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Fig.1 Side-face microscopy of the EB-PVD ceramic layer after iso-thermal heat treatment
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Fig. 2 Experimental resuls of nano-indentation tests
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Fig. 3 The load-displacement curves during nanoindentation tests
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Fig.4 The mass growth behaviors during oxidation tests Fig.5 Schametic image showing the mixed-mode

interfacial fracture toughness tests of bi-layer materials
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Fig. 6 Photographs of the test facilities and specimens in the mixed-mode interfacial fracture toughness tests
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Fig. 7 Curves of the phase-related critical energy release rate
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Tab.1 Experimental scheme of the four thermal-cycling tests
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Fig. 9 Microscopic images near the TBCs interface after 350 cycles without hold time
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Fig. 10 Microscopic images near the TBCs interface after 100 cycles with 1200s hold time

3.2 AmEAREBEHRFEIR

G B R AR R AR R P AT BT B BT 8 HCJRE E D 5 FEUC, TGO JR A A K HAAR Rl 2L B
J5 S AE W B R R4 2 SR R R R AR T2 DT 10min w5 PR R P06 B0 10 A [6) 2 b 7E T 1 5
TGO JZ-F WAL R FG LR AT Uk, i) B 2 AU BE 1 P47 5 i 28, 3 1 B T 3 1 5% T £
Y0 I n A TGO JZ-RE 5 2 A m Ak th 3L 17 P AT I A A 280, D22 i 20min it O/ il A9 28 100 JH
YR S 6 25 SR Ry 461, S 1T R ST B SRS R AN P 10 T W] LU Y s — T PR 2 ISR R A T R ] Y
Bl JZ N E T R AL R & E B O A HOR B R AR T W R O — T . R TR R 4



55 il R A B U R - R A A R BUTHT i AL 5 T SR BB ) S SR AT 5 543

J2 5 1 Ak R A B Y sk B G 8 2R B AL D |

MNBEAT T it Pk P ) 280 S S 1] 28 3 38 o ) B 57 0 03 IR SR AR R de B B SRR i TGO
J2- S LB 5 R 78 A0 B A Ay B B8 )2 1 e AR GE L AL M AR R e 5 1) L o G 4 )2 B I % A
Bty 3 PR S )2 UG TR R P A G 45 )2 LT L e 2 -3 TBCs 19 2 808 2 iy P 1 2 0% A6 e Ak i R i 5
b 88 J2 IR R RO AT

4 28

AR SR 22 b S T7 0k  BE S BB U 2 - R AR 2R B SR TP BE L T EDRE OUL AL 5 1A AR B4 8 55 1
LV RE A TR BOE i I R ROk L A B 3 S fROU R A it R A R L 2 RUBE BRI 55 PR RAT .
et id 1173K AT 1323K T By v T S8 A 52 B0 00F 50 K5 205 )= 1 Bt S8 AL E I MR 88 J= - K 45 = 5 1T B 30 9 ot 45
R AR AIE 5 L, £ 1 — ol 22 AR 7 A 550 10 BB 2000 1 00 1K 07 05 45 81 TBCs F 1T A9 I 55t BE B 0 i 25 il il
SR 3o B PR T O ST LA g 58 BE PRk FRAE S R0 SR RGN 5 B JR R AT T TBCs- 2R & A
8 B S 56 388 3 LB 41 B — o S U T B 30 4 R A L A AR R R R 5 R OB R R R . AR
AT A ) T TBCs G W7 2440 1 A 458 0 16 A R LA K% gl 550 T D 228600 1 B0 O 5 [ 3 A BRIOUE 9 £
JRE fige TR S T ) 004 IR I Ak AT A v 25 TEORE L B P i I ) S

S Uk

[1] Schulz U, Saruhan B, Fritscher K, et al. Review on advanced EB-PVD ceramic topcoats for thc applications [J].
Int J] Appl Ceram Tec, 2004, 1:302—315.
[2] Thompson J A, Clyne T W. The effect of heat treatment on the stiffness of zirconia top coats in plasma-sprayed
TBCs [J]. Acta Mater, 2001, 49:1565—1575.
[3] Zotov N, Bartsch M, Chernova L, et al. Effects of annealing on the microstructure and the mechanical properties of
EB-PVD thermal barrier coatings [J]. Surf Coat Tech., 2010, 205:452—464.
[4] Zotov N, Bartsch M, Eggeler G. Thermal barrier coating systems - analysis of nanoindentation curves [J]. Surf
Coat Tech, 2009, 203:2064—2072.
[5] Guo S Q, Kagawa Y. Effect of thermal exposure on hardness and young’s modulus of EB-PVD yttria-partially-
stabilized zirconia thermal barrier coatings [J]. Ceram Int, 2006, 32:263—270.
[6] Tang F. Schoenung J M. Evolution of young’s modulus of air plasma sprayed yttria-stabilized zirconia in thermally
cycled thermal barrier coatings [ J]. Scripta Mater, 2006, 54:1587—1592.
[7] Rice ] R. Elastic fracture-mechanics concepts for interfacial cracks [J]. J Appl Mech-T ASME, 1988, 55:98—103.
[8] Suo Z G, Hutchinson ] W. Interface crack between 2 elastic layers [J]. Int J Fracture, 1990, 43.:1—18.
[9] Qi HY. Yang X G, Wang Y M. Interfacial fracture toughness of APS bond coat/substrate under high temperature
[J]. IntJ Fracture, 2009, 157:71—80.
[10] Guo S Q. Mumm D R, Karlsson A M. et al. Measurement of interfacial shear mechanical properties in thermal
barrier coating systems by a barb pullout method [J]. Secripta Mater, 2005, 53:1043—1048.
[11] Charalambides P G, Lund J, Evans A G, et al. A test specimen for determining the fracture resistarim of
bimaterial interfaces [J]. J Appl Mech-T ASME. 1989. 56:77—82.
[12] Hofinger I. Oechsner M, Bahr H A. et al. Modified four-point bending specimen for determining the interface
fracture energy for thin, brittle layers [J]. Int J Fracture, 1998, 92:213—220.
[13] Yamazaki Y. Schmidt A, Scholz A. The determination of the delamination resistance in thennal barrier coating
system by four-point bending tests [ J]. Surf Coat Tech, 2006, 201:744—754.
[14] Vasinonta A, Beuth J L. Measurement of interfacial toughness in thermal barrier coating systems by indentation
[J]. Eng Fract Mech, 2001, 68:843—860.
[15] Qi H Y. Yang X G, Wang Y M. Interfacial fracture toughness of APS bond coat/substrate under high
temperature [ J]. Int J Fracture, 2009, 157:71—80.
[16] Zhou Y C, Hashida T, Jian C Y. Determination of interface fracture toughness in thermal barrier coating system

by blister tests [J1. J Eng Mater-T ASME, 2003, 125:176—182.



544 D N (2012 4F) 45 27 4%

[17] Soboyejo W O, Lu G Y, Chengalva S, et al. A modified mixed-mode bending specimen for the interfacial fracture
testing of dissimilar materials [J]. Fatigue Fract Eng M, 1999, 22:799—810.

[18] Arai M, Kajima Y, Kishimoto K. Mixed-mode interfacial fracture toughness for thermal barrier coating [J]. Eng
Fract Mech, 2007, 74:2055—2069.

[19] Wang J S. Suo Z. Experimental-determination of interfacial toughness curves using brazil-nut-sandwiches [ J].
Acta Metall Mater, 1990, 38:1279—1290.

[20] Mello A W, Liechti K M. The effect of self-assembled monolayers on interfacial fracture [J]. J Appl Mech-T
ASME, 2006, 73:860—870.

[21] Swadener J G, Liechti K M. Asymmetric shielding mechanisms in the mixed-mode fracture of a glass/epoxy

interface [J]. J Appl Mech-T ASME, 1998, 65:25—29.

Experimental Investigation on High-Temperature Fatigue
and Fracture Properties at the Interface Between Thermal Barrier
Coatings (Tbcs) and Nickel Based Superalloy Substrate

SHI Hui-ji, ZHANG Yang-yang, DENG Hong-xia
(AML, School of Aerospace, Tsinghua university, Beijing 100084, China)

Abstract: Employed as thermal protection coating for engine blades, thermal barrier coatings (TBCs)
can significantly increase service life of these components in a high-temperature environment. A
systematic investigation on the properties of interface between TBCs and nickel based superalloy
substrate was carried out. The elasticity modulus of ceramic layer, the hardness of ceramic coat and
the microstructure change near the ceramic layer - adhesive layer interface before and after isothermal
heat treatment were experimentally obtained and compared. Results show that during isothermal heat
treatment, the ceramic coat sintering has occurred but there is not phase transformation; besides,
both Young’s modulus and the hardness increase first then decrease along with the heat treatment
time increasing; the thickness of oxide layer grows along with the heat treatment time and
temperature increasing. Moreover, by using multi-phase angle interfacial fracture toughness test
method proposed in this paper, a failure criterion for TBCs interface was established in terms of stress
intensity factors as characterization parameters. Assuming the interfaces is viscous contact, the
evolution of interface carrying capacity along with the increasing of ceramic coat Young’s modulus and
oxide layer thickness was predicted. Thermal fatigue properties and failure mechanism of interface
between TBCs and nickel based superalloy substrate were investigated by thermal cycling test.
Results reveal that along with the increase of thermal cycle temperature holding time, the fatigue life
increases first then decreases, and the failure mode translates from single interface failure into both
interface failure and ceramic failure.

Keywords: thermal barrier coatings (TBCs); nickel-based superalloy; interfacial failure mechanism;

thermal-cycling fatigue behavior



