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Study on Effect of Interfacial Morphology on Residual Stress in Thermal Barrier Coating System by
3D Finite Element Analysis
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[ABSTRACT] A 3D finite element model of thermal barrier coating (TBC) system considering the interface morphology
is established by using the finite element method. By calculating the change of residual stress at the interface when cooling
from high temperature to room temperature, the influence of interface geometry on the residual stress of the TBC system is
studied. The results show that the thickness of the TGO layer not only affects the magnitude of the residual stress, but also
affects the stress state, and the thicker the TGO layer, the higher the residual stress level in the same model. The increase
of the interface amplitude will increase the residual stress at the interface of the bond layer (BC) —TGO, but its influence
on the residual stress at the interface of the ceramic layer (TC) —TGO is more complicated. The effect of increasing the
interface wavelength will reduce the residual stress level to some extent; The 3D hybrid roughness parameter has less effect
on the residual stress. Therefore, the thickness of the oxide layer, the interface amplitude and the wavelength will greatly
affect the residual stress of the TBC, which in turn affects the stability of the TBC system, and the thickness of the oxide
layer has a decisive significance on the failure location of the coating.
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FE A K481k ( Thermally grown oxide, TGO ) 2.
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SLRBR AN 1 U AERAR 1 IR R U2 R R
TR 25 B 455 T by WA AR T, 3 LR E RV, X2
SRR E R R EE RNz — Y, [, %
JZHECE TGO RN ) M SR — B S sk
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F A7 BROCEORIBEA TR, Yu 55 C R T B =4
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ST T M\ g 20 v ) 28 = I i AU E LD ST TBC
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1 WERAE

B 15 T A BT T A 3T = AR Y
KB TR TBC A 5 E 3 4) 5 TC, TGO,
BC FIFLJK)Z (SUB )4 43, Hirft TC, BC., SUB JZJ&
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5] B2 0.0.001 mm.0.004 mm.0.007 mm.0.01 mm., H

TGO JZ AT 1 — A A PR R A A % i 2 A
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T TGO Zi gk, z = Em I, x. y Wk K-
ZATZ MR R E 4 43 5B 0.01 mm,0.02 mm 0.03 mm,
0.04 mm, 7K 2 43 51HL 0.3 mm 0.4 mm 0.5 mm 0.6 mm,
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Rl HAR TP IR AR KT . oA TR FHTHRRCR, 78
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Fig.1 3D model of TBC
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Table 1

1 R/ GPal'* '

TRLEE/C
SUB BC TGO TC SUB
20 220 200 400 48 0.31
200 210 190 390 47 0.32
400 190 175 380 44 0.33
600 170 160 370 40 0.33
800 155 145 355 34 0.34
1000 130 120 325 26 0.35
1100 120 110 320 22 0.35
&2 BCEEREA"™™
Table 2  Yield stress of BC layer*"”
B/ C JIZR; J3/MPa
25 1000
295 1000
850 79
1200 79

1.3 BRTME
RS VAN 5 L VAN T 1Y N ol o0 2 it
f'*/ﬁ%"’%ﬂ 6T FH S T AR S5 F A K1) 4, 7E TGO J2 BFHIT ik
Frhnas b B, 3 5 A% TG G S0 BT A DA B e A0
%7 7~30 J7 . W& A 2 s
1.4 BAMHKE
h T R AR LR )ZE S R LR AS R (1),
TR A 1 = 4R IR A RLRE B Sy/rad CHRORE DX 38R P 1)
BrJr AR ), B

e =] {2 o

Ab, DB XA 2 (x, v) EESE. TR

TR AR = S T LR JEE

:27t2
A

qu (3)

J TSR AH TR TGO J&BE 4514 T AS [ 451 s il 26 4
JIG AR I REL R J3 55 v X R A 0 T BRI, AR SRR AN ST
TGO JZ/5EE 7 0.007 mm [ 9 4R AR Sy, 200 3 4,
Wz 3 fiR,

ZR5itig
N T WS R EIRZE R G A L T S50 6 AR A
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Parameters obtained through experimental and simulation analysis

[14-19]

T L 1 Bk R R (10° - ) 1
BC TGO TC SUB BC TGO TC
0.3 0.23 0.1 14.8 13.6 8 9
0.3 0.23 0.1 15.2 14.2 8.2 9.2
0.31 0.24 0.1 15.6 14.6 8.4 9.6
0.31 0.24 0.11 16.2 15.2 8.7 10.1
0.32 0.25 0.11 16.9 16.1 9 10.8
0.33 0.25 0.12 17.5 17.2 9.3 11.7
0.33 0.25 0.12 18 17.6 9.6 12.2

2 HRTHIE
Fig.2 Finite element mesh
R3 FSMNEIHEBLAEE
Table 3 Additional model geometry data
R HIBEEE S, /rad P /mm MR F/mm

0.3 0.015

0.1z 0.4 0.02
0.5 0.025
0.3 0.0225

0.15m 0.4 0.03
0.5 0.0375
0.3 0.03

0.2m 0.4 0.04
0.5 0.05

A B 52, A SCH I BC . TGO 2 AL (7 T BC EA)
I TC. TGO JZ 5 (ST TC 2N ) & 7 a1 FR A
71 Sy, M= EWE 3 (a) fis. 40517 BC-TGO Al
TC-TGO F 1 1 By tH A%, 349 P ipk 73 22 {22 e,
B3 (b)H(c) . RHTCENIALE 7k, Kk
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I )9 —Ak#E B s ( Normalized distance ), K4 7% 4% i
1 8y, (B . T AT AR U B AT 3k
INERBG )2 52 Z BRI S A X 8, EA S A2 R
AT A
21 SUEEEMZRNASHHN
MUY 0.3 mm B, AL 2R BE hygo X BC—
TGO . TC-TGO 5 1 i W4 F i 45 b 3% 4% 1 77 52 il it
i 4 f1s . K4 (a) a &/, XFEN T BC-

gy
(o I
iy

N J1/MPa

+2.252¢+03
+1.993¢+03
+1.734¢+03
+1.476e+03
+1.217e+03
+9.585¢+02
+6.998¢+02
+4.412¢+02
+1.826¢+02
-7.600e+01
—3.346¢+02
-5.932¢+02
-8.518e+02
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it il

i)
il

[T 1}
i)
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I
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i F1/MPa

+2.252¢+03
+2.052¢+03
+1.852¢+03
+1.653e+03
+1.453e+03
+1.253¢+03
+1.054¢+03
+8.542¢+02
+6.546¢+02
+4.550e+02
+2.554¢+02
+5.575¢+01
—1.439¢+02

(b)) BCIZR 12 R L g A

7 J1/MPa

+1.772e+03
+1.649¢+03
+1.527¢+03
+1.404¢+03
+1.281e+03
+1.158¢+03
+1.035¢+03
- +9.125¢+02
+7.897¢+02
+6.669¢+02
+5.440e+02
+4.212¢+02
+2.984¢+02

(c) TCIRIY )z 1l Ky th A2

3 TBC MA=E
Fig.3 Stress distribution of TBC

Fig.4

Fig.5
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Influence of /¢, on residual stress at crest of wave when
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Influence of /., on residual stress at valley when 2=0.3 mm
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TGO F i W Ab (R 5% 4 B0 1 S, Y9 RPN Ay, HBEE
TGO JEERANTAZ A ; 4 (b) BoRpfiE A2 5
BTN, 24 hygo=0.007 mm Bf TC-TGO Fit 1 8t i 4k 11
BR AT I 1 L R 126 A8 S R g, ELH 1Y B R Ak
J2JEE R B MG /DN | F Ny 1 246 %o {1 i A Ak 2 T
SR | WTITR: 0 NP v I G i R 1158 - = R = 29
B A8 A AR S HL R A5 7 T B K/INAT S, B E AR 2k
AR JPIRAS U R S (a) a5 LR BC-
TGO F I 77 A 1 5% 43 B A1 Sy, ¥ R R A7, Ha 46 %)
{EBE hrgo BEIMITIE A ; MBS (b) AT %0, BB HL R TC-
TGO FHIIE A AR Sy, 64 HE R 7, 4H H: 4 X6 b 4201k
JZIEEERE TR, S5 A 4 (a) FIELS (a) ATEH,
FALJZIE FE /N, BC-TGO FL Il i 23 Flip s b 5% 4% b7
IR 2 X (R /)N BIs /N SR AL )2 )R B X BC-TGO #t i
WA AN AL R e A f5 . HES A 4 (b )FIE 5 (b)
A DL AR L2 JE B % TC-TGO Hi T e ab 5% 4% i /1
MR A T B R AMBAIST o M4 5 5 Pk 45 2
A HIEER T TGO A= KX R A 1 A5 M 25 S A —
0, AWIGE T M5 BRI ASE FA R50E -

6 F1 7 4F 525 T 24 2=0.3 mm I}, S [R] A T i

BT A2 IR Ao 3 BC-TGO, TC-TGO FLifi 5% 4%
NS A2 . DR 6 HmT U H T 4 80 0 0 i
YN T AR 2R 2 A SR IR R TR Ao BUATE,
JE I 3 BB I3 (G AR sS AR [/ — A &, HAE R —
PLITRAE T , AR B hogo MR, FRAY L) Y48 XHAE
R H L AT AL BN AR Z R X BC-TGO &4~ At
T A 25 A R e AR AR A 25, XTI 6 (a)~(c) Al LU
F il Bl SRS A K, BC-TGO Ftifisk 431 71 kit
A2 B KA AL RO TR , AR Z AT
BRI 2 A A B A A T S {1 P 38 A DB 1 8 4
3, I S EDE ST THR AN 1 & (N I PIRES A i
W) A —E s, g A Rt — 2 sE . IR 7
AT LE Y, TC-TGO Ft 5% 43 I 1 37 S8 Ak J2 5 i AR
AR SE T, o FL I W R 45 B S sz i 5 1€l 4 RS
~—FE. 5 BC-TGO FHEIA[F /)&, TC-TGO H1H 5%
I3RS A 2 I o5 i SR A 2 R R N 1 R R B
H AR A B, (R (AR 2ok ARz . i4h,
H & 7 (a) A1, 4=0.02 mm., hyo=0 I, 75 i 04 B3 7
I I3 RAE 161 MPa, J& /r6o=10 pm (40 MPa ) [ 4.025
¥ M4 4=0.03 mm . 0.04 mm I, F7 S AR 53501k

600 hrco 10 um 800
400 - 600
400
200 200 -
£ E ol — .
= 0 s
4 _200 4 ~200r
- —400 |-
-400 -600
_ L -800
600 1 1 1 1 1 1 1 _1000 1 1 1 1 1 1 _1000 L 1 1 1 1 1 1
0 02 04 06 08 10 12 0 02 04 06 08 1.0 0 02 04 06 08 1.0
Normalized distance s Normalized distance Normalized distance s
(a) A=0.02 mm (b) A=0.03 mm (¢) A=0.04 mm

$2,/MPa

6 2=0.3 mm B, i, 31 BC-TGO R AR 13401
Fig.6 Effect of /1, on residual stress at BC-TGO interface when A=0.3 mm

200 250
150 0 um 200
1 pm 150 -
100 100+
50 4dum o 50t
0 7 um ZN Sg
10pm @ 20T
=50 um ~100L
-100 -150
~150 -200 |
1 1 1 1 1 1 _250 1 1 1 1 1 1 _300 1 1 1 1 1 1
0 02 04 06 08 1.0 0 02 04 06 08 1.0 0 02 04 06 08 1.0
Normalized distance s Normalized distance s Normalized distance
(a) A4=0.02 mm (b) 4=0.03 mm (c¢) A4=0.04 mm

B 7 2=03 mm B, hygo 3 TC-TGO FREFH R 715400
Fig.7 Effect of 1., on residual stress at TC-TGO interface when 4=0.3 mm
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214 MPa.278 MPa, % hy;o=10 um ( 74 MPa.105 MPa ) [i¥)
2.892 1% .2.648 {5, FHIL AT AR, 38 M5 hygo AT LAYK D
TC-TGO F-1 BFR AN F1 , H 5 i i (/NG R A
o BT HFR EE A3, FABREUR )2 R GE 2RV Rl
B 45 J2 07 1 R0 ARBER FE , LAAA L AR 2 Sk ) b
Y, PR 14 2 O 82 R e E BC-TGO F ik I il 73 b
HEL; T7E TC-TGO FUm I, /INEREE A F T bR 2k
3 [F] BC-TGO FLii #H ], 23 S Ae 0 Fnl 75 Ak 3
MRJE B ST, AR IR 2 R 800 S5 TC-TGO FHim
WA FNEE T I e v fa) 3ok P X HH B %4518 5 Béker %5 P
PRENPIEE 1 FER 2 URIZ IR B —E
2.2 Sy, XFERKRM BRI

B 8 9 higo=0.007 mm i, Sy, Xt FL 1 5% A3 7 14
R, AT LAE Y AS[FEDRLES B R, TC-TGO il BC-TGO
TR ST S,y 3 A HA—F, HLFf A RS i 3sm
RN T3 B A A R e 7 246 X5 A1 1 A R AL R 38
TSR R TOREURE AR A4 A5 0 A e R Ak i R RO Y
TGO ¥5)80% , BA R AP L SE s/ Nk Ax hi
Fifty e B AT LR B, TC-TGO F sk 431 /1
2 W 2 22 i KA AR PR VAL R, 2 Sy = 0. 1m B

S, TE WAL e R AE A2 32 MPa, 1111 24 Sy, 4 0.15n 1020
I, i R {EAH2Z 44 MPa F1 46 MPa, YN 2 2455 [ B 1
FIWAE) 10%, BC-TGO FtHiFR AN S 4 W HE 2 2 8¢
KA AE P A AL BRI, R & 8 R 1, AS [V KRS B Hidwe
KA XHE 2 2543 54 99 MPa . 135 MPa #1 163 MPa, %
B & RS0 H BN 7246 WHE 2 B EL B R 27%.26%
25%, H G HFEEN T TC-TGO k., 15 Ui,
TE [RIREFRLBE BE 4514 F , BC-TGO AT ATIN 11 S,y HY
Oy AN A BT W A A [RDREURE J3E 45 B
FEHRY ) 22 B R . BRI, (G I Sy, FEAS REVE A ML
W S T LTI SR % B A 7 ) B S I 38 75 B — RS
Sgq FRFUP AT AL HIR (A A PRI A BRI
2.3 FRERENZREN DS HRE

9 >4 2=0.3 mm B, FLEHR(E A X BC-TGO #ifii .
TC-TGO FHE AR AN S50, L9 (a) i LA
F i, BC-TGO FLifi i W Ab 5% 43 i 1 Sy, ¥ R Hi 0 J7,
TGS A M2 5 B U AT, 12058 A% 0L 1 Y5 I 5 v s {3
K. HHARA N 7 BmE E IRt 22 b, ik
R I RECIR, U IR (R, SR AR I AT S
FHNY higo M1 um 254 4 pm, JGi8 4 5 0.01 mm b2

600
400
BC-TGO
BC-TGO 200 TS—TGC
TC-TGO
B s o0 N IO o con - A
2
—=— /=03 mm, A=0.0225 mm 8 —200F —=— /=03 mm, 4=0.03 mm
—e— }=0.4 mm, A=0.03 mm “ —o— }=0.4 mm, 4=0.04 mm
—a— =0.5 mm, 4=0.0375 mm —400 + —a— }=0.5 mm, 4=0.05 mm
—v— 2=0.3 mm, 4=0.0225 mm —v— 2=0.3 mm, 4=0.03 mm
—— }=0.4 mm, 4=0.03 mm —-600}+ —— }=0.4 mm, 4=0.04 mm
—<— }=0.5 mm, 4=0.0375 mm —<— }=0.5 mm, 4=0.05 mm
1 1 1 J _800 1 1 1 1 1 1 1
04 06 08 1.0 0 02 04 06 08 1.0 1.2

400 600 -
300 400
200
BC-TGO L
100 TC-TGO 200
S Y 0 = == S R
R = ol =
- - 7=0.3 mm, 4=0.015 ] L
A ~100 :A=0.4 El“rg,A=0.02 - %' -200
-200 —A— }=0.5 mm, 4=0.025 mm
—v— 1=0.3 mm, 4=0.015 mm -400 -
=300 | —— }=0.4 mm, 4=0.02 mm
400 | . I—<—1:I0.5 mnll,AZOA(I)ZS mmI -600 |- . .
0 02 04 06 08 1.0 1.2 0 02
Normalized distance s
( a ) qu:().lﬂ?

Normalized distance s
( b ) qu:O.ISTL

Normalized distance s
( C ) qu:O.ZTL

8 Y hy60=0.007 mm B, S, 3T FRE KR SRR

Fig.8 Effect of Sy, on residual stress at interface when /,,,=0.007 mm

900 —=*— 0 um
800
700 |
600
500
400 -
300
200
100 [

0.01 0.02
A/mm
(a) BC-TGO#tifi

S2/MPa

1 1
0.03 0.04

1 1
0.02 0.03 0.04
A/mm

(b) TC-TGOXLH

B9 2=03 mm B, RENRE 4 3 RIESR RN #I0

Fig.9 Effect of interface amplitude 4 on residual stress at crest of wave when A=0.3 mm
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0.04 mm, BC-TGO Ft [ WA (R4S TT S, BIR g
Wahn 1 4% (99 MPa—164 MPa 376 MPa—577 MPa ), Ifij
M FUAEIEE 4 B 0.01 mm 28 0.04 mm, TCi8 Apgo U
B, BRARN T Sy, Y99 KRR 2.9 A5 LA L (U Apgo=1
pm B, 300 T 3.8 £%5 hrgo=4 pm B, BE N T 3.5 /%)
P AT DAHE T, 76 AU K — B AR, B I R ARG
T BC-TGO Ft A1 Wb 5% A0 ) s i i K T4 Ak )2
JEREE, ME 9 (b) o] IE H, 24 hygo N0 pm.1 um 4
um.7 pum B}, TC-TGO FLIaIR WAL BRI T S, $474
Fr R Ay, LB (A A SR Y hrgo=7 pm B,
BRARIN I 2 WRAESZ A 1N s Y o= 10 pm B, TC-TGO
ST IEAL BYFRARIN ST S, 3538 I 3, G248 % i
(=D TR N E B B ] (B NI 8 L BN P N e
] ST J2 A T 1 A/ DML BB P T DAFEAR R R B I
PABE BC-TGO F pyAasE

10 2y 2=0.3 mm B} LR A X} BC-TGO %t
TC-TGO L 1H I B AL SR AR N 1 Sy, BIRZEM . FTLLE
WEATAEHY Sy, 248 FE IV 7, 24 So 1 24y Bt 25 % v o {1
A ¥, hE 10 (a)a] b, BC-TGO %t i 4+
Ab R A 1 AR BRI LR Ak, TR R BT R 4L

AR ST AR A, B A I ) 2 X (BB AT BE , Fh A]
10 (b) AL, TC-TGO Ft i 4+ 4k i 5% A% b F1 4Ky
Al RIRESIE 1 ST I (8 N ZS ) DR B BC—
TGO S E PR 4518

Kl 11 24 4=0.3 mm, F 1 5 {5 4 X} BC-TGO #[fi
RN ST Sy, IR, AT LLE 1, BC-TGO FLi i 73 Fft
1A F N T I W B 30 34 SR g g, I HLAZE R A
ST 7 BRI A A BRCE R 107 ) 446 R AR R
{8, HFLR ) 4 HE A BENRAE A BEInmdg . & 11Cce)
AAL, YA 2R R AR, PR ) Sy, A2 ME{H A
AN LA 11 (a)~ (c) ATLUE H, FL R
AR, A Z AR, FEN ST Sy, 6% {E T RS
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