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Numerical study of failure mechanisms on plasma
sprayed thermal barrier coatings

HU Hao-ju', ZHANGJian-yu', YANG Xiao-guang’ ,
L | Zhi-yong" ,FEI Birrjun*
(1. ‘School of Aeronautic Science and Engineering,
Bejing Universty of Aeronautics and Astronautics, Beijing 100191, China;
2. <chool of Jet Propulsion,
Beijing University of Aeronautics and Astronautics, Beijing 100191, China)

Absgtract : A numerical ssmulation of a cylindrical system with plasma sprayed thermal
barrier coatings under typical thermal loading was conducted, and the failure mechanisms
were analyzed based on the stressesin ceramic coat. It isfound that ,there are two types of
interfacial (transverse) cracking patterns of the ceramic coat: in the cooling process, mode

is vulnerable to crack at the peak postion of the cosine curve, and mode  at the middle
podtion; in the heating process, interface edges are introduced into the ceramic coat/ sub-
strate system as a result of the vertical cracks emergence, and the ceramic coat will trans
versely crack at these positions because of the stress concentration effect.

Key words: thermal barrier coatings; viscoplasticity; stress analyss; interfaces;
finite element method
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Table 1l Material parametersat different temperatures
504 m, A m. TK E10°Pa y /10 °K™!
293 211 0.33 14.8
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1 673 188 0.33 15.6
! ! Substrate
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3 2
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ceramic
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Bond coat
873 160 0.33 16.2
(a) JLFTRLRY
1073 145 0.34 16.9
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b) J )=kl 7T M
(b) UK B J=38 A B 7T M 4% 473 47 0.1 9.2
2 673 44 0.1 9.6
Ceramic
Fg.2 Finite element model 873 40 0.11 10.1
1073 34 0.11 10.8
1.3 1273 26 0.12 11.7
' Wal ker
107
[13],
’ , FORTRAN
’ M SC. Marc
haral ambi
ol ' Charalambi des Hypela Marc . Wal ker
Demas ' Hastelloy- X , 871

(1600 ),



1088

25

2.1

[15].

[78]

[14]

Wal ker

[16]

& 2(b)

P L]

650

P.V
,P.E

Hl1 I8 Y #7 6/MPa

& I7) . f) 6/MPa

150
100
50

.50
_100f
_150f
—200f
—250(

-300

1 1 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600
NGNS
(a) BRI B2 g

150
100
50

=50
-100
-150

=200

=250

_20n L
300 0

L 1 L 1 I I
100. 200 300 400 500 600

I T)e/s
(by T Ny

3

Fig.3 Curvesof stressesof different

local places vs.time

27 35MPa (el

500

[17]

400



1089

400 . 2.1
4(a) 7 1
4 , 20MPa,
AB.C , , 5MPa,
A.V,B.V,CV AB.C MPa, » 22MPa,
JA.E,B.E,C.E ’ ’
AB.C , /
3 L]
1 1 4 !
4(a) : (6]
, (6]
500 , SMPa,
t t 4 ( b)
' 5
40
30F -— Ceramic coat —_—
£ e p s Sub R |
N—_—_— . -~ ubstrate —
A== =L
g (a) TEREMING & 2/ AR S R B
:<\'_j o T
I ‘ L L
30} L \CV
L _>0'C
40y 100 200~ 300 400 500 600 -— T G# Gi T —
IN i) ¢/s = 5 ¥ —
(a) F2In N i < e
(b) A M ERERT N IPREREE
5
< Fig.5 Thermal barrier coating system
=
5
E 5(a)
I
;2R !
X
20 M P L TR 1 L TR 1 (y ) ! !
0 100 200 300 400 500 600 . 5(b)
el t/s
(b) 1-27H I BTN 1 '
4 [18] X
Fig.4 Curvesof stressesof different ] Oc

local places vs.time



1090

25

[1]

[2]

[3]

L [19] . ,

T o,

. [18,20]
2.1 ,
1) l
400
2)
3)
4)
[3]. ,2003 ,23(4) :548-559.

MA We ,PAN Wenxia, WU Chengkang. Progress in re-
search on the materia properties and failure mechanisms
of thermal barrier coatings[J]. Advances in Mechanics,
2003 ,23(4) :548-599. (in Chinese)

Nuser S Q,Newaz G M, Chaudhury Z A. Experimental
and analytical evaluation of damage processes in thermal
barrier coatings[J]. International Journa of Solids and
Structures,2000 ,37(18) :2495-2506.

Ali M Y ,Nuser S Q,Newaz G M. Mechanics of damage

[4]

[5]

[6]

(7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

initiation and growth in a TBC/ superaloy system[J]. In-
ternational Journal of Solids and Structures,2001 ,38(19) :
3329-3340.
Wang J S,Evans A G. Hfects of strain cycling on buck-
ling ,cracking and spalling of athermally grown aluminaon
a nickel-based bond coat[J]. Acta Materialia, 1999 ,47(2) :
699-710.
Evans A G,He M Y, Hutchinson J W. The ratcheting of
compressed thermally grown thin films on ductile sub-
strates[J]. Acta Materialia,2000 ,48(10) :2593-2601.

[J1. ,2008,23 (2) :
270-275.
WEI Hongliang, YANG Xiaoguang, QI
Sudy of failure mode and failure mechanisms on thermal

Hongyu, et a.

fatigue of plasma sprayed therma barrier coatings[J].
Journal of Aerospace Power ,2008,23 (2) : 270-275. (in
Chinese)
Z:02 [3].
,2004(3), :17-25.

LT Qilian., Research on‘thermoshock failure of zrconia
TBCs deposited by plasma spraying[J]. China Surface En-
gineering-,-2004(3) 117-25. (in Chinese)

[J1. , 2004,30(10) :
919-924.
XU Huibin’, GON G Shengkai ,CHEN Ligiang et a. Failure
process of thermal barrier coatings under therma and me-
chanical loading[J].Journal of Bejing Universty of Aero-
nautics and A stronautics,2004 ,30(10) :919-924. (in Chi-
nese)

[J]. , 2002 ,17(4) :432-436.
YAN G Xiaoguang , GEN G Rui. The analyssof 2D temper-
ature and thermal stress of TBC-coated turbine vane[J].
Journal of Aerospace Power ,2002,17 (4) : 432-436. (in
Chinese)
ZHOU Chungen ,WAN G Na,XU Huibin. Comparison of
thermal cycling behavior of plasma sprayed nanostructured
and traditional thermal barrier coatings[J]. Materids Sci-
ence and Engineering ,2007 ,452-453 :569-574.
Charalambides P G,Mcmeeking R M. Near-tip mechanics
of stressinduced microcracking in brittle materials[J].
Journd of the American Ceramic Society,1988,71 (6) :
465-472.
Demas J T ,Sheffler K D,Ortiz M. Thermal barrier coat-
ing life prediction mode development phase [R].
NASA/ CR-182230,1989.
Chulya A ,Wa ker K P. A new uniformly valid asymptotic
integration agorithm for easto-plasticcreep and unified
viscoplastic theories including continuum damage [ R].
NASA TM-102344 ,ICOM P-89-22,1989.

. , - J1.



1091

[15]

[16]

[17]

,2001 ,18(4) :424-434.
FEN G Minghui ,L U Hexiang, GUO Yufeng. A theory of
the visco-éastic-plastic unified constitutive model and
comparison with others[J]. Chinese Journa of Computa
tiona Mechanics, 2001 ,18(4) :424-434. (in Chinese)
Nisdey D M ,Meyer T G,Waker K P.Life prediction and
constitutive model sfor engine hot section anisotropic mar
terials[ R]. NASA/ CR-189233 ,1992.
XIE Wangang ,Jordan E, Gell M. Stress and cracking be-
havior of plasma sprayed thermal barrier coatings usng an
advanced constitutive model[J]. Materials Science and En-

gineering:A ,2006 ,419(1-2) :50-58.

1 ’ 1

[18]

[19]

[20]

[J]. , 2002(4) :39-41.

SHEN Jinwen, L U Guangshu, MA Zhuang, et a. The
crack forming and developing of thermal brrier coatingsin
thermal shock [J]. New Technology and New Process,
2002 (4) :39-41. (in Chinese)

Yu H H,He M Y, Hutchinson J W. Edge efectsin thin
film delamination [J]. Acta Materialia, 2001, 49 (1) :
93-107.

Agrawal D C,Ra R. Measurement of the ultimate shear
strength of a metal-ceramic interface[J]. Acta Metallurgi-
ca,1989,37(4) :1265-1270.

[M]. ,2006.



