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A B S T R A C T

During the initial stages of hydrogen environmentally assisted cracking (HEAC), including crack
incubation, initiation and microstructurally short cracking, the geometrical configuration of
the microstructure greatly influences the crack growth behaviour. Therefore, there is a big
incentive to generate a model which can replicate intergranular HEAC at a microstructural scale.
This report provides a general framework to implement a microstructural intergranular HEAC
model by using a cohesive zone approach in Abaqus. The parameters of the phenomenological
model were fitted by using in-situ synchrotron tomography observations of crack initiation
and propagation during HEAC of AA7449-T7651. After fitting the parameters, the real HEAC
behaviour of the aluminium alloy 7449-T7651 has been replicated accurately. Several char-
acteristic HEAC features were achieved, including crack segmentation, preferential cracking
along grain boundaries with a high resolved normal stress and cracks slowing down at grain
boundary triple junctions. Comparisons with experimental observations show the suitability of
this approach for the prognosis of crack initiation and propagation at a microstructural scale
under HEAC conditions.

. Introduction

Absorbed hydrogen can severely degrade the fracture resistance of high-strength alloys such as steel [1], titanium [2] and
luminium alloys [3,4]. Hydrogen environmentally assisted cracking (HEAC) involves the synergistic action of mechanical stresses
nd surface chemical reactions [4]. For specific material–environment combinations, chemical reactions at the alloy surface produce
tomic hydrogen which can be subsequently absorbed into the alloy matrix. Consequently, critical concentrations of atomic hydrogen
an lead to subcritical crack growth at stress levels significantly below yield. This compromises the structural integrity of many
lloys used for a broad range of engineering components. Many investigations have been performed to understand the hydrogen
mbrittlement mechanisms which degrade the fracture resistance of different alloys. This has led to the postulation of several
echanisms. The most popular mechanisms include: hydrogen enhanced decohesion (HEDE) [5], hydrogen enhanced localised
lasticity (HELP) [6] and the adsorption-induced dislocation emission (AIDE) mechanism [7].

Despite extensive research, the hydrogen accumulation, transport processes and hydrogen embrittlement mechanisms occurring
uring HEAC are not well understood. This can be ascribed to the difficulty of detecting the concentration and distribution of
ydrogen within alloys. Several methods exist to measure the absorbed hydrogen content in metals [8–10]. However, it is not
urrently possible to measure the hydrogen content at a high enough resolution via non-destructive techniques to be able to
nderstand the interaction of hydrogen with alloys during HEAC. Due to the limited understanding of the role of hydrogen during
EAC, there are no generic approaches for predicting the HEAC behaviour of alloys for specific material–environment combinations.
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Finite element models can be useful to perform coupled hydrogen diffusion and stress analyses. Therefore, modelling has become
an attractive approach of analysing the hydrogen embrittlement and HEAC behaviour of alloys [11–13].

The HEAC lifetime of components can be described by: crack nucleation at locations with critical hydrogen concentrations;
rowth of microstructurally short cracks; sustained crack propagation and fracture [14]. The lifetime of components is mainly
ependent on the initial stages of HEAC, namely crack initiation and microstructurally short cracking. During these stages, the
icrostructural configuration relative to the sample/component geometry greatly influences the crack growth behaviour and

ate [15]. For example, intergranular cracking in rolled plate materials is known to occur faster when the mode I tensile loading
xis is aligned with the short transverse axis [3]. This can be ascribed to the greater resolved tensile stress normal to the grain
oundaries.

Many experiments attempt to correlate changes in the HEAC sensitivity of alloys with different microstructural factors; such as
he size, quantity and distribution of strengthening precipitates, the size of the precipitate free zone, the chemical composition of
recipitates and the alloy matrix [16], and the grain size [17,18], shape and orientation relative to the loading axis and sample
rientation. However, it is difficult to alter the material processing stages (such as the ageing treatment or the cold/hot work
ardening treatment) of the alloys to vary only one of the material parameters. Therefore, the influence of other microstructure
ariables which cannot be perfectly controlled can overshadow the effect of the independent variable on the HEAC behaviour of
he alloy [17]. Finite element microstructural modelling provides the capability of varying the grain size, shape and distribution
ithout changing any other variables. Thus, the effect of these parameters which are critical during the initial cracking stages can be

nvestigated in detail [19]. Additionally, microstructural models can be useful to predict the crack path and behaviour in different
aterials, such as polycrystalline alloys [20,21] and particle reinforced composites [22,23].

Several approaches have been used to model the hydrogen embrittlement and HEAC behaviour of various alloys at different
ength scales including: the phase field fracture method [24], strain gradient plasticity-based models [12], atomistic simulations [25]
nd ductile damage models [26]. Another common approach is the use of cohesive zone models [27–31]. In these phenomenological
odels, cracking occurs along predefined interface cohesive elements/surfaces. The main advantage of the cohesive zone approach

s that it can account for both crack initiation and crack propagation [32]. Furthermore, as cohesive models are phenomenological in
ature, the cohesive parameters can be adjusted to match the failure behaviour of the material under investigation without explicitly
epresenting a specific crack growth mechanism [31]. The cohesive law for interface damage is usually developed on the basis of
he microstructure. An example is the cohesive law for fibre reinforced composites (e.g. the cohesive law for helical fibres [33]).

Simonovski and Cizelj investigated the use of a cohesive zone model for intergranular microstructural environmentally assisted
racking [34]. A microstructural mesh with cohesive elements at the grain boundaries was generated from the tomography data of
stainless steel wire. By applying a time-dependent degradation on the cohesive elements, intergranular cracking was achieved.

his investigation aims to build on this research by Simonovski and Cizelj [34–36] by incorporating a coupled mass-diffusion
tress analysis to apply a hydrogen-dependent rather than a time-dependent degradation on the cohesive surfaces. Additionally,
his investigation aims to recreate the real HEAC behaviour observed in aluminium alloys to assess the suitability of these models
or crack prognosis. Finally, the use of adjustable synthetic 3-dimensional microstructures is investigated to analyse the variability
n the crack growth rates by performing Monte Carlo simulations.

.1. Aims and scope

The primary aim of this work is to provide a general framework to model intergranular HEAC at a microstructural scale in 3D by
sing a coupled diffusion stress analysis in Abaqus. Such a model can be a powerful tool to analyse the influence of the grain size,
hape and distribution on the HEAC behaviour. Additionally, the model can provide a framework to predict the HEAC behaviour of
lloys for more complex sample geometries and loading conditions. Further, the simultaneous collection of data for the transport of
ydrogen and the evolution of cracks can be used to better understand the mechanical and chemical processes involved during HEAC
y systematically varying the constitutive equations for the material mechanical and diffusion equations as well as the boundary
onditions.

This report provides a detailed description of the methodology used to implement a microstructural intergranular HEAC model
n Abaqus. The HEAC behaviour of 7xxx aluminium alloys has been used as a case study to exemplify the implementation of the
odel. In this case, the parameters of the model were calibrated to reproduce the HEAC behaviour observed for the aluminium

lloy 7449-T7651 during an in-situ tomography experiment. The structure of this article can be divided into four main sections:

i. A description of the case study: intergranular HEAC of 7xxx aluminium alloys. This section contains an outline of the
experimental methods and results for the reference experiment for the HEAC behaviour of AA7449-T7651.

ii. The methodology used to implement the model and the constitutive relations defining the mechanical and diffusion behaviour
of the grains (solid elements) and the grain boundaries (cohesive surfaces).

iii. A results section comparing the HEAC behaviour observed in the model and experimentally.
2

iv. A discussion section, examining the main limitations of the model.
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Table 1
The values used for the synthetic microstructure parameters in Dream.3D. The parameters 𝜇, 𝑚𝑖𝑛
and 𝑚𝑎𝑥 are given for an ESD in μm.
𝜇 𝜎 Bin size (μm) 𝑚𝑖𝑛 𝑚𝑎𝑥 A/B A/C

5.3 0.3 30 3 1 50 500/3

2. Case study

7xxx aluminium alloys are sensitive to HEAC when subjected to static tensile loading in moist air environments and aqueous
olutions [3,15,37]. Small scale observations of crack initiation and growth provide a useful reference to build microstructural
inite element HEAC models. A previous investigation by the authors involved monitoring the HEAC behaviour of the novel alloy
A7449-T7651 in a moist air environment using in-situ 3D microtomography observations. This investigation aims to replicate the
EAC behaviour observed from this experiment by using a cohesive zone model. This section briefly describes the experimental
ethods and results of the in-situ HEAC tomography investigation. A detailed description of the methods and findings from this

xperiment can be found in a previous article by the authors [38].
Two samples of aluminium alloy 7449-T7651 with a 1 mm diameter gauge section were statically loaded in tension to an initial

tress of 141 and 184 MPa (28 and 37% of yield stress). Subsequently, the samples were exposed to an environment with a high
emperature and relative humidity of 76 ◦C and 73% respectively. This enabled HEAC to occur rapidly, such that the uncracked
amples of AA7449-T7651 fractured completely within an exposure time of 240 min. During HEAC, the samples were imaged
teratively using synchrotron X-ray microtomography. A fast imaging time of approximately 8 min per tomogram, allowed taking
ultiple snapshots during the HEAC process, capturing both crack initiation and propagation.

Initial HEAC was exclusively brittle intergranular. After prolonged exposure, large surface cracks in close proximity to each other
oalesced. The coalescence of cracks led to a decrease in the effective cross sectional area of the samples, resulting in rapid overload.

. Intergranular HEAC cohesive zone model

This section describes the cohesive zone model used to recreate intergranular HEAC at a microstructural scale, including:

i. how to produce a representative synthetic microstructure,
ii. how to perform a coupled stress and diffusion analysis in Abaqus,

iii. defining the constitutive mechanical and hydrogen diffusion behaviour of the grains (solid elements) and the grain boundaries
(cohesive surfaces).

.1. Microstructure

The microstructure was modelled using the software Dream.3D [39]. The generation variables are summarised in Table 1. The
istribution is specified by the average 𝜇 and standard deviation 𝜎 of the lognormal grain size as equivalent sphere diameter,

ESD [40]. The size of the grains was truncated to avoid small grains, which are computationally complex, and very large grains,
that lead to unrepresentative local microstructures i.e.

𝑒(𝜇−min ⋅𝜎) < 𝐸𝑆𝐷 < 𝑒(𝜇+max ⋅𝜎). (1)

Additionally, the ratios 𝐴∕𝐵 and 𝐴∕𝐶 represent the average aspect ratios of the grains, where 𝐴, 𝐵 and 𝐶 are the average lengths
long the longitudinal, transverse and short transverse direction, respectively.

An example of a synthetic microstructure generated using the parameters in Table 1 is compared with the real microstructure
f AA7449-T78651 in Fig. 1. Dream.3D generates a cuboidal synthetic volume composed of cubic elements for the given grain size
tatistics; where each cubic element is labelled as belonging to a specific grain. More complex sample geometries require a mask to
liminate the elements from the cubic volume which are not enclosed by the sample geometry. The synthetic microstructure then
eeds to be processed to generate a suitable mesh for Abaqus. Firstly, the grains within the volume are exported as independent STL
iles with a triangular surface mesh. Subsequently, the software GMSH uses the STL files to generate a 3D mesh with tetrahedral
lements for each grain, and exports the mesh as a readable input file for Abaqus [41]. MATLAB code was developed to process
he input file to: (a) assign material properties to the grains, (b) define the cohesive surfaces at the grain boundaries, (c) assign
roperties to the cohesive surfaces and (d) apply the boundary and loading conditions.

.2. Coupled diffusion-stress analysis

The model requires a coupled mass diffusion-stress analysis, in order to model the transport of hydrogen and the cracking
ehaviour within the aluminium alloys simultaneously. However, a coupled mass diffusion-stress analysis is not available in Abaqus.
o overcome this issue, previous hydrogen embrittlement and HEAC models in Abaqus have been implemented using a coupled
hermal-stress analysis [28,31,42,43]. This exploits the analogous structure between Fourier’s thermal conductivity equation and
he diffusion equation, by co-opting the nodal temperature as the hydrogen concentration [28,42,43]. Thus, to enable a coupled
ass diffusion-stress analysis, C3D4T elements (4-node thermally coupled tetrahedron with linear displacement and temperature)
3

rom the Abaqus element library were used for the grains.
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Fig. 1. (a) The microstructure of AA7449-T7651 along three different planes after etching with Weck’s reagent. (b) A synthetic microstructure generated using
Dream.3D, approximating that of AA7449-T7651. T, ST and L represent the transverse, short transverse and longitudinal axes respectively.

3.3. Constitutive behaviour

This section describes the three main parts defining the constitutive behaviour of the material, including:

i. the mechanical behaviour of the material within the grains,
ii. the internal hydrogen mass-diffusion behaviour within the grains,

iii. the mechanical and diffusion behaviour at the grain boundaries (cohesive surfaces).

3.3.1. Material behaviour
The samples were tested well below the yield stress of the material, so the mechanical response of the grains was modelled

following linear elasticity. Additionally, the material can be assumed to be isotropic with a Young’s modulus (𝐸) and Poisson’s ratio
(𝜈) of 71 GPa and 0.33 respectively, due to the similarity with AA7075 [44].
4
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Fig. 2. The traction–separation response with linear softening for cohesive surfaces. The influence of hydrogen on the T–S response is exemplified.

.3.2. Hydrogen diffusion
The hydrogen diffusion behaviour was modelled following the equation [28]

𝛿𝐶𝐿
𝛿𝑡

− ∇ ⋅ (𝐷𝐿∇𝐶𝐿) = 0. (2)

where 𝐶𝐿 is the concentration of free hydrogen at interstitial lattice sites, 𝑡 represents time and 𝐷𝐿 is the mass diffusivity of interstitial
hydrogen. This neglects the effect of the hydrostatic stress gradient and plasticity, which is reasonable at the early stages of cracking,
and also hydrogen trapping sites such as vacancies. From Eq. (2), the only parameter that must be defined to model the diffusion
behaviour is the diffusivity, 𝐷𝐿. This parameter typically follows the equation [45]

𝐷𝐿 = 𝐷0 exp−
𝐸𝐴
𝑅𝑇

, (3)

where 𝐷0 is a pre-exponential coefficient, 𝐸𝐴 is the activation energy, 𝑅 is the ideal gas constant and 𝑇 is the absolute temperature.

3.3.3. Cohesive surfaces (UINTER)
Cohesive elements with a geometric thickness are well suited to modelling along a predefined fracture plane (e.g. debonding of an

adhesive layer). During intergranular HEAC, cracking may occur along any high angle grain boundary and generating a mesh with
cohesive elements along all valid adjacent grain boundaries is difficult. Instead, cohesive surfaces can be used, where the constitutive
traction–separation (T–S) response is implemented by defining the surface interaction behaviour of the interface. The T–S response
of a cohesive surface typically involves linear-elastic deformation, damage evolution and fracture. When the cohesive surface meets
the fracture criterion, the traction drops to zero and follows a hard contact pressure–overclosure relationship [46].

A linear softening traction–separation response was used, as illustrated in Fig. 2. Initially, the traction increases linear-elastically
with displacement, following the relationship
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, (4)

where 𝑡 is the elastic traction, 𝐾 is the stiffness, 𝛿 is the separation, the subscript 𝑛 represents the normal direction and the subscripts
𝑠 and 𝑡 represent the shear directions. In the case of HEAC of 7xxx alloys, crack growth at the grain boundaries is primarily dependent
on the resolved tensile stress normal to the grain boundary [15]. Therefore, the damage initiation and fracture criteria were based on
the traction and displacement along the normal direction (𝑡𝑛 and 𝛿𝑛). The onset of damage was defined using the maximum stress
criterion, i.e. as the normal traction 𝑡𝑛 reaches a maximum value 𝑡0. Beyond this point, the cohesive surface starts accumulating
damage and enters the linear-softening stage. The traction along the normal direction, 𝑡𝑛, can then be updated following the
elationship

𝑡𝑛 = 𝑡𝑛(1 −𝐷), (5)

here 𝐷 is a damage variable, calculated as

𝐷(𝛿𝑛) =

{

0 ; 𝛿𝑛 ≤ 𝛿0
𝛿𝑓 (𝛿𝑛−𝛿0)
𝛿𝑛(𝛿𝑓−𝛿0)

; 𝛿𝑛 > 𝛿0

}

(6)

where 𝛿0 is the displacement at the onset of damage (𝑡𝑛 = 𝑡0) and 𝛿𝑓 is the displacement at fracture.
To model the hydrogen damage, it was assumed that the main hydrogen embrittlement mechanism affecting 7xxx alloys is the

EDE mechanism. The HEDE mechanism associates hydrogen embrittlement with a reduction in the cohesive strength of grain
oundaries or other interfaces caused by the accumulation of segregated atomic hydrogen [47]. To apply a hydrogen-affected
eduction in the cohesive strength, the traction–separation curve was varied as a function of the local hydrogen concentration.
n the case of 7xxx alloys, the influence of hydrogen on the cohesive strength of the grain boundaries is not well understood.
herefore to facilitate fitting, the most simplistic approach was used, where 𝑡0 (damage initiation traction) and 𝛿𝑓 (separation at
racture) decrease linearly with the local hydrogen concentration (Fig. 2). This can be expressed as

0 0
5

𝑡𝐻 = 𝑡 ⋅ (1 − 𝜙 ⋅ 𝐶𝐿), (7)
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and

𝛿𝑓𝐻 = 𝑡0 ⋅ (1 − 𝜙 ⋅ 𝐶𝐿), (8)

where the subscript 𝐻 denotes adjusted variables to account for the local hydrogen concentration, 𝐶𝐿 is the local hydrogen
concentration and 𝜙 is a softening parameter which is usually obtained by fitting [48]. This method of applying a linear hydrogen
egradation has been previously used by several authors [48–50].

At the onset of damage, an elastic snap-back instability occurs leading to convergence issues [32]. To overcome this problem,
imonovski and Cizelj applied a small amount of viscous regularisation on the traction–separation law [36]. In this case, a viscous
tiffness degradation parameter is used instead of 𝐷. The viscous stiffness degradation, 𝐷𝜈 , is obtained via the equation [36]

�̇�𝜈 =
1
𝜇
⋅ (𝐷 −𝐷𝜈 ), (9)

where 𝜇 is the viscosity parameter and �̇�𝜈 is the rate of change of the viscous stiffness degradation. This type of viscous regularisation
as incorporated to the model by updating the new degradation parameter (damage factor) using the equation

𝐷𝑛
𝜈 =

𝐷𝑛𝛥𝑡 +𝐷𝑛−1𝛥𝑡 +𝐷𝑛−1
𝜈 ⋅ (2𝜇 − 𝛥𝑡)

𝛥𝑡 + 2𝜇
, (10)

where 𝛥𝑡 is the time increment for the step and the superscripts 𝑛 and 𝑛 − 1 denote the values for the current and previous step
espectively.

. Model implementation

This section describes the procedure used to implement the cohesive zone model for the case study. Firstly, a microstructural
esh was generated for the gauge section of a cylindrical tensile sample by using tetrahedral elements. The experimental conditions
uring the 𝜇CT tests were then simulated by subjecting the sample to a static displacement step, followed by an exposure step to
nitiate the ingress of hydrogen and cracking.

.1. Mesh and cohesive surfaces

For the case study, the gauge volume of the sample was modelled as a 1 mm diameter and 0.5 mm tall cylinder. Therefore
cylindrical mask was used in Dream.3D to obtain the required sample geometry, as represented in Fig. 3(a). For the current

imulation, a microstructural mesh was produced using the parameters in Table 1 with an average element size of 20 μm. Figs. 3(b)
nd (c) show the tetrahedral elements and cohesive surfaces for the microstructural mesh, respectively. The model contains a total
f 153 grains and 803 grain boundaries. The element faces of adjacent grains match perfectly at the grain boundaries. Thus, the
rain boundaries were defined by using the matching element faces of the grains at the interface.

.2. Boundary conditions

The rate of damage is limited by the transportation of hydrogen to the fracture process zone. The hydrogen transport process,
llustrated in Fig. 4, involves (1)–(2) the transport of the hydrogen-containing molecules (H2O) to the surface, (2)–(3) the dissociation
nd absorption of H+ ions into the alloy matrix, (3)–(4) hydrogen diffusion to the fracture process zone and (4) the fracture due to
ydrogen embrittlement at weakened grain boundaries [51].

In order to simplify the HEAC model, it is necessary to understand which part of the process is the rate limiting step [52]. For
xample, if hydrogen is produced at the surface more quickly than it can diffuse within the sample, the hydrogen concentration at
he sample surface can be fixed at saturation levels. Only the constitutive equations relating to the internal diffusion of hydrogen
eed to be considered. Conversely, if the surface generation of hydrogen is limited, the model can be simplified by assuming that
ydrogen diffuses almost instantaneously via a suitably large value for the mass-diffusivity of hydrogen, 𝐷𝐿. In this case, the exposed
urfaces cannot be considered to be at saturation levels and the mass-flux of hydrogen (𝑞) at the exposed surfaces in the model must
e accurately modelled.

The appropriate choice of boundary condition is readily informed by a comparison of experimental tomography data with two
ersions of the model: one with a surface-reaction limit and the other with a diffusion limit. This procedure was simulated in Abaqus
y using the 153 grain microstructure from Fig. 3 and used conditions for the sample tested at 141 MPa. The process involved two
teps, illustrated in Fig. 5:

i. Static displacement (ramp): The application of a displacement 𝛥𝑍 of 0.4965 μm in the axial direction for the nodes at the top
and bottom surfaces of the cylinder. This represents the displacement required to subject the sample to a tensile load of 141
MPa. The hydrogen concentration was set to zero, assuming no previous exposure.

ii. Moist air exposure (transient): This step was executed over a step time of 240 min i.e. the time to fracture in the experiment.
Two conditions were used:

(a) (Surface-limited): Set a constant hydrogen flux at the element faces of the external sample surface and, after the
apparition of cracks, at the fractured surfaces.

(b) (Diffusion-limited): Decrease the diffusivity and fix the hydrogen concentration at the nodes of the external sample
surface and the fracture surfaces of cracks, representing saturation levels.
6
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Fig. 3. The mesh for the gauge section of a cylindrical sample (1 mm diameter, 0.5 mm tall) with 153 grains. (a) Diagram exemplifying the use of a cylindrical
mask to discard unnecessary elements from the cuboidal synthetic volume in Dream.3D. (b) The 3D mesh with tetrahedral elements for each grain. The average
element size is 20 μm. (c) Triangular 2D mesh for each grain boundary (size also 20 μm).

5. Model calibration

In order to calibrate the model, the cracking behaviour under static loading conditions attempted to reproduce the tomography
results both quantitatively and qualitatively. The HEAC behaviour was quantitatively calibrated by equating the output fractured
7
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Fig. 4. Diagram illustrating the transport of hydrogen to the fracture process zone from a moist air environment.

Fig. 5. Diagrams showing the loading and boundary conditions for the steps applied in Abaqus. The first step involves gradually loading the sample to the
required displacement. For the second step, the sample is held at the same position and hydrogen is introduced at the exposed sample surface.

Table 2
The values used for the material properties of the grains and the traction–separation response
parameters of the grain boundaries. 𝑞 and 𝐶𝐿 represent the hydrogen flux and the hydrogen
concentration, respectively, at the sample surface and cracked surfaces.
Material properties Reaction controlled Diffusion controlled

𝐸 (GPa) 71
𝜈 – 0.33
𝐷𝐿 (m2/s) 2 × 10−10 5 × 10−13

Cohesive T–S parameters

𝐾𝑛𝑛 (GPa/m) 8.0
𝐾𝑠𝑠 = 𝐾𝑡𝑡 (GPa/m) 107

𝑡0 (KPa) 4.2
𝛿𝑓 (mm) 5.4 × 10−4

𝜙 – 0.0075
𝜇 – 0.2

Boundary conditions

𝛥𝑍 (μm) 0.4965
𝑞 – 1.4 × 10−6 –
𝐶𝐿 – – 100

fraction over time. The fractured fraction represents the total sample area normal to the loading direction covered by the cross-
sectional area of cracks as a fraction of the sample cross-sectional area. The evolution of the fractured fraction of the model was
matched with the experimental results through trial an error, by iteratively varying the model cohesive T–S parameters. Fig. 6 shows
examples of the fractured fraction of the surface-reaction controlled model for several trials used to analyse the influence of the
8
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Fig. 6. The fractured fraction for the surface-reaction controlled model for varying values of 𝛿𝑓 . The experimental values for the 141 MPa sample have also
been included for comparison. 𝐾𝑛𝑛 = 110 GPa/m, 𝑡0 = 50 KPa, 𝜙 = 0.0085, 𝜇 = 0.2. All other parameters are the same as those in Table 2.

Fig. 7. Graph comparing the evolution of the cross-sectional area of the sample covered by cracks for the model with a synthetic microstructure and the
experiment. A curve has also been added for a diffusion controlled case for comparison.

displacement at fracture for the cohesive surfaces (𝛿𝑓 ). Decreasing the value of 𝛿𝑓 results in faster crack growth and fracture. After
performing similar trials with other parameters (𝐾𝑛𝑛, 𝑡0, 𝜙, 𝐷𝐿), the final values used for the surface-reaction and diffusion controlled
models have been specified in Table 2. The relevant parameters for the interaction of hydrogen with the material include: 𝐷𝐿, 𝜙
and 𝑞. Due to the phenomenological character of the model, the surface hydrogen flux, 𝑞, was set to an arbitrary value (without
units) and the hydrogen damage coefficient 𝜙 was calibrated accordingly.

6. Results

Fig. 7 compares the fractured fraction for the surface-limited and diffusion-limited models with the experimental values for the
sample subjected to an initial stress of 141 MPa. For the surface-limited case, the rate of fracture follows an exponential curve
similar to the experimental observations. Conversely, the cracking behaviour for the diffusion-limited model predicts crack growth
rates that decrease with time. Diffusion control is modelled with an instantaneously high hydrogen concentration near the sample
surface, resulting in rapid crack initiation, but subsequent hydrogen diffusion into the sample is limited by the local concentration
gradients. As the total hydrogen concentration of the sample increases, the concentration gradients decrease, leading to a reduction
in the hydrogen influx (Fig. 8). This, in turn, leads to a reduction of the crack growth rates with time. However, this decrease
is not very pronounced as the lower hydrogen flux at the sample surface is countered by the extra hydrogen influx at new crack
surfaces. In contrast, for the surface-reaction controlled case, the hydrogen influx at the sample surface remains constant over time
(𝑡 < 150 min in Fig. 8). Therefore, the additional hydrogen flux at cracked surfaces (𝑡 > 150 min in Fig. 8) drive an acceleration in
the fracture rate. Thus, it is much more likely that the HEAC rates for the tomography samples were limited by the surface-reaction
9

rates.
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Fig. 8. The hydrogen flux over time for the diffusion controlled and the surface-reaction controlled models. The flux was calculated from the rate of change of
the average hydrogen concentration in the samples. The hydrogen flux was normalised by dividing by the maximum value of the series.

Fig. 9. The average von Mises stress of the bulk tetrahedral elements vs. the fractured fraction for the surface-reaction controlled model. A best fit line has
been included, showing a linear decrease in the average stress with the fractured fraction.

The crack growth rates are also affected by other factors which are applicable to both boundary conditions. For example, crack
growth is diminished by a reduction in the average stress with time, caused by crack propagation under constant displacement
conditions (Fig. 9). Additionally, as cracks become larger, the crack mouth opening displacement increases, driving an acceleration
in the fracture rate.

Fig. 10 shows a histogram of the von Mises stress at the centroid of each element after loading to the required displacement (no
cracking or exposure). The average stress of the elements was approximately 42 MPa, considerably below the required stress of 141
MPa. This can be ascribed to the high compliance of the cohesive surfaces relative to the elastic modulus of the alloy, resulting in
large displacements at the grain boundaries. Therefore, to further use the model to compare the influence of different microstructures
on the HEAC behaviour, the stiffness of the cohesive surfaces needs to be increased. Otherwise, the nominal stress in the model is
dependent on the amount of grain boundaries per unit volume, such that a model with a very large grain size would have a larger
stress for an identical sample geometry.

Figs. 11 and 12 show 2D and 3D snapshots for the evolution of intergranular cracks in the surface-reaction controlled model,
the diffusion controlled model and the tomography sample subjected to 141 MPa. For the snapshots of the model, the cracks are
shown as the mesh of fractured cohesive surfaces. Qualitatively, the HEAC behaviour of the surface-reaction controlled model and
the experiment appear to be comparable. Several similarities can be observed:

i. At the beginning, cracks only grow at grain boundaries which are orthogonal to the loading axis. This response was achieved
in the model by limiting the damage evolution and fracture criteria to the normal displacement and traction at the cohesive
surfaces.

ii. The sequential nucleation of separate intergranular cracks, primarily at or near the sample surface. Sequential crack nucleation
indicates that specific grain boundaries were more prone to crack initiation. This can be influenced by the proximity of the
10

grain boundary to the surface, the size of the grain boundary, the orientation of the boundary relative to the loading axis and
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Fig. 10. Histogram showing the stress in the tetrahedral elements of the surface-reaction controlled model after the loading step (no exposure). A bin size of
MPa was used. The stress can be seen to follow a lognormal distribution. A lognormal fit with a mean and standard deviation of 3.54 and 0.626 has been

verlaid (units in MPa). A vertical line has also been included at 141 MPa, denoting the required tensile stress. It can be seen that the stress of the majority of
he elements in the model is significantly below the required stress.

the interaction of the grain boundary with the surrounding microstructure. Large grain boundaries near the sample surface are
more sensitive as the displacement is greater due to the lack of constraint, due to both contributions. Further, the hydrogen
concentration is greater at the sample surface than at the centre of the sample. However, due to the high diffusivity in the
surface-reaction controlled model, this difference in the hydrogen concentration is negligible.

iii. The formation of crack clusters which do not coalesce due to the lack of coplanarity between cracks.
iv. The appearance of the largest crack occurring at a location of the sample surface which is tangential to the longitudinal axis

(labelled as (1) and (i) in Fig. 12). This is because there are more broad grain boundaries with a large portion of the perimeter
on the sample surface at locations where the rolling direction is tangential to the sample surface.

v. Some cracks may nucleate internally, rather than at the sample surface (examples in Fig. 15). The crack growth rate of these
cracks is found to accelerate rapidly after surfacing due to a greater crack opening displacement.

In the model, many cracks were found to propagate along adjacent co-planar grain boundaries (cracks with multiple colours
n Fig. 12). The crack labelled as (i) in Fig. 12 is highlighted in Fig. 13 as an example. Initially, the crack formed along a single
rain boundary with a large normal displacement. After 134 min, the crack slowed down at the triple junction of the co-planar
rain boundaries and had a skewed shape as a result. As the crack propagated past the triple junction, the maximum opening
isplacement increased rapidly due to the reduced constraint and lower traction at the interface, leading to rapid crack growth.
his behaviour was consistent with the experimental observations from the tomography sample. An example has been presented in
ig. 14. Fig. 14(a) shows an SEM image of the fracture surface for the crack labelled as (1) in Fig. 12. Further, a graph showing the
rack growth rate of crack (1) has been presented in Fig. 14(b). The graph shows that the crack growth rate momentarily decreases
hen the crack front approaches triple junctions.

Fig. 15 shows several close-up snapshots of the cracks labelled as (i), (ii) and (iii) in Fig. 12 within the surrounding microstructure.
rack (i) was the first large crack to form and can be seen to grow rapidly along two co-planar grain boundaries until it approaches
wo almost perpendicular grain boundaries at a ‘⊥’-shaped triple junction. Since the grain boundaries beyond this junction are
ot favourably aligned with the tensile axis, the crack slows down. As a consequence, a second crack (ii) nucleates at a nearby,
arge and favourably oriented boundary. This results in segmented crack growth, which is a characteristic feature of the HEAC
ehaviour of 7xxx alloys [15,53]. However, after prolonged crack growth, the ligaments which form in between crack segments
ypically yield and fracture [53]. In this case, the model does not account for this kind of crack coalescence, as fracture is limited to
ntergranular cracking at grain boundaries with a high resolved normal stress. However, the model can still reproduce intergranular
rack coalescence of initially independent nearby cracks. For the experiment, crack coalescence caused the effective cross-sectional
rea of the sample to decrease, resulting in rapid overload after a fractured fraction of 40% was reached. In contrast, the cracks
n the model did not cause complete fracture even after a fractured fraction of 90% was exceeded. Therefore, it is necessary to
mplement transgranular cracking in the model to more accurately simulate the fracture behaviour during final ductile overload.

From Fig. 12, the HEAC behaviour for the diffusion controlled model can be seen to differ considerably with respect to the
xperimental results and the surface-reaction controlled model. Due to the rapid increase in the hydrogen concentration at the
urface, many cracks formed for the diffusion limited model after a short period of time. For example, after an exposure time of
0 min, 16 cracks had nucleated for the diffusion controlled model, but only 2 had nucleated for the tomography sample and 1 for
he reaction controlled model. Additionally, the slower in-depth penetration of hydrogen for the diffusion controlled model resulted
n cracks growing preferentially around the sample circumference. In contrast, for the experimental and surface-reaction controlled
odel, cracks were found to propagate both radially and around the sample surface. This provides further evidence that HEAC of
11

he real samples was likely limited by the surface-reaction rate.
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Fig. 11. The cross-sectional area of the samples covered by cracks over time (a) experimentally and (b) in the surface-reaction controlled model. The images
show a projection onto the L–T plane of all of the cracks present. The circles denote the approximate location of the sample surface. Each snapshot has been
labelled with the exposure time in minutes.

6.1. Impact of microstructure variability

The grain size statistics in Table 1 were used to produce ten random synthetic microstructures in Dream.3D. Fig. 16 shows the
evolution of the fractured fraction for each sample after following the same procedure (surface-reaction controlled). The fracture
rates can vary significantly from sample to sample; despite using identical grain size statistics for the microstructure generation. For
the sample in the experiment, ductile overload occurred after a fractured fraction of 40% was reached. For the simulations, the time
required to reach a fractured fraction of 40% ranged between 193 and 232 min for the ten samples analysed. The mean and standard
deviation were estimated as 211 and 13 min respectively. This is indicative of the high variance between each microstructure.
Most of the curves have an exponential shape, similar to the experimental results. However, for several samples where cracking
initiated early, the curves have an irregular shape. This is due to the fluctuating crack growth rates resulting from the surrounding
microstructure of a single dominant crack.
12
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Fig. 12. The 3D crack growth behaviour observed (a) experimentally, (b) in the surface-reaction controlled model and (c) the diffusion controlled model. The
snapshots have been labelled with the exposure time. The cracks in the model have been filled with different colours to indicate different grain boundaries. The
outline of the sample surface has been shaded for clarity.

7. Discussion

7.1. Synthetic microstructures for probabilistic assessments

From Fig. 16, the cracking behaviour of ten randomly generated synthetic microstructures with identical grain size/shape
statistics were found to fracture at different rates. Experimentally, HEAC samples with nominally similar material properties
subjected to equivalent loading and environmental conditions also exhibit some form of statistical variability in the fracture
behaviour. For example, for smooth static tensile samples of AA7449-T7651 loaded at 100 MPa in moist air, the time to failure of
three samples ranged between 160 and 287 days [37]. This is due to the stochastic nature of the material, loading parameters and
the environment [54]. For example, the distribution and size of the grains at the gauge section is unique for each individual sample,
despite having similar statistics. This is especially true for small samples, where a large grain size can cause a large variability in the
microstructure of each sample. Thus, it is necessary to perform probabilistic assessments (both experimentally and for modelling,
where the microstructure is incorporated) to accurately evaluate the cracking lifetime of components. Though aircraft structures and
engineering components are usually much larger than the samples tested in this investigation, cracking often initiates at localised
stress concentrators or other strain mismatch features (e.g. second phase particles) [55]. Therefore, the microstructure surrounding
these concentrators can also vary randomly from one to another. Thus, if the grain size statistics of the material can be estimated
accurately, generating random synthetic microstructures could be useful to perform Monte Carlo simulations to assess the variability
in the HEAC behaviour for a specific component geometry. Given the apparent sensitivity of cracking to the microstructure, care is
needed to design experimental samples of appropriate size. Samples that are small compared to the stressed component may exhibit
excessive scatter. Samples that are too large may suggest a level of predictability that is not warranted.
13
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Fig. 13. Snapshots of the grain boundaries along which the crack labelled as (i) in Fig. 12(b) propagated, for exposure times of 0, 134 and 150 min. The grain
boundaries have been coloured to show the contours for the opening displacement of the cohesive surfaces. Some triple junctions (TJ) have been labelled. The
white lines represent the outline of crack (i).

7.2. Further developments

The model developed was found to plausibly mimic the crack growth behaviour of AA7449-T7651. However, the model was
simplified by applying several assumptions such as ignoring the hydrogen trapping behaviour at defects. This section discusses how
the model can be evolved by adding complexity to the surface-reaction boundary conditions and the microstructural mesh.

7.2.1. Surface-reaction kinetics
For the surface-reaction controlled case, the hydrogen influx at the sample surface and cracked surfaces was assumed to be

constant. However, the reaction rates at the surface are not typically constant. For example, the exposure of aluminium to water
vapour results in the growth of the oxide film at the surface [56]. In this case, the reaction rates at the surface are dominated
by inverse logarithmic kinetics [56]. This can be implemented by using an exponential decay amplitude curve for the boundary
conditions in Abaqus:

𝑞 = 𝑄0 +𝑄 exp(−𝑡∕𝑡𝑑 ), (11)

where 𝑞 is the hydrogen flux at the surface, 𝑄0 is the initial flux, 𝑄 is a coefficient and 𝑡𝑑 is the decay time. The use of a constant
hydrogen flux for the surface-reaction controlled case gave similar quantitative and qualitative crack growth behaviour to the
experimental results. Therefore, the use of an exponential decay curve was not necessary for the boundary conditions. There is
insufficient data regarding the surface-reaction kinetics, however, it is possible that the decay time in moist air conditions is very
large. Thus, the use of a decay function might not be necessary for samples subjected to short exposure times (e.g. the in-situ tensile
samples from the case study).

It was not possible to differentiate between cohesive surfaces belonging to external cracks or internal cracks that had not surfaced
in the UINTER subroutine (cohesive surfaces). Therefore, hydrogen was assumed to enter the sample at all fracture surfaces rather
than just those exposed to the environment. This had a negligible influence for the diffusion controlled model, where only one crack
was found to form internally. For the surface-reaction limited case, cracks also formed mostly at the sample surface. Therefore, the
artificial hydrogen influx at internal cracks was not significant relative to the total hydrogen influx. Additionally, the high diffusivity
resulted in an almost homogeneous hydrogen concentration throughout the sample, regardless of the source of hydrogen. Therefore,
14
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Fig. 14. (a) SEM fractograph of crack (1) in Fig. 12. The black lines show the outline of the crack after different exposure times. The labels indicate the exposure
time in minutes. The yellow lines correspond to grain boundary triple junctions. (b) Graph showing the crack growth rate of crack (1) over time. The dips in
the crack growth at which the crack reached the triple junctions emphasised in (a) have been labelled as ‘TJ’.

Fig. 15. Close-up images of the grain boundaries surrounding the cracks labelled (i)–(iii) in Fig. 12(b). The snapshots have been labelled with the exposure
time. The faces of the cohesive surfaces belonging to different grain boundaries have been filled with different colours for clarity. The edges of the cohesive
surface mesh are shown in white and the edges of the fractured surfaces are shown in black.
15
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Fig. 16. The evolution of the fractured fraction for ten random synthetic microstructures using the same grain size/shape statistics in Dream.3D. The dark line
represents the microstructure in Fig. 3.

the morphological HEAC behaviour was not affected by this issue. However, this issue must be addressed for accurate: (a) diffusion
limited models with internal cracks, (b) any models with a significant fraction of internal cracks and (c) models with internal cracks
and non-isotropic hydrogen diffusion.

7.2.2. Grain boundary engineering and secondary phases
The model implemented was based on the assumption that the cohesive properties of all of the high angle grain boundaries

were identical. However, 7xxx aluminium alloys, including AA7449-T7651, contain a mixture of recrystallised and un-recrystallised
grains [37]. Previous research indicates that the grain boundaries at the interface of recrystallised grains could be more sensitive
to HEAC [15]. Similarly, some special grain boundaries are known to be less sensitive to intergranular stress corrosion cracking for
austenitic stainless steels [57]. Therefore, more accurate environmentally assisted cracking models require a mixture of cohesive
T–S parameters to account for the variable sensitivity of different grain boundaries. Furthermore, crack nucleation has often been
correlated with the cracking of constituent particles or particle–matrix interfaces [15]. Additionally, these can also block the growth
of existing cracks and cause crack arrest [15]. Constituent particles could also be incorporated to more complex models to enable
further micro-mechanisms for crack growth and arrest. Cohesive modelling has previously been implemented to model particle
cracking [58]. However, this would considerably increase the number of parameters required for calibration and increase the
complexity of the model. Further, such a model would demand accurate data on particle distribution that simply may not be
available.

8. Conclusion

In this work, a microstructure-sensitive cohesive zone model for HEAC has been developed and implemented. The process
encompasses the generation of a random synthetic microstructure with Dream.3D, as well as the use of a coupled stress-diffusion
analysis in Abaqus. The model was implemented to mimic the HEAC behaviour during crack initiation and microstructurally short
cracking of AA7449-T7651 in moist air. The results found the following:

i. The influence of the orientation of grain boundaries relative to the tensile loading axis on the local crack growth rates and
sensitivity to cracking was successfully accounted for by limiting the damage initiation and fracture criteria to the normal
axes of the cohesive surfaces.

ii. Cracks were found to slow down at grain boundary triple junctions, as seen in real samples.
iii. Two different scenarios were modelled, including surface-reaction and diffusion controlled HEAC. It was inferred from the

crack growth rates and qualitative comparisons that the HEAC rates of the real samples were likely limited by the influx of
hydrogen at the surface rather than the diffusion coefficient.

iv. Randomly generated microstructures, exposed to identical circumstances, demonstrated variability in cracking behaviour.
This emphasises the importance of developing models that incorporate microstructure for cracking phenomena operating on
this length scale.
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Data availability

The files used to obtain the results are available online, including:
i. 1mm_diameter_cylinder.json: The pipeline used to generate the synthetic microstructure in Dream3D.
ii. gmsh.inp: The Abaqus file output by the Dream3D pipeline.
iii. Surface_Optimised_C3D4T_bcp3: The MATLAB code used to generate the required Abaqus input file with defined material

roperties, cohesive surfaces and loading/boundary conditions.
iv. Input_file.inp: The Abaqus input file for the final model results presented in Figures 7–15.
v. KUINTER_surf_crack_outer10.for : The user subroutine used for the final model. The subroutine encompasses the constitutive

echanical and diffusion behaviour of the grains (C3D4T elements) and the grain boundaries (cohesive surfaces).
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