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Abstract: Eddy current pulsed thermography (ECPT) is a new nondestructive testing technology that
integrates the many physical effects of electricity, magnetism, and heat. ECPT has characteristics such as a
large single detection range, non-interaction, and high detection efficiency. Traditional single-frame thermal
image analysis based on a specific moment makes it difficult to directly separate thermal distributions of
different regions, thereby making it impossible to establish effective mathematical and physical models.
Besides, it is challenging to conduct complete and effective detection and evaluation of micro defects and
early fatigue damage. In this work, multi-frame thermal image sequences were used to construct
multi-dimensional observation matrices at different stages. A Laplacian eigenmap (LE) was adopted to
reduce the dimensionality of the observation data set. COMSOL software was used to simulate and analyze
the effectiveness of hidden Markov model(HMM) tracking and to evaluate material characteristics. Finally,
HMM was used to train and evaluate gear fatigue data after dimension reduction. It can be verified by gear
fatigue experiments that the combination of the hidden Markov model and eddy current pulse thermal
imaging technology can be used to effectively evaluate the fatigue damage of a gear at different stages.
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0 B|= VTR LR S 2 A AR HE R L LA

FSAZ AT I 32 A o — 113 % (R AT A 2808 0 <6 Jeg A 11 Ak

ENUMAEEh R Gi, WA INT IR i S8 RGBT . b Bt b s % Ceddy

R BB RN 2 —, IR R 97 4R 54 2% current pulsed thermography, ECPT) J&—Fhili & | H
Y#s HEA: 2019-07-04; 1&1THEA: 2019-11-28.

EZ R FEE (1978-), Y, ERAH¥EE. WLAERI. T lJ7 BB, MEsW . KBS 58 A, Ml — A%, E-mail:

aijun.yin@cqu.edu.cn.
BEEWME: HERMWAHEEKEBET (cstc2018jszx-cyztzxX0032)

1141



HA41E H12M EANP/NE SR S Vol.41 No.12
2019 12 A Infrared Technology Dec. 2019

TR 5 20 A0 3 s A8 B ARAR 35 1 32 3l RS 7
BB, B, A E . RN AU, KRR
EAER . ECPT A AR, M SRS
AR R AL T, L AMHPLE I Hg E AT DU
A b 5 5 73 A B RT B N o 5 FLAD B RS AS A
WTTEARLE, MR R TUERRR FEE W, ECPT f&MIA
Jei PR T PR 2R T AR, T R DR W — 5 R 1 A
%7 Liu ZPE T ECPT HAR X405 CFRP 47 24
FMHEAT TR, ZE80m RRTI% Z At 6%. Pan
s UG 92 7 B2 4 5 & b ph T A2 2 SR B
B, Gao ZPULT ECPT HiA, #2iH T R4uH sk
SRR IR B AR ST B AR R SR
I T3 VEAR M BB DX AN (5] XS #oA, RnIAG FE
X, HHHBURK . RSO AR B 22 it 2k B 45k
TR, A8 TR RGN B 2 4
AME R, @A T 5 ECPT ¥Hld FEx) B (41 b i ]
Bk EAER . 2 )5, iR e (Laplacian
eigenmap, LE) I T2 3 J7 V250 22 It PG 50 PR 4T B4
Yeibd, LB T m4EREPRTURE . BRERER
% (hidden Markov model, HMM ) J2& HL7 () 326 T-Hi
PRV . @ 2956 53K+ COMSOL
BT T HMM BEE. PP PR (1 Rk
I U RS I 5 SR IR AIE , HMM X B4 5 1 e 9% 55
CLANBERAT S 2] VR, HERRROLRGY TGRS
ARG IR INR 5 145 6 198 57 IR S

1 FAABRKR

1.1 ERRBOPARBIGHEAR

ECPT Lkl R M EH KW 1 . Bk
PhAh 2% 53 )R AT A FAR ORI BRI FA 2% 4 it A
EREESTE i ULV i IVAZ 1t R TN Ok (2SN
FEAEAE ARGy, AR AR AR BN, AR FLR A
ECPT Rl ml 43 NEEF NG R 5 e SR . Bia

(RIAAAE A AE i 25 FEAE AR IR N AT AN, FFXT
AL I B A = AR 50 o DRE A B AR X X P A
YIERFEE HRERI . BREG A S 5m SRR
RS R, ffRERAENARTER, HRE, BEE
SEMIER TR AT, SRR I A AR
ZLAMAAGACRT DA 8 21 4 Ja b4 ) 2% T 3L B 1) 2 () 43
A 5 5 FE R A e SR AR A, G LA A EMEUT B Ak ik
FTHE ML,

TE AL AR 1 3 v A DU A4 PR 0 T 72 2 52 e (1) 1R
FOFEE BRI NG, MRS, WS
%, dR Pl B B BE B 0, AR AR B A 4
SHERHFEERZR., RS> AT ERRN T=
F(x.y,z,t), FRiEWT:

or /4 T 0T o4 1

e C, (ax2 + Y + 622)+ c. a(x,y,zt) (1)
A q(xy,z,t) ARk rb SRR R R R I A 1 AR B
PR p MRV FE s Co M B Y M BT Z.
TG A PR 21 A i S 5 R AN AN 52 30 I B AR A ) 5
Mo, AL R T A 5 2R AR MDA ) T S A 5 e, A
SATH R AR

E=eoT* 2
Arbe T ONIREE: eAMBIERIMAS R oJylli# 55-
WH 22 WAL
ECPT o i ek 742 Hh Ay 52 ey 7 i 2 7T 73 g m#A iy
B Kb B, HAhma B & 2 fros . BRI
TR IAEAE, e RIR FE LA I, il fF
P P 285 Tk 2 ) 2 32 B I I B A O B 440
FERA SRR BE LLARNS , Al 2 il B2 Wi I 2 2252 3| #vfe
FHIFENE o SIS AR, R IR 2 A B AR A i
Tk 21 A0 IR B e — RS I PR AN [) 0 €8 B T TR
LR

X

] Induction
L X"

Tested
specimen

F 1 ECPT HARJEHE
Fig.1 Schematic diagram of ECPT technology

= B
heater

1142

Trigger Infrared Heating Cooling
signal thermal images Personal phase phase
- IR | computer
Pulse excitation camera «
device Excitation e
signal —— %
M- g
5
A kel

v

Time/s

2 kI e 1 2
Fig. 2 Thermal response curve of pulsed eddy current



FALE F12W
2019412 B

Vol.41 No.12

T L i AR I S IR B RVTAS 75 SN Dec. 2019

1.2 MG EEN SIEL MY

AR S AR A0 57 AR A AL, A
IR B F R AT AR AR 3R R A5 A7V
fli o FEGLLL AN UG TEATAG I 7 92 22 3T i B 5
X 4 B MR A HEAT AT VPAS, S DA ST A R B
L WIHEEERL, X UINER R S R R B B 40 A s
%, TSR RAT HERR A I 5 VP4l . JE T 2 iidh
BGRB8 TR AR BS54 H
B E GG R, oS ARIR A RS B
(i 23805 2 . B 3 SRS [R5 B B 22 i 21 b
UG 1 E AL [ 2 e A B e din . B i=
1,2, Fon FHBRAE T AR % 57 IR B Vs
TR | MBI EG 78 t R S B R Bk =
HR A SR s n AT m 43 BRI B G A )
AR ML SR EUR RN NXM; K
i B A% R A S T 1S R Vec[Yi()], Kb N
X (NXM); B &t EEIR Rr EFE =12, T
Iy a4, AR 0 B EG R AR Y=
[VeclYi(1)];VeclYi(2)]; --«;Vec[Yi(T)]]-

BT ECPT B & Z W H b ah &, S2m R &
W2, WAEG AR RAAEL M. SR E .
TUARAE BRIFE s, ARFEGEHE i kb e, &
SCRI TR 2 S AR LR v M4 7 i LE SRR
BRI AT RE AR AL EE, R 4 U AR B AR R
FEHRN o LE & — Bl DL RR R i A 40 ks 2 1 3R
ENE R LETT VRS, B A AR AT B S AR SRR AT
R R AR, BEARGEZS 1A S=(S1,52,+,Sp)» NI
LE [ 24 A2 4 21 et e f S8 468 oo 4 000 o A4 SR 4 A
YK, B S=A(Y;).

Thermal image

n=12,--:,N

Vec[Yi(t)]

Stage i thermal image
(i=1,2,+,1)

Vectorize

sequence Y; A Single frame
terma image vervo) - [
e Yit)
E | e
N
=z :
AR | e | veren
<. I | !
o N — — _——— Manifold learning and

2 BRERBKIER

HMM J& T B /RBERBE R R, & — M E M
AR, 28 HMM B8, T R BB LI T3]
AFRPRAS BRI R R, RIS ERREEN
WP F 2 A28 F2, BAY B IR AS R e s i iy
FEBHEAT HEN . BEA HMM AT 385 3 MR AR R R -

A=(AB,7) 3)
e A PIREFFEMEZRFERE, B MR 55 R
GRIEHFE ;s R YIRS . HMM a5
MREES, BRERSES S 5ERNFH) 0.

HMM 8 5 7 ELAR VP4l A CRERTH 5 ) D
SRR v CTRUIN I D) DA 2 ) [l . PPy 1) R mT
it Forward SV PRI P 51 5 O AN R AR DL L FE
H P(OI2)ZE7R s fiehid 1) REFI H Viterbi A 7E O RIAR Y
AMEOLT, 1H5E PO/ NE, FHREMRMBREIR
AFEA; 2] @S Baum-Welch 5HE2 3. Il
B, 55 HMM ) &AM 24511213,

3 MEZRSITE

FIH Z 9337 07 B3 A COMSOL, AR 60 mm
X 30 mmX5 mm AN A A IS A4 A AT 1
HAHT. P FE A R AR 6.35mm, £ 120 mm
() 2 e~ AT 1A R DR AR 24T ke 7
RGN ] 4 Bz AN AR R S 8 1 s
BN ZE P8 i FL AN 350 A\, AT 256 kHz, BEE
TN E] 9 300 ms, ¥ IS E] 300 ms.

Stage i thermal image matrix Yi

dimensionality reduction

P

Manifold learning

3 ECPT ZLAMA G A 2

Fig.3 Process of ECPT infrared thermal image processing

1143



FALE F12W
2019 % 12 A

EANE /N
Infrared Technology Dec. 2019

Vol.41 No.12

Rl A EEENE S

Table 1 Physical property parameters of specimen material

Parameters Values

Electrical conductivity a/(S-m %) 4.0319x10°

Thermal conductivity #(W-m *-K ™1 445

Magnetic permeability « 100
Density d/(kg-m %) 7850
Heat capacity Cp/(J-kg -K %) 475

Temperature coefficient /K * 12.3x10°°
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