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Effects of Mixed Oxides on Thermal Cyclic Lifetime of Plasma—sprayed

Thermal Barrier Coatings
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tong University, Xi’an 710049)

Abstract: The influence of mixed oxides on durability of atmospheric plasma—sprayed (APS) thermal barrier coatings
(TBCs) in gradient thermal cycling test was quantitatively examined through equivalent thermally grown oxide (TGO)
thickness. The TBC system consisted of Inconel 738 substrate, cold-sprayed NiCoCrAlTaY bond coat (BC) and APS
8% yttria—stabilized zirconia (YSZ) ceramic topcoat. Mixed oxides were fabricated by high temperature oxidation of TBC
samples at 1 150 C for 20 h in air atmosphere. Each thermal cycle consisted of a 70 s heating, a hold of 50 s followed by
120 s cooling by compressed air. The peak temperature of YSZ surface was 1 150 ‘C with 150 C temperature gradient
across 250 pm thick YSZ during the gradient thermal cycling test. The results show that the thermal cyclic lifetime of
TBCs significantly reduces when mixed oxides form in TBCs, and the reduced trend of lifetime is related to YSZ strain
caused by mixed oxides and a—Al, O; and coverage of mixed oxides. Compared with «—Al, O;, mixed oxides prematurely
induce propagation and coalescence of the non—bonded interfaces between YSZ lamella because of the higher strain in YSZ

caused by higher growth rate, which induce the premature failure of TBCs.
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Fig. 1 Morphologies of sprayed powders: the insets in

(a) and (b) exhibit the cross section feature of sprayed

powders
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Table 1 Parameters of the cold sprayed NiCoCrAlTaY

bond coating

Parameters Value
Accelerating gas pressure/MPa 2.0
Powders carrier gas pressure/ MPa 2.3
Accelerating gas temperature/ C 730420
Standoff distance/mm 20
Gun traverse speed/(mm ¢+ s7') 150
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Table 2 Parameters of the atmospheric plasma—sprayed YSZ

Parameters Value
Arc current/A 650
Arc voltage/V 60
Spray distance/mm 80
Primary plasma gas, Ar/(L ¢« min ') 60
Secondary plasma gas, H,//(L ¢« min™ ') 4.0
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Fig. 2 Temperature curves of the substrate and YSZ

surface during each thermal cycling test
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Fig. 3 Surface morphologies and cross section microstructure of the TGO after Ar gas pretreatment



24 2 EH X W L E

2015 4F

27 1150 C it A AL )E i < WAk B 1
1 a— AL O, A K IR A BA B8 % 2L FRAE
WE 4 R, FTE o-ALO, FAIRA RN
YR o el 5 fioR . 45 SRR WR A AL
Yy 23R A BRIE A7 7E 3% 3R BT FE S IR AR S 4 i
] Y TR IR B Ak P 1 2 ZE AL 5 R &5 2 R
B ARLTA . AALET, 558 AR TR A R
T 2L B TE R o~ AL O, . 5 M R B L Bz T 9 3
Al STTEY BERLFAHMTE . B A AL R ZE K
iFNEs Al SR KW . FERE S 1Y ALl F
T Al TR W#E8 . HEJo R . W Cr.Ni,Co %
TR AL I HE 2B o - AL O, 2y Hix st
TCER T R A B . kTN A
TCR e A AT L 55 45 G R TR AR AR IR A
Ay, I 4 PR

};

B4 fEREMALEE TGO Wi HH
Fig. 4  Cross section microstructure of the TGO after

isothermal oxidation
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Fig.5 Energy spectra analysis of the gray contrast in Fig. 4
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Fig. 8 Distribution of elements on YSZ spallation surface
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Table 3 Elements and contents on YSZ spallation sur-

face in Fig. 8

Elements w/% a/%

Zr 43.94 15.99

Ni 6.00 3.39

Cr 11.52 7.36

Co 1.79 1.01

Al 0. 87 1.07

O 33.96 70. 47

Y 1.92 0.72

Total 100. 00 100. 00

PR E R W o - AL O, R 2L 45
oA FWZ NI T Y o - AL O; W R /N
F 5.0 pm B, R G FEIE YSZ/BC Fm it
W YSZ WAL A R m et HF 2R
WA 6 Ca) B X Bz s B &L 9 Ca) i . f
T 5I1R A ALY il i YSZ 7K AZ BB R g 1 K
FHEHAL YSZRZ R 1. H L. %2 RE& S
Feh, SR A A AL il i R 45 A S e R
MR A AR TR K R BOE AN 9 (b) B
IN. TESHTHHLRE BE I PE TR o - AL O, JEEESE
Vs % 10 R il 2% B L AR 78 YSZ P8 7= A A B AE
SEHG YR S —Jr LR A A
HAERIE R YSZ @ AR, S S By,
I, SR T S R G B R T RSy R i AR
WHRIR G A ALY X IR 2 B ny g, SO Rk
REEAWE KRR o— AL O, -1 4 K ¥ 748

M9 n A, AT LAHEWTIR & F AL Wi K W YSZ B A%
S a—ALO, BRI YSZ BB R n ., B2
KRR T , WY B E YSZ R R LA
WP . M2 R A S, X A
KIRA ST LB R YSZ ZRRE G
Ry S R R e, A th T YSZ B
B W RE B L T RSOV UG R EIR A YSZ 2 ok
Sia Ry R, O R R XY YSZ kAR TE
MFEEEE/IN . B LA, BT LA R & S AL 5 & 1)
ek P (L) A o~ ALO; 35 & R 80K T
B OM nfE, S. Ahmadian 5 E. H. Jordan'®
Gt T RGN K E SR IR R L S5 R R YR
LGB F I N, M A K B R IE I (L/d=~
50), FILEAAMYIHRNHEY RHEEV,)
& o ALO; BERAUGY REFE V)N nfh,

H T D A K R L TR A AR O AR A TE
TR ARAE , X T B AR o8 & SR 2 A
JE M XA AR AH 58 2B 0 o AL O, A
F TR A Ak 0 A RE 52 e — o Bb 3R X
. WEBIE LR R, LRRERPTAERZH
RASEAY “F7, SCrb DL W 5o AT . R
FHEAALRC B (W) N & — 7 i 155 8 73 AT R
SAEAYVER K 9(b) R . HGRZRS
FAMIE SR N C(2a/W), 24 C #iET 11,
B4 E Y R RSO 1R T 5.4l o AL O,
WERM LR, W, X C/hF 1, Bal o
ALO; WR)Z MRS IR A S &k R85
HA/OR5. LLE 9 M. MR A A E 6
Ry 25 Vot s B BE N A — ARG -
ALO, B RREUE R R 4 4. HAELE I IR
2 KA B E (WD N o= AL O, i &R
RIS R (CXW) /V R B ALWE &R 2
RGBT R W/ (X V), HILALE A «— AL O,
R 2R IR A AR ZEF A (X O,

BA AT R T wRZWE, JHit, HEA
FACPITE BUG - ot @ 1 RSEh YSZ i 1 A8 o
MG R B, HIR ARG IR A JD
ME R R B2 R 7.3 pm, R, YSZ 7742 7.3 pm
PN AR i, T RLRE BLTE R, o - AL O, AR K
7RI AR AT LA Gy fif ok S TN AR B 4 R N AR
SCHRARE o AL O, ETE A K A/ F 107 ~5 X
107 Z a5 e 2.5 X107, 5 B e A5 40
gk B R AR B . B P TR KO AR I R



AL 2 T R KR TR 2 AN A A A R 27

%1 i )
YSZ I
d [
— %—& —
Bond coat a-AlLO,
w
(a) Cracks caused by a-AlO,
YSZ Mixed oxides
IL
Bond coat

w
(b) Cracks caused by mixed oxides
B9 RMALY JEREA

Fig.9 Schematic diagrams of the crack propagation

(4 Y'SZ i1y o A% S5t nl LLRI T Y SZ i) J5 i 3 LA A%
T, SO YSZ R R 250 pm, B, o~ AL O,
TR A KN AR R B YSZ BN AS Sl 0. 63 pm,
SCHERIRE S B a— AL Oy A K AR A R R
IO AR A R 24 2 ST AR B 43 22— BT RL, S
ZWE IR A . P R A A R YSZ 1Y)
WA B2 R o~ ALO; 1Y 11,6 fi5, BF 5% 4t 18 45
A IR S T IR A A A KSR o
AL Oy PR N AR Y 10 £5 A 1 3 5 30 £iF,
BT SCh B B o — AL O, - 1 A= K 137 748 Sy
[0 A RE F 7 S 114 Ul B 07 4% A X i 3¢
E 1l 25 1R A E ALY T BB HI A T o AL O 3K X
Ja SR A AL Y A BE R W R AR AR .
PR, SCh B 10 A5 E M BB R B W T
AT v 5 R E S — B0 B U IR AL S TR R
T e IR A S A L OF Bl TR 2
KM EES o~ ALO, LITRAEMYE £,
I SCHAL G T o ALO, IR A S 0 %
R, Gtai R B HiR A, o~ ALO, B
BE AW P EBRA R 24. 600, HIL. R
ALY FBORZFMEIRT 2 2.5 5. 4k
BAUEA «—ALO, . H a—ALO, JEREE Jy 3.0 pm
B U J2 IR BR A A 24 R 4 000 W, IUIAE SR i 2%
R REMISIE FmA R 1600 K., HiKR
TR AR JZ T 35 A A (1 375 YO M EL, JEA K
M, SR AT A R R TR A AR xR 2

ATAETE B R W SO ) A 0T 6 2 S
IEAR IR T A MR . M TIRERED Ar
A 3 A A 5 R e il AR AR R R TR A A
Y A K AR I T T a— AL Oy ST A2 KW AR
PRI Sy 5 8 36 E B A 0P AR LS SCh B
FAUAAEFE T2 (07 Ar FAL B 1% 12 9547 5
WE. HFIRA AW HE SRS AR, S
AT Ge it a5 R A R Ge it or A 45 2R
SRR IY IR Z K A A 43 3R 168 ) K 84 Ik
B 6 B TR A AL 35 20 0. 12 % 0. 19,
KA K W G811 5 Ut 35 R4 0. 35 M
0. 44 B EHIEAH a—ALO, I G EHF ML N
434 IR, B, XN T FE R 2 0,35 F1 0. 44
(VR J2 25 4 43 00 R 124 YRR 98 Ik, 5 It 77 fiv 4
2 HIL. X T Ar S o ALO, b7 A AR
AL IR 2 IR A AL X IR 2 i 1 3
Wi A A 35 2R B0 X O) #EA7 RAE .

3 & it

(D HBR A AW, )2 R BLH B
TGO J& B 5 il 3 45y th 1R A S A W #5 1 « X 35K
PR RA Ry TR HEEE L YSZ 2
BB LTSN TR i1 155 2 = PN 2
A TR A W Bk A E R YSZ R
JId #5

() BREAMYREY R ERKGZESEm. 5
a-ALO; # IR A E Y 1 =2k K R R 0515
K YSZ AR R, X B E AR R . [
B YR A A A W 7 o5 R S R R 2 A, B
R S I Py L

2% Uk

[1] Rabiei A, Evans A G. Failure mechanisms associated with the
thermally grown oxide in plasma—sprayed thermal barrier coat-
ings [J]. Acta Materialia, 2000, 48(15); 3963—-76.

[2] Cheruvu N S, Chan K S, Viswanathan R. Evaluation,
degradation and life assessment of coatings for land based
combustion turbines [J]. Energy Materials, 2006, 1(1):
33-47.

[3] Gleeson B, Thermal barrier coatings for aeroengine appli-
cations [ J]. Journal of Propulsion and Power, 2006, 22
(2): 375-383.

[4] Padture N P, Gell M, Jordan E H. Thermal barrier coat-
ings for gas — turbine engine applications [ J]. Science,
2002, 296. 280-284.

[5] Prescott R, Graham M J. The formation of aluminum ox-



28

2 EH X W L E

2015 4F

L6]

(7]

(8]

9]

(10]

[11]

[12]

[13]

[14]

ide scales on high — temperature alloys [J]. Oxidation of
Metals, 1992, 38(3/4): 233-254.

Ogawa K, Tto K, Shoji T, et al. Effects of Ce and Si addi-
tions to CoNiCrAlY bond coat materials on oxidation be-
havior and crack propagation of thermal barrier coatings
[J]. Journal of Thermal Spray Technology, 2006, 15(4) ;
640-651.

Poza P, Gomez—Garcia J, Minez C J. TEM analysis of the
microstructure of thermal barrier coatings after isothermal
oxidation [J]. Acta Materialia, 2012, 60(20); 7197-206.
Daroonparvar M, Hussain M S, Yajid M A M. The role of
formation of continues thermally grown oxide layer on the
nanostructured NiCrAlY bond coat during thermal expo-
sure in air [ J]. Applied Surface Science, 2012, 261 287
-297.

Xu R, Fan X L, Zhang W X, et al. Interfacial {racture
mechanism associated with mixed oxides growth in thermal
barrier coating system [J]. Surface & Coatings Technolo-
gy, 2014, 253; 139-147.

Maier R D, Scheuermann C M, Andrews C W. Degrada-
tion of a two—layer thermal barrier coating under thermal
cycling [J]. American Ceramic Society Bullet, 1981, 60
(5): 555-561.

Ali M'S, Song S H, Xiao P. Degradation of thermal barrier
coatings due to thermal cycling up to 1150 C[J]. Journal
of Material Science, 2002, 37(10): 2097-102.

LiY, Li CJ, Zhang Q. et al. Influence of TGO composi-
tion on the thermal shock lifetime of thermal barrier coat-
ings with cold—sprayed MCrAlY bond coat [J]. Journal of
Thermal Spray Technology, 2010, 19(1): 168-77.

Dong H. Yang G J, Li C X, et al. Effect of TGO thickness
on thermal cyclic lifetime and failure mode of plasma —
sprayed TBS [J]. Journal of the American Ceramic Socie-
ty, 2014, 97(4) . 1226-32.

LiY, Li CJ, Zhang Q, et al. Effect of chemical composi-

tions and surface morphologies of MCrAlY coating on its

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

isothermal oxidation behavior [ J]. Journal of Thermal
Spray Technology, 2011, 20(1/2): 121-131.

Yang G J, Xiang X D, Xing L. K, et al. Isothermal oxida-
tion behavior of NiCoCrAlTaY coating deposited by high
velocity air — fuel spraying [J]. Journal of Thermal Spray
Technology, 2012, 21(3/4): 391-399.

Chen W R, Wu X, Marple BR, et al. TGO growth behav-
iour in TBCs with APS and HVOF bond coat [J]. Surface
&. Coatings Technology, 2008, 202; 2677 -83.

Chen W R, Wu X, Marple B R, et al. Pre-oxidation and
TGO growth behaviour of an air—plasma—sprayed thermal
barrier coating[ ]]. Surface & Coatings Technology, 2008,
202(16) . 3787-96.

Seo D, Ogawa K, Nakao Y, et al. Influence of high—tem-
perature creep stress on growth of thermally grown oxides
in thermal barrier coatings [JJ. Surface & Coatings Tech-
nology, 2009, 203(14): 1979-83.

LiCJ, LiY, Yang G J, et al. Evolution of lamellar inter-
face cracks during isothermal cyclic test of plasma—sprayed
8YSZ coating with a columnar - structured YSZ interlayer
[J]. Journal of Thermal Spray Technology, 2013, 22(8);
1374-82.

Vagen R, Kerkhoff G, Stéver D. Development of a micro-
mechanical life prediction model for plasma sprayed thermal
barrier coatings [J]. Materials Science and Engineering A,
2001, 303(1/2): 100-109.

Miller R A. Oxidation — based model for thermal barrier
coating life [J]. Journal of the American Ceramic Society,
1984, 67(8): 517-521.

Ahmadian S, Jordan E H. Explanation of the effect of rap-
id cycling on oxidation, rumpling, microcracking and life-
time of air plasma sprayed thermal barrier coatings[]].
Surface & Coatings Technology, 2014, 244, 109-116.
Karlsson A M, Evans A G. A numberical model for the cy-
clic instabilitu of thermally grown oxides in thermal barrier

coatings [ J]. Acta Materialia, 2001, 49(10); 1793-804.

(GUL S04 PR



