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Abstract

The mechanical properties of steel are degraded due to the presence of hy-

drogen, also known as hydrogen embrittlement (HE). Simulations of hydrogen

embrittlement at a continuum level can assist in characterizing the detrimental

effect that is associated with the introduction of hydrogen regarding the struc-

tural integrity of steel structures. Such simulations require the implementation

of both hydrogen diffusion and hydrogen assisted material degradation. The

present study presents a framework for finite element simulations combining

these aspects in a fully coupled way, with diffusion driven by hydrogen con-

centration, stress triaxiality gradient and plastic strain rate, and damage based

on the ductile damage model known as the Complete Gurson Model (CGM).

Hydrogen assisted degradation is modeled through acceleration of void growth,

nucleation or coalescence, based on the HELP or HESIV mechanisms as under-

lying physical basis. The proposed model is the first fully-coupled continuum

micromechanics-based damage model that accounts for the plasticity dominated

HE mechanisms. The effect of element size and time increments is evaluated,

establishing guidelines to use the model. Moreover, results of simulations of

a tensile test on a hydrogen charged notched specimen are given, to provide

an illustrative example of the capabilities of the framework. The well-known
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ductility loss due to hydrogen is observed in the simulation results.

Keywords: Hydrogen embrittlement, Finite Element Analysis, Coupled

Simulation, Gurson Model, Diffusion

1. Introduction

List of symbols

CL Lattice hydrogen concentration [m−3 or wppm]

CT Trapped hydrogen concentration [m−3 or wppm]

DL Lattice diffusivity coefficient [m2/s]

E Young’s modulus [MPa]

EB Trap binding energy [J/mol]

f Void volume fraction [-]

ḟ Void volume growth [1/s]

f0 Initial void volume fraction [-]

fc Critical void volume fraction [-]

fN Void volume fraction of nucleating particles [-]

f∗ Effective void volume fraction [-]

[J ] Jacobian matrix [m]

Jq Heat flux vector [J/(s ·m2)]

kg,L, kg,T Hydrogen assisted degradation factors accelerating void growth

[1/wppm]

kn,L, kn,T Hydrogen assisted degradation factors accelerating void nucleation

[1/wppm]

KT Constant for equilibrium between lattice and trapped hydrogen [-]

lc Element size at critical region [m]

N i Shape function

NA Avogadro constant [mol−1]

NL Lattice site density [m−3]

NT Trapping site density [m−3]

n Strain hardening exponent [-]
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q External heat source [J/(s ·m3)]

q1, q2, q3 Empirical constants CGM [-]

r Void space ratio [-]

R Gas constant [J/(mol ·K)]

sN Standard deviation of nucleating strain [-]

t Time [s]

T Temperature [K]

U Internal energy [J/kg]

V̄H Partial molar volume of hydrogen [m3/mol]

VM Molar volume of the host lattice [m3/mol]

x, y, z Global coordinates [m]

α Number of hydrogen residing sites per trap [-]

αT , βT Fitted Thomason’s constants [-]

β Number of interstitial lattice sites per metal atom [-]

εN Mean nucleating strain [-]

εp Equivalent plastic strain [-]

ζ Minimum fraction of flow stress reduction due to hydrogen [-]

θL Lattice occupancy [-]

θT Trapped occupancy [-]

ν Poisson’s ratio [-]

ξ Hydrogen softening parameter [-]

ξ′, η′, ζ ′ Local coordinate system [-]

ρ Density [kg/m3]

σ Stress tensor [MPa]

σe Von Mises stress [MPa]

σh Hydrostatic stress [MPa]

σ0 Yield strength [MPa]

σ1 Maximum principal stress [MPa]

σ̄ Flow stress [MPa]

σ̄H Locally reduced flow stress due to hydrogen [MPa]

3



List of acronyms

CGM Complete Gurson Model

CZM Cohesive Zone Modelling

HE Hydrogen Embrittlement

HEDE Hydrogen Enhanced DEcohesion

HELP Hydrogen Enhanced Localized Plasticity

HESIV Hydrogen Enhanced Strain-Induced Vacancy

According to the European Green Deal, which strives for Europe to be the

first climate-neutral continent by 2050, hydrogen has the potential to play a

key role in the transition towards a low-carbon economy [1]. An important con-

tribution hereto is the planned use of the current (mostly fossil fuel) pipeline5

network for the transportation and storage of renewable energy, in the form

of hydrogen gas. However, a major attention point associated with the struc-

tural integrity of the infrastructure is the well-acknowledged hydrogen assisted

mechanical degradation of metals, often referred to as hydrogen embrittlement

(HE) [2]. In particular, the reduction in ductility and fracture toughness as a10

result of hydrogen deserves attention, and their impact on the safety of the struc-

ture has to be assessed. Although the phenomenon is known for a long time [3]

and has been extensively investigated, consensus lacks about the dominant the-

ory explaining hydrogen embrittlement. Several theories have been proposed

[4], including Hydrogen Enhanced DEcohesion (HEDE), Hydrogen Enhanced15

Localized Plasticity (HELP) and Hydrogen Enhanced Strain-Induced Vacancy

(HESIV). HEDE argues that the cohesive strength of the steel lattice is weak-

ened due to interstitial hydrogen [5], while HELP hypothesizes that atomic hy-

drogen enhances the dislocation mobility, thereby facilitating plasticity at stress

raisers such as crack tips [6]. HESIV on the other hand claims that hydrogen20

promotes the formation of vacancies upon straining, and thereby decreases the

resistance against ductile crack growth [7].

Hydrogen embrittlement has been investigated numerically at diverse length

scales, ranging from atomistic models [8–12] over mesoscopic models [12–14] to
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continuum models [11, 12, 15, 16]. Whereas simulations at an atomic scale can25

assist in establishing fundamental knowledge about microstructural mechanisms

[12], simulations at a continuum level can be of great benefit in predicting the

structural response of hydrogenated steel structures. Despite increased interest

and extensive research in recent years, modelling HE remains challenging [17].

The hydrogen embrittlement phenomenon is a complex coupled stress-diffusion30

mechanism, consisting of hydrogen redistribution throughout the steel lattice

and an altered mechanical response as a result of hydrogen. These two pro-

cesses influence each other. On the one hand, hydrogen diffusion is driven by

not only the concentration gradient, but also by the hydrostatic stress gradi-

ent and plastic strain. On the other hand, the mechanical response depends35

on the local hydrogen concentration, since more hydrogen results in a faster

degradation and accordingly a weaker structural response. Additionally, the

introduction of hydrogen into the lattice induces a dilatational strain. This

‘hydrogen induced dilatational strain’ is typically neglected for steel, since mul-

tiple authors have concluded that the solubility of hydrogen in ferrite is too40

low to cause a dilatational strain effect on the mechanical constitutive behavior

[18, 19].

The complex stress-diffusion interaction can be numerically described by ei-

ther an uncoupled approach, or using a fully coupled approach. The uncoupled

approach typically consists of three subsequent analysis steps [15, 20–24], and45

therefore fails to capture the full interaction between hydrogen concentration

and stress, since the analyses are performed sequentially. The fully coupled

approach of hydrogen embrittlement simulations is an improvement of the un-

coupled approach and requires customised codes [25–28]. The stress and diffu-

sion equations are simultaneously solved, resulting in a coupling between the50

mechanical constitutive response and the hydrogen distribution.

An essential ingredient for hydrogen embrittlement simulations at a con-

tinuum level is the degrading effect of hydrogen on the material’s mechanical

properties. For simulating accelerated damage evolution, a damage mechanism

affected by the hydrogen concentration must be implemented. Most researches55
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concerning continuum level hydrogen embrittlement simulations make use of Co-

hesive Zone Modelling (CZM) [15, 16, 20, 21, 24, 27, 29–31]. In such approach,

specific cohesive elements are introduced at the anticipated crack path, accom-

modating a certain cohesive strength. The effect of hydrogen is introduced by

decreasing this cohesive strength with increased hydrogen concentration. Most60

attempts of this implementation are based on the HEDE mechanism [30]. Cer-

tain drawbacks are associated with this approach. First of all, a predefined

crack path is required. Secondly, CZM does not implicitly include the effect of

stress triaxiality on damage development, but instead requires a user-defined

triaxiality dependence of the cohesive strength [32]. More recently, Mart́ınez-65

Pañeda et al. [33, 34] applied the phase-field approach for simulating hydrogen

embrittlement as an alternative to CZM. This approach starts from Griffith’s

thermodynamic balance and is therefore also linked with HEDE.

Despite the successful use of CZM and phase-field approaches for modelling

HE, they are primarily based on the brittle HEDE mechanism. HE is also man-70

ifested through plasticity dominated fracture mechanisms such as HELP and

HESIV, and continuum-based models assuming these mechanisms are lacking

[17, 28]. Describing damage by these mechanisms in a physically sound way

calls for a micromechanics based ductile damage model, such as a Gurson-type

model. This type of model aims to describe the full ductile failure process,75

governed by void growth, nucleation and coalescence.

In the context of the HELP mechanism, hydrogen is believed to induce soft-

ening of the matrix material, leading to accelerated void coalescence or a change

of the failure mode from internal necking to internal shearing coalescence [35].

Hydrogen promoted void growth and coalescence was claimed in numerous ex-80

perimental studies [36–39]. Furthermore, hydrogen assisted void growth has

been observed in numerical studies assuming the HELP mechanism [28, 35].

However, such studies are investigating HELP at the level of individual voids

by means of unit cell simulations, and do not present a continuum model. In

2019, Yu et al. [28] proposed a hydrogen embrittlement model with damage85

described by a Gurson model as a first attempt to model the HELP mechanism
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in a continuum way. The effect of hydrogen was considered by artificially ac-

celerating void growth based on the hydrogen concentration. Unit cell results

were compared with a single continuum Gurson element for the derivation of

the accelerated void growth parameter. While such comparison is of value since90

it links the microscopic scale with the continuum scale, they only considered

a single element and did not extend the approach towards a full finite element

(FE) mesh including hydrogen diffusion.

In the context of the HESIV mechanism where hydrogen promotes the for-

mation of vacancies, the mechanistic effect of hydrogen was related to the in-95

crease of void nucleation [7]. Nagumo performed fracture toughness tests on

a low carbon ferritic steel, with hydrogen-charged and non-charged specimens.

The resulting resistance curves were numerically fitted using a Gurson model.

The nucleation parameter increased from 0.02 to 0.035 for the non-charged and

hydrogen-charged specimen respectively.100

In summary, to our knowledge there is no fully-coupled continuum damage

model accounting for the plasticity dominated HE mechanisms. The literature

suggests that HE can be modelled in a continuum way by altering either void

nucleation according to the HESIV mechanism, or void growth and coalescence

according to the HELP mechanism, or a combination hereof.105

The present work describes the development of a numerical framework for

hydrogen embrittlement simulations at a continuum level, that couples the Com-

plete Gurson Model (CGM) [40] with hydrogen diffusion. The detrimental effect

of hydrogen is integrated by artificially accelerating either void growth, void

nucleation or void coalescence, depending on the local hydrogen concentration.110

In this way, the time-dependent macromechanical response in the presence of

hydrogen can be simulated, according to the HELP or HESIV mechanisms.

Whereas Yu et al. [28] investigated the possibility of using a Gurson model

for HELP simulations, the present work aims to deliver a fully coupled mi-

cromechanics based model, accounting for both HELP and HESIV. As a case115

study, a tensile test of a hydrogen-charged notched round bar is simulated, and

applications of the different degradation approaches are evaluated.
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2. Constitutive equations

As already mentioned in the introduction, hydrogen embrittlement simula-

tions require equations describing hydrogen diffusion and mechanical behavior.120

This section introduces the equations that are hereto adopted in this work. The

coupling between the equations will be described in section 3.

2.1. Hydrogen diffusion

In order to assess the detrimental effect of hydrogen on steel, the mechanism

as to how hydrogen redistributes throughout the metal must be well understood125

and equations describing hydrogen transport have to be introduced.

It is well acknowledged that hydrogen atoms inside a metal lattice can ei-

ther be present at normal interstitial lattice sites or trapped at microstructural

defects such as dislocations, grain boundaries, precipitates etc. Since hydrogen

diffusion mainly takes place through the transport of interstitial atoms inside130

the lattice, trapping sites generally reduce the mobility of hydrogen [30].

For this reason, the total hydrogen concentration C is typically calculated

as the sum of the two populations: lattice hydrogen CL and trapped hydrogen

CT (C = CL + CT ). These two hydrogen populations can be related to the

available residing sites in the material [41]:

CL = βθLNL

CT = αθTNT

(1)

with θL and θT being the lattice and trapped occupancy respectively, NL and

NT the density of metal atoms and trapping sites respectively, β the number of

interstitial sites per metal atom and α the number of sites per trap. Assuming

tetrahedral occupancy in body centered cubic ferrite, β equals 6. Typically, a

single site per trap is assumed, resulting in α = 1 [30, 41]. The density of metal

atoms NL can be evaluated using

NL =
NA
VM

(2)
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with NA the Avogadro constant equal to 6.022× 1023 mol−1 and VM the molar

volume of the host lattice, which is 7.106× 10−6 m3/mol for ferrite at room

temperature. Evaluating Eq. (2) gives the interstitial lattice site density NL =

8.47× 1028 m−3. The trapping density NT (m−3) depends on the specific trap-

ping site considered. For defects like grain boundaries or carbides, the trapping

densities are often assumed constant throughout the material [30]. However,

when dislocations are considered as trapping sites, the trapping density NT

varies and depends on the local plastic strain εp, since dislocations are gen-

erated by plastic strain. Sofronis and McMeeking [41] proposed the following

relation for steels based on the experiments of Kumnick and Johnson [42]:

logNT = 23.26− 2.33 exp(−5.5εp) (3)

Oriani [43] postulated that a local equilibrium exists between the lattice hydro-

gen CL and the trapped hydrogen CT , such that:

θT
1− θT

=
θL

1− θL
KT (4)

with KT = exp(−EB/RT ) the equilibrium constant, where EB represents the

trap binding energy (J/mol), R the gas constant (J/(mol ·K)) and T the abso-

lute temperature (K). A trap binding energy EB = −60 kJ/mol was estimated

by Kumnick and Johnson [42] and is commonly used in hydrogen embrittlement135

simulations [27, 35, 44].

Mass conservation combined with Oriani’s equilibrium results in the well-

known model for hydrogen diffusion derived by Krom et al. [44]:

CL + CT (1− θT )

CL

∂CL
∂t
−∇· (DL∇CL)+∇·

(
DLCLV̄H
RT

∇σh
)

+αθT
dNT
dεp

∂εp
∂t

= 0

(5)

where V̄H equals the partial molar volume of hydrogen (V̄H = 2× 10−6 m3/mol).

This equation takes into account the balance between lattice and trapped hy-

drogen, and hydrogen transport driven by the concentration gradient, the hy-

drostatic stress gradient ∇σh(= ∇σii/3) and plastic deformation. The plastic140

strain rate term was introduced by Krom et al. [44] as an extension of the ear-
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lier model of Sofronis and McMeeking [41], to preserve the mass conservation

of hydrogen.

2.2. Hydrogen damage model

2.2.1. Complete Gurson model145

As explained in the introduction, damage will be described by the ductile

damage model known as the Complete Gurson Model (CGM) [40]. The CGM

has been used successfully for predicting fracture in various studies [45–48], and

models the complete ductile failure process, including void growth, nucleation

and coalescence [49]. In Gurson-type models, damage is represented by the void150

volume fraction f , defined as the ratio of the void volume to a representative

volume of the material. Contrary to other Gurson-type models, the critical void

volume fraction defining coalescence fc is no material constant in the CGM, but

instead coalescence is given by the plastic limit load criterion of Thomason [40].

The constitutive yield criterion of the CGM is given by:155

φ(σ, σ̄, f∗) =
(σe
σ̄

)2
+ 2q1f

∗ cosh

(
3q2σh

2σ̄

)
− 1− q3f∗2 = 0 (6)

with σ the stress tensor, σ̄ the flow stress, f∗ the effective void volume

fraction, σe the von Mises stress, σh the hydrostatic stress, and q1, q2, q3 empir-

ical constants. The effective void volume fraction f∗ was introduced by Tver-

gaard and Needleman to improve the numerical effect of coalescence, and repre-

sents the void volume fraction f being artificially accelerated upon coalescence160

[40, 50].

An initial void volume fraction f0 is assigned and void evolution is governed

by both the growth of existing voids and the nucleation of new voids (ḟ =

ḟgrowth + ḟnucleation). Void growth is derived from volume conservation upon

plastic straining (ḟgrowth = (1 − f)ε̇pkk) with ε̇pkk the trace of the plastic strain

rate tensor. Void nucleation is implemented using the strain-controlled approach

of Chu and Needleman [51]:

ḟnucleation =
fN

sN
√

2π
exp

{
− 1

2

[
εp − εN
sN

]2}
ε̇p (7)
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with fN the void volume fraction of void nucleating particles, and sN and εN

the standard deviation and the mean of nucleating strain respectively. All load-

carrying capacity has disappeared when f reaches the final void volume fraction

ff .165

The physical void coalescence process can occur in different modes, depend-

ing on the loading conditions and microstructural features [49, 52]. The most

common mode is coalescence by internal necking of the ligament between neigh-

bouring voids. A second mode is coalescence by internal shearing, where micro

shear bands are formed inclined to the main loading direction, joining neighbour-170

ing voids. The internal necking mechanism is dominant at high stress triaxiality,

while the internal shearing coalescence is more observed in low stress triaxiality

states [52]. In the context of modelling ductile failure, a micromechanics-based

coalescence model for internal necking was developed by Thomason [53] and is

implemented in the CGM as follows:175

σ1 = σ̄

(
αT
(

1

r
− 1

)2

+
βT√
r

)(
1− π

4
r2
)

(8)

with σ1 the maximum principal stress, r the void space ratio defined as

r = 3
√

3f/4π/(
√
eε2+ε3/2), εi the principal strains, αT = 0.12 + 1.68n and

βT = 1.2 numerical constants fitted by Zhang [40] (note that the factor 4 in

Eq. (8) was missing in Zhang et al.’s original paper due to a typographic error

[40]). The strain hardening exponent n is determined according to the equation180

σ/σ0 = (1 + Eεp/σ0)n, describing the true stress - true strain behaviour of the

material with σ0 the yield strength, and E the Young’s modulus. When σ1

reaches the value of the right hand side of Eq. (8), coalescence has occurred and

fc is equated to the corresponding void volume fraction.

In total, the complete Gurson model comprises eight parameters (εN ,sN ,fN ;185

f0,ff ; q1,q2,q3) requiring calibration for a given material. In practice, these

parameters are often selected based on a combination of literature data and the

fitting of experimental and numerical force versus displacement curves [54].
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2.2.2. Degradation due to hydrogen

The complete Gurson model describes void growth, nucleation and coales-190

cence. Physically, each of these three processes can be accelerated due to hy-

drogen, depending on the assumed HE mechanism (see section 1).

The effect of hydrogen on void growth and coalescence has been assessed

with numerical simulations using a unit cell containing a void [35, 55–57]. In

these studies a spherical void was modeled, and the matrix material was softened195

locally, based on the local hydrogen concentration. The use of unit cells serves

as a first step towards improved insight in hydrogen promoted void growth and

coalescence [57]. This knowledge about void behavior can then be transferred

to a continuum damage model, such as Gurson-type models.

An approach to associate the unit cells with a Gurson-type model was pro-200

posed by Yu et al. [28]. The micromechanical background of the Gurson model

is partially discarded, and f is exclusively seen as a parameter describing dam-

age, rather than representing the actual void volume fraction. In their study,

the void growth ḟ is made dependent on the hydrogen concentration, and ac-

celerated hydrogen failure occurs. Due to lack of further information regarding205

the degrading hydrogen effect, Yu proposed a linear scaling function and nu-

merically calibrated the degradation factor by comparing unit cell results with

single-element simulations. The following formulation was obtained:

ḟgrowth(CL) = ḟgrowth0(1 + 0.16CL) (9)

where ḟgrowth0
signifies the void growth calculated without any hydrogen.

No void nucleation term was employed in their model. A limitation of this equa-210

tion is that it was calibrated using simulations with a specific set of parameters

exclusively. Comparison with experimental data is lacking, and assumptions

regarding hydrogen softening and trapping were required. Furthermore, by in-

creasing the void growth, the conservation of volume principle used to derive

ḟgrowth0 is no longer fulfilled. Finally, coalescence was described with the pa-215

rameter fc, contrary to the CGM, which models coalescence using Thomason’s
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criterion.

Without further elaboration on the potential limitations resulting from the

assumptions above, it suffices for this study that Eq. (9) does allow to evalu-

ate the ability to implement hydrogen assisted degradation into our developed

model. Similarly to Yu, linear dependence of hydrogen concentration is used in

the current study, but Eq. (9) was slightly adapted for the following reasons.

According to Jemblie et al. [30], no consensus is obtained as to whether hydro-

gen damage should be dependent on the lattice concentration, on the trapped

concentration or on both. Besides, the process of accelerated void nucleation

due to hydrogen is also implemented. Accordingly, the accelerated void volume

fraction due to hydrogen is generically implemented in our numerical framework

as follows, potentially taking into account both HELP and HESIV:

ḟgrowth(CL, CT ) = ḟgrowth0
(1 + kg,LCL + kg,TCT )

ḟnucleation(CL, CT ) = ḟnucleation0(1 + kn,LCL + kn,TCT )
(10)

where kg,L, kg,T , kn,L and kn,T are degradation factors requiring calibration

(wppm−1), and the hydrogen concentrations CL and CT are expressed in weight

parts per million (wppm). It is clear that Yu et al.’s original equation can be220

easily obtained from Eq. (10) by setting kg,L = 0.16, kg,T = 0 and deactivating

void nucleation.

Other than accelerating the void growth and nucleation processes due to

hydrogen, the coalescence criterion may also be adjusted for taking hydrogen

into account, based on the following reasoning. When modelling HELP in unit225

cell simulations, the flow stress in the matrix material is assumed to decrease

with hydrogen concentration. Following formulation is most widely adopted

[28], consisting of a linearly decreasing stage and a constant stage:

σ̄H(CL) =


[
(ξ − 1) CL

C0
L

+ 1
]
σ̄ σ̄H(CL) > ζσ̄

ζσ̄ σ̄H(CL) ≤ ζσ̄
(11)

with σ̄H the flow stress reduced by hydrogen, ξ the hydrogen softening pa-

rameter, C0
L the initial lattice hydrogen concentration and ζ a fraction that230
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determines a lower bound value of flow stress. Such type of softening law has

been successfully used in modelling accelerated damage in unit cells [28, 35, 57],

however direct implementation of this law in a yield criterion on a continuum

basis (such as Eq. 6) is unsound, as demonstrated by Yu et al. [28]. It is the

local hydrogen softening at the ligament between voids that is responsible for235

accelerated failure, rather than global hydrogen softening across the whole el-

ement. Since in a Gurson model, a certain flow stress is associated with an

element implicitly containing a void, it is not possible to soften the ligament

only locally. For this reason, in our framework, hydrogen softening is imple-

mented into Thomason’s coalescence criterion only, by substituting σ̄ in Eq. (8)240

with σ̄H from Eq. (11). In this way, coalescence is accelerated as claimed by the

HELP mechanism.

Different degradation factors are introduced to allow for hydrogen assisted

degradation. Possibilities to calibrate these factors include comparison with

unit cell simulations, comparison with hydrogen-charged mechanical tests, and245

identification using micromechanical developments.

In summary, the developed framework allows to accelerate either void

growth, nucleation or coalescence, or a combination hereof. Even though hydro-

gen might change the failure mode from internal necking to internal shearing

under certain conditions, a coalescence criterion describing internal shearing is250

not implemented yet, and should be addressed in an effort to deliver a complete

numerical framework accounting for all conditions.

3. Implementation into finite element analysis

The full coupling of hydrogen diffusion with damage evolution has been

implemented into Abaqus (version 2019) using three user subroutines. Figure255

1 illustrates the sequential calling of the user subroutines, together with the

storage and extraction of data in solution-dependent variables (SDV), common

variables and the .fil result files. First, user subroutines UMAT and UMATHT

are called for each integration point, computing the mechanical behavior and
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hydrogen concentration respectively. If the solution does not converge according260

to the Abaqus built-in convergence criteria [58], a new iteration is attempted or

the time increment is automatically reduced. At the end of the increment, the

user subroutine URDFIL is called and the hydrostatic pressure gradient of the

converged increment is calculated.

3.1. Hydrogen diffusion (UMATHT)265

To model hydrogen diffusion in a numerical framework, the analogy between

heat transfer and mass diffusion equations is widely used [19, 26, 27, 59], bearing

in mind that thermal constitutive behavior can be user customized in Abaqus

using a UMATHT [58]. The heat transfer equation is given by:

ρ
∂U

∂t
+∇·Jq = q (12)

with ρ the mass density, U the internal thermal energy, Jq the heat flux vector

and q the heat supplied externally into the body. By defining the relation be-

tween the internal thermal energy U and the temperature T , a thermal analysis

can be performed. By setting ρ ≡ 1 and q ≡ 0, the heat transfer equation (Eq.

12) is equated with the hydrogen diffusion equation (Eq. 5) by stating that:270

∂U

∂t
≡ CL + CT (1− θT )

CL

∂CL
∂t

+ αθT
dNT
dεp

∂εp
∂t

Jq ≡ −DL∇CL +
DLCLV̄H
RT

∇σh
(13)

Yet another analogy is employed. Since ∇CL is required for the definition of

the constitutive equations (see Eq. 13), the “temperature” T is replaced by the

unknown lattice hydrogen concentration: T ≡ CL. Because Abaqus provides

the spatial gradients of the temperature ∇T , the lattice hydrogen concentration

gradient ∇CL can be used in the definition of the flux vector Jq, without the275

explicit calculation hereof. The corresponding trapped hydrogen concentration

CT can then be computed using Oriani’s equilibrium (Eq. 4).

Equation (13) requires an advanced thermal material model in Abaqus. Ac-

cordingly, a UMATHT user subroutine is written, which requires the definition
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Output results

START

UMAT

UMATHT

Last 
element/IP?

Next 
element/IP

Solution 
converged?

SDV

COMMON 
VAR

First inc?

.FIL results 
file

URDFIL

Last step/
inc?

END

Next
Iteration or
reduce inc

Next
Step/inc

YES

YES

NO

YES

NO

NO

NO

YES

ΔεP 

ΔεP 
CL,CT

∇σh 

∇σh 

USER 
SUBROUTINE

DATA 
CONTAINER

ANALYSIS FLOW

DATA FLOW

CL,CT

Figure 1: Flowchart sequence user subroutine calls (IP = integration point, SDV = solution-

dependent variables, inc = increment)
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of following variables: U , ∂U/∂CL, ∂U/∂∇CL, Jq, ∂Jq/∂CL, ∂Jq/∂∇CL [58]280

(where T has been substituted by CL). Transforming Eq. (13) into finite differ-

ence approximations and further derivation results in:

U(t+ ∆t) = U(t) +
CL + CT (1− θT )

CL
∆CL + αθT

dNT
dεp

∆εp

∂U

∂CL
=
CL + CT (1− θT )

CL
∂U

∂∇CL
= 0

∂Jq

∂CL
=
DLV̄H
RT

∇σh

∂Jq

∂∇CL
= −DLI

(14)

where the definition of the flux vector Jq is already given by Eq. (13).

Note that the implementation of Eq. (14) requires the values of two mechan-

ical quantities besides the hydrogen-related values, namely the local hydrostatic285

stress gradient ∇σh and the equivalent plastic strain increment ∆εp. The re-

quirement of these quantities necessitates coupling between the diffusion analysis

and the stress analysis.

The correct implementation of the aforementioned hydrogen diffusion equa-

tions (Eqs. 13 and 14) has been verified by modelling a modified boundary layer290

model (Figure 2a). This model has been commonly used to examine the effect

of the stress field surrounding a crack on the plastic zone ahead of the crack

tip [60]. A modified boundary layer model describes a two-dimensional disc

containing a crack, loaded under plane strain conditions. More details regard-

ing this type of geometry can be found in [61]. In this study, a displacement295

field ui is applied at the disc boundary corresponding to the theoretical dis-

placement field associated with a stress intensity factor of KI = 89.2 MPa
√

m.

Recalling that the developed material model is based on three-dimensional brick

elements, two-dimensional plane strain conditions were achieved by simulating

a single layer of elements and applying out-of-plane symmetry boundary condi-300

tions to the front and back face. Hydrogen diffusion in the same configuration

was simulated by Krom et al. [44]. An initial lattice hydrogen concentration
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CL,0 is applied throughout the specimen, and the boundary of the model is set

at a constant lattice hydrogen concentration CL,0. The displacement ui is ap-

plied over various loading times, and numerical parameters are chosen the same305

as in Krom et al. [44]. The comparison is presented in Figure 2(b) where the

normalized lattice hydrogen concentration CL/CL,0 is set out against the nor-

malized distance to the crack tip R/b for different loading times. An excellent

agreement can be observed. The normalized trapped hydrogen CT /CL,0 was

also calculated and similarly agrees with the results reported in [44].310

3.2. Complete Gurson model (UMAT)

The Abaqus implementation of the CGM is done through a UMAT user

subroutine, which defines the mechanical constitutive behavior of the material

[58]. This UMAT is based on source code developed by Zhang et al. [40]. It

also contains the mechanical degradation due to hydrogen (Eqs. 10 and 11).315

Void evolution is monitored using solution-dependent state variables. Also the

local increment in equivalent plastic strain ∆εp is stored in a solution-dependent

state variable, such that the UMATHT user subroutine for calculating hydrogen

diffusion is able to use this quantity (recall Eq. 14). Since the UMAT is called

before the UMATHT at every integration point [58] (see Figure 1), the current320

plastic strain increment is employed. This is contrary to the approach developed

by Gobbi et al. [27], where the preceding ∆εp is used. However, it was argued

in their paper that the associated error with this forward approach is negligible

for small ∆t.

3.3. Calculation of the hydrostatic stress gradient (URDFIL)325

The hydrostatic stress gradient ∇σh is required for the computation of the

local hydrogen concentration. The calculation is not straightforward, and in-

volves the extraction of the nodal hydrostatic stresses and coordinates, and the

differentiation of the shape functions N i.

In the current framework, three-dimensional 8-noded coupled temperature-330

displacement brick elements (C3D8T) are employed. These elements have 8 inte-

gration points, at which the stresses are calculated during the analysis. However
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Figure 2: (a) Schematic of the geometry and boundary conditions of a modified boundary layer

model, (b) the normalized lattice hydrogen concentration near the crack tip in a loaded mod-

ified boundary layer model for different loading times. A good agreement with the published

results of Krom et al. [44] is obtained.
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for the gradient calculation, stresses at the nodes are preferred. The argumen-

tation hereto is that calculating the gradient based on integration points could

result in discontinuity between the elements, thus affecting numerical stability335

[59]. As such, the gradient at a particular integration point is approximated

using the nodal hydrostatic stresses of the corresponding element σNhi
and the

derivatives of the shape functions at this point. Accordingly, the hydrostatic

stress gradient is computed as follows:

∂σh
∂x

=

8∑
i=1

∂N i

∂x
σNhi

∂σh
∂y

=

8∑
i=1

∂N i

∂y
σNhi

∂σh
∂z

=

8∑
i=1

∂N i

∂z
σNhi

(15)

The derivatives of the shape functions in the global coordinate system (x, y,340

z) are calculated using the derivatives in a local coordinate system (ξ′, η′, ζ ′):


∂N
∂x

∂N
∂y

∂N
∂z

 =
[
J
]−1


∂N
∂ξ′

∂N
∂η′

∂N
∂ζ′

 (16)

where [J ] represents the Jacobian matrix, consisting of the derivatives of the

global coordinates with respect to the local coordinates:

[
J
]

=


∂x
∂ξ′

∂y
∂ξ′

∂z
∂ξ′

∂x
∂η′

∂y
∂η′

∂z
∂η′

∂x
∂ζ′

∂y
∂ζ′

∂z
∂ζ′

 =


∑8
i=1

∂Ni

∂ξ′ x
N
i

∑8
i=1

∂Ni

∂ξ′ y
N
i

∑8
i=1

∂Ni

∂ξ′ z
N
i∑8

i=1
∂Ni

∂η′ x
N
i

∑8
i=1

∂Ni

∂η′ y
N
i

∑8
i=1

∂Ni

∂η′ z
N
i∑8

i=1
∂Ni

∂ζ′ x
N
i

∑8
i=1

∂Ni

∂ζ′ y
N
i

∑8
i=1

∂Ni

∂ζ′ z
N
i


(17)

with (xNi , y
N
i , z

N
i ) the coordinates of node i.

Previous equations indicated the requirement of nodal coordinates (xNi , yNi ,345

zNi ) and nodal hydrostatic stresses σNhi
. Nodal coordinates and nodal hydrostatic

stresses are stored in a .fil file, together with the connectivity matrix containing
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the nodes for each element. This file is then read by the URDFIL user subroutine

as indicated in Figure 1.

The URDFIL user subroutine evaluates preceding equations for each integra-350

tion point, and the hydrostatic stress gradients are computed for the converged

increment. The stress gradients ∇σh are then stored using a FORTRAN com-

mon block, such that these can be employed in the computation of the hydrogen

concentration in the UMATHT subroutine. Note that the Jacobian matrix [J ]

is calculated for each converged increment, unlike the implementation by Gobbi355

et al. [27] where the calculation of [J ] is done prior to analysis. They argued

that this approach is valid for small displacements. However, since large defor-

mations are expected if ductile rupture is the failing process [62], this approach

was not adopted. Furthermore, since URDFIL is only called at the end of a

converged increment, the hydrostatic stress gradient of the previous increment360

is used for the calculation of the hydrogen concentration. For this reason, the

time increment should be chosen small enough.

The hydrostatic stress gradient calculation is verified by comparing the cal-

culated quantities with a finite difference approximation of the derivative of the

hydrostatic stresses along a path.365

4. Effects of discretization parameters on numerical accuracy

As an essential step to use the numerical framework as a tool to predict

hydrogen embrittlement, the sensitivity of the results to numerical discretization

parameters such as the time increment and the element size must be understood.

For that goal, the present work simulates tensile tests on hydrogenated370

notched round bar specimens. This type of geometry is well suited to study

ductile failure [63], and is therefore commonly used for the determination of

local damage model parameters [49], which makes it an interesting geometry to

assess the hydrogen effect. The notch induces a high triaxial stress state inside

the specimen, thus attracting hydrogen. By varying the notch radius, triaxiality375

values up to 2 can be obtained [49] and the hydrogen effect at different levels
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of stress triaxiality can be assessed. Figure 3 shows the dimensions and the

boundary conditions of the notched round bar, together with one of the meshes

employed. One quarter of the specimen is modeled with corresponding sym-

metry boundary conditions. A uniform initial lattice hydrogen concentration380

CL,0 is assigned. Upon the start of loading, the hydrogen concentration at the

boundary is set to zero, allowing lattice hydrogen to effuse out of the specimen.

This represents the contact with air during a tensile test using a hydrogen pre-

charged specimen. Nonlinear geometric effects were activated, to account for

large deformations.385

R1.2

⌀10
⌀6

50

CL(t=0) = CL,0

CL(t) = 0

(a)

(b)

Figure 3: (a) Geometry of the notched round bar tensile specimen (dimensions in mm), (b)

the finite element mesh employed, with a detail of the notched zone.
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Table 2 contains the relevant parameters employed during the simulations,

and Figure 4 presents the adopted true stress versus true plastic strain curve.

The plastic stress-strain material behavior and CGM parameters were deter-

mined by comparing numerical simulations with experimental tensile test re-

sults, using an API 5L [64] X70 pipeline steel free of hydrogen. In the simu-390

lations, a displacement of 2 mm was applied during a total time of 2400 s, cor-

responding to a displacement rate of 8.33× 10−4 mm/s. A diffusion coefficient

DL= 1.5× 10−4 mm2/s was adopted, relevant to pipeline steel.

Table 2: Material properties employed during simulations

Property Value

Mechanical and ductile damage

E 207 000 MPa

ν 0.3

εN 0.3

sN 0.1

fN 0.013

f0 0.00012

ff 0.27

q1 1.42

q2 0.96

q3 2.03

Hydrogen diffusion

CL,0 1.0 wppm = 4.70× 1024 m−3

EB −60 kJ/mol

NL 8.47× 1028 m−3

T 300 K

α 1

β 6

To investigate the effect of element size and time increment, four element
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Figure 4: True stress σ versus true plastic strain εp employed for the simulations. The data

have been obtained from tensile experiments on an X70 pipeline steel.

sizes lc (0.05 mm, 0.1 mm, 0.2 mm, 0.4 mm) and five time increments (1 s, 6 s,395

24 s, 60 s, 120 s) were targeted. First, the effects on the diffusion and degradation

aspects are investigated separately, aiming to provide insight in the functioning

of the independent modules (section 4.1 and 4.2). Thereafter, coupled effects are

characterized, with the purpose of determining guidelines to use the framework

such that the simulations are both numerically trustworthy and computationally400

efficient (section 4.3).

4.1. Hydrogen diffusion

To investigate the effects of element size and time increment on hydrogen

diffusion separately, regular J2-plasticity was implemented, i.e. the damage and

degradation modules were kept inactive. First, five different time increments (∆t405

= 1s; 6s; 24s; 60s; 120s) were simulated with a fixed element size (lc = 0.2mm).

Further, four different element sizes at the notched region (lc = 0.05mm; 0.1mm;

0.2mm; 0.4mm) were employed with a fixed time increment (∆t = 6s). Figure
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5 plots the hydrogen concentration at the element touching the specimen center

(see Fig. 3) as a function of time. The increased hydrogen concentration due410

to stress-assisted diffusion is apparent. Note that the hydrogen concentration

at the center element converges for both smaller element sizes and smaller time

increments.

Both a mesh and increment dependency of the diffusion results are expected

for the following reasons. The diffusion equation includes the hydrostatic stress415

gradient ∇σh. Consequently, an altered mesh causes an altered hydrostatic

stress field, accordingly resulting in changed hydrogen concentrations. More-

over, the dependence on the hydrostatic stress gradients is implemented in a

forward way: the previously converged (∇σh)i−1 is used for determining the

current hydrogen concentration (CL)i. This explains the seemingly delayed re-420

sponse of the hydrogen concentration for large increments (see Fig. 5b).

Note that the hydrogen concentration near the end does not represent a

physically realistic value, because the model comprises excessively unrealistic

deformations due to the inactivation of damage. For example note that a plastic

strain εp of 0.95 in the center is obtained at the end of the simulation.425

4.2. Damage

The effect of increment and element size on the outputs of the complete

Gurson model is investigated using a parametric study with the same parameters

as those in section 4.1. Hydrogen assisted degradation has been kept inactive,

thus simulating notched tensile tests in absence of hydrogen. Figure 6 gives the430

force (F ) - elongation (∆L) curves for various parameter values. No convergence

of the simulated force-elongation curves is observed for the different element sizes

(Fig. 6a). Alternatively, the effect of different time increments on these curves

is limited and convergence is observed for smaller increments (Fig. 6b). Note

that it was not possible to perform the simulation with the smallest element435

size (lc = 0.05 mm) completely. However, this particular element size is small

compared to simulations using the CGM found in literature and therefore less

relevant [65].
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Figure 5: Hydrogen concentration at the center element for various a) element sizes lc and

b) time increments ∆t (DL= 1.5 × 10−4 mm2/s). Convergence is observed for decreasing

element sizes and time increments.
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Both the increment and the element size dependency of local micromechan-

ical damage models have been well investigated [40, 66, 67]. In particular, the440

non-converging element size dependency is known and seen as a drawback of

the use of local damage models for predicting failure. The cause hereof is the

localization of damage in a single layer of elements. In practice, this problem

can be overcome by using the same element size during both the calibration of

the model parameters as well as the following simulations [62], or by making445

use of a more advanced so-called ‘non-local’ damage model [68]. For reasons of

simplicity, the former approach is adopted in the present study, and an element

size of 0.2 mm is chosen.

4.3. Coupled effects

The effects of increment and element size on the fully coupled diffusion-450

degradation-damage model are evaluated. Degradation according to Yu et al.

[28] is employed, i.e. kg,L = 0.16wppm−1. Figure 7 presents the force-elongation

curves for various element sizes and time increments. The curves without degra-

dation are shown in gray for comparison. It is apparent that the degradation

due to hydrogen by accelerating the void volume fraction leads to the experi-455

mentally observed macromechanical ductility loss. However, it is striking that

the effect of element size is larger than the effect of degradation, for this partic-

ular degradation factor. This observation reaffirms the importance of choosing

a fixed element size for the calibration of the hydrogen-free damage model pa-

rameters (εN ,sN ,fN ; f0,ff ; q1,q2,q3) and subsequent simulations adopting these460

parameters.

The effects of discretization parameters identified in section 4.1 and section

4.2 also appear in the fully coupled simulations. Similar to Figure 6, a non-

converging effect of the element size on the force-elongation curve is observed in

Figure 7. Furthermore, note that the two smaller element sizes (lc = 0.05 mm465

and 0.1 mm) cause analysis convergence problems. Again, as already mentioned

in section 4.2, these element sizes are less relevant for damage modelling using

a local damage model.

27



0.0 0.5 1.0 1.5
L [mm]

0

10

20

F 
[k

N]

lc

lc = 0.05mm
lc = 0.1mm
lc = 0.2mm
lc = 0.4mm

(a)

0.0 0.5 1.0
L [mm]

0

10

20

F 
[k

N]

t
t = 1s
t = 6s
t = 24s
t = 60s
t = 120s

(b)

Figure 6: Force versus elongation for various a) element sizes lc and b) time increments

∆t without hydrogen assisted degradation. While convergence occurs for decreasing time

increments, the element size dependency is not converging.
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Regarding the time increments, converging results can be observed for

smaller increments, as could be expected from the separate investigations of470

the diffusion and damage module.

Based on the preceding observations, a preliminary study is advised when

employing the framework with a new geometry, to determine adequate dis-

cretization parameters. The effect of these parameters on the accuracy and

computation time can be assessed from the separate modules. A diffusion-only475

analysis is suggested with different element sizes to analyze the convergence of

the hydrogen concentration. Accordingly, a certain element size is selected. Fol-

lowing, separate diffusion and damage analyses with different time increments

and the adopted element size are proposed. Thus, an adequate time increment

is chosen where both analyses are converged.480

By following the aforementioned procedure in this particular example, an

element size lc = 0.2 mm and a time increment ∆t = 6 s are adopted for the

remainder of this study.

5. Effect of hydrogen assisted degradation and diffusion on ductility

5.1. Hydrogen assisted degradation485

With the aim of exploring the ability of the developed model to describe

hydrogen assisted degradation, the effect of hydrogen on each of the three pro-

cesses governing ductile damage - void nucleation, growth and coalescence - is

activated separately. As explained in section 2.2.2, hydrogen accelerated void

nucleation shows the mechanistic effect of the HESIV mechanism, while hydro-490

gen accelerated void growth or coalescence is associated with the HELP mecha-

nism. In all degradation studies, hydrogen assisted degradation due to trapped

hydrogen is not considered, since the trapped hydrogen concentration CT is

much smaller than the lattice hydrogen concentration CL for the parameters

employed. Furthermore, a lattice diffusion coefficient DL = 1.5× 10−4 mm2/s495

is assumed. Other employed model parameters can be found in Table 2.

29



0.0 0.5 1.0 1.5
L [mm]

0

10

20

F 
[k

N]

lc

lc = 0.05mm
lc = 0.1mm
lc = 0.2mm
lc = 0.4mm

(a)

0.0 0.5 1.0
L [mm]

0

10

20

F 
[k

N]

t
t = 1s
t = 6s
t = 24s
t = 60s
t = 120s

(b)

Figure 7: Force versus elongation for various a) element sizes lc and b) time increments

∆t, with hydrogen assisted degradation (kg,L = 0.16wppm−1), showing the coupled effects.

The curves without hydrogen assisted degradation are illustrated in gray. Similar trends are

observed as the identified single effect trends.

30



By increasing the degradation factor kg,L, void growth is accelerated and

larger ductility losses are obtained, as expected (Figure 8a). Looking at the fully

completed simulations, the model succeeds in describing a substantial ductility

loss due to hydrogen, but it should be noted that large degradation factors are500

required. With kg,L = 0.16wppm−1, as adopted by Yu, limited ductility loss is

obtained compared to experimental values reported in literature of HE during

tensile tests of notched round bar specimens [69–71]. The evolution of the local

void volume fraction f versus the local plastic strain εp in the center element

shows the accelerated failure due to the presence of hydrogen (Figure 8b): a505

lower plastic strain is reached upon complete failure.

Making the void nucleation process dependent on hydrogen shows similar

effects (Figure 9): a significant ductility loss can be obtained when the HESIV

mechanism is assumed. Nagumo [7] reported an increase in fN that is approx-

imately equivalent to kn,L = 0.75wppm−1 for the parameters employed in this510

study. This particular hydrogen assisted degradation factor results in a ductility

loss of over 10% when simulating a hydrogen pre-charged notched tensile test.

By decreasing the softening parameter ξ, the flow stress in Thomason’s cri-

terion is reduced, and accelerated coalescence occurs. Figure 10 reports the

load-elongation curve obtained with various softening parameters ξ, and a con-515

stant minimum reduction of the flow stress ζ = 0.5. At the macroscopic level,

accelerated coalescence also results in reduced elongation at failure in the sim-

ulation results of tensile loaded notched specimens. However, the ductility loss

that can be obtained using this approach appears limited compared to realistic

observations of HE. As such, it seems impossible to model significant mani-520

festations of HE in a continuum way, by only changing the coalescence failure

criterion. Accelerated void growth would have to be activated additionally.

5.2. Hydrogen diffusion

Since hydrogen assisted degradation is directly dependent on the local hy-

drogen concentration, the diffusion of hydrogen (Eq. 5) is crucial to the ob-525

served macromechanical ductility loss. By varying the diffusion coefficient DL,
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Figure 8: The effect of void growth acceleration (HELP) by varying the degradation factor

kg,L (wppm−1) on (a) the global level in terms of load-elongation curve, (b) the local level in

terms of local void volume fraction f versus local plastic strain εp of the center element. The

model employed represents a tensile test on a notched hydrogen pre-charged specimen.
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Figure 9: The effect of void nucleation acceleration (HESIV) by varying the degradation factor

kn,L (wppm−1) on the load-elongation curve.

the coupling between hydrogen concentration and mechanical behavior becomes

apparent.

Hydrogen assisted degradation is employed by accelerating the void

growth (kg,L = 0.64wppm−1), while varying the diffusion coefficient (DL =530

1.5× 10−5, 1.5× 10−4, 1.5× 10−3, 1.5× 10−2 mm2/s). The other employed

model parameters are equal to the parameters used in section 5.1. Figure 11

provides the force versus elongation curves. Due to the boundary conditions

applied, hydrogen effuses out of the specimen. Hence, a larger diffusivity results

in less hydrogen contributing to the accelerated damage. A large diffusion coef-535

ficient of 1.5× 10−2 mm2/s results in nearly the same behavior as an uncharged

specimen. Note that the macromechanical effect of an increased diffusion coef-

ficient is equivalent to that of a lower rate of elongation.
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Figure 10: The effect of void coalescence acceleration (HELP) by varying the degradation

factor ξ on the load-elongation curve.

6. Conclusion

This paper presents a numerical framework for hydrogen embrittlement sim-540

ulations at a continuum level, combining diffusion of hydrogen with the acceler-

ated mechanical degradation due to hydrogen in a fully coupled way. The under-

lying physical mechanisms in the proposed model are the plasticity dominated

HE mechanisms HELP and HESIV. Damage evolution is considered through

the complete Gurson model for ductile damage. The framework is implemented545

in the finite element software Abaqus by combining three user subroutines to al-

low for the prediction of the time-dependent mechanical response of the complex

multi-physical problem HE.

Tensile tests on notched round bars in the presence of hydrogen were investi-

gated numerically and the effect of the discretization parameters on the simula-550

tion results and their convergence was evaluated. The element size dependency

is inherent to local damage models and should be dealt with by choosing a
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Figure 11: The effect of lattice diffusion coefficient DL (mm2/s) on the load-elongation curve

of a tensile test on a notched hydrogen pre-charged specimen. Larger diffusivity results in

delayed failure, since hydrogen is effusing faster out of the specimen.

fixed element size. The effect of time increment is observed to be converging for

smaller increments. It is proven that the degrading effect of hydrogen in terms

of macromechanical ductility loss can be predicted with the proposed model.555

Accelerating the coalescence process, results in only limited ductility loss, sug-

gesting that this approach individually may not suffice for modelling HELP.

On the other hand, realistic ductility losses of HE tests could be obtained by

accelerating either void growth or nucleation.

The calibration of the model parameters for high strength steel using ded-560

icated experiments, and the evaluation of the effect of hydrogen on its tearing

resistance by simulation of fracture toughness tests is the focus of future work.

35



Data availability

The data that support the findings of this study are available from the

corresponding author upon reasonable request.565

Acknowledgements

The authors acknowledge the support from Research Foundation - Flanders

(FWO) via grant G056519N.

References

[1] European Commission, Clean Energy (2020).570

URL https://ec.europa.eu/info/strategy/priorities-2019-2024/

european-green-deal/clean-energy

[2] R. P. Gangloff, B. P. Somerday, Gaseous hydrogen embrittlement of ma-

terials in energy technologies: The problem, its characterisation and ef-

fects on particular alloy classes, Woodhead Publishing Limited, 2012.575

doi:10.2307/2524560.

[3] W. Johnson, On some remarkable changes produced in iron and steel by

the action of hydrogen and acids, in: Proceedings of the Royal Society of

London, 1875, pp. 168–179.

[4] S. P. Lynch, Hydrogen embrittlement (HE) phenomena and mechanisms,580

Stress corrosion cracking: Theory and practice (i) (2011) 90–130. doi:

10.1533/9780857093769.1.90.

[5] A. R. Troiano, The Role of Hydrogen and Other Interstitials in the Me-

chanical Behavior of Metals, Trans. ASM 52 (1960) 54–80.

URL http://ci.nii.ac.jp/naid/10024044710/en/585

[6] C. D. Beachem, A new model for hydrogen-assisted cracking (hydrogen

”embrittlement”), Metallurgical Transactions 3 (2) (1972) 441–455. doi:

10.1007/BF02642048.

36

https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal/clean-energy
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal/clean-energy
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal/clean-energy
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal/clean-energy
http://dx.doi.org/10.2307/2524560
http://dx.doi.org/10.1533/9780857093769.1.90
http://dx.doi.org/10.1533/9780857093769.1.90
http://dx.doi.org/10.1533/9780857093769.1.90
http://ci.nii.ac.jp/naid/10024044710/en/
http://ci.nii.ac.jp/naid/10024044710/en/
http://ci.nii.ac.jp/naid/10024044710/en/
http://ci.nii.ac.jp/naid/10024044710/en/
http://dx.doi.org/10.1007/BF02642048
http://dx.doi.org/10.1007/BF02642048
http://dx.doi.org/10.1007/BF02642048


[7] M. Nagumo, Hydrogen related failure of steels - A new aspect, Ma-

terials Science and Technology 20 (8) (2004) 940–950. doi:10.1179/590

026708304225019687.

[8] D. Di Stefano, R. Nazarov, T. Hickel, J. Neugebauer, M. Mrovec,
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