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Abstract 
Contamination of steel structures, working in environments where the presence of hydrogen cannot be 

neglected, can lead to significant degradation of mechanical properties, in particular, fracture toughness. In 

order to estimate the local hydrogen concentration at the crack tip and to understand the embrittlement 

mechanism, numerical models are important tools to support experimental tests that are quite complex to 

perform. This paper presents the application of a cohesive zone model, which couples diffusion and 

mechanical fields, to study the hydrogen embrittlement on AISI 4140 steel. The total hydrogen concentration, 

sum of the contents of hydrogen present in the lattice and in dislocation traps, is the quantity governing the 

embrittling effect. The input parameters of the model were calibrated using experimental tests performed 

on steel samples; then, initial lattice concentration was calibrated based on hydrogen pre-charged tests. A 

sensitivity analysis was proposed, discussing the effects of material, environmental and testing input 

parameters. The analysis confirms the capability of this numerical tool in predicting the mechanical response 

in presence of hydrogen, highlighting its potential to be used for practical design and assessment. 
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1. Introduction 
Effects of hydrogen atoms penetrating into the steel lattice are always deleterious from the viewpoint of 

mechanical properties, resulting in the well-known hydrogen embrittlement phenomenon. In the past, the 

scientific literature faced this problem with wide experimental campaigns, focusing on the material–

environment combinations and on the classification of the embrittling mechanisms. Among these, hydrogen-

enhanced decohesion (HEDE) and hydrogen-enhanced localized plasticity (HELP), both involving diffusion and 

accumulation of hydrogen in highly stressed regions (for example a crack or notch tip), are the most relevant 

and frequently reported mechanisms regarding CrMo martensitic steels [1,2]. HEDE mechanism, also known 

as HID (Hydrogen-Induced Decohesion), initially described by Pfeil [3] and later studied by Gerberich [4], 

Troiano [5] and Oriani [6], is based in the reduction of the interatomic bonding energy between adjacent 

crystallographic planes, grain boundaries and other internal interfaces. HEDE assumes that the cohesive 

strength is reduced when a critical hydrogen concentration is reached in the process zone ahead of a crack 

tip, where hydrogen trapping becomes more relevant. In martensitic steels, HEDE mechanism is usually 

manifested as intergranular fracture, cleavage facets or decohesion along martensitic laths [7–10]. On the 

other hand, HELP mechanism, proposed by Birnmaun, Sofronis and collaborators [11–13] suggests that 

hydrogen increases dislocation mobility (by reducing the Peierls stress for dislocation movement), thus 

enhancing plasticity and shear decohesion along slip planes. Therefore, in contrast to the brittleness fostered 

by HEDE mechanism, HELP is characterized by a very localized deformation that takes place in highly stressed 

regions with great amounts of accumulated hydrogen. Consequently, in practice, this mechanism is usually 

associated to shallow and elongated dimples visible on the fracture surface. It is also worth mentioning that 

some research works have associated the combined action of HEDE and HELP mechanisms to the premature 

failure of CrMo steel specimens with internal hydrogen [14]. 

The influence of internal hydrogen on the fracture toughness of CrMo steels has been studied experimentally 

by several authors, e.g. [15–19], reporting in all the cases relevant fracture toughness reductions associated 

to important alterations of the operative fracture micromechanisms. The current work will focus on AISI 4140 

steel (UNS G41400, standard ASTM A29/A29M-16, also known as 42CrMo4, standard EN ISO 683‑2), widely 

used for drilling tools and wellhead equipment in the oil&gas field. Regarding this steel, since the early work 

developed by Townsend [20], which demonstrated that even small amounts of hydrogen (below 1 ppm) 

could considerably reduce the crack growth resistance, other authors such as Chuang et al. [21] and 

Nagarajan et al. [22] have contributed to understand the influence of hydrogen on fatigue crack growth 

behaviour and hydrogen related fracture micromechanisms. Recently, Iijima et al. [23] reported a clear drop 

of the fracture toughness of AISI 4140 steel, with a yield strength of 700 MPa, when tested in high-pressure 

hydrogen gas. In particular, Zafra et al. [19] studied the influence of tempering temperature and 

displacement rate on J-R curves of hydrogen precharged C(T) specimens. A clear descent of the crack growth 

initiation parameter J0.2BL was reported in all the AISI 4140 steel grades, being maximum in those tempered 

at the lowest temperatures (with yield strengths higher than 1000 MPa) and tested with internal hydrogen 

under the lowest displacement rates. In those cases, the steel lost almost completely its resistance to crack 

growth. The authors also observed clear alterations of the failure micromechanisms: from microvoid 

coalescence to decohesion along martensitic laths or even generalized intergranular fracture in the hardest 

grades. These unquestionable manifestations of the HEDE micromechanism were associated to the combined 

effect of internal hydrogen and high hydrostatic stresses ahead of the crack tip. Additionally, the lower-

strength steel grades studied in the aforementioned work, tempered at higher temperatures such as AISI 

4140 quenched and tempered at 700ºC, presented a fracture micromechanism characterized by decohesion 

along martensitic laths in the crack initiation stage (0.2 mm from pre-crack front) and elongated and shallow 

areas, with limited plastic deformation, in the crack propagation stage, all of these clear signs of acting HEDE 

micromechanism. [19]. It is worth mentioning that these observations regarding the operative failure 

micromechanisms due to hydrogen, confirmed the findings of a previous work regarding tensile notch 

behavior of hydrogenated AISI 4140 quenched and tempered specimens [24]. 
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Together with experimental testing, literature is facing the problem of hydrogen embrittlement also from 

numerical viewpoint. Indeed, experimental testing can be costly and time consuming, and even unreliable 

when the service condition is not fully defined or known as in the design stage. In these cases, numerical 

models can be useful to provide the designers with the damage behaviour and the embrittling tendency, thus 

helping in the best steel selection for specific hydrogen contaminated environments. Numerical approaches 

have been developed, starting from the works by Sofronis and McMeeking [25], Krom et al. [26] and Taha 

and Sofronis [27]. These works introduced the framework to couple equations of hydrogen diffusion with 

mechanical loading. They computed hydrogen concentration in the lattice and in the trap sites, including the 

effects of triaxiality and plastic strain, as a function of time. Applications of these equations have been 

extended, then, to the fracture mechanics approach, focusing on hydrogen embrittlement at the crack tip. 

Finite Elements (FE) works considered different numerical tools, implementing strength reduction at the 

crack tip based on the total hydrogen content, which is the quantity driving the material degradation. For 

instance, growing interest is paid to phase field modelling [28], as well as on cohesive zone models. This last 

one is the material degradation approach followed in the present paper. To cite some works on cohesive 

modelling, Olden et al. [29], Brocks et al. [30], Kim et al. [31], and Raykar et al. [32], Díaz et al.[33] focused 

on the onset of crack propagation under static load and on steel toughness. In addition, Moriconi et al. [34], 

del Busto et al. [35], and Martinez-Paneda et al. [36] proposed formulations for cohesive elements to 

simulate fatigue crack growth. The reviews [2,37–39] are interesting summaries of these numerical 

approaches, and underline the attention of the scientific community to this topic, not only from the 

laboratory testing viewpoint but also for industrial applications and service lifetime prediction. 

The present study considers the numerical implementation of Gobbi et al. [40], with a framework similar to 

the above mentioned numerical works; the codes used in the present work are available in open source at 

[41]. This approach simulates mainly HEDE physical mechanism and estimates hydrogen concentration from 

numerically computed quantities during time increments, i.e. the hydrostatic stress gradient and the number 

of traps related to dislocations and plastic strain. The model is quite complex because many input parameters 

are necessary to define base material behaviour and its degradation with hydrogen, and their experimental 

measurement is not always feasible or easy to perform. For this reason, this paper will briefly present an 

overview of the main parameters affecting the crack propagation in presence of hydrogen, focusing on the 

specific input values for the AISI 4140 steel. Then, the work will describe the procedures to calibrate the 

cohesive law based on the hydrogen-free toughness test, and to estimate the effect of hydrogen content 

based on the hydrogen-charged toughness test. Finally, a sensitivity analysis is proposed, discussing the 

effects of material, environmental and testing input parameters. This analysis shows the capability of the 

developed numerical tool in the prediction of the mechanical response with hydrogen, useful for practical 

design and assessment. 

2. Theoretical background 

2.1 Hydrogen transportation models 
According to Oriani’s theory [42], the concentration of hydrogen in reversible traps, CT, is in equilibrium with 

the concentration of diffusible hydrogen in the lattice, CL, i.e. in the Normal Interstitial Lattice Sites (NILS): 

𝐶𝐿 = 𝜃𝐿𝑁𝐿 (1) 

𝐶𝑇 =  𝜃𝑇𝑁𝑇 (2) 

𝜃𝑇

1 − 𝜃𝑇
=

𝜃𝐿

1 − 𝜃𝐿
𝐾𝑇 (3) 

where: 

 θL is the occupancy of hydrogen in NILS; 

 θT is the occupancy of hydrogen in trapping sites; 
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 NL is the number of solvent lattice atoms, estimated as: 

𝑁𝐿 =
𝒩𝐴𝛽𝜌

𝐴𝑟
 (4) 

where 𝒩𝐴 is Avogadro’s number, 𝜌 is the steel density at 293K (7.87∙103 kg/m3) and 𝐴𝑟 is the molar 

mass of iron at 293K (0.0558 kg/mol). From these input values, NL is equal to 5.1∙1020 sites/mm3; 

 NT the number of traps per unit lattice volume; 

 KT is the equilibrium constant between lattice and trap sites: 

𝐾𝑇 = 𝑒𝑥𝑝
𝐸𝐵

𝑅𝑇
 (5) 

where R is the universal gas constant equal to 8.314 J/(mol∙K), T is the absolute temperature (in the 

current work, tests are performed at room temperature, hence T=296K = 23°C) and EB is the binding 

energy of microstructural hydrogen traps. 

Based on these equations, it is possible to state that the two main parameters characterizing traps are: 1) 

the trap density NT, and 2) its binding energy Eb. 

Regarding the first parameter, there are different traps where hydrogen can be stored and, in case, released. 

This work will focus on dislocations, and, therefore, the trap density is a local function of the equivalent 

plastic strain εp, as well as of the material. Indeed, literature reports some experimental studies evidencing 

this dependence of NT. Table 1 reports a summary of some literature analytical laws extrapolated from 

experimental data. The laws proposed by Kumnick and Johnson [43], Huang et al. [44], Falkenberg [45] and 

Wang et al. [46] are based on permeation tests; on the other hand, the law proposed by Sofronis et al. [47] 

is obtained by assuming one trap per atomic plane threaded by a dislocation, consistent with the work by 

Thomas [48]. Figure 1 plots these equations. It is worth noting that the curve from Wang et al. [46] is related 

to a study on the effect of shot peening combined with hydrogen embrittlement; this curve is at least 6 orders 

of magnitude higher than all the others. This difference can be attributed to the considerable effects of high 

dislocation level and high residual stresses induced in the material by shot peening treatment [49,50]. 

Apart from this work, however, different steels have different trap densities based on their specific 

microstructures, as it is visible from the plot of Figure 1. Not only the initial value at εp=0 is different, but also 

their trends, which flatten at high εp following different laws. Focusing on the steel object of the present 

study, AISI 4140 quenched and tempered at 700ºC (2h), available experimental data from permeation 

measurements at different levels of plastic strain [51] can be interpolated with the exponential function 

similar to other works [43,44,46]. The resulting law, given in Table 1 and used in the following numerical 

simulations, is in line with the one obtained by interpolating data from other authors [44]. The plot of Figure 

1, together with these considerations, describes the importance of a customized NT-εp law for an accurate 

prediction of numerical models. 

Regarding the second parameter used to determine traps’ influence in hydrogen embrittlement, the binding 

energy EB, literature reports different values as a function of the specific steels and of their microstructures. 

Binding energies for similar trapping sites can be quite different because they reflect the variation in 

microstructure. Lower EB values, around 20 kJ/mol are usually associated with elastic stress fields 

surrounding dislocations [48,52–54], which can be classified as weak and reversible traps. On the other hand, 

the highest EB values of 60 kJ/mol correspond to grain boundary and interfaces [43,54,55], which are 

classified as very strong or irreversible traps. Based on Eqs. (3) and (5), EB value influences the trap occupancy 

θT: 
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𝜃𝑇 =
𝐾𝑇 ∙

𝜃𝐿
1 − 𝜃𝐿

1 + 𝐾𝑇 ∙
𝜃𝐿

1 − 𝜃𝐿

 (6) 

Indeed, θT dependency on EB is embedded into KT, as evidenced from Eq. (5). Figure 2 shows the trend of θT 

as a function of hydrogen concentration in the lattice CL. For the considered practical CL range (10-3-101 

wppm), traps with binding energies equal to or higher than 60 kJ/mol will be fully saturated, i.e. θT=1. This 

means that high energy traps (i.e. 60 kJ/mol) have little influence on embrittlement because hydrogen is not 

released at room temperature. On the other hand, EB lower than 20 kJ/mol will be drained of hydrogen 

because the θT curve flattens towards zero. Different works [25,27,56,57] showed that it is possible to 

implement analytical equations and numerical models with concurrent trapping at multiple sites, e.g. 

dislocations, grain boundaries, carbides. They proved that multiple traps can also interact to partially mitigate 

hydrogen embrittlement, up to their saturation [56]. 

In quenched and tempered CrMo martensitic steels, the main hydrogen traps are usually associated to 

interfaces between precipitated carbides and the ferritic matrix, martensitic lath, packets and blocks 

interfaces, grain boundaries and dislocations. However, based on experimental results, some authors [58,59] 

have considered dislocations as the governing trap site in quenched and tempered CrMo steels such as AISI 

4140. Indeed, the distinction between the aforementioned traps in these steels, with very close binding 

energies, becomes extremely difficult with the current experimental techniques [60]. Trapping binding 

energies, Eb, in the range of 26-30 kJ/mol are usually assumed for dislocations in steels [61–68]. Based on the 

previous work by Zafra et al. [51] on hydrogen permeation of AISI 4140 quenched and tempered at 700ºC, 

the present study will focus on a single mean-energy type of traps, i.e. dislocations. In line with other authors 

[69,70], the binding energy EB of 27 kJ/mol will be considered as a reference for these traps (Figure 2). 

2.1.2 Parameters affecting CT  

Given Eqs. (1),(2),(3) describing the transport of hydrogen based on lattice and traps, it is possible to plot the 

dependence of CT on the equivalent plastic strain εp, on the binding energy Eb and on CL. In particular, for 

given values of CL, εp, and at a fixed Eb, it is possible to estimate NT from Table 1, and consequently CT as: 

𝐶𝑇 =
𝑁𝑇 ∙ 𝐾𝑇 ∙ 𝐶𝐿

𝐾𝑇 ∙ 𝐶𝐿 + 𝑁𝐿
 (7) 

Figure 3 describes with a 3D surface the dependency of CT on CL and εp, for Eb equal to 27kJ/mol. 

Similarly, for given values Eb, it is possible to obtain KT from Eq. (5), while for given values of εp, the number 

of traps NT is estimated from Table 1. Fixing CL, it is possible ultimately to apply Eq. (7), obtaining another 3D 

surface, shown in Figure 4. This plot underlines the dependency of CT on Eb and εp, for CL equal to 0.15wppm. 

Both Figure 3 and Figure 4 report also specific isolines for constant CT values. 

These plots show that the dependency of CT on CL is really complex, and the choice of the NT-εp law and Eb 

value can deeply influence the estimation of hydrogen effect in numerical simulations. A high level of plastic 

strain increases NT and, hence, CT, i.e. more hydrogen atoms will be trapped. 

Figure 5 gives the direct dependency of CT on CL for two extreme values of εp. The plots show that high binding 

energies (e.g. >60kJ/mol) will result in a flat trend, i.e. traps are saturated independently on CL. These data 

are consistent with Figure 1. On the other hand, low binding energies (e.g. <20kJ/mol) will result in a linear 

trend in these double-logarithmic plots. Selecting the intermediate binding energy of 27kJ/mol (solid curves 

of Figure 5), CT increases linearly with CL until it finally saturates. When considering the range of CL between 

0.1-10wppm, which is typical in many practical applications, numerical models will work in this transition 

region. Further comments and more general considerations on these parameters can be found in literature 

reviews [2,38]. 
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2.2 Coupled diffusion-mechanical analysis 
The framework of all the equations, implemented in the models that include the presence of hydrogen, is 

described in some literature works [38,71]. The equations governing hydrogen motion toward the crack tip 

and resulting in the macroscopic embrittling phenomenon are quite complex. Here, the main formulae will 

be briefly recalled. In the present work, the initial reference is the fully coupled implementation given in [40], 

exploiting the implementation available in [41]. 

The whole formulation is based on the hydrogen (mass) flux vector: 

𝑱𝑚 = −𝐷𝐿∇𝐶𝐿 +
𝐷𝐿𝐶𝐿�̅�𝐻

𝑅𝑇
∇𝜎ℎ (8) 

where: 

 DL is the hydrogen diffusion coefficient through the interstitial sites at room temperature. The value 

of this parameter depends on the steel microstructure and on the testing temperature. A DL value of 

8.0∙10-4 mm2/s was employed in this work, based on the electrochemical permeation tests performed 

on AISI 4140 quenched and tempered at 700ºC in [51]; 

 �̅�𝐻 is the partial molar volume of hydrogen. This is a constant equal to 2.0∙103 mm3/mol [72]; 

 𝜎ℎ is the hydrostatic stress, and ∇𝜎ℎ is its spatial gradient. 

The framework is implemented within the FE software Abaqus (v. 2017, by Dassault Systèmes®), exploiting 

the parallelism between heat transfer equation and mass diffusion. This allows using the same formulation 

of thermo-mechanical FEs also for the diffusion-mechanical analysis. The main output of the simulations is 

the lattice concentration CL, together with CT computed from the last equation of Table 1 and based on the 

related discussion of Sect. 2.1. Their sum gives the total hydrogen content, C: 

𝐶 =  𝐶𝐿 + 𝐶𝑇 (9) 

2.3 Cohesive Zone Modelling 
In Cohesive Zone Modelling, crack advancement and progressive material damage can be simulated by 

cohesive elements, providing that the crack path is known as it is in the case of the C(T) specimen. Cohesive 

FEs follow a constitutive phenomenological law, the Traction Separation Law (TSL), that can assume different 

shapes. Literature numerical models implemented polynomial [35,71], smoothed trapezoidal [73], and multi-

linear trapezoidal. The selected shape is the latter, following previous works [40,74]. The TSL is function of 

four main parameters: 1) the cohesive strength at the plateau, σ0; 2) the separation at the onset of damage, 

δ0; 3) the separation at the end of the plateau, δ1; 4) the critical separation δF. Exploiting the tabular definition 

of TSL in Abaqus, no fixed ratios among separation values are set a priori, while stiffness and cohesive energy 

are dependent parameters. 

Given the total hydrogen content C from Eq. (9), the TSL is decreased based on the coverage factor θ, defined 

from the Langmuir-McLean isotherm [75]: 

𝜃 =
𝐶

𝐶 + 𝑒𝑥𝑝 ( 
−𝛥𝑔𝑏

0

𝑅𝑇 )

 (10) 

where 𝛥𝑔𝑏
0 is the variation in Gibbs free energy between the microstructural interface and the bulk, equal to 

30 kJ/mol, according to the work by Serebrinsky et al. [72]. From that same work, it is possible to define the 

decreasing factor for decohesion strength k, simulating HEDE mechanism: 

𝑘 = 1 − 1.0467 ∙ 𝜃 + 0.1687 ∙ 𝜃2 (11) 

Figure 6.a shows the effect of the total hydrogen concentration C, the coverage factor θ and the decreasing 

factor k on the normalized trapezoidal TSL curve. Figure 6.b shows the corresponding monotonic percentage 
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damage D as a function of the normalized separation δ/δF. The damage follows equations reported in [74] 

and it is function only of the three main separations, i.e. δ0, δ1 and δF. Supposing that hydrogen has no effect 

on separations but only on strength, in accordance with the experimental results of [76], damage curves are 

not influenced by k, e.g. they are independent from C and collapse in one master curve. 

3. Experimental tests 
This work is based on two types of experimental tests on AISI4140 steel quenched and tempered at 700ºC, 

tensile and fracture toughness tests, reported in [19,24]. 

Tensile tests were performed on AISI 4140 cylindrical specimens (Ø=5mm), in accordance with ASTM E8 

standard. This type of tests allowed obtaining the stress-strain curve of the material, used as input for the 

following simulations. In particular, starting from the engineering curve, the experimental data beyond the 

flat yielded plateau were fit to a Hollomon hardening law (σ=1055εp
0.1264). This law is used to extrapolate stress 

values for higher strains and to obtain the true stress-strain curve shown in Figure 7.a. This curve, made of 

experimental and Hollomon-extrapolated data, was used in all the following numerical simulations. The 

elastic modulus and yield strength of this steel were 210000 MPa and 622 MPa, respectively [24]. 

Fracture toughness tests were performed on C(T) specimens (with the dimensions shown in Figure 7.b) 

without and with internal hydrogen [19], following ASTM E1820 standard. The specimens were pre-charged 

with gaseous hydrogen in a high-pressure hydrogen reactor at 450ºC and 19.5 MPa of pure hydrogen for 21 

hours. For more information about the charging procedure and hydrogen content measurements, the reader 

is referred to [19,77]. 

Under this charging condition and after the removal process from the reactor, when important hydrogen 

losses took place, the average total hydrogen concentration is approximately 1.2 wppm (unevenly 

distributed). From this total concentration, measured by LECO analyzer, 0.3 wppm is deeply trapped 

hydrogen with high binding energies, so it is likely that it will not contribute to steel embrittlement. However, 

not all the remaining 0.9 wppm may be considered for the numerical simulations. Indeed, this experimental 

measurement was performed on cylindrical pins, with a geometry different from the C(T) specimens, and 

hydrogen content in C(T) specimens can be different, especially around the crack tip with free fracture 

surfaces, where hydrogen can flow out. Besides, this high experimental value of hydrogen content may be 

due also to other weaker traps, as carbides and lath’s interfaces, which will diffuse quickly out of the 

specimen, being unable to reach the process zone. On the contrary, hydrogen reversibly trapped in 

dislocations, considered in the simulations, can be easily transported to the crack tip together with the 

interstitial or lattice hydrogen content [78]. 

4. Numerical results 
The focus of numerical models is the simulation of the fracture toughness tests performed on hydrogen pre-

charged C(T) specimens of AISI 4140 steel quenched and tempered at 700ºC. Two models are implemented: 

 the model without hydrogen is initially used for the calibration of the cohesive properties, i.e. TSL 

parameters; 

 the model with hydrogen allows determining, after the experimental comparison, the effective 

hydrogen concentration in the surroundings of the crack at the beginning of the test (unknown value 

in most experimental works). 

As a final example of practical application of this numerical approach, the paper will discuss in a sensitivity 

analysis the effect of some input parameters on the final fracture toughness behaviour of AISI 4140 quenched 

and tempered at 700ºC in presence of internal hydrogen. 

For both models, the geometry used for the simulation (Figure 7.b, with the net thickness 10 mm) exploits 

the symmetry of the problem with related boundary conditions. The models consider a simplified geometry 
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of the C(T) specimen, as a simple rectangle. The vertical load F is applied at the edge nodes in the hole region 

where pins are located. The mesh is the same as in [40,74], with a progressive refinement at the crack tip 

region (Figure 8). In particular, the smallest elements have a square shape with 30µm per side. The most 

refined region is 3mm long ahead of the crack tip; indeed, when the crack tip reaches this length (Δa=3mm), 

the load at the pins is decreased and the specimen can be considered failed and the simulation is stopped. 

The mesh consists of 9461 nodes and 7902 elements. Cohesive elements (COH2D4, according with Abaqus 

nomenclature) are placed in correspondence of the ligament, sharing their upper nodes with the adjacent 

continuum elements with plane strain formulation (CPE4RT). 

4.1 TSL calibration: model without hydrogen 
Calibration of TSL parameters is obtained following a trial and error procedure, following the indications of 

[79]. In particular, the experimental R curve of the crack tip opening displacement (CTOD) as a function of 

the crack growth, Δa, obtained from the uncharged C(T) specimen, is considered as a target. The comparison 

considers the numerical CTOD, which is the vertical displacement of the original crack tip node, as well as its 

alternative estimation defined in [80], i.e. δ5, which is the displacement of a point located 2.5 mm far from 

the initial crack tip along the vertical direction. The crack advances of one-element length when the vertical 

displacement of the underlying cohesive element is equal to δF; this condition corresponds to full damage 

D=100%. 

Table 2 gives the parameters resulting from this calibration that will be used also for the simulation in the 

presence of hydrogen. Figure 9 shows the CTOD-Δa and δ5-Δa curves corresponding to this set of parameters. 

This plot embeds the time dependency of the displacement field, and it means that the experimental testing 

time is matching with the numerical estimated time. Moreover, it is worth noting that CTOD values are almost 

overlapped with δ5 ones; this means that the cohesive elements have a small effect on the surrounding 

continuum elements at the crack tip, in terms of local stiffness and of crack initiation and propagation. 

4.2 Estimation of hydrogen content: model with hydrogen 
The simulation of the toughness test performed on the C(T) specimen with internal hydrogen considers as 

input parameters the binding energy for dislocations EB = 27 kJ/mol, following the initial discussion of Sect.2, 

and the diffusion coefficient DL=8∙10-4 mm2/s, experimentally measured for this grade of AISI 4140 steel [51]. 

On the other hand, the initial hydrogen concentration in the lattice CL0 was unknown from experiments due 

to the equipment and setup used for these tests, as discussed in Sect.3. Indeed, although an initial average 

total hydrogen content of 1.2 wppm was measured using smaller samples, it is difficult to successfully 

extrapolate the concentration of hydrogen in the lattice in a small process zone located ahead of the crack 

tip of the C(T) specimen. Besides, this estimation becomes even more arguable under the hypothesis that 

only hydrogen trapped in dislocations is considered in the numerical model. Therefore, the numerical model 

can help to estimate the effective initial hydrogen content, as will be discussed in this section. Other possible 

numerical applications can be related to the simulation of the whole desorption curves, to clarify the 

influence of different traps during the fracture toughness test, but this may be the aim of future 

investigations. 

Figure 9 shows the experimental and numerical CTOD-Δa and δ5-Δa trends in presence of hydrogen. These 

curves, both experimental and numerical, decrease in presence of hydrogen of about 25% in the crack 

propagation stage. This is obtained numerically because, during the load application, a highly stressed and 

strained region at the crack tip raises, inducing hydrogen motion and material embrittlement. In order to 

consider this matching between the numerical and the experimental curves, the initial lattice hydrogen 

concentration, CL0, has to be equal to 0.150 wppm. This results in an initial hydrogen trap concentration, CT0, 

of 0.125 wppm, according to Figure 5.a and, hence, total initial hydrogen content of C0=0.275 wppm. 

Outputs of this simulation are hydrogen concentrations as a function of the distance from the crack tip, r 

(Figure 10.a). Focusing on the onset of crack propagation, i.e. in correspondence of the failure of the first 
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cohesive element ahead of the crack tip, it is evident that that CT and CL experience two different trends. CL 

shows a small peak at 60µm from the tip, i.e. between the second and third finite element, with the following 

flattening up to the far-field CL0 value. On the other hand, CT has a monotonic decreasing trend and becomes 

lower than CL where this quantity experiences its peak. These two trends are in accordance with literature, 

e.g. [56,81]. It is worth noting that, based on these two curves, the total hydrogen concentration C is affected 

mainly by CT at the crack tip; indeed, CT experiences much higher values than CL at the first element (2.3wppm 

vs 0.2 wppm). For this steel grade, and according to classical theory, it could be confirmed that hydrogen 

trapped in dislocations, CT, is the quantity governing the onset of crack propagation. Based on the total 

hydrogen content, the coverage factor θ and the decreasing factor k were evaluated respectively from Eq. 

(10) and Eq. (11), obtaining the trends shown in Figure 10.b. The factor k, that decreases the cohesive 

strength at the crack tip, is 0.67, and it is the quantity that summarizes the ultimate embrittling effect of 

hydrogen on this steel. 

4.3 Sensitivity analysis 
As evidenced in the description of the model framework and the governing equations (Sect.2.2), different 

input parameters are necessary; these parameters are function of the specific steel grade and its 

microstructure, hence of the applied thermal treatments or the thermal history applied to the steel. 

However, oftentimes, specific data are not available in the literature. Numerical models could be used to 

discuss hydrogen influence on structural performance both at the designing stage and for the assessment. 

For this reason, they find really practical applications when considering components or structures in 

hydrogen contaminated environments. 

Indeed, some of the input parameters used for the simulation cannot be considered fully constant, and the 

attention can be focused to estimate their effect on the steel R-curves and on hydrogen concentration fields. 

The identified parameters are: 1) the lattice hydrogen diffusion coefficient DL; 2) the hydrogen concentration 

C0 present around the crack tip at the beginning of the simulation; and 3) the test time t, related to the 

applied test displacement rate. This section is dedicated to a sensitivity analysis of these parameters with 

respect to the CTOD R-curves and hydrogen concentration trends. In each block of simulations, only DL or C0 

or t is varied, while all the other input parameters are maintained constant. The analysis discussed in the 

previous section is considered as a reference. 

The diffusion coefficient varies not only as a function of the microstructure but also with the operating 

temperature for in-field components in hydrogen contaminated environments. In addition, its experimental 

measurement is quite difficult, especially in presence of high-density trapping. Similar to the work in [82] for 

steel AISI 4130, an inspection range between 8.0∙10-3 and 8.0∙10-6 mm2/s is selected. Figure 11 shows the 

results of the sensitivity analysis performed using different DL values. 

The second parameter to consider is hydrogen concentration at the beginning of the simulation. In practical 

applications, this parameter can vary based on environmental conditions for operating components, as well 

as charge conditions for lab tests. In this last case, during experimental tests with hydrogen pre-charge, H 

content decreases steeply with air exposure at room temperature and cannot be measured in real-time. Only 

measurements on separate specimens can be carried out with dedicated H analysers; examples of H content 

decay as a function of time are given in [19,83]. Therefore, when performing tests on pre-charged specimens 

as in the simulated example, there could be a variable H concentration. The inspection range in terms of CL0 

is selected between 0.1 and 0.5 wppm. Given the model framework, this CL0 input is also related to a 

corresponding CT0 value, based on the diagram of Figure 5.a, and, hence, to a total C0 at the beginning of the 

simulation. Figure 12 shows the results of the sensitivity analysis performed with different CL0 (or total C0) 

values. 

The third parameter that has a significant importance when performing analyses with hydrogen is the time 

t. The simulation time governs crack growth rate and it depends on the experimental test displacement rate 
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[19,84], that can be quite different between tests in labs or in real operative components. Besides, lab tests 

are often performed at fixed displacement rates, while real failures can occur under unknown or 

unmonitored conditions, e.g. due to unpredicted overloads of the structure. The performed analyses provide 

an overview of its effects in terms of hydrogen embrittlement. Figure 13 shows the results of the sensitivity 

analysis performed with different time values, t, to have a crack growth Δa=3mm. The reference curve is the 

one in which time to reach Δa=3mm is equal to 1240s, that corresponds to a displacement rate of the C(T) 

grips of 1mm/min. The investigated time interval ranges from 600s to 6000s. 

4.4 Discussion 
The diffusion coefficient drives the kinetics of hydrogen atoms towards the crack tip process zone, enhancing 

the embrittling effect of these atoms, decreasing the toughness of the steel and inducing a faster crack 

growth. The effects of DL variation are function of the number of traps, because lattice and traps 

concentrations are always in equilibrium. For this reason, the effects of DL changes are not linearly 

proportional in terms of CTOD R-curves (see Figure 11.a). Indeed, a huge decrease of 2 orders of magnitude 

in this parameter (from 8 10-4 to 8 10-6 mm2/s) only slightly shifts the CTOD-Δa curve towards the hydrogen-

free one, but at the same time a relative small increase up to 1 order of magnitude (from 8 10-4 to 8 10-3 

mm2/s) flattens the curve and induces significantly higher crack growth rates. Therefore, an increase in DL 

could be extremely dangerous, while, in comparison, a decrease of the same parameter has little influence 

in this particular steel. Considering more in detail the hydrogen concentrations, CL (Figure 11.b) and CT (Figure 

11.c) at the onset of crack propagation, further comments can be added. Figure 11.b shows that CL has a peak 

ahead of the crack tip, proportional to DL values. This peak is located at the end of the first element (30 µm), 

for low values of DL, but moves towards the second element (60 µm) for higher DL values. DL also changes the 

distance to reach the far-field C0 concentration of 0.150 wppm, ranging from r=0.3mm for DL=8.0∙10-6 mm2/s 

to r=3mm for DL=8.0∙10-3 mm2/s. These values identify the region around the crack tip recalling hydrogen 

from the surrounding lattice. Peak values of CL are not comparable with CT values at the crack tip. Indeed, 

Figure 11.c shows that, for r=0, CT reaches a very high value, around 2.3 wppm, independently on DL. This 

explains the fact that all the R-curves in presence of hydrogen, Figure 11.a, have a similar CTOD value to start 

crack propagation; while they differentiate with increasing Δa. In other words, CT governs crack initiation, 

while CL crack propagation. 

Also hydrogen concentration plays an important role in the embrittlement of this steel, as shown in Figure 

12.a. CTOD R-curves experience a notable change with a small variation of initial hydrogen content: similar 

to DL, also the effect of C0 does not follow a linear proportion, especially comparing the highest C0 values 

considered in these simulations. The concentration will reach a saturation value, with an upper-limit on 

CTOD-Δa curves (the hydrogen-free curve). Considering Figure 12.b, the increase of hydrogen concentration 

has a similar effect as the increase of DL (Figure 11.b), moving the peak from the first to the second and third 

elements of the mesh. This parameter affects also the distance r to reach the far-field value, from r=0.7mm 

for CL0=0.100wppm to r=1.4mm for CL0=0.500wppm, i.e. doubling the region recalling hydrogen from the 

lattice. Again, Figure 12.c shows that CT values at the crack tip are much higher than CL and do not depend 

on hydrogen concentration. Moving from the crack tip, CT has a minimum (for CL0=0.2-0.5), and then it follows 

the trend of CL, on which it depends. This trend was barely visible in Figure 11.c, although present due to the 

model framework. The same considerations for DL sensitivity regarding crack initiation and propagation are 

valid also for C0 sensitivity. 

Finally, time is another parameter influencing the results of these simulations. CTOD-Δa curves of Figure 13.a 

change as a function of the total simulation time, and have a resulting effect visible especially on the CL trends 

shown in Figure 13.b. These simulations cover quite a wide temporal range. Increasing the simulation time, 

hydrogen has more time to move towards the crack tip process zone, resulting in a CL enrichment of such 

region and, therefore, in the faster propagation of the crack. The increase in CL due to time is similar to the 

DL effect for the investigated values while, at the same time, t has a little effect on CT (Figure 13.c). 
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The sensitivity analysis focused on these three main parameters that can vary during experimental tests, as 

they could be not fully under control in the lab environment or in-service condition. The results of these 

simulations proved that the cohesive zone model, properly tuned for AISI 4140 quenched and tempered at 

700ºC, is able to appreciate the changes in the mechanical behaviour of this steel. For this reason, the 

developed numerical approach can be a versatile and practical tool for the design and assessment of steels 

loaded in hydrogen contaminated environments. 

5. Conclusions 
This study described the influence of major input parameters used in the FE simulation in presence of 

hydrogen for the 42CrMo4 steel. 

The initial focus is on the two main microstructural parameters affecting hydrogen embrittlement, i.e. 1) the 

law describing trap density NT as a function of the equivalent plastic strain εp; and 2) the binding energy Eb. 

They are two key variables for the estimation of hydrogen concentration in traps CT, and hence for material 

degradation. These parameters are not easy to be experimentally determined, but this study evaluated their 

influence using numerical simulations; the precision of the numerical estimations can be further improved 

by incorporating the specific parameters of different steels. 

Other numerical parameters affecting the simulation of crack propagation and the damage evolution are the 

traction and separation parameters of the cohesive law. In this case, the selected TSL shape is not important, 

while it is necessary to properly calibrate the single parameters of the curve with experimental data in the 

absence of hydrogen. 

Finally, the sensitivity analysis investigated the effects on crack propagation in the presence of hydrogen of: 

1) the diffusion coefficient DL, i.e. material parameter; 2) the initial hydrogen concentration C0, i.e. 

environmental parameter, and 3) time t, i.e. testing parameter. The coupled diffusion-mechanical model 

showed sensitivity to all these parameters. This evidences the importance of numerical tools to optimize the 

conditions for experimental tests and to estimate the embrittling tendency of the steel, provided that they 

are properly calibrated and validated. This numerical model, hence, can have wide potential applications in 

design and assessment stages, supporting the choice of the best steel for specific service environments. 
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Figures 

 

 

Figure 1: Trap density NT as a function of the equivalent plastic strain εp. 
Reference works for the analytical laws are: Kumnick and Johnson [43], Huang et al. [44], Sofronis et al. [47], Wang et al. [46]. 

Reference works for the experimental data are: Kumnick and Johnson [43], Huang et al. [44], Thomas [48], Zafra [51]. 
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Figure 2: Trap occupancy θT as a function of lattice concentration CL, and of different binding energies Eb. 
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Figure 3: Hydrogen concentration in traps, CT, as a function of lattice concentration, CL, and equivalent plastic strain, εp. 
Concentrations CT and CL are in logarithmic scale. The plot corresponds to a constant Eb=27kJ/mol. 
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Figure 4: Hydrogen concentration in traps, CT, as a function of binding energy, Eb, and equivalent plastic strain, εp. Concentration CT 
is in logarithmic scale. The plot corresponds to a constant CL=0.150wppm. 
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Figure 5: Hydrogen concentration in traps, CT, as a function of lattice concentration, CL, for different binding energies Eb. Plots are 
given for: a) εp=0; b) εp=0.4. The solid line, corresponding to Eb=27kJ/mol, will be taken as a reference in the present study, based on 

the work [51]. 
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Figure 6: Law for cohesive elements: a) normalized trapezoidal Traction Separation law (TSL), i.e. σ/σ0 vs δ/δF; and b) damage vs. 
normalized separation. Trends of normalized stress are given as a function of the decreasing factor k, of the hydrogen coverage θ, 

and of the total hydrogen concentration C, to account for hydrogen effect. 
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a. 

 

b. 

 

Figure 7: a) Experimental true stress-strain curve obtained from uniaxial tensile tests on AISI 4140 steel quenched and tempered at 
700ºC [24], and data selected for the implementation in the numerical model; b) Geometry of the C(T) specimens with sizes in mm. 
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Figure 8: Details of the mesh for the C(T) specimen. 
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Figure 9: Comparison between numerical (FEM) and experimental (Exp) data without and with hydrogen. R-curve: Crack Tip Opening 
Displacement (CTOD) and its estimation δ5 according to [80] as a function of the crack growth, Δa. 
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Figure 10: Trends of: a) hydrogen concentration in lattice, CL, in traps, CT, and total hydrogen concentration, C; b) coverage factor θ 
and decreasing factor k, as a function of the distance from the crack tip. The time increment corresponds to the onset of crack 

propagation, i.e. when the first cohesive element at the crack tip is fully damaged with D=100%. 
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Figure 11: Sensitivity analysis for the diffusion coefficient DL. Plots of: a) CTOD R-curve; b) CL and c) CT as a function of the distance 
from the crack tip, at the onset of crack propagation. 
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Figure 12: Sensitivity analysis for the hydrogen concentrations CL and C. Plots of: a) CTOD R-curve; b) CL and c) CT as a function of the 
distance from the crack tip, at the onset of crack propagation. 
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Figure 13: Sensitivity analysis for the time, t, to reach Δa=3mm. Plots of: a) CTOD R-curve; b) CL and c) CT as a function of the 
distance from the crack tip, at the onset of crack propagation. 
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Tables 

 

Table 1: Summary of literature equations for the estimation of trap density NT as a function of the equivalent plastic strain εp. 

Authors Material Interpolating equation Ref. Ref. of 
exp. data 

Kumnick, Johnson (1980) α-Fe 𝑙𝑜𝑔 𝑁𝑇 = 23.26 − 2.33 𝑒𝑥𝑝(−5.5𝜀𝑝)  [43] [43] 

Huang, Shaw (1995) AISI 1020 𝑙𝑜𝑔 𝑁𝑇 = 27.15 − 2.33 𝑒𝑥𝑝(−5.5𝜀𝑝)  [44] [44] 

Sofronis et al. (2001) Ferritic 
steels 

𝑁𝑇 = √2
�̅�

�̅�
     𝑤ℎ𝑒𝑟𝑒  �̅� = {

�̅�0 + 𝛾𝜀𝑝   𝑓𝑜𝑟  𝜀𝑝 ≤ 0

�̅�1               𝑓𝑜𝑟  𝜀𝑝 ≥ 0
  

and �̅�0 = 1010 𝑙𝑖𝑛𝑒 𝑙𝑒𝑛𝑔𝑡ℎ/𝑚3 dislocation density for 
annealed material with 𝜀𝑝 = 0; �̅�1 = 1016𝑚/𝑚3 maximum 

dislocation density; 𝛾=2 ∙ 1016 𝑙𝑖𝑛𝑒 𝑙𝑒𝑛𝑔𝑡ℎ/𝑚3 

[47] [48] 

Falkenberg (2010) FeE 690T 𝑙𝑜𝑔 𝑁𝑇 = 23.94 + 24.68 ∙ 𝜀𝑝
0.7  [45] [85] 

Wang et al. (2018) PSB1080 
(peened) 

𝑙𝑜𝑔 𝑁𝑇 = 34.66 − 2.33 𝑒𝑥𝑝(−5.5𝜀𝑝)  [46] [86,87] 

Present study AISI 4140 𝑙𝑜𝑔 𝑁𝑇 = 27.23 − 2.33 𝑒𝑥𝑝(−5.5𝜀𝑝)  This 
study 

[51] 
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Table 2: TSL parameters, obtained from trial and error calibration, comparing numerical CTOD-Δa (or δ5-Δa) curves with 
experimental data without hydrogen [19]. 

δ0 
(mm) 

δ1 
(mm) 

δF 
(mm) 

σ0 
(MPa) 

σ0/YS 

1.1e-3 9.0e-3 3.0e-2 2200 3.54 

 


