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Fig. 1 (a, b, ¢) SEM image post-processing characterization of typical flat fusiform PEPC structure; Statistics of geometric characteristic
parameters of particles in the PEPC structure: (d) Feret radius; (e) Adjacent particle spacing
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Fig. 4 Schematic diagram of boundary conditions and geometric parameters in two-particle unit
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Fig. 8 Velocity contours of molten CMAS and velocity profiles along the particle center line under different

N

W

S
d

— s=¢ ! pm

o— S:eo pm
| a— s=e' um
v— S:e2 pm

[N~
[=3
(=]

—_

(=3

(=]
T

|
:
|
I
*‘

90% Molten CMAS penetration time/s

[=]

0/(°)
(a) r=e¢ 03 pm

v/(ums™")
(b) 6=30° 1.0
0.8
0.6
0.4
0.2
0
0 0.5 1.0 1.5 2.0 2.5
v/(um-s™)
(d) 6=60°
2k U 2k
5250
E — r=c¢? pm
= o r=¢! pm
.2200 - 0
= a— r=e’ pym
g v— r=el pm
51501 v
& o
< v v
> 100 - v v
O
=1 A .
Eol, o Lt e
5 & ¢ ¢ ¢
s ol - - -
& 0 30 60 90

0/(°)
(b) s=e0? pm

K9 ANFIBURLHES £ B2 5 Ml CMAS 8 AR ] 5E &R

Fig. 9 Relationship between molten CMAS infiltration time and different 8

Particle gradation

Inlet pressure: p,

Large particle &:

Medium particle [€—|

Small particle €|

Porosity 5
(”:Apore/ Ayral

Pore tortuosity
| =Lyt Ly Lyt Lo/, | N

B 10 ZPokiik RN

Outlet pressure: 0

N AT SIS HUE ORI

Fig. 10  Schematic diagram of boundary conditions and geometric parameters in multi-particle system

BT AR Sk T8 B U 5 — e N A T
R 10 s Bk 200 AP ShRL T, TSR 400 s I
HH 30 Ak (R T LA B, o S A AT AR ) L
[ AL o SALBRITEE 3 3 /5 mm BR 3 % 44
filt CMAS ¥ A P ) 4 i A o

221 BEgBEEE PR RE, IR (=e' pm),
i (r=e® pm)., /)N (r=e! pm) 3X 3 BRI RS RURL TR &
o), BBz Z2ALA BN ER A FLIGE A A R . 141 12
S 72% FLBRFR TN ANE K w3 R EURL  E L
TR HIAE 400 s I B U S /s IR . FEOR KR [R] —



756 R BT R 2 2 R CH SRR 22 D

552 %

100 1 Ag/s:
—35
+—10
| +—20 =
75t .30 >
X
E‘ 50
251
0 L

0 100 200 300 400 500 600
Total simulation time/s
B 11 ARIEEERKT B 58K R
Fig. 11 Relationship between Ey and total simulation time with
different time step

FLBR A ETHE T, AS [R) B0k 9% e 7 A Y — o0 %%
B LR R (K] 13) 4878 115 W00 o~ RE DG &« BEAR
F /NIRRT A B 3G TN, By (2 P52 Y B
RERS AR LA, BI AT Z 0/
7T R A Y A P R DB R IR B . R
RPN E L AR X e DAL (N TIER v € N
UL AR B IV 1) R 2 T U] S0 A S B R, T B
MM L, [HSERZ N EMAP )21 PEPC
SR N 22 0 T BT ] 12(a), ROAURE  HEE 2,
DX I B PR 17T PR L BR 45 44 1k )2 PEPC 45
) PN 22 R AR AR BB ] 12(c), /NBORE 5 I &2, 1
fill CMAS 138 A B, BALHIZE R 55050 B 4
_ﬁ[n]o

Proportions of large-medium-small particles: (a) 60%-20%-20%; (b) 20%-60%-20%; (c) 20%-20%-60%

E 12 ARPRHRACEE 400 s BHERE CMAS Tl R 2 &

Fig. 12 Schematic diagram of molten CMAS particle trajectories at 400 s under different particle gradations

0 25 50 75 100
Proportion of big particles (r=e' um)/%

13 N[ URLZETC LU IR Y By {8

Fig. 13 Ej values under different particle gradations

R DR DI N LB R — B, /NBORE  E i 22 L
fRp AR v RURE B A5, R SRR 7] BE B )N, X B
BN A X AT LA B B Ey (B P 2 50K ]
B 5 VEATSCHRIMIT, BRI 5 9] BE B (L s, B Ak
FHIE . WNIET 14(a) BT 7S BEL 5 2 87 , 0K 8] 2
] CMAS i A i) 3 L 28, (B HZ Ik
e M2 AE P-4 RIFEZ 0 0.7 pm b 53 H B 2
A 03 A, 2 X JOURE [) B B 46 2= 0.7 um BLR I,

Ep (B2 T B, 3R BLET R 2 AT B I AR 3 1 24 4L
il e A s, RV ARG ZAb T Sh IR A, (LR
i AE RS 48 7N 2 AROK 9, B 2 It 3 s g 1O 22 2]
Ko o ARYEIE N U Bl A, Tt BELX 38 T v S Ak
LA 1 B 0 AR e PR U, B/ 1Y TR] IR 40 e 25 5 3
RS DI RE R PR B L. B, 7E 0.7 pm BI{E
PLR, A e 0 2801 BHL D 368 (45 A D 3l P45 e, DA
SRR 25 44 1 oy BB BEL A RO & AR UK

S R 5 BE AL B ) B 1 5 18 RV L, AR RO
TEARFA LB E E F7 (1000~5000 Pa) K A [F] 4L B %
(66%. 72%. 78%) 41 4T Z A X BB, &%,
L 72% A, b T8 B FLBR 2R, 24 A T 3K 5) e 7 B
1000 Pa #£ 7+ 2 5000 Pa i, Q& 14(b), /L4 5 1 4b
1) Eg 28X B A3 UM PR R4 L+, B Ey {ELFH ] B
Ak B B AR AR EAE 0.7 pm BT . 3XTIESE
S A2 FHSORF NG PR E I ARAE T LA 58, ASBESMNA
KN T BRSO, FLBRAERT s, RI 3
FEFIVER . & 14(c) A1 (d) TR, BEE FLELR M 66%
SeIE AN 72% M1 78%, XY s, EBLH H 0.45 pm
] 0.7 um & 0.95 pum [ 1F [7] 5 4 3 o R, 44
E AR 53 A7 B L B3 258 18 0 1 b 546 T, 0k 52 i AL
B R B AR U )2 28 B, LA 1) 55 64 il CMAS (199



100 1

51

25+

0 0.5 1.0 1.5 2.0 2.5
Savg/HM

(a) po=1 000 Pa; g=72%
100

75+

25+

0 0.5 1.0 1.5 2.0 2.5
Save/ LM

avg/

(c) po=5 000 Pa; p=66%

ARSI, AF: PRETR 2 i TR AL B A BRI Z AR RICMAS B A i S HLER 757
100 [
75 [
X 5.=0.7
= 50
Sy
251
0 0.5 1.0 1.5 2.0 2.5
Sayg/HM

(b) py=5 000 Pa; p=72%

100 1 //‘./.,-4——- -

75+
° 5095
= 50
]
25+
0 0.5 1.0 1.5 2.0 2.5
Savg/ MM

(d) pg=5 000 Pa; p=78%

Bl 14 AFEZECT RS UAAE P K R0RE [ X0 R £y (A5 2R

Fig. 14  Fitting curve of Ey values corresponding to s, for a series of geometric models with different parameters

PRRHPRALRE . B ELERR B R A TR )1 2 A L 4
N TR AR T S 2RI R AR AR
LRI G TR LN . E CMAS 3B AT AR TR i
WO A T, FLIE AR (43 30 B 7 3= 2208 T BE 1f G
WBAMSI RN R ZES . f£5 LR
(78%) TR & b, IRIZ NI BB ALK, B R
O TR TR R o S o N ED O 53 SR TR T
(0.95 pm) RV ZE /N T J6 B 0 B R R 2
A o Y1 2R 0 e 3 SR PR L T 9L e 2 i
3 Ry IS B R, 5 A R 1 b R T
JE o T ORALBE R T 1T 5 BB AR, X b R i 34
FLZ T W51 AR AN REAE U £ 2 (0 R T
W, 3 B D5 AL s TEROR AL T BB A0 3. A
B2, TEARFLBR R (66%) fE0R M F v, Ui A3 3 2 ik
P, i AR R R EE, SEOT R EA
B o AERX AR RBL F SRR, A 5 0L A) B
PB4 28 0.45 um LAR, 51 5 g A i 14 140 5 2 TR
JEE R 5 ) AL R BT U A I 2% )R S DX s A
RS B PEFE HIOCA BB 8 I BUR SRR A B O 3
FHL 33 8, M AE 75 WL ik A T8 1 BE B AR 2 R
i (B P3R5 A% ) o X el AWOULIAL 320 T8 A R L DR Y
PER R, D B 0F AN [R) B0 B U J2 B o (I UKL 4%

BCER AL 1 I S ) LA

TE PEPC 4581k 2 il 4 T2, Sl o 454
SR oA 2 AL IR SO [R] BB Y DT GO & .
se FEAE—NIRSL 19 8L, & — 45 PEPC Z5#9FLBR
R EM W ST FE bR o 2% PR IR Z 1 2%
T AR A i 0 Jo S 4 B o, B S A5 AL T 2R
K AR S JE A W T, 2 A i A LB Y B 1
kLR BE S TE O BRI HE /N T s OB SR . H
WA AL, A BE L IE ik & PEPC S5 FI 4 S bt
BB
222 ALRFE RAMALIRFALBR A B CMAS &
AL AR, ANE 15 Brs 78 LA AL 3 I, 7612 5
BLEIEE SN 0.55 wm 2247 (00t /INURE B 28 [ 26 v,
BB AN R R S B R S R B 724, DR il
TR A 31 7 S W I 107 N A T B O VR N el =
TRFLBR N 78% F AL W 2 66%.

P 15(a) M 490 4 7N 0RE R0 2%, HLFL B SR AE & 15
HRAIR, T LA BRI e o 10 265 v el 1) IX i 2
HJFE R & 16(a) Fros o FETEE A H 730 Bk
T, BALBR AR REAR, Ey {852 U] 00 T R 3
X 515l CMAS TEFLBR R AHES T EMAP U2 FlU ~F
BICALBRZS M IR 2 AR B IR 2 B A G



758 R BT R 2 2 R CH SRR 2 D

(a) (b
Methods for introducing particles of different sizes: (a) Initial small particle network; (b) Filling with particles of radius ! um; (c) Filling with

particles of radius €° pm
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. *1):

Methods for solely increasing pore tortuosity: (a) Original model; (b) Increased vertical spacing; (c) Staggered arrangement
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Fig. 17 Schematic diagram of molten CMAS particle trajectories at 400 s under different pore tortuosities
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Fig. 18 Ejy values under different pore tortuosities
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Flow Mechanism of Particles Mitigating Molten CMAS Infiltration
within Flat Fusiform Pores of Thermal Barrier Coatings

YE Meixiaohan, LI Hongchen, ZHANG Wenkang, YANG Ting, WANG Weize
(School of Mechanical and Power Engineering, East China University of Science and Technology,
Shanghai 200237, China)

Abstract: The infiltration and subsequent degradation induced by molten calcium-magnesium-alumina-silicate
(CMAYS) at high service temperatures remain a critical challenge triggering premature failure of thermal barrier coatings
(TBCs) in advanced aero-engines. Consequently, tailoring coating microstructures to physically block CMAS intrusion
has emerged as a core strategy to boost coating durability. Focusing on the Porous Embedded Particle Clusters (PEPC)
structure, which possesses outstanding CMAS resistance potential, this study systematically investigates the infiltration
dynamics of molten CMAS. A coupled numerical model integrating two-dimensional creeping flow and particle tracing
is established to reveal how geometric features of particles inside flat spindle-shaped pores influence CMAS infiltration
and the corresponding underlying mechanisms. Simulation results show that at the dual-particle scale, the synergistic
matching of large particles and micro-gaps greatly strengthens the throttling effect of pore throats. Meanwhile,
arranging particles perpendicular to the flow direction effectively suppresses the hydrodynamic shielding effect and
maximizes barrier efficiency. At the multi-particle scale, average particle spacing is proven to be the primary factor
dominating anti-CMAS infiltration capacity. A nonlinear threshold control mechanism is uncovered, identifying a
critical spacing of roughly 0.7 pm for PEPC structures with 72% porosity; below this threshold, infiltration resistance
rises sharply. Furthermore, this work reveals a strong synergistic barrier mechanism coupling particle spacing, porosity
and pore tortuosity. It is demonstrated that raising the fraction of fine particles produces a dual barrier effect by
simultaneously narrowing average particle spacing and increasing flow channel tortuosity. Ultimately, these results
reveal the physical nature of infiltration suppression in PEPC architectures, laying a solid theoretical basis for
microstructure optimization of next-generation high-performance TBCs.

Key words: thermal barrier coating; molten CMAS; micro-pore structure; creeping flow simulation; infiltration

mechanism
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