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Abstract: Thermal barrier coating (TBC) is one of the key technologies of aeroengine and gas turbine, which can improve
the service temperature and service life of hot end components due to their abilities to insulate against the heat transfer and
resist the oxidation, corrosion and erosion. Under the conditions with high temperature and pressure, strong oxidation and
corrosion, thermal barrier coatings ( TBCs) are prone to failure in the form of coating debonding, blistering, buckling,
cracking and spalling, which seriously limits the service life of hot end components. Therefore, it is of great significance to
study the damage and fracture mechanism of TBCs to ensure the safety and stability of high-temperature blades and other hot
end components in service. This article presents a comprehensive overview of development of TBCs, including: (D the dam-
age and fracture behaviors and failure mechanisms of TBCs, ) constitutive model, @ damage and fracture mechanics meth-
od and their behaviors under harsh environment, @ the development of TBCs strength test and damage detection methods,
® perspective for the study on damage and fracture of TBCs. The aim of this work is to provide support for basic research
and technology development of aeroengine and gas turbine in China.
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Fig. 13 Damage and erosion detection'®"’ ; (a) white light image, (b) luminescence emission mapping, (c) schematic diagram of rare

earth doped TBCs, (d) luminescence emission image of TBCs erosion

5 T T T T T T T T T 22 42200
4] [ TGO stress 420 {2000
—&— TGO thickness
34 | @ Crack length _— — 418 - 1800
d16 1600

2 ___,i/ . z
= 4 £ 1400 =
£ 14 3
) 41275, 1200 §,
2 0 2 g
3 I 4105 {1000 =
H S 3
3 I 1 1 é 18 £ Jsoo ¢
3 1 l y 3 2
= 2 z pe 46 8 1600 &

3] = o 1a Jaco =

. i - e/ 12 J200

5 O—o/ Jo  Jo

: ; ; .

T T T T T T
0 20 40 60 80 100 120 140 160 180 200
Oxidation time (hours)

Kl 14 TGO BRARIIT, TGO J&J2 Al 5 R AU BE 5 AL ] A9
?é/%[%]
Fig. 14 Relationship between oxidation time and TGO residual stress,

thickness and critical microcrack lengih[%]

9 & i&

BELRZ (TBC) H A & e ik it as & s HLAIR <4 AL
R AR Z — A SC I B X TBCs 445 -5 iy 284 v 2
SZEIAGN T AR TBCs M BALEE | AMER | B 5
Wi 122 W 0 IR SR AT AR, IR IR R BT | T okt
WEE TBCs 05 5 W44 7 LA & TBCs 5 R 56 5 46
PR vk A g ke

TBCs ZHAI Z ZMAHEA R, SRR, /)
AR EA BEES . fEEE. FE, REL AR
A IRASIAEE F, TBCs AR (TC) AkE#%Z (BC) A
TR AL LA 2 B B AT S R e 3k, I RA S
BTC MR, HTF HATMAFE R, J54E TBCs Bl S



908

Hh A ki

39 %

W BT 58 TAF N R 28 LA R LA O B R IT . D B X
TBCs MRS L B H T R %, e itk — 58 | U2
RGN IS, JF A& AR RIS J7 12 515 T B
TR AU B IR AL TBCs PEREMNIRT- &, @ MR
Bil, TBCs S SWi 202, T, a2 G 3t A
FIREER, ik, 7575 A A A SR Bk 57 TBCs 12
YR G AR, 3 TBCs MR EHERE 22 3 2 e Hinr 5
A FREE A R T S B e, ELHCRRAE RUBE 5 B AR 4
MREMCEAI B2, Wik, &AYES 58 A R
SN B REAAREA 5SRO, (@) TBCs 5 B HTR
ZIRFAEBO W B APEREZE 57, FEMRAEIR S — 3 B B
AT 20, F5 EABROTTEIER 5IR)2 Z M2 TERERY
ANHELEELL 16 8 o AN 2] PEXS TBCs Wi 5 85415 /9
B, & HETHRERMAZMKH A, KRETFEIGT R
MAEHA, S TBCs 443477, WA REAGI &% A 3 k2
VAL, SRTHBR BRI A RCR SR

SE Xt References

[1] CLARKE D R, OECHSNER M, PADTURE N P. MRS Bulletin[J],
2012, 37(10): 891-899.

[2] FHRE, W¥S, VIR, 5 BIRJIEAR1T ], 2016, 37(6):
477-517.

WANG T J, FANG X L, SUN Y L, et al. Chinese Journal of Solid
Mechanics[J ], 2016, 37(6): 477-517.

(3] ZERHE, IR, XU BATIEEARI], 2013, 45(1): 45-60.
ZHU J G, XIE HM, LIU Z W. Chinese Journal of Solid Mechanics
[J], 2013, 45(1) : 45-60.

(4] B, XaE, TiMR, 55 BPESIRMELI], 2017, 36(14):
786-791.

YANG H B, LIU CH, DINGY D, et al. Electroplating & Finishing
[J], 2017, 36(14). 786-791.

[5] UWRAR, . AUashiklmiI], 2018, 38(2): 32-42
SHI J D, HE Q. Journal of Aeronautical Materials[J], 2018, 38
(2): 32-42.

(6] Jags, WaEE, Fims)l, 45 REHEARLT], 2000, 49(1): 12-131.
ZHOU L, XING Z G, WANG H D, et al. Surface Technology[J],
2020, 49(1). 122-131.

[7] YANGL, ZHOUY C, MAO W G, et al. Surface Review and Letters
[J7, 2007, 14(5) : 935.

[8] AHRENS M, VASSEN R, STOVER D. Surface and Coatings Tech-
nology[ J], 2002, 161(1); 26-35.

[9] PADTURE N P, GELL M, JORDAN E H. Science[J], 2002, 296
280-284.

[10] J#fe, XIAFAL, M, & BEAEI#2ER0T], 2010, 31(5):
504-531.

ZHOU Y C, LIU Q X, YANG L, et al. Chinese Journal of Solid Me-
chanics[ J], 2010, 31(5) ; 504-531.
[11] b4, W3CHEE, SURRE. JIZEERE[J], 2003, 033(004) : 548-559.

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

(28]

[29]

[30]

[31]

MA W, PAN W X, WU C K. Advances in Mechanics[ J ], 2003, 033
(004) : 548-559.

National Aeronautics and Space Administration(NASA). Research and
Development Program for Nonlinear Structural Modelling with Ad-
vanced Time Temperature Dependent Constitutive Relationships[ R ].
Washington D.  C.; NASA, 1981.

MH, FLT, Sori Al s raRi], 2014, 29(7):
1520-1526.

HAOY, QLHY, MA L Q. Journal of Aerospace Power[J], 2014,
29(7) ; 1520-1526.

HEl, RBR, IMVER, 45 ML
125-134.

LVK, XU Y Q, SUN J, et al. Journal of Aerospace Power[]],
2019, 34(1). 125-134.

EVANS H E, TAYLOR M P. Surface and Coatings Technology[J],
1997, 94-95. 27-33.

EFM. IR T RS ABhE[)], 2019, 214(3) : 83-84.

WANG S F. Mechanical Engineering & Automation[]J], 2019, 214
(3). 83-84.

SCHLICHTING K W, PADTURE N P, JORDAN E H, et al. Materi-
als Science and Engineering: A[J], 2003, 342(1/2) . 120-130.
ot XUMERS, B, S ARG, 2015, 140(4): 1-5.
ALS, LIUW B, ZHAO S Z, et al. Dongfang Turbine[J], 2015,
140(4) ;. 1-5.

VISWANATH S, LAKSHMINARAYANA H V, RAVINDRANATH D
D. International Journal of Fracture[ J|, 1989, 41(3): 45-50.

FAN X L, XU R, WANG T J. Ceramics International[J], 2014, 40
(9) : 13793-13802.

K, T, FIE, % REHARL], 2019, 48(1); 56-61.
LIDY, WANGRZ, LIWG, et al. Surface Technology[ J ], 2019,
48(1) : 56-61.

LI W, YANG F, FANG D. Acta Mechanica Sinica[ J |, 2010, 26(2) :
235-239.

FAN X L, XU R, ZHANG W X, et al. Applied Surface Science[J ],
2012, 258(24) : 9816-9823.

LI B, FAN X L., OKADA H, et al. Engineering Fracture Mechanics
[J7, 2018, 189; 451-480.

HE M Y, HUTCHINSON J W. International Journal of Solids &
Structures[ J ], 1989, 25(9): 1053-1067.

PETROVA V, SCHMAUDER S. Theoretical and Applied Fracture
Mechanics[J], 2020, 108: 102605.

UEDA S, MIZUSAWA S. Journal of Thermal Stresses[J], 2020, 43
(8) : 940-961.

LEO C VD, LUK-CYRJ, LIUH, et al. Acta Materialia J], 2014,
71(1) : 306-318.

JIANG P, FAN X L., SUN Y, et al. Materials & Design[]J], 2017,
132(15) : 559-566.

YANG S, PENG H, ZHANG T. Journal of Alloys and Compounds
[J], 2020, 832. 154955.

JING F L, YANGJJ, YANGZ M, et al. Materials Science and En-

3t

S JIFM[)], 2019, 34(1):

P



5511 T/ . IARRR R R G5 WA T 909

gineering; A[J], 2020, 776(3) : 139038. 163; 108224.
[32] Z=l8, JEM, THE% EspbrARI], 2000, 20(1): 33-39. [49] CHAUDHURY Z A, NEWAZ G M, AHMED T. Journal of Materials
LI J F, ZHOU X M, DING C X. Journal of Aeronautical Materials Science Letters[J], 1998, 17(1) : 85-87.
[J], 2000, 20 (1) 33-39. [50] DOLEKER K M, KARAOGLANLI A C, OZGURLUK Y, et al. Vac-
[33] sz, PMVEM. PUBIREOR[)], 2012(02) : 12-15. uum[J], 2020, 177 109401.
PENG J, SUN Y T. Thermal Spraying Technology [J], 2012 ((2): [51] LIY, LI CJ, ZHANG Q, et al. Journal of Thermal Spray Technology
12-15. [J], 2010, 19(1/2) ; 168-177.
[34] MIE, M, T4k, 5 METARI], 2010, 80(2): 180-182. [52] GAO L, GUO H, WEI L, et al. Surface and Coatings Technology[ J],
LIUY B, MA Z, WANG Q S, et al. Journal of Materials Engincer- 2015, 276 424-430.
ing[J], 2010, 80(2): 180-182. [53] BOLELLI G, RIGHI M G, MUGHAL MZ, et al. Materials & Design
[35] BI4LEE, SRMM, Mloxsx, 55 EAFESIR[I], 2016, 33(8): [J], 2019, 166 107615.

1785-1793. [54] &F, B4, MATR, % MRWISEAR1DT, 2017, 31(1) ., 9-17.

LIAO H X, SONG P, ZHOU H H, et al. Acta Materiae Compositae
Sinica [J], 2016, 33(8): 1785-1793.

RICOTTA M, QUARESIMIN M, TALREJA R. Composites Science &
Technology [J], 2008, 68(13): 2616-2623.

HENN, KR, TR R I2EEM [T, 2013, 33(S1):
99-104.

SUL C, ZHANG W X, WANG T J. Chinese Journal of Solid Me-
chanies[J], 2013, 33(S1): 99-104.

JEHRAR. PR 2 RS F A Z 0 R A CIRAFFE [ D],
L RO, 2014,

ZHOU C C, The Correlation of Residual Stress in TGO with Interface
Failure of Thermal Barrier Coatings[ D]. Xiangtan: Xiangtan Universi-
ty, 2014.

PRI, DA ER A LIE 55 257 T IARRR)Z TGO B8 T A A
UBFELD]. Mint: KRR, 2015,

CHENG J B. Numerical Study on TGO Undulation of Thermal Barrier
Coating under Fast Cyclic Thermo-Mechanical Fatigue Loading[ D ].
Nanjing: Southeast University, 2015.

RANJBARFAR M, ABSI J, SHAHIDI S, et al. Materials & Design
[J], 2011, 32(2) . 728-735.

CHEN J, ZHAO Y, ZHAO P. Journal of the Chinese Advanced Ma-
terials Society[ J], 2013, 1; 317-324.

T, O, TG BAKEEIR[)], 2017, 40(6) : 765-769.
FAN X L, ZHANG G H, JIANG P. Journal of Solid Rocket Technol-
ogy[J], 2017, 40(6): 765-769.

JIANG P, FAN X, SUN Y, et al. Ceramics International[J], 2018,
101(9) ; 4256-4261.

KANG Y X, BAIY, FANW, et al. Journal of the European Ceram-
ic Society[ J], 2018, 38(7): 2851-2862.

ZHANG H, WANG J, DONG S, et al. Journal of Alloys and Com-
pounds[ J], 2019, 785; 1068—1076.

fERRE, WS, WSl WA SRR S TR[T], 2018, 42
(12) : 3703-3709.

REN X X, JIANG P, FAN X L. Rare Metal Materials and Engineer-
ing[J], 2018, 42(12) . 3703-3709.

HUANG F, NIEM, LINJD, et al. Chinese Journal of Materials Re-
search[ J], 2017, 31(1);: 9-17.

fr, WREEE, ZEKMG, % hEZRm TALI], 2018, 31(2):
130-137.

YANG Z, CHEN G F, LI C P, et al. China Surface Engineering
[J], 2018, 31(2): 130-137.

KITAZAWA R, KAKISAWA H, KAGAWA Y. Surface and Coatings
Technology[ J], 2014, 238, 68-74.

SADOWSKI T, GOLEWSKI P. Frattura ed Integritt Strutturale[ J ],
2016, 10(35) ; 492-499.

ZIAEI A A, RAMEZANLOU M T. Journal of Mechanical Sciences
[J7, 2019, 150; 656—664.

MACK D E, WOBST T, JARLIGO MOD, et al. Surface and Coat-
ings Technology[J], 2017, 324, 36-47.

LEVI C G, HUTCHINSON J W, VIDAL SM H, et al. MRS Bulletin
[J7, 2012, 37(10) ; 932-941.

KUMAR R, JORDAN E, GELL M, et al. Surface and Coatings Tech-
nology[ J ], 2017, 327. 126-138.

KUMAR R, WANG J, JIANG C, et al. Journal of Thermal Spray
Technology[ J |, 2018, 27(5) : 781-793.

JUKEE, T, XU, & WA mEMES TARLT], 2017, 46
(1) 282-288.

KANG Y X, BAT Y, LIU K, et al. Rare Metal Materials and Engi-
neering[ J ], 2017, 46(1) . 282-288.

CAI Z, JIANG J, WANG W, et al. Ceramics International[J ], 2019,
45(11) ; 14366-14375.

ZHOU X, CHEN T, YUAN J, et al. Journal of the American Ceramic
Society[ J], 2019, 102(10) ; 6357-6371.

WESSELS K M. Elucidating the Mechanism of Bond Coat Cavitation
under CMAS-infiltrated Thermal Barrier Coatings[ D]. Santa Barbara;
University of California, 2016.

B, Amot, EAR, % SEHALHIT], 2017, 42(9):
160-167.

MA J T, DENG C G, WANG Y L, et al. Heat Treatment of Metals
[J], 2017, 42(9) : 160-167.

[47] CHENX, SUNY, HUJ, et al. Journal of the European Ceramic So-  [68] SU L, YI C. Ceramics Intemational [J], 2017, 43(12) ; 8893-8897.
ciety[ J], 2020, 40(4). 1424-1432. [69] WELLMAN R, WHITAMN G, NICHOLLS J R. International Journal
[48] SHEN Z, HE L, MU R, et al. Corrosion Science [ J], 2020, of Refractory Metals and Hard Materials[ J], 2010, 28(1) . 124-132.



910 rf AR %39 %
[70] KEYVANI A, BAHAMIRIAN M. Surface Engineering[J], 2017, 33 41-44.

(6): 433-443. [85] AHMADIAN S, BROWNING A, JORDAN E H. Seripta Materialia
[71] ITO K, SHIMA T, FUJIOKA M, et al. Journal of Thermal Spray [J], 2015, 97. 13-16.

Technology[ J], 2020, 29(7) ; 1728-1740. [86] LI C, JACQUES S, CHEN Y, et al. Journal of Applied Crystallogra-

[72]

[73]

[74]

[75]

[76]

[77]

[78

[

[79]

[80]

[81]

[82]

[83]

[84]

QU Z, WEI K, HE Q, et al. Ceramics International [ J ], 2018, 44
(7): 7926-7929.

TANG M, XIE H, ZHU ], et al. Materials Science and Engineering:
A[J], 2013, 565 142-147.

IBRAGIMOV A R, ILINKOVA T A, SHAFIGULLIN L N, et al. Re-
search Journal of Pharmaceutical Biological and Chemical Sciences
[J], 2016, 7(5): 2308-2317.

LIU H, LIANG L, WANG Y, et al. International Journal of Applied
Ceramic Technology[J], 2016, 13(6) : 1043-1052.

WANG L, FAN Q, LIU Y, et al. Materials & Design[J], 2015, 86:
89-97.

MA D, BAOY, WAN D, et al. Journal Chinese Ceramics Society[ J ],
2017, 45(7) : 995-999.

WEI Q, ZHU J, CHEN W. Journal of Thermal Spray Technology[J],
2016, 25(3) . 605-612.

P, I, BEZF, % OPEXRETR[I], 2019, 32(2):
16-26.

LIJC, HE Q, LV Y F, et al. China Surface Engineering[ J ], 2019,
32(2): 16-26.

kA, H R, mRY, E B EMT], 2019, 34(6):
1217-1224.

ZHANG J, XIAO J F, GAO S, et al. Journal of Aerospace Power[]J],
2019, 34(6) ; 1217-1224.

A, . hEERIEITAEL)], 2019, 32(3): 138-153.

XI C K, LI Q. China Surface Engineering[J], 2019, 32(3) . 138-153.
Ah, i, Tigsl, & REHEAR[T], 2019, 48(12):
369-375.

GUO W, DONG L. H, WANG H D, et al. Surface Technology[J],
2019, 48(12) . 369-375.

AR, ETEE. RMEAR[T], 2020, 49(10): 126-137.

YE D D, WANG W Z. Surface Engineering[J], 2020, 49(10):
126-137.

LI C, FAN X L, JIANG P, et al. Materials Letters[ J], 2018, 222

[87

[88

[89

[90

[91

[92

[93

[94

[95

[%6

]

]

[t

]

]

]

]

]

]

.

I L X X O X X S S S 1 S 1 S S 2 (2 X S X a2

phy[J], 2016, 49(6) : 1904-1911.

FIRDAUS A J KM, SLOAN R, DUFF C I, et al. Microwave Non-
destructive Evaluation of Thermal Barrier Coated Turbine Blades Using
Correlation Analysis: the IEEE 2016 46th European Microwave Confer-
ence Report[ R]. London; EuMC, 2016.

WATANABE Y, YONEZU A, CHEN X. Journal of Nondestructive E-
valuation[ J |, 2018, 37(1): 1-11.

FAHR A, ROGE B, THORNTON J. Journal of Thermal Spray Tech-
nology[ J], 2006, 15. 46-52.

By e, BM, ERE, F oA sl AR [J/0L], 2020,
(2020-10-26) [2021-11-06]. http: //kns. cnki. net/kems/ detail/
11. 4387. V. 20201026. 0848. 002. html.

XIAK L, GE C, WANG Q T, et al. Aeronautical Manufacturing
Technology[ J/OL], 2020. (2020-10-26)[2021-11-06]. http: //
kns. enki. net/kems/ detail/11. 4387. V. 20201026. 0848. 002. html.
KRIMI S, KLIER J, JONUSCHEIT J, et al. 41st International Confer-
ence on Infrared, Millimeter, and Terahertz Waves[ C]. Copenhagen:
IEEE, 2016.

CHEN C C, LEE D J, POLLOCK T, e al. 34th International Confer-
ence on Infrared, Millimeter, and Terahertz Waves [ C]. Busan:
IEEE, 2009.

WHITE J, FICHTER G, CHERNOVSKY A, et al. Review of Progress
in Quantitative Nondestructive Evaluation [ J ], 2009, 1096 (1):
434-439.

AR, ETE, JHE
91-97.

YE D D, WANG W Z, ZHOU H T, et al. Surface Engineering[J],
2020, 49(5) ; 91-97.

CHRISTENSEN R J, LIPKIN D M, CLARKE D R, et al. Applied
Physics Letters[ J], 1996, 69(24) . 3754-3756.

JIANG P, YANG L Y, SUN Y L, et al. Journal of the American
Ceramic Society[J], 2021, 104(3) . 1455-1464.

g, A RMELAR[T], 2020, 49(5):

(% )

B S S S S S K X S S S S S S & S S S S A 2

R BRATLE R

SEFW. B, 198 4F
2o S B TN 3PN
Wiz A, WA
S, HLMEE S
PRl [ 5K S50 = Al
FL, KNS HTFREE
R O A O R BT R
PS5 56 2 5 B R O
R, FREZRFHEZ,
TAF ., J5 B AR
P A, B AT

Jai, A AR Kb A
KA Wi TSR
MR B LR, T E R
K, R, b E TR
YYHE I BE S I H 50
AT, W T 5B
KGR 2kt
Wity 31 55 4 06 % 4% 45 ok
AR, A EFH 2R
el I 56 2 A% 15 A% I
T B Tl 35 1T A BA

B, & SCT X 70
A, HIE/RAECE ) 40
I G MR TR
JEREERE S A
(i TREAM RS R T
IR (FRKLEH)
ARBR P A AR K — 4
B BEVE A E B R
HA AL R 2020 4E b E
PRI AR (A
N) o HAEPEFy 24

Mg PEEEH
BESHETAEZRN S
B AL, TR
PR R IFEARZ B
SFEAT, WRE KT EE
PR R E AR ZE R
S0, FH{E Modern Con-

OCE 4

cepts in Material Science )
j{éﬁ, Journal of Advanced
Ceramics, Coatings, Nano-

Materials 9m7Zs



