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Abstract

Hydrogen embrittlement fracture poses a challenge in ensuring the structural integrity of materials exposed to hydrogen-rich environments.

This study advances our comprehension of hydrogen-induced fracture through an integrated numerical modeling approach. In addition, it

employs a ductile fracture model named the Gurson-cohesive model (GCM) and hydrogen diffusion analysis. GCM is employed as a fracture
model that combines the Gurson model to illustrate the continuum damage evolution and the cohesive zone model to describe crack surface

discontinuity and softening behavior. Moreover, porosity and stress triaxiality are considered as crack initiation criteria . A hydrogen diffusion

analysis is also integrated with the GCM to account for hydrogen enhanced decohesion (HEDE) mechanisms and their subsequent impacts on

crack initiation and propagation. This framework considers the influence of hydrogen on the softening behavior of the traction—separation

relationship on the discontinuous crack surface. Parametric studies explore the sensitivity to diffusion properties and hydrogen-induced

fracture properties. By combining numerical models of hydrogen diffusion and the ductile fracture model, this study provides an understanding

of hydrogen-induced fracture and thereby contributes significantly to the ongoing efforts to design materials that are resilient to hydrogen

embrittlement in practical engineering applications.

Keywords :

cohesive zone model, ductile fracture, hydrogen embrittlement fracture, hydrogen diffusion analysis

e 2He Fao] kel 12 v 14, 2 9 )

a2 B4 AR o)A oy
A okt ¢l W
9] vk FollA &3] WAtz A/do|th(Cha et al., 2022).
olgfgt o4 3t WS AHsty] sl chddt vAYUS %
o] 20] A|ot=] YKL et al., 2020). o7]9f+=Hydrogen-Enhanced
DEcohesion(HEDE) ©fj 7| U<, Hydrogen-Enhanced Localized
Plasticity(HELP) 1} 1<, hydrogen-enhanced strain-induced

vacancies(HESIV) of| #] U £, hydrogen pressure ©] =, hydrogen-
induced phase transformation ©]& 50| 3} ) o] 23 H| A
Y& mlA] 24 Y(HEDE) S8 U= A7 QU(HELP, HESIV)
THA| BpefRt 2A oA =4 F3HE ARt} 53] HEDE
AU B 4 27 4 o) AR RS oFehil A 7
o el vAUZOR, Sa7t HR FES Aok
975 el 34E RASHE b7 U z0]Sercbrinsky
etal., 2004).

S F3) Tl BT S-S AARO R hore AL
oA o7 FAoz AGEIL Utk 53] Dugdale(Dugdale,

Corresponding author:
Tel: +82-2-2123-5806; E-mail: k-park@yonsei.ac.kr
Received June 14 2024; Revised July 12 2024;
Accepted July 15 2024
© 2024 by Computational Structural Engineering Institute of Korea

This is an Open-Access article distributed under the terms of the Creative
Commons Attribution Non-Commercial License(https://creativecommons.
org/licenses/by-nc/4.0) which permits unrestricted non-commercial use,
distribution, and reproduction in any medium, provided the original work is
properly cited.

StETMTEZEEE =2F M37H M45(2024.8) 267

it



Gurson-Cohesive Model(GCM) ¥} =4~ 3FAF -8 ABE3} =4

1960)0] A|¢F3l Cohesive zone R E-& =4 FFA oA Z4:9]
714 54 AskE A= 2A Dol A dlSchs AREAl
=] 7" o]t} Cohesive zone HE Q] @ EXS Fo - o
Aof| A LA @ 4~2F AAH Cohesive Q4R FE-S EH3}
], traction-separation A1 S 3l &AL AT 4=~ QU 2
< cohesive 7= B 3 of 1 2] 5-& 2T G248 F 3| 9
& H N E ATe BEAlshe 7IHEC] AHE

(Dwivedi and Vishwakarma, 2018; Gobbi et al., 2019; Huang et
al.,2023; Lin et al., 2022).

H = FLoj| A= Gurson @3} Cohesive zone 2 &2 AL8-3t
914 b}y Etﬂ(park et al., 2024c)2}F LHEA Q1 424~ Shak gl
= T2 aLEsto] ATt 4 F5h vhy] Hdls
AlQretet. E3, /\P%— A ) el B4 F sl 5=
HF ot Y 7)%2 ]85k Cohesive 7 =2] A7t of
Al 5= A= F8l 4 FiSto] ek wtd A B
WA A4 o] mElS ARgSte] 58, HPE U
T AALE ST A E-S AL Sl Sk A
of. hFgh s #1307 U % % HEDE vl U2 o
o BHAF A B o Sk BEREE 4 F5}ASS
BIFSE 0|5 o §5ke] FAH O A WA 7| %} wtef
A A F EE 842 ek ol
W A%A Ame] Arlstel 2wl Wl AL mARtY,

o N

er

¢
O

Xrp X
oo o2 X
(o o o

o

ol
-

Cohesive zone X

o] Aol A= 42433 7] 4] i)
Wl ashe e A 7, A

aha} g,

DEERERES
4o]] fato] 1t

2.1 Gurson-Cohesive model

QA4A| S A T AL B Sla) 4 R
g% 519 Gurson @3} Cohesive zone X &S 533+ 4]
T}y] 9] Gurson-Cohesive L E(GCM)o] A8-E| } th(Park
et al., 2024c). GCM-S 1% 53] 342 v w4, 73, <
5, 9 wha)) = FEakek(Fig. 1). 2710l A7 4 B
ofl Glov), Se3} MR Eo] ZlahEA ARl FHak, 4
3 A =2 g ol A i} o] wA| o 4= Gurson X 2)(Gurson,
1977)& A&k 9 A2kt 74 8 & A o) A= ukg- 3 F
=9 A= Aot 3= ALt vlAl ‘_r'“ﬁol Ashd A
S} AAZE AlEFE, ojnf] At IA| =] Heke = 7Rtk
W E AZ 7S Edske] g olEH %) @Al= PPR trac-
tion-separation TA|(Park ef al., 2009)2} 2 %}-% Cohesive zone
me 2 At Cohesive Ha]7} ¢4 w13 Hejwct Z of

268 sor=ETMTEZEE =& HM37H XM45(2024.8)

..--.000000000000@ c?:;ﬁ

I Void growth M, Void coslescence & °
T i R
micro-crack initiation

T e
! ! ' Complete failure
Elastic Hardening region 3 Softening region &
region * - * 9res * region
Onset of Cohesive Onset 0!
yielding ) qac_k complete failure
Continuum M} Discontinuity

(Gurson model)  Transition (Cohesive model)
(Porosity and triaxiality)

Fig. 1 Schematics of the ductile fracture process in GCM
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Fig. 4 Finite mesh for compact tension test
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Fig.5 Finite mesh for compact tension test
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Table 2 Results summary of reducing only fracture energy

No. concl:l‘:ll‘nttlf;tion Peak load | Work area da;lcc)ql;SD
(atom/mm’) (N) (kNxmm) (mm/mm)
1-1 5x 10" 5.048 21.287 5378
1-2 5x 107 4,993 20.335 5.618
1-3 1x10" 4,952 19.683 5.522
1-4 2x10' 4.887 18.772 5.395
1-5 5x 10" 4782 17.085 5.604
1-6 1x10" 4712 15.883 5.526
1-7 5% 10" 4.609 14.682 5.513
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Table 3 Results summary of reducing fracture energy and critical

porosity

No. conigj:tiition Peak load | Work arca da;g]r)SD

(atom/mm>) (kN (kN>mm) (mm/mm)
2-1 5x 10" 5.048 21.287 5.378
22 5x 10" 4.872 18.086 6.974
2-3 1x10'" 4719 15.022 8.306
2-4 2% 10" 4383 8.993 14.688
2-5 5x10'® 3.307 3.857 25.132
2-6 1x10" 3.044 2.701 26.720
2-7 5x 10" 2.606 1.415 30.931
2-8 5x10% 2.531 1.105 31.388
2-9 5% 10% 2.521 1.072 30.981
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