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Analysis of local stress at hole edge of air-cooled blade with
thermal barrier coatings
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(1. School of Energy and Power Engineering, Beihang University, Beijing 100191, China;
2. Jiangxi Research Institute, Beihang University, Nanchang 330096, China)

Abstract: The stress distributions of the thermal barrier coating-substrate system with a hole under
thermal mismatch were calculated using finite element method. Calculation results indicated that the
interfacial normal/shear stress concentration occurred at the edge of the film hole, and higher
circumferential stress existed near the edge of the hole. The coating near the hole edge was prone to
cracking and spalling. The effects of the thickness of the ceramic layer, the outer diameter of the model,
the thickness of the oxide layer, the hole diameter, and the temperature distribution on the local stress near
the hole edge were calculated and analyzed. Results revealed that the region with interfacial normal
and shear stress became larger while the thickness of the ceramic layer increased. The outer diameter of the
sub-model, which was used to calculate the stress near the edge of the film hole, should be greater than the
sum of four times of the ceramic layer’s thickness plus half of the diameter of the hole. Under the cooling
condition, the interfacial normal and shear stress increased with the thickness of the oxide layer. At high
temperature, the circumferential stress at the edge of the ceramic layer near the hole decreased with the
diameter of the hole. The interfacial stress and circumferential stress near the hole edge increased in the

case of non-uniform temperature distribution.

Keywords: thermal barrier coating; film holes; finite element modeling; interfacial stress;

stress distribution
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numerical calculation in terms of the characteristics of the film hole
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temperature differences and the thicknesses of TGO
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Hum Trg P AR m] TC FLs A 1 1
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Fig. 10 Distributions of the normal and shear stress at the TC
interface for different boundary conditions while /=20 °C

N ITRESERESHENZERBER, BRHEEN
2H,, I ST ) 0 W ) B K AH 22 53K B 3.41%,
VIR 1 e KA 22 53K 3 1.46%. Ji 1) 1E B J1 22 57
BIUNT 1%, 0] WLAE: 7 rfrae B AL e S il iy
(] S ASE R SRy 1SR 53T L300 SRy 3 L 7 = AT AT Y
45 A 21 WSS, TR 1n) RSF K F
4H, S5EHILERZ M s Zablh SR i
- F 4 FLIEIFE 29 3 mm, A< 54015 v e 5 2 VL
(250 pum) 19 12 fi% . AR SO S 315 v 7 2 458 B
12H,., #6 AMEL JE AR 162 7%, 43 BT 4 A2 SRR BE
FLAR I 53 A7 X FLds Ja 3B I8 7 R 5 1 o

23 |UEEEXFLIAN AR

Wit o o U IR ASE s ) A 15 m, AR Ak 2 R 3 W
B, 0L 2 R B R R R A 2 R S
VT RUIE Lo, Hov 7 v AR A8 Bt [ 200, {EL AR i
T BRI P A2 I R T 2 RN A
452 o K IRA S5 U 2 2 S5O I 1 8L 2 I SR
JEZ) R 6~10 pm' 2,

BB 45 4 v B 8 2 )R E A 250 pm, A S5
A, Sy SR E AR R Hy,, 9 1.2.3.5,. 8 um
B, 9 2K 2 40 1150 C IRAEIRS T AA 205
TR 7 o AN (] A8 J2 JBE B XoF Iy 1) 5 T )
WE 11 FR, 1150 °CF B4R ) R 77 A& 18] B g
W25,



2196 o= 3

VAN S 1

537 %

® 4 RESNEREREATHEERRERIILL

Table 4 Comparison of stress calculation results and differences of different model outer diameters
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Fig. 11 Distributions of the normal stress and shear stressat the
TC interface for different thicknesses of

TGO layer while =20 C
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Table 5 Radial stress inside TC layer and the maximum
value of the circumferential stress in the TC layer near the
hole while =1 150 C for different thicknesses of TGO layer

Hyum TC WAL 1)) TC fLiAJA 11 g
° o/MPa R K{H 0./MPa
1 24.55 35.26
2 24.48 35.39
3 24.42 35.53
5 24.28 35.79
8 24.09 36.17
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Fig. 12 Distributions of the normal and shear stress at the TC

interface for different hole diameters while /=20°C
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Table 6 Radial stress inside the TC layer and the
maximum value of the circumferential stress in TC layer

near the hole under 1150 °C against the diameter of the hole

R TC PI#BAR I 1 7 TC FLA R w1
o o/MPa KA 0. o/ MPa

1 24.49 41.88

2 24.55 35.26

3 24.53 31.74

4 24.43 29.66
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Fig. 13 Illustration of the distribution of temperature along the

radial direction
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Fig. 15 Distributions of the normal and shear stress at the TC

interface for different temperatures near the hole while the

temperature difference of 200 °C along the radial direction
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direction for different temperature distributions along the radial direction (=900, 1100 °C)



%1040

PR A AP PR IR )2 S i R fLIL R R

y MN ARAZJE A1 B JH T

0/MPa —— —
—36.01900 —8.40747 19.20410 46.81500
(a) £,=900 °C, At=150 °C, &M/ 15
|
. y SRAS T 5 A
MX __
0/MPa '——— E— —
—50.30300 —24.22960 1.84384 27.91700

(b) £,=900 °C, At=150 °C, WML IY 1 4345
|

Ay N AN
Xy IMX ]
0/MPa —— S— —
—28.83150 2.68368 34.19890 65.71400

(©),=900 °C, At=150 °C, #1434

17

2199
I MN KA B ME & 1HT
y
A . MX A
Q
0./MPa
—3.35884 20.58840 44.53570 68.48200

(d) 4,=1100 °C, Ar=150 °C, L5310
KAF ﬁ/ﬁwrﬂﬂﬁ

(%» Mﬂ__ ]

—
53.79700

0/MPa ——

—17.63910 6.17312 29.9853

(e) £,=1100 °C, A=150 C, JW£e ) 1 4345

HRASIE B M S 1
H |
EIE LMX |
0./MPa
4.78924 31.03040 57.27160 83.51200

() £,=1100 °C, A=150 C, JLAL 1 4345

RRRBEM I TC B AR T 0. 434

Fig. 17 Distributions of the circumferential stress ¢.in TC layer for different temperature distribution forms

3 & &

ARCFETAHRICEE, B A oL Rz
58 B PR AF AR DA TR 5, A LR U = 454
BE 34T 10 . AR RS IR UE 1R T
BT T R TR = e A i fL R A R AT,
P T PR 5 T E TSR ST O i,

BT PEO Ve e A PR R SR S5 SRR )
et TR . TR R R ARIEE . AL

A UL AR X 5) 23 A X U SR AL R S g R
Mo, A5 220 F 4518

1) IR )2 AR R GEAE VS FALAY A H 30 B 3T #
KPR A BN S5 b, TR F i &3 A
T4k BRI 1) 1B N R F R, R RES TR TR
JZE BT RSB R, il T R R = L2 A 16
BN SR, 2 S B A ) IR 2 S

2) b e S PR B A 23 AR TR TR S T T
YURJE AR AR I, B e 2 TR B 10 6 R e A1
TV S B SR 1) XE R FIRE T FLIA RO )
DA FL I A B B 5 e 8 S22 5 Y L X — T 2
2500 D A1 R L ST T A 4 A6 2 RO
AN [ W T 2 T2 Xk g P 7 7 73 Ay AT — s AR
=4 2 fL i i BRSSP R R R HLE R T 4 i, B
T 5 o) 1E R ) 5 SRR 1 24530 0 MPa. 7RI
HEAl b R AL TR A AR ) ROSE, B E T A
YA ) ] (9 e/ MELRE R T 4 4% 88 J2 R B 5 7%
LR A,

3) BE& SAALJZ N )R, Vo 12 E R, AL

Mﬁﬁ%ﬁﬁfﬁﬂﬁﬁw W )R KAESIHER,

i T P SR AL A 1 L T A O LA
m& X BT ) R R /0N, (EL I AL AR R
N SN Gk Y P N I AR BT 4 N LE K A

4) R EWTAR 1 AR I A o0 A e T AL I SR

JOE T3 70 A R R, B R R T IRIRTE SR TR
AL & o) TE N 3 ANV A0 A ST 1 LE N g DL
FLEYIN S o

Sk

[ 1] TR, S8R, JR5 T, 48 el 2 S i S LA SR e
%% [EB/OLY]. [2022-04-19]. https://kns.cnki.net/kcms/detail/11.2297.
v.20220328.1247.002.html.

[2] MENSCH A, THOLE K A, CRAVEN B A. Conjugate heat trans-
fer measurements and predictions of a blade end wall with a ther-
mal barrier coating[J]. Journal of Turbomachinery, 2014, 136(12):
1-11.

[3] HARDWICKE C U, LAU Y C. Advances in thermal spray coat-
ings for gas turbines and energy generation: a review[J]. Journal of
Thermal Spray Technology, 2013, 22(5): 564-576.

[4] skFIL, ®E &, EMEH, 5. CMASE & F AR 2 A

FB M. AL 23 B 97 %41, 2021, 36(8): 1702-1711.
ZHANG Zifan, HAN Yandong, WANG Weizhe, et al. Interface
failure analysis of thermal barrier coatings under CMAS penetra-
tion[J]. Journal of Aerospace Power, 2021, 36(8): 1702-1711. (in
Chinese)

[5] XV, M2, B, 5. W50 Jr B e I J22 IR A I B

J1 BCE B, WL R 2 2 4 (A SR B2 iR, 2020, 42(3):

107-115.

LIU Zhiyuan, XIAO Jie, YANG Li, et al. Numerical simulation of

thermal insulation performance and stress of thermal barrier coat-

ings on turbine blades[J]. Journal of Xiangtan University (Natural

Science Edition), 2020, 42(3): 107-115. (in Chinese)


https://doi.org/10.1007/s11666-013-9904-0
https://doi.org/10.1007/s11666-013-9904-0
https://doi.org/10.13224/j.cnki.jasp.20200374
https://doi.org/10.13224/j.cnki.jasp.20200374
https://doi.org/10.1007/s11666-013-9904-0
https://doi.org/10.1007/s11666-013-9904-0
https://doi.org/10.13224/j.cnki.jasp.20200374
https://doi.org/10.13224/j.cnki.jasp.20200374

2200 ito= d  w R B 37%
(6] F 1, Filg3l, KA 2%, 5. 3Bk 20 7 7 A2 BLI B 43 A method for calculation of residual stress in thermal barrier coating[J].

(7]

[8]

(9]

(10]

(1]

[12]

[13]

[14]

EAE[J]. AR 3R, 2021, 35(17): 17143-17149

WANG Li, WANG Haidou, DI Yuelan, et al. Stress generation
mechanism and distribution characteristics in thermal barrier coat-
ings[J]. Materials Reports, 2021, 35(17): 17143-17149. (in Chi-
nese)

SUHIR E. An approximate analysis of stresses in multilayered elas-
tic thin films[J]. Journal of Applied Mechanics, 1988, 55(1): 143-
148.

SUHIR E. Predicted thermally induced stresses in, and the bow of,
acircular substrate/thin-film structure[J]. Journal of Applied Physics,
2000, 88(5): 2363-2370.

JIANG Jishen, MA Xianfeng, WANG Biao. Stress analysis of the
thermal barrier coating system near a cooling hole considering the
free-edge effect[J]. Ceramics International, 2020, 46(1): 331-342.
MENG Zewei, LIU Yongbao, LI Yujie, et al. An analytical model
for predicting residual stress in TBC-film cooling system consider-
ing non-uniform temperature field[J]. Journal of Applied Physics,
2021, 129(13): 1-13.

JIANG Jishen, WU Di, WANG Weizhe, et al. Fracture behavior of
TBCs with cooling hole structure under cyclic thermal loadings[J].
Ceramics International, 2020, 46(3): 3644-3654.

ROSLER J, BAKER M, AUFZUG K. A parametric study of the
stress state of thermal barrier coatings: Part I creep relaxation[J].
Acta Materialia, 2004, 52(16): 4809-4817.

FRRZE, 2 O AR U 2 0 S R I R (M. 95 22
VU 2 5250 K 2 A, 2016.

W be't, Bk, A& B . — R IR] (0 R 3O J22 R AR 1 0 43 AT
Tk B S5 RATie [9). B As 80 F1 254k, 1997, 12(3): 239-242.
YANG Xiaoguang, GENG Rui, XIONG Changbing. A simple

[15]

[16]

[17]

(18]

[19]

(20]

[21]

[22]

Journal of Aerospace Power, 1997, 12(3): 239-242. (in Chinese)
ALI M Y, CHEN X, NEWAZ G M. Oxide layer development un-
der thermal cycling and its role on damage evolution and spallation
in TBC system[J]. Journal of Materials Science, 2001, 36(18): 4535-
4542.

HSUEH C H, LUTTRELL C R, LEE S, et al. Interfacial peeling
moments and shear forces at free edges of multilayers subjected to
thermal stresses[J]. Journal of the American Ceramic Society, 2006,
89(5): 1632-1638.

i ox . A5 B TR TR R Z 1 IR A M R (M. b st A A
th AL, 2018.

WEE S, DO J, KIM K, et al. Review on mechanical thermal proper-
ties of superalloys and thermal barrier coating used in gas turbines[J].
Applied Sciences-Basel, 2020, 10(16): 1-24.

LU Z, MYOUNG S W, KIM E H, et al. Microstructure evolution
and thermal durability with coating thickness in APS thermal barri-
er coatings[J]. Materials Today:Proceedings, 2014, 1: 35-43.
NAYEBPASHAEE N, SEYEDEIN S H, ABOUTALEBI MR, et al.
Finite element simulation of residual stress and failure mechanism
in plasma sprayed thermal barrier coatings using actual microstruc-
ture as the representative volume[J]. Surface and Coatings Technol-
ogy, 2016,291: 103-114.

RABIEI A, EVANS A G. Failure mechanisms associated with the
thermally grown oxide in plasma-sprayed thermal barrier coatings[J].
Acta Materialia, 2000, 48(15): 3963-3976.

GUPTA M, SKOGSBERG K, NYLEN P. Influence of topcoat-
bondcoat interface roughness on stresses and lifetime in thermal
barrier coatings[J]. Journal of Thermal Spray Technology, 2014, 23
(1/2): 170-181.

(it TEE)


https://doi.org/10.11896/cldb.20050158
https://doi.org/10.11896/cldb.20050158
https://doi.org/10.1115/1.3173620
https://doi.org/10.1063/1.1286096
https://doi.org/10.1016/j.ceramint.2019.08.267
https://doi.org/10.1016/j.ceramint.2019.10.084
https://doi.org/10.13224/j.cnki.jasp.1997.03.004
https://doi.org/10.13224/j.cnki.jasp.1997.03.004
https://doi.org/10.1023/A:1017959509216
https://doi.org/10.1111/j.1551-2916.2006.00924.x
https://doi.org/10.1016/j.matpr.2014.09.009
https://doi.org/10.1016/j.surfcoat.2016.02.028
https://doi.org/10.1016/j.surfcoat.2016.02.028
https://doi.org/10.1016/j.surfcoat.2016.02.028
https://doi.org/10.1016/S1359-6454(00)00171-3
https://doi.org/10.11896/cldb.20050158
https://doi.org/10.11896/cldb.20050158
https://doi.org/10.1115/1.3173620
https://doi.org/10.1063/1.1286096
https://doi.org/10.1016/j.ceramint.2019.08.267
https://doi.org/10.1016/j.ceramint.2019.10.084
https://doi.org/10.13224/j.cnki.jasp.1997.03.004
https://doi.org/10.13224/j.cnki.jasp.1997.03.004
https://doi.org/10.1023/A:1017959509216
https://doi.org/10.1111/j.1551-2916.2006.00924.x
https://doi.org/10.1016/j.matpr.2014.09.009
https://doi.org/10.1016/j.surfcoat.2016.02.028
https://doi.org/10.1016/j.surfcoat.2016.02.028
https://doi.org/10.1016/j.surfcoat.2016.02.028
https://doi.org/10.1016/S1359-6454(00)00171-3
https://doi.org/10.11896/cldb.20050158
https://doi.org/10.11896/cldb.20050158
https://doi.org/10.1115/1.3173620
https://doi.org/10.1063/1.1286096
https://doi.org/10.1016/j.ceramint.2019.08.267
https://doi.org/10.1016/j.ceramint.2019.10.084
https://doi.org/10.13224/j.cnki.jasp.1997.03.004
https://doi.org/10.13224/j.cnki.jasp.1997.03.004
https://doi.org/10.1023/A:1017959509216
https://doi.org/10.1111/j.1551-2916.2006.00924.x
https://doi.org/10.1016/j.matpr.2014.09.009
https://doi.org/10.1016/j.surfcoat.2016.02.028
https://doi.org/10.1016/j.surfcoat.2016.02.028
https://doi.org/10.1016/j.surfcoat.2016.02.028
https://doi.org/10.1016/S1359-6454(00)00171-3

	1 应力分析
	1.1 几何模型与材料参数
	1.2 有限元模型及边界条件
	1.3 计算结果与分析
	1.3.1 径向正应力
	1.3.2 切应力
	1.3.3 垂直于界面方向的正应力
	1.3.4 孔边周向正应力
	1.3.5 计算结果分析


	2 孔边局部应力参数影响分析
	2.1 陶瓷层厚度对孔边应力的影响
	2.2 边界条件对孔边应力的影响
	2.3 氧化层厚度对孔边应力的影响
	2.4 孔径对孔边应力的影响
	2.5 温度非均匀分布对孔边应力的影响

	3 结　论

