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Failure Mode of Thermal Barrier Coatings Based on Acoustic Emission Under Three-Point
Bending via Machine Learning Based on in-situ Acoustic Emission Signals
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Abstract: It is ready to cause the interface delamination, macroscopic fracture and spalling failure of thermal barrier coatings (TBCs)
due to their complexity of architecture and harsh service environment. In this paper, the failure process of TBCs under three-point
bending (3PB) load was monitored in real time via acoustic emission (AE) technology, and the damage failure modes of TBCs were
identified based on micro-morphology analysis of AE parameters and K-means cluster. The waveform characteristics of four failure
modes were analyzed by fast Fourier transform and wavelet packet transform. The macroscopic fracture or spalling failure signals
have no obvious frequency band, while the corresponding frequency components of substrate deformation, surface vertical crack,
sliding interface crack and opening interface crack are 62.5-125.0 kHz, 187.5-250.0 kHz, 250.0-312.5 kHz and 375.0-437.5 kHz,
respectively. The method of deep machine learning was used to process the in-situ acoustic emission signals. The wavelet energy
coefficient was extracted as a characteristic vector of the Back propagation neural network, and the advantages and disadvantages of
the model were evaluated by convergence curve, confusion matrix, Receiver operating characteristic curve and F; value, thus
realizing the discrimination of failure modes of TBCs under 3PB test and providing a reference value for failure prediction and life
assessment of thermal barrier coatings.
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Table 1 Process parameters of spraying process of Thermal Barrier Coatings

Parameter Current/  Voltage/  Flow rate of primary Feedstock giving  Stand-off Spray angle/  Spray velocity/ ~ *1SCFH=
A \% gas (SCFH*) rate/(g~min") distance/mm ©) (mm-s™) 0.472 L/min
Bond coat 530 53 120 110 90 30
NiCoCrAlY
Ceramic top coat 570 55 100 80 90 30
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Fig. 1 Schematic illustration of AE-3PB experiment
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Fig.2 Macro-image of three-point bending coating sample
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Fig. 3 Cross-sectional image of the coating before and after the three-point bending test

HT A RRHES AR 2, N T Reig 4R 2|
WERMGI PR AR N EE SR, Eid R
Ko TIX— LB 77k, AR E T &
N B 1) 2 2RBRE I K-means 8280 M Lok Ab #E
FERGHE S, @A RIS S R SHE S
WESEZ A BL R . K-means & ) —FPEgk
Fk, e EEBRE: BRI RS S B
g K AN EFIIERIE, RN RS EEE e B 2
HaiE R O S TR R R+, A2k
175 R B te i, (B 3 & HAh SR A 1 s
RGTEAR, AR ATE S E AR XA
AR F A, AR E AT AWNEAS, BRI
GG BT . FINA Tt iR 2 = 2 s
PR RRAE R, IR PEE . FREE R, THEL
A R ANESIE A K-means BIERIFFAE A & . EXTIX
5 AN RFISEGHAT R, FERATH— b
B, HIGECA-1, 10, i TBEE4E AN A IS il
PR TTECAE . BT R E SO

1y min[b(i,k)—a(i)]

o = EZ‘ max[a(i), min(b(i, K))]

(D

A n NEEFESE S RISE, ai)Zi% kH
1 AME T RS R SRR HAt v R O ER RS T
MR b, KRRHREMNE | A E R k I
BRI R . HAT B AREOCT 0.7 I, AfEil
AT R MER, B EDRAZ R 3 AR
AH AT DU s AR RS I A R,
VRS B AS 21 0 KBS AR i 1 73 SRR
FERFAE T AL FRAUS, WPT & & a3 HE-F
FEBENLE S, R RT DA /N A AR et 75 R A5
AT SR B T o AINEAR AR N
AR (W) IIHESH, /INEAR e RO 7 RS 5 (R AT
PR 2P B, T /N B AR AN R AT DA
R BIAT 5 BRSER 73 AT 7085, [RIIN 3 m] A
PRSI A o BEAT AL B . B X P RS R K
LR R R R R A A5 S R AT AT, R ELE
LA F <db8” /NP A5 5 3 AT AR B 1 AR P AR A/
P AL e Ja (7 R AR EAT 5 B BT o X T4
WFERSE S, BE2 RN REREINTES
L AT DAH o 2o, Hoe CnQ)pos, #97
rrae RIS AXWG R, AT AR HEW



J Chin Ceram Soc, 2023, 51(2): 373-388

2023 4F

- 378 - CREPR #5400
R@FR:
fo=fO+f0 4+ 2)
E =3 () (3)
E=>E 4)

Rt 10, 0, (0 A RIHE S A BN
B AR N R R BT RS T BN
AR . 75 RN A RO SR T 1 R
5 Y Rl L AR

R'=E//E )
eI B B 2R A5 KA o S8 B4 A i
SRS R AR 5, RIS 7E LT 7 1 L Ay 7
RS B IR AR, I RN e R ROk
X 43 Bl 2 (R 2 SR 8O .

23 HEERRES AERRERSHSES

9T RS TR 23 BT A I TE = S
ST I B AT R R R, A4 R S
FTRE T RORIRE B 3173 RS 11 22 DL RSAT 250
T BRI RT T A SR BT 40T AR
AR A7 A IR I 4 R, 7E = A A
BUR, BB I 7 R T BT R AR,
TE 1 800 s LARTA g shvEEess, R AE B thd
fi6, 7E 1 800 s J& 74 R STHRES TR A L4 2k
B, IR R SR T Rl iR R
2k BATIR AT AR .

TBCs BREHTHI A R4S 5 A T 7E = A8 %
SR Eee sV N i E 4 Lo T & N €1
GRS EI S S SR TG Rt R,
TR R VS R SO TR, M
B 5 AT LU X 6 AN R S HE = S o A

(a) Diagram of stress-strain-count

HEAMHEIRAR &S . gE R R ES L #
B HRN NS R, T TBCs = miZs il
SRR FE RIS HUIREE N 4 AN B S T BB
(0~48 s): JEHBYEL, IRJZITUG H I B )R 1
RO RESA RS SHAEIT B BT — A
AR, BEFRN WSS BT, LR Bl
SREAVEARTY, JF 46 H 33K T e B RS0 /b B 5 T A
9. 348 s MIRHMEIR(EAE] T 85 dB, AemiAZE T
300 mV/ps. TEFECHHIEMHEARTEM B, W T2t
LR AL THREETZ IS RE RN 2, Hit
FERJZ AR AN, bR & TEAE N — M e A
Bl BB R TR e A — LR i AL A
2 B BL(49~870 s): UL B ) AR M 26 26V R4, IR
JE I 4 H I OK B 1 26 T B A SR /b S BT ) AL ST
KON IR G R, B 2 AN 75 R BHIE T H
W, ENSHPEL R =K, AE 55 IR
¥ RER. g, B TR AL AR AR 4
HUEF 300,300 mV/ps<5 000 ps<2 200 ps+ 300 kHz.
85 dB. 5 3 MrBt(871~18005s): &)= HI K ERET
DI S RGO s R A I AL, FF HIRZE TG H
A E IS . [FR B ML, S8k
TR AN AE T — AN KT, TR AR 3 T
300 kHz. %5 4 FrBL(1 801~1 875 s): ik E4b T
FIE R, FFUEHIREREMRE . S HF
AR [ B KAE, X RCE R SRR IO E e,
[) BN 7 S I TE) 7P R B SO B RREEI ) BT
), WA, R AE AN RE & BIYE 73008 300~3 500,
5000~27 000 ps. 2 200~14 000 ps. 300~900 kHz.
85~100 dB £l 300~27 000 mV/us. JHid MK G2
AT 00, R IR RS SO )R

(b) Diagram of stress-strain-energy

B4 N RNAR S T HOR g B2 1 1

Fig. 4 History of stress-strain, count and energy
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Fig. 6 Cluster analysis of acoustic emission signals in three-point bending test of TBCs
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Fig. 7 Typical acoustic emission signals of TBCs
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Fig. 8 Wavelet packet transform of four kinds of acoustic emission signals
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Fig. 9 Wavelet energy distribution coefficient ratios of the AE signals
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Fig. 10 Structure diagram of three-layer Back propagation
neural network
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Fig. 11 Convergence curve of back propagation neural network
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Fig. 12 Confusion matrix of classification results of Acoustic Emission samples
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