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Research Progress on Plasma Sprayed Thick Thermal Barrier Coatings
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Abstract: Thick thermal barrier coatings (TTBC) have good thermal insulation properties and can effectively improve the gas inlet
temperature before aero-engine turbine or gas turbine. Plasma spraying is a common method for preparing TTBCs. This paper
reviewed recent research work on plasma sprayed TTBCs, and pointed out the challenges for TTBCs. The splat effect, the structure

and properties of coatings were emphatically discussed. In addition, the future development was also prospected.

Keywords: plasma spraying; thick thermal barrier coatings; microstructure; service performance

B 2 R BN LA B TR S LA 5 R A
PEREMIANBIER T, R ENHLIREC SRHLIE T T 1A
NV AW T, iR ot 1700 C, iz
78 Tk 1 i FH T ) A TR R T 5 A i A (1 R A B
i e A 4 () B R P CAN I 1150 °C), B8

A B A B2 T RR AT Z FRD Ve B AR I A

FIREAVERNH . T o — e B, A A R
JH A 88 1 PR ER BORTERTHLIA 58 BUALIE T~ H i &
PER TR EAT R A BE I B 2 (TBCs) 1

WeRs H3E: 2020-09-15. BT H M 2020-11-18.

HETH: EFRRHEKIDE(2017-VI-0010-0082); E X H AR LT 4
(51971148).

1 WIFE01994—), &, R,

BEEE: WIDET(1969—), %, WFITH;
Z H(1981—), B, #Hi%.

Tk, SRIEFEEAN TR, 34 s A WL8CE
TEKREE I Fr S B 1 A ), B AR T
CORKG A A TR Tk DL R BRI T R A R AT
TRAR e M I B B RURRAE iR il A & 28R SR T, DA
P AR ERR PR TN TREE 1 — R AR R,
HLA & m bR, KEMNEERENTEEE bR,
TESE R RN AR . SCERBINLRCR G
HEMEHCT, HWik, TBCs &R kA — 2
W UL 2D DB (2 000 K); ) E R

Received date: 2020-09-15. Revised date: 2020-11-18.

First author: TAO Shigian (1994-), female, Master candidate.

E-mail: 182442562 @st.usst.edu.cn

Correspondent author: TAO Shunyan (1969-), male, Ph.D., Professor;
LI Wei (1981-), male, Ph.D., Professor.

E-mail: sytao@mail.sic.ac.cn; liweil 76@usst.edu.cn



« 1196 - CRERR 2h2230)

J Chin Ceram Soc, 2021, 49(6): 1195-1205

2021 4E

(2 W-m K HRIRGESHE LR 3) 5 miRa &
DLHC (AR R B (>10x10° KTY)s 4B 35 B s
SythEfae ey, PimiEEm; o) 548 Bk &
SRPE L 7)TEAE R A S IR AR AR )bk
g, HAPRAGE, mAEK R B R A S 1A
FREMRREMEREM B R . TR m
R A R P R K R R IR, B NS — B
EEI THRE R EZMEL, IR T —R
FF R, R R, 6%~8%(H R E) AL
%%%ﬁ%ﬁ%#m&mam%ﬁﬁﬁmgz [
P KRB R AT IAHRR B, B R & A
h@FW%%FWWOEYuTMM%m%mm)
7E IR R A% 2% 1 R A RE A = 1 3% T IR B PR AR
100~170 °C, ZBR A it 1 — 20 32 i F B iR J 2 PR B
APERE, DA R T EC N AN i 1) TAE RS 7
SR, g 2 10 J5 B — /T 500 pm, il %5 B
JZERERISE S, TBCs BB EREG R . B TT R,
YSZ Mi& )2 R AR 25.4 um, AL iR
FEAR R THIELFE FRAR LT 4~9 CUOL, BRI, wTsdad 3K
W 2 110 5 B SR S B4R v TBCs B v BE 1 H 110
JE R R 2 (TTBCs) B A L 7 A pHPERE, W]
AR WL, (A& BRIt r=ET
AR, FERILE: DO THERKRIEE T
5534 T 2 45 K TTBCs, K (] M55 2 893 /2 4 35
PRI NSy, B R 2 18] DA K W 8 J2 5 b
Z IR EEA SR AR, )G B E R N E S

ik, RASHGRZEINARRTRE2 )&
Ve 8 23 N AL P R BE S K, AR 2 3R T S B AR
AN [EFE BE R I I B 4, SRR ) A I K

TTBCs it MEREFEAIC, TEA RSB IR 5
N St FRTE SR, R TTBCs HLilGE MERE
I ) 5 2 L R R Ay P A () I R, I PN AR TN B
Wi T2, ST R E RO SR R R, ik
MAEK TTBCs MARME S ay FI s H T St . DUR IR
JE R R T AR AR E L vREL EERMH
A5, EARAEEI TR KRS P ASE R
W RV T K 2% DA R BB 27 BB Ak R SR AT 7 P
SR IX — AU B TTMR .

SRR T BT ORI R B IR 2 AT S UIR,
HENRRFZ. BEEH YRS T IR,
fath T TTBCs Brifilfs kil 5t 2R B sA it 47
JEH,

1 BRE

HEETARBHR T2 MU mE RN EE T
PEIEITR AT, R BORE N A i R B 4 Rtk
A, KA A B A UG R R R T, PR YA
HFEMLE T i 2 st gk 2, e il
KUK RERSESIRA T 2 MEEMNH, HpRS
S5 BRI (APS)FIE V1 55 B8 1R85 3Rk (SPS) /&
2 Fhifl £ TTBCs MMAIEIR . & 1 M 2 2 APS
A SPS [ L&A nm P, &8 PRk T 2 H

KRS, [HRENPMESAILRES, RER  SNREHRER RO EZEHESHE, NS
Feedstock Single splat Polished coating
Fusod and crushed Solidified molten cross-section
YSZ powder particle

Plasma spray torch

Substrate

Spray distance

-
<

BT RSB T AR A I R n i Y

Fig. 1 Illustrative description of atmospheric plasma spraying (APS) deposition process for thermal barrier coatings (TBCs)™*¥



%49 55 6 PR 45 S TR T AR 2 0B S R - 1197 -
Suspension JHo S5RRIE R R EOROC, AR AR,

Micro/nano powder

=
.

Eoag .
l ~E A WA
lNz:mFeedTM

Coating

% mt .
Tﬂ

2 RVEAE B AR T AR
Fig. 2 Industrial flow chart of suspension plasma spraying
(SPS)

AL SR AR IR . (955 3 1A
WEIRR R A T, B R ISR AR & R TR
Z IR HEBAT X R 2 PR SS  APE RE G L 22

HE TR RS, AR AR 1
Ji PRSI REE 1 BEJE T R 2 SRR I 4
RitE. Bertagnolli 25205 528 7 Ml S HA 45 &
PLER, BETCRBL, — BOES B R (U GRR
PR B B A I 4 A R R S A 2R e T A
BEANTTVENIT 1 55 B T R IR T 5 SR A LA

Substrate

YSZ splat

« ‘ P *Debris

"~ Branch " .-

(a) APS splat

[

{( ] ',¥SZsplat(Eﬁ:k-free)> ,-:"" °
> : t"\

Substrate ("' f L

YSZ splat

»
“Cracks ':"
YSZ sﬁ'at (crack-ﬁ‘eé)
.

(c) SPS splat

FHAE SE AR T (R 5 R A7, 4 S 3R 1 45 &
LT

ANF T 2% 1 B 2 T AR oA B A7
2R, SEHEEMEE. TURGEMER UL
RESE R DL Z FEME RN 2 TS 05 . APS T2
W YSZ i) B0 R @ 8 10~100 pm, JEJE
0.2~3.0 um, FJJZ b a] WSR3 5 5 (M SO 45 .
1M SPS . ZIWHIR YSZ I J2 I 5B FLARTE LAk &
JUBCK R RS 25 3008290, B 2 90 B e o ) 25 5
FERURT A2 5L R 25 55 2 1)
ZE4 R . Ohmori Z5PWF e R B, i P - 18] (1 45
GRS SR 1/3. =E T, S
SRR G REBME, ANIER TR 2R 2
SR B VE . CAUFFRE, X R RE A
(200~300 C)nJ KM FE #2 st B, Aoy |3 5 05k
PG A Eis 4k 2 1 B M TIURVGIEL B S B 2 O
TR S AN B 5, s i A 266 i 2 T 40 4k o J 3 BHL
MR, REFBUTERN SRR 2 BRI
AN 3 R BN R A SRS S A
B TR S HRRE . Li 0Bk, *t
JEI SR 255 50 DA o AT I T Ak

(b) APS splat

™
O
Substrate®

(d) SPS splat

YSZ is yttrium stabilized zirconia. The substrate temperature is 300 C in (a)—(c), and 900 C in (d).

3 APS I SPS #i 4 2Kl
Fig. 3 Morphologies of APS splat and SPS splat“g]



« 1198 - CRERR 2h2230)

J Chin Ceram Soc, 2021, 49(6): 1195-1205

2021 4

A2 APS IR Z PRI RGN E L, BRI E TR
MIfEM . SPS BRI A 2= Z 18] R i AR BN, H
LAl A OB IRES, AR <R R AL
J¥i & SPS HEAR R 45 4 B 7y X R AU S5 M i 2 DU
DUEREH. f R (4 4 iR R T L Ry
JZ T R R[] B . Fauchais® i@ 5256 R0, [
— A7 B PR o I RN ) B O 10~100 s, 5 R
SR R RIS TR] (8] BRI, A B SR 4 A
B RPN R R A A LR -

2 BRELH

e85 APS T2 2% 1) JE A i |2 B JL A )
FZIREER, FEERKMERRIL ], BAKKI4 G0
JEE DA 2050 2 PO A 1 o A ety 400, el DAl TR
N TR Fit, @it APS T2 S5 kok & % H
B B A ARSI, R bR
F i NG IR E 2T G B IR — ) A
FHE TTBCs il &I & 17 KEH T IIE B
EAE
2.1 NEEBERZEEAHENERERE

5 Gt X2 G40 & AR B i 2 1) 4% 1 20 AH X 1
B, HAAHMERRRLE, DR H AT R R ) F R IR
JZZHCR RSN . B R S R AN TR,
XML g )RRz O R AR, miRETFR
JZIRFNTE . SEEMIESE. N T EZIRIZSIE TR
PERIANILAD, $&E0RE PUa AL K rkge 7, B A
HNFEHIENZE RGN P ARGk R R T DhRebhfE s %
JE 2 & 458 TTBCs.

Front-view

BT R IR ) 2% Th Re i B R A ik 2 — R AE
Bk 2 AN 2 A AN L 2 4 FroRbT,
Tk I JE AT S I W S TR EE T T a3 (R AR AL
AR T G2 1 ) 8 )2 5 4 228 i 2 TB) P A R D
71, HRAR SRR S A M ERE R BT AGE M AP,
Khor 25HF [} APS T4 T /&4 W2 TTBCs Al
DIRERRE TTBCs. WFR AT, A B T HIAE 4
P i 2 e % B B BRI AR ), FEIAEBR 5256 Hh R 1
R TR G R E R Piiah S e fe . DhRERRE IR
E S R & R A B S, AR
M BRI, ZRfR T ERERAE, WK TIRER
BeFFtm. (HA2, BEESMP SRS R T K
AEER ALO;, BIRMWMN IS, FUERLUE
A P, Chen BRI, KRR 45 H
TTBCs HEAR AT H& = FLi A, ABAT) T I i |2 74 25
51 o NP s RV s 120 DA = % o Bivk e |
M, BLAESI 5 THAFAEIR 2 R MERT, 3 LLSZI
THERIH

T R AR S EC LG i 544 BT AL I 58 71 SR (AN
FIFL0, Takahashi R T HSBEMS, 22
RESMREY N —EA e mIhne, i
KN PUBWMPENZ . RASENEAZ. PUE
=R A= Y AN E bl =3 D W e o = e 4
FHEeEEW, B, EREIRT, E8RENE
52 G b & RERKECR 1, 5 TR0 8%
Ay . HHZ Bk S, —Ry00
o] B AR AT B . RIGX FhR B AR R AE TRE B
INASERIEN E PO K ST

100% YSZ

30.00

One-layer TBC

I Top-viow

3.00 | |

The unit is mm.

100% Bond coat 0.20

% Substrate S 32.00

100% YSZ 025
75% YSZ+25% Bond coat 0.29
50% YSZ+50% Bond coat 031
Substrate
Three-layer TBC S

B4 BhEES5H R RBR 2 A i n BT
Fig. 4 Structure of functionally graded thick thermal barrier coatings (TTBCs) B}



249 B 6 W

PETE(G S5 SRR TIAMTR S IR 2 BT T R .« 1199 -

22 EFLRRERERERE

HTSE AR T2 E B, RENE
AN G A CE A SO FLBR S B, o FLRR &S
AN DL/ NRE AT R, IRmbRiiiEge, &
BEMH IR 2 1A M RE PR ), Steffens SRR
L, I — R P E AR S R AR R 1 LR
R, AT LAB/NR ZE FR RN ), e m P aEERE
Scrivani Z5UNEE T2 S8 RIS G & 7 AL R )
SN 11%~14%. 16%~17%- 20%~23%(1&F1 73 %1)
F1 26%~28%[1] 4 FhJEE K 1.5~2.0 mm [¥] TTBCs,
SEIRREA, IR E LI BE A R D 2R (18N T T
o AN TIRZEERET S, LB ERZE
bR N FLEREE M B R TR KR 2
(SR B, (EIX RPN, T
T2 b N D
23 HRHEGUERBREHERERE

Ry il % S L i R AR K 5 i 1 R AR IR 2
[ Py 4h 2 2l A AL T2 S 80 B K is oh R |
PR AR . N EE B, SLILR E A
PR, ST &0 XRL(DVO)SFE R 45
FII TTBCs, ik 5 st AR, 4 X248
SRR IR o 18] B B 05 75 ¥ A8 B B R IR 1 AR b Rk
ASRTF RN A, B B2 45 2 F T A T/ 1 11 4
RECNSAF BRI, $EmIRERIN AR . Ak,
a3 X RS R 5 18] BRE B A R iR 2 oy 2
Hoy ke, {2 IR dr Fm] SE AR DL IE K

AR,

200 pm

[a—

BC is bond-coat.

B s HASXALLEHIBEHRA APS TTBCs #iff i 5*

Fig. 5 SEM micrograph of cross-section of as-sprayed APS
TTBCs *

DVC 451 TTBCs 5% #il TTBCs AL, %2
PIEM Ao RIBFE B, JF HiRk 2 v & B 3%
BRARY SRR B X RS P IS K . Guo
At IS I S TG 4% T R L) 1.5 mm, T 4L

A 3.6mm ! (1) APS YSZ I&)2, 7E 1238 CHJE
RIS 1770 W, HEA BB R H 2% 034
LR . Wang 0200 Mr 7 0% B 52 MEREZ A
MXRR, REW, EREPIANGSUEENER
RO R TREK IR E M FAT, 450 X REU% (D)
N 2.38~476mm I, HIIHGEERE .

7E APS Al ERJEM SPS T, T RA T &
AR 2 [ A FIURE A7) 1) sV AV E 9 R A, 5 L ]
& MRE BA RIS —Foh A DVC 4
MIRIRE, H—MhEARRBESWRE. M
MEERIE AT UL RE A W& 2 NI & A 3 5 A
/AR R FLRR ¥R 2 K B ) S5l AR, 46
IR I2]; BEZ MBS 2R B RIFNE S .
W5 KB, SPS TTBCs AU ST HLILH L APS
TTBCs %, 1ff H MG aLIN APS IR)Z1H) 2~3
#5053, Tang 26LRH SPS T 24 1 MR S 45
FIRFRARERRZE, HR A ERLN 20~50 um, R)Z45
Ao ANHCG 255 50~82 MPa Al 1~2 W/(m-K).
SPS IR E VTR R AN 2 AEAG, & —FRA T
2N FH A S 1 = B TTBCs il HoR
24 EBHAERERERLETZ

BRI 2B A BRI rIRAGgERe, EIINEE
AR TR IR B R RN S S A7, b
Rethffiz %, IXEEH 2K 22 ff TTBCs &S EH 2 im
Ba B A m A A, S TSR TR S T
2l 4 TTBCs AFAEMIAE , 22 B AR — L& 5 K FF
KT U T, MR IR WOREE. HR-
B MEERRTL. AERESRGERT
i) 55 2 T PR 38 I = A (R AR S e, S0 M 8 2 A
SERIMIAEE, BRIRE IR R R s, i
T HE K S 4% J2 (R IRA 5 Y

Ahmaniemi 25> TG T R IR 2 K 1 2 B 5
WIETZ: BRI EHMEOCES. SRR, X
AT %5 35f b 23 AT DU AT b AR 57 % 2 (1 L BU 46 1 IR 3
B EBUEE  HOLEIE T 2R ER T~
A PPIRGN R 2L L0 L5 14, 7 TTBCs FIPTHAGEMERE
Ghasemin 258 5t K I YSZ 14 2 2% T 20806 4%
WELE, WERMAREERE, LRETR, B2
(1 PL AR M R R T R T AT AL EE YSZ WREN
2~3 f%.

3 REME

3.1 iREIMERE
TUIAENVERE AR M BHE L 20 L SURI 2L )i



< 1200 - CRERR 2h2230)

J Chin Ceram Soc, 2021, 49(6): 1195-1205

2021 4

TRFF A FRAE I REMIRE T o X T 7E My iR b o 38
B TAEM ERBIRE, PUHVEMERE R IR R
BIE S AR —. BRBT TTBCs A
A A I AR AR BTIR R AR I ORI 45 ) e B
PEMIRE ST, & 1R )2 VR B8 DL S ) 2 1 REAE IR
AR LR [ —Fh i AR I L4k,
P AMITEFE N SRS A [R5 i SRRk DL B AN ) T 25 4%
(R 58 2540 JE R I SR IRAEAT A R T 2 TR
(IR FL

Zhao Z5°USZ FH SPS T &4 T JE R £ 750 um.
BB X BULERN YSZ B2 . 458E£Y, SPS
TTBCs [t EMREH BT APS TTBCs, HIfK
KRBT A58 APS IR)2 . Zhai 220 5t K B K 45
¥ APS TTBCs HIFAEIEM A dr A 146 X, BEILT
SPS &2, i T H M APS TTBCs, Wi# 1 7~. Guo
SEONE N T 2SR % T ARREUEE ., L
2179 800 um ] APS YSZ . WMIREH, %4
D22 mm ' I, 2 BIER A A i K, W 6 B
Lu 2551 H 37 ! Triplex Pro-200 Wit % 1 JE )
4650 um 1] YSZ iR 2 A FL K I, DVC 4544 TTBCs
(1 B 4 RE 1 e B R AL T 2 L 45 1 DU R B0 4
TTBCs I HGEMERE . TTBCs G F iy 5l %
FEMROR ARV 748, TTBCs FIFL#a
P i R 5 W B2 O S A % o A SRAE IR AT APS T
214 TRESY BN 500 um. 1.0 mm. 1.5 mm
8YSZ IRz, FFRFL 1 JEREEXT 8YSZ TTBCs 44

.-"

Segmentation crack
w -

Interface crack Lt

(d) 500 pm

K7

Segmentation crack

(b) 1.0 mm

(e) 1.0 mm

ARIFLIEIE 8YSZ VR S R U

T RE AR BT RAGRVERE M . S5 R, BEE
JEPERIBGIN, )2 Z B R T L RRR I 2
QUL SRS W 7 Fos: RE RS &0
[t % = 5 R P i 2 25 A1 R R
3 MR EIRZ B LA IOTRIE R, HIE R
KITER = G 7F i A8

R1 3IMHERERENAERES
Table 1 Number of thermal cycles about three kinds of

TTBCs
Coatings Initial spallation/cycle ~ 10% spallation/cycle
Conventional APS
611 28 85

TTBCs

Nano-structured APS

. 59 146

TTBCs

SPS TTBCs!®!) 38 166

2500 500
S} g ——— S}
g 2000 S - | TR 1400 g
— C3 | —
® 1500 - 4300 ®
2 2
= C4 =
& 1000 F 4200 &
k= I k=
-§ 500 —T 4 100 -§
S ¢l Timae=1 200 C S
_‘— L L 1 L 1 L
00 05 1.0 15 20 25 3.0 35

Segmantation crack density, D/mm™

Bl6 R 2 IR A A 15 0 X REUE E I O R
Fig. 6 Relationship between thermal cycle lifetimes of TTBCs
and segmentation crack density (Ds) [

«

Segmentation crack

Segmentation crack

(f) 1.5 mm

Fig. 7 SEM images of cross-sections of 8YSZ coatings before and after thermal failure with different thickness(®



249 B 6 W

PETE(G S5 SRR TIAMTR S IR 2 BT T R .+ 1201 -

32 =EiRfREM

FEETZ RACIRIE N, TTBCs I8 K52 % = i)
BRASURIE(>1 250 °C), Bl il T 16 T v B T ) 2B
K, YSZ iR EH A Pied . AR 7 AH AR
DLJCSRRAHI I . IR EEE A 2547
J YSZ iR E R e AH I iR AR e M E R IR R 1 )
S B AR AR5, Y T TTBCs IR
i, R ITEJE AR E A

Zhao Z&17F 55 &% B, SPS TTBCs 7E 1 600 ‘C{#
I 24 h A REE RS E VU 5 SR, B R IIAH
famtE; HE 1550 Crin A5, &2
GERIREEERRAR, JPUR B RIAE . DU T AH ) B AR
FH AR 2 FERE ) 3%~5% IR FRREIK , 75 R ML 4L
B A RN e, 5 B0 =00 A s e T .
Keyvani SIS R B I 5 T gk gE ) APS
TTBCs MImifa e, 45REW, REH TR
BARKE T YUK, AR R AN ) 2 1
REC T APS iR)2 o
33 MIEEERAYSERM

WTAER, B SR 2 R SR AR L (1 AN
BT, KRAPRIWA KRR $h 20 i 2t
N BN A 0 B B 8 E 3R, T AR AR DT
) (CaO-MgO-AlL05-Si0,, CMAS). CMAS )%
G —MAE 1240 CHEA, &T KEWLIREAET
AR ASE R T RN, RS
CMAS 5 i fLBR IR ZLE0E N B0 2 3, s
JElgE MM KA, SE TTBCs HIFE A REFI AR
P A KR B R AN g4 E Ak CMAS
PRAT 9 AR LR AN B P i A U7 T D R TR E
A

CMAS X YSZ TTBCs I /2 T CMAS £
EIRAABEIRZNE G, 5 Zr0y. Y 053 RAEMER
B, AT ZeSio, Ak &7, S8 YSZ Y503
BA AT, IR T DY A A AR AR AR, AT EL
BRI LA Krause ZVIEE 1340 CH 7YSZ
JEHAT R, IR, BEE CMAS J&E i
I FIEK, WHZNIHIRER SR, 7YSZ ¥
EARBIRIFHIHEHT CMAS 120, Li 2572 H] APS
T2 T 3~5 mm ] Y,05. 8YSZ. 20YSZ Todt
MIERE, FHERT 3 MIREMPURS GRS, R
XK, BEE Y.0; EEMIGIN, REPL CMAS 21
PERESE SR, L Y,0; REREA 2] CMAS 198
Ao ERRVW T T 20k 1544 210, 3 TTBCs
1) CMAS 2147 K8, WK, 41350 °C/24h1H

BHAEEE, CMAS 5E43iEE] YSZ-Yb-Gd EWN
B, UiHB 4D E Gd. Yb HAREGE YSZ IR E
R4 CMAS J& At .

[ 4 A TN DL LR R IR E CMAS 1B
HRNSE N, R 1A KB 8 : £ YSZ iR
JERMYTR— ZEWN R Z, mpiiERR =S
CMAS 7B % 2RI B3 iE R E (i
CMAS fEiRZHEE). WP E)Z (5 CMAS )
N, fE TTBCs A B s B K HEBU% B
PIRIE)ETT, Drexler R APS T 2% 1
GdyZn,07 2 - SEH K, CMAS 5 GdyZnO7 R 2
SRR T — ERE BUE Y GdsCay(Si04)60: )=, A
BHES CMAS 33%, i GdyZr,0;, TBCs 2 I UT 1
Bt CMAS JE I fE . Gao 2Pt L8, #EHR1h
2 Ca Il Mg B4 5 Fll LayCer O TR JE KA B,
TV 1 — J2 32 2 143 DR W8l AR A RTS8 Ak Al ) B0 e L
B, AR TIRESRZEP CMAS EiAs /. Ma &5
BRI, T NiCryOg IR JE K X CMAS ANEE,
W/NT CMAS B3, 2 RIFIMHT CMAS 8
TR R .

34 BHREFEIYVIEBEHRARHAR

AN T2 #1451 TTBCs PRI as W 7778 25 bk
SEIL RN A WA, WK 8 Fim. WA
RIN, GKEE R APS TTBCs [f) 2 BB XA H 35 15
J2RABAE AL, RS T 1%, B EE s
¥R, HAEREEESERZ MR 25048
ULIC, SEPREZ/FZE RN 5T, 51 k3
gritg A 59, SPS TTBCs [A & 24E T ih %
W X RIVE R, HAHBEEEE: HIRENALE
PRI S1: 2)HT TGO 1R /= A IR K i
1o PR BN 2 0N

FEN, KREWFRERY, ERERERREEE
EERAR NI Ko FRANE ST TR ASE F RS A A
e, BIKPEZES M ARG, s
WP SRR . A RIZL0% FEI TTBCs Hibk
AN ATAREP, P 9 Bios. ® GRSk
M EA S FLZE . JEIRE . Raman JGE52 LA R G
JE 3332515, Zhao SR IR0 T i AN
HSWEREZIMMRR, &RRIRZNN S
W2 R B KT K . F e R A FR A5
BB AR R T YSZ [R5k 4 N 155 A
FHIE, BEFERIL, APREEHIREMN & T 454
PR Z BN T,  wld I BT RAS BRI i gk —
AR R E P PGENERE . Yang Z5P°SR A Raman



« 1202 - CRERR R 2540 J Chin Ceram Soc, 2021, 49(6): 1195-1205 2021 £

Segmentation crack
| 1 mm |

(a) Nano-structured APS TTBCs (b) SPS TTBCs

Bl 8 A SRR R I AT AR

Fig. 8 Cross-sectional microstructures of samples after thermal shock tests
@ k

D=0.79 (N=1)

[62]

0, (+)=546 MPa

Gn(—)=—860 MPa

(a) (") () (d) (e) () (g" ()
~0.060E+09  —0.855E+09  ~0.849E+09  —0.844E+09  —0.844E+09 ) ¢usp 00 —0.845E+H09  —0.845E+09

~0.704E+09 [ -0.710E+09 §-0.715E+09 W -0.713E+09 §-0.715E+09 [l _ 7175100 B-0.719E+09 J-0.721E+09
~0.540E+09 & —0.502E+09 8 —0.502E+09 B ~0.583E+09 M —0.586E+09 ¥ _0 50009 B ~0.594E+09 8 —0.507E+00
~0.392E+09 | —0.446E+09 | —0.448E+09 1 -0.452E+09 = —0.457E+09 © _(463E+09  —0.460E+09 || —0.473E+09
~0.235E+09 | —0.309E+09  —0.314E+09 = —0.321E+09 = —0329E+09 = _0336E+09 = —0.343E+09 | —0.348E+09
~0.791E+08 = —0.173E+09 = ~0-101E+09 & -0.191E+09 & _0200E+09 © —0.209E+09 © —0.217E+09 | —0.224E+09
0.771E408 | ~0.363E+08 | ~0-472E+08 11 -0.601E+08 10 711E+08  -0.816E+08 | —0.916E+08  —0.999E-08
0.233E+09 | 0.100E+09 0.064E+08  |0.706E+08 0577408  0.456E+08  0340E+08 = 0.243E4+08
0390E+09 | 0.237E+09 @ 0-220E+09  HO-201E+09 W0 186E109 = 0.173E+09 () 160E409 | 0.149E+09
0.546E409 W 0373E+00  MO-354E+09  WO.332E+09 B 315800 W0.300E+09 Mo ogspi00 B 02736409

) ()

Bl RIFAIZEUE B R A IR 2 TR A L 43 A1)
Fig. 9 Distribution of the radials tress along the radial direction for the thick thermal barrier coatings with different segmentation
crack density®?



249 B 6 W

PETE(G S5 SRR TIAMTR S IR 2 BT T R < 1203 -

FEEFA I 7 R TP Z MRS, TR,
K LERFIH B APS-YSZ Fii& 2 R AN f11
P 5 I A R 5K N Ty 3 AR IR B S IR R ), Bl
FRb BRI ) ZE K TR . Kwon 250752 B R g4
M1 T YSZ i )24 miR b B s #vAE KA PI(TGO)
B 3T P e J2 R S D A B SRR N o A
TGO SR B VARG : {EPR WAL= E 5K N 7, T ED
BA T RN T o 5R AR N 102 53 TTBCs i B4R 2%
13 B 2 - Mao 25FI ] APS T 214 T 5 AN
500~600 um 1] 8YSZ iR)Z. WFFL A, HIRAR /1
SR LS AN 56 A6 FEAIK 1 B 22390 A S it P
212V RE . Giolli 2@t T2 S B IE %
TEE RN 1.8mm ZFL APS YSZ &R, HWiR T
TR G IR ST R S IR AR IS 7790 A3 LA R L
. RKRY, WRENRBEERAEEREZ/TGO
J2 ST I R TR &2, AR R R R
PORFLN SR TSR B . &8,
B A BT IR 2 RV R AR

4 ZpERZE

JE RS Z(TTBCs, >500 pum) H A K 1 BE H4
PERE, BEE A BUEK AT K BN R AL #
Ui ¥ A A IR A iy o MR PRy o) 2% T 200 RIS
TR T R (SPS) A T Z A0 4k 1) K &5 B F R i iR
(APS). 57 JEAE RSB TARBHR IR 2 2548 T,
FOUSRRE LR HE AT N E B VE T IR E s 1)
FkRE. TTBCs HTAFAERAR N ) 45 G Rk
DA S it 1) AR 25 R 22 Sk i, [ AN SN Dod i
TR L2 B L 2SNk, X TTBCs 4t fy i
17 7R, UG8 TIRZM AR BT EER T
(B 7 X RGEHR 4/ TTBCs ZRA TERE
Al

HENRFZE. WRZELM LR 3 AN J7 LR
R TS E T A4S TTBCs 1 E N AMIT 5Lk , %1%
JZ i 2 H w5 T B LAANLI AE 2Rk . (B T8
WRIZETE w2 ISR T R, ot RES2 i EA 25 Al 2k
RIS AFEAR KA e . Bk, fEFE AL
T F T FAEAS R

1) AR A RGORE (2S00 B R 55 %)
W2 75 I 5

2) GiGHRAR NS RAETF B, HlSEm bR
W, KFdr TTBCs S R HREHHASRZE . k%
BIRE REBORZ RO EE FRER A BT (AL
B, D R SR 2 () R L 5

3) BEFEIR)ZE b X REUE L EE DA K 73 [X 2
SUEAFRIEH S R P G TE AL

4) B Ot HESE 2 RRALT B P )=
JEREX AR S RE P B B Z BT TGO Ay Frif
INwALib AL

SR

[1] PARKS W P, HOFFMAN E E, LEE W Y, et al. Thermal barrier
coatings issues in advanced land-based gas turbines[J]. J Therm Spray
Technol, 1997, 6(2): 187-192.

[2] SOECHTING F O. A design perspective on thermal barrier coatings[J].
J Therm Spray Technol, 1999, 8(4): 505-511.

[3] VASSEN R, JARLIGO M O, STEINKE T, et al. Overview on
advanced thermal barrier coatings[J]. Surf Coat Technol, 2010, 205(4):
938-942.

[4] LIU Y Z, HU X B. Segregation and microstructural evolution at
interfaces of atmospheric plasma sprayed thermal barrier coatings
during thermal cycling[J]. J Alloys Compd, 2020, 819: 153026.

[5] PADTURE N P, GELL M, JORDAN E H. Materials Science-thermal
barrier coatings for gas turbine engine applications[J]. Science, 2002,
296(5566): 280-284.

[6] GURRAPPA I, SAMBASIVA R A. Thermal barrier coatings for
enhanced efficiency of gas turbine engines [J]. Surf Coat Technol,
2006, 201: 3016-3029.

(7] EEEE. AERIRE MR SR M]. duat: BHEHAREL, 2016.

[8] f&REM, EEYL, XA BT RS LR IR 2R RHE R R
A3 4R, 2000, 21(1): 7-12.

XU Huibin, GONG Shengkai, LIU Fushun. J Aeronaut (in Chinese),
2000, 21(1): 7-12.

[9] CAO X, VASSEN R, STOEVER D. Ceramic materials for thermal
barrier coatings[J]. J Eur Ceram Soc, 2004, 24(1): 1-10.

[10] PAN W, PHILLPOT S R, WAN C L, et al. Low thermal conductivity
oxides[J]. MRS Bull, 2012, 37(10): 917-922.

[11] RAGHAVAN S, WANG H, PORTER W D, et al. Thermal properties
of zirconia co-doped with trivalent and pentavalent oxides[J]. Acta
Mater, 2001, 49(1): 169-179.

[12] KIM D J. Effect of Ta)Os, Nb,Os, and HfO, alloying on the
transformability of Y,Os-stabilized tetragonal ZrO,[J]. J Am ceram soc,
1990, 73(1): 115-120.

[13] VASSEN R, STUKE A, STOVER D. Recent developments in the field of

thermal barrier coatings[J]. J Therm Spray Technol, 2009, 18(2): 181-186.

MILLER R A. Current status of thermal barrier coatings—An

overview[J]. Surf Coat Technol, 1987, 30(1): 1-11.

[15] LEVI C G. Emerging materials and processes for thermal barrier
systems[J]. Curr Opin Solid St M, 2004, 8(1): 77-91.

[16] LEE P H, LEE S Y, KWON J Y, et al. Thermal cycling behavior and

interfacial stability in thick thermal barrier coatings[J]. Surf Coat

Technol, 2010, 205(5): 1250-1255.

STEFFENS H D, BABIAK Z, GRAMLICH M. Some aspects of thick

thermal barrier coating lifetime prolongation[J]. J Therm Spray

Technol, 1998, 8(4): 517-522.

2R PRy R ok APS AR ik 22 Gl 45 A4 R P B 1) 552 Wi AL 2 7T

FED]. kg A LIRS AT, 2017,

LI Dachuan. Investigation of the microstructure and performance of

[14

(17

[18

APS thermal barrier coatings via splat characterization (in Chinese,
dissertation). Shanghai: Shanghai Institute of Ceramics, Chinese

Academy of Sciences, 2017.



+ 1204 - CTERR 2R 400D J Chin Ceram Soc, 2021, 49(6): 1195-1205 2021 £
[19] ZHU D M, MILLER R A. Sintering and creep behavior of [39] KHOR K A, GU Y W, DONG Z L. Mechanical behavior of

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

plasma-sprayed zirconia-and hafnia-based thermal barrier coatings[J].
Surf Coat Technol, 1998, 108(1-3): 114—120.

EATON H E, NOVAK R C. Sintering studies of plasma-sprayed
zirconia[J]. Surf Coat Technol, 1987, 32(1-4): 227-236.
BENGTSSON P, ERICSSON T, WIGREN J. Thermal shock testing of
burner cans coated with a thick thermal barrier coating[J]. J Therm
Spray Technol, 1998, 7(3): 340-348.

FAUCHAIS P, VARDELLE M, VARDELLE A. Reliability of
plasma-sprayed coatings: Monitoring the plasma spray process and
improving the quality of coatings[J]. J Phys D Appl Phys, 2013, 46(22):
1-17.

HASS D D, SLIFKA A J, WADLEY H N G. Low thermal
conductivity vapor deposited zirconia microstructures[J]. Acta Mater,
2001, 49(6): 973-983.

SAMPATH S, SCHULZ U, JARLIGO M O, et al. Processing science
of advanced thermal-barrier systems[J]. Mater Res Soc, 2012, 37(10):
903-907.

TANG H K Z, YAROSLAVSKI I, MASINDO G, et al. Novel thermal
barrier coatings produced by axial suspension plasma spray[C]/
International Thermal Spray Conference and Exposition, Hamburg,
Germany, 2011: 593-597.

BERTAGNOLLI M, MARCHESE M, JACUCCI Modeling of
particles impacting on a rigid substrate under plasma spraying
conditions[J]. J Therm Spray Technol, 1995, 4(1): 41-49.

PRy, BN BT BRI 5 5K A ELAE FHLELRT T[],
MU 5 H A, 2000, 19(1): 88-90.

LI Jinglong, LI Changjiu. Mech Sci Technol (in Chinese), 2000, 19(1):
88-90.

eV, B, T, 5. BIRREE TR AR IR ZE 0 TR ],
FMHAR, 2019, 48(4): 18-27.

YUAN Tao, WANG Shixing, HE Qing, et al. Surf Technol (in
Chinese), 2019, 48(4): 18-27.

KABNER H, STUKE A, VABEN R, et al. Influence of microstructure
on thermal and optical properties of suspension plasma sprayed (SPS)
and atmospheric plasma sprayed (APS) coatings[C]/International
Thermal Spray Conference, New York, United States, 2008.

OHMORI A, LI C J. Quantitative characterization of the Structure of
plasma sprayed Al,O; coating by using copper electroplating[J]. Thin
Solid Films, 1991, 201(2): 241-252.

LI D C, FENG J W, ZHAO H Y et al. Microstructure formed by
suspension plasma spraying: from YSZ splat to coating[J]. Ceram Int,
2017, 43(10): 7488-7496.

VANEVERY K, KRANE M J M, TRICE R W, et al. Column
formation in suspension plasma-sprayed coatings and resultant thermal
properties[J]. ] Therm Spray Technol, 2011, 20(4): 817-828.
FAUCHALIS P. Understanding plasma spraying[J]. J Phys D Appl Phys,
2004, 37(9): 86—108.

MILLER R A. Thermal barrier coatings for aircraft engines: History
and directions[J]. J Therm Spray Technol, 1997, 6(1): 35-42.

ZHOU C G, WANG N, WANG Z B, et al. Thermal cycling life and
thermal diffusivity of a plasma-sprayed nanostructured thermal barrier
coating[J]. Scripta Mater, 2004, 51(10): 945-948.

TIAN Y S, CHEN C Z, WANG D Y, et al. Recent developments in
zirconia thermal barrier coatings[J]. Surf Rev Lett, 2005, 12(3): 369-378.
RANGARAJ S, KOKINI K. Estimating the fracture resistance of
functionally graded thermal barrier coatings from thermal shock
tests[J]. Surf Coat Technol, 2003, 173(2/3): 201-212.

DONG Z L, KHOR K A, GU Y W. Microstructure formation in
plasma-sprayed functionally graded NiCoCrAlY/yttria-stabilized
zirconia coatings[J]. Surf Coat Technol, 1999, 114(2/3): 181-186.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

(511

[52]

[53]

[54]

[53]

[56]

plasma-sprayed functionally graded NiCoCrAlY/yttria-stabilized
zirconia coatings[J]. Surf Coat Technol, 2001, 139: 200-206.

KHOR K A, DONG Z L, GU Y W. Plasma sprayed functionally
graded thermal barrier coatings[J]. Mater Lett, 1999, 38: 437-444.
CHEN X L, GUL J, ZOU B L, et al. New functionally graded thermal
barrier coating system based on LaMgAl;;0,9/YSZ prepared by air
plasma spraying[J]. Surf Coat Technol, 2012, 206(8/9): 2265-2274.
TAKAHASHI M, ITOH Y, MIYAZAKI M. Thermal barrier coatings
design for gas turbine[C]//14th International Thermal Spraying
Conference, Kobe, Japan, 1995: 83-85.

KAWASAKI A, WATANABE R. Cyclic thermal fracture behavior
and spallation life of PSZ/NiCrAlY functionally graded thermal barrier
coatings[J]. Mater Sci Forum, 1999, 308-311: 402—409.

PO, MR, KA, & ABHARER EILR SR EERC R
BEFLRERE[T]. RIEIA, 2018, 47(6): 151-160.

JIA Han, GAO Peihu, GUO Yongchun, et al. Surf Technol (in
Chinese), 2018, 47(6): 151-160.

MARTIN F, CHRISTER P, JAN W. Influence of particle in-flight
characteristics on the microstructure of atmospheric plasma sprayed
yttria stabilized ZrO,[J]. Surf Coat Technol, 2001, 141: 115-127.
SCRIVANI A, RIZZI G, BERNDT C C. Enhanced thick thermal
barrier coatings that exhibit varying porosity[J]. Mater Sci Eng: A,
2008, 476(1/2): 1-7.

GUALCO E C C, FIGNINO F, GAMBARO C, et al. An improved
deposition process for very thick porous thermal barrier coatings[C]/
International Thermal Spray Conference and Exposition, 2002: 195-201.
GUO H B, VASSEN R, STOVER D. Atmospheric plasma sprayed
thick thermal barrier coatings with high segmentation crack density[J].
Surf Coat Technol, 2004, 186 (3): 353-363.

GUO H B, MURAKAMI H, KURODA S. Effects of heat treatment on
microstructures and physical properties of segmented thermal barrier
coatings[J]. Mater Trans, 2005, 46(8): 1775-1778.

KARGER M, VASSEN R, STOVER D. Atmospheric plasma sprayed
thermal barrier coatings with high segmentation crack densities:
Spraying process, microstructure and thermal cycling behavior[J]. Surf
Coat Technol, 2011, 206(1): 16-23.

SCHWINGEL D, TAYLOR R, HAUBOLD T, et al. Mechanical and
thermophysical properties of thick PYSZ thermal barrier coatings:
Correlation with microstructure and spraying parameters[J]. Surf Coat
Technol, 1998, 108(1-3): 99-106.

WANG L, ZHONG X H, SHAO F, et al. What is the suitable
segmentation crack density for atmospheric plasma sprayed thick
thermal barrier coatings with the improved thermal shock resistance[J].
Appl Surf Sci, 2018, 431: 101-111.

ERGE, FHEX, M8 R, & SR T WHRIRE T R
WBHRER, 2014, 6(4): 1-7.

WANG Ruijun, WANG Shixing, BAO Manyu, et al. Therm Spray
Technol (in Chinese), 2014, 6(4): 1-7.

FEYE P N AU R IR Y PR ERA G R XTI A
W TR R RERR ER A TAT, 2014

ZHAO Yuexing. Plasma sprayed thick thermal barrier coatings:
Spraying process and failure mechanism (in Chinese, dissertation).
Shanghai: Shanghai Institute of Ceramics, Chinese Academy of
Sciences, 2014.

AHMANIEMI S, VIPPOLA M, VUORISTO P, et al. Modified thick
thermal barrier coatings: Microstructural characterization[J]. J Eur
Ceram Soc, 2004, 24(8): 2247-2258.

AHMANIEMI S, VUORISTO P, MANTYLA T, et al. Thermal
cycling resistance of modified thick thermal barrier coatings[J]. Surf
Coat Technol, 2005, 190 (2/3): 378-387.



249 B 6 W

P ir (il 5

S5 BRI S AR IR 2 BT STt .

1205 -

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(711

[72]

[73]

AHMANIEMI S, VUORISTO P, MANTYLA T, et al. Modified thick
thermal barrier coatings: Thermophysical characterization[J]. J Eur
Ceram Soc, 2004, 24(9): 2669-2679.

GHASEMIN R, SHOJA-RAZAVI R, MOZAFARINIA R, et al. The
shock
plasma-sprayed nanostructured yttria stabilized zirconia thermal barrier
coatings[J]. Ceram Int, 2014, 40: 347-355.

SHILL, E4M, RFE GeKze0 ik 2 A GE YRR L)), 1
BHET, 2006, 39(7): 9-11.

LV Yanhong, WANG Quansheng, WU Zijian. Mater Protect (in
Chinese), 2006, 39(7): 9-11.

NUSAIR K A, LU J. Behavior of air plasma sprayed thermal barrier
coatings, subject to intense thermal cycling[J]. Surf Coat Technol,
2003, 166(1): 37-43.

ZHAO Y X, LI D C, ZHONG X H, et al. Thermal shock behaviors of
YSZ thick thermal barrier coatings fabricated by suspension and
atmospheric plasma spraying[J]. Surf Coat Technol, 2014, 249: 48-55.

ZHAIM L, LID C, ZHAO Y X, et al. Comparative study on thermal

shock behavior of thick thermal barrier coatings fabricated with

influence of laser treatment on thermal resistance of

nano-based YSZ suspension and agglomerated particles[J]. Ceram Int,
2016, 153: 12172-12179.

GUO H B, MURAKAMI H, KURODA 8. Thermal cycling behavior
of plasma sprayed segmented thermal barrier coatings[J]. Mater Trans,
2006, 47(2): 306-309.

LU Z, MYOUNG S W, KIM M S, et al. Microstructure evolution and
interface stability of thermal barrier coatings with vertical type cracks
in cyclic thermal exposure[J]. J Therm Spray Technol, 2013, 22(5):
671-679.

B3k, T, BBEEE. ANIF R Y SZ IR Z 451 R Mk re R
FE[)]. AR, 2020, 49(1): 1-9.

ZHAO Di, AN Yulong, ZHAO Xiaoqing. Surf Technol (in Chinese),
2020, 49(1): 1-9.

WA, BT AR IR Z AR FOE [T, TERR ER AR, 2020, 48(10):
1622-1635.

CAO Xuegiang. J Chin Ceram Soc, 2020, 48(10): 1622-1635.

ZHAO Y X, WANG L, YANG T S, et al. Thermal aging behavior of
axial suspension plasma-sprayed yttria-stabilized zirconia (YSZ) thermal
barrier coatings[J]. J Therm Spray Technol, 2015, 24(3): 338-347.
KEYVANI A, SAREMI M, SOHI M H. An investigation on oxidation,
hot corrosion and mechanical properties of plasma sprayed
conventional and nanostructured YSZ coatings[J]. Surf Coat Technol,
2011, 206(2-3): 208-216.

B . BT S -T-TE AR 9K Y SZA K 1 5 A B i 2
il 25 S R AR 7L (D). bl pRIBE L RERR BT FU AT, 2016.
ZHAI Minglong. Thick thermal barrier coatings manufacture and its
failure mechanism: Nano YSZ powder fed through gas solid/liquid
solid two phase flows (in Chinese, dissertation). Shanghai: Shanghai
Institute of Ceramics, Chinese Academy of Sciences, 2016.

DAROLIA R. Thermal barrier coatings technology: Critical review,
progress update, remaining challenges and prospects[J]. Int Mater Rev,
2013, 58(6): 315-348.

o, AL SRVt BRI EAECMASHRES T R 5 B[]
LA A RESEHR, 2018, 38(2): 43-51.

YANG Shanjie, PENG Hui, GUO Hongbo. J Aeron Mater (in Chinese),
2018, 38(2): 43-51.

GLEDHILL A D, REDDY K M, DREXLER J M, et al. Mitigation of
damage from molten fly ash to air-plasma-sprayed thermal barrier
coatings[J]. Mater Sci Eng A-Struct Mater Prop Microst Process, 2011,
528(24): 7214-7221.

WITZ G, SHKLOVER V, STEURER W, et al. High-temperature

[74]

(73]

[76

(771

[78]

[79]

[80]

(81]

[82]

(83

[84]

[83]

[86]

(87]

(88]

[89]

interaction of yttria stabilized zirconia coating with CaO-MgO-AL,O;-
SiO, (CMAS) deposits[J]. Surf Coat Technol, 2015, 265: 244-249.
KRAUSE A R, GARCES H F, DWIVEDI G, et al. Calcia-magnesia-
alumino-silicate (CMAS)-induced degradation and failure of air
plasma sprayed yttria-stabilized zirconia thermal barrier coatings[J].
Acta Mater, 2016, 105: 335-366.

LIWS,ZHAO HY, ZHONG X H, et al. Air plasma sprayed yttria and
yttria-stabilized zirconia thermal barrier coatings subjected to
calcium-magnesium-alumino-silicate (CMAS)[J].
Technol, 2014, 23(6): 975-983.

FIEIR. £ T0H 135 2 AL B I IR U 2 BUCMAS i i 12 T P
FL[D]. b SR RERERR LB FUAT, 2020.

WANG Tongxin. Research on high temperature corrosion resistance

] Therm Spray

against CMAS of multi-element rare earth doped zirconia-based
thermal barrier coatings (in Chinese, dissertation). Shanghai: Shanghai
Institute of Ceramics, Chinese Academy of Sciences, 2020.

HASZ W C, BOROM M P, JOHNSON C A. Protection of thermal
barrier coating with an impermeable barrier coating[P]. US Patent,
5871820. 1999-2-16.

HASZ W C, JOHNSON C A, BOROM M P. Protection of thermal
barrier coating by a sacrificial surface coating[P]. US Patent, 5660885.
1997-8-26.

FRELING M, SCHLICHTING K W, MALONEY M J, et al. CMAS
resistant thermal barrier coating[P]. US Patent, 7785722. 2010-8-31.
DREXLER J M, CHEN C H, GLEDHILL A D, et al. Plasma sprayed
gadolinium zirconate thermal barrier coatings that are resistant to
damage by molten Ca-Mg-Al-silicate glass[J]. Surf Coat Technol,
2012, 206(19/20): 3911-3916.

GAO L, GUO H, GONG 8, et al. Plasma-sprayed La,Ce,O; thermal
barrier  coatings
penetration[J]. J Eur Ceram Soc, 2014, 34(10): 2553-2561.

MA Z, LI X, LIU L, et al. Chemical stability between NiCr,O4
material and molten calcium-magnesium-alumino-silicate (CMAS) at
high temperature[J]. Materials, 2017, 10(12): 1-8.

. $ABEIR 2 IR AR ) S 98 RAE S JER BB RT L [D]. it
rRHE FIEERR S ST, 2017.

YANG Jiasheng. Residual stress measurement and failure mechanisms

against  calcium-magnesium-alumina-silicate

of thermal barrier coatings (in Chinese, dissertation). Shanghai:
Shanghai Institute of Ceramics, Chinese Academy of Sciences, 2017.
ZHAO X, XIAO P. Residual stresses in thermal barrier coatings
measured by photoluminescence piezo-spectroscopy and indentation
technology[J]. Surf Coat Technol, 2006, 201: 1124-1131.

E, A, AR, & ABERIT BN 5 ILAK YSZJE Hiv i
VR BN LA R R SO T ST S 0], IR R 22 224K, 2019,
41(6): 35-51.

WANG Liang, ZHUANG Minxiang, HU Zhongchao, et al. J Xiangtan
Univ (in Chinese), 2019, 41(6): 35-51.

YANG J S, WANG L, LI D C, et al. Stress analysis and failure
mechanisms of plasma-sprayed thermal barrier coatings[J]. J Therm
Spray Technol, 2017, 26(5): 809-901.

KWON J Y, KIM J H, LEE S Y, et al. Microstructural evolution and
residual stresses of air-plasma sprayed thermal barrier coatings under
thermal exposure[J]. Surf Rev Lett, 2010, 17(3): 337-343

MAO W G, WAN J, DAI C Y, et al. Evaluation of microhardness,
fracture toughness and residual stress in a thermal barrier coating
system: A modified Vickers indentation technique[J]. Surf Coat
Technol, 2012, 206: 4455-4461.

GIOLLI C, SCRIVANI A, RIZZI G, et al. Failure mechanism for
thermal fatigue of thermal barrier coating systems[J]. J Therm Spray
Technol, 2009, 18(2): 223-230.



