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Damage-Coupled Inelastic Deformation Analysis and Thermo-mechanical Fatigue Life
Prediction of Thermal Barrier Coatings

ABSTRACT

ek IEAT! Zs !
ARAI Masayuki LEE Miri

Increasing the inlet temperature is effective for improving the efficiency of gas turbines (GTs). In order to prevent

to increase the metal temperature of turbine blade, application of a thermal barrier coating (TBC) to those hot parts

is essential. TBC has a double-layer structure of ceramics and MCrAlY alloy, which leads to thermal stress in

addition to mechanical stress. Those cyclic loadings in service bring about cracking and peeling in the TBC, which

is an important problem. In this report, a finite element (FE) analysis incorporating the damage coupled inelastic

constitutive equation developed by our group was conducted to simulate crack initiation and propagation under

thermal fatigue conditions. Therefore, a thermal fatigue life prediction model was proposed based upon FE analysis

results. The validity of the proposed model was verified by comparing with experimental results.
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Fig. 2 Stress-strain curve in comparison between FE analysis

and experimental data®™

(ii)BC : BCIZxt L CTl&, &BHE oI E 28 %

BT B720ICELHVENE T TV IV - A ZADH
PERE & e L7z
. 3de 1
dejj _m(%—gcﬁck&j) (6)

ZZC, NS, H(D) ZRERGAE2ZE L2
O AAMLETH D,

op(T) — oy(T)
5(T) x 102 — £y (T)

H(T) = (7)

Download service for the GTSJ memper of ID | via 216.73.216.204, 2025/07/07.



Vol. 51 No.3 2023.5

RO — 71> TDIEG - UL EHE T F o MEDRE

277

ZZT, opldBCOBIERE, ovidBRIET, 6 130T
TN, exiZPIWIBRREO O T ATH L. ZOWENICE
WD MR E BUE ERER A 7 & OIS SCRRE L B Tk
S NTAEZ 7212,
(iii) SUB : SUBIZxH 3 % FEniitEfg =iy, = v 7 vkl
A EINTIBLCH D AT A B % Z R L T T of—H
ARSI A2 L & LY,

an_ 3. 0= Xy

&jj =?Pm (8)
o5& XHIIET) & NI ) DR 2R 557 & T2

ZZT,

3
J(oij — Xij) = \/7 (o = X{;)(of; = Xi;) (9)

Thb. F72, FEIERNIOZDLHIZEIONS,

pz{l@ﬁ—xunn

K )
v 2 .in : m-
&j=c{§aﬁf—(&j—ﬂﬂp}—yﬂxu) Xy .
11
Ca 0T
L Xij m
Y= a<Yst 10x) +Yij>)/](Xij) (12

22T AXhoC a y. a, YlIMEERTDHD,
N5 OMITILSCHRAED % H 72

2.2 BFMLERICE O SRELE - EB7ITVX L
TR IR PR R & & b S, LU ISR % @k
PIEC IO W SR - R TV T XA E AR
kb L7

D > The critical damage D,
| Elements |

Fig. 3 Crack propagation simulation procedure based upon a

Crack propagation
by eliminating elements

 Elemens |

non-localized theory

JRALELR £ 13, Fig 3IRT X 91 S 2t
g7 AR SO T A — 5 O R RERIT 5 720
CHALZbOTHY, TREWZPLICAPE S
LD, TOREMQITBT PR T A -5
_ Jo D@(x,§) d

Jo () da

Rl 5. 22T, ¢ REAPBTHY, AHFETE
T ABERE LT LT, 2 OMEAEFEZ 2
725 SESEWMHTTZ & 2 BWHROMME~ M) v 7 A%k X0
EBVWTEHTERIE D, AIFETIE, BRIHED. X
i | BRI B DWW TIE L 72

D(x) (13

—71

Download service for the GTSJ memper of ID | via 216.73.216.204, 2025/07/07.

3. BIEFATEZ(IBTBCHMOAZET IV

HRRERFHTICE S, MELIREZHR L2 T 5 L
XICTBCHICHEL 9 2671 - O F AHIFRIIOWTHE
B2LTHEL,.

Fig. 4ICTBCH O HEET VERT . %, TBCHIZ
TCEBC/SUBH 2 B WH ZABIZL ) ET VLS
5o 7272 L, BC/SUBIZ A TTCOfE AR I AR D
T/HhEVWZ ERS, T2 TIETBCH #BC /SUBH S 7%
LPHR—RTETVIELTO I VW DEEZ L, ZL T,
— BB (T) FICBpN7zH—BE TV oH MG TE
BN o DMERT 5L &, MEFMELZIR - 0T
AMFIZONWTHE X b,

TC £

va

BC/SUB BC/SUB

Fig. 4 Mechanistic model for TBC system

Fig. 5ICHET IV DIRT] — O3 AHli#E 72 & NS
WL TH A - 677 & R o Bk % BITR T,
AMHIEE LT, Tuw& Tun®D 57220 —ERESRMLT
TIBH %2 AR > TEL S &7 (SEREY) & &
L ZDSTZODIRMESM 2 RKIRE & RAUREE LT=
P CTE S DD, FRFIIET b MK T3¢
7o (BYEST) & & QWAL FRITHHS L7z
— O T AMSLEMNIRENTWS, B, HiEhcBw
'( aATmax=a (Tmax— TR) 7:C ro U‘C: aATmin=a (Tmin
—-Tr) THY, TRIZFHRTH S, HHOLDITHET
WAZAE U B I I DSBERIS N RTINS WE & 2 ET
%L, HEEIFICBOTE, BEL VIS L THEE
FOHEMRL, e L BITOT AR T

T A

Tnax

e ®

Tmm

A 4

Isothermal fatigue

T A
> & | Tmax

alT i

Tonin

N/

Thermal thermal fatigue

v

Fig. 5 Schematic illustration of stress-strain curve under
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Table 1 Thermal loading condition and FE results

Pattern 0 max T min T max (7 N
[MPa] (K] (K] [deg] | [cycles]

Iso 150 - 473 - 47
Iso 150 - 973 - 10

Therm 150 473 973 0 55

Therm 150 473 973 45

Therm 150 473 973 90

Therm 100 473 973 0 10

Therm 100 473 973 45 18

Therm 125 473 973 90 15

Therm 200 473 973 45 12
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Fig. 10 Crack initiation and propagation under isothermal fatigue loading condition at 973 K which was simulated by FE
analysis. Contour plot corresponds to damage parameter.
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Table 2 Material constants determined from FE analysis results
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Fig. 11 Fatigue test specimen geometry (dimensions in mm)
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Fig. 12 Example of crack observation in TC layer (973K, 200MPa)
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Fig. 13 Results estimated by the crack initiation life of TC
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