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Abstract

The reactor pressure vessel is critical nuclear safety Class I equipment in nuclear power plants. Its
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lower head inner surface is subjected to complex operating environments and impacts from foreign
objects, making it prone to forming pits and hazardous defects. To address the challenge of defect
detection in the surfacing layer of the reactor pressure vessel lower head, this paper investigates
an eddy current testing method based on an elastic point-type planar coil probe. The method employs
a spring-supported single-point planar coil probe design, which achieves sufficient coupling be-
tween the probe and the defective surface through an elastic mechanism, effectively reducing the
influence of the lift-off effect on the detection signal. Based on the theoretical relationship between
eddy current penetration depth and excitation frequency, an eddy current testing system with a
main frequency of 300 kHz was optimally designed. Engineering applications demonstrate that this
technology can effectively detect defects on the inner surface of the lower head of a nuclear power
plant’s reactor pressure vessel, providing a reliable technical means for the in-service inspection of
nuclear power plant pressure vessels.
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Table 1. Materials and geometrical dimensions of the test object
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R R AWS type E308L
RER R 120 mm
WIREEE 4 mm
Wiz 3382 mm
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Figure 1. Inspection area
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(1) AeAIN AL b A N R

(2) FefsllHE B AR 0.5 mm. JRE 2 mm HIFL;

3) FEI 4 6 mm, P 0.1 mm, ¥ 0.5 mm HJ N TAE;
(4) fEMELL SIN KT45T 5,
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Figure 2. Schematic diagram of eddy current inspection system connection
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4.4.1. ¥RERIR

g S S AR REOARE TUARSS s R AN T T Z A, A sl N A R A& 2.

(1) A iR BUISA 100 x 50 x 10 mm;
(2) NN TAEHERE 2 — T 5
(3) Mkl
i) B}#f: AS533 Grade B, JE/¥ 6 mm;
i) 174%: FOP4-EGN-GNE9016-G;

iii) HESEEY: AWS type E309L, J5/Z 2 mm;
iv) HEEZ®: AWS type E308L, JEFE 2 mm.

Table 2. Artificial defect dimensions of the calibration block
2. RERRATHGRT

AR (mm) FEAL A Z (HFr) SR (mm)
K: 25 £0.10 25.03
1A . 0.15 +0.05 0.14
7 2 +0.05 2.02
£: 25 £0.10 25.04
B . 0.15 +0.05 0.16
w1 +0.05 0.98
£: 25 £0.10 25.04
1 C %i: 0.15 +0.05 0.17
#: 0.5 +0.05 0.53

44.2. REERR

Jit P R ABRE AR RN 5 R S A RE . LT RSE s BBV E AN T 2, RN TR
SR 3. RBUZLRBRIIEARZOR S5 AR, 104 50 x 50 x 10 mm.

Table 3. Artificial defect dimensions of the sensitivity block

3. RYERRATHGRY

GRIGHR T A B BV
BB DE B/ ELA% (mm) 90.50 0.10
BREA K (mm) / 6.00 ANFE £0.08
SR B VR FE (mm) 2.00 0.50

4.4.3. IR

B 5 R T 0 4% TS fARL . BB PR AN T ZAE ) o A2 IR SO0 TS0 B 457 X 1)
TEAE, JFAETERE AN TR EDM A, % BE4iX ) EDM 8 RF WLk 4.

DOI: 10.12677/nst.2026.144018 212

Rl A


https://doi.org/10.12677/nst.2026.144018

e

Table 4. Dimensions of the test specimen

4. Wik R

BRX S BRI BB 55 L EDM & i TR~ &1k
A 2 mm 19 mm £ 12.7 mm
B 2 mm 12.7 mm % 0.25 mm HESR)Z JEZ 4 mm
C 4 mm 19 mm & 2 mm

4.5. IRkt

4.5.1. LM

B R RIHE IR Ty 258 T B SRR BRI X A5 M, BT R S U IR R AR Sk (4]0 1R IR
AR TE X SR B 45 X AT B I RS SR AL T3 HUIRAS, S KRR B B 401 X R 1T, 42 =] BB 402 IX 3R 1HI
FREG IR EE ST PR3k 1 AN EAN 3 mm 1 25k B R PN U LR 3). i s B X T 218 R A )
e R, o b e AR [ 5 1) _E RO SEREE AR RS o DN T B IR RS RER, Wit Smm . KR BN
3mm, EOREEMEBEHRXESR, SHREANKTLEER.

b o5 PRk E E AL AL

(1) AhFetk: $RKANE, LRI EBLEI;

(2) BEAME: SRR R, LIRSk A B A

(3) BRIEEAhk: SRR B, AR s

(4) “FIZkiE: AT EBEASL T, T IR

(5) FIRAPE: ERLRE SRS, ERmRES.

24

Figure 3. Probe structure diagram
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452, BRATLELBRLTR
B 2OT T R B A BT DU B 2
(1) s PRL S UG Ry mificf,  BEME KGR PRI SR 1 B
(2) FE I FER . MBI, R/ NGRS LA = 5
(3) FRAMESZHE: SREESENUM MR LBENS 5 il MR T 58 B AR 15
(4) PEBS T WP Bt LR BRI AR E T Y5
(5) ZI7IERE I FTSEBUANEDT A R SkBEA I, G TR AL AR

4.5.3. HLJLMEHEENARIL

N FHEER PRSI R . 2SR e S BRI e 70, X R IE L AR] RS RSN L ) 5 S 80dkAT T
At I LA BRIT O B A RAE ik R .

(1) LB EAT. 2R BAT B4 U B IR sr (1) 25 [B) o e 5 eI A VG B . BARE VD, 2Bk S R
B R, HXHRE AR R BUR: EAR, WIS HEER B, X 00.5 mm 0/ )N 0 R4 P 35
MRS FEAr LR - TR RRA PR oA, TFEL E308L/E309L MEMRZ iS40, X E A% 2~6 mm [
LRI TE 0.5 mm ~FJIRFLFI 0.5 mm PR A TS BE S 3T . BRI, ¢0.5 mm “FIRFLE ST
D =3 mm M iAFE K, ANTAEESTE D = 3~4 mm 0 BRFFE R AT, 105 2 5080 I B A2 180 K B 1 B&
Ko LB/ INERFE RS S fafdtt, %e4&BE% D=3 mm.

(2) BN ) S 4. FNERETEN AL T e 4 3 S R R SRR e IRVE Im ek g, LI BERR A “ 42
kAT HE” &5 kR AEAOR R 2 IR NIBERE N, TR AR, dhTR R 5 R iR s s N
FERR, RERAEMBTA L H b KA I RRIT ), HEMRI. DHE4iE 5 mm AW, STNIE
0.1~0.8 N/mm I TS Sy A B4R B AT 0 Bt 5. 25 R, WIFE £ = 0.3 N/mm B % /149 1.5
N, $EEPEANIHEHITE 0.2 mm LA HAURIAS KA R, BeflcRaSFe0E « 951k 2 33N k= 0.3 N/mm.
RS S mm W RLTE J140 1.5 N), PRIEIRSKTE T ES9IU8 KB X R ¥ sefa e & .

4.6. WIEIMFE

TEWRIRAT IS, 7RI R AT IOUR BRI AT T, GBI SR A ] DUR A 30 R U . T2 -
T PR EIE NIREE ) 3 AR NIRRT ROE R o AT D T $ 3k P9 3R 1 1) B8 ISR AN S AR HE AR 2
(E308L/E309L), L NARERREMERBL, XS 1o~ 1.00 KR L SACTHER 2R BLszil, FEgs &4
BEFM, B3 FERUES R S iR,

Table 5. Main electromagnetic property parameters of the tested material

"5 WM EEBEMMERESH

) SR o/(S'm™) XS ur FLFEE p/(Q-m)
E308L/E309L /i 2 1.40 x 106 ~1.00 7.14 x 1077
304 BIKAEANBWH(SH) 1.37 x 106 ~1.00 7.30 x 1077
SA508 kA &%) ~3.0 x 10° ~1.00 (B k) 3.33x 1077

Wﬁ%%ﬁ@,%ﬁﬁ@é@ﬁﬁ@ﬁ&z%ﬂﬁmﬂﬁﬁ,%ﬂ%ﬁﬁﬁ%?%ﬁ@@ﬁﬁE&I
P2 LW A ROBER LA 30, RN B EL) 5%).

SEERTI E AR BT TR IR R RN IREE 2 mm [P RAL, BERA MBEREA/NT 2mm; [F
I I PRIE 0.5 mm /NGRFE 0 R, BRI IR FE AT o2 A RO 3R T S B R o I X AN R B
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HIAREIZIBIRFE T3, 400 kHz A BUSERE 30~2.02 mm, HEMRE R 2 mm HBES L. 55
BSE; 100~200 kHz BURBEAR SR, HRH/NERFE R BPEAXRAC; 300 kHz B 36 = 2.34 mm, W] LAA[EE
B 2 mm G AL 17%MBE, H 00.5 mm FESLAMIHER LS. SaREER. REY
2 S5 ANBL(100~400 kHz), %2 300 kHz 1ERNFERMR . %45 55 504X PR B b i TR
00 —8  HETHE R R0 S [R50 .

4.7. IREMMN

B O — M A L TR R T 5 96 R 4 D B 4546 1 B2 T 51
Fo PRI M AR A A B Gt SR PRSI A R PRI S LRI s o G B AR R B T 98B
O OB

4.8. BFHZE

TR I AR S5 TR R B A RS A B il R RS, B RO TE A B PRI i $r
TR ELEE IR TR & 05 5 0 B R B AS H R % . R4 ASME MITE SR, WRiRA 36 S/ ML 2o 30
RUTESFEIZN 118 fU/ZK) o RFFCRFABEEA/NT 2 /2K, 7ERFER N 1000 s/F00, oK
EHEAET 500 mm/s.

5. WL
51. FREHRE

TR BRI 1% L AP IR AT -
(1) EEIRIAR RS, RISk R B, RAER WK 2;
Q) EMEERMICE, EeEmiig, Hi7R5%;
i) I E
FATMIAIZ: 300 kHz;
KFEZ: 1000 /0.
i) AREWE
s PR PR BE A 1 mm N TERFE BIRIRAE 5 M T B 90° (RIMEFE/KF), TRIERE A
4 R
i) HERRE
AfTTA: s,
FAREEL: AKT 150 mm/s;
AfA#H: AKT 3 mm.
(3) FFUEHEAEHT, PREKE T hre il EXF RGuE AT 0 AL EE
(4) XHRAR e AHGHAT I, AR E B E BERAME S AT R, TSR
(5) X REGPEAPGHATHE, S HEENEEEAT 50T
(6) WAL ATHE, WWRIFITEEE.

5.2. RGHRE

XARE BT H A A R I 4. MR, BAMES 198V, KR 0.19V, H/MEk:Lt
N 10, REWIEIX 7> 0.5 AR N LTS, BT 5 IEORTERR.
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Figure 4. Calibration block scanning results
4. IRERRIAELER

5.3. REFEEWIE

Xt RABPELARIAAEEE R I 50 70 RARH], etk 36 2 St REAE A AS Hh AR FLARBRBE ) P AL AR
MR N THELF 6), 156 R B L HAREER

Table 6. Eddy current test results of the sensitivity block
= 6. REERBUARIAKLER

AR S WEE
hiEdmT N — -
NTA2E EEYRES R~ & AHAL
1 PR AL FLIRBRE 0.5 mm ¥ 2 mm 0.56 V 261°
2 i gL £ 6 mm % 0.1 mm ¥ 0.5 mm 203V 261°
$0.5mm. & 3 6 *(.1 ;
—t e e ; 4
+ o : 5400 0°
+DEFI ml“w 05 mm Far ﬂ
s ] N\ !
} & \ |

Figure 5. Sensitivity block scanning results
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5.4. HRHNR I E

PRI NI HE I 3 as 11 B A b, Sl U B BB T A, S0 ki 75 400 P 4 X

HELI R Y BE

o WAL

WK 6 f1% 7.
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Figure 6. Scan results of wear A to C
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Table 7. EDM notch scanning results of the worn area
3 7. BBX EDM TS

BRX S EDM & TR~ BRIEE FRAL WEKE
A £ 12.7 mm 1.79 V 101° 12 mm
B % 0.25 mm 273V 98° 14 mm
C R 2 mm 026 V 117 10 mm

5.5. iRIEEED

A TEL T

(1) IR EERE LK T8 T 5 MEIARZER;

(2) BEXRE N 2mm. 1 mm. 0.5 mm AT A;

3) Berl B AR 0.5 mm. JRE 2 mm WAL,

4) Fell B 6 mm, %% 0.1 mm, ¥ 0.5 mm BN TAE;

(5) mEml AL E A N Tk .

FERH B 45 X RGN TSR By A 3 ik v, Pfrade FH ) d0 s 36 R R AT HR AN ] RS B 437 XIS
] EDM ##.

6. Hig

Ay SE R I b (AR TE AT e SRS, G Al SEIRA AR, MR, Bk, &Y
Beo TS R T RS PRSI, A AT 0 0/ B bk SRR A S A IR TR AR Sk AR B AR
BEATRE LR, W 8 FR.

Table 8. Comparison of the proposed method and related detection techniques

® 8. AR ESHEAMEALLR

SR MAER REGREEH EANENE  wBEAR 7 FEL KRR
Ry T T ﬁﬁﬁ#ﬁﬁﬁﬁﬁﬁ%§Mé BN LR, BB THA

. o RTRRERE. FHESTE o REOIE, B
FEBLRTL(ECA) K CIMOLEI RIS g

R BRI A R HESR 2O 2 e

AR (PAUT) i A 7 TEEX FIRLERBEI [l 2 R A

2
T s FUGERE  SEMIY. & RESEIR + I AR AR X i
IR ERRE Qmmz AN, R EER i GHNE

i PEBRT AT HAHIE TR AT i B BRI E = A5 o, R RN LD = 3 mm)JFRE
EORTEREEAUA, Rk TR RSk IR L AR A S PR AR TR AR E M A R, TR R
FIBIFIIRAFRES 55 H =, 7£ 300 kHz S N AW T 2 mm KRB IS E 155 0.5 mm NI R
e, JFil e RN S HOT AT IR o0 Ba ) ViR AR =, @7 MR MR MEE M
7 55 PRI AARAL - TREERRE R AR, SRIGIREE € BIRZEAEIT 8%, SEHL T HisE PhAS 1] g &P
BTt

SHE RN ZE i BRI ITEORFI L, A T5 VA 5 i RBE L /N TR oy T o 7 425 ik T B o
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7. TR Sf

FESEAZ S A HEAE A A rp, SRAIASSCNIR i3k s 3 OP 2R el i A I AR AT A &, R A
FREEOLE 7). KR Es RE

Figure 7. C-scan image of the worn area
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(1) A T T 2 Pl R S M8 1R 2 2 43 (X AN LU R THTRE G, A DR ARE 5
(2) FRESTHESSMARAEH] T IR, BlE S EMR

(3) MU BA LB T 2R T ML 2R 1T R PR A7 R0t BREEAS: 6 100%;

(4) C TR B s 1 BRI A, R R L A

(5) KrRLR . FEAIRE DA e T 4 X IR .

8. &it

AT [ SN s 77 7 T B S AR PR A0 X SRS [, A SCRIEFT 1 b b s 20T T 2
BRI RS I T, TN T2 A% R AEARAS 7, A7 00K HY I 0 s T A Sk 2 P e 5 O
RORIE, NRZ G R A IB TR AT SRS HE
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