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New NDT method for ferromagnetic materials based on differential permeability

Wu Dehui, Liu Zhitian, Wang Xiaohong, Su Lingxin
(School of Aerospace Engineering, Xiamen University, Xiamen 361005, China)

Abstract: A new non-destructive testing method is proposed to fast scan and detect the macroscopic defects of materials using the
variation characteristics of the differential permeability of ferromagnetic materials. Firstly, the ferromagnetic material, such as steel
plate, is placed under the bias magnetic field, and the defects in the material will inevitably lead to the distortion of its internal magnetic
flux. Secondly, the magnetic flux distortion is further reflected in the difference of the differential permeability distribution on the surface
of the tested material. Thirdly, using a specially designed probe, the distribution of differential permeability on the surface of tested
material is rapidly scanned. Finally, from the difference of the differential permeability distribution, the discontinuity information in the
material can be obtained, so as to realize the nondestructive testing of macroscopic defects. Series of experiments were carried out, and
the results show that, compared with traditional magnetic flux leakage method, the new method has the advantages of low magnetic
intensity, less flux leakage and stable detection signals. Moreover, the detection signals for the front-side and back-side defects have
obviously different distribution characteristics, and the method also has obvious advantages in the field of defect depth identification.

Keywords : differential permeability; macroscopic defect; non-destructive testing (NDT) ; bias magnetic field

feTs i, [ A b T AT R RIS, UG T — 2/
FCR o AT A0 N R T A R A 1 S50 T
B, XILIY R 5 1 J3 4 At -5 Bl i LR 0 B
SR IEAT TS UERI A 5 30 75 5% N HF & th o)
REA) AL I , S T R B 5 10 1 [ A 00 £ 5 TR

1 5]

T

BREENERORL 12 0 T A2 s Bk RS
AT, A T R BT R SR A 2 R A

TERRBEMERBII AR A Ik i v, 25 5 A6 2540 32 1 sl N R IE
SRR BE , PE T R R, T R R R A4
P18 GBS X /N2 T FRUAS R K , B [ 58 R
BRI = A B SR

TER P> s T RGN B A A A B 45 44 114 ol

Wik H 4 :2016-12

Received Date: 2016-12

2 N T MO S R G AR R X R R B R R
SRR T XURH G UG B B4 TG B 45 1 5 A B 2 AL gk
— G — T BUMIE S R N = 6 R
RY AL )4 i BN S A8 AR AR B A 5 Liu ] 4§
NTWRGE TELRE PO LA B T22 A6 [ R ) 4646 F

# FEBIUH - [{R [ AP EHE S (51677158)  ARIEAPHLTHRIE L1 (2015HZ0002-1) $E 1)



56 1

RABL A T RO G R A BRRE AR TSI By 1% 1491

HIBLES ), S LT g | R i o0 1 36 ) 28 AL FLAEE 5 Chen HL
E. 2\ i S O T B v SR A R R v MO R
2 W 3 Fh oy R R I B Y A RHB MEIE AR 7 AR ) T
AT ( non-destructive testing, NDT) g 5 ; Ktena A %
NTBRGS T RS A9 5 0 AR A 5 B R R S 8, O
TEREAIR F BERL TN ORI T3 i i [l 4 D) 1

FEFT A PR A FE ) S5 Ak b, A SR B0 1 5 %
FRPESE T BT 0 B X R R P ARRE Y T A I Uy 1 o
TEZ T R RE T I B REAG PR, ARk
B2 L BOL TP RE R (R AS o I L3 i 3 g A2 E
— R AR R TG SR o A i 22 et . RITE BT Oy
P AT EO R AR R T o s S R AT A, B
RTARAG AL T 08 2 WA 3 245 5L, AT 55 B4k s 1
A 7 WL P T G

2 WNEER ST

STVERAG AR G R E AN AT 1 B o BRmEPER R
TEANEEY ) H W AVE RTR ™ AR RGBT B o BEE SN
SEEE H 3N, w i % B AR

B

(a) BRIAFPRL WAL Hh 22

(a) Magnetizing curve of ferromagnetic material

(b) BRRER VI 38 5 3 3 L G AR M 2
(b) Relationship curve between differential permeability
and magnetic flux density of ferromagnetic material

B SR B R R AL AR 2
Fig.1 The magnetization characteristic curve of typical

ferromagnetic material

PLUBEAL AR (L3 dB/dH AE R S50, Rz ik
REPERE RO BB % e, 0 L1 (a) BT LR B,
BRREMRMI 1, 5 B AT B IIRIER | FLATAEME— BT
DS o, A AU R R 25
0y H, 1B, AR SR B B PR O RE AL 2%, 7728
I, 5 B BRI 1(b) R,

DI 1 (b) T LA, Bk R PR pu, BE B B
TRHUE e TR R R %, TERI AR AL L
o U ETFHIFIRE RIS W T W, A5 HLRAEM
FREALIYEE, o, BT AR g,

S AR AT O B AL M B 45 P9 7 5
BHEH B, KRB0 SN, o 2 AR AEE
G, DU AR T G M A WU TS A, B T 55
BRI T KT ) 190 e, B0 22 5

L S B A 5 A 25 5 1 S B 2 o
oo W2 (a) B , 2RI 1 7 TR, BB o, 3
I LR SRy o BRI MR B S X, R
Do e X (LRGBS B, WG A B, > B, .
HRARIE 1 (b) BRI , 15 B 199 R IR, 2540 HIA
WA B, > B, WERGE K <, AR, W
I A A K P A B S X, X B 3
S g R, BN, BIZERITE IR T — M
RS R AT E A .

B/> Bp,,uf< u,

L

e My < Hp—

B, 1, < by, B
(@) 25 1 [T CRE 000 7) 50 BF3 11 il % 93 AT

(a) Magnetic flux density distribution in the
steel plate containing front-side defects

b’/> b’p,;zﬁ;zn

Bou, < iy, B

(b) 75 PN S 58 S TR 6 PR 25 2 4 AT
(b) Magnetic flux density distribution in the steel
plate containing internal or back-side defects

B2 RBE S EON BRI 0 5 5 0 A 22 57 9 S B
Fig.2 Schematic diagram of differential permeability

distribution difference caused by defects in steel plate



1492 I # M F£ ¥ M H38 %
X T4 T A P B i S T R, an s 2 (b) B PR A8 1 % A
N, WS TENA R I 77 A — X R G E AR X . T LA, NI = H,l, + H,l, (5)

) P 308 3 2 P8 A1 5 | ) AR D00 T ol s 5 23 93 A1 22
S, T SN SR A T e 2 T e o 1A AR

3 HAHSERNAEE

S B HR AT o, SO 25 R T —F
OO SRR, U A N 3 R

WA LR

N

! ! i e
[ e[ "

B3 oo SRR IRk 1 25

Fig.3  Structure diagram of differential permeability

test probe

AR — R B B A N, 38 DLIE 5228 3
Wi I = Asinot , Horp, A s R IRAE . o AR,
TE— R 2R BB 3 T, U R 30 LA R 5 0 A ) B T
AR SETRE 0 8% o 27 AN 25 D8 Il g% v e itk 8, D) [l g
TG @ R R CR

@ = B,S, = B,S, (1)
K B, B, Fn U ARBESE A IR R4 %5 5, S, .S,
Gy e U IR R0 ] 1% DA K AR ) S5 R A T A

A H B, 2 P IR Bl 34 V oy

d

V=N (2)

KR (D RAR(2) 7175

v B A gy U (3)
17 A P

Ky = dB,/dH, FoRBEHIR O RE T3, H, TS0
P BRI R S 58R E
LR B KA S 3 V [RIRES B I A9 A K 1T 0 Tl
@%#2 ﬁﬂé, IEJIEEM%:
2 ar : oI = NS, + % (4)
dH, dt

Ky, = dB,/dH,  H, Dy BR300 58 B

V =NS

e Ly 35 R R A B B S P P R
WA 2 (4) FRA(S) 1T 75

V- NS,u, ) d(NI - H\l)) _ N52u2( dr dHll )
L de A de — di !
(6)
PR (3) HATATE R
dH, 14
dt ~ NS, (7
B (6) k(7)) , R HE AT 15
_ NS,u, 14
V = L (Na)Acoswt - NSIlLlll) (8)
X (8) FEAT RS, W] 45
NS, S wAcoswt
_ 19201 o (9)

Sipily + Syl
PR A U FE S DA A, AT P A BT -
NZSISZMIIU'ZQ)A
Sy + Syal,”
Aej( W=
— AL B BT Z o — AN IE 1 20 %, 4
FHAR/IN, AT 2200, 2RI L vl id i 2 By As 2
_ £ _ NZSISZ/-LIIU’Z
b= e T Sl + Syl (11)
TR, A (1) BT RE BRI R AL «

jot
. NZSISZI’LII‘LZ(H

7 = = ]
SIILLIIZ + S2l-’v2l1

(10)

l l K
L: 2] + 22 = K, - (12)
L NS, NSu, M2
xH. K _171 _172
AR T NS T T NS,

TERIM R, SRR N RS0 A0 S A g 1 i
AR L AR BOE AR S, .S, B 2 R AR el
2, P, FIRREK, K, FTACNEE R A, W ZE
L T RO T w, PO, LA 22 S e
Wi H SRR

BRI 8 U R 50 DL Sl Q235 RN AR
SSHEEW T o1, =31, =36 mm, N =40, 55 1 #E T %
o =4mx10" Hm ™' ,u, =6 000, ,S, =20 mm’, 54
SR 40 Hz ARBRAH 5254 450 , L2320 1.0 x 107,
RGO A 2, AT R R B 1.0 mm, Sy i v
FEW 175, TRt , A SWAR G i 1 e IR A IR AR S, = S,/5 =
4 mm®, AT RE TR g B Bl (o, 450w, ), H
2 (12) A A ZAG I 8 3K Ha, S i 5 49 N0 4 Al 3% T 1 20
SRR Z A 4 PR



56 1 RABL A T RO G R A BRRE AR TSI By 1% 1493

250 1

200

LA L/pH

100

50 F

0

160 1;0 260 2g0 360 3;0 460 4;0
HIRH B 3 %
B4 BRI G5 R S — I e P R B DG AR il 2

Fig.4 Relationship curve between differential

I 50

permeability of the material and inductance of the

integrated coil

FEXTF IR A6 ) ( magnetic flux leakage, MFL) J5i:,
BT B R A B A SR A I
T35y , e XA SNARGHEA T FNRE AL , A ) TR I s 1Y
TRAEAk s VR, B 5 i ok X A R T 30 5 38 4 A ok
PRI RE , A2 7E 25 P8 U S 1 T 3 3tk s 5 50K,
51530 2 0 2 P v JE ) AN ke 3k B A ke 1) H 1R Wﬁ
X HL R I 6, G S A DA 5 B S8 i AE S
I R R VIR T 3 ) TR R AR A A Ak XTZI-‘
ST TR IR A A5 5 A2 T 280 o DT 3k 5 1
e MIFL A et FH 0 90 T30 K 245 1S 850194 2 3 R B 1)

faigs

4 ZW5IWIE

41 HABSENNELR

U 3 ARG TR AR, BRI SO AT
T AR I R S o RSk 30 P v Ak LA A L, SME
12 mm x4 mm x6 mm, {fiff] 0.1 mm FEAILI 5L
il 100 MAE R 1 — IR 2 Bl . 523 b ke ] Q235
B, AME RS 400 mm x 200 mm, JEEES 9 mm, I
HIOKI IM3523 7 BH 5t I 304G A 7 H S RO AGNY

G BRR B T A AP (R #ORE) IR g iy
— AL B Y B BB D RSk A B R L, o B IM3523
O B 2. 0 V', B0 50 % 7 L B R 40 My ~
200 kHzZE k" o JFJ IM3523 [f] 2 8 25 0 it ) B, 7 3
B bR T 2 5] 14 200 A RAE AL, IE X Ly B9 FARSS
R HAmmghZan sl s o L, & is .

s S FroR, 25 8 L, s Zen 5 30— 4%
T2 X UL S R R PR, 7E 200 kHz DL,
HAs g3 Ly JLT A2 W AR 1 52 )

250

sof o

107 i T0° 10
S Hz
BlS  BOME R 2 B L
TBEOLR L, RISk 0, %Jﬁ%ﬁﬂﬁtﬂi?ﬂ%
Fig.5 Curves of no-load inductance L, , load inductance

L, and output O, of differential permeability

test probe vs. frequency

RSk BT 9 Q235 fA 07 . BEmE, e —M Ak
Rl 1) LR R RSk I BRI L, o R TMI3523 1 I,

AT, LS FEANTET 6 B

BLHLIHRX
N

/ £
URB R — S

K6 PRK TR L, AR
Fig.6  Frequency characteristic test of load
inductance L, of the probe

IR P A fAT51E 40 Hz ~200 kHz 224k, 520 L,
B f AR A AN IE] S o L, TR ARB ., BRI
Q235 FMIT, $8k Y T AL JRR L, B AR f 9SS, 5
PR Y S et 3

FT T BRI A R T AR A AR/ TR U AR
B f AR I, B Q235 AWM I REAE I KOF Bk 25 %
WARETT o HEREAE R (f > 100 kHz) i, 53U/ L, 5
B TRUE IR B T 8RR L, o

SEBRI R, BT L W25 Ly A D R Sk oA 30 A i
0,, W O, B fmapithzean sl s b o, fhiZ s, M4
BS 0, B9 AR R, AR SR e 4 100 He Ay — {1k
2R B 8kl 5 I A



1494

oA & 2

38 %

4.2 REHMUBIRI SO

Shy S B A e P T R R S R T — K
R U BRI B AR o U R SRS i SN R
9200 mm x50 mm x 70 mm, {353 T RAR 5 Sk o
TmE R A E P E . ERE LR 1.0 mm {3
FILR S 200 T A 1 B, I T B 9 AR R H U RXIN-
302-D2 FEATHREN , (i BRI T 720 ~3.0 A Fxill#Rk
BA R O, 3 I HR SRR e v B 4 A DL H T, O i
USB 4% 1 (B R AE S R TR ML, RS0 RS
FHRALZR WA 7 B o

N

. HAE
S YA

|
&

s -
%’E@ﬂﬂm
DB e R Wi

K7 BRI RE T RR R G SR B
Fig.7 The photo of the test system of differential
permeability for steel plate in laboratory

e L A e RS I Sk e BEAEA T 1k /N2 R IR
1.0 mm (A 858 B (E, BT 80 B 1 1w, I xF—4>
KR/NH 8 mmx2.5 mm x2 mm i [ B FE AT A S0
SRS, — AL B WU AR f AR AE 100 Hzo /)
P RZ R A PR T (RRUIESE 0.2 A) R
PEAEXHZBRBA PEAT SO 2 . TR D SRR A T YRSk
i 0, S RERGR R R AL 8 (a) Fin. 1E
PR, B R R R RET N « MRk
HE 0, o 2RISR BRI 1R, 2Rk B 4 A i it it
ZEAnTE 8 (b) R o

200 1

,_.
7Y
IS)
= T

BIHIMEO, /i

w
[=}
T

0.4! L L . X :
0 0.5 1.0 1.5 2.0 2.5 3.0
i HL /A
(a) BRK R AR A
(a) Static output of the probe

w
S

1/ 0~1.0 A

Bk O, /uH
>
=

} 1.2~2.0 A

i

}22-3.0A

0
-50 -40 -30 =20 -10 0 10 20 30 40 50
fFx/mm
(b) BRI
(b) Scanning output of the probe

B8 Rk 0, SO E R 1 HRR

Fig. 8 Relationship of probe output O, vs. bias current /

TEELUL G Z 0 v, A 504 37 98 3 R O 2 P IAE T
M. i, N 8 (a) thf LI Y Bl TR KR, O, (i
WG, IF M 1=0.4 A ZEA R BNE(E . I, ANAR 11
O3RE AR BN R R o (HBE 1258800, O, TFIG
BN B 1>2.4 AR, g0 Q235 Itk OB ik T
HOA ., O, g, RO w, BRKEH O, BT 0, FiRSE
AL S AN 1 (b) Fir s ol 5 28 AL 58 4 — 3L
SEBRUEIAS SO T AT . AR SO SRR e HL AL T
NRH 0.4 ~0.5 A B,

P&l 8 (b)) oo A [v) 1) Ml R 1 X6 1 1 4R 3k 41 A iy
4, P TLL0.2 A SHIEIFEA 0 ~3.0 A 284k, &I 8(b)
HRTLAE Y, 2 TR/ (0 ~ 1.0 A) I, FRk A i O, X ik
FaBeoN U, JEH 1=0.4 A B, K0 52 £ % nl ik 3] i
A, I i 8 A RS e 43 T 35 60 pH

Bl T ARSI, AR At PR el /) | B
T P 2 R Wi o s/ N R R BB R R 2 1>2.2 A
B, AN e AR MR A e BT RSk ER BB ). B4
ML J5 {25 7522 3 40 R 1 Ak IR ARG D 8 ) d5c ik, T AR SC T 4
TR E S MEFL 58 A0,

MIZSEG B 7 v e S0 e R 5 FEAR DN
AR VRN B A S ) 20% 6 A, AS 437 A B I A R
Isio PRI, AHEC A MEFL A0 J ¥ , 87 5 v 78 /Mg Ak
e VAR FRURI G i S W P T A
4.3 IE. R EHRBEAIERSEIE

TE Q235 BUARAN [ DX I 1 180 12T, 23551 HLAR A L
T AN RST 58 4 A ] B U DARSE AL 2L S0 BRRes , 1 ke
Far1  5e RN 10 mm x2.5 mm X2 mm,

BT HE /N T IR TR A Y E 05, EL AN e
W7, BN T=0 A, SRJ5 , W BRBE I B m k174, &
[E]BR A 2.0 mm, HGZBLEE O B £ 50 mm §i Fl Y4
ARG, AR NE 9 (a) R



56 1 RABL A T RO G R A BRRE AR TSI By 1% 1495

50 . . . . &
-50 -40 -30 -20 -10 O
A7 Fx/mm
(a) IE IR
(a) Front-side defect

10 20 30 40 50

150
o ol ekt el
£l
S 100
50 1 1 1 1 1 1 1 1 1 ]
-50 -40 -30 -20 -10 O 10 20 30 40 50
A7 Fx/mm
(b) STtk

(b) Back-side defect

B9 Jofim s w250 T B IE ST SRR 4 A 2
Fig.9 Scanning results of the front-side and back-side

defect without bias magnetic field

HIPEL 9 Al LU th, fEJCBRIEAL 83Kk th 0, AHXT AR
R EZY 0 134 wH L s 7 2 wH EH. S5kt
FIEMSREG LI7E, 0, PATFRIRRF] 92 pH, FESEH
T U PR 9 1) i [0 s 52 1) e LA, AT 3 Btk
it AL L,

it S T X L TSR P A A e, O, 7E
ST B e S | A R N i S R e
NS LY 146 WH, ARXS T Iosk I AL A 12 pH 72
AZESE . X EIE i TROE U AARBEHE Rt 2 1
b L B I F JRR  RT_ET

TETCH BRI 2 F R 0 BRI SR B A T4 4, L
RANE 9 (b) Fron o LT E RS Z0E T, SO BEE I A
SV RGN T B 5, TR Sk 10 i 4B AE 134 puH
Tedio P, 5 0 B, 00 5 AR AR Sk, X AR
T 2 PR R B O RE )

TE0.4 ~2.0 A, I/INBICTZ M 8 5 4 B L O 1 (BRI
0.2 A) o FEXT A BRI T A A S
W10 frs, Hom A A ph 20N B2 R 35X 0. 4 ~
2.0 A ffw EREET o

P 10 Hh 7Sk 5 1) s i B AL £ 2L 0.2 A D[Rl
B3G5 1A o XoF HEIEL 9 10 HR S T kB Y 14 45 R AT
VA Y i Bl o 0 RGO 245 SR 2 M AR 3 W X B AR
HHEREALS  RR O, XFIE ST e A PRI AE )
(HBEE i B AL AE 0.4 ~ 2.0 A JEAM, P 45 B R o A
52 pHE| 3 pH RPN

o 04 A
200 S e
W,
Z 150 MWA/ i 0.4~1.0 A
5 V‘*’*—‘b‘*—v—"‘ﬁr’\'——
1 &Y
&
X i
50 12~2.0A
" —1
20A
0 ; )
-50 -40 -30 =20 -10 O 10 20 30 40 50
A7 Bx/mm

K10 Al i B A AF B B IfT i 1 31 A 45
Fig. 10 Scanning results of the back-side defect

under different bias magnetic fields

XTECIE 8 110 W LA Y, 75 B A R 21 1 ALtk
S S FIZE2.2 ~3.0 A, 810 P I HE1.2 ~
2.0 A) A RRIE LT LSS AS 3, 8 75 16 6] 1E | S TfT B
FREIN S R o PRI, B R AN EL 28 X Bl 4 B IE
T S50 3 [ st A0 %) R 7, i L b T I T S0 o A7 A T K
NIRRT IE | S35 B A R AT X 40 i G R
MFL J5 ik A HA 1 .

B, ) PR AR AR AR L I ol i £ P 42 48 M T 22 o
MORA 12 mm BB, Bl Q235 AR P 14 - 34 i e
WHE B, SIRER L 0.5 A ZE A7 T REACRAR S
PR e o ol T i B W N € s 6 7 o S 1 s
4.0 mm, DB RS L SR K BE R AT I B R AL
BRI A AL AN I 11 T

ARtk BRLRER
MR

1T il & s RATLANE Bl a7 BE
Fig. 11 The photo of the detector prototype and test scene
HAE AR A S, 2 R R A R IE R A
AR R 0,(0) , @ = 1,2, 11, ARG Bk
B 11 BEERSK S I 0, (1) , 23l 2z Rl BRIE Y 3 4E4
AR, e, oo J7 1) (RUAG DU #5459 4 07 1) ) 1) 23 BE AR
2.0 mm, y J5fa) CERSRES)) 1953 BE3 0 4.0 mm, 3 4
AR 12 iR,



1496 (O I O $38%
0 =153 -1 T L M BT H AL G 5 2 B WA P
X o SHE U A A T T 4 90 R Tt , 505 e A
20 4’. _____ TG HREIIRE AR , A 27 e e KA ) 5 7 0
R SBLIE I e B
: L sy T T R BB L3RI . 4 0 AR B T
o e HTHUALRAS I, 9507 5 T 2 2% AR O R D ) , 1%
N = PR BUA 1 MFL J5 sk RIEAR R o 3707 B0 — A
S g SEL B, A3 PR 3, 400 2 e R 0 R,
HE 0ty 20 TSI R 10 BT, B — 2510 s B 7 6
(a) IF TR (1132 A% ARHREAMII
(a) 3D projection image of the front-side defect
0, =152 -~ i-(;m‘;‘lggm_l_‘___\ £ i}
o0 \ , /A* e | T A5 T4 A T A 4 i ) 5 e
E e - A | U7 BRI SR AR TR 2, 7 BRI
g A P SExm
% [ 1] B, W, RORAEL KRN R R
ARLT]. AXEH L FE244), 2016, 37(8) :1736-1746.

(b) S IR ¥ 34k pefs
(b) 3D projection image of the back-side defect

Pl 12 G e IE S TRTBRBA AT A9 3 AR

Fig. 12 3D projection images of the scanning results

for the front-side and back-side defects

MNP 12 Apral DU Y S TR I 450 X8 1 T 1S T
BRI B0 ) RAEURE , S i b 2T PRSI e 4 5 2%
FRIE(G S T2 A 5140 MFL Rl {5 5 Rk 58 A

A X P 12 (X E i R G 48 X TR R s 1 A
FABPEMRT IE W BRI, (W R ES AW L. H
IETRTBRBEBR 18— 18 M ) B4 Z Ah, 3 2 R 1 0l
TEREFA~ /N P W, AP 12 () BT/ o T S TG R 1) 3
HERAR T, JCZBG o RIS S 0 A0 (4 22 57, 3 R0R
R B e A (R IE BRI A AN R o

PR , S BRii- B E F) 28 SR AR B 3 5 12 ) ek
PRI I 1 T R R , U X 3R 0 flh 525 0 A
AT, R RTHRATBRE N SR 0 ke B £ 8, R RESEBLIE
S TR B TR o

5 &

AR SR H R ol il 25 R S5 AR AR ks 1) TG 45 A
I 7 o B 5 vk W D L 1 9 AN A TR N G A 5 P Y
20% Zidy , AN A T AR08/ NS A A AR AR LA R
/NS s R 5 T RA L

YANG L J, GENG H, GAO S W. Magnetic flux leakage
internal detection technology of the long distance oil
pipeline[ J ]. Chinese Journal of Scientific Instrument,
2016, 37(8) :1736-1746.

FE PR, A B, XK. T RECIZ Y il R TE B 45
PR L DR [T ] AXAR A 2 40, 2017,38 (2)
271-278.

WANG G Q, YANG L J, LIU B. Study on the testing

method of oil-gas pipeline stress damage based on

(2]

magnetic memory [ J ]. Chinese Journal of Scientific
Instrument, 2017,38(2) :271-278.

R0, R0, DRIRIE. 2085 R (R 1N 798 55 Rl ) H
PR LARTMEFE [T]. (XA, 2014, 35(5) .
1155-1160.

REN SH K, GUO F, XU ZH H. Studies on new testing

technique and experiment of stress fatigue damage for 20#

(3]

steel component [ J ]. Chinese Journal of Scientific

Instrument, 2014, 35(5) :1155-1160.

KUIFFI, S, (IFF . REEUR 4 5 s 3 — A A J
SRAIBTRILT]. HUBR T RE2A4R, 2013, 49(22) :46-52.
LIU X CH, WU B,HE C F. Novel design of integrated

sensor based on magnetostrictive and elastomagnetic

(4]

effect[ J]. Journal of Mechanical Engineering, 2013,
49(22) :46-52.

FETEZR, TR, PRIBES, 55, JETRETARON A8 R
KMk rg s ot [ ] AR, 2006,
27(12) :1695-1699.

TANG D D, HUANG SH L, CHEN W M, et al. Study

on the magnetic excitation circuit for measuring the cable

(5]



55 6 Ry A5 BT T RS A I B RE MR B U I 7 s 1497
tension based on magneto- elastic effect in steel [13] TIAN G, ZHOU X, ADEWALE I D. Pulsed
cable[J]. Chinese Journal of Scientific Instrument, Electromagnetic Non-destructive Evaluation and
2006, 27(12) :1695-1699. Applications[ J]. Instrumentation, 2014(1).

(6] BRfBER, 2duli, %08, %5, WEBRR I HEIEL SIS [14]  ABEE, &7, 206, % BRBEA 1R N S R AL
R ST [T]. (XER AR =R, 2010, 31(4) . ARG Ao e RWEFE [T ] AR =4k, 2016,
794-799. 37(8) :1808-1817.

CHEN W M, JIANG J SH, ZHANG P, et al. Modeling JIAO J P, CHANG Y, LI G H, et al. Study on low
and experiment of cable tension magneto-sensor [ J ]. frequency AC magnetic flux leakage detection for internal
Chinese Journal of Scientific Instrument, 2010, 31(4): and external cracks of ferromagnetic structures [ J].
794-799. Chinese Journal of Scientific Instrument, 2016, 37(8) .

[7] LIU]J, WILSON J, STRANGWOOD M, et al. Magnetic 1808-1817.
characterisation of microstructural feature distribution in [15] T8, kPR, B8, 2. 553586 F 3L T 5 1
P9 and T22 steels by major and minor BH loop (EIRRES RO BR BRI 7 B [ J]. db 5 3 TRk 224k,
measurements [ J ]. Journal of Magnetism & Magnetic 2014 ,34(5) :460-463.

Materials, 2016, 401(3) :579-592. YU X, ZHANG W M, QIU Y, et al. Defect detection

[8] CHEN H E, XIE S, ZHOU H, et al. Numerical methods based on array magnetic sensor under weak

(9]

[10]

[11]

[12]

simulation of magnetic incremental permeability for

ferromagnetic material [ J ]. International Journal of
Applied Electromagnetics & Mechanics, 2014, 45(1) .
379-386.

KTENA A, DAVINO D, VISONE C,
dependent
steel[ J]. Physica B Condensed Matter, 2014, 435(1) ;
25-27.

PAL’A J, USAK E. New parameters in adaptive testing

et al. Stress

vector magnetic properties in electrical

of ferromagnetic materials utilizing magnetic Barkhausen
noise[ J]. Journal of Magnetism & Magnetic Materials,
2016, 402(3) .172-177.

GABI Y, WOLTER B, GERBERSHAGEN A,

FEM Simulations of incremental permeability signals of a

et al.

multi-layer steel with consideration of the hysteretic
behavior of each layer [ J ]. IEEE Transactions on
Magnetics, 2014, 50(4) :14.

AR, EREH. BT Sl ARG AR SRS R A
REAREIN T 3 [T ] AR R4l AR B2,
2014,54(11) :1471-1474.
HAN Z D, LI X Y.

permeability and magnetic loss of structural steel for

Measurement of magnetic

dynamic magnetization [ J ]. Journal of Tsinghua

University; Science and Technology, 2014, 54 (11).
1471-1474.

2006 from Hefei University of Technology.

-~ A

magnetic field [ J]. Transactions of Beijing Institute of

Technology, 2014 ,34(5) :460-463.
EEE N

RIS ,2006 4FF G ML Tl K-#3RA5 1
L, UM TR L R R, 38
WF5E 7 T Ry TR I A% St H AR R AR
E-mail : wudehui@ xmu. edu. cn

Wu Dehui received his Ph. D. degree in

Now, he is an

associate professor in Department of Mechanical and Electrical

Engineering, Xiamen University.

His main research direction

includes NDT, sensor technology, intelligent measurement and

control technology.

FRRL (I AEE) ,2009 4 F k4 B
LRZEIRAGT L2207, R E T RZHLE R
i 1, W5 1) A AL T A
E-mail : wxh@ xmu. edu. cn

Wang Xiaohong ( Corresponding author )

received her M. Sc. degree in 2009 from

Dalian University of Technology. Now, she is a senior engineer

in Department of Mechanical and Electrical Engineering, Xiamen

University. Her main research direction is sensor technology.



