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h i g h l i g h t s
� A real microstructure-based simulation approach for hydrogen embrittlement is developed.

� The influence of hydrogen on shear strength is analyzed with mixed-mode cohesive zone model.

� The method provides a powerful tool for the interpretation of experiments on dual phase steels.

� This method can serve as a predictive material design tool towards improved hydrogen resistance.
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a b s t r a c t

Hydrogen induced failure under uniaxial tension is simulated in a duplex stainless steel

considering microstructural feature of the material. There are three key ingredients in the

modelling approach: image processing and finite element representation of the experi-

mentally observed microstructure, stress driven hydrogen diffusion and diffusion coupled

cohesive zone modelling of fracture considering mixed failure mode. The microstructure

used as basis for the modelling work is obtained from specimens cut in the transverse and

longitudinal directions. It is found that the microstructure significantly influences

hydrogen diffusion and fracture. The austenite phase is polygonal and randomly distrib-

uted in the transverse direction, where a larger effective hydrogen diffusion coefficient and

a lower hydrogen fracture resistance is found, compared to the specimen in the longitu-

dinal direction, where the austenite phase is slender and laminated. This indicates that the

proper design and control of the austenite phase help improve hydrogen resistance of

duplex stainless steel. The strength of the interface in the shear direction is found to

dominate the fracture mode and initiation site, which reveals the importance of
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Nomenclature

scn Critical normal stress

sct Critical shear stress

dcn Critical normal separation

dct Critical shear separation

D Damage indicator

Dmax The largest value of D

z Viscosity

sc;0 The critical cohesive stress wi

q Hydrogen coverage

sc;q The critical cohesive stress wi

4ðqÞ Simplified term for scn;q=scn;0
C Hydrogen concentration

Dg0b Gibbs free energy-difference b

surface and the bulk

R Gas constant

CL Lattice hydrogen concentratio

VH Partial molar volume

TZ Absoute zero temperature

sh Local hydrostatic stress

CT Trapped hydrogen concentrat

εp Equivalent plastic strain

Deff Effective hydrogen diffusion c

Cs Surface hydrogen concentratio

Ci Initial bulk concentration

Vg Austenite volume fraction

k The ratio to distinguish fractu

IEF Hydrogen embrittlement inde

EF Failure strain without hydroge

EF; H Failure strain with hydrogen

HE Hydrogen embrittlement

HEDE Hydrogen enhanced decohesio

HELP Hydrogen enhanced localized

HESIV Hydrogen-enhanced strain-ind

formation

DSS Duplex stainless steel

LD Longitudinal direction

TD Transverse direction

CZM Cohesive zone model
considering mixed failure mode and calibrating the hydrogen induced strength reduction

in shear.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
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Introduction

Hydrogen embrittlement (HE) usually occurs abruptly and

catastrophically [1,2], posing a great challenge to a number of

industrial sectors, e.g., offshore, aerospace and energy
industries. Continuum scale simulation is an effective tool to

predict and assess HE in practical applications. Generally,

three elements are essential to building a sound HE assess-

ment tool at the continuum level, namely a soundmechanical

basis, an appropriate model and a parameter calibration

approach [3].

Numerous HE mechanisms have been proposed and

reviewed in the literature [4e11], but a consensus is still

lacking. Among these, two theories are prevailing, the

hydrogen enhanced decohesion (HEDE) mechanism and the

hydrogen enhanced localized plasticity (HELP) mechanism.

According to the HEDE mechanism, hydrogen weakens the

cohesive strength of atomic bonds in the material lattice [12]

typically leading to premature separation (brittle fracture) of

interfaces that are preferred traps for H, e.g. phase and pre-

cipitation interfaces and grain boundaries. The HELP mecha-

nism, on the other hand, states that hydrogen facilitates

dislocation mobility which locally enhances plasticity [13].

This enhanced plasticity can further lead to the formation of

vacancies or local stress concentration, causing material

separation. Some theories are proposed to address this pro-

cess, such as the hydrogen-enhanced strain-induced vacancy

formation mechanism (HESIV) [14] and the HELP mediated

decohesion mechanism [15].

Duplex stainless steel (DSS) offers both outstanding me-

chanical properties and good corrosion resistance, attributed

to the balanced microstructure of the austenite (g) and the

ferrite (a) phases [16e18]. Usually, rolled DSS displays distinct

mechanical properties in different directions, it has higher

impact energy and better ductility in the longitudinal direc-

tion (LD) than in the transverse direction (TD) [19]. The stress

partitioning and plastic deformation between the two phases

is dependent on the loading direction as well. By using in situ

X-ray diffraction, Moverare et al. [20] found that more plastic

deformation occurred in austenite during loading in TD. DSS

is prone to hydrogen induced cracking despite of its excellent

properties [21e23]. In the presence of hydrogen cracking tends

to initiate at phase boundaries or in ferrite, with subsequent

propagation along phase boundaries [21,24]. Furthermore, the

microstructural features, i.e. the austenite phase size and

shape are shown to influence the hydrogen diffusion coeffi-

cient and hydrogen absorption [25,26]. In rolled samples, the

austenite phase shows slender shape in LD, while it has a

polygonal pattern in TD [21]. The referred experimental find-

ings qualitatively indicate that rolled DSS may have different

HE sensitivity when loaded in the TD vs LD. In order to explore

this quantitatively, numerical study is carried out here. The

HEDE mechanism represented by a hydrogen influenced

cohesive zonemodel is adopted for themodelling of hydrogen

induced fracture at the ferrite-austenite phase boundaries.
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The development of continuum scale HE assessment tool

based on HEDE has been in progress for many years. HEDE is

consistent with a Griffith type of fracture as in inter- or trans-

granular cleavage fracture. For this study cohesive zone

modelling (CZM) is a good candidate, since it can represent the

brittle cleavage fracture observed in many experiments

[27e33]. In the adopted model the fracture energy decreases

with the increase of hydrogen content, and thus captures the

premature failure in the presence of hydrogen. With the

purpose of better accounting for real time hydrogen redistri-

bution during the fracture process, a coupled diffusion and

CZM approach is established [31,34,35]. It contains hydrogen

transport driven by local stress and plastic strain, along with

mechanical damage caused by locally accumulated hydrogen.

The coupled diffusion and CZM is a reliable method for pre-

dicting hydrogen-induced fracture, which has been applied to

steel [32,36], nickel [29] and additively manufactured material

[27]. A more sophisticated version of this approach in 3D was

reported by Alvaro et al. [37,38]. Moriconi et al. [39] and Busto

et al. [40] further applied the coupled diffusion and CZM

approach in cyclic loading scenario. Brocks et al. [41] proposed

an approach which in addition to coupling hydrogen diffusion

and CZM, accounts for hydrogen induced softening of the

yield strength and the surface kinetics during hydrogen ab-

sorption. So far, merely the mode I (normal mode dominated)

failure of cohesive elements has been considered in these

approaches, while the influence of hydrogen on shear

strength has been largely neglected [27e32]. Mixed-mode CZM

has mostly been applied to composites [42e44]. The applica-

tion of mixed-mode CZM to HE is still lacking.

As presented above, the CZM based HE simulation has

taken into account various factors such as hydrogen redistri-

bution, surface kinetics and different loading conditions.

However, a premise of the simulation is that the material is

homogenous. The heterogeneity in material microstructures,

to a large extent, has been overlooked. Aswell understood, the

complexity of HE phenomena is largely due to the complicated

material microstructure [45e47]. Microstructure has been

found to influence almost all the aspects of HE, such as

hydrogen absorption, diffusion, trapping and crack nucleation

and propagation [26,48e50]. A more sophisticated HE assess-

ment tool therefore should take the microstructural features

into consideration. This work aims to build a microstructure

informed, coupled diffusion and mix-mode CZM approach to

simulating HE. To begin with, a DSS as reviewed earlier is

selected as the target. The two distinguishable phases,

austenite (g) and ferrite (a), possess different mechanical and

hydrogen diffusion related properties [24,51]. The size and

distribution patterns of the two phases induce divergent

microstructural configurations, which influences the HE

resistance of the material. In this work, two typical micro-

structures obtained from a cold rolled DSS in the LD and TD

were used as the examples for the microstructural represen-

tation in the numerical model. Hydrogen induced failure be-

haviors of these two structures were simulated and

compared.

The modelling framework is highlighted by the recon-

struction of experimentally observed microstructure and the

sequential combination of hydrogen diffusion and fracture.

This puts the simulation and analysis under a realistic
context. Furthermore, the consideration ofmix-mode fracture

makes it possible to probe the influence of hydrogen on shear

strength, which is an important but often neglected aspect of

HE.
Method

Hydrogen diffusion informed cohesive zone approach

Material failure is described by the CZM approach considering

mixed (normal and shear) mode fracture. The constitutive

behavior of the cohesive element is described by the so-called

traction separation law (TSL). The polynomial type of TSL [52]

is employed.

sðdÞ¼

8><
>:

27
4
sc

d

dc

�
1� d

dc

�2

d � dc

0 d> dc

(1)

where sc is the critical cohesive strength; dc is the critical

separation; sðdÞ and d are stress and separation of the cohesive

element.

In order to consider mixed mode fracture, a damage indi-

cator D, which considers the contribution from both failure

modes is introduced [53].

D¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
dn

dcn

�2

þ
�
dt

dct

�2
s

(2)

where dn and dt are the normal and shear separation of the

cohesive elements; dcn and dct are the critical separation in the

normal and shear modes, respectively. The cohesive element

fails when D reaches one. The same form of equation applies

to both the normal and shear failure modes.

sn ¼27
4
scn

dn

dcn
ð1� DmaxÞ2 (3)

st ¼27
4
sct

dt

dct
ð1� DmaxÞ2 (4)

where scn and sct are the critical normal and shear stress,

respectively. Dmax is the largest value of damage indicator that

the cohesive element has experienced. This TSL can be visu-

alized in a 3D space as a failure surface, as shown in Fig. 1(a).

The CZM simulation is realizedwith a user defined element

(UEL) subroutine, developed by Scheider et al. [53] and revised

by the current authors. It is worth mentioning that a conver-

gence problem is often encountered in CZM simulation, due to

numerical instability, making it impractical to track the post-

instability behavior of the simulated structure [54]. This

problem is particularly evident in microstructure informed

model where the geometry is rather complicated. A feasible

solution to this issue is to introduce a viscosity-like compo-

nent into the constitutive equation of the cohesive element to

regularize the numerical instability [54].

sðdÞ¼ 27
4
sc

d

dc

�
1� d

dc

�2

þ z
d
dt

�
d

dc

�
(5)

where z is viscosity. This approach is shown to have negligible

influence on the global behavior of the structure given that z is
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https://doi.org/10.1016/j.ijhydene.2022.03.226


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 1 7 4 7 9e1 7 4 9 317482
sufficiently small [55]. In this work, it is determined based on a

convergence study and applies to both the normal and shear

direction.

The hydrogen effect is reflected in the CZM approach by

decreasing the critical cohesive strength with increasing

hydrogen content [28,30,36], while keeping the critical sepa-

ration constant. A hydrogen influenced cohesive law appli-

cable in DSS [30,32,56] is used in current work.

scn; q

scn; 0
¼ 1� 1:0467qþ 0:1687q2 (6)

q¼ C

Cþ exp
�� Dg0

b

�
RT
� (7)

where scn; 0 is the critical cohesive stress without hydrogen; q

is the hydrogen coverage; scn; q is the critical cohesive stress

with hydrogen; C is the hydrogen concentration; Dg0
b is the

Gibbs free energy-difference between the surface and the

bulk; R is the gas constant; T is the temperature. Hereinafter,

scn; q=scn; 0 is defined as 4ðqÞ for simplification. This equation is

proposed originally for normal fracturemode, in this work it is

also extended to shear mode. The corresponding hydrogen

degraded TSL with different hydrogen coverage q is illustrated

in Fig. 1 (b). The influence of hydrogen on shearing failure has

not been explicitly considered by CZM. In CZM simulation of

large-scale experiments considering a combined failuremode,

the influence of hydrogen in the shear direction is usually

omitted [30]. This is mainly because the observed shear fea-

tures in the presence of hydrogen, e.g., shear lips, are usually

attributed to micro-void process and so show a ductile nature

[57]. At themicroscale, hydrogen promoted shearing failure in

metallic material is also related to dislocation activity.

Hydrogen promotes the pileup of dislocations at the interface

like grain and phase boundaries and can induce shear frac-

ture, as illustrated in Ref. [30], which is consistent with the

HELP mechanism. In such cases where an actual interface

exists, applying a hydrogen modified shear failure mode in

CZM is sensible, and can be regarded as a simple phenome-

nological representation of the HELP mediated decohesion

mechanism in the shear direction. Due to the lack of data in

literature, two scenarios were designed for demonstration, a

scenario where the hydrogen degraded shear strength
Fig. 1 e (a) The 3-D profile of TSL considering mixed mode failure

different hydrogen coverage q.
followed the same function as the normal strength, sct;q ¼
4ðqÞ� sct;0, and a scenario where the hydrogen degraded

strength in shear direction was only 80% of that in normal

direction, sct; q ¼ 0:8� 4ðqÞ� sct;0. As will be elaborated later,

shear fracture is enhanced in the latter scenario, which led to

a notable change in the fracture behavior compared to the

former.

To consider the redistribution of hydrogen, stress driven

hydrogen diffusion is simulated, following the control equa-

tion [36]:

vCL

vt
¼DdV

2CL þ DdVH

R
�
T� TZ

�VCLVsh þ DdVH

R
�
T� TZ

�CLV
2sh (8)

where CL is the lattice hydrogen concentration; VH is the

partial molar volume; R is the gas constant; TZ is the absolute

zero temperature; T is the temperature; sh is the local hydro-

static stress acquired by finite element analysis. Trapped

hydrogen concentration due to plastic strain is represented as

a simplified function of the lattice concentration, following

Olden et al. [25,30].

CT ¼
�
49:0εp þ 0:1

�
$CL (9)

where CT is the trapped hydrogen concentration; εp is the

equivalent plastic strain.

The real time hydrogen concentration obtained via the

stress driven hydrogen diffusion analysis is then used as a

reference for determining the cohesive strength, following Eq.

(6). The coupled diffusion and CZM approach is realized in

three steps [29,36]:

(I) Elastic-plastic finite element simulation. The model is

loaded without hydrogen to the target deformation

level, yielding detailed information of the stress field

throughout the loading history.

(II) Stress-driven mass diffusion analysis. The pre-charged

hydrogen redistributes according to stress field ob-

tained in (I), providing real time hydrogen contour.

(III) CZM simulation taking into account the hydrogen dis-

tribution as obtained through Eqs. (8) and (9) and the

hydrogen degradation to the normal and shear failure

modes.
; (b) Hydrogen degraded TSL for normal fracture mode with

https://doi.org/10.1016/j.ijhydene.2022.03.226
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Modelling of microstructural feature

The finite element models were based on a square section

(200 mm � 200 mm) optically observed from a typical 2205 DSS

specimen. Four models, the LD, LD-90, TD and TD-90, were

considered, as presented in Fig. 2(aed). Note that LD-90 and

TD-90 represent rotation of LD and TD by 90�, respectively. In
these optical microscopy images, the austenite (g) phase ap-

pears bright, while the ferrite (a) phase appears dark, consis-

tent with the magnetic force microscopy (MFM) results

reported in Refs. [16,17,58]. The mechanical properties of

these two phases, were shown in Fig. 3(a) [59,60]. Hydrogen

diffusion properties were listed in Table 1. The diffusivity of

hydrogen in the austenite phase is five orders of magnitude

lower than that in ferrite, while the solubility is three orders of

magnitude higher.

The models were built strictly following the patterns dis-

played in Fig. 2. This was achieved by converting the optical

microscopy images into duotone figures and then using a

script to generate finite element mesh and insert cohesive

elements along the phase interfaces. The corresponding

duotone figures were presented in Fig. 2(a1-d1). The models

were meshed with about 30,000 elements. The zoom-in views

of selected finite element mesh were illustrated in Fig. 2(b2-

c2).

Numerical procedure

The simulation is implemented in ABAQUS with a UEL sub-

routine. Hydrogen diffusionwithout stress was first simulated

using the square models illustrated in Fig. 2, representing the

hydrogen pre-charging procedure. 1 wppm of hydrogen was

initially supplied on the top surface.

To consider stress driven hydrogen diffusion, two rect-

angular regions of 200 mm � 40 mm were further cut from the

LD-90 and TD square models, as indicated by the red frames

in Fig. 2(b and c). The two sections were selected in the way

that they had almost an equal volume fraction of austenite

(40.7% for LD-90 vs 38.4% for TD). A simulated pre-charged

stage (stress free hydrogen diffusion) was applied for

100 h, with 1 wppm of hydrogen applied on the left and right

surfaces, as illustrated in Fig. 3(b). The pre-charged models

were then subjected to tensile loading with insulated

boundary conditions, resulting in hydrogen redistribution

inside the models through Eqs. (8) and (9). For mass diffu-

sion analysis, DC2D3 and DC2D4 elements were used in

Abaqus; for stress analysis, the matrix is meshed with CPS3

and CPS4 elements.
Table 1 e Parameters for the hydrogen diffusion analysis
[21,25,61].

Diffusivity
(m2s�1)

Solubility
ðppm mm N�1=2Þ

Dg0b
(kJ/mol)

R
(J/mol/K)

T
(K)

Austenite,

g: 1.4 � 10�16

Austenite, g: 32.51 30 8.314 298

Ferrite,

a: 6.0 � 10�11

Ferrite, a: 0.033
At last, fracture in the selected rectangular sections in the

presence of hydrogen was simulated using the hydrogen

informed CZM approach. Different ratios of sct;0=scn;0 was

considered to investigate the influence of normal and shear

strength on fracture initiation. Two scenarios of hydrogen

degradation on cohesive strengthwere considered, as detailed

in subsection 2.1. In scenario 1, hydrogen decreased the shear

and normal strength equally; in scenario 2, the reduction in

shear strength was more severe than the normal strength.

Intuitively, shear failure is more important in scenario 2,

which helps demonstrate the significance of considering

hydrogen degradation in shear.
Results and discussion

Effect of microstructure on hydrogen diffusion

The profiles of hydrogen distribution in different models after

pre-charging are shown in Fig. 4. Hydrogen was supplied on

the top surface, and a variety of pre-charging times were

examined. Comparing subfigures (a) and (b) to subfigures (c)

and (d), the global hydrogen diffusion in the transversely

models (TD and TD-90) is much faster than in the longitudi-

nally models (LD and LD-90). Specifically, the TD and TD-90

models have been fully charged with hydrogen after approx-

imately 400 h, while the time required for the LD-90 and LD

models are more than 2000 h.

It is known that the hydrogen diffusion coefficient is

higher, and the solubility is lower in ferrite [21,25], indicating

that austenite acts as a diffusion barrier and largely influences

the global hydrogen transport. This can be quantified by an

effective diffusion coefficient Deff , taking into account the

volume fraction, size and alignment of austenite phase in the

whole model. Thick plate assumption is adopted in the

calculation of Deff [62]. According to the following equation,

hydrogen content is a function of time and distance from the

charging surface.

Cðx; tÞ¼Ci þ ðCs �CiÞ
"
1� erf

 
x

2
ffiffiffiffiffiffiffiffiffiffi
Deff t

p
!#

(10)

erfðuÞ¼ 2ffiffiffi
p

p
Zu
0

exp
��u2

�
du and u ¼ x

2
ffiffiffiffiffiffiffiffiffiffi
Deff t

p (11)

where x is the distance from the charging surface; Cs is the

surface hydrogen concentration; Ci is the initial bulk concen-

tration; t is the charging time. The time variation of the

normalized hydrogen concentration on the bottom surface is

plotted in Fig. 5. When the value reaches half the hydrogen

concentration on the top surface, Eq. (10) is simplified to Eq.

(12).

x¼
ffiffiffiffiffiffiffiffiffiffi
Deff t

q
(12)

Deff can therefore indicate the “global speed” of hydrogen

distribution. The calculated Deff for different models are listed

in Table 2. The values are in reasonable agreement with the

results reported in other work [21,25,62], where the diffusion

https://doi.org/10.1016/j.ijhydene.2022.03.226
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Fig. 2 e (a)e(d) Microstructures in different directions: LD, TD, LD-90 and TD-90, respectively; (a1)-(d1) The corresponding

microstructure based finite element models; (b2)-(c2) Enlarged views of finite element mesh marked with white square

frame in (b1) and (c1); The red frames in (b), (c) show selected rectangular regions for stress driven diffusion and CZM

simulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

Fig. 3 e (a) Mechanical properties for ferrite and austenite reproduced from the data in Refs. [59,60]; (b) Illustration of pre-

charging and stress driven diffusion process. Note that the models here are cut from Fig. 2(b) and (c).
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coefficients are in the range of 10�16e10�12 m2/s. Deff in the TD

model is two orders of magnitude higher than that in the LD

model and one order higher than in the LD-90 model. Again,
hydrogen diffuses faster in transversely directed structures

than in longitudinally directed ones. As also listed in Table 2,

the austenite volume fraction (Vg) in the TD and LDmodels are

https://doi.org/10.1016/j.ijhydene.2022.03.226
https://doi.org/10.1016/j.ijhydene.2022.03.226


Fig. 4 e Hydrogen distribution contours after pre-charging for different times: (a)-(a3) LD; (b)-(b3) LD-90; (c)-(c3) TD; (d)-(d3)

TD-90.
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approximately equal, 38.4% and 40.7%, respectively. There-

fore, the difference in Deff is not attributable to the difference

in Vg. It is rather the microstructural features, i.e. the size and

distribution of the austenite phase, that is responsible for the

different global hydrogen transportation properties. Similar

conclusion is drawn in Refs. [21,25,62].

Comparing Fig. 4(a) and (b) to Fig. 4(c) and (d), we see a clear

difference in the distribution of the austenite phase in the

transversely and longitudinally models. In the longitudinally

models, the austenite phase has slender shape and appears in

a laminated pattern, the layers of austenite are continuous

and spread across the entire model. This effectively isolates

the ferrite phase in which hydrogen diffuses orders of

magnitude faster. In other words, the fast hydrogen diffusion

paths are cut in the longitudinally models. In the LD model,

the paths are blocked to the largest extent, therefore we

observe the smallest Deff , an order of magnitude smaller than

that in the LD-90 model. In contrast, the austenite phase has

polygonal shape and distributes in a random manner in the

transversely models, which leaves sufficient fast diffusion
channels, i.e. the ferrite phase, that are continuous from the

top surface to the bottom. Due to the randomness of the dis-

tribution, the TD and TD-90 models have the samemagnitude

of effective diffusion coefficient. All these microstructural

observations match the quantitative analysis of the effective

diffusion coefficient.

The analysis in this part reveals the importance of micro-

structures on the absorption of hydrogen, which is an

important topic in HE study [26]. More specifically, in DSS, the

austenite phase could be engineered in order to increase the

accelerated ferrite inherent diffusion path, leading to advan-

tages with respect to hydrogen permeation.

Effect of microstructure on stress driven hydrogen diffusion

Hydrogen induced degradation of material properties are in

practice often manifested as premature fracture under

loading in tension. In this modelling procedure, hydrogen re-

distributes according to the material stress and strain field,

concentrates at certain locations and weakens the structure
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Fig. 5 e Variation of the normalized hydrogen concentration on the bottom surface with charging time: (a) LD and LD-90; (b)

TD and TD-90. The insets show the normalized hydrogen concentration contour at the marked charging time.

Table 2 e Deff and Vg in different models.

Model LD LD-90 TD TD-90

Deff (m
2/s) 3.70 � 10�16 7.80 � 10�15 2.68 � 10�14 3.43 � 10�14

Vg (%) 40.7% 40.7% 38.4% 38.4%

Note: LD-90 and TD-90 have same Vg as LD and TD.
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locally. The process is heavily dependent on the microstruc-

tural features. It is therefore important to study the hydrogen

redistribution under loading, taking the microstructural

characteristics into account. For this purpose, the rectangular

shape of LD-90 and TD models were adopted, as elaborated in

Section: Method. The models were first ‘pre-charged’ with

hydrogen (stress free hydrogen diffusion) for 100 h, with

hydrogen initially supplied on the longitudinal side surfaces;

subsequently tensile loading was applied in the longitudinal

direction; insulated boundary conditions were applied during

the loading process, so that there was no hydrogen outgas-

sing. The strategy is illustrated in Fig. 3(b).

The distribution of von Mises stress and equivalent plastic

strain (PEEQ) at the end of loading with 10% applied strain are

shown in Fig. 6(a and b) and Fig. 7(a and b), respectively. The

stress is concentrated in the ferrite phase for both models,

which makes sense as ferrite has higher yield strength and

flow stress than austenite (Fig. 3(a)). This is also consistent

with experimental results using in-situ digital imaging cor-

relation (DIC) technique [49] that shows the ferrite phase

carries higher load than the austenite phase in hydrogen-free

samples. The PEEQ distribution provides evidence that

austenite holds more plasticity than ferrite, matching the in-

situ neutron diffraction result [51] illustrating that austenite

experiences higher dislocation density during tensile test. The

maximum von Mises stress in the TD model is 915.7 MPa and

852.8 MPa in the LD-90 model. The difference is not deemed

significant considering the randomness of the phase distri-

bution in the microstructure.

The hydrogen distribution after pre-charging for 100 h in

the LD-90 and TD models is shown in Figs. 6(c) and Fig.7(c),

respectively. For the sake of clarity the hydrogen distribution
in ferrite and austenite phases is presented in two separate

figures, isolating the ferrite and austenite from each other (see

Fig. 6(d1,d3) and Fig. 7(d1,d3)). Since the effective hydrogen

diffusion coefficient is much larger in the TD than that in the

LD-90 model (Table 2), the total hydrogen amount in the TD is

larger than in the LD-90 model after pre-charging.

Hydrogen distribution at the end of loading with 10%

applied strain are shown in Fig. 6(d2, d4) for LD-90 and

Fig. 7(d2, d4) for TD model, respectively. The overall hydrogen

concentration increases in ferrite and decreases in austenite

upon loading. In Refs. [21,59], the diffusible hydrogen is also

observed to become more concentrated in ferrite upon

loading. The average hydrogen concentration in ferrite in-

creases from 0.028 to 0.034 wppm for LD-90, while from 0.03 to

0.036 wppm for TD. This indicates that hydrogen flows from

austenite to ferrite with applied stress, thus accumulating in

the ferrite phase and at phase boundaries. It is well estab-

lished that hydrogen-induced crack initiates at stress-

concentrating and hydrogen accumulating sites [24,59].

Recalling that the stress is also concentrated in the ferrite

phase, it is then expected that hydrogen induced cracking

initiates close to or in the ferrite phase, which is consistent

with the experimental observations [21,32,49,63].

Fracture in the absence of hydrogen

Cohesive elements are inserted along phase boundaries, as

indicated by the red lines in Fig. 8(b) and Fig. 9(b). Normal and

shear degradation accumulates simultaneously in the frac-

ture process zone during loading. Complete failure occurs

when Eq. (2) reaches one. The critical normal stress, scn;0, is set

as the experimental tensile strength reported in the literature
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Fig. 6 e LD-90model: (a) von Mises stress, and (b) PEEQ distribution at applied strain 10%; (c) Hydrogen distribution after pre-

charging for 100 h and before straining; (d1, d3) Separated views of hydrogen distribution in ferrite and austenite before

straining; (d2, d4) Separated views of hydrogen distribution in ferrite and austenite after straining.

Fig. 7 e TD model: (a) von Mises stress, and (b) PEEQ distribution at applied strain 10%; (c) Hydrogen distribution after pre-

charging for 100 h and before straining; (d1, d3) Separated views of hydrogen distribution in ferrite and austenite before

straining; (d2, d4) Separated views of hydrogen distribution in ferrite and austenite after straining.
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[59,60]. According to Ref. [64], the shear strength is about

50e80% of the tensile strength for steel. The critical shear

stress, sct;0, is hence set as 50e80% of scn;0. We also consider

two extreme cases where sct;0 is much smaller, just 20% and

30% of scn;0, for comparison. The parameters used for CZM are

listed in Table 3.

The nominal stress-strain curves of the LD-90 and TD

models simulated with CZM are presented in Fig. 8(a) and

Fig.9(a). As expected, failure occurs earlierwith decreasing sct;0
in both models. In addition, TD yields lower tensile strength,

as well as lower failure strain than LD-90. For TD the cohesive

zone elements are mainly vertical to the loading direction,

while for LD-90 they are mainly parallel to the loading direc-

tion. Consequently, it is easier for TD to reach the failure cri-

terion in Eq. (2). This demonstrates how the orientation of the

microstructure may influence the mechanical properties of

DSS.

The failure site is taken as the position where the damage

indicator (D) first reaches 1. In LD-90, two different crack sites

are found, as shown in Fig. 8(ced). As for TD, four different

crack sites are identified, as shown in Fig. 9(cef). This impli-

cates that the weakest site changes with different sct;0. Obvi-

ously, the weakest site also depends on the microstructure.

Moreover, with the decrease in sct;0, a change in the fracture
mode, from normal dominated to shear dominated, is

captured. To quantitatively distinguish the type of fracture, a

criterion based on dt=dct and dn=dcn is employed.

Chao et al. [65,66] established a fracture criterion for cracks

under mixed-mode load, the failure type is determined by

comparing tmax=smax at a fixed distance around crack tip to

material stress ratio tC=sC, with tmax=smax < tC=sC indicating a

normal type of fracture and tmax=smax > tC=sC indicating a

shear type of fracture. Inspired by this, the fracture type in this

work is determined by comparing dt=dct at the crack site to

dn=dcn, with dt=dct < dn=dcn indicating normal dominated frac-

ture, and dt=dct > dn=dcn indicating shear dominated fracture.

This idea is illustrated in Fig. 10. For convenience, a ratio

k ¼ ðdt =dctÞ=ðdn =dcnÞ is introduced to distinguish the fracture

type, with k< 1 being normal dominated fracture and k>1

being shear dominated fracture.

The value of k in different conditions are listed in Table 4.

In the absence of hydrogen, k increases with decreasing sct;0 in

both models, meaning that the shear fracture becomes

increasingly important with a declining sct;0. The normal

dominated fracture changes to shear dominated fracture

when sct;0 decreases to 20% of scn;0 in the LD-90, showing the

ratio of sct;0=scn;0 determines the failure type. However, the

change of fracture mode happens when sct;0 is 30% of scn;0 for
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Fig. 8 e LD-90 model: (a) Nominal stress-strain curves; (b) Illustration of cohesive zone elements and crack sites; (c) Crack

site ① at sct;0 ¼ 0.5 scn;0; (d) Crack site ② at sct;0 ¼ 0.2 scn;0; The black flakes in (c) (d) represent the user defined cohesive

elements.

Fig. 9 e TDmodel: (a) Nominal stress-strain curves; (b) Illustration of cohesive zone elements and crack sites; (c) Crack site①

at sct;0 ¼ 0.8 scn;0; (d) Crack site ② at sct;0 ¼ 0.6 scn;0; (e) Crack site ③ at sct;0 ¼ 0.3 scn;0; (f) Crack site ④ at sct;0 0.2 scn;0; The black

flakes in (c)e(f) represent the user defined cohesive elements.

Table 3 e Parameters used for CZM simulation.

No Hydrogen

scn;0: 700 MPa dcn: 0.001 mm dct: 0.001 mm

sct;0: 0.8 scn;0, 0.7 scn;0, 0.6 scn;0, 0.5 scn;0, 0.3 scn;0 , 0.2 scn;0

With Hydrogen

Scenario 1: scn;q ¼ 4ðqÞ� scn;0; sct;q ¼ 4ðqÞ� sct;0

Scenario 2: scn;q ¼ 4ðqÞ� scn;0; sct;q ¼ 0:8� 4ðqÞ� sct;0
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TD. Fig. 8(a and b) and Fig. 9(a and b) show that the failure site

changes along with the switch of failure type. Regarding the

normal dominated fracture, failure initiates at the cohesive

interface vertical to the loading direction, e.g., crack site① for

LD-90, crack site ① and ② for TD; as for shear dominated

fracture, the interface is approximately 45� to the loading di-

rection, e.g., crack site② for LD-90, crack site③ and④ for TD.

These observations are reasonable considering that the

normal component of loading reaches the maximum in the

former case while the shear component reaches the

maximum in the latter.

Fracture in the presence of hydrogen

Fracture in the presence of hydrogen was simulated with the

three-step approach elaborated earlier. The total hydrogen
concentration, CT þ CL, at the CZM interface was determined

using transient hydrogen diffusion analysis. The normal

strength of the CZM interface was then decreased with

hydrogen concentration according to Eq. (6). Two scenarios

were designed to consider hydrogen degraded shear strength,

as illustrated in Table 3. More details about the modelling

procedure are found in Section: Method.

As expected, failure occurs earlier in the presence of

hydrogen, in both scenarios and both the LD-90 and TD

models, but the failure mode and fracture site can differ. In

scenario 1, the change in failuremode occurs at the same ratio

of sct;0=scn;0, as the casewith no hydrogen, as shown in Table 4.

This is because the ratio of sct;q=scn;q in scenario 1 stays con-

stant in the presence of hydrogen and equal to the case with

no hydrogen. As described in the previous section, the failure

mode is governed by this ratio. Due to the same reason, we

observe no difference in the fracture sites either.

In scenario 2, we observe a difference in the ratio of

sct;0=scn;0 atwhich the failuremode changes. For LD-90, normal

dominated fracture changes to shear dominated fracture

when sct;0 is 30% of scn;0, see Table 4; in TD, the transition oc-

curs when sct;0 is 50% of scn;0. In the absence of hydrogen, the

values are 20% and 30%, respectively. It is consistent with the

imposed conditions of sct;q/ scn;q ¼ 0.8 � sct;0/ scn;0 in this sce-

nario. As an example for LD-90, 30% scn;0� 0.8 ¼ 24% scn;0 in

scenario 2 is close to the ratio of 20% in the absence of
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Fig. 10 e Illustration of failure type, with k<1 being normal

dominated fracture and k>1 being shear dominated

fracture.
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hydrogen. Again, this shows that the failure mode of the

model is dominated by the ratio between the normal and

shear strength at failure.

In LD-90, the failure site is different compared to the

hydrogen free case with sct;0=scn;0 ¼ 0.3, as presented in Fig. 11,

where failure initiates at site ② which has shear dominated

fracture instead of site① that has normal dominated fracture.

In TD, similarly, a change in the failure site is also observed,

but in the sct;0=scn;0 ¼ 0.5 case, as illustrated in Fig. 12. Here,

failure initiates at site③, which has shear dominated fracture

instead of site ② that has normal dominated fracture. Again,

this is consistent with the failure mode transition discussed

earlier. These simulation results shows that there is a direct

link between the fracture site and the failure mode. If a

different fracture site is observed in the presence of hydrogen,

it usually indicates hydrogen also influences the failuremode.

To verify this in practice, the in-situ micro tensile testing [67]

can be a good approach.

In order to quantitatively compare the HE susceptibility of

LD-90 and TD, an index based on failure strain is adopted to

evaluate the influence ofmicrostructure on HE sensitivity [68].

IEF ¼
�
1�EF;H

EF

�
� 100% (13)

where IEF is the HE index; EF is the nominal failure strain

without hydrogen; EF;H is the nominal failure strain with
Table 4 e The value of k in different conditions.

LD-90

NO H Scenario 1 Scenar

sct;0 ¼ 0.8 scn;0 0.4659 0.3840 0.397

sct;0 ¼ 0.7 scn;0 0.5891 0.3982 0.398

sct;0 ¼ 0.6 scn;0 0.9431 0.9234 0.957

sct;0 ¼ 0.5 scn;0 0.9823 0.9656 0.970

sct;0 ¼ 0.3 scn;0 0.9858 0.9663 2.851

sct;0 ¼ 0.2 scn;0 3.1689 2.9951 3.040
hydrogen. The value of IEF for the two microstructures in

scenario 1 and scenario 2 are listed in Table 5. It is found that

IEF in scenario 2 is always larger than that in scenario 1. In

addition, TD yields larger IEF than LD-90 in both scenarios. The

average IEF are 0.3549 for TD vs 0.1424 for LD-90 in scenario 1,

and 0.4212 vs 0.2476 in scenario 2. It indicates that TD is more

susceptible to HE under the current loading direction. As dis-

cussed previously, TD accumulates more hydrogen and

therefore undergoes more severe degradation of the me-

chanical property. This is a clear indication of the importance

of microstructure in the HE sensitivity of DSS.

Further, we note that some experiments suggested that a

finer austenite spacing is favorable for improved HE resistance

of material [49]. Concerning the microstructure of the two

models presented in this paper, the austenite phase takes a

slender shape in LD-90 and has smaller spacing compared

with that in the TD, i.e. microstructure with smaller austenite

spacing is less sensitive to HE. This agrees qualitatively with

the experimental finding [49]. Meanwhile, it should also be

noted that the current simulation results are still insufficient

to draw a definitive conclusion on realistic material. To verify

the assumption, more simulations with different micro-

structures and loading conditions should be conducted, and

an in-situ tensile experiment capable of tracking the fracture

initiation site is also needed.
Summary

Hydrogen informed finite element CZM simulation consid-

ering the influence of microstructure is performed. Two

microstructure configurations of DSS are modelled based on

optical micrographs. Mixed failure modes are considered in

the CZM analysis, which capture the complexity in failure

along the irregular phase interfaces between ferrite and

austenite. The methodology developed in this work can easily

be applied to othermicrostructures, aswell as other scenarios,

such as hydrogen induced intergranular failure in a poly-

crystal, and the interfacial separation at a precipitate. In this

paper the proposed modelling methodology is used toward

the investigation of hydrogen diffusion and fracture proper-

ties in a dual phased models in a parametric study manner

and the main conclusions are as follows.

(1) The effective hydrogen diffusion coefficient is highly

dependent on the microstructural features. The effec-

tive diffusion coefficient in the model with polygonal

shaped austenite phases is one to two orders of
TD

io 2 NO H Scenario 1 Scenario 2

7 0.1444 0.2926 0.3117

4 0.2228 0.3100 0.3426

1 0.3436 0.3168 0.3360

3 0.3600 0.3530 1.3580

5 1.5055 1.5031 1.8118

3 1.5170 1.2815 1.8097
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Fig. 11 e LD-90 model: (a) Nominal stress-strain curves; (b) Illustration of cohesive zone elements and crack sites; (c) Crack

site ① in scenario 1; (d) Crack site ② in scenario 2.

Fig. 12 e TDmodel: (a) Nominal stress-strain curves; (b) Illustration of cohesive zone elements and crack site; (c) Crack site②

in scenario 1; (d) Crack site ③ in scenario 2.

Table 5 e IEF for LD-90 and TD models in scenario 1 and scenario 2.

LD-90 TD

Scenario 1 Scenario 2 Scenario 1 Scenario 2

sct;0 ¼ 0.8 scn;0 0.0544 0.2609 0.3256 0.4283

sct;0 ¼ 0.7 scn;0 0.1875 0.3397 0.4243 0.4869

sct;0 ¼ 0.6 scn;0 0.2071 0.3287 0.4047 0.4615

sct;0 ¼ 0.5 scn;0 0.1824 0.2762 0.3477 0.4030

sct;0 ¼ 0.3 scn;0 0.1211 0.1610 0.3038 0.3638

sct;0 ¼ 0.2 scn;0 0.1018 0.1192 0.3235 0.3835

Average 0.1424 0.2476 0.3549 0.4212
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magnitude larger than for the model with elongated

austenite phases. This is attributed to the austenite

phase which acts as the barrier to hydrogen diffusion.

Upon loading, hydrogen tends to move from the

austenite phase to the ferrite phase, driven by the

higher stress built in the ferrite phase.

(2) In the CZM simulation without hydrogen, we found that

the shear strength of material interface influences the

fracture initiation location and failuremode. In general,

fracture initiates mainly due to stress in the normal

direction if the shear strength is close to the normal

strength, but shear dominated fracture can appear if the

shear strength is lower than 50% of the normal strength.
(3) In the presence of hydrogen, failure is promoted as a

result of hydrogen reduced interfacial strength. The

influence of hydrogen on the shear strength is found to

have a significant influence on the location of fracture

initiation and the associated fracture mode. The frac-

ture mode is generally unaffected if hydrogen reduces

the normal and shear strength following the same

relation, and shear failure is promoted if hydrogen re-

duces the shear strength to a larger extent. This sug-

gests that a proper calibration of the hydrogen influence

on the shear strength is critical, in order to accurately

model the hydrogen induced mixed failure at the

microscale, which is still missing. It is further shown
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that loading the model paralleling to the elongated

austenite phase yields better resistance to hydrogen

induced failure.

These conclusions are drawn based on the finite element

simulation of the selected microstructure and loading direc-

tion. Although the microstructure has been explicitly

modelled in this work, there is a certain level of simplification

to the model, for instance, fracture is limited to the phase

interfaces, hydrogen trapped at the interfaces due to pre-

cipitates and lattice distortions is not captured, and only one

kind of boundary condition is considered. There is still a line

between the simulation results and real material behavior. In

the future, systematic numerical study considering various

microstructures and boundary conditions will be performed.
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