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Abstract

To clarify the embrittlement behavior of pipeline steels of different grades in hydrogen environ-
ments and to address the problems of scattered existing data and insufficient cross-comparability,
this study systematically reviewed hydrogen embrittlement test data for nine pipeline steel grades,
namely L245, X42, X52, X60, X65, X70, X80, X90, and X100. Using the reduction-of-area loss rate as
the core index, an evaluation framework for hydrogen embrittlement susceptibility was established.
The effects of steel grade, environmental conditions, specimen geometry, and hydrogen charging
method on hydrogen embrittlement susceptibility were analyzed, and the causes of data scatter un-
der similar conditions were discussed. The results show that low-grade pipeline steels have con-
trollable hydrogen embrittlement risk under low hydrogen blending ratios, but stress concentra-
tion at notches and welds can significantly aggravate hydrogen embrittlement. The hydrogen em-
brittlement susceptibility of medium-grade pipeline steels is significantly affected by impurity
gases and holding time. For high-grade pipeline steels, hydrogen embrittlement susceptibility in-
creases with increasing strength, and the difference between weld and base metal can reach 5~10
times. Data scatter is mainly attributed to differences in hydrogen charging methods, testing stand-
ards, and microstructures. The findings can provide a reference for material selection and safety
assessment of hydrogen transportation pipelines.
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B A BRAEIR A AL AN “XU 7 BARIHERE, SR ERER B . FIFHIUA M RAR S E MikT
BEHIEN 72, PR SEILE S ORI IRBA I IR AR 1] [2]. 281, AR THEVN . BiE T,
HENEE G HEEM AT BERE, SIREANNSR, SERPRIBIE TS EIFRRN(3]. Ml RELE
PERARSAE W 76 1L245 & X100 52 AN, RN ENGT S BURFE AR B3 257, XS Er
LAV S5EM IR T IR PR .

BB RN ENGE 1T N, BN RS CIFRE T REWF . A B4 30 118 3 AR 3 24 AR 56 & B
1245 TCEEHN AT 4 MPa SR8 H i 0RE 1 W07 T A 4 2 401 2 2Rz vy T el , RN e v & il
KB RN. BTSN L245 IR RAEITE FIESL 7 4R 4% XIS A T . TS5 6] R B X80 4K
FEFEE Sk I S 25 AR W 55K F-BE A - Meng %5 7] R L X80 5 2R 4K i1 AU ME UM BB &0 FE v i 18 K
Nanninga 55 [8]%F L6 T X52. X65. X100 —FELR4NTE S R A B IENEAT N, KL X100 &
YR, IS, X65 B LA I SN BURME B 1B A LB i _EFH9].

AR FAFIEA R : ZHCRER Rl %0, B2 KEENF RGERT L ARSI
RIhruE. AT R U E R BOR, BB v LU PEAS A s B 48 A il S g M 1 52 L
RGN BT, ARG NIELNOEN RS LIE, WEIEMIEL, S S HNE N
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RIUHE, PR EE o Bk, e 814 5 2P iR fHRYE -

2. BERIESHEBS X
2.1. BUERIE

AT FUEHE B B 3 R A T R I AN A58 Sk, 7 75 1245, X42. X52. X60. X65. X70-.
X80+ X90. X100 JLARELLAM[4]-[33]. HPEHUK SCHRH O T LRAN B 1S RS AR b AP ae 25 51, HUREf B
VBRSNS RGE KGN X, R LT AE T B S ER R . IR S A BERA AL
R A =2K[12], A EVEHE 0.1~13.8 MPa, RIGIRE LR N E, 0 TR & 60°C 2 4F .

2.2. BIRFRELEEFEN

IR 2 . AR S BURPE R B HED/E A% OV E R FE T -
B SCHR T PR EG AR HE(GB/T 345422 ASTM G142, ASTM E1820 25). 78 &7 I\ S il Bt JURI A2 7E 25 5,
DRI 7= A2 T 50 o v o AN AN o S0, AR FANFRTE AR 264 T AR R S5 A g, AMEF

WEBIE[18], MRICEILZE 1.

Table 1. Summary of hydrogen embrittlement test data for nine pipeline steel grades

1 NWEELRNERE IR L SR

\ BE e N REAMRE , ) N
K2 Ry = JEl S S g e 2H 2R A iF A 2% -
K AR, MPa WEEIC R B ] (CEIRARAES Wil HEAIZE O
L245 H, 4 il JEN)%(& ( 7,2?%% IEREHH 11.96%  4.62% 32.2%
e %ﬁl‘ﬁ% H 4k Fd2 u| =R e
L245 H, 4 =i (k) PRGN 142%  1.037% WD
1245 =5 4 Eilf IEAS IEREHAHN 12.14%  6.81% —
%éj%ﬂi]% FIARS= 5 AN . .
WAELEYER
X42 5% Hy + RIRS 10 25 TEEME  fR/E6h fLIﬂjﬁw — BRI 10%
WA A
x42 20% Hy+ ROV 0 25 E4ME (UE6h “"fﬁ"iim . BEMIE 16.5%
X52 H, 4 (25+5) ELRW fRHE 0 h Wﬁfff T 54.02%  26.52% 20.98%
X52 50% H, + 50% N, 4 25+1) BN fRE 12 h 63% — 13%
X52 H,+0.01% O, 4 (25+5) LR &% 0h 63.12%  33.28% 0.83%
rspb P A
X60 40% H, + 60% N, 4 — ( ;%g) f#E0h ig&iﬁg 822%  33.26% 4.64%
X60 40% H, + 60% N, 4 — ( ﬁgﬁjfh) {#J% 24 h fﬁiiw 77.5%  29.61% 15.11%
paunparas /Eﬂ:z +
X60 5% H, 6.4 — SHE LI — gy AA% 2476% 2.5%
ZO HEZH AN
1
X65 30% H, + 70% N, 12 60 + 1 LA — 7 %EE;ZI: 75% FEAR 8%
1
X65 30% H,+40% CO,+30%N, 12 60+ 1 LR — 7 %f;{ 62% FEA 22%
TGS R 2R DLk o ., BERFEST
X70 H, 10 — (R — o 40.4%  9.5% ot
PGk 4 R
X70 N 10 — %ﬁﬁ;ﬁ ’%HZE{;?M: 81.6%  15.6% —
ZELE=7N
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X80 20% H, 10 T OWEERERE %l‘%%ff TR0 — 7.31%
X80 50% H, 12 = RS %l‘%%ff T oearw 16.8%
JH Gk
X80 5% H, + 2% CO, 12 (20+5) RSP RE 240 inﬁé%m; 48.81% 17.61% 14.76%
ANGZ A X ZH 2R
o eE A b HLL 2 . X
X90 OCP IR =i PARARFE 255124 h EP AR — 12% 40%
<00 450 s e i R . . .
—850 mV IR =i TR 2424 EP AR — 9.5% 48.6%
X100 H, 13.8 =iE B — Mﬁ%&ﬁﬁ R 21.5% _
X100 25 008 =i LN _ ERARE+ 22% —

UIREHEN

3. SHEBURMITMHESR
3.1. EIRSFIE

A HE SR 18 BT T WSO 2R 40 R FON AR O E R bR, I B AR ORI TR bR . SNG4 PR SR
FAEMRHR A AL & 4R T BUR IR AL, T WS4 2 S R 24 B B 1) R 0 B A AR T e 0, 6 R
A3 P 9L BE O RRURR s A e R AR R AR Y ST B AR T RE 1), SRR T 5 S S IV AR TR B B ) RS A B
K, PRI SR SR T TR 2 . o SR R EA DR, (HTESRI ., JREESEAEIEN J14R
R T TR SO 2 P R PR YR 3 K T A 8, BRI S R PR i TR WSO 2 40 O 2 i AT U
S e BT .

FBUBME SRR 0 N =2 BURFMRT 10% M IRBUEE, 10%~30% A 58U, & T 30% A &
JEE[10]-[12]0 2RI K4 9 SCHER B i R 2 ) AT X TR] o 1, X42 1E 5% Ho + RIRA. 10 MPa. 25°C
AT EMEBURTETRECN 10% [13], AT EBUERME TR X100 7E 13.8 MPa i H 8k 3R 80N, (HiX
BARDONIEARZ, T 4G WA 3R 256 FIWT 8]

3.2. XOARYEE

R T SO A G SCRR B, AT i 5 2 A S WG SR P TR 3R U R DO 2K

MRHEE T, NS o AR R R . JERGEEE M L245 1) 245 MPa £ X100 [¥] 760 MPa, 4
i A A B 5 B SR T R [ 147 T R — AN N L GUIRSAH, BARAEZER, W0 1245 IE K4
P SR AN R I ZE R B E 4] [5]

IE AT, SO SARGLRFIR ST R . BT SOk P &0 B A L 0.1~13.8 MPa, 15
LB 5%~100%, i E LR N F . CO2 HoO SR8 2 U A MEREAE, O, A CO MR I H H /I [15]
[16].

WAL T, ekt SEARE S R E R B3 . B8 N R 8 rp 2 020 Jay S SR FE o AT
HEARAT B, G TR B T0 2 B AN B R A A TE ) A [ 17

AR, SAHRAE BAE R A ECRIEAR, SAHREE B SR a Lo, B RA
FESEG = RS H A, RS AN B B AR [18]

e
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3.3. T RTR

W S NGB VPN AE 2L AT LR IRRE s JededN AT o0 4, o0 =21, (RAN (L2435, X42) A (X52,
X60). R (X65, X70,X80,X90, X100). FH A T7 o3, SAH RS 5 ol 2 78 S8 0 e
SRIGHARBE L4028, el 5B LB gttt . 2 S e N R AR, 05 SR W T Ui 4 2%
PRI, G IR B SR FH AT 2R 45 R R B SCAR SR IR o S fm AT R 0] L 5 07 JE RA, TRl — AN AE AR 5%
PERRIARFESE R M, Pz TN ERE, A FER R RS SRR R LA 1,

 TRENFEIREESSMRSBMNXR (SEREEEEM)
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Figure 1. Relationship between yield strength and hydrogen embrittlement susceptibility of different steel grades
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34. EFEREES RRY

AT HESEIE TN FF 15 B AR T 2 47 A (SSRT) RS Al # 2, 438 FH VG Bl 5 = PR B A o S

(1) EHVERE: 1ZAESE 3 BOE T R AGARE . RIS, [RRI AR 10 2 A0 A U v it
TR R ENHT S 0%, WOABAMEE GNP EM . SRS RS K E, B
AT R2SEREARPANLS R HEEE R 57 G 5.

(2) AT SAHARES B R A ERE . SIRE AR TEAR R E R ——SAHREE
Poil LR AR T, ARSI R M EREE & B Rt mm, 8 A ] BT HUE T
b, AR T8 e i S AR

(3) BREJUATPR: DI iRE . SR RSN RS 5 S R A EATE R, AFJL
A A R FE SR A e B ) LU OB AR RIS, MHIT B S rh KA SR, A4 B ]
B

(4) RIEFRUERR S AFENRIEARAE(GB/T3454.2. ASTMG142 Z5)%HiRFE R~ NARH R {F I 8] )
HUEAAEZE S, ESAnER B E T LU FR I, A0 Je R A A —brifk T BB E0i I @ o) B 47 o

(5) LOURRM: AHEZLAET X R E . 18R R A I ENGRURYE, R SR 5 B LR
KRB ZAEE T8, A S VEN 75 B b 78505 L8 25 o
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4. ERREL NS RS
4.1. RPNRELH

BExE 1245 W SN B HEAT 08, MBS BEE 41K DG 5 6k FHARELE 4 MPa 2 S0 th dE 4718
AR PR, eI RFE T O R IR TN 4.8%, BRITRFEIA D] 45.6%. X Fh2 A F 2R AL
o] 5 RS PIRFS BIAS R B, R 5] N IR ) 8 2 2O R B SR BE Ay A AR LR AR A L, B I 211
=N e G| AR T e E S, IERRLGEAE; ME IR AR IPRE, S50, FEw
FARFE M ENEEE A B8 BT LU, el iR B 0I5 B e VPN 5 SR P 2 T 1 N AR [ 171 i 55 (5]
Xf 1245 ELANPRIESE A FTE— RS T aX — M, JGIIRFEAE 4 MPa U IR IR 22 2k %
6.8%, i 1IRFE N EIk 48.0%, HERAZAERE K E IR MRL. 1245 R BB AR ENEURME, =
INREENE () 2H LA S5 S PE AN R £ i S B U K 7t

B AT 1245 EMERURPE RS T 0T, BB L E R, 7E 4 MPaH, I 1%o0
HoO Xf L1245 i R 10 W i e 4 26 A e A 2252 a5/, (EAIIN 10%0 HoO J5 BT IU AR 22 B 11.96%F% 22
7.71%, FMEHURVE R K. Ho0 5 O, JLAFRT, Wi 4s 26 SO T+ 22 23.73%, S BUSH: A% B2 Il i %
fiK[19]. HoO 5 CO, ILAERS, WU s R EE 7.07%, SANEHUSIE KIEIG K. O HIHIHIE I T &7 1
TERBURGR b, HIRER TN &8 A% AL, BRASEIIBN; CO, HIREHEH WE T H 55
eGP R U T RIEIRE A, B CO i JFAE IS PRI R Tt — DR AR IE . AR5
N HEEZE R, DR R IR 2 o R A A T MR R

X42 WA NERUR BB A L) s k. FEYESE13]7E 10 MPay 25°C 24 FRFFE R, 5% Ha
+ RIREAREE P ENEBUBPEIRECN 10%, 20% Ho+ KA H IR 16.5%. KBALHI(<10%) T X42
TR FF T BT, SB A HI(>20%) T (2B B PG, A SRt R, (KR NERE T BT
(RGBS MR, A BB AN A BR[20]. 1245 F1 X42 TEARIB A4 T AN RS T 45, (H IR 42 A
R AT 7 B R
4.2. PR ELRN

X52 A RBUBE 2 A RS 24 AR 3 . X EE[2114E 7.5 MPa. 3%~10%355 44
8 X52 ) HEL £ 7.1%~7.3%2 8], AFARBURIEXE. 7F 4 MPa 48451 F, X52 MW =N
54.92%, HEI k% 20.98%, N\ FPZEHURPEX A][22]; 7€ 50% Ha+ 50% Naw 4 MPa 4514 K, HEI A 13%
[23]. FHIEEE FHEURZ R, HARETEASENAR, S0k, BN EENEEFIRERR, &
ki 2 HRETSARER P 2 S R E S, A0 T 2 U AR

SARZR FERERT X52 5. 7F Ha P 0.01% O, )i, HEI H 20.98%[% % 0.83%, JL-F-5¢ 4l
S I 0.02% CO J&, HEI H1 20.98%F% % 8.11% [22]. O, Al CO [IMHI1E FI X SZBri5 28 18 1 24 R
BHIEASHME, HIHOW /TR SL T 4R 75 48 3 10 B 2408 [24]

X60 AW ENGAT N2 AR R A R K. 2 RIS EY], 40% Hy + 60% Nov 4 MPa %44 F, &
PRIERF X60 () HEI N 4.64%; 1% 24 /NS JETFE 15.11%, J5 R A2 10RE P 350 0k T o T B 1) 38 347 - 155 o
Y BB IR ER, BRNNABELIRETE —ErE, RENESSBEREMNE AT 72
3[25]0 FEHRES[26]MHER X60 BIETE 5% Hys 6.4 MPa 24 FIITEAS B, BEA RS SR AT A5 FR ) v ke
2, FMHUBRMRK, 5L EMELRAEER, TR LREEA D EEIKAE S MBS,

4.3. EWNRELN

X65 M ENMHURYEREB A LA CO, & &N LT, 7€ 12MPa. 60°C414 R, 30% Hy+70% N,
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I R A RURPE TR ECN 8%, 1T 30% Ha + 40% CO» + 30% No SR EEHI8 S 22% (9], BEAH T COL I
BB T BN, R T A BRI . Lin ZE[27)%F X65 IR R EHT, X65 KA B2 th o FE
WREAFT, 2JRENEBUBIERE = 783G AR, B AR R A X AR R AR AR A TR

X70 PR EE SR A 2 5 2% . Shuai Z5[28]7F 10 MPa ZiE 24 R4 X70 S8 34 3E ATk 0 hr
WIS, IRAESE WU AE 28 40.4% (RSN 81.6%), IEMZEN 9.5% (R AMEH A 15.6%), 17
M AN BURNE B A TR . REE b 1 50K DL IR A SR T B BRI AR AR, IR 4% X I
AP LR w T M, BRI IR S AN U B2 T B [29]. SR L2 MA & S 8R4
GUEAZES, & X70 R NEHE B EEEE: ARMMAET, AR IIRES R, BRRST
ANF, SdIREE IAEIEZE R

X X80 Y, KEMHHEFEHABONR R M, NS YER L3R 5P © S E%E
St 1E 10 MPa. 20% Ho 3BE61F R, X80 i FAE I HEL 8 7.31% [7]; 7E 12 MPa. 50% H, 2%
N, Ot RAREAER HEL N 16.8% [30], &/ Mok s A et i3, RER BT sERE. @ W
TS ROMAL S S PREB AR, 2% Hy + 2% COs. 12 MPa 2614, X80 BRAFHii )ik
FE HEL N 1.37%, J& AN 2.7%, 22 58 TELHIADIRA B & m e, L7 i Ey B2 54
MBI AT 5 T BT AR R B R3] © B 5IR4EM AL 25 48 A HET A E] 14.76%, £
NBERF) 5~10 £%, JRERGm X P X . X ASAHE, e SEEdREs). @ KEmER: -
[FJF R K X80 41X S & &ANE, TR MnS RIEMILA 5/ MAEAE 2 7, BRI A BRSO A T T,
B IR EEE B . @ IR AEZE R A EHE SR RS R | W RO AR 2 e, N AR T Bk,
AR TH BRI BOERE, WS E MRS, 2 B 4 o EZE 18],

X0 HA7E AR AR 261 T A AR B R o £ L e B R, X90 ¥ HEI 7£ OCP 45 1F
NN 40%, —850mV &M T 48.6%, AbT RiURMEX R [32]. BAMRERACHATER B, BTEUR BEREIZY, AR
RIMNEMEEIR GRS, BANTREERK, SRR 33]. AR SIEBIARM pH A, ST 4
JEAE, R AREAMEER, GRS,

BIXE X100 HX, HANERUSRPETLE = A RIS H . Nanninga 55[8]7F 13.8 MPa Z /S B 5% L
LRI, X100 FIEMREZD N 21.5%, TRAREHN 22%, EMRBURZBRN, (HiZE0E R R
FEMFZRARNR . 1E 27.6 MPa 4055 H, X100 HFIEMAEER 12%, SMEHURMERE M, HEMURE
BEE S B SR BT AHOCHIFFEARAESE, w0 EUNE B 0 S e AR T i, e R I R R
R [34].

4.4. BIEFERRKREES

B FREARE SR, A EANFREAR I 254 T IS BUR AR B, S R FE R I
J& o X PG AT LA BLTR JLAS 77 TN CASERE -

RAHTANES . SHASPEE FESRIBMH . SHEEANEE, WRENEIE8E M6 Bl
LRGBS AN R, KRR T T W, BdE RS RE[18]. 5 R [18][F R R 7 &R
X60 M, KIPAEARALEREE G TAMHAR, ZHATEELE.

WEE LA 5 N PRSI ZE R . X80 BEAT S5 4R424(%) HEI A1 25 5~10 £5[28]. Bt L FIAR4E 5] NI S8
AR T SRR A RS AT E, R RE S TR BTN SRR A T . X80 il e 5 R e 1 i
SR T LU 2 28]

RIGARHEARGE— . FEFTICEE SR, #890K ) GB/T 345422, #B7y KM ASTM G142, #4r K H &
SCRESZ A XHRARE R SE . RS AR FEEU 8] (R AR 22 5 RIS il B 2 SR (4]
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WORH LG I 72 o [F)— AN R EL R AN AE B T2, AR RE L L 25 B AN S A R A A
FEZES . X80 HIA AR T AR Z3(28], MnS JeRMIMITEA A b ABCRGU AR B 2%, A
R T ZAR BRI IIRAEA R, S B 7 #[26] -

PRI ) 5 ZERVRZS . X60 ELRE 0 /NRFT 24 /NI 5 (A NG USRI EREEU N 4.64%A01 15.11%
[18], 725U T IRE A B R BE i AL B RDIRAS o 3843 SCHR A B il 3 B R s B[R] B 78 02 A s B A
eIl A E U €1l = o ci0ti il N

4.5. TIRBXR

BT B, AT DA R A T M AP o S R DL R LR e B, AN IR — e & .
X52 TE57 O 24 AR 5L HEL AT F# 2 0.83%, 1M X80 fEALEIM I H ik 16.8% LA L, IR 2 A B2 A5 I
IR AR B [21][27]0 6=, JREES FGEme X2 SN KRS B A X 4. X770 R E% (1 I e 4 22 Sk 22 40
REAFI 2 3%, X80 J514% HEI n[ik BER 1) 5~10 fi%, IR4% 5 450 N L R 5™ #4251 [28]. 3B=, 4R
AT R A XA M. O, F1 CO RAEE T Rl ZUE, CO, Flid & HO WA, SEhriE A & &
LN RS PP R 2R [19] (217 HEPU, B e M EUE B A ChRHERS, BRI bniE . 7807 sl
JURII SR — 25K, 32 @A R 70 2 [a) 250808 (0 A ) v LA 18]

5. &g

ASCLNEAER AT R ARG LN AN RIS 2k hit, KRG 7 RELNEAR SBENET
AN BURIE R, SRIIT 4.

(1) & TR S AN S P A7 AR R 22 5« AR 2 AN (RIS A 5T U U A mT 3,
FREGERER AL N 78 rh R M R A BN 3R P AN S N U 32 2% i AR AL 5 DR s s ] 20 22
Fr R INIUE SN S NG BRI BE AR SR R SR T TGO, A U U R 2 v TR

(2) AR FIRARNAEARIE 261 T SR A7 A 2 2 B, R A 7 T AN L 1l LA 5 8 RS 22
S WIAREAGE . TS Je s e AN R LA f Fi B fR] AN — 3

() WEAEEEM SN LG HISNE . BT 2, RS BRI ), Retsae 5 HGem X
PR BSA H EE s R A SRR e — e 75 S alRE 2R, ST Bt vl Btk

E&WE

TH A 2025 FRFACF LRI E —— B F R AR RS R AR VA ;
Wi H %5 : 202510148010,
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