12 United States Patent

Harder et al.

US011047034B1

US 11,047,034 B1
Jun. 29, 2021

(10) Patent No.:
45) Date of Patent:

(54)

(71)

(72)

(73)

(%)

(21)
(22)

(60)

(1)

(52)

(58)

CONDUCTIVE HIGH TOUGHNESS OXIDES
DEPOSITED BY PLASMA
SPRAY—PHYSICAL VAPOR DEPOSITION
(PS-PVD)

Applicant: United States of Americas as

represented by the Administrator of
NASA, Washington, DC (US)

Inventors: Bryan J. Harder, Bay Village, OH
(US); Michael P. Schmitt, Cleveland,
OH (US); Brian S. Good, Cleveland,
OH (US)

United States of America as
Represented by the Administrator of
National Aeronautics and Space
Administration, Washington, DC (US)

Assignee:

Subject to any disclaimer, the term of this
patent 1s extended or adjusted under 35

U.S.C. 154(b) by 237 days.

Notice:

Appl. No.: 15/883,551

Filed: Jan. 30, 2018

Related U.S. Application Data

Provisional application No. 62/451,804, filed on Jan.
30, 2017.

Int. CL.

C23C 4/11 (2016.01)

C23C 4/134 (2016.01)

U.S. CL

CPC e, C23C 4/11 (2016.01); C23C 4/134
(2016.01)

Field of Classification Search

CPC e, C23C 4/11; C23C 4/134

U S P e e, 428/702

See application file for complete search history.

L L T L S
g’} ? 1111111111111111111111111111111111111 '%E 1111111111111111111111111111111111111111111111111111111111111111

.J.iu;% Ao
.

e e e
I -

"F’m%?ﬁﬁﬂﬁgﬁff
L

o
%

o
L
R AINRE. - NAVIES NIRNEE - SR S N )

Mormatizad Counts
Loe?
L

. S -3 S N S
W%
R
. Y \
E‘I & .- ﬂﬁfz-iﬂn aﬁ R
i :
R
dOWO g
&5 33 38%
Wevieagreueas .-,‘-.*!..1
: - h._ % :ﬁ
B hd® B
""-:-:-":‘

11111111111111111111111111111111111111111111111111111111111111111111

. 4
13 PRy
5, 5 3
% :}"_5‘-’-* %
""'- T w t- 1

", o
‘t_-\h R SRS T

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

(56) References Cited

U.S. PATENT DOCUMENTS

8,491,996 B2 7/2013 Schier
8,986,792 B2 3/2015 Hospach et al.
2013/0344319 A1 12/2013 Zhu et al.
2014/0131091 A1* 5/2014 Smuth ...........o.eeeeae C03C 17/23
174/565
(Continued)

OTHER PUBLICATTONS

Chadli et al., Kinetics of oxidation of Fe—Cr—Al alloy Charac-
terization . . . , 2009, Physics Procedia, URL: <http://www.
sciencedirect.com/science/article/pi/S 1875389209001400/pdf?md 5=
b5cedcd91397bcb0d8b051e¢ad419d2145&pi1d=1 -s2.0-
S1875389209001400-main.pdf& valck=1>, pp. 1015-1020 (Year:
2009).*

(Continued)

Primary Examiner — Humera N. Sheikh

Assistant Examiner — Katherine A Christy

(74) Attorney, Agent, or Firm — Robert H. Earp, III;
Mark Woligang; Helen M. Galus

(57) ABSTRACT

Oxide coatings deposited by plasma spray-physical vapor
deposition (PS-PVD) can be processed to be mechanically
tough (erosion resistant) and electrically conductive at room
temperature. The electrically conductive phase contained
within the oxide (MO,) coatings 1s a metastable suboxide
(MO) that has not been formed 1n signmificant volume under
any other known methods. Content of the electrically con-
ductive phase can be varied in addition to the microstructure,
which can be columnar, planar, or a combination of the two
depending on the processing conditions. Upon exposing the
material to moderate temperatures (>300° C.), the meta-
stable phase 1s further oxidized (to MO,), and the material
becomes 1nsulating, but retains 1ts high toughness and
microstructure.

6 Claims, 4 Drawing Sheets

L L A L L R ]




US 11,047,034 B1
Page 2

(56) References Cited
U.S. PATENT DOCUMENTS

2014/0272169 Al 9/2014 Lee
2015/0079370 Al 3/2015 Sun et al.
2017/0218501 AL* 8/2017 Lee .oovvvvvvivviiininnnnnns C04B 41/52

OTHER PUBLICATIONS

Porier et al. “Deposition of zirconium monoxide glomeruli by laser
ablation,” Oct. 1998, URL: <https://www.researchgate.net/profile/
Thierry Poirier/publication/257469251 Deposition_of zirconimum_

monoxide glomeruli_by laser ablation/links/
02e7e52192a2a6bd 58000000 .pdf>, pp. 1-10 (Year: 1998).*

Sampath et al., “Processing science of advanced thermal-barrier
systems,” Oct. 2012, URL:<http://zj5lm7ny2a.scholar.serialssolutions.
com/?s1d=google&auinit=S&aulast=Sampath&atitle=Processing+

science+of+advanced+ thermal-barrier+systems&id=do1:10.1557/
mrs.2012.233&utle=MRS+bulletin&volume=37&issu> ( Year: 2012).*

Mercer et al., “On a Ferroelastic Mechanism Governing the Tough-
ness of Metastable Tetragonal-Prime (t') Yttria-Stabilized
Zirconia ,” May 8, 2007, Roval Society, URL: <https://www.jstor.
org/stable/pd1/20209189.pdi?refrequid=excelsior%
3A024e95377be524215a3d2d41d7¢cd1875>, pp. 1393-1408 (Year:
2007).*

Swab, “Role of Oxide Additives in Stabilizing Zirconia for Coating
Applications,” Sep. 2001, URL: <https://www.researchgate.net/
publication/235117738_Role_of Oxide_Additives_in_Stabilizing
Zirconia_for Coating Applications/link/55d90c0508aeb38e8a87bic2/
download>, pp. 1-34 (Year: 2001).*

Zhang et al., “Gas-deposition mechanisms of 7YSZ coating based
on plasma spray-physical vapor,” Nov. 11, 2015, URL: < https://
reader.elsevier.com/reader/sd/p1/S0955221915302028?token=88207

08C358F9DFC69E5E04A27DBSFFB6 AF444E5CB 129723 D8C48
FBFOD 19D66F4448B65612>, pp. 697-703 (Year: 2015).*

* cited by examiner



U.S. Patent Jun. 29, 2021 Sheet 1 of 4 US 11,047,034 B1

...'.'H."H."'\."'\."'\."-\."'\."'\."-\.'H.'H."-\."'\."'\."-\."'\."'\."-\.'H.'H."-\."'\."'\.HxMWMMW%HxhHMMHMMHEhHMMHMMHEhHHxMHEhHEMHxMHEhHxhhxMﬁ%hMMHEhH"'\."'\."-\."'\."'\."-\.'H."'\."-\."'\."'\."-\."'\."'\."-\.'H."'\."'\.""\."'\."'\."H."-\.'H."'\."-\."'\."'\."-\."'\."'\."-\.'H.'H."-\."'\."'\."-\.'H."'\."-\.'H.'H."-\.""\."\."'\.-'H."-\."'\."'\."-\."'\."'\."-\.'H."'\."-\."'\."'\."-\."'\."'\."-\.'H."'\."-\.MhhxMWNHMMHEhHEMHMMHEhHWMHxMHEhW%:ﬁhHEMHMMHEhHEMHMMHEhHEMW%MW%HMMHx"'\."-\.'H.\.H'H.H.H'H.\.H'H.\.H'H.H.H."H.H"uﬁ.‘ﬂ',‘u.

T AT LT

%\ P e s T e, T e i i T P, P T e T e e e e B e e ey e

SRR R& hﬁ@ ";'EQEE t}:n}d

FR T A R e N L.

s
:
JP-J-#-fiﬂiﬂdfﬂFJ’J‘iﬂﬂid-d-ih#iinJf#-f'f

ffff?}ff;ﬁ
A

ARSI

FrATATLT LT

‘\Illuiiuiiuiiuiiuiii#HH*HH‘HHIuii'li.i'li.i"-l.i"-l.iii-iii-'l'l!-'l'iH-'I'Ii'li.-ii-l.i'li.-i'li.i"-l.i'l-l-""-l-"'l‘H'Hi'li.i'li.i'li.i'li.i"-l.ii#iH+HH¥HHIuiiuiiuiiuiiuiiiiiuiuu
L

L B B B B B B B B B B B B B N LB N B B N B B S B B B LI B

ke

3.5

oy

rT R r T ror

L T I .

by '.;" ‘le -
wanﬂﬁhﬂujgi W $3]?

N e

Wt O e ot g ot gt g e it g o g i g

i T, g T e Ty g g " P " Ty T T, P T, T T T T T T T T T, Ty g, Ty T, T T T

¥ Y ¥YY rFYTYTFYYFYY SNy ERREENEESAFERR ALY

R,

L L B B B B R o B R L B B B B B R B B L L L B B B B B B L L B L O R T BB B L L B R B B L L B B B R L B B R L O L B L O e L e IR O R L e L L O O T B O B L L B L L

5L
4

b
.
"
1
4 1‘_
lh ‘\:‘\H. ﬁ“
. =
1 ",.‘
N R
5
L
v .
4 L}
Y

e L

hJ Ty T T L T T T T T T T e e T e T T e ey, " Ty Ta e el

A??b??ﬁgﬁ
Jﬁﬁﬂ?i%ﬁ?ﬁ?ﬁ?ﬁi’

F s d A
o

KRR LA LA A,

"‘.I'r"'fl"-‘.I.\_'~"‘I.\_'~"‘F"£‘.

4 B b 4 L L 4 b E J L E B E R L E L E L4k E Jd Lk Jd kb 4k E J b b o5 Bt mWpa oL L L B L Jd L L d kb Jd E EJd bk d kb d B B B b E BB E b LR L E 4 E L Jd E EJd L EJd E R Jd E B I Bk B E L B Lk B b JdE EJd b EJd E k4 kB J b B J kb B E kB b L E L E L L J b E Jd E R 4 kb J b E I B E B E R E B E E B E B L J B b Jd kb d .k d kB 4 E E BB E B EE B L L E LB E b Jd bk Jd B EJd B B 4 kb Jd EE BB E B E R B EE E L Jd b L Jd L EJd L Lo
L] rFYT CrYrYTCYTTrYTYTTCFYS ryYsS QT ryrT Py oOrr o rses g

rFrIf rY T rYT FFSsSyFyFFLOrFPFrFLYrFYrFCYrYT rFTYrTYTIrTIYTFTIrIYSrYrSsS PSSO YL rYrYTYrYFCrYT CrYYTSYFQFSLS CfFrSyyryYSsSfyFrsSaryrrqQrErFoOrFYyYLoOrFrTFCOrTFTSTrYFYTYIYFSYYFSsSEQPrQPSsS T yFyrFoOFYrFoOrET B FYCOTYFTTYTITSQ rYYTSyySsSrFEpySsSrFryorFrLOrYTrYrFCOrYSCYTYSYTSYSyQyQSsSyoyQPFfPrfFrTFPYYTPYrFOYYYTSYFTSTFFTYISTYYS QPSS QY LOFrTPRR

LTa
a

YAAAS A,

: 3 ;
: N

I "

: 3

+ F% FFL FFAEFRREAYARAET FAT FA4dFRFEFEAEEFA

R FEFET FRT T FY" 4 FY FAYFEFYSFEFALEERDS " T FATEFESA FRLAEFATIASFEFSPFEEFEAS RS EFEATYTYARAETERESRS FAA FSA FSFEFEAFEERESEFRFRSEARALTARTYTERT R res4 % FFYFFYS FEFEASPFEARAYFEFEATFEREAT FEATESAS FSFEEFRFEEREARER EAMAXAAET+ASTFARE =4 F% FF%WEFEFREFEEFAREFEFEAFEATYAAT Fa 4 F84d FRFFA R

vessd Soants
o
W =

r

LL S

L A
St

Y

fﬁ-‘ffﬂw

H._rl_:‘.r‘-r"_'r T = r"r"_l llr‘-rurllr_'l T
A

“
%V.ﬂ'f.ﬂ’ff' :

LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL
P R T A B L i LY iy R i i e e B B I T I iy i o Sl e a'maa's s 4 & a4 m A E R LN ELE R L E R [T I R R T R i R S i R A i R e e B R N N R L Th Rt iy iy Sy alaa’ata A AT s o R R UL i Ry i L R R R R A A e I T i i i L i

Morrrst
5;:3
L

£29556%
el

&,
%

ey
o
o

el

-
S
PO

-

Ll i B R 8

WA

[ e e i

s

L r T s

g
et .
_'."J'

o
ERE

L]

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

'F

“n
“".’u-'g'
"1
‘l* -
4
4
4
4
4
4
4
4
4
4
4
4
d
4
4
Jd
4
4
Jd
4
4
d
4
4
4
4
4
4
L
4
L'}
L ]
|
d
L}
|
[}
L'}
4
‘I
P
w4
4
4
4
4
4
4
4
4
4
4
Jd
4

,
{.l

H-it T B 5T SRR S RS S S
; Ny b o, PO =N,

- T 3 gk vy 'y

; RN %3 Rt Y%

! L Wl AR x

: R 3

T

wE LA
fﬂf?ﬁt
2

Aeerp
AECRE
FAAE

!HRw?ij
T
A

»
-

EE N Y A4 % 4 % F1%FFYFELRFELRFEL, SRS TSRS T

&
r
L]
T

FAaSFPFES S AT + F¥FFY S A4 % F F¥YFFSFERFELR SRS, RS FAFF FES FRER

T
’ﬂbf?ﬁﬂj

'I .
:‘.3 f' L] L EERFEAFEAT RS RS RSN
- - l‘.q.
F

4 -

\mﬁk‘*‘“‘“ﬁwmﬂﬁ“@

.
+.'|- L A N
!

X%

’-:'\
X Moy $

RO 2 AR RN

. ST e Su S LTI TTTTITIIeT e, \ ..... O e K‘ﬂ“‘?m\ ~\ﬂ"'ﬁ"'“1"“‘"“‘3"‘1'“'-
AT EETTERRRIRITRRT T SEANERAS N

LY
2o

LA g RSy R A LRSS E S AR SS A REUSEEREF A RS EE RS RMS REUSE EU S ERMS LR S ESS EHUS RSN RS RSy RSy ESS HSEEUSALRE§LHSE RN EffE R ARdS REUSEEUSEEMNS AR RS S EES RUN RSE R

YRt

o
""""‘:*.r
e

i

%,
"r-l‘--l'f_.dl-r"-
p AL
et

A

o

[
;"'-*#.f,.

By
"‘4‘3\‘& s

s o y
*g..\..‘-xw‘.‘f-"m:..ﬂ AN o xxy..smﬂuxwi:-‘:"'

-‘-kﬁhx .....

p, '
R AN

ot
St

'r'll'-l-"r-d'l-"r'l-J

o

T e o w o rr
r

:J';’
-
"'.n..'-n._.rn..n.
.
-

oS EFE® FFYFEFF FETEFEAT AT AR AYARY FAY S PFEN S FES FPEFEAAYT AR T RY FE¥ AR FRYFRASERS RN Y HHT.F‘TPll"HH*HH*H-FH!-FHTFHTFH'FHF'H.I"FH!-*H"‘Q-HH*IHFI-HFHTFHTH'TH‘T
[ ] -
L] 3

4 A SHFN SPFES S PFEFS EFAFATEFEYYTAYT A PATSFSASN FAY R " EETFTRAYTAYTRELAYSTFEFY AR SFNFAAFAAAYT FEREREFEYEEY AR R
- 1

38 LS8 Hid &0 73 84
Ttheta [degroas)

4 kb kot ko hch ok h ok h o ko h ko h o kY A kY ok h o ko ko ko ko kb kR kR ko kh o kR kb kb h ko R ok h o ko ke ko khh kR ke ok h ok ek h rkh r ke o b h e h o kh ok h Rk ko ko kR ko kR kR kol ko ke ok bk ko kY Ak kY ko ko kR ko h ko h kR kR kR kR kA

g
£

¥ A H A R USSR R AP RN NS ELSE RN S RUS PR RS S ESSESSERASERUg

i L R T R R T R e o e o 8 o e o R o e o f o M h i a ok m s rmarm s mn i, ..

il 1



U.S. Patent Jun. 29, 2021 Sheet 2 of 4 US 11,047,034 B1

L e T e e e T e e e e T e T T T e T e T T e T T e e T T AT e e T e e e e e e T T T T T e T T e e T e e e e T T e T e T e e e e e e e T e e e T e T ]

a

'y ‘E 34’3
" T L T T R T T T T T T T R R T T R R R T R T R R T T T T R R T T T R R R R T T R R R R R R T T R, T, .4: :: g

a4 v s om
" rawrr
-

Ly

W
4,2
Loy

A L CR R . . .
‘.;.*';'-"‘ H“"“""‘*""*""‘*‘“"""&‘""""""""""""""-"'-"‘*'*"'-"""=T‘*‘.“'i'."-T‘*?‘t.,%‘"t'."-'."'-'?'t'1'-'.'"-"?'-'."h'."tI"-I't‘."'-‘."-'."-l"-."-'."'lrmﬂ%ﬂi&l&ﬁ"ﬁﬁ‘@-ﬂt‘ibh‘*h“&‘h‘*ﬂ\"‘h‘iﬂﬁﬁ“ﬂ“ﬂwﬂh‘*h"ﬂ.";'ﬂ..‘-.."-.."h"-..\

R R T L I [ LU T Iy TR ]
Fr rrs rr s rr s rrarasrs

"F'TF'TF'TF'T‘E"fT'f"F"F'TF'T"TF'Tl%"f"#"*'Tl1-"F'TF'TF'T1-"'T'TT'*"*"F"F"#"r"FF"Fr"'"'F'F*"*"F'TF'TF'TF'f"TT'f"4"1'TF"F'Tl"IFFF@FF"F'T

3 LF AR T A A R A R A R A R AR A R AR e ARAARAAARAN A N
‘h"q"l-‘n‘n‘hk\.ﬁ,ﬂﬂ.ﬂ,ﬁ,{hﬁhhﬁ\hﬁt,u‘& :

3 1.-,-._-,1.%*--.1&"::*:-'-'-%»-‘1& )

AN

{ﬁqnﬂb

¥ T YT ®YSFREYSITYS FYEYT AT EYTEYTEYT RYSRN

oty

§ o

"
M T

e

§

Fout

{ ot

Lox
L, . i a::, *
Tempmraturs {70

L T R e N R R N N RN N e o N N N R g R s RN N I N Nl N N N R R RN

Ll
L]

Y}
Ei;

I R T R TR I I T T I R T T T T T e L L P L

I T L S A R SR R R
r

el ey s e e s r e r r s e s e

T

4 b o kwh bk oh k' oh ko wh o koh bk bk hdLd Lo

T
[ 3
:
T
]
.
r
*
r
T
[l
r
T
]
r
r
*
r
T
[l
r
T
]
r
r
*
T
T
.
T
]
.
r
[l
.
T
[ 3
"
T
]
r
3
[l
r
T
[ 3
"
T
]
r
r
[l
T
T
[ 3
r
:
*
T
T
[ 3
r
T
r
r
[l
r
T
]
r
r
]
r
r
[l
r
]
]
"
*
.
.
[ 3
.
T
]
.
r
*
.
T
[ 3
"
T
]
r
r
*
r
T
[ 3
"
T
]
"
[l
.
.
]
:
.
]
.
.
[l
.
.
]
:
r
*
r
T
[ 3
"
Yy
r
r
*
T
T
[ 3
"
]
.
.
.
.
.
]
:
r
]
.
r
[l
r
T
]
r
r
]
r
r
[l
r
T
]
r
r
]

S N 3
Wielght Gain }
gus o Gxidation

Pk
2k

LT R T T B B T T L L T e I N L R P U N TR I

mii
PR P NPT, M W A W a4 N Ak ua
et e e e e e e e e e e e e e e e e e e e g e e e e e e e e e e e e e e e e T et e e e e e e

i T e e

i Welght brngfn

p ]
nF¥
fod

~

#I'I*I'I‘I'I‘I'I‘I‘I‘I‘I“Ii.‘ii"

%

Yty
.
L

N
v
M
$
ke
-
3
4
o
"
-
w
%
Oy

L
a

AR e

"
l""l"d'

L I R e T E R T T T T T T A O A O A A T T T A I I I A A T T T T T I I A N L E R R LR R R R T T T T T O A N L R R R E N T R

.
"“:
r
d b e g g a U g s o p s om o v U e U E s g P U E LU R s s E L uE U a g o aum u g N M E LU L O E L O E g 4 E U s e ks O p s E o p - E s U U 4u e U A

a wor'n orr

ENR AL R LR L LR L AR AR AL AR LR R R LR L A AL AR L R,

hy mime o AR IR Do e Foan MDY
wevn SR GRS W I i oyl

3

LA R

A%
o

i

e tEIBRraturs

MR RER AR AR EE R AT EE R RR R R R TR AR AR R R R R AR R AR TR R R R R T R R TR TR R TR

gl N R T R .i".l"':

I L A i

o,

R L L L L B LT N TR T |
Fr s rr s rr e a s
T

a =

A EmE rEE FEEEEES FESFES EELEESEL FEE FEYEETCEEFE S EES EELEESEESELEETFEEFETFETEEREE A EE AN EEFELEEEFEY NS FES ENAEEAEESEEFEEFETEETFEYFESEEAEELEEAEEFEELEYFES ARl LN FES RS EELETLET LN LN FES LN FES PRl AN AR LET LY PR RS rEa r,

[ ] L] [ L]
' - L - L8

Q-F} :{}1% ﬁh% ﬁ‘fﬁ ::L. i.k:? 11“{%‘

Tivsy thors

AT SFANSFAYFAEYS RS FFLIYY IYFEREYFESFSAESFAR TSRS RN FYARY IRY SY SRS FL RS R FY LY SR RY SRS SRS RS RY IRY LY A RY RY S REY R+ Y FRY A RSFAERYRRYLRY 4o RYY NSRS RS EFA RN AR YA R IY SRS RS REYFREY S RY R RN RN Y- Y RN RY T RY W RN A RN YA+ A RY Y FESFSEREFSTERFA RN YA SRS IYSFESFSERESFSTR PR RY SR

5

¥

ot

4 U A FRE AR USLUS EUS EUSRE S ESSE RS S EUH EE§ RSN RS § RS S HSARMS LA ESdE§ RS EEL§E SRS RS RS RN SEU S EMNSEMSEEUS RN S RS RS N RS § R E N R Ay RS AR SRS RN HSEEUS LR ESEF RSP EUS USSP HSE RS EUS EHSE EUSRUS EES RS S R USRS N RS AR SRS RS A RS RS



US 11,047,034 B1

Sheet 3 of 4

mAalrratd ra A rratArardrraddrar A rraddra T A rradAratrtd e raddratAr At rra Al ra A rratAra st rraddrar A rraddrar A rratAra s e raAddrarAerrah o

4.

Jun. 29, 2021

mm A rratara Tl rratd ra A rradtdra st e raddra T A rrad Al ratArradA Al ATk

L s rat i ra sl rra Al ra T A rrat A ra Tl rrad et el kA

U.S. Patent

) : “ g g A
: ; : " 3 R
+ : ¢ o at "
.na....;..._. : 4 , g g .
5 : , ) " 0 "
] - 1“ a 1” ._" _H
_.n..-w....-u. : : “ - . :
- 1 ’ r ' " LI _1
£ ) - ‘ : g s _‘
A ) 5 “ : iy . ae .
o . ' : . . . .@ .__m.. :
A “ : “ : ”_ X
o '] - . . - . . W s
L S : . : : S T I
% ; : “ _. ”_ ” o e
ﬁ\} . _ ” . 5 v_ _._ lI_- _._. o l-
- L : : : : X g AR
. ‘..___.t F * ” ”. ” "._ “.. ”_ hlt "1 +
P d? Kajule : " : : g ' hooon
Lx“‘.l.-.u. LK “ ” “ n ”q ”l...%n.ﬂ\\..—_-lw * "._.
o ___4{ . .__ . M T W &\.\ -
gl _...-_n..ﬂll‘. 1 v ¢ “ ._" .." " .-_1_-. _”
F ) -. - v 4 c _._ _._ l- _+
Wred g - . : . ' ' Hu__.. '
g e m “ " . _” N N oA -
o o, h N * £ Y Y e s
i L “ ; ; ; X 8 ;
- " - . - . .- y W
o~ Sy m : ,_ , : v oy : e,
Fu .l."..__i ..__‘l.n‘j..'\. “ “ ” ”._ ”_ ”_ . "-. _-..-...ﬂ.._.u_-
* " r . " a! W * %
.H w m B .. * ” __" _." _” ﬂ_.\l.l.-k
; ¢ : " . ¢ . A " =%
.ﬂ . L'} L T
[ w m ” ” “_ .”n ”_ T
E. - 1. - 1n -._ _‘.
: : : : " _ : o ;
: . . ; ,_, X R
: h : N N o omm..____. "
“ mm : ; : g m :
; : g g ﬁx\ﬁ\ : s
: : . . o oo ‘.
g : . ' ' \\\ . L”.g -’
: : 8 ! TR ‘AN
: H ”“ X N .& "”
i ! 11 —.H —._ N _-.
: “ ; g g @.,mw i
g “ g $ $ m 5o
- “ g . $ & m.., - S,
g : g 8 g z W
. . . .r . o n..m “+
: : . . ' oo v
- . L i i _-. -...-.!l_l. LY ...-
2 “ 2 g 3 ﬁ\ % P b nled
: ; : g o BT D e
__“ r 7“ ___1 _." " _” . F o ] ”.
: ” i X ”_ W m ) LA
. : g ' ' o FEL
: H e . N i S i
1” 4 .1” _." _." .__“ht\_.. _” .-.l_..u-l.t ”.
: : " X g o . Wi
___ r _“ ._q ..-”“.‘ _”. -._. u..-.i:h..
g H ”” - ; 5 4 . T
-, ‘ . . e T % 'y i i
,” “ : T R R U A =
: : & _ y TN MR R : i
: “ : ; ; ", ; :
’ : . ' - ; %. x___u_. X Aoy
__” r —_._ .! - 1 _-_
: , : ! ORI W G AR (.
§ , - . * mﬁ‘u\\\w\x : -
. L] . .._ ._.K._. \-1 _-.
: “ 2 g &£
‘ : N g A :
H ”“ N . \\M "”
a N L ' a
: : . ¥ . : __ﬁ.x._.i!, : 1,._.._&.,\\. ; w_.__....,.,..,..\
1H ' r_ l. - - E S “‘ _‘. * m
e : N, bt g g PP - A I P DS, e - s
__”..... . .“-._....__1..1..._1..-..__-1_..___“_-..:__.. .__\.-_..-._-ﬂl.q..-....-_.a.-..l.l.il.lll._iiﬁtu._.ltla ._.n‘_.. ..%\. .E\ z N . . _." *
R S R e P A e fﬁk_ﬁ% Tyt i h__._n__.___. . . r
|” .- a - 1” - . EH_ . &. ‘NT *‘mmu “ “ Il.-_-.l . MI..‘.;\L-....\-IE.I: _”
: : - : . - Eh...nﬂ?u ._nn_n.nﬁ._..ﬁ. e :
; ” . ”_ : e
1. . .1H 1 1 4 .\.— _‘.
: : ; x %ﬂuﬁm‘ S
g “ : : : \.u :
2 : g : g ' SN
1. ! 1] ) —._ —._ 4 x _‘.
: : . _ __ 3 mﬁ ® oo
. » 1 1 [ q
i * "t ' i) i) ., - ‘.
. a r - b 3 Iv 1
" ; g : 3 3 AR A
. ' N g ., A Pt *
: : : ¢ 3 AR &
1. r —.J J_ —._ H _-.
: : ! : : “o
5 : . ; . o
: “ 2 ”", K 7 .w., -
: “ x X -
; : : X & ae?
1. . 1l —._ H _‘.
4 : 2 g ; «ﬂmm :
: ; : : . : s
- . : : . - e e - e
; : g S it R AT AN I TG O IO O
. : AR AL . - : oy
g ‘ 'y . W . L _ ,
”“ “ ; ” O R e, AT
: “ _,” o %%éﬂwxﬁaﬁh% s e
’ g _ g - " wilat o tx\aﬁ.\ :
W " " . r o ' H t . et .l-.. s
ol - i ,. : - N - _ Ik o AR, .__.imrw\u_..__.h...,ﬁ%.___..__. *
. MBS T P FEY 1 FFD S D 5 AHPr 7 W 7 M = MMy 5 NP 2 .L.m.l.m._..hﬂ.u.n_ﬂﬂn.nﬂﬂ_..na._.\ﬁﬁﬁh.ﬁiﬁﬁ\&\%ﬁ%\%ﬁ%ﬁ et ...%.H...._._. it g :
%&Eﬁﬁmﬁ%ﬁ?ﬁiﬂ%&&%&E&&nﬂ%ﬂ%ﬁﬁﬁi&hﬁ%ﬂﬁbﬂmﬁ% e A T S ‘
- - axiggnﬁxﬁ%%\%%%%xﬁﬂx%%%hﬂﬂig P w..w . s
. a o . % - e L 1@““\ N
oo : g o g e L oo A
............... _@. e
L
o ey . o S ot K o > s -~ X
» oo £ o e . (% T L o Lo

& Fxa v ) I A Saa Faa
il ] - F e - > x " r I
o .y AN 4 A 35 4 L% A Yty

rd At d FdF A YA A A AA Yy ard YA RS rAd A drrd Al A A Al YA A A Ad Y rd d Al Adrd AS A A rd Al A AR S A A d A Ay rd S YA Ad S Ad Y e d nrd YAt d S rAd YA rd A Al YA Ad Al A A A A AAdY A

A LENC



US 11,047,034 B1

Sheet 4 of 4

Jun. 29, 2021

U.S. Patent

..#..t1.l|l.,-.
£ ’
i o
. “3-;.:_.1
..” u__..t.i“
H ﬂ.‘.‘“
:
+
+
:
+
o .k._.\h; H
A .,...._.x\ :
...1._...“. 1
S :
e ;
prred “ &
- . !
& " y oy
e Al : ey
.._..1-\___. - -3 F 3 L]
-.....H‘n..l .-.H. > .i.i.....-k
-..ll.. _.-\- H “.I.b L]
.\-\. i__.__.:._._-_.. . ' i.._.:u.ﬂ”_-_-“
/7 / :
’ ~ :
. :
:-_.r uh. 1
u...-. iy 1
*y :
.ﬁ..-_._....-..l Hu.. S
-t-h“-u..-..-.h. EY
- .
-ﬂ._-.....-“. _..._-..._.. “
y t._____._._:._ 2
e, :
.1..1 .“ ln\.l.‘t...l‘ :
- - -_1_..-_ ”
- :.._u. l..-..s.____...l.-...! “.
'y L
LA n__..u-..._... 1
Hh.‘. .-__..___..-..I 1
- >
a L .
a !..ﬂ..___....... 3 ST,
-_..__._. - ._-:..._..-.:.-. m ﬁ."ﬂ-ﬂ.{.\alﬂ
. Fa L]
T __-.....____._._..1 ” .ﬂ.ﬂ_ xf-.
e, . Mq._.__.n“...
r L H h
™ r .il.!.l. * .&ufr..@l.-x
M “.. +
F ¥
.__..v .__-__-. ”
'n, ..__.___,. :
dn._...._ “ :
Fop + oAy
._..._.. .___E\u." H “_. k
" 2 : ._......._-.-n“
Y% : .
\.l.. |n1”. Y ﬂluu
o . Py
.u._.._ .u.._.l H
= ‘ 1
;o .11 * m..lu..lu..ll.l
A ;
»A v
o “ s_”__ :
VI..... ’ T .
& LN . sy
B+ .-._. > H] 4
..ll -] ﬂ.
Av L
- . -_1. + W‘l.i-?
Bewcn q.__._.__._ . t:..&.u
. » * i m .MI
T L
7 Y
3, J.L.. >
S 3
L o
o~
Fiq
o .
. 7
¥ ._..__u__.__.
HH” A
== 7
i .
. \» 4
Fatal S
L n Lt .
s S S 7
o S )
. PP #
; e - £
- ..-._....1...1. L 1 * b
o L - R u'l. *“k
L o x ol
A ILI.___|HI..-1.1...‘....__._ ”ﬂ ﬁ.ﬂ‘ I‘
WA W
- u..t__.._.._.___..__....-__ ..._“ ” ﬂ
. R e’ )
l..-..‘.\.n.I..I ”T ﬁ f
e I Y " m
-_.-._t__.. Hu_-
m M“ .L_.t..“ 1k,
.u ”.m..
B T ; _
4 4
Fu +
o {5 ]
Y, v
: 2
. E
o ’ . o
’ % :
2 - . 4
. v . G
# % 4 :
< o “ T,
A e
‘ U_ll
A . [ ]
¥
> .nﬁ._l....lll.i.
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| L8 .3
-
.!j.l.l_-l Lo gy - m.w.-...-..l._‘h ._.!..l..-nu... A ._H..I..I k' .!.....I.lk
ﬂu.i.a...-_ il wv__..i...; __.:..Il.._..“_. ey, NL_.I...#
" ¥ ; :
aﬁt.i....., f.___.__._._.__.__ f..__....__f__ _P..___._.__hk _._..._..._..e_. it.th";ﬂ
i “y £ Y £ £
.l.rul..l_-l L .“......-.I._‘h ._.!.I oy A .!.....I.\
- ﬁ.l.ll-. 2 I.I. EI.II.! . I_Il l.-_‘ll.
[ £ ! 4
H”#i ; ___....._..._i“. o i,....__ _F..___ ._.:1.. f......tqh. f.........w...w
- . X
] T t g Fa a A
s .ﬁ L ) .-. LP Y a=at, ﬁ -t ﬁ
- iy M_ - [ 5 ;
Mu.ﬂ.q..._......“ ﬂ. ._-....._.m"1 _n.ﬂ...._l.._-...n.. ..H.___.......!._.-.ﬁ.n ﬂ
ioel
o ora Ty A, L T, T [ .k gy T 3
: . oY R AT s o
£ F v wly bt H vy B Ny e m
. -, s B F T 1 W L 2 |
B b Tk btk G kvt oot st
g 1.__ A A "o

FiG. 4



US 11,047,034 Bl

1

CONDUCTIVE HIGH TOUGHNESS OXIDES
DEPOSITED BY PLASMA
SPRAY—PHYSICAL VAPOR DEPOSITION
(PS-PVD)

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 62/451,804 entitled “Conductive
High Toughness Oxides Deposited By Plasma Spray-Physi-
cal Vapor Deposition (PS-PVD)” filed on Jan. 30, 2017, the

entirety of which 1s incorporated by reference herein.

ORIGIN OF THE INVENTION

The 1nvention described herein was made by employees
of the United States Government and may be manufactured
and used only by or for the Government for Government
purposes without the payment of any royalties thereon or
therefore.

TECHNICAL FIELD

The mnovation relates to oxide coatings and methods for
making oxide coatings having superior mechanical strength
and electrical conductivity at room temperature.

BACKGROUND

Oxide coatings have been used in thermal and environ-
mental barrier layers for coatings for hot section turbine
applications. Such coatings have been deposited by various
methods, including via plasma spray-physical vapor depo-
sition (PS-PVD). Current oxide coatings do not include
formation ol metastable phases (e.g., ZrO).

SUMMARY

The following presents a simplified summary of the
innovation in order to provide a basic understanding of some
aspects of the mnovation. This summary 1s not an extensive
overview of the inovation. It 1s not intended to i1dentily
key/critical elements of the mnovation or to delineate the
scope of the mnovation. Its sole purpose 1s to present some
concepts of the mnovation 1 a stmplified form as a prelude
to the more detailed description that 1s presented later.

The mmnovation 1s an oxide coating and a method of
making an oxide coating that includes deposition under a set
of conditions using the processing technique of Plasma
Spray-Physical Vapor Deposition (PS-PVD). The coating
that 1s being deposited has unique qualities that cannot be
achieved using other method, including metastable phases
(e.g., ZrO, H1O).

To the accomplishment of the foregoing and related ends,
certain illustrative aspects of the innovation are described
herein 1n connection with the following description and the
annexed drawings. These aspects are indicative, however, of
but a few of the various ways 1n which the principles of the
innovation can be employed and the subject innovation is
intended to include all such aspects and their equivalents.
Other advantages and novel features of the mnovation will
become apparent from the following detailed description of
the mnovation when considered in conjunction with the
drawings.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a graph depicting x-ray diffraction results of a
PS-PVD ZrO, coating showing the presence of ZrO i the
as-deposited state and its absence after a heat treatment 1n
air.

FIG. 2 1s graph depicting the results of thermogravimetric
analysis of ZrO, coating.

FIG. 3 1s a graph depicting x-ray diflraction results of
PS-PVD coatings on alumina substrates at roughly 1000° C.
in air and 1n a vacuum environment

FIG. 4 1s a graph depicting resistance measurements on a
ZrO-containing coating according to an embodiment of the
innovation on Al,O, as a function of temperature (5° C.
ramp rate up) in air.

DETAILED DESCRIPTION

The mmnovation 1s now described with reference to the
drawings, wherein like reference numerals are used to refer
to like elements throughout. In the following description, for
purposes ol explanation, numerous specific details are set
forth 1n order to provide a thorough understanding of the
subject mnovation. It may be evident, however, that the
innovation can be practiced without these specific details. In
other instances, well-known structures and devices are
shown 1n block diagram form 1n order to facilitate describing
the 1novation.

Thermal and environmental barrier layers for coatings for
hot section turbine applications have been deposited using
PS-PVD. A minority phase of a metastable oxide (ZrO) that
1s usually only found in the vapor state was observed when
depositing ZrO, coatings. It was found that the coating
volume of this metastable phase could be controlled by
changing the processing parameters. Additional materials
also displayed some of the same traits when deposited under
certain conditions with PS-PVD, as H{O was observed while
depositing HIO, and YbO was observed while depositing
Yb,S1,0,. It 1s noted that any oxide system 1s useable with
the disclosed innovation. For example, any metal oxide can
be used to create an oxide coating according to the mnnova-
tion. Suitable examples include rare earth oxides, zirconium
oxide, hafmium oxide, titanium oxide, or any combination of
two or more thereof.

Temperature and oxidation sensitivity were tested and it
was found that the phases dissipated upon heating above
~300° C. 1n oxygen-containing environments. Without being
bound by theory, 1t 1s believed that the formation/deposition
of these phases 1s linked to the rapid quenching of the vapor
phase (which can be >7000 Kelvin) and the low pressure and
low PO, 1n the gas stream. The monoxide form of these
materials 1s stable as a vapor, but not as condensed phases.
The high temperatures and fast deposition process of the
PS-PVD system 1s what kinetically traps these nonequili-
birtum phases in the coating and allows them to exist at
room temperature. The erosion properties ZrO,, based coat-
ings are important for high temperature gas turbine engines
and 1t was found that these non-equilibrium materials have
no negative impact, suggesting high durability.

In one aspect, the imnovation 1s a coating that 1s at least
partially conductive that can be deposited 1n a single step.
The material has reduced oxygen content such that 1t exists
in a metastable condition. Such coatings can be used for
most any application, including applications for thermal and
environmental barrier coatings. The coatings according to
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the mnnovation may also be used as sensors, electronic/ionic
conduction membranes, gas separation membranes or other
types of 1onic conductors.

According to an aspect, the mnovation provides a PS-
PVD processes 1n which matenial 1s vaporized and con-
densed on the surface rapidly, resulting 1n a condensing of
the metastable oxide vapor phase. In one embodiment, the
method according to the innovation facilitates the deposition
of a condensed monoxide phase (e.g., ZrO or H1O) from the
oxide form or deposit it onto complex shapes like one can do
with the PS-PVD process.

The phases formed via the process according to the
innovation are not usually found outside of the vapor state.
For example, using known processes, it ZrO,, or HtO, (the
thermodynamically stable phases) were reduced using a
standard process reduction at high temperature, they oxidize
from the dioxide to the metallic phase (e.g., ZrO, changes to
Zr metal). The ZrO phase 1s stable as a vapor but not as a
condensed phase. Use of the PS-PVD process according to
the 1nnovation facilitates the ‘trapping’ this phase in the
deposited coating and allows 1t to remain in that state at
room temperature.

According to an aspect of the mnovation, the volume
content of this metastable oxide and 1ts microstructure can
be varied depending on the processing parameters as well.
Initial modeling has suggested that the ZrO matenal 1s
conductive, and probe measurements have confirmed very
low resistance or fully conductive coatings. However,
because this material 1s nonequilibrium, 1t can be easily
annealed out 1n the presence of oxygen at temperatures
above 300° C.

The mnovation 1s a coating and a method of making that
coating that includes deposition under a set of conditions
using the processing technique of Plasma Spray-Physical
Vapor Deposition (PS-PVD). The coating that 1s being
deposited has umique qualities that are not able to be
achieved using other methods.

Analysis of coatings using X-ray diffraction indicates that
the coatings are a mixture of a number of oxidation states.
In one embodiment, the coatings of zirconia have been
shown to contain ZrQO,, ZrO, and Zr,O. The content of these
phases are measureable (upwards of 30% 1n some cases),
and have shown interesting characteristics. The coatings
themselves have shown some electrical conductivity using
point probes, and this 1s directly related to the presence of
the metastable suboxide states (e.g., ZrO, Zr,0O). Similar
phenomena have been observed in the deposition of other
oxides (e.g., Yb,S1,0-, and H1O,) as homogenous compo-
sitions or as a composite with silicon.

X-ray diffraction database cards of YbO and ZrO have
been observed to it the diflraction patterns of coatings, and
in the case of HIO, a pattern for the expected material was
calculated and fits the XRD profile quite well.

In regards to the electrical conductivity, calculations of
density of states have been done for ZrO that indicate that
the material 1s conductive, while ZrQO, 1s not. A simple point
probe test has indicated that there 1s some conductivity in the
PS-PVD generated matenal, even with ZrO content ranging
from 10-30%.

According to an aspect of the innovation, the coatings
deposited via the liquid or vapor phase are columnar, planar,
or a combination of the two geometries. Thermal plasma 1s
generated by the PS-PVD torch 1n a generally inert envi-
ronment. Gases useful for generating thermal plasma
include Ar, He, N, and H. In one embodiment, the thermal
plasma 1s created in an environment that includes Ar and He
gas.
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Feedstock 1s injected into the system and heated to
temperatures high enough to melt or vaporize the feedstock

(e.g., the metal or ceramic material). The resulting material
1s deposited on the surface of a substrate via the liqud or
vapor state and forms a coating. In one embodiment, the
torch 1s not moved. The processing of the feedstock 1s done
at low oxygen partial pressure and the gases used to create
the plasma are 1nert so as not to oxidize the feedstock. The
gas shrouding, 1n addition to the fast deposition from the
high temperature plasma, results 1n an environment with low
oxygen partial pressure (e.g., less than about 10 torr) which
allows for the condensation of the vapor state. The resultant
coatings contain the metastable reduced oxide phase and
will retain these properties unless they are heated 1mn an
oxygen containing environment.

In one embodiment, the feedstock may be a solid (e.g., a
powder), a liquid (e.g., a slurry or a suspension), or a gas. In
one embodiment, the feedstock may comprise a metal oxide
(e.g., ZrO,, HIO,, T10,, Yb,O,) or a combination of metal
oxides. In one embodiment, the feedstock may comprise a
rare earth oxide (e.g., cerium (Ce), dysprosium (Dy), erbium
(Er), europium (Eu), gadolinium (Gd), holmium (Ho), lan-
thanum (La), lutetitum (Lu), neodymium (Nd), praseo-
dymium (Pr), promethium (Pm), samarium (Sm), scandium
(Sc), terbium (Tb), thulium (Tm), ytterbium (Yb) and
yttrium (Y)) or a combination of rare earth metal oxides. In
one embodiment, the feedstock may comprise ZrO,, HIO,,
T10,, Yb,O,, Y,O,, or a combination of two or more
thereof.

In one embodiment, an oxide material may be formed
from a feedstock. As described above, the thermal plasma
generated by the PS-PVD torch may be used to heat a
feedstock comprising or containing a metal oxide. The
teedstock material 1s heated via the thermal plasma to the
point of melting or vaporization. The low chamber pressure
and low oxygen content of the plasma gases results 1n a low
oxygen partial pressure within the plasma plume. A coating
can be made via condensation or solidification from the
vapor or liquid state or the matenial may be cooled and
collected 1n a powder form via spraying into a catch-can or
any other means for collecting sprayed material.

Prior PS-PVD processes/systems include a torch that 1s
swept across the substrate or part for deposition and a small
amount ol oxygen 1s bled into the background. According to
the innovation, the torch 1s static and no oxygen 1s bled into
the background during the deposition. This results 1n a very
low oxygen partial pressure in the core of the plasma and at
the substrate surface. The rapid deposition of material on the
substrate 1n this environment allows for the metastable oxide
to be trapped 1n the coating or as kinetically trapped as a
condensed phase. If the torch was swept across the substrate
or part, the oxygen partial pressure 1n the background of the
chamber 1s substantially higher than the core of the plasma,
which allows for the metastable oxide to absorb oxygen
from the chamber environment, even at pressures as low as
0.75 torr.

In one embodiment, the substrate or part may be most any
substrate or part suitable for use with a coating according to
the mnovation. Suitable substrates/devices include porous
and non-porous metals and ceramics, turbine engine com-
ponents, S1C/S1C semiconductors, etc.

EXAMPL

(Ll

Zirconia was deposited on an alumina substrate. This
substrate was 1nert and stable and should not change with
heat treating. A coating was applied using PS-PVD accord-
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ing to the innovation and the X-ray diffraction pattern
showed that there was a measurable amount (16-18%) of
ZrO phase that was contained 1n the bulk of the deposited
maternial. The sample was then heat treated to 350° C. 1n a
thermogravimetric balance with flowing oxygen. There was
a significant rise 1n weight in roughly the first 10 minutes of
heating, and then the weight gain abruptly stopped. X-ray
diffraction indicated that no ZrO phase remained in the
sample after the heat treatment, and any electrical conduc-
tivity dissipated with the ZrO phase. Subsequent heat treat-
ments to higher temperatures (700° C.) show no additional
change 1n weight or composition as indicated by X-ray
diffraction. Similar tests 1n air furnaces confirm the dissipa-
tion of the ZrO phase. When samples were heated 1n an inert
environment, the ZrO phase persists. The phase has been
shown to remain after heating 1n 1nert environments up to
700° C., but 1t 1s likely that 1n the absence of oxygen, the
phase may persist up to significantly higher temperatures.

An unexpected phase was detected via X-ray diffraction
(XRD) 1 YSZ (Zr; 5, Y, 0:0-_s) coatings deposited using
Plasma Spray-Physical Vapor deposition (PS-PVD). PS-
PVD 1s a processing techmque that involves a rapid quench
from a vapor to form coatings. During the quench from
temperatures i excess of 6000° C., non-equilibrium states
can be trapped in the deposited matenial. In this instance, the
XRD results (FIG. 1) showed an unexpected phase in the
coatings. Although the tetragonal or monoclinic phases of
YSZ were expected, the crystal structure also contained a
second cubic phase with a smaller unit cell. Because the
phase was formed under oxygen-poor conditions, 1t was
expected that this phase was ZrO; the smaller unit cell
closely matched the crystal structure of ZrO. The domains
were on the order of 15-20 nm, suggesting that the coatings
were poorly ordered which supported the theory of a rapid
quench from the vapor, and a trapped non-equilibrium
phase. Upon heating 1n a thermogravimetric analysis (TGA)
balance in flowing oxygen at 300° C., the coating rapidly
gained weight (FIG. 2) XRD of the coating after the expo-
sure indicated the ZrO phase was gone, but the remaining
phases were unchanged. It was also noted that when a
significant amount of the metastable phase was present, the
coating material was electrically conductive, with conduc-
tivity much greater than that of insulating ZrO,. XRD results
did not indicate the presence of a metallic Zr phase, sug-
gesting that the metastable phase was the source of the
increased conduction.

FIG. 3 1s a graph depicting two X-ray diflraction mea-
surements performed on PS-PVD coatings on alumina sub-
strates at roughly 1000° C. 1n air and 1n a vacuum environ-
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ment. The “ZrO” phase (noted by *) was shown to persist
even up to 1000° C. 1 a low oxygen-containing environ-
ment.

FIG. 4 1s graph depicting resistance measurements on a
ZrO-containing coating on Al,O; as a function of tempera-
ture (5° C. ramp rate up) in air. The Run 1 curve depicts the
initial measurement on an as-deposited coating, which 1ndi-
cates nonzero conductivity at room temperature and rising
until roughly 200° C., coinciding with the annealing of the
“ZrO” phase. The Run 2 curve 1s the same coating after
cooling from Run 1. In this case, there 1s no room tempera-
ture conductivity since the resistance 1s unmeasurable 1n this
case (showing here as a negative value).

What has been described above includes examples of the
inovation. It 1s, of course, not possible to describe every
conceilvable combination of components or methodologies
for purposes of describing the subject innovation, but one of
ordinary skill in the art may recognize that many further
combinations and permutations of the mnovation are pos-
sible. Accordingly, the innovation 1s intended to embrace all
such alterations, modifications and variations that fall within
the spirit and scope of the appended claims. Furthermore, to
the extent that the term “includes” 1s used in either the
detailed description or the claims, such term 1s mtended to
be inclusive 1n a manner similar to the term “comprising” as
“comprising” 1s interpreted when employed as a transitional
word 1n a claim.

What 1s claimed 1s:

1. An oxide coating comprising a condensate of a meta-
stable suboxide vapor phase at room temperature, wherein
the coating 1s deposited by plasma spray-physical vapor
deposition (PS-PVD), to provide a thermal or environmental
barrier layer, wherein the coating, having the metastable
suboxide vapor phase, has greater electrical conductivity
than the coating after dissipation of the metastable suboxide
vapor phase via oxidization at room temperature.

2. The oxide coating of claim 1, wherein the metastable
suboxide 1s a metastable oxide of at least one metal oxide.

3. The oxide coating of claim 2, wherein the at least one
metal oxide 1s a rare earth oxide.

4. The oxide coating of claim 2, wherein the metastable
suboxide 1s selected from ZrO, HIO, TiO, YbO, YO, or a
combination of two or more thereof.

5. The oxide coating of claim 1, wherein the oxide coating,
1s a part of a sensor.

6. The oxide coating of claim 1, wherein the oxide coating
has a microstructure that 1s columnar, planar, or a combi-
nation of the two geometries.
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