%39 % 452 M S § =1 Vol. 39 No. 2
2024 4 H JOURNAL OF EXPERIMENTAL MECHANICS Apr. 2024

XEHS:1001-4888(2024)02-0168-15

BT 77 m R L R W 2B 1 T
TE B i i ki A R

5 1.2 : | T s ] 3 1 > 1 -1
&', TR, BX ', BRI, =R, £HE", BHEE, KikX
(1. P38 R LR 4 BE, A2 IR IR BT 5 KR A 25 M i 8 5 A7 i 4 o A SE 00 2, BTG 48 TC 400G T 45 45 4 o 38 PR 1A h o
BTG 4¢ 7100495 2. fiias Tolb 55— RMLBE TR 5 B 5 B iR 95 r . BRPE PG 4¢ 7100895 3. i E T2 Y HLAF 53 e WAk TREAF ST r, U
JIZEEH 621999)

WE: B EMRAIRY MG TRE TREFEIETSABARLTIB . LFENEL., £
M A EHBRSERZEeh R, B AT s b BT By n AR Ry, KA T4 b5k
PHRAGREKARERMA ELATH L BRI N e ER LA AL AALHER
HEAET R BREHBEGETHAG AR ERES AT AAX . FHFT ERBIE, F &
AT EHa2R 33 Tixte FE2YmR g A5 . R MEFH IR LIAR ., 8
FAHMEEMSM AN E A THARAMX AR ARG BELTY T EHAEDN T %, -5
BH ERATT HARIE R R FHERE BELRAAR B LERBIET KR
BT T& 09 S 4k #B M R Y AR k69 A Ak,

KEW: BRARREN; R BHEEH; B, BAKRN; &FHBIKL

FESES: TG115 SCHEEARIZED . A DOI: 10. 7520/1001-4888-23-045

0 Blm

RV A% F R A5 s R R AR O DR AP PR S SRR U T Rp e e T Ay Y L B RR A A A
R IR 0 20T S5 T ) 5 B 1) R A0 1) 7 A% vl 0l T R S8 e o v o g P T E 2 TRt 75 45 B A/ 480 T 22 A B 1
AETE | AT 5 B 254 2 4

304 BTG AS F 40 2 % L 25 4 1 o M R 22 — 1 0 KRR ST SR Y M8 M A T 2 fe R T AS 85 4
Je T DA AR | 6 107 52 0 A Rk el SR DS ©0 DRI A X A L T AT T AR A B R TS
JREOTI I A I 2 P G — Rl el R T ARG I T T A S R R R L A ARG T AR e A
R AR X B VAR TR AT DB 0 — AR R B, 2013 4R SATO S5H R 3L U 5 1 7T LU &4
X BRI IR A AR T HEA T i AR AEZ T AR /N AR T LR RS IDRS B S, 2014 4R XTE S0 R 3
ok b U 7 9 AT RAGE VA S BB I BIVE AR AR BN A5 S IR i 2t A R A R R L TR
30 S BT S 63k 5 7 A F 45 2R B 52 T o e (D R AT RO R AF R PR . 2019 4F, MATSUMOTO
SEEHR T EC-MS J5 ik R IR LR 5 (1912 S 030 A 5k A B AR B R B AR DG O i R
I B AR T AG I RS FE . 2021 AF , WANG S5 3 o ] I e % T8 T 7 12 o BTl 9 AR O HEAT T JE 4B
PR R B H A5 B2 R 8 S SRS IR AR G L TR IRl T 1) T R AR A T 1] . ATERF S Z

* WFRBHI: 2023-03-03; f&E HHEF: 2023-05-03
HeWB: EE AR FIELTH(NSAF: U2130206,NSFC: 12222207.51877163) ; H Yo i &8 FEA BT L 55 2% (xtr042020013)
BEESE: I A983—) &, Wit Hdz., FEF RS Bl s ik, Emali: xiesj2014@mail. xjtu. edu. cn



5% 2 W FE A o BT 5 1) P Ak I U 2 P A T R AL A B I 5T 169

S X L SRS I A S PR A T 32 AT R 22 D B Ak B XU B R AR I 2T i e 2 o U 2R
PEAESE BEAT T T A B AH SCHT5E

FURT S 1 A 15 2 BB S8 P A8 T2 19 JE 400 i D7 k2 73 3 ) S5 B A2 2% ) XU BB VR 08 o B 0F il
RSO JEAE 304 B FRMR AN 85 409 B Jal S 1 A 02 0 R i M OC 2R B St L ST T XU S R S TR SR R B
Ao JA] 1) LR TR P 23 AT I e ) e S AR A AT T SR R R s LU, B T AR A R O e Rk
F AL, M AT R B (B A0 43 BT 1 A W ML B, B T 1 O b AR DG 28 ORI ] 1] 45148 245 SR ST 1 XU 9
AR E I A TN 75 1 F R AT T BB s i A T ORURIN Y AR I G B R A R G SRR SR T
A5 4 A RUh 28 4 78 P R A I 7 ik A R

1 %28 M TR 3 4 8 R WL B B 52

L1 WHEUMTENHMAREEESMNERES

SRR AN [R] T — P B9 280 0 A5 i I, AR A B S A 22 0L ke 9 AT 0k I 92 3 e P AR SR AL
e o B8 SO RS R BEAT 00T o T PR Y R AR T B TE R IF S R e SRR ) R 2 B R
L R | A | I o D IVAC 8 G AR (T 11 286 | o 8 11 2 G e | A W T e o
TCIE fa] B R A AR AL B AR AL AT R A DI AR SR TR R S R A T R R Y S R
X 5 238 b I o EG T 10 P 8 Ut 2 A TR 55 0L AR P L I 78 3 A1 45 5 b it e ST HL G
o A 8 A 1) 3 A

MR 304 /N85 MR GF f-5: %< 5 HL S SR AE A () SRl 9 P A TR I 0 (T L T B AR SR BT R 4
HH AN T 5 S5 R FL 5 S i 2 AR T B AR AR R AR E I A 1 BT

1.440

1250 - (@) — i) [l (b) [— il
= 1.430 | | = s
o 12001 | 1430\
5 e 1420
il »
%].15“' gl.-‘-ll}'
= _}: 1,400 |
1.100 | i
= 1390 |
1.050 | 1380 |
0 5 10 15 0 5 10
IRHEAR T W% PP AR T %

Bl BRSPS TS I T 1Y 304 TN 85 4R H B R HE AR A2 TR« Cad ARV 5T %A 28 5 (o) B o8 i 2%
Fig. 1 Calibration curve of electromagnetic properties of 304 stainless steel under the influence of uniaxial plastic

deformation: (a) relative magnetic permeability calibration curve; (b) electrical conductivity calibration curve
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Fig.2 Specimen size (unit; mm): (a)uniaxial plastic deformation specimen; (b)biaxial plastic deformation specimen
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Tab.1 Biaxial plastic deformation specimen number and deformation amount

W45 0 4 5 6 7 8 9

x HhAE R =/ % 0.000 1.090 1.080 0.148 2.900 1.100 0.906
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Fig. 3 Uniaxial plastic deformation conductivity measurement schematic:

(a) detection schematic; (b) location of measurement points
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Fig.4 Uniaxial plastic deformation conductivity measurement results: (a) conductivity variation curve with
plastic deformation; (b) distribution of conductivity at different measurement points
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Fig.5 Biaxial plastic deformation conductivity measurement schematic:

(a) detection schematic; (b) location of measurement points
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Fig. 6 Biaxial plastic deformation conductivity distribution: (a) strain distribution vs. calculated conductivity
distribution, specimen #5; (b) strain distribution vs. calculated conductivity distribution, specimen # 8;
(¢) measured conductivity distribution vs. calculated conductivity distribution, specimen # 5; (d) measured

conductivity distribution vs. calculated conductivity distribution, specimen # 8
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Tab. 2 Measurement results of the effect of shear strain on electrical conductivity

N e A/ C) EREAE/ Y% PIRIAE/ % R/ (MS+m™)
(&%) 0 0. 000 0. 000 1.458

4 90 2. 030 0. 000 1.418

5 31 2. 030 1.614 1.415

8 36 2. 030 1.408 1.415

22 R LA 4 S L 2. 030 %0 B IE R AR A R R TR RE T 29 0. 040MS « m LM 5 ik



5% 2 W FE A o BT 5 1) P Ak I U 2 P A T R AL A B I 5T 173

(b) 90°

120° 60° 120° 60°
2
150° 30° 150° 30°
— 4Ttk
180° 0° 180° 0° |—5%ifF
—8 ittt
210° 330° 210° 330°
240° 300° 240° 300°
270° 270°

B 7 R AR A3 A (06« (a) TE AR 43 A7 5 (b) YT A% 43 AR
Fig. 7 Specimen strain distribution (%) : (a) positive strain distribution; (b) tangential strain distribution
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Fig. 8 Probe configuration
g g Fig. 9 Three-phase excitation signal
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Tab.3 Probe parameter table for numerical calculation
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Fig. 10 Numerical calculation model
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Fig. 11  Typical rotating eddy current distribution inside the specimen:
(a) t=0; (b) t="T/6; (¢) t="T/3; (D) =T/2; (e) t=27T/3; () t=5T/6
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Fig. 13 Relationship between strain distribution
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Fig. 12 Numerical model circumferential

) and pickup coil P1 differential signal distribution
scan schematic
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Fig. 14 Each pickup signal and directional strain calibration curve:
(a) pickup signal 1; (b) pickup signal 2; (¢) pickup signal 3
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Tab.5 Coefficients of calibration curve fitting functions
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Research on quantitative eddy current testing of
biaxial plastic deformation based on a directional probe

ZENG Xinlei"*, WAN Qiang’, CHEN Wenzhang', YAN Shunping”®,
LI Yue', REN Shuting', XIE Shejuan', CHEN Zhenmao'

(1. State Key Laboratory for Strength and Vibration of Mechanical Structures, Shaanxi Engineering Research Center of Nondestructive
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Abstract: During the operation of nuclear power plant structures, components can undergo plastic
deformation due to unexpected loads such as earthquakes, which can pose a threat to the structural
safety. The stress deformation of actual components is often complex biaxial deformation, and there is
currently limited research on biaxial plastic deformation detection. This paper focused on the typical
austenitic stainless steel material in nuclear power plants. Based on the relationship between its
uniaxial plastic deformation and electromagnetic properties and combined with the Mohr circle theory,
the circumferential electromagnetic property distribution calculation formula of the material under
biaxial plastic deformation conditions is established and experimentally verified. Furthermore, the
conclusion that cutting strain has little effect on conductivity is drawn based on experimental results.
A three-phase pancake directional probe configuration is proposed. and the detection mechanism is
analyzed by numerical simulation. Based on the Pearson correlation coefficient, a biaxial plastic
deformation quantitative eddy current detection method is established, which is numerically validated.
Finally, a pancake sensor is fabricated, an experimental system is set up, and the effectiveness of the
biaxial plastic deformation quantitative detection method developed in this study is verified through
experiments.

Keywords: austenitic stainless steel; biaxial plastic deformation; electromagnetic properties; eddy

current testing; pancakes probe



