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Study on magneto-mechanical coupling characteristics of hydrogen-induced
damage in pipelines based on weak magnetic method

Wu Zihan,Lian Zheng, Liu Bin, Yang Lijian

( College of Information Science and Engineering, Shenyang University of Technology, Shenyang 110870, China)

Abstract ;: The failure process of localized hydrogen-induced damage ( HID) in long-distance oil and gas pipelines involves the coupled
effects of material mechanical behavior, magnetic response, and hydrogen diffusion, which makes early detection challenging with
conventional non-destructive testing ( NDT') techniques, posing a significant threat to the safety of energy transport systems. Weak
magnetic in-line inspection (WMII) technology, due to its intrinsic sensitivity to early-stage damage in ferromagnetic materials and its
capability for online monitoring, exhibits great application potential in the detection and evaluation of HID. Based on this technology and
combined with first principles, a multiscale cross-analysis method is proposed to explore the relationship between localized HID and
magnetic signal response in pipelines. Furthermore, a Q,,,,,, multi-component magnetic feature fusion parameter is introduced to
effectively characterize the failure behavior and hazard level of HID under multi-physical field conditions. The results reveal that under
magnetic flux leakage (MFL) testing, the saturation magnetization aligns the magnetic domains in a highly ordered state, rendering it
difficult for hydrogen-induced high-pressure stress concentration zones to cause significant perturbations in the overall leakage flux.
Consequently, no distinct magnetic response features are observed. In contrast, the characteristic components of the weak magnetic
signal exhibit an average increase of approximately doubling compared with the metal magnetic memory method, demonstrating superior
applicability and effectiveness for the detection of early-stage HID. In addition, with increasing internal pipeline pressure and external
excitation intensity, the stress concentration and magnetic domain reconstruction behavior in hydrogen-enriched zones intensify.

Specifically, the Q

response curve shows a nonlinear increase with rising internal pressure, with average response growth rates of 137

average
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and 195 A-m™'/MPa for Q235 and Q345 steels, respectively. With increasing excitation intensity, the response increases approximately
linearly, and the corresponding rates are 61.24 A-m™'/A for Q235 and 69.06 A-m™'/A for Q345 steels.

Keywords : hydrogen-induced damage; weak magnetic in-line inspection technology for pipelines; first-principles; stress concentration;

magnetic signal characteristic
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Fig. 1 Schematic diagram of the working principle of

a pipeline weak magnetic in-line inspection device
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failure analysis in pipeline
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Table 1 Chemical composition and mechanical properties of Q235 and Q345 pipeline steels

I C/wt. % Si/wt. % Mn/wt. % P/wt. % S/wt. % Jet IR BE/ MPa P58 B/ MPa
0235 <0.22 <0.35 <1.40 <0. 045 <0.045 = 235 370~500
0345 <0.20 <0.45 <1.70 <0.035 <0.035 = 345 470~630

SR UESC I Y — Sk 5 AT R BRI X T xR
600 mm x 60 mm X 15 mm f{ Q235 Fl Q345 IR
3R, A4S R 1-10235 . 1-20235 ,1-30235 Hl 2-1Q345
2-20345 .2-3Q345, H:i | 1-10235 5 2-1Q345 Jy Jo 3 4}
HRZH , HAR A (1-20235 ,1-30235 ,2-20345 ,2-30345) 43
SRR O R XA T 2 M s T A 7
R 55 BRI HIA B AT PR A H % A 5 1 4 s S
PR e A T TR RN, R AR B A T 5
BU IR, Sty J el U XE A 7T 0 ) 0GR A1 Rl
e (i S PR A6 A 0T, R MR B ZE L 1 AR R
REMBEMEN T LSS 4 59 5, i
BT R SR AR L S PRIB AT A5 T AU X IR TE B
BLH 55 g e A PR B AL AT 45 S g R BRI b B
RUE 10 i,

B R R
11Q235 21Q345

1-2Q25 22 Q345

i

1:3Q235 2-3Q135

600 mm

: =
S 17X S
A P T

n

J
e
e

BRI

275 mm

Ly V
B 10 KRR AT BT

Fig. 10 Analysis of pipeline steels with different properties

FEG AN T AL B | 9847 8 AR R A 56O 5 35 2
Fe BT FE N 2828 TC ( SHT-4106 SHLE il 47 ik 36

HL-HEF2 100 kN, £54 ASTM E8 [F B F 4 J@ #1 kL hir
fii Pk R 15 HE ) | J5h 7% 55T ( SS-10010P B it Ha, 5 -Hai
i 0~10 V/10 A, 3K 5l 2 0 78 25 L Bl | 7= A 38 20 il
W) A5 5 RER IO 25030 N5-794 52 S A% (R ]
JE 25 wV/nT, 0 HF% 1 oT, 54 IEC 61786-1 REAL R4S
W P e DE G B PR bR ) R R R A R
(16 i ADC, RFEH 250 kHz, A JEME S <0. 2 nT) |, HIL
b 25 (8] o3 B 5 3F $2 US55 R AE o i, i 2R B
A RN 38 2o | W s e L ] T Dl 4 B ) LAl v
O, AR5 26 35 SR B U2 5 i Bz b L) Bl M 7, L
IR B 11 Fios

SAPASEADLR B I A I Y B IR A T R 56 R F
FRRIEHLIE T e B A DASHR {2017 2035 5 [# 52, 5 3
X} Q235 1 Q345 B /FiE N 10 kN Fha 47 47 (SUEAL
THUPESEE PN ) o Be b, Al R RS %5 B R (S SS-
10010P , % K& 5 M 0. 05% ) 18 1 J5l 4 F i, #2842
WG, AEUCIERE b R 2 IR —4H7E 0 A MR
WA TR & B REICAL T i o —4LTE 7 A #EIR R 4%
PFF R RERE I 73, HEA T FL AT, DARHE— 25 56 1F 55
RS 7 2 A6 A8 T S SO GRS DA v A R S
FE, it 16 3 & RAEE S A AL RS RS RS
SEAR TR AE (A R ORAE) IR L AIHLIE SR
R R RGBS N G5 528k, EE BRI
B DARTESS S 10 o o 1 A B . AR RE (R 5 o e 4
BANE 12 B, K 12(a) ~ (d) Fl(e) ~ (h) A Q235
10 kN F 0~3 A %l m) FIARE [0 55 04 4% 55 5500 SR 45 7 5
B 12(i) ~ (1) F(m) ~(p) J9 Q345 HI 10 kN T 0~3 A %l
) FIARS [] 55 W4 A% 5 B R 4 oy &5 B 12 (q) ~ (r) Al
(s) ~(t)M Q235.0345 44 10 kN T 7A il i) Fife (] i i
B RAE

A 12 R FESRAEL AN 7 A hRESSIREE R (B R
R AET) il 542 1 RS 5 o R R R 1Y
JRI SR AR, 2 W% vk o SR 5 S B B 1 G
RERAR, 3 T T T ARSI AR e o v et 3
SN , A P R TR R I A0 T ) e A



146 e M & 2 Faetk

Bl BEARRRE - 5 15 2

Fig. 11  Diagram of the integrated tensile testing platform

4l 171 0/ T

0 10 203040 50 60 70 80 12 24 35 47 59 71 82 0 16 32 48 64 80‘ 0 9 1928374656657483
HH A/ mm HHiBE £ /mm HHi¥E A/ mm HHi B/ mm

O
[\
o«
—
@
N

7R /NT
LOLILILILILILY
NN NN
=]
=
& EHE /T

676 il
0 12 24 35 47 59 71 82

0 14 27 41 55 68 82 0 16 32 48 64 80
HHiE 2 /mm HHiEAE/mm HHiBE A/ mm
et 23 237222 39357f ;
i Iy 1 37 047 7 39107
) & 36 872 = 38857
i P I 36697 I 38 607
£ R ; ,|365220 T/ & 38357
; 0 13 26 38 51 64 77 “210 0 10 20 30 40 50 60 70 80 0 13 27 40 53 67 80 0 10 20 30 40 50 60 70 80
HHiEE £ /mm HH B E/mm %2/ mm HHBEZ/mm
& 33150 £ 33 826 & 37395 = 41 550
233000 233706 ®) =37370] © =333 ®
233030 B2 33 586 B 37 145 B 500
& 33970 % 33 466 & 37020 % 40 950
= 33200 &35 592 =z 3089 = 40750
¥ 33790 8331060, vV @380 &40 550
0 11223344 56 6778 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
i A/ mm AR A/ mm AR/ mm AR/ mm
. 3
0TI @ = 40383
= 36960 N sl
B 36 190! BNl 2
& 35420, = 3% g
£ 34650 E3
F 33880 . BYS ‘ - ‘
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 1121324253637484 0 10 20 30 40 50 60 70 80
HH K 2/mm A/ mm AR AR/ mm AR B/ mm

12 AREIEHRERE T 0235.,0345 MR B

Fig. 12 Experimental data of the 0235 and Q345 steel specimens under varying excitation intensities
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