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ABSTRACT 

We present for the first time a numerical multiphysics peridynamic framework for the modelling of adsorbed-

hydrogen stress-corrosion cracking (SCC), based on the adsorption-induced decohesion mechanism. The 

material is modelled at the microscopic scale using microstructural data. First-principle studies available in the 

literature are used for characterizing the process of intergranular material strength degradation. The model 

consists of a polycrystalline AISI 4340 high-strength low-alloy (HSLA) thin, pre-cracked steel plate subjected to 

a constant displacement controlled loading and exposed to an aqueous solution. Different values of stress 

intensity factor (SIF) are considered, and the resulting crack propagation speed and branching behaviour are 

found to be in good agreement with experimental results available in the literature. 
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1. Introduction  

SCC can be defined as the progressive fracturing of the material due to the presence of non-

cyclic tensile stress and the exposure to some gaseous and/or liquid environments. SCC can 

develop in brittle and non-brittle materials, metals and non-metals and can have different 

morphologies such as intergranular SCC (I-SCC) and transgranular SCC (T-SCC). Crack 

branching is common in SCC-damaged materials and, in certain cases, the tensile stress 

necessary to trigger the phenomenon can be as low as 5% of the yield stress (Lynch, 2011). 

Due to the substantial number of SCC critical environment-material combinations, a wide 

range of systems related to different industries are affected by this phenomenon such as 

pipelines, nuclear power systems, aerospace vehicles, boilers, cooling water systems and oil 

and gas drilling and production systems (Raja and Shoji, 2011). 

The first catastrophic failures due to SCC occurred in the first years of the 19th century: 

boiler explosions cost the loss of a large number of human lives. The phenomenon was first 

recognized in 1873 by W. H. Johnson in a laboratory experiment (Lynch, 2011b).  Despite 
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the resources and efforts dedicated to the study of this problem, catastrophic failures due to 

SCC still occur. Moreover, hydrogen is deemed one of the potential candidates to replace 

fossil fuels. SCC remains, thus, the object of continuous study by academic, industry and 

other institutions, aimed at, for instance, SCC prediction, SCC monitoring, designing of SCC 

environmental control procedures and designing of better SCC-resistant materials. 

As comprehensively described in (Lynch, 2011b), various theoretical models are available 

in the literature for explaining the mechanisms that lead or just contribute to SCC. However, 

there is not much agreement about which mechanisms are more appropriate for particular 

material-environment combinations. The published literature abounds with SCC experimental 

data such as those reported in (Han et al., 1998), (Thomas and Bruemmer, 2000), (Oriani and 

Josephic, 1974), (Bechtle et al., 2009), (Mine and Kimoto, 2011), (Hirose and Mura, 1984), ( 

Hirose and Mura, 1984) and (Yagodzinskyy et al., 2010), but their usefulness is limited by 

the large amount of parameters contributing to the phenomenon. Moreover, the number of 

SCC numerical models is increasing in the scientific literature, and many of them are based 

on the coupling of fracture mechanics and classical continuum mechanics (CCM) theory 

within the finite element method (FEM) via implementation of the cohesive zone model 

(CZM) by using cell mesh cohesive elements. Some studies of this kind are described in 

(Raykar et al., 2011), (Scheider et al., 2008), (Falkenberg et al., 2009), (Rimoli and Ortiz, 

2010) and (Ahn et al., 2007), where hydrogen assisted SCC in high-strength steels is 

modelled. A similar approach is used in (Traidia et al., 2012), (Alvaro et al., 2014a) and 

(Alvaro et al., 2014b) for the modelling of hydrogen embrittlement in steel pipelines. Studies 

based on atomistic simulations, such as (Arnoux, 2010) and (Li et al., 2002), are also 

available. Despite the worthy prediction capabilities and the resulting important insights 

provided by the use of these numerical techniques, there are various limiting factors. First of 

all, due to the lack of enough computational power, the current timescales and length scales 

that can be considered in atomistic simulations are far from those needed in practical 

engineering applications. Secondly, FEM cell mesh cohesive elements do not allow the 

analysis of arbitrary crack paths and often lead to mesh dependence and numerical 

convergence issues. Furthermore, if adaptive remeshing procedures are adopted, numerical 

errors can arise and computational cost will increase. As mentioned in (Rabczuk and 

Belytschko, 2004), another issue is related to the possible overestimation of the fracture 

energy in the case of crack path not coincident with the element boundaries. Therefore, the 

past decades have seen the introduction, development, further refinement and application of 

more advanced numerical techniques suitable for the reproduction of complex fracture 



 

behaviours observed in experimental tests. Among these approaches, the extended finite 

element method (XFEM) is probably the most popular one (Gravouil et al., 2002) (Moës et 

al., 2002) (Moës et al. 1999). However, due to factors such as the complexity of the method, 

the difficulty in handling highly distorted meshes (e.g. problems with large deformations and 

fragmentation) and innacurate prediction of stress intensity factors, meshless methods are 

sometimes preferred with respect to XFEM, despite the generally higher computational cost 

(Rabczuk et al., 2010). In this regard, cracking particles method (CPM) that does not require 

an explicit crack representation has been successfully applied to solve static, dynamic, impact 

and explosive problems both in 2-D and 3-D domains (Rabczuk and Belytschko, 2004) 

(Rabczuk and Belytschko, 2007). Another meshless method worth of note is the extended 

element free Galerkin method (XEFGM) which can achieve satisfactory results with a 

significant reduction in computational time with respect to the CPM (Rabczuk and Zi, 2007). 

Finally, CCM does not have a length scale parameter and, thus, it is not readily usable for 

multi-scale analyses. Fracture mechanics crack growth criteria are not always available, 

especially in the case of new and complex engineering materials. Complex behaviours, such 

as crack nucleation, crack branching, coalescence of multiple cracks and crack arrest, are 

unlikely to be fairly predicted due to accuracy and numerical convergence issues (Madenci 

and Oterkus, 2014). In this study, a new continuum mechanics formulation with a length 

scale parameter that is suitable for failure prediction, peridynamics (PD), is utilized for 

modelling stress-corrosion cracking.  

PD is a recently introduced generalization of CCM theory (Silling and Askari, 2005) and 

is deemed a potentially successful candidate for the numerical modeling of SCC damage due 

to the possibility to overcome some of the limitations of the numerical approaches mentioned 

earlier. In fact, PD presents several advantages. First of all, its mathematical formulation does 

not break down in the presence of discontinuities such as cracks. Various studies, such as 

(Madenci and Oterkus, 2014), (Oterkus et al., 2012) and (Silling and Askari, 2005), have 

revealed the capability of peridynamics in capturing complex phenomena such as crack 

nucleation, crack branching, coalition of multiple cracks and crack arrest in isotropic and 

non-isotropic materials. Moreover, there is no need for external crack growth criteria, rules to 

discern between crack nucleation and branching, or external equations for treating interfaces. 

On top of that, peridynamics is also suitable for investigating multi-scale problems (Askari et 

al., 2008) and multiphysics problems (Oterkus et al., 2014), (Gerstle et al., 2008). 

Due to their better strength-to-weight ratio as compared to carbon steels, and despite their 

sensibility to SCC in certain environments such as moist air and water, HSLA steel is broadly 



 

used in different industries and systems. As argued by Lynch in (Lynch, 2011b), hydrogen-

based SCC mechanisms are widely recognized in high-strength steel, often leading to 

intergranular brittle fracture where little plasticity can be observed, supporting the idea of a 

decohesion type of cracking caused by the local hydrogen weakening of interatomic bonds. 

Moreover, in the case of non-charged hydrogen material exposed to a hydrogen-bearing 

environment, the predominant SCC mechanism is expected to be hydrogen adsorption-

induced decohesion (AIDEC) (Lynch, 2011b). 

In this study, the peridynamic framework is used to predict the fracture behaviour of a 

polycrystalline thin pre-cracked HSLA steel plate with random texture exposed to an aqueous 

solution, by using data retrieved from first-principle calculations for characterizing the 

process of intergranular material strength degradation. The material mechanical response is 

described by means of microstructural data, and displacement-controlled loads of different 

magnitude are considered. The paper provides comparisons between the obtained numerical 

crack propagation speeds and experimental data available in the literature. SCC has never 

been modelled before by using peridynamics. Therefore, the novelty of this paper is 

threefold: (1) the application of PD for the modelling of SCC, (2) the introduction of a novel 

peridynamic hydrogen grain boundary diffusion model and (3) the prediction of detailed and 

realistic geometrical features concerning SCC damage in a polycrystalline material (i.e., 

stable crack propagation, micro-branching and the resulting penetration of the corrosive 

solution within the structure) that facilitates hydrogen diffusion and accelerates the 

degradation of the material, which is a salient aspect in real cases. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nomenclature 

 

SCC  Stress-corrosion cracking 

AIDEC Adsorption-induced decohesion 

SIF  Stress intensity factor 

HSLA  High-strength low-alloy 

CZM  Cohesive zone model 

FEM  Finite element method 

CCM  Classical continuum mechanics 

PD  Peridynamics 

BCC  Body-centered cubic 

DFT  Density functional theory 

UBER  Universal binding energy relation 

H x
  Horizon of a generic particle x     

    Radius of the horizon [m]    

f    Mechanical response function 6[N / m ] 

df    Hydrogen concentration response function 6[mol / m s]  

( ),C tx   Hydrogen concentration field 3[mol / m ]   

( ),C tx   Time derivative of hydrogen concentration field 3[mol / m s]   

c    Mechanical bond constant 6[N / m ]  

d    Hydrogen bond constant 2 1[m s ]− −   

s    Bond stretch 

0s    Critical stretch 

x    Vector defining the position of a generic particle x  

'
x    Vector defining the position of a generic neighbour of particle x  

y    Vector defining the position of particle x  in the deformed configuration 

'y    Vector defining the position of particle 
'

x  in the deformed configuration 

( ), tb x   Body force density field 3[N / m ]   

ICK    Fracture toughness [MPa m]   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

h    Plate’s thickness [m]   

L    Plate’s length [m]  

W    Plate’s width [m]  

E  Young’s modulus 2[N / m ]   

cG    Critical energy release rate [N / m]   

u  Enforced displacement applied to the plate [m]  

Cij  Elastic moduli of the local stiffness matrix 2[N / m ]  

[C]  Local stiffness matrix 

SHC  Surface hydrogen concentration 2[mol / m ]   

SHCSV Surface hydrogen concentration saturation value 2[mol / m ]  

x    Grid spacing [m]  

dt    Time step size [s]   

1Tc   Bond constant type-1 6[N / m ] 

2Tc   Bond constant type-2 6[N / m ] 

ij    Undeformed bond length between particles i  and j  [m]  

θ  Bond angle with respect to the crystal orientation angle [rad]   

γ  Crystal orientation angle [rad]  

jV    Volume of a generic neighbouring particle j  3[m ]   

Aq    Number of peridynamic bonds along A directions 

Bq    Number of peridynamic bonds along B directions 

gbD    Grain boundary diffusion coefficient 2[m / s]   

    Hydrogen grain boundary coverage 

( ), tu x   Displacement field at x  [m]  

( ), t'
u x  Displacement field at 

'
x  [m]  

( ) x    Mass density at x  3[Kg / m ]   

( ), tu x   Acceleration vector field 2[m / s ]   

'dV
x

   Volume of a generic neighbouring particle 
'

x   3[m ]   

 

 

 

 



 

2. Peridynamic Theory 

In order to determine the response of materials and structures subjected to different loading 

conditions, CCM was introduced and has been used to analyse numerous engineering 

problems. CCM is based on a continuum approximation where the body (structure) comprises 

an infinite number of infinitesimal volumes called material points as shown in Fig. 1. 

According to CCM, a material point can only interact with material points in its nearest 

neighbourhood (direct contact). Although this assumption works well for many problems of 

interest, the CCM equations are not valid if there is any discontinuity, such as a crack, within 

the structure. This is mainly due to the fact that the CCM’s governing equations are partial 

differential equations, whose spatial derivatives are not defined along discontinuities. 

 

Fig. 1 - Classical continuum mechanics interactions. 

 

In order to overcome this problem, a new continuum mechanics formulation, peridynamics, 

was introduced by Silling (Silling, 2000). According to this new formulation, a material point 

can interact with other material points not only within its nearest neighbourhood (direct 

contact), but also with material points comprised in a larger neighbourhood. Since the 

strength of the interaction between material points decreases as the distance between them 

increases, an influence domain, named horizon, Hx
, can be defined for each material point as 

shown in Fig. 2. Therefore, the material point x can only interact with material points within 

this domain. The radius of the horizon,  , is chosen depending on the nature of the problem 

in such a way that the model is able to fairly represent the physical mechanisms of interest 

(cf. (Seleson and Parks, 2011)). 



 

 

Fig. 2 - Peridynamics interactions. 

The peridynamics’ governing equation can be written as: 

( ) ( ) ( ) ( )( ) ( ), , , , dV ,
H

t t t t 
 = − − +

x
x

x u x f u x u x x x b x                             (1) 

where ( ) x , ( ), tu x and ( ), tu x denote the density, acceleration and displacement of the 

material point x  at time t, respectively. In Eq. (1), ( ) ( )( ), , ,t t − −f u x u x x x  represents the 

peridynamic force between material points x  and x  (also called mechanical response 

function). The term ( ), tb x is the body force acting on material point x  at time t. Note that 

Eq. (1) is an integro-differential equation (i.e., time derivation and spatial integration) and is 

always valid regardless of any discontinuity in the structure.  

In the case of an elastic material, the peridynamic force, as a result of the interaction 

(bond) between material points x  and x , can be expressed as: 

                                                             c s
 −

=
 −

y y
f

y y
                                                              (2)                         

where y represents the location of the material point x  in the deformed configuration, i.e., 

= +y x u . In Eq. (2), the bond constant c  is the peridynamics’ material parameter and the 

stretch parameter s  is defined as: 

                                                         s
 − − −

=
−

y y x x

x x
                                                         (3) 

In the case of brittle material behaviour, the peridynamic force and the stretch relationship are 

shown in Fig. 3. 



 

 

Fig. 3 - Definition of bond constant and critical stretch for linear elastic brittle material. 

 

The parameter 
0s  in Fig. 3 is called critical stretch. When the stretch of a generic 

peridynamic bond exceeds this critical value, the bond between the related two material 

points is broken. As a result, the peridynamic force between the two material points reduces 

to zero. With respect to the generally sophisticated failure criteria defined for different 

materials, the peridynamic definition of failure is pretty simple. Furthermore, there is no need 

to have an initial defect in the structure. Therefore, both crack initiation and propagation can 

be easily determined.  

3.  Current Approach 

In this study, a microscopic material model is used to represent the behaviour of a 

polycrystalline structure with random texture. For this purpose, a new peridynamic material 

model (Section 3.1) is developed to express the deformation response of each crystal (Fig. 4).  



 

 

Fig. 4 - Polycrystalline material model. 

 

Similar to the approach adopted in (Rimoli and Ortiz, 2010), (Serebrinsky et al. 2004),  

(Sofronis and McMeeking, 1989), (Scheider et al. 2008), (Alvaro et al. 2014a), (Olden et al. 

2014) and (Raykar et al. 2011), hydrogen adsorption is treated by the application of 

appropriate boundary conditions. Fracture initiation due to the SCC hydrogen AIDEC 

mechanism is described by using the Fisher grain boundary diffusion model (Fisher, 1951). 

The resulting intergranular material embrittlement is modelled following an approach similar 

to that introduced in (Serebrinsky et al., 2004) and pursued in (Rimoli and Ortiz, 2010). 

As mentioned earlier, peridynamics, originally introduced for the prediction of mechanical 

deformations and material failure, has been extended to represent other fields including 

thermal (Madenci and Oterkus, 2014), electrical (Gerstle et al. 2008) and moisture (Oterkus 

et al. 2014) fields. In the present study, a new hydrogen diffusion peridynamic formulation, 

based on the Fisher grain boundary diffusion model, is introduced. 

Details about the new microscopic peridynamic model (Section 3.1), the novel 

peridynamic grain boundary diffusion formulation (Section 3.2), the hydrogen coverage 

boundary condition (Section 3.3) and the modelling of the resulting intergranular material 

strength degradation (Section 3.4) are provided in the next sections.      

 

3.1 Peridynamic micro-mechanical model 

The material considered in this study is HSLA steel. The fracture behaviour can be 

approximated by a linear elastic model (Anderson, 2005) and the microstructure is considered 

to be pure body-centered cubic (BCC). As shown in Fig. 5, two different peridynamic bonds 

are defined to represent the material behaviour: 

• Type-1 bonds (dashed green lines) – exists in all directions (i.e., 0 2 = − ) 

• Type-2 bonds (solid red lines) – exists only for the following directions:  
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Note that the angle   is defined with respect to the orientation of the crystal. In the special 

case shown in Fig. 5, the crystal orientation γ equals π/4 and it is always measured with 

respect to the x-axis. In general, an algorithm is used to assign a random orientation γ to the 

grain. As a result of this procedure, when a polycrystalline system of random texture is 

represented by this model, type-2 bonds will exist in many different directions according to 

the random orientations of the crystals. 

 

Fig. 5 - Type-1 (dashed green lines) and type-2 (solid red lines) bonds for the peridynamic 

micro-mechanical model. 
 

The bond constants for type-1 and type-2 peridynamic bonds can be expressed in terms of the 

material constants of a cubic crystal, ijC , by following a procedure similar to that explained 

in (Oterkus and Madenci, 2012). In the case of plane stress condition, the bond constants can 

be expressed as: 

( )

2 2 2

11 11 12 11 12 12 11
1 23

11 11

12( ) 4(3 2 )
,T T

A B

C C C C C C C
c c

h C C   

− − −
= =

+
             (4) 

where h  is the thickness of the structure. The quantities 
A  and 

B  can be expressed as  

1

Aq

A ij j

j

V 
=

=    ,   
1

Bq

B ij j

j

V 
=

=                                               (5) 



 

where subscript A is associated with directions 
5

,
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 = , while subscript B is associated 

with directions 
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,
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  = . The measure unit of the bond constants is 
6

N

m
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In Eq. (5), i  and j  refer to a generic particle and its neighbour respectively, jV  denotes the 

volume of particle j , ij  is the initial length of the bond between particles i  and j , and 
Aq  

and 
Bq  represent the number of peridynamic bonds along the directions associated with A 

and B , respectively.      

The model was fully validated by using the FEM’s deformation field as a reference, and a 

good agreement between the two approaches was observed (De Meo et al.). The critical 

stretch parameter for peridynamic bonds was obtained based on the expression given in 

(Madenci and Oterkus, 2014): 

0

4

9

cG
s

E




=                                                                 (6) 

where E is the Young’s modulus. In case of linear elastic material and plane stress 

configuration, the critical energy release rate cG  can be obtained from the fracture toughness, 

IcK , as follows (Anderson, 2005): 

                                                                
E

K
G Ic

c

2

=                                                               (7) 

 

3.2 Peridynamic hydrogen-diffusion model 

Similar to the approach adopted in (Rimoli and Ortiz, 2010), in this study, hydrogen grain 

boundary diffusion is described by considering type C kinetic regime (cf. (Harrison, 1961)) 

using the  widely accepted Fisher model (Fisher, 1951). In fact, according to Mishin and 

Herzig (Mishin and Herzig, 1999), the Fisher model is still the foundation of  grain boundary 

diffusion theory. As described in (Harrison, 1961), in the case of type C grain boundary 

diffusion kinetic regime, the bulk diffusion of impurities is negligible with respect to the 

diffusion occurring along the grain boundaries. As explained in (Rimoli, 2009), this 

behaviour can be mathematically described by the following reduced version of the Fisher 

diffusion equation: 



 

gb

C
D C

t


= 


                                                          (8) 

where gbD  is the grain boundary diffusion coefficient, t is time, C refers to the hydrogen 

concentration at the grain boundaries and   is the Laplace operator. In this study, 

9 20.84 10 /gbD m s−=   is consistent with (Rimoli and Ortiz, 2010) and (Serebrinsky et al. 

2004). 

As mentioned earlier, a novel peridynamic grain boundary hydrogen diffusion 

formulation, based on the Fisher model, is introduced. By making an analogy with the 

peridynamic heat conduction equation given in (Oterkus et al., 2014), the peridynamic 

governing equation for hydrogen diffusion can be written as: 

( ) ( )( )d( , ) , , , , , , dV
H

C t f C t C t t = 
x

x'x x x x x                                    (9) 

where ( , )C tx is the time derivative of hydrogen concentration associated with the generic 

material point x . In Eq. (9), the peridynamic function ( ) ( )( )d , , , , , ,f C t C t t x x x x is called 

hydrogen diffusion response function and is defined as: 

d

( , ) ( , )C t C t
f d

 −
=

−

x x

x x
                                                     (10) 

in which the peridynamic diffusion bond constant d  can be expressed in terms of the grain 

boundary diffusion coefficient as: 

3

6 gbD
d

h 


=

 
                                                        (11) 

where h refers to the thickness of the plate. As mentioned earlier, the type C grain boundary 

diffusion kinetic regime means pure grain boundary diffusion, with negligible leakage and 

diffusion in the bulk. As a consequence, the peridynamic hydrogen diffusion model is 

constituted by only those bonds that cross the grain boundaries of the material. 

3.3 Hydrogen coverage boundary condition 

According to (Hirose and Mura, 1984), hydrogen atoms are generated by the corrosion at the 

notch root and are adsorbed by the material. The chemical and physical interactions between 



 

material and corrosive solution are complex and particularly challenging to model. According 

to (Rimoli and Ortiz, 2010), it is widely reckoned that these interactions are not entirely 

understood at present, and, as argued in (Scheider et al., 2008), it is not currently possible to 

obtain a direct measure of hydrogen concentration in the region adjacent to the crack tip. As 

described in (Serebrinsky et al., 2004) and in (Sofronis and McMeeking, 1989), an alternative 

approach, adopted in different studies, such as (Scheider et al., 2008), (Raykar et al., 2011), 

(Alvaro et al., 2014a) and (Olden et al., 2014), consists in assuming that hydrogen adsorption 

can be represented via appropriate boundary conditions. For this purpose, the concept of 

hydrogen coverage ψ is introduced and defined as: 

SHC

SHCSV
 =                                                                (12) 

where SHC and SHCSV refer to the surface hydrogen concentration at the crack tip and the 

surface hydrogen concentration saturation value, respectively. 

As described in Section 5, the numerical results produced by the present study are 

compared against the experimental results reported in (Hirose and Mura, 1984), where all the 

surfaces but the crack tip region of a compact tension specimen were painted before the 

exposure to the aqueous solution and to the action of the mechanical load. As shown in 

(Rimoli and Ortiz, 2010), in order to model this condition, a unit value hydrogen coverage 

along the crack flanks in the region adjacent to the crack tip and a zero value hydrogen 

coverage on all the remaining surfaces of the specimen can be applied to the model. 

 

3.4 Coupling of peridynamic micro-mechanical and hydrogen-diffusion model  

The coupling of diffusion field and micro-mechanical field is necessary to quantify the 

amount of material strength degradation due to the local presence of hydrogen and the 

resulting fracture behaviour. In other words, the adsorption and flow of hydrogen along the 

grain boundaries of the material is expected to generate a phenomenon of local embrittlement 

that will change the material response to the applied loading condition. In fact, as described 

by Lynch in (Lynch, 2011b), the hydrogen AIDEC mechanism is expected to weaken the 

interatomic bonds leading to local decohesion. The approach adopted in this study builds on 

earlier work by (Serebrinsky et al., 2004), where an impurity-dependent cohesive model 

informed by first-principle calculations was presented. For this purpose, DFT investigations 

on the decohesion of BCC Fe(110) surfaces exposed to different levels of hydrogen coverage 



 

carried out in (Jiang and Carter, 2004) were considered and coupled with a UBER form 

interplanar traction-separation relation (Rose et al., 1984) and a renormalization procedure 

(Serebrinsky et al., 2004) to address the lengthscale gap between the engineering and the 

atomistic scale associated with the first-principle calculations. The resulting impurity-

dependent model is described by the following equation (Serebrinsky et al., 2004): 

( ) ( )( )20 1 1.0467 0.1687c c    = − +                                   (13) 

where ( )c   represents the peak or critical stress associated with a generic level of 

hydrogen coverage   and ( )0c  refers to the peak stress associated with a zero value of 

hydrogen coverage. As mentioned earlier, the mechanical behaviour of HSLA steel can be 

represented by a linear elastic model (Anderson, 2005). Moreover, considering direct 

proportionality between ( )c   and the critical stretch ( )0s  , the variation of the critical 

stretch as a function of   can be written in the same form of Eq. (13) as: 

( ) ( ) 2

0 0 0 (1 1.0467 0.1687 )s s  = − +                                    (14) 

In other words, the original critical stretch )0(0s  decreases as the local hydrogen 

concentration increases. In qualitative terms only, Fig. 6 shows the constant mechanical 

stretch to which a generic peridynamic bond is subjected (red line) and the decrement of 

critical stretch with increasing hydrogen coverage (blue line). 



 

 

Fig. 6 - Break-even point (green circle) for the rupture of a generic peridynamic bond. 

 

 

In summary, the present approach can be represented by the diagram in Fig. 7 and described 

by the following steps:  

1) Mechanical step: a displacement-controlled load is applied at the bottom and top 

surfaces of the specimen until the desired stress intensity factor is reached, and it is kept 

constant throughout the simulation until fracture initiation. 

2) Hydrogen coverage step: a unit value and a zero value hydrogen coverage are 

imposed at the crack tip and over all the remaining surfaces of the specimen, respectively.  

3) Diffusion step: the peridynamic diffusion model is used to predict the diffusion of 

hydrogen along the grain boundaries of the material at each time step. 

4) Embrittlement step: the relation given in Eq. (14) is used to quantify the effect of the 

local hydrogen concentration on the material strength. The bond under consideration is 

broken if its current stretch is greater than the current critical stretch. 

5) Dynamic coverage step: a special algorithm is in charge of (1) locating the new 

position of the crack tip and (2) applying a unit value hydrogen coverage along the flanks 

of the newly generated crack surface. This step aims to mimic the penetration of the 

aqueous solution within the material as the crack advances.  

 

 



 

 

Fig. 7 - Solution procedure. 

 

 

 

4 Numerical results 

4.1 Problem setup 

Similar to the case described in the experimental study (Hirose and Mura, 1984), a pre-

cracked AISI 4340 thin steel plate exposed to 0.1N 
42

SOH  aqueous solution is considered 

and subjected to constant displacement-controlled load applied at the bottom and top edge of 

the plate (Fig. 8). The load is applied statically as a boundary condition and is kept constant 

throughout the simulation. The plate has length of 0.2=L  mm, width of 63.0=W mm and 

thickness of h = 5.95·10-3 mm. The length of the initial crack is 1.25 mm. 



 

 

Fig. 8 – Mechanical load “u”. 

                                                 

The magnitude of the vertical displacement-controlled load u is specified as to generate a 

certain constant desired value of stress intensity factor at the crack tip, which is initially lower 

than the fracture toughness of the material (cf. Section 4.2). In other words, the initial load 

deforms the structure, but not at a level to generate fracture initiation. The five considered 

SIF values and the respective u values are listed Table 1. The displacement values were 

determined by performing finite element analysis and using special crack tip elements to 

calculate the stress intensity factors at the crack tip. 

Table 1 - Loading conditions: SIF [MPa m ] vs. u [μm]. 

 

In addition to the vertical enforced displacement u, a constant unit hydrogen coverage is 

applied at the crack tip as described in Section 3.3.  

4.2 Material data 

The chemical composition of AISI 4340 steel considered in this study is summarized in Table 

2 (Hirose and Mura, 1984): 

Table 2 - Material chemical composition. 

C Si Mn P S Cu Mo Ni Cr

0.39% 0.27% 0.77% 0.018% 0.016% 0.14% 0.23% 1.38% 0.78%  

The fracture toughness of the material is considered to be 4.58=
Ic

K MPa m  (Rimoli and 

Ortiz, 2010). The crystals are assumed to have α-ferrite structure with BCC lattice. As 



 

described in (Hosford, 1993), the local stiffness matrix of each individual crystal can be 

written as: 

 =C
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12 11 12
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C

C
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                                            (15) 

In order to take into account the polycrystalline nature of the material, the values of the 

elastic moduli 
ij

C  are found by applying an axial tension to a microscopic AISI 4340 steel 

specimen and then fitting experimental and numerical results as described in (Rimoli, 2009). 

The resulting microscopic material properties are: 

11 12 44208.9 GPa 126.4 GPa 97.7 GPaC C C= = =                    (16) 

4.3 Simulation parameters 

The plate is constituted by 1,407 crystals with an approximate size of about 18 μm (Fig. 4). 

The number of real particles along the horizontal, vertical and thickness directions is 336, 106 

and 1, respectively. As suggested in (Madenci and Oterkus, 2014), three layers of virtual 

particles are placed along the bottom and top edges of the plate to impose the tension-loading 

boundary condition. The values of grid spacing and horizon’s radius are 5.95x = μm and 

17.94 = μm, respectively. In order to avoid rigid body motion, the horizontal displacement 

of two nodes along the right edge of the plate was constrained. The time step size is dt = 1 s 

until fracture initiation. After the fracture initiation, the time step size becomes adaptive in 

order to keep the number of broken bonds sufficiently low in each time step which is 

important to allow correct redistribution of the load among the remaining bonds. For the 

discretization and solution of the problem, a commercial finite element software, ANSYS, is 

used by following the approach given in Macek and Silling (2007). 

4.4 Mechanical step 

Fig. 9 and Fig. 10 show the horizontal and vertical displacement fields, respectively, when 

3.4u = μm, corresponding to SIF = 40.3 MPa m .  



 

 

Fig. 9 - Horizontal displacement field [m] when SIF = 40.3 MPa m . 

 

 

Fig. 10 - Vertical displacement field [m] when SIF = 40.3 MPa m . 

 

As expected, due to the displacement constraints described in Section 4.3, the right hand side 

of the plate experiences the smallest horizontal displacements. In contrast, the opposite side 

of the plate shows a greater freedom of movement along the x-axis direction. Moreover, the 

crack front is the region with the smallest vertical displacement, while the crack surfaces 

allow greater freedom of movement along the y-axis direction. As expected, the maximum 

stretch occurs at the crack tip (Fig. 11), and its magnitude, for all five loading conditions, is 

given in Fig. 12. 



 

 

Fig. 11 - Peridynamic bonds around the crack tip and crack tip stretch when SIF = 40.3 

MPa m . 

 

 

Fig. 12 - SIF [MPa m ] vs. Maximum stretch [%]. 

 

As expected, the maximum mechanical stretch increases with increasing SIF. In all five 

loading conditions, the mechanical stretch is inferior to the critical stretch, meaning that no 

crack propagation occurs at the beginning of the simulation and, as explained in Section 4.1, 

a reduction in critical stretch is required to obtain crack extension. 

 



 

4.5 Hydrogen diffusion step and fracture initiation 

Fig. 13 shows the final hydrogen grain boundary coverage plots for all five loading 

conditions when fracture initiation occurs. The red colour refers to a unit value hydrogen 

coverage that corresponds to saturated hydrogen surface concentration. 



 

 

Fig. 13 - Hydrogen coverage field at crack propagation initiation times for all five loading 

conditions: SIF = 48.55 MPa m (a), SIF = 40.3 MPa m (b), SIF = 30.1 MPa m (c), SIF = 

20.6 MPa m (d) and SIF = 13.7 MPa m (e). 



 

As time progresses, hydrogen diffuses along the grain boundaries of the material, starting 

from the crack tip region and yielding a local reduction in critical stretch as described in 

Section 3.4. As shown in Fig. 14, the higher the applied SIF, the lower the hydrogen diffusion 

time necessary to induce fracture initiation.  

 

Fig. 14 - SIF [MPa m ] vs. crack propagation initiation time [s]. 

 

4.6 Crack propagation 

Fig. 15 shows the crack propagation path at three different temporal instants when SIF = 

48.55 MPa m . The crack propagates from the crack tip and moves forward along the grain 

boundaries of the material, showing crack branching in the initial phase of the propagation.  



 

 

Fig. 15 - Crack propagation path when SIF = 48.55 MPa m : time = 13.2 s (a), time = 16.5 s (b), 

time = 18.1 s (c). 

 

As already mentioned in Section 3.4, in order to simulate the penetration of the corrosive 

solution within the material as the crack advances, a dynamic hydrogen boundary condition is 

implemented. In other words, the constant unit value hydrogen coverage, initially applied at 



 

the crack tip of the initial crack, is then applied to the newly created crack surfaces as the 

crack extends (Fig. 16). 

 

Fig. 16 - Hydrogen coverage field when SIF = 48.55 MPa m : time = 13.2 s (a), time = 16.5 s 

(b), time = 18.1 s (c). 

 

For the same loading condition, SIF = 48.55 MPa m , Fig. 17 shows the vertical displacement 

field at three different temporal instants as the crack advances.  



 

 

Fig. 17 - Vertical displacement field when SIF = 48.55 MPa m : time = 13.2 s (a), time = 16.5 s 

(b), time = 18.1 s (c). 

 

Fig. 18 compares the crack path predicted for all five loading conditions considered in this study. A 

micro-branching behaviour is observed at higher values of SIF. The average micro-branching width 

predicted by the numerical model is on the order of 60 μm.   



 

 

Fig. 18 - Crack path: SIF = 13.7 MPa m  (a), SIF = 20.6 MPa m  (b), SIF = 30.1 MPa m  (c), 

SIF = 40.3 MPa m  (d), SIF = 48.55 MPa m  (e). 

 



 

5 Validation and discussion 

Concerning the hydrogen plot shown in Fig. 16, the algorithm is clearly able (1) to track the 

current position of the crack tip as the crack advances and (2) to update the hydrogen 

boundary condition accordingly. The vertical displacement plot shown in Fig. 17 is also in 

agreement with the expected behaviour of the structure: a symmetric field is found with 

respect to the horizontal direction, and the maximum and minimum values of the vertical 

displacement field are consistent with the applied mechanical load (cf. Table 1).  

The validation of the current approach is made against experimental results available in ( 

Hirose and Mura, 1984). 

 

Fig. 19 - Crack propagation speed [mm/s] vs. SIF: present numerical model (black triangles) 

and experiments (blue diamonds). 

 

Fig. 19 shows the comparison between the present study and experiments in (Hirose and 

Mura, 1984) concerning the relation between the crack propagation speed (logarithmic scale) 

and the stress intensity factor for all five loading conditions. The crack speed is calculated for 

each simulation by dividing the total crack propagation length by the crack propagation time. 



 

A satisfactory agreement is observed suggesting that the present peridynamic model is able to 

capture the main features of the complex interaction between material, environment and 

mechanical load. 

A further agreement between numerical and experimental results is represented by the fact 

that an appreciable crack micro-branching behaviour is found at higher values of SIF, while 

for lower values of SIF the crack path is intergranular without any appreciable sign of 

branching behaviour (cf. Fig. 18 and (Hirose and Mura, 1984)). Moreover, the present 

peridynamic model is also capable of capturing the width of micro-branching observed 

during the experiments (cf. Section 4.6), i.e., an average 40 μm of experimental micro-

branching width (Hirose and Mura, 1984).  

 

6 Conclusion 

For the first time in the literature, a numerical multiphysics peridynamic framework for 

modelling adsorbed-hydrogen SCC in HSLA polycrystalline steel based on the AIDEC 

mechanism is presented. This study extends the work of (Serebrinsky et al., 2004) and 

(Rimoli and Ortiz, 2010) by considering an alternative numerical technique to CZM, PD, 

which allows us to overcome the limitations of the former (cf. Section 1). Microstructural 

data are used to model the mechanical behaviour of the material and a novel peridynamic 

hydrogen grain boundary diffusion model is introduced. 

Crack propagation speeds calculated for five different loading conditions are found in good 

agreement with the experimental results available in the literature. Remarkably, the 

peridynamic model presented here is also capable of capturing the fracture behaviour of the 

structure and different micro-branching behaviours and associated geometrical features 

(micro-branching width) observed in experiments.    

Further improvements to the present study can be made by coupling the microstructural 

peridynamic model with methods such as electron backscatter diffraction (Pouillier et al., 

2012) to measure crystal orientation with the aim to reproduce an equivalent polycrystalline 

model instead of producing a random texture. Moreover, a reduction in computational time 

can be obtained by coupling the microscopic and macroscopic mechanical model in the same 

peridynamic framework. Lastly, the present study can serve as a starting point for more 

detailed SCC investigations: more complex geometries and loading conditions, 3D models 

and multiple cracks. 
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