
 
Provided by the author(s) and University of Galway in accordance with publisher policies. Please cite the

published version when available.

Downloaded 2023-05-22T06:08:50Z

 

Some rights reserved. For more information, please see the item record link above.
 

Title
Dual-phase cohesive zone modelling and experimental
validation for hydrogen-assisted cracking of 2205 duplex
stainless steel

Author(s) Tao, Ping; Ye, Fei; Gong, Jianming; Yang, Xinyu; Barrett,
Richard A.; Leen, Sean B.

Publication
Date 2021-01-01

Publication
Information

Tao, Ping, Ye, Fei, Liu, Hang, Gong, Jianming, Yang, Xinyu,
Barrett, Richard A., & Leen, Seán B. (2021). Dual-phase
cohesive zone modelling and experimental validation for
hydrogen-assisted cracking of 2205 duplex stainless steel.
International Journal of Pressure Vessels and Piping, 190,
104296. doi:https://doi.org/10.1016/j.ijpvp.2020.104296

Publisher Elsevier

Link to
publisher's

version
https://doi.org/10.1016/j.ijpvp.2020.104296

Item record http://hdl.handle.net/10379/17059

DOI http://dx.doi.org/10.1016/j.ijpvp.2020.104296

https://aran.library.nuigalway.ie
http://creativecommons.org/licenses/by-nc-nd/3.0/ie/


 1 / 38 
 

Combined experimental study and numerical prediction of hydrogen-1 

assisted cracking of 2205 duplex stainless steel 2 

Ping Tao1,2,4, Fei Ye1,2, Hang Liu1,2, Jianming Gong1,2 *, Xinyu Yang3,4,  3 

Richard A. Barrett3,4, Seán B. Leen3,4 4 

1 School of Mechanical and Power Engineering, Nanjing Tech University, Nanjing 211816, China; 5 

2 Jiangsu Key Lab of Design and Manufacture of Extreme Pressure Equipment, Nanjing 211816, 6 

China; 7 

3 I-Form Advanced Manufacturing Research Centre, Ireland;  8 

4 Mechanical Engineering, School of Engineering, College of Science and Engineering, National 9 

University of Ireland Galway, Ireland; 10 

 11 

Abstract 12 

The hydrogen-assisted cracking (HAC) behavior of 2205 duplex stainless steel is 13 

investigated via experimental testing and computational modelling, with specific focus 14 

on developing a predictive methodology for the coupled effects of hydrogen diffusion 15 

and stress. The effects of duration and stress level on hydrogen-assisted fracture in the 16 

dual-phase microstructure are characterized via tensile testing of single-edge notch 17 

specimens under hydrogen diffusion conditions. Crack initiation and growth is shown 18 

to occur predominantly in the ferrite phase with the austenite phase acting to retard 19 

crack growth, leading to discontinuous crack patterns. Mixed brittle and ductile fracture 20 

characteristics were identified, due to the competitive effects of hydrogen-induced 21 

decohesion and localized plasticity. A key novelty is the development and verification 22 

of a sub-modelling finite element methodology of the dual-phase microstructure, 23 

incorporating hydrogen diffusion, coupled hydrogen-stress effects and cohesive zone 24 

cracking, is presented. The model consistently predicts observed crack length and 25 

mixed-phase induced crack morphology. Increased refinement of austenite phase is 26 

shown to increase fracture resistance of the dual-phase steel, consistent with published 27 

findings.  28 

 29 
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1. Introduction 33 

Ferritic-austenitic duplex stainless steels (DSS) have been successfully used in 34 

pipelines and other components in offshore and subsea facilities for several decades. 35 

Despite favorable properties, such as high strength and stress corrosion cracking 36 

resistance, DSS are sensitive to hydrogen embrittlement (HE) and hydrogen-assisted 37 

cracking (HAC) [1-4]. It is generally concluded that HE involves the loss of ductility 38 

and degradation of material strength, due to the presence of hydrogen introduced by 39 

manufacturing processes or utilization in a hydrogen-containing environment, while 40 

HAC is caused by concentrated absorption of hydrogen atoms at the apex of defects or 41 

cracks, leading to a reduction in the surface interaction energy of metallic atoms and 42 

eventually to internal cracks [5-8].  43 

In the past, cathodic protection was a key source of hydrogen in DSS [9, 10]. It 44 

has been shown that even small amounts of hydrogen can have a detrimental effect on 45 

the fracture resistance of DSS to HE and HAC [11-15]. Nowadays, with the widespread 46 

and efficient use of hydrogen energy, safe and economical storage and transmission are 47 

key factors for sustainable hydrogen utilization. Metallic materials are economically-48 

attractive candidate materials for design and construction of future hydrogen storage 49 

vessels, compressors and transmission pipelines [16, 17]. In such cases, HAC is likely 50 

to occur once sufficient hydrogen has accumulated in susceptible materials, especially 51 

in the presence of inclusions or defects, accompanied by residual or applied stresses 52 

[18-20]. Therefore, attention has been drawn to detailed assessment of the interaction 53 

between hydrogen concentration and multiaxial stress fields. According to previous 54 

research [6, 8], HAC occurs primarily after a delay, which indicates that sufficient 55 

incubation time is required for hydrogen diffusion and accumulation, before a critical 56 

concentration of hydrogen is reached at a location where cracking occurs. Constant-57 

load hydrogen-charging testing is the preferred method for understanding HAC in steels 58 
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[14, 21, 22]. 59 

Hydrogen-enhanced decohesion (HEDE) and hydrogen-enhanced localized 60 

plasticity (HELP) are generally considered as the primary mechanisms for hydrogen 61 

embrittlement and hydrogen-assisted cracking [23 -25 ]. In the HEDE mechanism, 62 

regions of high triaxial stresses, such as in a notch or at a crack tip, are assumed to 63 

attract dissolved atomic hydrogen and locally reduce the cohesive strength. If the 64 

critical hydrogen concentration is reached, small cracks form and propagate in the 65 

region of high hydrogen concentration. Further crack growth requires a localized 66 

increase in hydrogen concentration in front of the crack [26, 27]. This crack initiation 67 

and propagation process repeats until either (i) the level of hydrogen reduces below the 68 

critical value or (ii) the level of triaxial stress decreases [28, 29]. The HELP mechanism 69 

assumes that solute hydrogen atoms can shield the elastic interactions between 70 

obstacles and dislocations, leading to a reduction in the interaction energy of metallic 71 

atoms, so as to enhance the dislocation mobility and increase the local plasticity of 72 

metallic materials [30-32]. More recent experimental and computational studies have 73 

found that HEDE and HELP simultaneously promote hydrogen-assisted damage in 74 

steels [24, 25, 33 -36 ]. The HELP-HEDE synergistic concept is considered a more 75 

comprehensive explanation of hydrogen-induced damage [25]. For dual-phase steels 76 

(e.g. ferritic-martensitic steel), Koyama et al. [36] reported that hydrogen decreases 77 

the critical debonding strain in martensite regions through HEDE and promotes (i) 78 

ferrite-martensite cracking, (ii) ferrite-martensite boundary slip and (iii) cracking of 79 

ferrite grains. The mechanism of (i) is attributed to decohesion, whilst (ii) and (iii) are 80 

attributed to HELP.  81 

Compared with HE, relatively little work has been performed to investigate HAC 82 

of ferritic-austenitic DSS. From the microstructural observation of specimens after HE 83 

[37, 38], it has been found that most hydrogen-induced cracks initiate in ferrite and 84 

crack propagation is arrested by austenite. This is attributed to higher hydrogen 85 

diffusivity and lower solubility in ferrite, as demonstrated by direct (e.g. hydrogen 86 

permeation [39, 40]) and indirect (e.g. nano-indentation [41]) testing methods. This 87 

paper is concerned with the development of a numerical prediction model for simulating 88 



 4 / 38 
 

the effects of hydrogen diffusion on crack initiation and propagation in dual-phase 89 

microstructures. Up to now, it has been confirmed that the cohesive zone model (CZM) 90 

is an effective method to correctly predict cracking behavior under static [13, 14] and 91 

dynamic loads [42, 43]. Attention is focused here on a commercially-used 2205 DSS. 92 

The effect of hydrogen on the material is experimentally investigated via a constant-93 

load cathodic hydrogen-charging test, by which the combined effects of hydrogen 94 

concentration and applied load on a single-edge notch tensile specimen can be observed. 95 

In order to comprehensively study the crack distribution and fracture morphology, both 96 

microscopy and fractography observations are performed on the hydrogen-charged 97 

specimens. A complementary finite element (FE) coupled hydrogen diffusion-CZM, 98 

with specific focus on the dual-phase microstructure, was developed for prediction of 99 

HAC. Compared with extended finite element method (XFEM), the CZM approach is 100 

argued to more efficient when crack direction is known in advance, as is the case here. 101 

XFEM is mainly used to predict random initiation and propagation behavior of cracks 102 

[44, 45]. The CZM is structured as a three-step sequential coupling methodology based 103 

on previously published research [13, 14], which includes static stress analysis, 104 

hydrogen diffusion analysis and cohesive zone stress analysis. Comparisons between 105 

experimental results and model predictions covering crack distribution and crack length 106 

are presented. In addition, the effect of microstructure on hydrogen-induced crack 107 

length is investigated by varying the level of dual-phase refinement in the CZM model.  108 

 109 

2. Experimental methodology 110 

A constant-load hydrogen-charging tensile test [14, 22] has been implemented in 111 

order to investigate the effect of hydrogen diffusion on crack initiation and propagation 112 

in the present dual-phase steel. The dual-phase steel studied here is a commercial 2205 113 

DSS containing 0.015C, 0.4Si, 1.41Mn, 0.001S, 0.027P, 22.45Cr, 5.69Ni, 3.14Mo, 114 

0.27Cu, 0.2Co, 0.176N and Fe balance. The austenite fraction is 54% according to the 115 

supplier test results and the microstructures observed from three different orientations 116 

of the as-received sample are shown in Fig. 1.  117 
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 118 

 119 

Fig. 1. Optical micrographs of ferrite (dark) and austenite (light) in 2205 DSS. 120 

 121 

The constant-load electrochemical hydrogen charging test set-up is shown 122 

schematically in Fig. 2. In this test, single-edge notched tension (SENT) specimens are 123 

subjected to a constant load in a hydrogen environment for a controlled period of time. 124 

The 4 mm-thickness standard tensile specimen (Fig. 2c) is used in order to facilitate an 125 

embedded 0.5 mm notch. The specimen is designed in accordance with GB/T 228-2010 126 

[46]. The aim of the test is to allow experimental characterization of the interaction 127 

between hydrogen diffusion and tensile cracking behavior. The SENT test specimens 128 

are machined by a slow-feeding wire-cut with the tensile axis parallel to the rolling 129 

direction, representing a surface crack in a pipe [ 47 , 48 ]. Optical microscopy 130 

examination was carried out before testing to ensure high quality of the notch surface. 131 

All samples were ground with successive grades of emery paper up to 2000 grit, 132 

polished with paste, washed with deionized water and dried. Smooth specimens with a 133 

gauge size of 25×15×4  mm3 were cathodic hydrogen charged in 0.5 mol/L H2SO4 134 

solution at a current density of 10 mA/cm2. This hydrogen charging environment has 135 

been previously established as suitable for inducing hydrogen into the surface layer of 136 
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the test specimen to a sufficient depth for assessing effect on ductility and strength [39, 137 

40]. The test specimen was used as the cathode and a platinum sheet was used as the 138 

anode. In order to increase the absorbed hydrogen concentration, thiourea (1g/L) was 139 

added as a hydrogen recombination poison [49 ]. The following chemical equations 140 

describe the reactions which lead to hydrogen diffusion into the metal in the aqueous 141 

solution due to application of electrical current [50]: 142 

 H2O → H
+ + OH−,  H+ + H2O → H

+H2O (1) 

 
(H+H2O )Solution

migration
→      (H+H2O )Metal Surface 

(2) 

 H+H2O + e
− → H+ H2O (3) 

 Metal + H → HabsorbMetal 
(4) 

where atomic hydrogen is initially absorbed at the surface of the metal and then diffuses 143 

into the metal. 144 

Initial sensitivity testing was conducted in order to identify a suitable range of test 145 

parameters, to achieve cracking within reasonable test durations. The applied load is 146 

varied, so that, the applied notch stress levels vary between 0.85𝜎𝑦 and 1.1𝜎𝑦, where 147 

𝜎𝑦 is the yield stress, as the typical stresses during operation for oil and gas pipelines 148 

are generally below 𝜎𝑦. The notch stress is defined here as the average stress across the 149 

notched-section ligament of the tensile specimen. The test matrix is presented in Table 150 

1, showing the range of loads and durations for tests. The maximum test duration is 2 151 

weeks (336 h). 4 repeat tests were conducted on the 0.9𝜎𝑦  case to observe the 152 

hydrogen-induced cracks. As detailed in Appendix A1, it is deduced that hydrogen 153 

charging should be continued for at least 2 days (48 h) to allow sufficient hydrogen 154 

diffusion to the maximum hydrostatic stress region. 155 

 156 
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 157 

Fig. 2. (a) Schematic diagram of constant-load hydrogen charging setup, (b) hydrogen 158 

charging cell and (c) SENT test specimen geometry with U-notch, r=0.5 mm. 159 

 160 

Table 1. Applied notch stress and time duration of the test matrix. 161 

Applied notch stress (𝝈𝐧) Testing time (𝒉) 

0.85𝜎𝑦 168, 336 

0.9𝜎𝑦 24, 72, 168, 240 

0.93𝜎𝑦 96 

1.0𝜎𝑦 48 

1.1𝜎𝑦 24 

*Note: 4 repeat tests conducted for each testing time for 0.9𝜎𝑦 cases. 162 

 163 
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3. Modelling framework 164 

3.1. Coupled hydrogen diffusion and cohesive zone model 165 

A key objective of the present work is to develop a finite element framework for 166 

the effects of hydrogen diffusion on tensile crack formation in dual-phase steel, with 167 

explicit representation of the ferrite and austenite phases. The general-purpose, non-168 

linear FE code, Abaqus [51] is used. The overall CZM approach is structured as a three-169 

step sequential coupling method following the work of Olden et al. [13, 14]. The 170 

overall coupled process is summarized in Fig. 3 and described as follows: 171 

 172 

 173 

Fig. 3. Flowchart of the sequential coupling procedure in CZM. 174 

 175 

 Step 1 – Static stress analysis: The values of hydrostatic stress are extracted 176 

and used as the initial pre-defined stress field to assist hydrogen diffusion.  177 

 Step 2 – Hydrogen diffusion analysis: At a given time, the hydrogen 178 

concentration in lattice (𝐶L) is determined. Based on the principle proposed 179 

by Oriani [52], the content of hydrogen in lattice and in reversible trapping 180 

sites can be considered to be in equilibrium; both of these contribute to 181 
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hydrogen-induced damage and need to be taken into account. Here, the 182 

trapped hydrogen is considered to be caused by plastic strain near the notch 183 

surface after applying stress. A linear relationship between trapped hydrogen 184 

concentration (𝐶trap ) and the plastic strain (휀𝑝 ) is described as: 𝐶trap =185 

(49휀𝑝 + 0.1)𝐶L  [53 ]; when the plastic strain is greater than ~2%, trapped 186 

hydrogen will become dominant. Thus, the total hydrogen concentration 187 

(𝐶Total) is used as the pre-defined field in the cohesive zone stress analysis by 188 

analytical calculation, viz. 𝐶Total = 𝐶L + 𝐶Trap.  189 

 Step 3 – Cohesive zone stress analysis: A bilinear hydrogen-influenced 190 

traction-separation law is employed [ 54 ]. The maximum normal stress 191 

criterion is used to drive damage initiation, and effective displacement is taken 192 

as the criterion of damage evolution. When the normal cohesive stress of the 193 

cohesive element reaches the critical value, 𝜎c, damage degradation begins. 194 

Then, when the normal separation increases to the critical value, 𝛿c , the 195 

cohesive element loses its ability to carry load, resulting in element deletion, 196 

i.e. crack formation. 197 

In step 2, the stress-driven transient hydrogen diffusion is based on an extension 198 

of Fick’s second law. To ensure that the mass diffusion process can proceed 199 

continuously across the interface between ferrite and austenite, a normalized hydrogen 200 

concentration is defined as 𝜑 = 𝐶L 𝑠H⁄  [51], in terms of hydrogen concentration in 201 

lattice, 𝐶L and hydrogen solubility, 𝑠H. Fick’s second law is defined as:  202 

 
𝜕𝐶L
𝜕𝑡
= −∇𝐽 (5) 

where 𝐶L  is hydrogen concentration in lattice, 𝑡  is diffusion time and 𝐽  is 203 

concentration flux. With respect to hydrostatic stress gradient, 𝐽 is given by [51]: 204 

 𝐽 = −𝐷L[∇𝐶L + 𝑘𝑝∇𝜎h] (6) 

where 𝐷L  is lattice hydrogen diffusivity, 𝑘𝑝 = 𝑉H𝜑 𝑅𝑇⁄   is pressure stress factor 205 

providing diffusion-driven by hydrostatic stress gradient, 𝑉H is partial molar volume 206 

of hydrogen in solid solution, 𝑇 is absolute temperature and 𝜎h is hydrostatic stress. 207 
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Combining Eqs. (5) and Eq. (6) and letting 𝐶L =𝑠H𝜑 , the relationship between 208 

lattice hydrogen concentration and diffusion time can be expressed as: 209 

 
𝜕𝐶L
𝜕𝑡
= 𝑠H𝐷L[∇

2𝜑 +
𝑉H
𝑅𝑇
∇𝜑∇𝜎h +

𝑉H
𝑅𝑇
𝜑∇2𝜎h] (7) 

Eq. (7) shows that hydrogen concentration increases in regions of high hydrostatic 210 

stress gradient. Based on this theoretical analysis, numerous numerical models have 211 

been reported [26, 53], and relevant experimental studies have confirmed the increased 212 

hydrogen concentration in regions of high hydrostatic stress gradient, e.g. near notches 213 

or crack tips [26, 27].  214 

In Step 3, the bilinear hydrogen-influenced traction-separation law (TSL) is 215 

adopted. Other authors (e.g. Scheider and Brocks [55] and Olden et al. [56]) have 216 

investigated non-linear TSLs with cohesive zone models similar to that used here. The 217 

bilinear TSL is most commonly used and simplifies elastic-plastic behavior, for 218 

improved computational efficiency. A polynomial non-linear TSL was implemented to 219 

a 25% Cr duplex stainless steel by Olden et al. [14], but without explicit modelling of 220 

the dual-phase microstructure. Initial comparison studies of both linear and non-linear 221 

TSL were performed here. The predicted crack lengths were within about 10% of each 222 

other. However, as shown below, the present bilinear TSL predicted crack lengths 223 

consistent with the experimentally-measured results. The bilinear TSL assumes that the 224 

two surfaces of cohesive elements are rigid up to a critical cohesive stress (𝜎c). Beyond 225 

this point, the cohesive stress drops linearly down to zero at a critical separation (𝛿c), 226 

resulting in failure of the cohesive element, indicating crack initiation or further 227 

propagation. The area below the TSL represents the critical energy (𝐺c) required for 228 

complete separation of the cohesive surfaces, i.e. to produce a new crack interface. The 229 

equations are as follows [57, 58]: 230 

 
∫ 𝜎𝑑δ = 𝛤c = 𝐺c =

𝐾𝑐
2

𝐸 (1 − 𝜈2)⁄

𝜎c

0

 
(8) 

 𝐺𝑐 =
1

2
𝜎𝑐𝛿𝑐 (9) 

where 𝐺c  is critical energy, 𝐾𝑐  is fracture toughness, 𝐸  is elastic modulus, 𝜈  is 231 

Poisson ratio, 𝜎𝑐 is critical cohesive stress and 𝛿c is critical separation.  232 
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The influence of hydrogen is accounted by a decrease in the maximum cohesive 233 

stress, which is proportional to the hydrogen coverage 𝜃, defined as an embrittlement 234 

parameter, by Jiang and Carter [59]: 235 

 
𝜎c(𝜃)

𝜎c(0)
= 1 − 1.0467𝜃 + 0.1687𝜃2 (10) 

where 𝜎c(𝜃) and 𝜎c(0) are the critical cohesive stresses in the presence and absence 236 

of hydrogen. 𝜃 is the coverage of hydrogen atoms on the surface of each slow-forming 237 

crack. According to the Langmuir-McLean isotherm [60], it is defined as a function of 238 

the hydrogen concentration (𝐶) and the Gibbs free energy (∆𝑔𝑏
0): 239 

 𝜃 =
𝐶

𝐶 + exp(−∆𝑔𝑏
0/RT)

 (11) 

The bilinear hydrogen-influenced TSL is plotted in Fig. 4. In Abaqus, the TSL 240 

definition requires a non-zero separation at the critical cohesive stress (𝜎c). Therefore, 241 

an initial small separation (δ0) value of 1.0 × 10−7 mm is often adopted [13, 61]. 242 

 243 

 244 

Fig. 4. The effect of hydrogen coverage 𝜃 on the bilinear traction separation. 245 

 246 

3.2. Finite element model and parameters 247 

Fig. 5 shows the geometry, boundary conditions and mesh of the finite element 248 
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models. Representative volume element sub-models containing 54% austenite with four 249 

different phase sizes (5  μm × 5  μm , 10  μm × 10  μm , 10  μm × 30  μm  and 250 

30 μm ×10 μm) were randomly generated to represent the dual-phase microstructure. 251 

The sub-models are embedded around the notch with a fixed region size of 252 

400 μm ×200 μm in the global macro-model. The mesh is designed to have a highly-253 

refined cohesive element size of 0.2 μm ×  0.2 μm  that is about one tenth of the 254 

smallest grain size of DSS for ensuring convergence of FE results. Cohesive elements 255 

are defined perpendicular to the primary loading direction (y direction), and only the 256 

normal traction (y direction) is assumed to be influenced by hydrogen. There are 257 

270000 and 530000 elements, respectively, in the global- and sub-models. 4-noded 258 

(linear) elements are used in the mass diffusion, stress and cohesive analyses, namely 259 

DC2D4, CPE4R (reduced integration) and COH2D4, respectively.  260 

During the stress analysis, the boundary conditions in sub-models are 261 

automatically transferred from the macro-model deformation. The true stress-strain 262 

(𝜎 − 휀 ) data for input to Abaqus [51], is obtained using 휀 = ln(1 + 𝑒)  and 𝜎 =263 

𝑠(1 + 𝑒)  from the measured engineering stress-strain (𝑠 − 𝑒 ) curve of 2205 DSS 264 

specimens machined in the rolling direction, as shown in Fig. 6a. The micro-scale 265 

representative stress-strain curves of ferrite and austenite are derived based on the 266 

power-law hardening assumption, as shown in Fig. 6b. The values of yield strength and 267 

hardening exponent are obtained by nano-indentation test in our previous study [62], in 268 

which the determined mechanical parameters of ferrite and austenite are verified by 269 

comparing the numerically predicted overall flow curve of 2205 DSS with tensile 270 

testing results.  271 

In the hydrogen diffusion step, distinct values of hydrogen diffusivity are 272 

implemented for the ferrite (𝐷α ) and austenite (𝐷γ ) phases, specifically 1.5 ×273 

10−11  m2 s⁄   and 1.4 × 10−16  m2 s⁄  , respectively, based on hydrogen permeation 274 

test data presented by Owczarek et al. [39]. The determination of hydrogen solubilities 275 

of ferrite and austenite is described in Appendix A2. By the definition of normalized 276 

concentration (𝜑), the hydrogen concentration unit is selected here as ppm, then the 277 
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unit of 𝜑 is determined as √MPa. A constant normalized hydrogen concentration of 1 278 

√MPa  is applied to the left surface (both ferrite and austenite) of the FE model, 279 

corresponding to different surface hydrogen concentrations of ferrite and austenite. The 280 

bulk hydrogen concentration is set as 0 and the other surfaces of the model are insulated 281 

by default, i.e. zero hydrogen flux.  282 

The identification of suitable values of critical cohesive stress 𝜎𝑐  and 283 

displacement 𝛿𝑐 is based primarily on previous works by Tvergaard and Hutchinson 284 

[63], Serebrinsky et al. [54] and Olden et al. [13, 14], with the same CZM approach 285 

for single phase and dual-phase steels. In particular, based on the work by Olden et al. 286 

[13], for a dual-phase ferrite-austenite 25% Cr stainless steel, with specific application 287 

to fracture initiation within the ferrite phase for 40 ppm of hydrogen (hydrogen 288 

coverage 𝜃 = 1) and adopting a 𝛿𝑐 value of 0.0002 mm, 𝐾c was identified as 2.7 289 

MPa√m, corresponding to a critical fracture stress value of 335 MPa. However, the 290 

values without hydrogen should be much higher, given as 2100 MPa (3.5 times yield 291 

strength). Serebrinsky et al. [54] recommended a value of 4 times yield strength. In 292 

more recent work by Olden et al. [14], a value of 3.7 times yield strength (giving 2200 293 

MPa) was identified on the basis of direct comparison with single edge notch tensile 294 

test results. In the present work, for the 2205 ferrite-austenite duplex stainless steel, we 295 

adopted the same critical displacement 𝛿𝑐 of 0.0002 mm, and a 𝜎𝑐 value of 3.7 times 296 

yield strength, resulting in the critical cohesive stress values for ferrite 𝜎c,α(0) and 297 

austenite 𝜎c,γ(0), 𝜎c,α(0) = 2144 MPa and 𝜎c,γ(0) = 2416 MPa, respectively.  298 

The Gibbs free energy values of ferrite ( ∆𝑔b,α
0  ) and austenite ( ∆𝑔b,γ

0  ) are 299 

determined by multiple optimization trial calculations with a range from 10 kJ mol⁄  to 300 

60 kJ mol⁄ . The final determined value of ∆𝑔b,α
0  is 28 kJ mol⁄ , which is similar to the 301 

suggested value of 30 kJ mol⁄  by Serebrinsky et al. [54], while the value of ∆𝑔b,γ
0  is 302 

19 kJ mol⁄  representing a greater tolerance of hydrogen concentration. More details of 303 

this process are presented in the discussion section. The input material parameters for 304 

the FE models are listed in Table 3. 305 
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 306 

 307 
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 308 

Fig. 5. (a) Global macro-scale FE model and mesh, (b to e) micro-scale sub-models 309 

with four different phase sizes, and (f, g) detailed view cohesive zone mesh and 310 

cohesive elements in dual-phase sub-model with austenite phase 10 μm ×10 μm. 311 

 312 

 313 
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 314 

Fig. 6. (a) Measured (engineering) and calculated (true) stress-strain response of as-315 

received 2205 DSS along rolling direction (b) stress-strain curves of ferrite and 316 

austenite derived by nanoindentation test. 317 

 318 

Table 3. Input parameters in finite element models.  319 

Parameter Value Source 

Elastic modulus of DSS (𝐸Dss) 195 GPa Tensile test 

Elastic modulus of ferrite (𝐸α) 206.94 GPa [62] 

Elastic modulus of ferrite (𝐸γ) 199.84 GPa [62] 

Yield strength of DSS (𝜎y,Dss) 580 MPa Tensile test 

Yield strength of ferrite (𝜎y,α) 579.49 MPa [62] 

Yield strength of austenite (𝜎y,γ) 653.10 MPa [62] 

Poisson’s ratio (𝜈) 0.3  

Hydrogen diffusivity of ferrite (𝐷L,α) 1.5 × 10−11 m2 s⁄  [39] 

Hydrogen diffusivity of austenite (𝐷L,γ) 1.4 × 10−16 m2 s⁄  [39] 

Hydrogen solubility of ferrite (𝑠α) 32.27 ppm/√MPa  

Hydrogen solubility of austenite (𝑠γ) 838.92 ppm/√MPa  

Pressure stress factor (𝑘𝑝) 8.476× 10−4 × 𝜑 [13, 14] 

Partial molar volume of hydrogen (𝑉H) 2.1 × 103 mm3/mol  

Gas constant (𝑅) 8.31432 J K ∙ mol⁄   
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Gibbs free energy of ferrite (∆𝑔b,α
0 ) 28 k J mol⁄   

Gibbs free energy of austenite (∆𝑔b,γ
0 ) 19 k J mol⁄   

Critical cohesive stress of ferrite (𝜎c,α) 2144 MPa [13, 14] 

Critical cohesive stress of austenite (𝜎c,γ) 2416 MPa [13, 14] 

Initial separation (𝛿0) 1.0 × 10−7 mm [13, 14] 

Critical separation (𝛿c) 2 × 10−4 mm [13, 14] 

Viscosity coefficient 1.0 × 10−4 [13, 61] 

Temperature (𝑇) 298 K  

 320 

4. Experimental results 321 

4.1 Fracture surface analysis of the broken specimen 322 

Fig. 7 and Fig. 8 present the morphologies of fracture surfaces of the fractured 323 

hydrogen-charged specimens with applied notch stresses (𝜎n ) of 1.0𝜎𝑦  and 1.1𝜎𝑦 , 324 

respectively. The 𝜎n = 1.0𝜎𝑦 specimen fractured at about 48 h. From the full-scale 325 

overview presented in Fig. 7a, it can be confirmed that the orientation of the fracture 326 

surface is approximately perpendicular to the axial direction, i.e. tensile loading 327 

direction. A distinct brittle zone, with predominantly quasi-cleavage features below the 328 

notch root, is observed from local enlarged views, as shown in Fig. 7(b, d). This is 329 

attributed to the high hydrogen concentration near the specimen notch, leading to 330 

reduced ductility. Previous studies have confirmed, by experiment observation and 331 

simulation, that the presence of hydrostatic stress can accelerate hydrogen diffusion and 332 

increase hydrogen concentration [22, 26, 64]. The brittle fracture features extend from 333 

the notch root of the specimen by about 0.4 mm to 0.45 mm. Away from the notch 334 

beyond the brittle zone, the other edge section shows the appearance of dimples. This 335 

is a typical ductile fracture, formed by the micro-void coalescence fracture mechanism, 336 

as shown in Fig. 7e. Between the brittle zone (BZ) and ductile zone (DZ), there is also 337 

a clear interface transition zone, showing mixed features of brittle and ductile (BZ+DZ), 338 

as marked in Fig. 7c. It is posited that the low hydrogen concentration in the BZ+DZ 339 

area is insufficient to cause complete decohesion, but can increase local plasticity. Thus, 340 
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in this case, the HEDE and HELP mechanisms appear to simultaneously promote 341 

hydrogen-assisted damage [25, 36]. From the experimental observations, although the 342 

cracks have not completely penetrated the sample, the material fractured in a relatively 343 

short time, indicating that fracture is caused by loss of stability induced by hydrogen-344 

induced crack growth. With regards to the 𝜎n = 1.1𝜎𝑦 specimen (Fig. 8), the fracture 345 

time reduced to about 24 h. Several secondary cracks are obviously distributed around 346 

the notch and brittle zone, indicating more pronounced brittleness than 𝜎n = 1.0𝜎𝑦 347 

specimen, as presented in Fig. 8c. Despite the brittle and ductile regions showing quasi-348 

cleavage feature and ductile dimples, respectively, the ductility of the 𝜎n = 1.1𝜎𝑦 349 

specimen decreased significantly compared to the 𝜎n = 1.0𝜎𝑦 specimen. 350 

 351 

 352 

Fig. 7. Fracture surfaces of the broken specimen after 48 h hydrogen charged at 353 

applied notch stress 𝜎n= 1.0𝜎𝑦 (a) full-scale view (b-e) magnified fragments (BZ: 354 

brittle zone; DZ: ductile zone). 355 

 356 



 19 / 38 
 

 357 

Fig. 8. Fracture surfaces of the broken specimen after 24 h hydrogen charged at 358 

applied notch stress 𝜎n= 1.1𝜎𝑦: (a) full-scale view (b-e) magnified fragments. 359 

 360 

4.2. Microstructure observation of the unbroken specimen 361 

Fig. 9 shows the crack profiles of a non-fractured specimen, observed after 362 

applying a constant tensile notch stress (𝜎n=0.9𝜎𝑦) with holding for 168 h cathodic 363 

hydrogen-charging. It is clear that several cracks are distributed around the notch root. 364 

The principal crack along the notch tip is perpendicular to the tensile load direction, 365 

and the length of crack is approximately 0.21 mm to 0.24 mm. Further sub-cracks, not 366 

merged with the principal crack, are also observed in detail.  367 

 368 
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 369 

Fig. 9. Cracks in the specimen after 168 h hydrogen charging with 0.9𝜎𝑦 applied 370 

notch stress.  371 

 372 

As presented in Fig. 9 (c, d), it can be seen that most cracks preferentially initiate 373 

and propagate in ferrite. When the cracks encounter austenitic grains, they become blunt, 374 

even rotating and expanding in the axial direction. After the cracks have propagated to 375 

a certain extent, the austenitic phase is also penetrated, and the next phase of 376 

propagation proceeds. This mixed-phase, discontinuous crack growth phenomenon is 377 

consistent with previous work [13, 65]. These results are also essentially consistent 378 

with crack initiation being affected by hydrostatic stress, since the maximum 379 

hydrostatic stress occurs at a certain depth below the notch surface where small 380 

hydrogen-induced cracks initiate and connect, to form a larger crack, which leads to 381 

stepwise cracking of the material [23]. In addition, there is also a possibility that the 382 

cracks form in the ferrite on both sides of the austenite, so that the austenitic grains are 383 

separated and pulled until the cracks penetrate. Therefore, crack propagation speed is 384 

dependent on the shape and width of austenite. The crack distribution is more 385 
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concentrated in regions of more refined austenitic phase and crack growth proceeds 386 

faster than in regions of coarse austenitic phase.  387 

 388 

5. Numerical simulation results  389 

5.1. Hydrogen diffusion analysis 390 

Fig. 10 shows the contour maps of hydrogen concentration (Fig. 10a) and 391 

normalized hydrogen concentration (Fig. 10b) of the model containing 392 

10 μm ×10 μm phase size after 168 h hydrogen diffusion, with and without stress 393 

effect. Due to the large difference in hydrogen concentration between ferrite and 394 

austenite, it is difficult to compare them directly. Here we analyze the hydrogen 395 

diffusion from the aspect of normalized hydrogen concentration (𝜑). As plotted in Fig. 396 

11, the values of 𝜑 in the cohesive zone region vary with depth away from notch root 397 

with (i) no stress and (ii) applied 0.9𝜎𝑦 notch stress after 168 h of hydrogen diffusion. 398 

For the case without stress (Fig. 11a), the hydrogen diffusion and distribution is 399 

consistent with Fick’s law of mass diffusion. The concentration fluctuations reflect the 400 

regions inside the austenitic phase. Due to the slow hydrogen diffusion in austenite, 401 

hydrogen atoms in the austenitic phase require a longer time to diffuse to achieve 402 

saturation, resulting in lower hydrogen content than in the ferrite matrix. 403 

 404 
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 405 

 406 

Fig. 10. Contour maps of (a) hydrogen concentration (CONC) and (b) normalized 407 

hydrogen concentration (NNC) of the 10 μm ×10 μm phase size model after 168 h 408 

hydrogen diffusion: (i) without stress and (ii) with applied 0.9𝜎𝑦 notch stress.  409 
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 410 

 411 

Fig. 11. Normalized hydrogen concentration of the cohesive zone versus depth away 412 

from notch root in the sub-models for (a) without stress effect and (b) with applied 413 

0.9𝜎𝑦 notch stress after 168 h of hydrogen diffusion.  414 

 415 

In order to quantitatively evaluate the effect of austenitic phase size, the average 416 

normalized hydrogen concentration is calculated here (see Table 4). As expected, the 417 

model with more refined austenite (5  μm × 5  μm ) leads to reduced hydrogen 418 

concentration owing to a lower apparent (effective) hydrogen diffusivity. This is 419 
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consistent with the work by Chou et al. [66]. They reported that the apparent hydrogen 420 

diffusivity decreased from 4.78 × 10−14  m2 s⁄   to 3.58 × 10−14  m2 s⁄   as the 421 

austenite phase size changed from 12.58 μm  to 7.42 μm . In addition, when the 422 

austenite extends in the y-direction (Fig. 5d), the content of hydrogen is also reduced, 423 

due to the austenitic phase orientation. In terms of the austenite phase orientation, 424 

hydrogen diffusion in DSS can be divided into parallel coupling and series coupling 425 

based on the assumption by Gesnouin et al. [67]. In the model containing austenite 426 

phase size of 10 μm × 30 μm, presented in Fig. 5d, hydrogen diffusion is close to the 427 

series coupling, thus resulting in a lower speed of hydrogen transportation. These 428 

phenomena occur because of the high hydrogen solubility in austenite, leading to a 429 

trapping effect of austenite. Finer austenitic phase and the series phase configuration 430 

can thus impede hydrogen diffusion in the matrix, showing a delay of hydrogen 431 

diffusion and lower concentration. 432 

 433 

Table 4. Average normalized hydrogen concentration of the cohesive zone in the dual-434 

phase sub-models for with (i) no stress and (ii) applied 0.9𝜎𝑦 notch stress after 168 h 435 

hydrogen diffusion. 436 

 Austenite phase size 

Normalized hydrogen 

concentration, 𝝋 (√𝐌𝐏𝐚) 

(i) no stress 

5 μm ×5 μm 0.79 

10 μm ×10 μm 0.83 

10 μm ×30 μm 0.78 

30 μm ×10 μm 0.92 

(ii) 0.9𝜎𝑦 notch 

stress 

5 μm ×5 μm 1.16 

10 μm ×10 μm 1.34 

10 μm ×30 μm 1.17 

30 μm ×10 μm 1.58 

 437 

As presented in Fig. 11b, with the introduction of the hydrostatic stress effect, 438 
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concentration fluctuation in the models becomes more obvious. This is attributed to the 439 

inhomogeneity in hydrostatic stress between the ferrite and austenite phases, arising 440 

from inhomogeneous mechanical properties of ferrite and austenite. As listed in Table 441 

4, the values of average normalized hydrogen concentration increase significantly, by 442 

at least 50% in all the models, which is expected to cause more severe hydrogen damage 443 

of the sample.  444 

 445 

5.2. Cohesive zone cracking behavior 446 

Fig. 12 shows the predicted crack profiles in the cohesive zones of the four 447 

different sub-models. As previously described in Step 3 in Section 3.1, the total 448 

hydrogen concentration is analytically calculated at each node in the FE models and 449 

implemented as the pre-defined field, viz., 𝐶Total = (49휀𝑝 + 1.1)𝐶L [53], where 𝐶L 450 

is the hydrogen concentration in lattice and 휀𝑝  is the plastic strain. An average 451 

hydrogen concentration value is used at shared nodes on ferrite-austenite interface. 452 

 453 

 454 
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 455 

 456 

Fig. 12. Crack length in cohesive zone of sub-models. 457 

 458 

By comparing Fig. 12a and Fig. 12b, the results primarily show that more refined 459 

austenite suppresses the length of hydrogen-induced cracks, which is consistent with 460 

the hydrogen diffusion behavior presented in Fig. 11. The finer austenite makes the 461 

hydrogen diffusion path in ferrite more discontinuous, thus resulting in lower hydrogen 462 

content as compared with coarse austenite. When hydrogen diffuses perpendicular to 463 

the austenite extension direction, as presented in Fig. 12c, the length of hydrogen-464 

induced cracks is also reduced. As the size of austenitic phase increases, the 465 

discontinuity of cracks becomes more obvious. For larger austenitic phase, longer time 466 

is required to achieve saturation of hydrogen concentration inside the phase, so that the 467 

adjacent ferrite reaches the critical hydrogen concentration for failure more rapidly. 468 

Thus, several sub-cracks generated in ferrite are not merged with the principal crack, 469 

showing disjointed cracking phenomenon, which is consistent with the microstructure 470 

observations in Fig. 9. The comparisons of the crack length by experimental test and 471 
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numerical predictions are listed in Table 5 and Table 6. 472 

 473 

Table 5. Comparisons of the crack length between test and numerical prediction. 474 

Method Crack length, mm 

Experimental test 0.21-0.24 

5 μm ×5 μm FE model (bilinear TSL) 0.21 

 475 

Table 6. Effect of phase size on the numerically predicted crack length. 476 

FE model Crack length, mm 

5 μm ×5 μm 0.21 

10 μm ×10 μm 0.32 

10 μm ×30 μm 0.27 

30 μm ×10 μm 0.33 

 477 

6. Discussion 478 

As defined in Eqs. (10) and (11), the hydrogen embrittlement parameter is 479 

dependent on the selected value of Gibbs free energy. The effect of concentration on 480 

the embrittlement parameter for the Gibbs free energy range of 10 kJ/mol to 60 kJ/mol 481 

is plotted in Fig. 13. The upper bound represents a critical hydrogen concentration for 482 

embrittlement initiation and the lower bound represents an eventual saturation level. 483 

The order of magnitudes for critical hydrogen concentration of embrittlement initiation 484 

and embrittlement saturation are listed in Table 7. It is clearly seen that the value of 485 

Gibbs free energy cannot be determined arbitrarily. 486 

 487 
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 488 

Fig. 13. Hydrogen embrittlement parameter as a function of hydrogen concentration 489 

for a range of Gibbs free energy values of 10 kJ/mol to 60 kJ/mol.  490 

 491 

For determining values of Gibbs free energy, we performed multiple optimized 492 

calculations of the FE models based on the following three aspects: (i) ferrite is the 493 

matrix phase of the 2205 DSS with a face-centered cubic structure; (ii) austenite 494 

considered as reversible hydrogen traps, indicating a higher tolerance of hydrogen 495 

content; (iii) hydrogen crack length in the range 0.2 mm to 0.3 mm based on our 496 

experimental results, presented in Fig. 9, where cracks preferentially initiate in ferrite. 497 

The finally determined values of Gibbs free energy of ferrite (∆𝑔b,α
0  ) and austenite 498 

(∆𝑔b,γ
0 ) are 28 kJ/mol and 19 kJ/mol, respectively. Although it is not possible to compare 499 

these directly to experimental values, the predicted results obtained by the FE models 500 

are consistent with the experimental observations. Furthermore, the value of ∆𝑔b,α
0  is 501 

close to the suggested value of 30 kJ/mol from Serebrinsky et al. [54], representing 502 

the threshold hydrogen concentration of about 0.01 ppm and an embrittlement 503 

saturation level of 100 ppm (see Table 7).  504 

 505 

 506 

 507 
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Table 7. Order of magnitudes for critical hydrogen concentration of embrittlement 508 

initiation and embrittlement saturation. 509 

Gibbs free energy, ∆𝑔𝑏
0 

(kJ/mol) 

Hydrogen concentration, 𝐶 (ppm) 

Embrittlement initiation Embrittlement saturation 

10 102 106 

20 1 104 

30 10−2 102 

40 10−4 10 

50 10−6 10−1 

60 10−7 10−3 

 510 

7. Conclusions  511 

The hydrogen-assisted cracking behavior of 2205 duplex stainless steel was 512 

investigated via constant-load cathodic hydrogen charging tests and a sequential 513 

coupled diffusion-cohesive zone model, with explicit representation of the dual-phase 514 

ferrite-austenite microstructure coupled hydrogen diffusion and stress. Experimental 515 

SEM and fractography observations were performed on the hydrogen-charged 516 

specimens to characterize damage and cracking morphology. Cohesive zone modelling 517 

was implemented with specific focus on modelling of the dual-phase microstructure. 518 

The following conclusions can be drawn:  519 

 The inhomogeneous interaction effects of hydrostatic stress on hydrogen 520 

diffusion and concentration in the dual phase microstructure are emphasized. 521 

Crack initiation and propagation in the dual-phase microstructure are 522 

predicted using a detailed sub-modelling methodology. 523 

 Analysis of the fracture surfaces confirmed quasi-cleavage fracture features 524 

near the notch corresponding to an embrittlement zone. Outside this brittle 525 

zone, away from the notch, typical ductile dimples indicated a more ductile 526 

region, consistent with hydrogen-enhanced decohesion and hydrogen-527 

enhanced localized plasticity mechanisms simultaneously promoting 528 
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hydrogen-assisted damage.  529 

 Microstructural observations showed that the direction of the principal crack 530 

was perpendicular to the direction of tensile load. Near the crack tip, several 531 

sub-cracks were also observed, which have not merged with the principal 532 

crack. Most of the cracks initiate and propagate preferentially in ferrite, while 533 

the austenite phase obstructs crack propagation. After crack extension reaches 534 

a critical value, the austenite phase is also penetrated and subsequent 535 

propagation ensues.  536 

 With the determined values of Gibbs free energy of ferrite (28 kJ/mol) and 537 

austenite (19 kJ/mol), the numerical results are found to be in general 538 

agreement with the experimental observations, specifically, crack initiation 539 

site, and discontinuity of crack growth behavior (morphology of cracking) in 540 

ferrite and austenite.  541 

 The finer austenitic phase and the series phase configuration implemented in 542 

cohesive zone sub-models can impede hydrogen diffusion and lead to reduced 543 

hydrogen concentration, thus suppressing the length of hydrogen-induced 544 

cracks. The coupled cohesive zone sub-modelling approach provides a viable 545 

predictive methodology for hydrogen-assisted cracking. Future work will 546 

include modelling of the influence of hydrogen on the local plasticity of 547 

material to present fully coupled results. 548 
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 559 

Appendix A. Determination of hydrogen related parameters 560 

A1. Hydrogen charging time 561 

Determination of the hydrogen charging time is based on the calculated hydrogen 562 

diffusion depth by an analytical solution of Fick’s law for a thick plate with a constant 563 

surface hydrogen concentration, as follows: 564 

 𝐶(𝑥, 𝑡) = 𝐶s [1 − erf (
𝑥

2√𝐷𝑡
)] (A1) 

where 𝐶s  is surface hydrogen concentration, 𝐷  is hydrogen diffusivity, 𝑡  is 565 

diffusion time and 𝑥 is diffusion depth. When 𝑥 2√𝐷𝑡⁄ ≥ 2.0, 𝐶(𝑥, 𝑡) is close to 0, 566 

so that the maximum hydrogen diffusion depth (𝑥max) can be estimated by: 567 

 𝑥max = 4√𝐷𝑡 (A2) 

In order to investigate the effect of hydrostatic stress, which is assumed to be the 568 

key stress parameter controlling stress-driven hydrogen diffusion, it is necessary to 569 

ensure a hydrogen depth larger than the maximum hydrostatic stress depth below the 570 

notch root, which is approximately 0.2 mm, as determined by pre-calculated finite 571 

element stress analysis. For DSS 2205, with similar chemical composition to the present 572 

steel, and cathodically charged in liquid solution, the reported hydrogen diffusivity is 573 

in the range of 2.2 × 10−14 m2 s⁄  to 6.4 × 10−14 m2 s⁄  [39, 40, 66, 68-70]. Table 574 

A1 presents the calculated maximum hydrogen diffusion depth, determined here using 575 

the more conservative value of 2.2 × 10−14 m2 s⁄  for hydrogen diffusivity to ensure 576 

hydrogen penetration at the location of maximum hydrostatic stress.  577 

 578 

 579 

 580 

 581 

 582 

Table A1. Estimation of effect of hydrogen charging time on maximum 583 
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hydrogen diffusion depth. 584 

Hydrogen diffusivity, 

𝑫 (𝐦𝟐 𝐬⁄ ) 

Hydrogen charging time, 

𝒕 (h) 

Maximum hydrogen diffusion 

Depth, 𝒙𝐦𝐚𝐱 (mm) 

2.2 × 10−14 

24 0.17 

48 0.25 

72 0.30 

96 0.35 

144 0.43 

168 0.46 

336 0.65 

 585 

A2. Hydrogen concentration  586 

The average hydrogen concentration (𝐶) absorbed in the hydrogen-charged area 587 

can be measured by a glycerol gas collecting method and can be estimated as follows: 588 

 𝐶 =
𝑀𝑃𝑉

𝑚S𝑅𝑇
 (A3) 

where 𝑚S  is the mass of hydrogen-containing area inside the specimen; 𝑀  is the 589 

molar mass, equals to 2 g/mol for hydrogen gas; 𝑃 is the standard atmosphere, 101.3 590 

kPa; 𝑉 is the volume of hydrogen gas; 𝑅 is universal gas constant, 8.314 J (mol ∙ K)⁄ ; 591 

𝑇 is the temperature, K. Using Eq. (A1), an average hydrogen concentration (𝐶) of 592 

131 ppm is determined, based on previous measurements of gas volume [71 ] for a 593 

charged-area of 25×10×2 mm3.  594 

According to Eq. (A1), the average hydrogen concentration (𝐶 ) can also be 595 

obtained by an integration process: 596 

 𝐶 =
1

𝑥max
∫ 𝐶(𝑥, 𝑡)dx

𝑥max

0

 (A4) 

Thus, for the experimental conditions of our previous study [71], with a diffusion 597 

time of 48 h, 𝑥max is 0.25 mm (see Table A1), 𝐶 is calculated as 0.28𝐶S, where 𝐶S 598 

is surface hydrogen concentration. Using the value of 𝐶  from Eq. (A3), 𝐶S  is 599 
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determined to equal 467.86 ppm, which is close to the reported results of 600 

Zakroczymski et al. [40] for a comparable H25N5M duplex stainless steel. In the latter 601 

study, the determined surface hydrogen concentration of ferrite (𝐶α) and austenite (𝐶γ) 602 

are 45.69 ppm and 1191.2 ppm, respectively. 𝐶S  can be determined based on 603 

percentage phase fractions (viz. 60% ferrite and 40% austenite); the resulting 𝐶S of 604 

503.90 ppm is very similar to the value of 467.86 ppm determined here. Thus, the 605 

average hydrogen concentration (𝐶) for the hydrogen-charged area of the specimen in 606 

the present test set-up is taken as 131 ppm and the associated surface hydrogen 607 

concentration (𝐶S) is 467.86 ppm (assumed to equal to the hydrogen solubility of DSS 608 

2205). 609 

In terms of the hydrogen solubility, it is necessary to clarify the units. From the 610 

definition of the dissolved hydrogen concentration in a metal by Sieverts’ law [72], the 611 

relationship of hydrogen concentration and hydrogen solubility can be expressed as: 612 

𝐶H = 𝑠H√𝑃H , where 𝑠H  is hydrogen solubility and 𝑃H  is hydrogen pressure. As 613 

mentioned above, the surface hydrogen concentration (𝐶S) of the present DSS 2205 is 614 

467.86 ppm, which can be assumed numerically to equal the hydrogen solubility. Thus, 615 

the value of 𝑃H  is determined as 1 MPa here, resulting in a unit for 𝑠H  of 616 

ppm √MPa⁄ . According to the volume fractions of 46% ferrite and 54% austenite, the 617 

surface hydrogen solubilities of ferrite (𝑠α) and austenite (𝑠γ) in this study are calculated 618 

to be 32.27 ppm √MPa⁄  and 838.92 ppm √MPa⁄ , respectively. 619 

 620 
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