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Abstract: Under the self-developed optimal transport meshless (OTM) framework, a thickness
growth algorithm was developed and the anisotropic oxidation growth process of thermal oxide layer
(TGO) was simulated. Using this method, the typical transition section of TGO layer was taken as an
object to study the change of stress and displacement under thermal cycling load. The simulation results
coincided with the test. The results showed that this method can well simulate the wrinkle phenomenon in
the process of interface growth. Compared with the finite element method, the deformation of the element

was uniform, making it suitable for numerical simulation of the growth process of TGO. The maximum
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stress of the thermal barrier coating mainly occurred at the convex position, and the lateral change of the

convex position had a tendency to aggravate the large deformation of the oxide layer interface.

Keywords: thermal barrier coating; meshless method; shape function; thermal cycling;

large deformation

IR 2 (TBC) $ A 2 B AR 6 i 2 1 it
R — P 8T B fEMLZ R shblizf7ad s,
TBC T It & W% 45 19 TAEPREE, 25 5 th 903 25 F g
PEMG, FEM A KNP PR, A
TBC! £ E A FHEZ(TCZ) . & EE45Z (BC
). B ERRE(SUB J2) E45/P(E 1) . 7EiR
i TAES R, EHotR A BC 2, #E BC )= Al
TC )2t (B FHA0E 7= A BB 1k 23 4802 (TGO J2) P

KRBT £, TGO 2/ B R T TBC &
S5 NEB Y 1S ARAE M, S22 TBC IR 754 1 fie
PR S B NS VI (o = e o L 2. N I LT S Y I
TGO JZ7E TAF 3 7 rh 7R 32 B K T8 P46 1 T,
FeE AR T RSB S R AM R . R
TGO 2R JEA: 1k, TGO JZ & ALl . 41k, Ftim
HEURE B R385 2 i TBC 22 RV

I

TGO s
\~150 pm BARRE

b

+ 11
e
3=

X S=

SUBE BCE TC)Z

1 TBC MAlgfty
Fig. 1 Typical structure of TBC

TGO Z WS EABATL e Z EME RSG5
S RASIE [, HAY, 7% 2R A Ry
B TGO JZ A Kt #27, ARociE 25T
DA% (R ER J5 , BTE 43 A7 KR I 45 (1) g i 388 1)
PRIXE o JH: 32 8 Ji DR A% B FAAE W i 1 A 3L

AR LA — BRI . 5AHRITITEARE,
TC A& T3 12T oR SR 8 3u TR AR Ak, TH BR T A
(RS0, X0 R A2 [n) il B B pL 300, (H AL 45
I W L F 8l 1 2% (smoothed particle hydrodynamics,
SPH) 45 J7 1" AE N 1Y JC A& 7 s A A RN T
e PR L RS 300 B S A M L TR vt o 5 1) R
et Hiiz Jo M #& 777 (optimal transportation method,
OTM) " L) J&y #B £ K 4 (local maximum entropy,
LME) A JE pR &, 2R 1 — M TG 9 A 7 125 4 i oK
BRI /& Kronecker-delta J& 141", 8 4% fif . SPH
S5 L R e

A SCHE B WY OTM 7 vk i L il |, WF 5%
TGO WS L FAE K R, 75 OTM HEZL Tl i
FEEROEAI TGO R K, #57 TGO JZ (8 3 K
ik, MFSE TGO Z R e A ke ft—F T A,

1 OTM

OTM J5 4 2K FH W Jow s F1 15 i 285 0% 22 47
1, FIF LME JE R0k & v B i 223, IF 45 &
L s BT E RGeS . OTM Jrik
k7R T A BR T AU A, WOE sR B AR T A 1 BORG
JE | 7E I LA /2 Kronecker delta 14 i 4%, T0AR T
At TG P T A A B S 701 B A% 1 B A B S R
R AR RUAR, PRI T 3 S5 ARG i
A F A TE R A% J7 ik, OTM 76K BE L WSl |
ISt N Ay T A L
1.1 EENRE#

OTM J5 ¥R ¥ 5t v 5719 s AHSS & i =X
XF 3 LAY PR AT TC WA 25 Rl B . 1R 2 R T
A 220 30 1, I FE B2 BT Y IE R B o o, e, 1 0
SRR W T S B FE OTM I8, T
A 78 JEAF B4 R SR S A, TR
AR bR P BRAE ARG AR T, e
I T MOEHN S ECE, hHER B
A5 BAARTE T A b, o e RS | JUEE L Nk



2106 o= 3

DI H31%

JEE 5 B A, TS AR Y az ad a1 s 3l g o
5 BB (AR TS . OTM Jr v e 2o 4% sl 18 28 5 v sk
o T HICAITT SR IR R AR, IIMTSEEL T 18 824
3t R RS T 1) S5 A4

K2 OTM LA Bt B B PR AN ] 35 il
Fig. 2 OTM discretizes the solid into two different nodes!"”

1.2 LME & #

2 JC M T 125 B R B A TR 2 G Ae] 44 3 o7
B TE LA BN WA (E R 2. OTM J ik h
FR 47 (PR 8l LME JE pR . LME JE R 807E 30
i J& Kronecker-delta J& £, % T SPH J5 i {H
BRI 11 i o

EESA U S E S . IAksk
B R 37 P L3RR N AR B IS .

u(x) = [piGx)u(x)] (D
o () B9 xR ES, p () WIE REL, u(x)
R xR o AR PE SCER [18] FT AR, pi(x)fU %K
{ERIZ I R AT R,

min f;(x,p) =

a Y (plx—xP)+ Y [pin(p)] (2
i=0 i=0

HAr S [pn (p) |3 3 19 02 717 55 4R & A5 B,
S (pilx — x; ) 7R ) 2 U AR 3 P HA T 5 X x b
MR o KRR LY SRR TR eRECH 5 0 By Al
5 IELL, AN BT R, p K
Al LLaE A DA 5 R RS
__ b

Z(x,1*(x))
exp [—a|x —x () (x— x,-)] (3)

Di

ZHA ()R Z(x, A () )T T K

A" (x) = arg min InZ (x, A" (x)) (4)

Z(x, A" (x)) =
Zexp [—alx—x,|2+/l* (x)~(x—x,)] (5

2 (4) AT LAAR 25 5 il aod A -4 34 A% AR 3k
REUE . o € RUZE— Pareto (AL 24k, FK A
A R R R P A s e . SERR I
R T AT SR, Li PR T R
“F 58y Kl LME (9TE s, i 2 N

v =oh® (6)

Horh n B SRS AR AE KR, — e nT AR 3
AR B e P B . My M 0.80~6.80 AE fL AT,
LME JE PR 04T 3k 4% 2 Y0 T /Y K& /) o

2 OTMEZET TGO £ KEME %

TGO 24 K5k BC J2 M TC |2, #& % BC )2
I TC JZ S~ A KA A H R s % . PRI,
TGO JZ AL Kt B FFE TBC A5 WL ) G .
H B H 722 552800 T iR B TGO J2 2B K01,
TSR T X TGO 2 kA7 R, £ TGO JZ
JE B R 1] J7 1) S 0 TG 1 7 A%, AR TGO
B A KR, BA OTM ¥ ANRE B3 m T
TBC WS AE KA, 75 224t X TBC A Kl i
58 OTM HEZE N i) TGO JE i 1 KB . TGO 4=
e 32 B R () R TR EE B 0 A T, T
BC EALIE B TGO Myt e f & 7 B SR A E #pk
178 o ARSGETERITAIE 5] A 59000 A4
K R AR 43 HERAR L TGO 45 1) S ME e A K 72 .
RV I

¢ TBC i 2241 01 25 Hi A o2 2t 50 FH 7 A5 1 4R
Bro MR A5 S R L R, B AR BN —
ZV0 T s . Y AT A L B AR T B S ok
LME i {8 pR A58 9 A SR 1 A 6,40

&1 = %(Vum +VuI+l) D

Vi, R % SRR B L AR A R N AR
i MIT AR BN S oo BB )5 EFIHA
15 B S0 B, I BT e 00 R, R T A
H AR AT | ARFRURN 2 B, O SR O T S AR, DA
e T AR 38 P YT A 1B PR VB S F B SR I — A
WEACAE AT LI 3, B By 5 TGO JZ VIR R,
h 32 TGO J2 o W Z (9 B | B Ry 7K I 78 5 3 1



% 10 VRS 5 TR DS TE0 A 7 ik 0 A B 2 A 2 2 K 2107
Il T BT & R
. e, e file),
SRR 44 0 LB B S
3 .
I k=R 57 2
: 1 L A s s
N AR E R T T RS fu et 8 T ETE,
Biffer 1164 40 15 A Ak b 3
1 ‘
R B L
3 3
At -
S SR
o =Ar g0, + 2ue,
. 3
Sk e ﬁﬁﬁm&;m
fum D g Dy - LK 6= In(F))
“ q 7 an * 7J(S'Zj;%ﬁ{/<: Egg :,B8g(
3 O
TRk 2 A SLURS: TR AT
3 et e fets
AR YA 3
. 2 SR HHTAR LA K 25
A S
R A 3
=h 2 SBIRT: HLA B2 R A
%ﬁi 8628[0[_8g_8p_3(

K3 OTM HESET ) TGO JE AL KFvk
Fig. 3 TGO thickness growth algorithm under OTM framework

JO7 728 Y L A1) 2R 880, A e R R R AL 0y SR T,
W, %%ﬁﬁﬂé N, AT RANTE R B
TR ST o, I R O R A 2 5

0,..=Es,., =Ee¢, (8)
A E bR
8 o 7E PR OT AR T 5| K 18] 5 9 e AR KON

AR5y RN TGO A4 1 S Mk Ak A K e o
P TGO JZHY S A AL 55 1 SN A e, A SR N

AR (IR RN AR g, A ALK N Ee,) o B K N
e
B =E+E+EFE (9)

PRVE R A g, A VAL 8, FIRNEZ K I 2 &,
AP T, PR A A R R | BRI R
PN i I AR AR R AR rp s 2, BRI R Y i
I 772

o =E(ey—8,—€,—8) (10)

£,0] LIARIE SCHR [19] 8 72 o &, (K 4) ] 73 fit
R 3 LT 1) B A2 A B A e, FIIK T 18] Y AR A

..
AL Eygt

g 0 0
g,=| 0 g O =

0 0 (i

Egg

n+1 n+1 n+1 n+1
Eql, @€, tege Qe

P R S N VA SN I ol N VA S
Egt :ﬁ(‘;‘ggo ﬂj‘jtt{ﬁj%ﬁo

Egt{ﬂﬁ i3

0
0 €iix
eL

L.

B4 TGO ZA: KN AE
Fig. 4 TGO layer growth strain



2108 = B

VAN S 1

375

3 TGO Z <

3.1 TGO #&#!

WFFE X 42 3 FHL TGO Hh #L R (R 5L P B . 3k
T30 B0 I 1 7 L SR 3 (1] 5) 8% TGO J2 A
BC JZ 1 7 11 % 56 17 16 > 3 B AH 1 3 901, 4 S
TBC {l HAERI (B 6) . T TCJZXF TGO 2 MfE

AT L2020 TBC BIAY {6 AL & TGO J2.

BC 2. SUB JZ. [IREARTHINR, . Ry WILATRRE
A=2.40 um, TGO JZ W 155 B H=0.50 pm.

FeCrAlY

5

%5 TBC HSLAHIES
Fig. 5 TBC real interface

TGO)Z

Bl6 JoEsssiin

Fig. 6 Mechanical equivalent model

TGO JZ 1 £ 5 A ALO;, TGO JZ (1) 3 A
ok 380 GPa, 114 tb R 0.20, #A8 Bk R Bk
8x107%°C o £ 1000 °C Hi% & TGO JZ HY Ji IR
F1°4 1 GPa, $48 TGO J2 75 5 = TR I 9 1y 7 7%
RGP, BC 2 (1 £ 2 KR FeCrAlY & 4,
HVERL N 190 GPa, JHAA LR 0.30, #iE Ik R 4K
F14x107/°C, J# IRBE 12k 200 MPa, HE44 )2 22
LR Inconel617, 51455 5 Ohy 190 GPa, JH#A Lb
0.3, Ik RECH14%x107°/°C.,

32 MREE

R4 B AT (& S) T 6, BT 5 80 4 A

PR, A0 Sy TG FR E JR V-1 o Sk ol 0 47 FLAS AR A

HHI TBC FHfE A, 16 B E 7 EAR R it i
LY TR 0 P

1) Ze A0 50568 vk PR 300 S 2% A, AL LS B
T2 7 XA

2) A T A KT 17 4 8BS A R A5

UL S BT 1) A7 JC PR AE S
PR, e (B (5 B R o Ze M xR 2R,
At in 22 25 (MPC) 295

M TrRA I R ARG 2 25~1000°C, 7E
TGO AR, B E R 2 A 25°C—1 000 C—
25 °C WJEIAIR A E AT (& 7). Hirp, 25C—1 000C
JFHE L, 1000°C A PR, 1000°C —25°C
JE R, A TBC K584, THE SR
FEEF[E] 2 5 min, PRIEE AR 2 he BUDLE 11 24

> Hif[a]/s

SIS 70
Fig. 7 Temperature load

3.3 TGO A&

AR SC DL R P8 T 7E R 9 TGO 24 K it
FE MBI XE G2, 98 A A R B ep g g | A0 RS B
WA AR LA . L AR K i R SRR
WItG 554, X TBC #4717 JEAPE AL . 5 1E 3
WIHRIESN TGO A KA, ASCIE TR, /R, =
0.90F1R, /R, = 0.05 P FPAS [ [ 245 EL A (A5 78
THEZ R (E 8 R, MBI LLER, /R, = 0.90
i, TGO JES AL AN K, 24 R, /R, =0.050F 7= A= T 45
KA.

2R, /R, = 0.05/F, TBC 1 i 137 # H1 28 8 4~
& BRI ) B KA #£0.24 pm 8 1 %10.96 pm (1K 9)
FH T TGO 2 M%) 46 )& BE 0.50 pm, 347 R4 T
TGO B KA L K. pE—4%F H OTM 7 i
ARG EPT R R . OTM ik 54 R
T AR I AL T TBC TGO 24 K v
Mo B, (HRA LT A RIT T %, OTM J7ik
PN RS AR AR 5T o 3R R A BRI T IR AR A L
TP AR TE (0] A, 56 3 007 1 BT 3 B 7 L it A2



45 10 34 VRBOIAE: 25T R fIt i T0 0 A% J5 vk i BRI 2= AL )2 A A AL 2109

W (E 10), Z2IE R BE b K, S EGHERZEH K, MR, /R, = 0.051F, X H i 50 P o TGO 2§
Wi oS Bup ol s A R S TSRS S| JEEEE, OTM J5 ¥ BE W% AR G- s A 401 57 1 A K ok 7
BRI, OTM J7 i 1915 s 8B R IA Hh B A, H R AR AR 4, TGO 24 K5 IS 5 ik 56
(iR SARTE L P45, 36 A TGO R A K M8, ERILAR —F(E 1), E 11 (a) /& OTM B

| o
0.5 0.6 (0.67) 01 02 03 04 05 06 0.7(0.78)
(a) R,/R,=0.05 (b) R/R=0.9

K8 OTM Hflss
Fig. 8 OTM simulation result

4%
I ' E— ! T !
(0.00091) 0.05 0.10 0.15 0.20 (0.24) 0 0.10.20.30.40.50.60.70.8 (0.96)

(a) S8 MEFR (b) F24MEFF

F9 OTM (ks
Fig. 9 OTM displacement distribution

2 (it
0.2290 0.8962
0.1910 0.7469
0.1529 0.5977
0.1149 0.4484
0.07693 0.2991
0.03892 , 0.1498

0.0009112 0.0004971

PR A=y oa K025

(a) HE MG (b) B4 MEFR
10 A BRITIT IR 4 A P

Fig. 10 FEM displacement distribution®”!



2110 = B

1

&

i %37 %

FHHEDBAR, B 11 (b) 2350 SR AR, 1 2k
AT WS B

X TGO J2 )8 B 5 45 SR k47 43 #r vl LA
KB, TGO J2 & B 1 #] 45 )& FE 0.575 pm 72 1k %]
0.612 um, 7£ TGO [y B R A2 K0.714 pm .
TGO JZ & & t #] 1f 19 2.40 pm3 K 4 3.26 um
(nE 12) . TGO 2R E AL 5 S8 TBC A
TE AR A

M TGO J2 iy # 1) iz 77 (& 13) AT LR 3, S,
N F B RAE B 5 3 MG ERAT 740 MPa, % 45 18 K
F2.5 GPa, I 4 0 B B B R R A B
X — G R TGO FLif K AR HAT il (a3,
TENLEE L U6HA T TBC J2 R 45 1 7™ Az R A8 i F
Skt TBC RS0 H B4 85, (M A 1 4 ) A5 b 2
T BRI B E

0.612

(a) TGOJZ A5 4k

3.26

(a) OTMAEFL Y FL IR

FeCrAlY 20 pm

(b) iRIE A IR
Bl 11 OTM B EE 5 F st e

Fig. 11 OTM simulation results compared with

the real morphology

OT™

(b) TGOJZIREAE Ik

K12 TGO JZJERERIK (HL: pm)
Fig. 12 Increase of TGO layer thickness (unit: pm)

S,1/10° Pa
7.4)

(a) HE3MIE

Su/l 0°Pa
- (2.7)

FaTAVAYANAVAVAFAVAIAVAVAS PO PO nhvu"uuv vay

a'#:::::e&'&a{.:&e:ﬁ::&'ﬁ: POCKRIAN
VAVAVAVAVAVAVA‘ VAVAVAVAVAVAVAVAVAVA‘VAVA‘
L NN\ NINININIANINININININI NN NN

AVAVAVAVAYAVANZAVAVAVAVAY/ \VAVAN

(c) HOMIEA

B 13 S, b

J153A5

S11/10°Pa
- (12)
10

(b) EB6 MG

(d) H12MEFF

Fig. 13§, stress distribution



%1040

VRBOIAE: 25T R fIt i T0 0 A% J5 vk i BRI 2= AL )2 A A AL

2111

4 % it

1) A SCEE T —Flor 1) S A B iz TG A 7
(OTM) B 5% TGO 22 JE F1 A= K 0] @ . 76 JR A
OTM MY BERHHEZSE & T TGO 2R K A
KB, S TR T 12 U T (1) TGO JZ2 A
PEIR A RAEAL, R HFSE TGO 2 FL i 25 Ak 4 4t
— P T

2) T 5 R AT 45 R IE R T OTM
() TBC TGO JZ J& FE 35 K J7 s i IE 8 Pk, I 38 1
5H BRICIT AL 53 A AT X . OTM Jr i
54 BRIC T L ARAR fF B 8L T TBC TGO 24 K
RPN G . T A RIT T kA =R
T BT ARSI, AR AR AR B B B i R 1]
B, PEORZER K, IPEXELIESE . OTM ik
WS GE IR A B AR, 5 RS B AR T A Y
4], BANE A TGO JZ i A4 K ) st

3) A L TGO J2 )R BE L M Ak TR B2 i
J178 4k, Bk T TGO J2 8 B 1Y 22 4k 2 5 3 TBC
I BRI I 1) R N (AR A SR i — 20 i
AT EHLEPE R IEIT

Sk

[ 1] fRE0ie, B gl il 2 R S HLAR B 0 2 M RHAC R 9 B 52 ().

Al 25 2 4, 2000, 21(1): 8-13.

XU Huibin, GONG Shengkai. Study on thermal barrier coating ma-

terial system of aero-engine[J]. Journal of Aeronautics, 2000, 21(1):

8-13. (in Chinese)

XA, Mok, B e R 2 OB R 5 R RIE ).

A 4 R 2 i, 2007, 17(1): 1-13.

LIU Chunbo, LIN Feng, JIANG Xianliang. Research status and de-

velopment trend of thermal barrier coatings[J]. Chinese Journal of

Nonferrous Metals, 2007, 17(1): 1-13. (in Chinese)

[3] BT&RUE, P20, Bk, 5. U0 2 2 53 18 KX #h i i
& BL 3 53 A 0 5 IR [J]. B 25 3l J1 o7 4, 2018, 33(7): 1606-
1611.

JIA Panfeng, QI Hongyu, LI Shaolin, et al. Effect of non-uniform

LS}

growth of oxide layer on stress distribution of thermal barrier coat-
ing[J]. Journal of Aerospace Power, 2018, 33(7): 1606-1611. (in
Chinese)
[4] Xar B Pk if 2 B e i 2R 20 A IR TR [D]. W R W
R 2, 2012
LIU Qixing. Finite element simulation of turbine blade failure with
thermal barrier coating[D]. Xiangtan Hunan: Xiangtan University,
2012. (in Chinese)
[5]1 M, MR, Hm, 5. #20E5R 20 EIR YL 5 7 fr #il
W], [ 4A 1 2242, 2010, 36(5): 504-531.
ZHOU Yichun, LIU Qixing, YANG Li, et al. Failure mechanism
and life prediction of thermal barrier coatings[J]. Journal of Solid
Mechanics, 2010, 36(5): 504-531. (in Chinese)
WEN Q, JING F L, ZHANG C X, et al. Review of numerical simu-
lation of TGO growth in thermal barrier coatings[J]. Cmes-Com-

(o)}

~

[8]

o

(10]

(1]

(12

[13]

[14]

[15

[17]

[18

[19]

[20]

puter Modeling in Engineering and Sciences, 2022, 132(2): 361-
391.

FROCHE, T 5258 PR IR JZ 5 B R JRE B AN B A T 450 4G I #
BUE BT W28 24, 2010, 31(1): 198-203.

GUO Xingwang, DING Mengmeng. Numerical simulation of ther-
mal nondestructive testing for thickness and uneven thickness of
thermal barrier coating[J]. Journal of Aeronautics, 2010, 31(1): 198-
203. (in Chinese)

F 3 AT S I AR B U 2 IR A T A A K R B oY
[D]. W7 A -3 B K2, 2019.

XIAO Yigqi. Service reliability evaluation and application of ther-
mal barrier coating for turbine blades[D]. Xiangtan Hunan:Xiang-
tan University, 2019.(in Chinese)

S, SR RREAHL. TG T A 12 BIF 5 3 Jre T G R 0], 53 3 2 2441,
2003, 21(6): 730-742.

ZHANG Xiong, SONG Kangzu. Research progress and application
of meshless method[J]. Journal of Computational Mechanics, 2003,
21(6): 730-742. (in Chinese)

XK, S8, H AR RN s h i R R 5
[J]. 123k, 2011, 41(2): 217-234.

LIU Moubin, ZONG Zhi, CHANG Jianzhong. Development and
application of smooth particle dynamics method[J]. Mechanical
Progress, 2011, 41(2): 217-234. (in Chinese)

JB T, T T RS vk R R E [0, ) 2% R, 2005,
35(3): 323-337.

GU Yuantong, DING Hua. Meshless method and its latest develop-
ment[J]. Mechanical Progress, 2005, 35(3): 323-337. (in Chinese)
9 75 W, VK . D' ¥R T B ) 24 SPHUT I B 1 AN F E
1 — Fh B E 7 58 (9] W B4R, 2012, 61(22): 261-268.

YANG Xiufeng, LIU Moubin. An improved scheme of smooth par-
ticle dynamics SPH method for stress instability[J]. Journal of
Physics, 2012, 61(22): 261-268. (in Chinese)

LI B. The optimal transportation method in solid mechanics[D].
Pasadena, US:California Institute of Technology, 2009.

ARROYO M, ORTIZ M. Local maximum-entropy approximation
schemes:a seamless bridge between finite elements and meshfree
methods[J]. International Journal for Numerical Methods in Engi-
neering, 2006, 65(13): 2167-2202.

JANE, AR, XU, S5 R L 12 JC 1O A% 5 1k B HL AR T R
TET 5 3 20002 ASE 00 vl 11 87 [0, 4 B 42, 2021, 89(24): 24-35.
ZHOU Hao, LI Yi, LIU Hai, et al. Optimal transport meshless
method and its application in the simulation of droplet surface ten-
sion effect[J]. Journal of Physics, 2021, 89(24): 24-35. (in Chinese)
LI B, HABBAL F, ORTIZ M. Optimal transportation meshfree ap-
proximation schemes for fluid and plastic flows[J]. International
Journal for Numerical Methods in Engineering, 2010, 83(12): 1541-
1579.

LI B, KIDANE A, RAVICHANDRAN G, et al. Verification and
validation of the optimal transportation meshfree (OTM) simula-
tion of terminal ballistics[J]. International Journal of Impact Engi-
neering, 2012, 42(1): 25-36.

FAN J, LIAO H, WANG H, et al. Local maximum-entropy based
surrogate model and its application to structural reliability analysis
[J]. Structural and Multidisciplinary Optimization, 2018, 57(1): 373-
392.

SUKUMAR N. Maximum entropy approximation[C]//Bayesian In-
ference and Maximum Entropy Methods in Science and Engineer-
ing.San José, US:San José State University, 2005:337-344.
KARLSSON A M, LEVI C G, EVANS A G. A model study of dis-
placement instabilities during cyclic oxidation[J]. Acta Materialia,
2002, 50(6): 1263-1273.

(%m#k: TR AR)


https://doi.org/10.3321/j.issn:1004-0609.2007.01.001
https://doi.org/10.3321/j.issn:1004-0609.2007.01.001
https://doi.org/10.3321/j.issn:1004-0609.2007.01.001
https://doi.org/10.32604/cmes.2022.019528
https://doi.org/10.32604/cmes.2022.019528
https://doi.org/10.32604/cmes.2022.019528
https://doi.org/10.3969/j.issn.1007-4708.2003.06.015
https://doi.org/10.3969/j.issn.1007-4708.2003.06.015
https://doi.org/10.3321/j.issn:1000-0992.2005.03.003
https://doi.org/10.3321/j.issn:1000-0992.2005.03.003
https://doi.org/10.7498/aps.61.224701
https://doi.org/10.7498/aps.61.224701
https://doi.org/10.7498/aps.61.224701
https://doi.org/10.1002/nme.1534
https://doi.org/10.1002/nme.1534
https://doi.org/10.1002/nme.1534
https://doi.org/10.1002/nme.2869
https://doi.org/10.1002/nme.2869
https://doi.org/10.1007/s00158-017-1760-y
https://doi.org/10.1016/S1359-6454(01)00403-7
https://doi.org/10.3321/j.issn:1004-0609.2007.01.001
https://doi.org/10.3321/j.issn:1004-0609.2007.01.001
https://doi.org/10.3321/j.issn:1004-0609.2007.01.001
https://doi.org/10.32604/cmes.2022.019528
https://doi.org/10.32604/cmes.2022.019528
https://doi.org/10.32604/cmes.2022.019528
https://doi.org/10.3969/j.issn.1007-4708.2003.06.015
https://doi.org/10.3969/j.issn.1007-4708.2003.06.015
https://doi.org/10.3321/j.issn:1000-0992.2005.03.003
https://doi.org/10.3321/j.issn:1000-0992.2005.03.003
https://doi.org/10.7498/aps.61.224701
https://doi.org/10.7498/aps.61.224701
https://doi.org/10.7498/aps.61.224701
https://doi.org/10.1002/nme.1534
https://doi.org/10.1002/nme.1534
https://doi.org/10.1002/nme.1534
https://doi.org/10.1002/nme.2869
https://doi.org/10.1002/nme.2869
https://doi.org/10.1007/s00158-017-1760-y
https://doi.org/10.1016/S1359-6454(01)00403-7
https://doi.org/10.3321/j.issn:1004-0609.2007.01.001
https://doi.org/10.3321/j.issn:1004-0609.2007.01.001
https://doi.org/10.3321/j.issn:1004-0609.2007.01.001
https://doi.org/10.32604/cmes.2022.019528
https://doi.org/10.32604/cmes.2022.019528
https://doi.org/10.32604/cmes.2022.019528
https://doi.org/10.3969/j.issn.1007-4708.2003.06.015
https://doi.org/10.3969/j.issn.1007-4708.2003.06.015
https://doi.org/10.3321/j.issn:1000-0992.2005.03.003
https://doi.org/10.3321/j.issn:1000-0992.2005.03.003
https://doi.org/10.7498/aps.61.224701
https://doi.org/10.7498/aps.61.224701
https://doi.org/10.7498/aps.61.224701
https://doi.org/10.1002/nme.1534
https://doi.org/10.1002/nme.1534
https://doi.org/10.1002/nme.1534
https://doi.org/10.1002/nme.2869
https://doi.org/10.1002/nme.2869
https://doi.org/10.1007/s00158-017-1760-y
https://doi.org/10.1016/S1359-6454(01)00403-7
https://doi.org/10.3321/j.issn:1004-0609.2007.01.001
https://doi.org/10.3321/j.issn:1004-0609.2007.01.001
https://doi.org/10.3321/j.issn:1004-0609.2007.01.001
https://doi.org/10.32604/cmes.2022.019528
https://doi.org/10.32604/cmes.2022.019528
https://doi.org/10.32604/cmes.2022.019528
https://doi.org/10.3969/j.issn.1007-4708.2003.06.015
https://doi.org/10.3969/j.issn.1007-4708.2003.06.015
https://doi.org/10.3321/j.issn:1000-0992.2005.03.003
https://doi.org/10.3321/j.issn:1000-0992.2005.03.003
https://doi.org/10.7498/aps.61.224701
https://doi.org/10.7498/aps.61.224701
https://doi.org/10.7498/aps.61.224701
https://doi.org/10.1002/nme.1534
https://doi.org/10.1002/nme.1534
https://doi.org/10.1002/nme.1534
https://doi.org/10.1002/nme.2869
https://doi.org/10.1002/nme.2869
https://doi.org/10.1007/s00158-017-1760-y
https://doi.org/10.1016/S1359-6454(01)00403-7
https://doi.org/10.32604/cmes.2022.019528
https://doi.org/10.3969/j.issn.1007-4708.2003.06.015
https://doi.org/10.3969/j.issn.1007-4708.2003.06.015
https://doi.org/10.3321/j.issn:1000-0992.2005.03.003
https://doi.org/10.3321/j.issn:1000-0992.2005.03.003
https://doi.org/10.7498/aps.61.224701
https://doi.org/10.7498/aps.61.224701
https://doi.org/10.7498/aps.61.224701
https://doi.org/10.1002/nme.1534
https://doi.org/10.1002/nme.1534
https://doi.org/10.1002/nme.1534
https://doi.org/10.1002/nme.2869
https://doi.org/10.1002/nme.2869
https://doi.org/10.1007/s00158-017-1760-y
https://doi.org/10.1016/S1359-6454(01)00403-7

	1 OTM
	1.1 连续介质离散
	1.2 LME形函数

	2 OTM框架下TGO生长模拟算法
	3 TGO生长模拟
	3.1 TGO模型
	3.2 边界条件
	3.3 TGO生长模拟

	4 结　论

