition of the coating, including identifying a physical characteristic of
the airfoil related to the inpedance paraneter, said physical characteristic
conprising a size 10 characteristic of a void between an adjacent two of the
substrate, a ceram c |ayer, a bondcoat |ayer between the substrate and the
ceram c layer, and an additional |ayer between the bondcoat |ayer and the
ceramc |ayer. 11
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