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A B S T R A C T

Combined experiments and computational modelling are used to increase understanding of the
suitability of the Single-Edge Notch Tension (SENT) test for assessing hydrogen embrittlement
susceptibility. The SENT tests were designed to provide the mode I threshold stress intensity
factor (𝐾th) for hydrogen-assisted cracking of a C110 steel in two corrosive environments.
These were accompanied by hydrogen permeation experiments to relate the environments to the
absorbed hydrogen concentrations. A coupled phase-field-based deformation–diffusion-fracture
model is then employed to simulate the SENT tests, predicting 𝐾th in good agreement with the
experimental results and providing insights into the hydrogen absorption–diffusion–cracking
interactions. The suitability of SENT testing and its optimal characteristics (e.g., test duration)
are discussed in terms of the various simultaneous active time-dependent phenomena, triaxiality
dependencies, and regimes of hydrogen embrittlement susceptibility.

1. Introduction

An accurate determination of the mode I threshold stress intensity factor (𝐾th) is essential for the safe and cost-effective design
of metallic structures exposed to environments prone to hydrogen absorption. Its determination is, however, not straightforward,
and better experimental and numerical methodologies for obtaining 𝐾th values representative of service conditions are increasingly
being investigated [1–3]. The main challenges are intrinsically related to the mechanism of hydrogen-assisted cracking [4–6], as
the high sensitivity of the fracture toughness to the hydrogen content makes global quantities such as 𝐾th highly dependent on the
local hydrogen concentration around the crack tip [7,8]. This crack tip hydrogen concentration is in turn linked to the hydrogen
absorbed at the metal surface and to stress-driven hydrogen diffusion within the crystal lattice. While failure often takes place
under small scale yielding conditions and a remote 𝐾-field exists, the non-uniform distribution of hydrogen near cracks and other
stress concentrators results in a non-homogeneous spatial and temporal distribution of the fracture toughness of the metal. As a
result, a global fracture description of hydrogen-assisted failures must be accompanied by an appropriate understanding of the local
conditions, which involves resolving hydrogen ingress for a given environment [9], the interplay between local mechanical and
hydrogen content states ahead of the crack tip [10], and the time scales and dependencies of all the phenomena involved [11]. Hence,
the development of new testing methodologies and the assessment of their suitability for characterising hydrogen embrittlement
susceptibility require resolving the coupling between global (𝐾th) and local (crack tip hydrogen content) quantities.
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In recent years, there has been growing interest in the use of Single Edge Notch Tension (SENT) specimens for fracture toughness
esting [12–14]. This testing configuration results in lower levels of crack tip constraint (triaxiality) relative to other specimen
eometries commonly used in fracture testing, such as Compact Tension (CT) and Single Edge Notch Bend (SENB) samples. Since
he apparent fracture toughness increases with decreasing stress triaxiality, the SENT test is often deemed to be relatively less
onservative, yet it provides a better representation of the crack tip constraint levels relevant to the growth of axial cracks from
he inner to the outer diameter of the pipeline walls [13,15,16]. Accordingly, due to the mechanical and environmental similitude
etween SENT samples and cracked pipelines [15], the use of SENT data can reduce conservatism, enabling more realistic predictions
f pipe burst pressures compared to full-scale tests in acidic corrosive environments [13]. However, despite ongoing efforts to
nderstand and improve the SENT method for hydrogen-assisted cracking, the interactions between test conditions (specimen
eometry, test duration), environmental severity, and cracking are still not adequately understood [17]. This lack of fundamental
nderstanding can hinder the applicability of the test to obtain reliable 𝐾th values and plague the test protocol with uncertainties.

In this work, constant-load SENT tests were designed to provide the 𝐾th for hydrogen-assisted cracking of a C110 low-
alloy steel exposed to two corrosive environments. These tests were accompanied by hydrogen permeation experiments to relate
environmental conditions to hydrogen absorption. A phase field-based, coupled deformation–diffusion-fracture finite element model
is then employed to model the SENT tests, predicting 𝐾th values in good agreement with the experimental findings. The experimental
and numerical results obtained are discussed in relation to the hydrogen absorption–diffusion–cracking interplay, bringing new key
insights that contribute to identifying suitable conditions for SENT testing in corrosive environments.

2. Experimental methods

2.1. Material

The material employed was a C110 low-alloy steel grade (Fe-0.3C-0.3Si-0.4Mn-0.6Cr-1.0Mo 0.1V-0.03Nb weight%), extracted
from a tube with 356 mm outer diameter and 30 mm wall thickness supplied by Vallourec Research Center France. The steel presents
a fully tempered martensitic microstructure. Uniaxial tensile testing in the air at a strain rate of 10−4 s−1 revealed an engineering
yield strength and ultimate tensile strength of 820 and 883 MPa, respectively, and a fracture strain of 19%.

2.2. Hydrogen permeation

Permeation data is acquired using a Devanathan-Stachurski [18] two-compartment electrolytic cell at 24 ◦C. Permeation
ransients are recorded for 720 h using a Bio-Logic VMP3 potentiostat, Ag/AgCl reference electrode and platinum mesh counter
lectrode. The permeation membranes tested have a thickness of 2.9 ±0.1mm and an exposed area of 6.6 cm2 (sample holder
ith 2.89 cm diameter opening). Following the grinding of both membrane sides using SiC papers up to 1200 grit (15 μm), the exit

surface was electroplated with a thin layer of Pd and maintained at a constant anodic potential of 0.33 VAg/AgCl in a 0.1 mol/L NaOH
solution. After the anodic current becomes stable and below 200 nA/cm2, an acidic solution (5.0 wt%NaCl, 1–2 wt%CH3COOH, pH
≈ 3) saturated with a gas containing 3, 10 or 100% H2S is poured into the charging compartment of the cell. The anodic solutions
were deaerated with nitrogen one hour before and during the experiments. The charging solutions were first deaerated and then
saturated with the respective gas for 45 min before being poured into the charging compartment. The bubbling of the charging gas
was then maintained throughout the experiment.

2.3. Constant-load SENT

The SENT specimens tested in this work have a squared cross-section, with a width (𝑊 ) and thickness (𝐵) equal to 7 mm, and
a gauge length of 25.4 mm, as can be seen in Fig. 1. They were sampled at the mid-thickness of the tube and a 1 mm notch was
machined closer to the inner side of the tube wall. After machining, the specimens were ground with SiC paper up to 1200 grit
(15 μm) and pre-cracked by fatigue using the 3-point bending method. The SENT tests were performed in the same acid solution
as the permeation experiments, saturated with 7% or 100% H2S. A constant load between 7 and 14 kN was applied to each tested
specimen using a proof ring (shown in Fig. 1), providing a wide range of applied 𝐾I. The tests were stopped after the failure of the
sample or, in the absence of fracture, after 720 h. The specimens that did not fail in 720 h were fractured by 3-point bending in air
shortly after the test. The fracture surface of each specimen was then examined under an optical microscope to measure the value
of the initial pre-crack length (𝑎0), considered as 𝑎0 = 0.25(0.5

∑2
1 𝑎𝑖 +

∑5
3 𝑎𝑖), where 𝑖 corresponds to the equidistant measurements

indicated in Fig. 1. In total, 12 and 10 specimens were tested with 7% and 100% H2S, respectively, with 𝑎0 between 2.03 and
2.89 mm (𝑎 ∕𝑊 ≈ 0.3 to 0.4).
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Fig. 1. SENT specimen configuration: geometry (left), with dimensions in mm, picture of the specimen under constant load using a proof ring (centre), and
optical microscope image of fractured SENT specimen indicating the 5 equidistant locations where the pre-crack measurements are taken (right).

3. Numerical methodology

The hydrogen-assisted failure of the SENT samples is idealised as a coupled deformation–diffusion-fracture problem, where the
evolving fracture interface is simulated using the phase field method. The characteristics of phase field fracture and its connection
to Griffith’s energy balance and the thermodynamics of fracture are outlined in Section 3.1. Then, in Section 3.2, the model is
particularised to the description of hydrogen-assisted fracture in elastic–plastic solids. This includes the definition of a suitable
driving force for fracture, accounting for the fraction of plastic work that has dissipated, and the endowment of the model with
a phenomenological hydrogen degradation law for the considered steel. This is followed, in Section 3.3, by the description of the
hydrogen transport model, together with its coupling with the mechanical fields and the cracking process. Finally, the characteristics
of the numerical SENT model, the relevant material parameters, and the chemo-mechanical boundary conditions employed are
provided in Section 3.4.

3.1. A phase field description of fracture

The phase field fracture model is based on Griffith’s thermodynamics framework, which assumes that a crack will grow when
a critical strain energy release rate is attained [19,20]. Mathematically, this can be expressed as follows. In a solid 𝛺, containing
a discrete crack 𝛤 , the balance between stored and fracture energy can be described through the following total potential energy
functional,

ℰ = ∫𝛺∕𝛤
𝜓(𝜺) d𝛺 + ∫𝛤

𝐺𝑐 d𝛤 , (1)

where the first term corresponds to the driving force for fracture, the energy stored in the solid that is available to create two new
surfaces, and the second term represents the resistance of the material to fracture, the critical energy threshold required to create
two new surfaces. Here, 𝜓 denotes the strain energy density, which is a function of the strain tensor 𝜺, and 𝐺𝑐 is the so-called critical
energy release rate, also referred to as fracture energy or material toughness. To enable the computational minimisation of Eq. (1),
the discrete crack can be smeared using an auxiliary phase field variable 𝜙, such that 𝜙 = 0 denotes intact (undamaged) material
points and 𝜙 = 1 represents fully cracked material points, akin to a damage variable. Then, upon suitable choices of crack density
function 𝛾(𝜙,𝓁) and degradation function 𝑔(𝜙), the functional ℰ can be regularised as,

ℰ𝓁 = ∫𝛺

(

𝑔(𝜙)𝜓0(𝜺) + 𝐺𝑐𝛾(𝜙,𝓁)
)

d𝛺 (2)

enabling the computational prediction of cracking as an exchange between stored and fracture energy. In Eq. (2), 𝜓0 denotes
the undamaged strain energy density and 𝓁 is the phase field length scale parameter, which ensures mesh objectivity in the
computational results. Importantly, the choice of 𝓁 also determines the material strength. For example, for the following choice
of crack density function,

𝛾(𝜙,𝓁) =
(

𝜙2

2𝓁
+ 𝓁

2
|∇𝜙|2

)

(3)

which corresponds to the so-called conventional or AT2 phase field model [21], the solution to the 1D homogeneous problem renders
a critical stress of

𝜎𝑐 =
(

27𝐸𝐺𝑐
)1∕2

(4)
3
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Consequently, the phase field fracture model not only adequately predicts cracking when the energy release rate reaches a critical
uantity (𝐺 = 𝐺𝑐 , or 𝐾𝐼 = 𝐾𝐼𝑐), in agreement with well-established fracture mechanics principles, but is also capable of capturing
trength-driven failures and the sensitivity to the flaw size (see Refs. [22,23]).

.2. Elastoplastic hydrogen-assisted fracture

We proceed to particularise the model to the fracture of an elastic–plastic solid exposed to a hydrogen-containing environment. In
greement with experimental observations, and following the work by Martínez-Pañeda et al. [24], the interplay between hydrogen
nd fracture is introduced by making the material toughness dependent on the hydrogen concentration through the definition of a
ydrogen degradation function, such that,

𝐺𝑐 (𝐶) = 𝑓 (𝐶)𝐺𝑐 (0) (5)

where 𝐺𝑐 (0) is the critical energy release rate in a hydrogen-free environment. The definition of 𝑓 (𝐶) can follow mechanistic [24,25]
r phenomenological [26,27] approaches. Here, the latter class is adopted, as the relationship between fracture toughness and
ydrogen content is well-characterised for the material under consideration, a low-alloy steel (see Section 3.4). The toughness
ersus hydrogen content data is fitted with the following exponential function,

𝐺𝑐 (𝐶) =

[

𝐺min
𝑐

𝐺𝑐 (0)
+

(

1 −
𝐺min
𝑐

𝐺𝑐 (0)

)

exp (−𝑞𝐶)

]

𝐺𝑐 (0) (6)

where 𝑞 is a fitting parameter, and 𝐺min
𝑐 is the saturation magnitude, the lowest value of 𝐺𝑐 in hydrogen-containing environments.

A standard, von Mises plasticity model is adopted to describe material deformation. Small strains are assumed and consequently,
the strain tensor is estimated as 𝜺 ∶= ∇sym𝐮 and additively decomposed into elastic and plastic parts: 𝜺 = 𝜺𝑒+𝜺𝑝. Power law hardening
is assumed, such that the flow stress equals,

𝜎𝑓 (𝜀𝑝) = 𝜎𝑦

(

1 + 𝐸𝜀𝑝

𝜎𝑦

)𝑁
(7)

where 𝑁 is the strain hardening exponent (0 ≤ 𝑁 ≤ 1), 𝜀𝑝 is the equivalent plastic strain, and 𝜎𝑦 denotes the yield stress. This results
in the following strain energy density

𝜓𝑝 =
𝜎2𝑦

𝐸(𝑁 + 1)

(

1 +
𝐸𝜀𝑝
𝜎𝑦

)(𝑁+1)

. (8)

To define the interplay between fracture and plasticity we follow the work by Mandal et al. [27]. Accordingly, and consistent
ith thermodynamics, only the plastic work that is not dissipated into heat is assumed to be available to drive crack advance. The

train energy density is then defined as,

𝜓 ∶= 𝑔(𝜙)𝜓𝑒
(

𝜺𝑒
)

+ 𝑔̄(𝜙)𝜓𝑝(𝜀𝑝), (9)

with the elastic strain energy density being given by 𝜓𝑒 =
1
2 𝜺𝑒 ∶  ∶ 𝜺𝑒 =

1
2𝜆tr2(𝜺𝑒) + 𝜇tr(𝜺2𝑒 ) where  is the fourth-order elasticity

tensor, and 𝜆 and 𝜇 are the Lamé constants. The choice of two distinct degradation functions for the elastic and plastic parts of
the strain energy density provides the flexibility needed to define a thermodynamically and variationally-consistent fracture driving
force. Following Ref. [27], we adopt,

𝑔(𝜙) = (1 − 𝜙)2, 𝑔̄(𝜙) ∶= 𝛽𝑔(𝜙) + (1 − 𝛽), 0 ≤ 𝛽 ≤ 1. (10)

with 𝛽 being a parameter that quantifies the fraction of plastic work that is stored in the material and is therefore available to
create new fracture surfaces. Following the seminal work by Taylor and Quinney [28], a value of 𝛽 = 0.1 is adopted, as only 10%
of the plastic work does not dissipate as heat. In addition, a history field  is introduced to ensure damage irreversibility [29].
Considering the constitutive choices above and taking the variation of ℰ𝓁 with respect to the phase field 𝜙 and displacement field
𝐮 variables, the governing equations of the coupled elastic–plastic deformation-fracture problem can be obtained

∇ ⋅ 𝝈 = 𝟎, with 𝝈 = 𝑔(𝜙)E ∶
(

𝜺 − 𝜺𝑝
)

and ‖𝝈dev‖ = 𝑔̄(𝜙)𝜎𝑓 (𝜀𝑝) if 𝜀̇𝑝 > 0,

𝐺𝑐 (𝐶)
(

𝜙
𝓁

− 𝓁∇2𝜙
)

= 2(1 − 𝜙) with  ∶= max
𝑡

(

𝜓+
𝑒 (𝑡)

)

+ 𝛽𝜓𝑝.
(11)

3.3. Hydrogen transport

It only remains to model the transport of hydrogen within the bulk metal. Hydrogen diffusion through the crystal lattice is
described using the hydrogen concentration 𝐶 as the primary variable. Denoting 𝐉 as the hydrogen flux, the mass balance equation
reads,

𝜕𝐶 = −∇ ⋅ 𝐉, with 𝐉 = −𝐷∇𝐶 + 𝐷𝐶 𝑉 ∇𝜎 , (12)
4
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Fig. 2. Uniaxial stress–strain relation: experimental data and power law fit considered in the numerical model.

Table 1
Material parameters characterising the mechanical and hydrogen transport behaviour of C110 low-alloy steel.
𝐸 [MPa] 𝜈 𝜎𝑦 [MPa] 𝑁 [–] 𝐺𝑐 (0) [N/mm] 𝐷 [mm2/s]

207,000 0.3 800 0.04 40 1.4 × 10−4

where 𝐷 is the (apparent) hydrogen diffusion coefficient, 𝑅 = 8.314 J/(mol K) is the ideal gas constant, 𝑇 is the absolute temperature,
𝜎ℎ = tr𝝈∕3 is the hydrostatic stress, and 𝑉𝐻 is the partial molar volume of hydrogen in solid solution. The last two terms account
or the role that lattice distortion plays in hydrogen transport as a result of mechanical straining.

It is also necessary to handle the transport of hydrogen through exposed (surface) cracks. It is expected that the hydrogen-
ontaining aqueous electrolyte will immediately occupy the space created by crack advance. To capture this, the diffusivity of
aterial points in the damaged region is significantly enhanced by means of an amplification coefficient 𝑘𝑑 ≫ 1. A damage

threshold, 𝜙th ≈ 0.8, is also defined to establish the degree of damage above which the electrolyte is assumed to progress through
an interconnected network of microcracks. Then, the diffusion coefficient is reformulated as,

𝐷 = 𝐷0
(

1 + 𝑘𝑑⟨𝜙 − 𝜙th⟩
)

(13)

where 𝐷0 is the hydrogen diffusivity of the undamaged material and ⟨□⟩ denote the Macaulay brackets. Alternative approaches,
uch as the use of penalty-based moving chemical boundary conditions [30], can also be adopted to ensure that the hydrogen
oncentration in damaged regions equals that of the environment, 𝐶(𝜙 > 0.8) ≈ 𝐶env.

.4. Numerical SENT experiments

Finally, the model is particularised to the material and testing configuration of this work. The numerical implementation of the
odel is carried out in the commercial finite element package Abaqus using a combination of UMAT and UEL subroutines [27,31].
he coupled deformation–diffusion-fracture three-field problem is solved in a staggered manner. The material parameters of the
aterial employed, a C110 low-alloy steel grade, are given in Table 1. Common to low-alloy steels, Young’s modulus and Poisson’s

atio are assumed to be 𝐸 = 207 GPa and 𝜈 = 0.3, respectively. The yield stress and strain hardening exponent are obtained by
itting the power law hardening expression of Eq. (7) to the output of the uniaxial stress–strain tests discussed in Section 2.1;
he experimental data and the fit are shown in Fig. 2. The diffusion coefficient of the material equals 𝐷0 = 1.4 × 10−4 mm2/s, as
etermined via electropermeation experiments (see Section 4.1). Also, common to iron-based materials, the partial molar volume
f hydrogen in solid solution is taken to be 𝑉𝐻 = 2000 mm3∕mol.

The fracture behaviour is described by the choices of toughness 𝐺𝑐 and phase field length scale 𝓁 (or strength 𝜎𝑐 , as per Eq. (4)).
he toughness, and its sensitivity to the hydrogen content, are chosen based on experimental data available for similar low-alloy
teels — see Fig. 3. The data, taken from Refs. [32,33], is shown in terms of 𝐺𝑐 (or 𝐽𝑐) versus 𝐶, in wt ppm. The right-axis also shows
he corresponding values of fracture toughness 𝐾𝐼𝑐 , using the standard plane strain conversion: 𝐾𝐼𝑐 =

√

𝐸𝐺𝑐∕(1 − 𝜈2). As shown in
Fig. 3, the experimental data can be adequately fitted with the exponential function given in Eq. (6) upon the following parameter
choices: 𝑞 = 0.5 and 𝐺min

𝑐 = 2 N/mm. The phase field length scale is taken to be equal to 𝓁 = 0.085 mm, based on Eq. (4) and on
the consideration of a fracture strength equal to 𝜎𝑐 = 4𝜎𝑦, as per Ref. [27]. This results in a plastic zone size 𝑅𝑝 = (1∕3𝜋)(𝐾𝐼𝑐∕𝜎𝑦)2

of approximately 0.15 mm, for a 𝐾 value of ∼30 MPa
√

m (see below).
5
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Fig. 3. Sensitivity of the fracture toughness to the hydrogen concentration in low-alloy steels. 𝐽𝐼𝑐 (or 𝐺𝑐 ) versus 𝐶 data taken from Refs. [32,33]. The fitting
urve corresponds to Eq. (6) with the parameters 𝑞 = 0.5 and 𝐺min

𝑐 = 2 N/mm.

The SENT geometry is modelled as a 2D plane strain problem with the dimensions given in Fig. 5. Taking advantage of symmetry,
nly half of the specimen is simulated, with appropriate boundary conditions being used along the symmetry line (𝑢𝑦 = 0). Mimicking
he experiments, the loading is applied as a constant vertical load on the top edge of the sample, where only vertical translational
otion is allowed. This was achieved using a rigid body constraint at the top edge; the centre point of the top edge was taken

o be the reference point, where a vertical concentrated load was applied and horizontal translation and in-plane rotation were
onstrained. From the applied load 𝑃 and the crack length 𝑎, a mode-I stress intensity factor 𝐾𝐼 value can be obtained as,

𝐾𝐼 = 𝑃

𝐵
√

𝑊
⋅ 𝑓

( 𝑎
𝑊

)

(14)

where 𝐵 is the sample thickness and 𝑊 denotes its width. As per Ref. [34], for this particular SENT testing configuration, the
geometry factor 𝑓 is given by

𝑓
( 𝑎
𝑊

)

= 43.367
( 𝑎
𝑊

)5
− 99.18

( 𝑎
𝑊

)4
+ 87.038

( 𝑎
𝑊

)3
− 31.762

( 𝑎
𝑊

)2
+ 8.8764

( 𝑎
𝑊

)

. (15)

As depicted in Fig. 5, the initial crack (of length 𝑎0) is defined geometrically (i.e., not enforcing the symmetry 𝑢𝑦 = 0 condition)
and using a Dirichlet condition of 𝜙 = 1, as this is shown to more accurately result in an onset of crack growth for 𝐺 = 𝐺𝑐 (see
Refs. [23]). The chemical boundary condition corresponds to a time-dependent hydrogen concentration 𝐶env(𝑡) that best represents
he environmental conditions of the electrolyte, as determined by the permeation experiments. The outcome of those experiments,
iscussed in Section 4.1, results in the application of the time-dependent hydrogen surface concentration shown in Fig. 4.

The domain is discretised using quadratic quadrilateral elements with reduced integration. A total of approximately 15,000
lements are employed, with the mesh being particularly fine along the expected crack propagation region, where the characteristic
lement length is at least 5 times smaller than the phase field length scale 𝓁, ensuring mesh independent results [23]. Representative

results are also given in Fig. 5, in terms of the hydrogen concentration 𝐶 and phase field 𝜙 contours. The results exhibit the qualitative
trends expected. If the applied constant load is sufficiently large, then crack growth will take place at a representative time 𝑡∗. Since
the samples are not pre-charged, there is no hydrogen at 𝑡 = 0 but after a sufficient time the hydrogen distributes itself, with 𝐶 ≈ 𝐶env
near the surface and a peak of hydrogen content in the close vicinity of the crack, coincident with the hydrostatic stress peak.

4. Results

We proceed to present the experimental results obtained for the permeation (Section 4.1) and SENT (Section 4.2) studies. These
results are then subsequently extensively discussed in Section 5.

4.1. Hydrogen permeation

In this work, hydrogen uptake into the steel is the result of corrosion processes that occur on the sample surfaces that are
exposed to acid environments containing H2S. Electrochemical permeation is used to provide the link between the environment and
6

the absorbed hydrogen concentration. The experimental results obtained are shown in Fig. 6, in terms of the evolution in time of



Engineering Failure Analysis 162 (2024) 108360L. Cupertino-Malheiros et al.
Fig. 4. Time-dependent Dirichlet hydrogen concentration at the exposed boundaries of the sample, for each of the considered H2S solutions. These numerical
boundary conditions are based on the permeation experiments discussed in Section 4.1.

Fig. 5. Geometry and numerical model of the single edge notched tensile (SENT) test. A representative distribution of the hydrogen concentration 𝐶 and the
phase field fracture parameter 𝜙 are also shown. The initial crack, of length 𝑎0, is introduced through a combination of a geometrical definition and a Dirichlet
𝜙 = 1 boundary condition. All geometrical dimensions are in mm.

the anodic current density, which is proportional to the hydrogen flux at the exit side of the permeation membrane. As shown in
Fig. 6, three solutions were considered, 3%, 10% and 100% H2S, with the anodic current density being higher with increasing H2S
content, in agreement with expectations. The results show that there is an increase in the anodic current in the first few hours of the
permeation test, reaching a steady-state current density (𝑗∞) after approximately 10 h. For the 10% and 100% H2S conditions, the
current density remains at this maximum 𝑗∞ value only during the first day of testing, followed by a decrease until it reaches another
plateau at around 360 h. Similar trends in permeation current density have been reported in the literature and were associated with
a decrease in corrosion rates due to the formation of a protective layer of corrosion products on the steel surface [35–37].

The normalised permeation transients during the first hours of the tests are shown in Fig. 6(b). They can be described by the
following expression,

𝑗𝑝 − 𝑗0 = 1 + 2
∞
∑

(−1)𝑛 exp
(

−𝑛2𝜋2𝐷𝑡
2

)

(16)
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Fig. 6. Hydrogen permeation transients for the three percentages of H2S tested. In (a), the evolution of the anodic current density is displayed over 720 h,
while in (b) the normalised transients over the first 10 h are shown with their respective fittings (dashed lines).

Fig. 7. Sub-surface hydrogen concentration of permeation transients as a function of H2S from this work, Turnbull et al. [38] and Liu and Case [39] in NaCl
solutions with pH varying from 2.6 to 3.6.

considering the sub-surface hydrogen concentration at the entry side of the membrane (𝐶0) to be constant and given by

𝐶0 =
𝑗∞𝑙
𝐹𝐷

(17)

where 𝑗𝑝 is the measured anodic permeation current density at a time 𝑡, 𝐷 is the apparent diffusion coefficient, 𝑗0 is the initial current
density, and 𝑙 is the membrane thickness. The experimental permeation transients were satisfactorily fitted (R2 ≥ 0.99) to Eq. (16)
using Matlab, resulting in 𝐷 values equal to 1.1, 1.2 and 1.9×10−10 m2/s for the 3%, 10% and 100% H2S solutions, respectively.
The average 𝐷 value of 1.4×10−10 m2/s is then used for the 𝐶0 calculation, Eq. (17), and in the numerical SENT experiments,
Eq. (12).

It has been previously reported that the sub-surface hydrogen concentrations (𝐶0) evolve linearly with the logarithm of H2S
concentration, depending on the solution pH. Fig. 7 shows how the data from the present work compares with two previous
permeation studies in similar acid NaCl solutions at room temperature [38,39]. In the work by Liu and Case [39], the permeation
tests were also performed for a C110 steel, with H2S concentrations given in mol%, while the data acquired by Turnbull et al. [38]
used an AISI 410 steel and reported the concentrations in ppm; the equivalent mol% in gas H2S concentrations were obtained by
considering an H2S concentration of 2300 mg/L for 100 mol%, as per the ANSI/NACE TM0177-2016 standard.

Fig. 7 shows that our data is within the expected range of 𝐶0 for the pH range considered, and a linear interpolation seems to be
a reasonable approximation to estimate the environment hydrogen concentration (𝐶env) in the H2S concentration range investigated,
as required for the numerical SENT tests. The time dependence related to the evolution of corrosion product films was implemented
in the model by considering the decay in 𝑗 after the first day of permeation testing (Fig. 6) in the calculation of 𝐶 through
8
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Fig. 8. Experimentally and numerically determined time to failures as a function of the applied stress intensity factor 𝐾𝐼 . Results are shown for two environments,
based on their H2S content: (a) 100% H2S, and (b) 7% H2S. For both experimental and numerical data, arrows are used to indicate that the sample did not fail

ithin the time considered (720 h).

q. (17). This approximation considers that the evolution of corrosion films on the metal surface can be represented as a series of
ew steady-state events and neglects the time for the anodic current density to reflect these new steady-states (a few hours). For
he 7% H2S numerical results, the linear interpolation between the log of the H2S concentrations of 3% and 10% is taken as 𝐶env(𝑡).

.2. Experimental and numerical SENT tests

The experimental (circles) and numerical (triangles) time-to-failure results for all the tested SENT specimens as a function of
he applied 𝐾𝐼 are shown in Fig. 8. The numerical and experimental data points represented at 720 h correspond to the specimens
hat did not fail during the test, as denoted by arrows. Two scenarios are considered in terms of the environment, an aggressive
00% H2S solution and a milder 7% H2S solution. Consider first the former, Fig. 8a. Overall, a very good agreement is observed
etween experimental measurements and numerical predictions. The range of applied 𝐾𝐼 considered is well below the hydrogen-
ree fracture toughness (𝐾𝐼𝑐 = 95 MPa

√

m) and consequently insufficient to trigger fracture at the beginning of the test, when the
hydrogen has not had time to ingress and redistribute within the sample. However, as observed in the numerical model, hydrogen
promptly accumulates near the crack tip, where the hydrostatic stress is highest, bringing down the material fracture resistance
and triggering failures at 𝐾𝐼 levels well below the fracture toughness in air. In all cases, fracture is observed to occur before 48 h
and this can be rationalised by hydrogen diffusion time scales, as elaborated in the Discussion section below (Section 5). A distinct
critical value of 𝐾𝐼 can be identified, below which failure is not observed within 720 h. Experimentally, this value is found to be
around 23 MPa

√

m, while the computational experiments render a 𝐾th value of 25 MPa
√

m.
The results obtained for the 7% H2S do not exhibit the consistency of the 100% H2S condition, see Fig. 8b. First, the experimental

results reveal significant scatter. A sample loaded at 𝐾𝐼 = 30 MPa
√

m did not fail after 720 h yet failure after approximately 100 h is
observed in a sample subjected to 𝐾𝐼 = 27 MPa

√

m, hindering 𝐾th determination. The simulations provide a precise value of 𝐾th but
ifferences with the experimental data can be noted; while the finite element predictions suggest 𝐾th ≈ 34 MPa

√

m, the experimental
data suggests a magnitude of 𝐾th ≈ 30 MPa

√

m, with a sample failing at a load level below that. Moreover, all the samples fracturing
in the numerical experiments do so relatively early (within the first 24 h), while some of the laboratory experiments show failures
after almost 200 h. These differences are extensively discussed below.

5. Discussion

The results obtained provide interesting insight into the phenomena underpinning the hydrogen-assisted failure of SENT samples
in corrosive environments. Several aspects shall be particularly emphasised.

Time scales. A key aim is to establish an optimal test duration: how soon can the test be stopped with the certainty that
sample failure would not have happened later? Several competing time-dependent phenomena take place. First, common to both
the aggressive (100% H2S) and mild (7% H2S) environments is the progressive formation of a corrosion product layer that hinders
hydrogen ingress — as shown in Fig. 4, the maximum sub-surface hydrogen concentration levels are attained after approximately
24 h, and subsequently the hydrogen content drops progressively. Secondly, there is a time scale associated with the diffusion of
hydrogen (i.e., how long does it take for a peak hydrogen content to be attained). To determine this, we run subsequent coupled
deformation–diffusion finite element calculations for the case of a stationary crack (i.e., no phase field). Several scenarios have been
considered. First, as shown in Fig. 9, we assume that the sample is exposed to a constant hydrogen concentration, the maximum
attained in the permeation test. This corresponds to the assumption of a non-protective surface film, as it might be expected in a
9
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Fig. 9. Distribution of hydrogen concentration ahead of the crack tip: evolution in time under the assumption of negligible protection from the corrosion product
layer (𝐶(𝑡) = 𝐶max). These representative results are shown for an applied 𝐾𝐼 that corresponds to the critical threshold: (a) 𝐾th = 25 MPa

√

m (100% H2S), and
(b) 𝐾th = 35 MPa

√

m (7% H2S).

highly strained crack surface. The results show that, for both H2S environments, 10 h suffice to achieve a maximum hydrogen content
that is 90% of the steady state magnitude. It can also be seen that the local hydrogen content is roughly 2 times larger than that of
the subsurface, due to lattice dilation. However, the precise figure is dependent on the material model adopted (here, conventional
von Mises plasticity), with more accurate strain gradient plasticity-based models predicting a higher increase in hydrogen content
[40].

Hydrogen distributions ahead of stationary cracks are also computed considering the effect of the corrosion product layer, as
shown in Fig. 4. As in Fig. 9, these results are shown for a given choice of applied 𝐾𝐼 (𝐾𝐼 = 𝐾th), yet are quantitatively representative
as the applied load only has a small effect on the peak hydrogen content (e.g., considering 𝐾𝐼 values 5 MPa higher or lower than
𝐾th brings less than a 10% change in the maximum 𝐶 attained for the 7% H2S case). For each of the H2S environments considered,
results are shown in terms of both hydrogen distribution ahead of the crack tip for selected periods (Figs. 10a and 10c), and in
terms of the maximum hydrogen content attained ahead of the crack tip versus time (Figs. 10b and 10d).

Consistent with the permeation data, see Fig. 4, the peak in hydrogen content is seen to drop after 22 h, which is longer than
what it takes to achieve a hydrogen distribution close to the steady state one (as per Fig. 9). Consequently, it can be argued that the
time scale that governs the attainment of the maximum crack tip hydrogen concentration is the diffusion time scale, and not the
corrosion product layer formation. This significantly simplifies the analysis as correlating corrosion product formation characteristics
in permeation tests and in the occluded and heavily strained conditions of cracks is not straightforward [11]. Our numerical analysis
therefore suggests that the critical hydrogen content can be achieved after approximately 10 h, potentially establishing an optimal
duration of the test. However, while this is in good agreement with the computational results, some laboratory experiments show
much longer failure times, particularly for the milder H2S environment. As discussed below, this is likely related to stable crack
growth phenomena.

Influence of the environment. The SENT results obtained (Fig. 8) reveal notable differences between the two environments
considered: an aggressive 100% H2S solution and a milder 7% H2S one. The latter showed a higher dispersion in the experimental
data, hindering the definition of 𝐾th. These differences can be rationalised considering the fit to the toughness versus hydrogen
content data, as sketched in Fig. 11. Consider first the 100% H2S solution, for which the highest value of the subsurface hydrogen
content was found to be 𝐶max

𝑏 ≈ 7 wt ppm, increasing up to 12 wt ppm ahead of the crack tip. These hydrogen contents are sufficient
to reduce the toughness to values very close to their saturation one (the minimum 𝐾th that can be obtained in a hydrogen-containing
environment). For high hydrogen concentrations (8 wt ppm or larger), the shape of the toughness vs 𝐶 plot is reaching a plateau
and consequently, results are rather insensitive to small variations in concentration. This is the opposite of what is observed in the
7% H2S case, where the hydrogen content is lower and consequently one lies in the higher slope region of the toughness versus
hydrogen content curve. As a result, small changes in hydrogen content are more likely to cause changes in the 𝐾th measured. This
would rationalise the higher degree of scatter observed for milder environments. Small test-to-test changes in surface conditions,
defect geometry, or local electrolyte characteristics can result in non-negligible differences in the failure load for such low hydrogen
contents.

Opportunities for optimised and virtual testing. The combination of experiments and modelling has shown to be very useful
in providing insight into the suitability and limitations of the SENT test for providing suitable 𝐾th measurements. This information
can be used to optimise testing protocols and replace (or complement) laboratory testing with computational experiments. However,
some challenges remain to be addressed. While the agreement between experiments and modelling is excellent for the more
aggressive solution (100% H S), differences are more pronounced for milder solutions where small changes in local hydrogen
10
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3

Fig. 10. Hydrogen concentration ahead of the crack tip. 𝐶 distribution as a function of the distance to the crack tip for selected times, (a) and (c), and evolution
in time of the magnitude of the peak hydrogen concentration, the maximum value of 𝐶 ahead of the crack tip, (b) and (d). The results have been obtained
considering the role of the corrosion products in hindering hydrogen uptake, following the permeation experiments (Fig. 4). These representative results are
shown for an applied 𝐾𝐼 that corresponds to the critical threshold: 𝐾th = 25 MPa

√

m (100% H2S) for (a)–(b), and 𝐾th = 35 MPa
√

m (7% H2S) for (c)–(d).

content can lead to significant variations in failure load. Moreover, as shown in Fig. 8b, some samples are observed to fail in
the lab at much longer times than in the equivalent computational model, and at much longer times than those needed to achieve
steady state hydrogen distributions, compromising a simple determination of optimal test duration. The data scatter and the late
failures could be related to the already discussed higher toughness sensitivity to the hydrogen content in the low 𝐶 regime. Another
potential explanation relates to subcritical crack growth. While failures can be unstable in the most aggressive environments, for mild
environments a propagating crack encounters areas of increasing toughness, which could lead to crack arrest and blunting. The crack
would only resume propagation once sufficient hydrogen has diffused to the new crack tip process zone, introducing another time
dependency into the problem. This is observed in some of the numerical simulations, yet failure still takes place earlier than in the
experiments as the time needed for the critical hydrogen content to be attained is short. This is inherently related to the homogenised
description provided by the model, as the hydrogen content only needs to attain its critical value in the integration point closest
to the crack tip. However, this can be different to the experiments if crack growth is governed by the presence of microstructural
heterogeneities that are located dozens of microns away from the crack tip such as inclusions or segregated hardened zones. This
would necessarily increase the time needed for the next crack extension event. The fracture surfaces of all the specimens were imaged
after testing. As illustrated in Fig. 12(a), there was no evidence of brittle, hydrogen-assisted fracture for the specimens that passed the
test, with a fully ductile fracture morphology being observed. This image was purposely chosen for the specimen with applied 𝐾𝐼 of
0 MPa

√

m that passed the 7% H2S condition, where it was not possible to accurately obtain an experimental threshold 𝐾𝐼 value. On
the other hand, the specimens that failed the SENT test show the hydrogen-assisted quasi-cleavage morphology typical of low-alloy
martensitic steels [1,41,42], as seen in Fig. 12(b). These images are consistent with the argument above; only 10 h are needed for
the first crack growth event to occur, and the sample will not fail if the peak in the steady state hydrogen concentration is not
11
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Fig. 11. Rationalising the differences in 𝐾th determination observed for the two different environments considered: 7% and 100% H2S. The black line denotes
the fit to the toughness versus environmental (global) hydrogen content data, as obtained through DCB testing in Refs. [32,33] (see Fig. 3). Vertical dashed
lines are used to represent the maximum environmental hydrogen concentration at the boundary 𝐶max

𝑏 for each of the solutions, as shown in Fig. 4. Solid dashed
lines are used to represent the peak hydrogen levels attained locally ahead of the crack tip, which are about 2 times higher than 𝐶max

𝑏 due to stress-induced
diffusion. The range of threshold 𝐾th values identified from our SENT experiments is also shown.

Fig. 12. Representative images for the fracture surfaces of specimens that (a) passed the 720-hour SENT test and were fractured in air and (b) failed the SENT
test, exhibiting hydrogen-assisted quasi-cleavage fracture morphology. The dashed blue lines delimit the end of the fatigue pre-crack.

microstructural features. Based on this insight, a potentially suitable protocol would be to arrest the test after one day and, if the
sample has not failed, conduct a subsequent three-point bending test in air to examine the fracture surface. If no cleavage-like
features are observed, the applied load can be deemed to be lower than 𝐾th; otherwise, the sample has to be considered as a failed
one, 𝐾𝐼 ≥ 𝐾th.

The combination of modelling and experiments also seems to suggest that first-order approximations for 𝐾th can be obtained for
a given solution based on sub-surface hydrogen concentration (i.e., only with permeation experiments), provided that a toughness
versus hydrogen content database exists. The source of the 𝐾𝐼𝑐 vs 𝐶 data is important when trying to account for triaxiality effects.
In Refs. [32,33], the works used to generate the database used here, a Double Cantilever Beam (DCB) geometry was used. This
geometry is widely used, as it is the case of CT or SENB configurations, as they result in very high levels of crack tip constraint
(positive 𝑇 -stress [43]) and thus lower (conservative) estimates of 𝐾th for a given geometry. Finite element modelling can be used
to quantify the role of triaxiality on crack tip fields and 𝐾th. However, the results shown here reveal that aggressive H2S solutions
result in hydrogen contents that are sufficiently high to approach the plateau of the 𝐾𝐼𝑐 vs 𝐶 curve of low-alloy steels, where stress
triaxiality plays no role.
12
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6. Conclusions

We have conducted electrochemical permeation and constant-load Single-Edge Notch Tension (SENT) experiments to gain insight
nto the hydrogen-assisted cracking of low alloy steels exposed to corrosive environments. In addition, to gain further insight,
hese experiments have been combined with numerical modelling, using a phase field-based coupled deformation–diffusion-fracture
odel endowed with a phenomenological toughness versus hydrogen concentration degradation law. The focus was on assessing

he suitability of SENT testing to characterise the susceptibility to sulphide stress cracking and other hydrogen-assisted fracture
henomena, as SENT experiments have recently attracted interest due to their ability to mimic the constraint conditions of cracked
ipelines. The main findings include:

• Permeation experiments enable quantifying hydrogen absorption as a function of the environment (H2S content) and reveal
the role that corrosion products have in reducing sub-surface hydrogen concentration.

• The numerical model is shown to deliver reliable predictions across a wide range of applied loads, environments and
geometries.

• Laboratory and computational SENT tests enable determining a critical stress intensity factor threshold 𝐾th for each environ-
ment. However, this is compromised by data scatter for the low H2S content scenario. The observed dispersion is attributed
to the higher sensitivity of fracture toughness to hydrogen content at low hydrogen concentrations.

• For severe environments, hydrogen uptake is such that 𝐾th is close to the toughness saturation value, the lowest value of 𝐾𝐼𝑐
in hydrogen-containing environments. As a result, triaxiality effects do not play a role and there is no advantage in using SENT
testing over other tests with higher levels of crack tip constraint (DCB, CT, SENB).

• The hydrogen peak near the crack tip reaches 90% of its maximum value (the steady state result) after 10 h. This is a shorter
period than the time that it takes for corrosion products to form at the surface and hinder hydrogen uptake. As such, one can
neglect the role of corrosion film formation and establish a suitable testing time of less than a day. However, failure at close
to 200 h has been observed for the low H2S scenario and this is attributed to intermittent crack growth and its dependency
on diffusion.
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