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Abstract	
Hydrogen embrittlement remains of critical concern in the design of strong and reliable microstructures in steels. The role of microstructure in susceptibility to hydrogen trapping is evaluated using a numerical thermokinetic simulation approach. The simulation scheme is applied to evaluate variations in dislocation density and grain size in pure ferritic iron, ferritic and martensitic low alloy steels during cooling and ferritic steels under deformation. Additionally, variations in NbC nanoprecipitates in low alloy tempered martensitic steel, and coherent and incoherent TiC precipitates in low alloy steels were evaluated. These simulations were conducted to quantify the influence of such features on the trapping efficiency of interstitial hydrogen. To simulate the diffusion process in a complex microstructure, a mean field approach is applied. Modelling approaches adopting physically based formulations for the calculation of the trapping-affected concentration of hydrogen in the lattice are suggested, adopted in the present calculations and validated for a wide range of experimental and microstructural conditions. The combination of thermokinetic simulations with hydrogen trapping behaviours is the first of its kind and presents a means to incorporate the effects of various microstructural features, with respect to hydrogen migration and trapping, in the design of hydrogen embrittlement resistant steels.
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1. Introduction

The effects of hydrogen embrittlement on the mechanical properties of steels have been investigated for over a century [1], including both experimental [2-5] and computational work [6-8] within the literature, it is possible to find various approaches to describe hydrogen permeation in different materials. Small concentrations of hydrogen introduced to steel may lead to premature and catastrophic failure. Thus, hydrogen embrittlement has been a prominent issue in both academic and industrial applications. In order to address such an issue, we present a physical thermokinetic modelling framework to evaluate the diffusion behaviour of hydrogen in the presence of energetic trapping sites. When weakly trapped, most of the solute hydrogen content is prone to freely diffuse and causes a reduction in fracture strain [9]. However, when strongly trapped, hydrogen is rendered immobile at room temperature and is innocuous with respect to hydrogen embrittlement [9]. Successful predictive approaches to evaluate energetic trap types and their respective interaction energies with hydrogen are still scarce. The simulations presented in this work aim to quantify the elementary processes involved in different steel grades, with multiple trap types, by relating modelled and simulated quantities to measurable microscopic parameters. 
The effects of hydrogen in cubic iron were first noted in 1875 [1]. Many investigations have been carried out for decades under designations such as hydrogen embrittlement, trapping of hydrogen, hydrogen induced cracking, hydrogen attack and more. Hydrogen, in atomic form, can enter and diffuse throughout a metal at elevated temperatures, but also at room temperature [10]. Once absorbed, dissolved hydrogen may be present either as atomic or molecular hydrogen. Sources of hydrogen include heat treating atmospheres, breakdown of organic lubricants, welding processes, the working environment and even grinding in a wet environment. Hydrogen is a source of various problems within steel production because of its detrimental effects on processing characteristics and service performance of steel products. If the hydrogen content of the molten steel exceeds the solubility limit of hydrogen in the solid material, the hydrogen will be rejected during solidification, leading to void formation and porosity. During rapid cooling of a heavy-section steel casting, e.g. thick slab or bloom, there will be little diffusion of hydrogen out of casting. Because the hydrogen solubility decreases with temperature there will be H2 pressure build-up in the steel matrix during rapid cooling. 
Although the precise hydrogen embrittlement mechanisms are subject of active investigation, the experience shows that components still fail due to this phenomenon. Hydrogen embrittlement is one of the biggest unsolved problems in physical metallurgy. It is considered one of the most devasting mechanisms in ultra-high strength ferrous steels and alloys. In general, as the strength of the steel increases, so does its susceptibility to hydrogen embrittlement. High-strength steels, such as quenched and tempered or precipitation-hardened steels, are particularly susceptible [11,12]. 
There are some well-known processing treatments promoting hydrogen redistribution throughout the steel and restoring its ductility. The processes “bake-out” or “hydrogen bake out cycle” are often employed for performing an embrittlement relief heat treatment, which involves the diffusion of hydrogen within the bulk to the surroundings. The hydrogen bake out cycle cannot always be performed easily. Furthermore the processing routes require the material to be stored at elevated temperatures for an appropriate time, which is cost-intensive and sometimes inefficient. Further steps that can be taken to reduce or avoid hydrogen exposure and susceptibility include the avoidance of acid cleaning, plating techniques and the reduction of residual and applied stresses. As the suggested options are not always viable, the insidious nature of hydrogen embrittlement continues to cause product failures during processing and service. These failures are often catastrophic, potentially leading to injury or damage. For this reason, hydrogen damage must be better understood in order to avoid such embrittlement through the developments of hydrogen resistant microstructures in steels. Hence, numerical simulations of hydrogen diffusion kinetics become a very important aspect for investigation and understanding of the role of microstructure and the related susceptibility to hydrogen uptake. Hydrogen transport throughout the material is a combination of its self-diffusion, driven by concentration gradients and can be described by Fick’s laws, and its physicochemical interactions with specific microstructural features, often called traps. Such traps can have attractive binding energies with hydrogen, higher than regular interstitial sites, and are usually defined as reversible or irreversible depending on the magnitude of the attractive interaction energy with hydrogen. Reversible energetic traps, associated with low binding energies, can release hydrogen at low temperatures. Irreversible traps, associated with high binding energies, can release hydrogen at higher temperatures only. Traps can be saturable if they can retain only a defined finite hydrogen amount or not saturable if they can virtually accommodate any quantity of hydrogen (e.g. blisters and voids) [13]. Vacancies, dislocations, grain boundaries, interfaces of the matrix with precipitates or inclusions, certain alloying elements, such as titanium, have been identified as saturable trapping sites, each of them having a specific binding energy and a finite number of trapping sites [13,14].
The main aim of the present computational approach is to study the evolution equations for hydrogen diffusion and for trapping particle distribution kinetics in ferrous alloys. A model for hydrogen reduced mobility due to trapping is introduced. The proposed trapping approach is combined with physical modelling of nucleation, growth and coarsening of second phase particles within the matrix. In these multicomponent microstructure simulations, the hydrogen-trap binding enthalpies and mechanical loading conditions are of relevance too and are taken into account. Thermokinetic approaches to diffusion and precipitation evolution have already been proposed by several authors [15,16]. We link thermodynamics and kinetics to nanoscale mechanisms using analytical models for hydrogen transport under the presence of energetic traps, and thus are able to identify the relationship between microstructure and the ability for hydrogen to become trapped. Thermokinetic modelling is used to predict the hydrogen binding properties of microstructures with variations in grain size, matrix system (austenite, ferrite or martensite) or different compositions for a given hydrogen loading condition. Very few studies have investigated the role of microstructure on hydrogen diffusion [17-18] and, as far as the authors are aware, there is no literature associated with hydrogen trapping in multiprecipitate distributions simultaneously incorporating trapping. 
In the present paper the theory for microstructure evolution and trapping is presented first, followed by simulation results under several microstructure scenarios, which are discussed and validated on the basis of experimental activities and measurements from literature. A very wide range of microstructures and trapping strategies are introduced, including multiprecipitate scenarios, which make this work useful for alloy designers and scientists willing to quantify hydrogen diffusion in complex microstructures.
2. Theory

In this paper a novel modelling approach has been developed to evaluate hydrogen trapping phenomena. The approach focuses on hydrogen interactions with multiple trap types in a thermokinetic simulation framework. Firstly, it is necessary to establish the fundamental models for nucleation, growth and coarsening. Then, the microstructural evolution equations and the proposed numerical methods for computing hydrogen interactions are explained.
Precipitation from a supersaturated solid solution is a diffusion controlled reaction involving three processes: nucleation, growth and coarsening. Phase transformation from supersaturated solid solution via nucleation and growth is driven by reductions in Gibbs free energy, while coarsening is driven by reductions in the overall interfacial energy of the precipitates with the matrix. Given that precipitation influences material properties such as strength, toughness and creep resistance, precipitation kinetics has been an area of considerable research. When combined with thermodynamic data for secondary phases, kinetic models provide a useful tool for evaluating material properties evolution, such as the fraction and size of precipitates with respect to time and temperature. In this section, expressions for the stages of precipitate nucleation, growth and coarsening are introduced. Subsequently, these models are integrated to account for multiprecipitation kinetics to predict microstructure evolution.

2.1 Nucleation of precipitates
Thermokinetic simulations were carried out employing MatCalc software [19-20]. In this approach, precipitation nucleation kinetics were calculated employing classical nucleation theory (CNT) [21] for multicomponent systems [19]. Accordingly, the transient nucleation rate [image: ]is given by:
[image: ]                                                                                       (1)
which describes the rate at which nuclei are created per unit volume and time. [image: ] represents the total number of potential nucleation sites and [image: ], the Zeldovich factor, quantities the ability for a nucleus to be destabilised by thermal excitation in comparison to its inactive state, this is given by [21]:
[image: ][image: http://www.sciencedirect.com/sd/blank.gif]                 for [image: ]=[image: ]                                                                                                 (2)
where [image: ]represents the total free energy change for nucleus formation, [image: ] is the number of atoms in the nucleus, [image: ] is the Boltzmann constant and [image: ] is the temperature. The derivative of [image: ] is taken at the critical nucleus size [image: ].
The atomic attachment rate [image: ] takes into account the long-range diffusive transport of atoms, which is needed for nucleus formation if the chemical composition of the matrix is different from the chemical composition of the precipitate. A suitable multicomponent formulation for[image: ] has been derived by Svoboda et al. [19], and is given by:
[image: ]                                                                                                                     (3)
where [image: ] is the critical nucleation radius, [image: ]is the lattice constant, [image: ] is the molar volume of the precipitate, [image: ]and [image: ]are the concentrations in the [image: ] precipitate and in the matrix in equilibrium, [image: ] is the diffusivity of element [image: ] in the matrix. The incubation time [image: ] is given by [21]:
[image: ].                                                                                                                                                       (4)
The critical energy [image: ] for the formation of a nucleus, with interfacial energy [image: ] and volume free energy change [image: ]is:
[image: ].                                                                                                                                       (5)
MatCalc incorporates CALPHAD-assessed thermodynamic model parameters for the evaluation of chemical potentials, driving forces and interfacial energies between the matrix and the precipitate. The latter is based on the generalised broken-bond model [22] and takes into account capillarity effects [23]. In this work, thermodynamic database mc_fe_v2.021.tdb was used [24].
The diffusion data required for both nucleation and growth kinetics are based on the SFFK model [19,20], as is described in the following section. In this work, diffusion database mc_fe_v2.006.ddb was used [24].

2.2 Growth and coarsening – The SFFK model

Once a precipitate nucleates its growth stage follows. This situation can be described by the equations of Svoboda et al. [19] for precipitate radius and composition using a mean-field approach known as the SFFK model [19,20]. This model states that in a system containing m chemical elements and k randomly distributed precipitates with spherical diffusion fields, the total free energy can be described by [16]:
[image: ]                                                             (6)
where [image: ] is the chemical potential of the component [image: ] in the matrix and [image: ] is the chemical potential of the component [image: ] in the precipitate [image: ]. The chemical potentials are expressed as a functions of the concentration[image: ], [image: ]takes into account the contributions from the elastic energy due to the molar volume change due to precipitation. [image: ] is the radius of the discrete precipitate class. The numerical time integration is carried out following the Kampmann–Wagner approach [25]. This evaluation routine provides the evolution of size distributions, mean radii and phase fractions of precipitates for arbitrary heat treatment schedules. Further details of the models used and the numerical treatment of the evolution equations were presented by Svoboda et al. [19] and Kozeschnik [20].

2.3 [bookmark: _Toc381021871][bookmark: _Toc393385825]Dislocation evolution model

In this work, an enhanced one-parameter model is used to describe work hardening and softening. The term “one-parameter” emphasizes that the stress-strain response is controlled by the evolution of the total dislocation density, [image: ]. This evolves as a consequence of the dislocation generation and annihilation terms during deformation and is expressed as: 
[image: ].                                                                                                                                           (7)
The first term in the right hand side of the equation accounts for the dislocation accumulation.  The second term accounts for the dynamic recovery and is dependent on the applied strain rate and spontaneous annihilation.
2.3.1 Dislocation generation

Based on the Kocks-Mecking formalism [26] and assuming that mobile dislocations move a mean free path before they become immobilised or annihilated, the increase in the dislocation density [image: ] is given  by [26]:
[image: ]	                                                                                                                                                          (8)

where [image: ] is the Taylor orientation factor,  [image: ] is the plastic strain rate and [image: ] is the magnitude of the Burgers vector. 
The dislocation travelling distance [image: ] is limited by the average spacing between dislocations [27]:
[image: ]                                                                          	 (9)
where [image: ] is a material constant dependent on composition.

2.3.2 Dislocation annihilation


When two dislocations with antiparallel Burgers vectors approach a critical distance, they can become annihilated, reducing the dislocation density [28]:
[image: ]	                                                                                                         (10)

where [image: ] is a material constant, dependent on the number of activated slip planes, and the critical distance [image: ] [29]:
[image: ]	                                                                                                                                      (11)

where [image: ]is the shear modulus of the matrix, [image: ] is the Poisson’s ration and [image: ] is the vacancy formation energy.
The model describing recovery by dislocation climb is based on the assumption that thermally activated climb is controlled by the self-diffusion coefficient along dislocations [image: ] (pipe-diffusion) [30]:
[image: ]             	                                   			            (12)
where  [image: ] is the equilibrium dislocation density and [image: ] is a calibration parameter, which accounts solute trapping effects. The dislocation core diffusivity is coupled to the bulk diffusivity via a temperature-dependent factor [image: ]as [31]:
[image: ]	(13)
The multi-component diffusion model describes the tracer diffusion coefficient, [image: ], by the relation [19]:
[image: ]                                                                                                                                                    (14)
with [image: ]being the diffusional mobility of component [image: ]. In MatCalc [image: ]is stored in the mobility databases and [image: ]is uniquely given as a function of composition and temperature. [image: ]is the universal gas constant and [image: ]the absolute temperature. For more information on the models, algorithms and approaches implemented in MatCalc, please see [32].

2.4 [bookmark: _Toc393385832]Trapping of interstitial elements

Materials with a high defect density have an increased hydrogen trapping capacity leading to an increase in hydrogen content exceeding the solubility limit of the perfect lattice. This is because when the chemical potential of hydrogen reaches equilibrium, a material can absorb hydrogen to the solubility limit of the host lattice, and then additional hydrogen can occupy the available traps. The free hydrogen in the lattice and the trapped hydrogen equilibrate with each other and the apparent solubility or total hydrogen concentration can be significantly higher than the lattice solubility [33]. 
The presence of traps will also reduce the apparent diffusivity, as atoms require energy greater than the lattice migration energy to leave the trap and, consequently, the apparent diffusivity will be lower than in the undisturbed lattice diffusivity. 
The decrease in total energy [image: ]of a system by traps with a trap-interstitial binding enthalpy [image: ] is described by Fischer et al. [34] and shown in eq. (15). This model is used to describe the interaction of different trapping sites with interstitial hydrogen.
[image: ]                             (15)   
The approach assumes a system of [image: ] moles of interstitial positions in the crystal lattice and [image: ] different types of trapping sites, each sort of trap involving [image: ] ([image: ]=1,…,[image: ]) moles of possible trap positions. [image: ] is the fraction of hydrogen in the lattice and [image: ] the fraction of hydrogen in a trap of type [image: ].
In this model, these relations are used to describe the interaction of different trapping sites with interstitial hydrogen.  Knowledge of the effective binding enthalpy [image: ]between a [image: ] trap and a hydrogen atom enables one to calculate the site fraction of trapped hydrogen. This approach is reviewed, next.
[image: ] and [image: ] can be related by [34]:
[image: ].                                                                                                              (16)
If [image: ]is known, eq. (16) can be resolved with respect to the site fraction of trapped hydrogen[image: ]: 
[image: ].                                                                                                                            (17)

Accordingly, the effective diffusion coefficient in the matrix is described by equations (17) through (19) [16]:
 [image: ]                                                                                                    (18)
[image: ]                                                                                      (19)    
[image: ]                                                                                                           (20)
with [image: ]being the effective diffusion coefficient of trap element [image: ], [image: ]the total number of trapping elements, [image: ]the volume of the lattice containing one mol of interstitial positions in the lattice (where hydrogen can diffuse freely), [image: ]the volume of the lattice containing one mol of possible trap positions (where hydrogen becomes immobile). Since the unit volume of material contain 1/[image: ]moles of interstitial lattice positions and 1/[image: ]moles of possible trap positions, the volume containing one mol of possible hydrogen positions is given as [image: ]=1/(1/[image: ]+1/[image: ]). [image: ]is the concentration of hydrogen in the lattice ([image: ]=[image: ]), [image: ]the concentration of hydrogen in the [image: ] traps ([image: ]=[image: ]), and [image: ]the equilibrium constant.
In this model, the contributions to the diffusion coefficient are separated into free and trapping components, which contain all the positions of the lattice in the vicinity of a trapping element. The non-trapped fraction (free hydrogen) is generally considered to dominate embrittlement. The relationship in eq. (15) through (17) does explicitly consider the effect of different trapping sites and the related specific binding energies, but it does not distinguish between reversible and irreversible traps, as all energetic traps associated to a specific binding energy are characterised by a critical temperature, where hydrogen ejection from the trap is possible. To simulate hydrogen diffusion throughout processing, a mean field approach to describe the microstructure evolution is used. A unit volume with evolving trapping properties can be occupied by the diffusing hydrogen atoms. The calculation is divided into time and temperature increments. Dynamic equilibrium between hydrogen in the lattice and in trapping sites develops. The concentration ratio at these sites depends upon the relative binding energy for a hydrogen atom. So the trapped phase fraction of initially homogeneously distributed diffusive hydrogen atoms over the microstructure (t=0) at every time/temperature step is considered and used in the subsequent time/temperature steps to update the hydrogen trap concentration state. Trapping is conducted in a single simulation cell to observe the synchronised evolution of microstructure and corresponding trapping within a single precipitation domain and as such, Fick’s law across multiple cells is not considered. The apparent diffusion coefficient at the very beginning of the diffusion process is taken as that when all hydrogen is mobile. If all traps are filled,  [image: ] is close to 1, the apparent diffusion coefficient is equal to the tracer diffusion coefficient [image: ].
This method is designed to fit in a general thermokinetic simulation framework, based on the existence of energetic traps following the hypothesis of local equilibrium as described above.







3. Simulation setup

The examples shown next are extracted from literature. The goal is to reproduce and simulate experimental results to test the model accuracy. Some input parameters need to be entered, and are used for all cases considered here. Table 1 summarises the input parameters, the majority were taken from earlier work and their sources are indicated. 
Table 1: Summary input parameter
	Parameter
	Value / [unit]
	Cf. equation
	Reference

	A
	90 
	(9)
	this work

	B
	2 
	(10)
	this work

	C
	10-3 
	(12]
	this work

	ΔEH to dislocations 
	20.6  /  kJ/mol
	(15,16)
	[35]

	ΔEH to grain boundaries
	58.6  /  kJ/mol
	(15,16)
	[35]

	ΔEH to TiC (size dependent)
	22.0 + 5·107·rmean (TiC)  /  kJ/mol
	(15,16)
	this work

	     ΔEH to TiC(coherent)
	22.0  /  kJ/mol
	(15,16)
	this work

	     ΔEH to TiC(incoherent)
	98.0  /  kJ/mol
	(15,16)
	[52]

	ΔEH to NbC
	59.3  /  kJ/mol
	(15,16)
	[48]



4. Results

This section examines the accuracy of the combined models for precipitation and microstructural evolution. Quantitative and qualitative aspects are compared to data from the literature. The material, processing and loading conditions are considered in each case. The most important input values used for the thermokinetic simulations are given in Table 1, more detailed information regarding simulation methods is given for each example. The concentration of trapped and free hydrogen over a wide range of different microstructures in pure iron and for various steel grades is outlined next.

4.1 Case 1: hydrogen trapping in pure iron 

The pure Fe-H system is the subject of this first case study as it is critical to examine the potency of grain boundaries and dislocations as hydrogen traps in the absence of secondary phases. The relative amount of trapped hydrogen and its evolution in the presence of various lattice defects and for a variety of temperatures is calculated. In MatCalc, The polycrystalline grain microstructure is modelled as an ensemble of space-filling tetrakaidecahedra with minimum separating area and 120 degree angles between faces. In MatCalc, a slightly simplified version of the tetrakaidecahedron is used with planar faces, which makes it easier to evaluate its geometrical features. From these objects, the total area, line length and number density of grain boundaries, grain boundary edges and grain corners can be evaluated. From these, the density of potential trapping sites is calculated by evaluating the number of atoms located on the junctions. For this case study, the grain size is varied by altering the area of said grains and evaluating the corresponding trapping capacity.
As the trapping mechanisms and trapping at different sites is not clearly established, we use the characteristic trapping energies of hydrogen to dislocation  cores ΔEH to dislocations 20.6 kJ/mol and to grain boundaries ΔEH to grain boundaries 58.6 kJ/mol as suggested by Gaude-Fugarolas [35]. These parameters describe experimental results accurately. Hydrogen is the lightest and smallest of solute elements and is extraordinarily mobile, especially in iron and other body-centred cubic structures. Assuming a perfect iron crystal with no defects, the solubility limit of hydrogen in iron is approximately 5·10-5 at 700 °C [36] and 2·10-5 at 300 °C [37]. Below 300 °C, the degree of scatter in the measured hydrogen solubility in iron becomes significantly large, with the reported data at ~25 °C spanning a range of more than 4 orders of magnitude [38]. Several investigations have ascribed the scatter in solubility and diffusion to the presence of trapping sites in bcc iron [36-38]. 
The change in hydrogen trapping efficiency in iron introduced by grain refinement or cold work depends on the concentration of lattice defects and their interaction energies with hydrogen. In this case study, the cold work is accounted for by simply altering the dislocation density, thus increasing the density of trapping sites. Some non-equilibrium defects can be removed upon annealing as a function of temperature and time. In the first part of this case study, low temperature (25 °C) is considered for a system in quasistatic equilibrium with stable defects. The statistical thermokinetic calculations involve three energetically distinct sites: trapping sites at dislocations, trapping sites at grain boundaries and non-trapping sites in the bulk. The calculations are performed with a total of 1 ppm hydrogen uniformly distributed across the bulk. All calculations shown in this case study are performed for equilibrated conditions at the given temperatures.  Figure 1 depicts the predictions of the relative amount of H trapped at various grain sizes at 25 °C. The grain size ranges from 1 µm to 10 mm. From Figure 1, it is clear that with decreasing grain size the amount of trapping sites increases, and the percentage of trapped hydrogen reaches its maximum at smaller grain sizes (< 10 µm). Grain sizes of 10 to 100 µm are of great interest as these are very common in industrial steels. The trapping efficiency within this range is given in Figure 1. The simulation results predict a drop in the hydrogen trapping efficiency at grain boundaries by 70% between 1 µm (100% of hydrogen is trapped) and 100 µm (30% of hydrogen is trapped) at 25 °C. At a grain size of 1 mm and above, the trapping efficiency of grain boundaries is negligible. 
[image: ]
Figure 1. Calculated amount of trapped hydrogen for grain sizes ranging from (a) 1 to 104 µm and (b) 10 to 100 µm.

Figure 2 depicts the calculated amount of trapped hydrogen as a function of dislocation density at 25 °C. The results highlight that hydrogen desorption during plastic deformation is strongly influenced by interactions between hydrogen atoms and dislocations. As the simulations were performed at an isothermal temperature of 25 °C and a constant grain size of 100 µm, the concentration of trapped hydrogen around dislocations depends on the binding energy ΔEH to dislocations and the magnitude of the dislocation density. Accordingly, the concentration of trapped hydrogen is greater for heavily deformed materials. This results from the build-up of Cottrell atmospheres around dislocation cores.

[image: ]
Figure 2. Calculated amount of trapped hydrogen for dislocation densities ranging from 
1010 m-2 to 1017 m-2 at a temperature of 25 °C and for a grain size of 100 µm.  
There is a decrease in hydrogen diffusivity with increasing dislocation density. This is translated into an increase in the activation energy for H diffusion from 5.4 to 11 kJ/mol in well-annealed iron [38] and for high dislocation densities (3·1014) at 25 °C [38], respectively. The present results confirm such observations, which indicate that when the dislocation density is 1015, hydrogen diffusion is almost suppressed, whereas for a dislocation density of 1012 approximately 70% of the hydrogen is diffusible. Such a relationship of dislocation density with trap density is consistent with the work of Sofronis and McMeeking [39], who proposed a relationship between the percent equivalent plastic strain and trap density in iron, affirming the presence of an increase in trap density with plastic strain from the strain-free trap density, and a maximum limit of trapping capacity as strain reaches ~100%. This affirms the direct relationship between dislocation density and trapping capacity, which in turn, are functions of plastic strain. However, as shown later, grain boundaries are also involved in the trapping and dominate at low strains.
The temperature dependence of the trapping behaviour in pure iron is now investigated. As shown in the previous examples, the temperature and the binding energy between a hydrogen atom and a specific lattice defect play a key role. Figure 3 illustrates the trapping behaviour for microstructures with grain sizes (Ø) of 10, 100 and 1000 µm and a constant dislocation density of 1010 m-2. The simulations are performed with a stepped equilibrium calculation from 100 to 600 °C, prescribing null trapping for temperatures in excess of 400 °C.
[image: ]
Figure 3. Amount of trapped hydrogen at temperatures ranging from 100 to 600 °C for grain sizes, Ø, of 10, 100 and 1000 µm.  
At temperatures between 200 °C and 400 °C, the influence of finer grains on the trapping behaviour of hydrogen is markedly reduced. Above 400 °C the trapping behaviour seems to be completely insensitive to the presence of grain boundaries. For the trap densities and interaction energies used in the simulations, it can be concluded that trapping sites with these assumed energies do not accommodate hydrogen at temperatures above 500 °C. This temperature effect is described by J.R.G. da Silva [36] validating the insensitivity of hydrogen solubility to the presence of grain boundaries in the range 300 °C up to the α → γ transformation. 

4.2 Case 2: hydrogen redistribution in ferritic and martensitic micro-structures

To understand the flux of hydrogen atoms within a certain matrix, we must first know the influence of microstructure including the distribution of lattice defects, as well as their interactions with hydrogen. Gaude-Fugarolas [35] described the redistribution of hydrogen as a function of thermal agitation and atom mobility and related it to a random walk, taking into account the diffusivity and saturation of hydrogen during the cooling process of two different low alloy steels. The two materials are different in their composition and resulting microstructural evolution: one having austenite transforming into ferrite and the other into martensite. The initial hydrogen content for both materials is assumed to be ~5 ppm. The model input data (e.g. austenite transformation temperature, mean grain size and dislocation density) are taken from ref. [35]. Figure 4 shows the modelled redistribution of hydrogen into the various trapping sites for both steels during cooling compared to the results of ref. [35]. The simulations show good agreement with the results, the redistribution of hydrogen is strongly influenced by the microstructural evolution during cooling. The two steels are good examples because their difference in microstructure is large and so the characteristics of hydrogen redistribution are clearly noticeable. As shown in Figure 4, the hydrogen atoms partition from the free interstitial sites towards the trapping sites in dislocations and grain boundaries. The difference in hydrogen redistribution between the two steels is attributed to their differences in dislocation density and grain size. The ferritic matrix is assumed to have a dislocation density of 1010 m-2 and a mean grain size of 100 µm [35]. The martensitic matrix is assumed to have a dislocation density of 1015 m-2 and a mean grain size of 10 µm [35]. At the end of the cooling process, all the hydrogen is trapped in the martensitic microstructure, whereas in the ferritic microstructure some diffusible free hydrogen (~33 %) is still present.
[image: ]
Figure 4: Hydrogen redistribution into different trap sites for 
idealised ferritic and martensitic steel.

The modelled redistribution shown in Figure 4 disregards the effects of precipitates and only accounts for the effects of the two different idealised microstructures. Nevertheless, the models provide a description of hydrogen trapping effects and redistribution along dislocations and grain boundaries. A further reduction in the amount of free hydrogen can be assumed for the interaction of precipitates to the free hydrogen atoms in the ferritic system. The presence of precipitates in the martensitic matrix is of moderate relevance with respect to the hydrogen trapping as, due to the cooling process, all the hydrogen is trapped in the final microstructure already.
Although in this example, the trapping of hydrogen is not rate limited by diffusion, there may be situations where the time at temperature, and thus diffusion distance, is insufficient to ensure the filling of traps, and as such, the model would be unsuitable for such an application. One example would be that of very rapid quenching to cryogenic temperatures where hydrogen is unable to diffuse to newly created traps.



4.3 Case 3: hydrogen redistribution in ferritic steels under deformation

The effect of plastic deformation on hydrogen desorption in ferritic steels is investigated and analysed using thermokinetic modelling. The evolution of the dislocation density is calculated according to equation (7). The experimental data are taken from ref. [40]. The chemical composition in wt.% of the steel is Fe-0.004C-0.078Mn-0.015Cr-0.046Al-0.015Ti. The mean grain size is 
120.3 ± 19.6 µm [40]. The dislocation density of the deformed steel was estimated by converting tensile stress into shear stress [image: ]:
[image: ]
where [image: ] is a numerical constant with a value of 0.3 to 0.6 (0.6 in this case), [image: ] is the shear modulus (81.7GPa) and [image: ] is the magnitude of the dislocation Burgers vector, equal to 0.287 nm for ferrite. The calculated dislocation density changes for 10 and 20% deformed sample are 3.53x1013 and 6.31x1013 m−2 respectively, with [image: ]= 48.5 MPa (calculated as half the tensile stress at yielding) [40]. It has been shown that for annealed iron, the measured dislocation density is practically naught when compared with iron subjected to the plastic strains of the magnitudes considered here [40], as such, it has been assumed that the undeformed sample contains [image: ]= 1010 m−2.

Although in this case, strain is assumed to be homogeneous, in reality, a strain gradient will result in a corresponding gradient of hydrogen trap density and thus a gradient of free hydrogen content [image: ]. To further develop the applicability of the model described, one possible area of future work would be to incorporate it into a finite element model, allowing one to evaluate the effects of concentration gradients such as that of trapping density, stress, and the resulting hydrogen concentration gradients.
The material was deformed at 25 °C. Further details about sample preparation and experimental conditions can be found in ref. [40]. For the simulations, the heat treated matrix is assumed to have a mean grain size of 120 µm. The interaction energies of hydrogen with dislocations and grain boundaries are taken, as with cases 1 and 2, to be 20.6 kJ/mol and 58.6 kJ/mol, respectively.
The relationship between the redistribution of hydrogen and the applied plastic strain is illustrated in Figure 5. The solid line represents the total amount of trapped hydrogen while the triangles are the experimental data taken from ref. [40]. The horizontal line at 0.26 ppmw represents the amount of trapped hydrogen at grain boundaries. The dotted line represents the amount of free hydrogen in the system.

[image: ]
Figure 5. Simulated (lines) and measured (triangles [40] evolution of hydrogen content (a) and computed dislocation density evolution (b) for ferritic steel as a function of plastic strain.


The evolution of the dislocation density, evaluated by equation (7) and illustrated in Figure 5(b), shows significant increase in the dislocation density with plastic strain. The total trapped hydrogen content can be related to the dislocation density evolution, with the assumption of a constant grain size of 120 µm. The resulting simulations agree well with the experimental data and assumptions given in ref. [40].

4.4 Case 4: hydrogen trapping at NbC nanoprecipitates

The effect of NbC particles on hydrogen trapping in steel is considered here. Hydrogen trapping by NbC particles has been identified and measured quantitatively by several authors [41-44]. Wei and Tsuzaki [43] investigated the hydrogen trapping characteristics of nanosized NbC precipitates in a 0.05C-0.41Nb-2.0Ni tempered martensitic steel using thermal-desorption analysis and atomic-scale microstructural observation. The major processing conditions of the material are quenching from 1350 °C and tempering at 700 °C. Ohnuma et al. [44] provides direct structural evidence for the trapping of hydrogen by NbC with the use of small-angle neutron scattering (SANS). Case study 4 is based on the experiments of Wei [43], which are reproduced by computational modelling. The mean dislocation density is assumed to be 1015 m-2 for the sample having a mean grain size of 100 µm. 
The hydrogen trapping character of NbC nano-particles during the tempering stage is investigated. The precipitation evolution of the NbC particles is calculated first for the isothermally heat-treated state at 700 °C for 100 h. The specimen has been cathodically charged with hydrogen for 48 h, which is assumed to be long enough for the specimen to become saturated [43]. 

The volume-equivalent precipitate radius rmean is determined by assuming a spherical shape for the precipitates and is shown in Figure 6(a). Amounts to ~20 nm with a number density of ~1020 m-3 after 100 hours isothermal aging at 700 °C are obtained and shown in Figure 6(b)

[image: ]
Figure 6. Calculated evolution of the (a) mean radius, (b) number density of NbC, and (c) the calculated (solid line) and measured (triangles) content of hydrogen remaining in energetic 
traps as a function of exposure time for tempering at 700 °C in 0.05C-0.41Nb-2.0Ni steel. 

Figure 6(c) shows that the major part of the trapped hydrogen in the tempered martensite is related to the NbC growth, and the hydrogen content is quickly released back into the matrix upon tempering at 700°C. This behaviour can be explained by the simultaneously fast decrease in the number density of an initially large amount of small NbC clusters (radius < 1 nm). This result, as shown in Figure 6, suggests that the early formed NbC clusters are only able to trap hydrogen weakly, while the coarser (~20 nm) NbC precipitates are significantly stronger traps. The traps associated with the microstructure of tempered martensite, such as grain boundaries and dislocations, contribute little to the total trapped hydrogen in this steel, and their interaction with hydrogen at elevated temperatures is weaker compared to that of the NbC precipitates. Precipitates can be associated to various trap sites with different interaction energies with hydrogen. These include precipitate/matrix interfaces, the coherency strain fields or even crystal defects within the precipitates. The calculations are performed with one single NbC trapping energy value, which is taken as 59.3 kJ/mol. This value is close to 56 kJ/mol reported by Wei et al. [43] after charging the specimen for 96 h. The calculations reproduce the trapping behaviour of NbC for the temperature range of 300 °C to 800 °C, as depicted in Figure 7, for which the tempering time is 3 h. The initial maximum amount of solute hydrogen is assumed to be 1.0 ppm after charging for 1 h. The trapping capacity around 500 °C can be explained by the precipitation reactions of the NbC particles [43]. From Figure 7, it is obvious that the maximum hydrogen trapping capacity results at a tempering temperature of 600 °C, where the NbC precipitation is complete, reaching a highest number density and optimal radii. No coarsening of the NbC precipitates is observed in the simulations at 600 °C for 3 h. 
[image: ]
Figure 7. Calculated (solid line) and measured (triangle) content of hydrogen remaining in energetic traps at NbC precipitates as a function of different isothermal tempering stages. Hydrogen pre-charging was performed for 1 h.


It can be concluded that the trapped hydrogen content at NbC particles decreases with increasing tempering temperature and/or storage time due to the resultant coarsening of the particles.



4.5 Case 5: hydrogen trapping at coherent and incoherent TiC precipitates

The effect of TiC particles on hydrogen trapping in iron is considered here. Hydrogen trapping by TiC particles has been identified and measured quantitatively by several authors [45-51]. In order to clarify the binding conditions and hydrogen trapping efficiency for different precipitate sizes, thermokinetic precipitation reactions are simulated for a 0.42C-0.30Ti (wt.%) steel. Experimental data are taken from ref. [48]. The input parameters for the simulations are the mean grain size, which is taken as 100 µm, the dislocation density, which is taken as 1012 m-2, and the interaction of hydrogen with dislocations, grain boundaries, TiC (large incoherent particles) and TiC (small coherent particles), which are respectively taken as 20.6 kJ/mol, 58.6 kJ/mol, 98.0 kJ/mol [52] and 
22.0 kJ/mol. The hydrogen trapping efficiency of TiC is assumed to be dependent on the coherency of the precipitate with the surrounding matrix and on the precipitate size. Pressouyre et al. [53] have argued that small TiC precipitates have a smaller interaction energy with hydrogen compared to larger ones, but Takahashi et al. [47] has indicated that a high number density of small coherent TiC particles can be most effective in trapping hydrogen. To take the size effect into account the mean radius of the precipitates is related to the binding energies, formulated as:
[image: ]  	[kJ/mol] .                                                                                     (21)
The thermal treatment and experimental details are only briefly discussed here, full details are available from ref. [48]. The austenitisation of the specimen was performed at the relatively high temperature of 950°C in order to obtain the incoherent TiC particles. According to ref. [48], about 
83% of the total 0.43 vol.% TiC will remain undissolved in austenite at 950 °C. This is in good agreement with this model, as depicted in Figure 8.
[image: ]
Figure 8. Simulated TiC phase fraction (vol.%) from Thermocalc (triangles) and MatCalc (line).

The purpose of these simulations is to identify the origin of hydrogen trapping for TiC particles. Figure 9 shows the hydrogen content trapped by TiC precipitates in an iron lattice as a function of the tempering temperature. The solid line is the calculated hydrogen content in ppm trapped at TiC, and the triangles represent the experimental measurements given in ref. [48].

[image: ]
Figure 9. Hydrogen content trapped by TiC particles, showing the experimental 
values (triangles) and calculated trapped content (line) as a function of 
temperature and related particle distribution of TiC.

As mentioned previously, incoherent TiC particles, have strong attractive interaction energy with hydrogen, trapping hydrogen during heat treatments at 600, 800 and 950 °C. The differences in the amount of trapped hydrogen, dependent on the aging temperature, can be correlated to the precipitate distribution at the corresponding tempering conditions. Figure 10 shows the scaled number density for TiC at 600, 800 and 950 °C. It is clear that with decreasing tempering temperature, the mean precipitate size decreases, giving the solute hydrogen atoms more possible sites to be trapped. The correlated hydrogen trapping capacity with the precipitate distributions, shown in Figures 10, is depicted in Figure 9.

The simulated results are in good agreement with the experimental observations, indicating that the large amount of nano-sized TiC precipitates, together with grain boundaries and dislocations, are able to trap hydrogen at room temperature, even when the interaction energy of these coherent particles is assumed to be approximately three times smaller compared to the incoherent TiC precipitates (Table 1).  The trapping energy of large incoherent TiC particles is identified as being able to trap hydrogen even at elevated temperatures (600 to 950 °C). 
[image: ]
Figure 10: Scaled number density of TiC at (a) 600, (b) 800 and 
(c) 950 °C for a 0.42C-0.30Ti (wt.%) steel.
5. Discussion

Thermokinetic computer simulations have been carried out to capture, for the first time, the essential elements of hydrogen trapping in complex iron and steel microstructures. The model is formulated on classical laws of precipitate nucleation and growth, combined with descriptions of energetic trap effects on hydrogen mobility. Therefore, the presented simulation approach involves predictive precipitation reactions and microstructural evolution combined with the ability to predict the redistribution of solute hydrogen throughout real processing conditions in pure iron and complex steels. The simulations involve the identification of potential energetic trap sites which precede the diffusion behaviour of interstitial hydrogen, and their relationship to the characteristic features of different microstructures, quantifying the concentration of diffusible and trapped hydrogen. Computing the effects of hydrogen trapping in iron and steel is essential for the determination of trapping sites and depths to accurately predict and quantify the redistribution of hydrogen.
The thermokinetic mean-field approach is important as it provides the link between statistical distributions of microstructural defects, such as precipitate size distributions, dislocation densities and the presence of grain boundaries with the hydrogen redistribution during heat treatment. 
Two- or three-dimensional lattice defects, such as dislocations and grain boundaries, have a two-fold effect on hydrogen diffusion: they enhance diffusion along the disturbed lattice regions (pipe diffusion), but also display a hydrogen trapping effect. As grain size decreases, or the dislocation density increases, the mobility of hydrogen will increase with increasing the pipe diffusion area. However, finely grained or highly deformed microstructures have higher densities of potential trap sites for hydrogen atoms, leading to a reduction in the hydrogen mobility. The compromise between contradictory effects is outlined in the first two case studies presented in this work, indicating that very fine grains (<10 µm) or high dislocation densities (>1015 m-2) result in the highest hydrogen trapping ability for pure iron systems. The presence of precipitates, carbides in this case, may change this trend, as some carbides, such as TiC and NbC, show strong interaction energies with soluble hydrogen in steel. The influence of such trapping sites on precipitate/matrix interfaces is introduced in case studies 4 and 5. The proposed model is able to predict the global partitioning of trapped and free hydrogen as a function of interaction energies, temperature and number densities of the three major types of trap sites: dislocation cores, grain boundaries and precipitates. Moreover, the model provides a useful interpretation of the global trapping ability for a given material. The approach enables one to correlate the ratio of trapped/free hydrogen in a system with distinctive trap sites, which vary in binding energy and number density. The model’s ability to simulate microstructural evolution, including the evolution of precipitate number densities and sizes with the simultaneous calculation of e.g. dislocations pile-up during plastic deformation, is unique in the literature, and provides a tool for predicting the mechanistic behaviour of a given steel in hydrogen-containing environments, prevalent in both academic and industrial applications. 
In the presented modelling examples (Case Studies 1 through 5) we depict five different scenarios, where the trapping capacity of different microstructures is calculated. The simulated results are compared and validated by experiment in all five cases. Accordingly, we conclude that the trapping energies used are sufficient to describe the interactions of hydrogen with carbides, grain boundaries and dislocations in a qualitative and quantitative way. The analyses clearly show that in the presence of trapping sites, the partial functions of the interstitial solute can exhibit large effects, especially at low temperatures, which are due to both kinetic (lower diffusivity at lower temperatures) and thermodynamic (temperature dependency of Gibbs free energy) effects. The distribution functions, assuming local equilibrium, describe the partitioning of solute hydrogen atoms between trapping sites and normal sites. 
The case studies include annealed microstructures with body-centred cubic (bcc) ferritic matrices with large grain sizes and low dislocation densities, as well as quenched and tempered microstructures with body-centred tetragonal (bct) martensitic matrices with relatively small grains and high dislocation densities. Austenitic face-centred cubic (fcc) systems, pure iron systems and chemically more complex steels, with the influence of carbides, complete the extensive range of application possibilities through the model’s ability to predict the redistribution of hydrogen under the presence of energetic traps. 
It should be noted, however, that the mechanisms proposed, demonstrated and validated here may not explain all experimental observations reported in the literature. Uncertainties regarding precise trapping energies and diffusion coefficients are common. Modelling transients in the evolution of microstructures and the corresponding hydrogen trapping transients, although only briefly covered in this paper for grain boundary and dislocation evolution, are key in understanding time dependent evolutions in the presence of multiple competing trapping species. It is intended, in future work, to evaluate, experimentally and through modelling, the evolution of hydrogen trapping for such transients. For example, during the nucleation and growth of NbC and cementite in steel to better understand the behaviour of hydrogen during tempering.
Given that we do not give predictions about the main driver of the embrittlement process or identify mechanisms leading to crack formation, and knowing that the free hydrogen content is not always the decisive quantity that determines the failure of a specific steel, our approach does not provide predictions about failure. However, the mechanisms and observations based on the trapping of hydrogen, as identified and quantified in this work, are consistent throughout the microstructures evaluated, providing coherent explanations for the experimental and calculated findings in the literature. In this respect, the model needs to be optimised to correlate the amount of hydrogen trapping and crack nucleation. The present approach considers the interaction between multiple trapping sites and atomic hydrogen, and is able to predict the redistribution behaviour for typical microstructures. Our analysis could be used as part of an efficient prediction procedure, such as for the design of novel hydrogen embrittlement resistant steels and the development of new processing routes for steels. Although this paper focuses solely on steels, the presented approaches could be applied to other materials where hydrogen embrittlement is of concern, such as nickel based [54-56] and aluminium alloys [57-60].


6. Conclusion

A physically-based thermokinetic model for hydrogen redistribution has been demonstrated for iron-based complex alloys. It provides insight into microstructural evolution and hydrogen trapping mechanisms with quantitative predictive capability. The trapping model is based upon the reduction of the Gibbs free energy of a system in the presence of trapping sites, and on the classical models of precipitate nucleation, growth and coarsening. Microstructural evolution equations are used to describe the pile-up of dislocations during plastic deformation. The proposed hydrogen trapping approach, and its relation with different microstructures, represents a synergistic collaboration of analytical thermodynamic and kinetic models. The examples presented in this work correspond to real microstructural configurations chosen to assess the ability of the model to handle discrete lattice defect configurations. The results validate the applicability of the proposed model for many different configurations. The model is considered applicable for use as an efficient prognosis tool for steels subjected to hydrogen ingress. The approach provides computations and predictions of the internal interstitial trapped and free hydrogen concentrations for a whole process cycle, e.g. from the as-charged condition through mechanical loading. 

Acknowledgement
This research is funded supported by the grant EP/L014742/1 from the UK Engineering and Physical Sciences Research Council (EPSRC).
References
[1] W. H. Johnson, On some remarkable changes produced in iron and steel by the activation of hydrogen and ac (P and McMeeking RM)ids, Nature 11 (1875) 393-393.
[2] T. Doshida, K. Takai, Dependence of hydrogen-induced lattice defects and hydrogen embrittlement of cold-drawn pearlitic steels on hydrogen trap state, temperature, strain rate and hydrogen content, Acta Mater 79 (2014) 93-107.
[3] V. Nemanic, J. Setina, Evolution of hydrogen from AISI 200 stainless steel: A study to determine whether it is a diffusion or recombination limited process and experimental evidence for strongly bound hydrogen, Vacuum 109 (2014) 102-107.
[4] J. Zhao, Z. Jiang, C.S. Lee, Effect of tungsten on the hydrogen embrittlement behaviour of microalloyed steels, Corros Sci 82 (2014) 380-391.
[5] B.A. Szost, R.H. Vegter, P.E.J. Rivera-Diaz-del-Castillo, Developing bearing steels combining hydrogen resistance and improved hardness, Mater Design 43 (2013) 499-506.
[6] J. Toribio, E. Ovejero, Microstructure-based modeling of hydrogen assisted cracking in pearlitic steels, Mater Sci Eng A 319 (2001) 540-543.
[7] N. Yazidpour, A.J. Haq, K. Muzaka, E.V. Pereloma, 2D modelling of the effect of grain size on hydrogen diffusion in X70 steel, Comp Mater Sci 56 (2012) 49-57.
[8] F.D. Fischer, G. Mori, J. Svoboda, Modelling the influence of trapping on hydrogen permeation in metals, Corros Sci 76 (2013) 382-389.
[9] K. Takai, H. Shoda, Dynamic behavior of hydrogen desorption from pure iron and inconel 625 during elastic and plastic deformations, Revista Materia 15 (2010) 267-274.
[10] Awane T, Fukushima Y, Matsuo T, Murakami Y, Miwa S. Highly sensitive secondary ion mass spectrometric analysis of time variation of hydrogen spatial distribution in austenitic stainless steel at room temperature in vacuum. Int J Hydrogen Energ 2014; 39.2:1164-1172.
[11] Wang M, Akiyama E, Tsuzaki K. Effect of hydrogen on the fracture behavior of high strength steel during slow strain rate test. Corros Sci 2007; 49.11:4081-4097.
[12] Takai K, Watanuki R. Hydrogen in trapping states innocuous to environmental degradation of high-strength steels. ISIJ Int 2003; 43.4:520-526.
[13] Fallahmohammadi E, Bolzoni F, Fumagalli G, Re G, Benassi G, Lazzari L. Hydrogen diffusion into three metallurgical microstructures of a C–Mn X65 and low alloy F22 sour service steel pipelines. Int J Hydrogen Energ 2014; 39.25:13300-13313.
[14] Stopher MA, Rivera-Diaz-del-Castillo PEJ. Hydrogen embrittlement in bearing steels. Materials Science and Technology 2016. Advance online publication. doi: 10.1080/02670836.2016.1156810
[15] Zamberger S, Kozeschnik E. Carbo-Nitride Precipitation in Tempered Martensite-Computer Simulation and Experiment. Mater Sci Forum. 2012; 706:1586-1591.
[16] Lang P, Shan YV, Kozeschnik E. The life-time of structural vacancies in the presence of solute trapping. Mater Sci Forum 2014; 794:963-970.
[17] Dunne DP, Pereloma EV, Yazdipour N. Effect of Grain Size on the Hydrogen Diffusion Process in Steel Using Cellular Automaton Approach. Mater Sci Forum 2012; 706:1568-1573.
[18] Chateau JP, Delafosse D, Magnin T. Numerical simulations of hydrogen–dislocation interactions in fcc stainless steels.: part I: hydrogen–dislocation interactions in bulk crystals, Acta Mater 2002; 50.6:1507-1522.
[19] Svoboda J, Fischer FD, Fratzl P, Kozeschnik E, Modelling of kinetics in multi-component multi-phase systems with spherical precipitates: I: Theory. Mater Sci Eng A 2004; 385.1:166-174.
[20] Kozeschnik E, Svoboda J, Fratzl P, Fischer FD. Modelling of kinetics in multi-component multi-phase systems with spherical precipitates: II: numerical solution and application. Mater Sci Eng A 2004; 385.1:157-165.
[21] Russell K. Nucleation in solids: the induction and steady state effects. Adv Colloid Interfac 1980; 13:205-318.
[22] Sonderegger B, Kozeschnik E. Generalized nearest-neighbor broken-bond analysis of randomly oriented coherent interfaces in multicomponent fcc and bcc structures. Metall Mater Trans A 2009; 40:499-510.
[23] Sonderegger B, Kozeschnik E. Size dependence of the interfacial energy in the generalized nearest-neighbor broken-bond approach. Scripta Mater 2009; 60:635-638.
[24] Available from: http://matcalc.tuwien.ac.at
[25] Kampmann R, Wagner R. Decomposition of alloys: the early stages. 2nd Acta Scripta Metall Conf 1984; 91.
[26] Kocks UF, Mecking H. Physics and phenomenology of strain hardening: the FCC case. Prog Mater Sci 2003; 48:171-273.
[27] Lindgren LE, Domkin K, Hansson S. Dislocations, vacancies and solute diffusion in physical based plasticity model for AISI 316L. Mech Mater 2008; 40:907-919.
[28] Roters F, Raabe D, Gotstein G. Work hardening in heterogeneous alloys—a microstructural approach based on three internal state variables. Acta Mater 2008; 48:4181-4189.
[29] Brinckmann S, Sivanesapillai R, Hartmaier A. On the formation of vacancies by edge dislocation dipole annihilation in fatigued copper. Int J Fatigue 2011; 33:1369-1375.
[30] Soliman MS, El-Danaf EA, Almajid AA. Effect of heat treatment conditions on the high temperature deformation of 6082-AL alloy. Adv Mater Res 2009; 83:407-414.
[31] Radis R, Kozeschnik E. Kinetics of AlN precipitation in microalloyed steel. Model Simul Mater Sci 2010; 18.5:055003.
[32] Warczok P, Stechauner G. MatCalc technical papers [MatCalc Documentation]. Matcalc.tuwien.ac.at. (2016) Retrieved 30 March 2016, from http://matcalc.tuwien.ac.at/wiki/doku.php?id=techpapers
[33] San Marchi C, Somerday BP, Robinson SL. Permeability, solubility and diffusivity of hydrogen isotopes in stainless steels at high gas pressures. Int J Hydrogen Energ 2007; 32.1:100-116.
[34] Fischer FD, Svoboda J, Kozeschnik E. Interstitial diffusion in systems with multiple sorts of traps. Model Simul Mater Sci 2013; 21:025008.
[35] Gaude-Fugarolas D. Effect of microstructure and trap typology on hydrogen redistribution in steel. Proceedings of METAL2013, Bnro, Czech Republic, 15-17 May 2013.
[36] da Silva JRG, McLellan RB. The solubility of hydrogen in super-pure-iron single crystals. J Less-Common Met 1976; 50:1-5.
[37] Kiuchi K, McLellan RB. The solubility and diffusivity of hydrogen in well-annealed and deformed iron. Acta Metall 1983; 31.7:961-984.
[38] da Silva JRG, Stafford SW, McLellan RB. The thermodynamics of the hydrogen-iron system. J Less-Common Met 1976; 49:407-420.
[39] Sofronis P, McMeeking RM, Numerical analysis of hydrogen transport near a blunting crack tip, Journal of the Mechanics and Physics of Solids 1989, 37:3:317-350.
[40] Song EJ, Suh D-W, Bhadeshia HKDH. Theory for hydrogen desorption in ferritic steel. Comp Mater Sci 2013; 79:36-44.
[41] Wallaert E, Depover T, Arafin M, Verbeken K. Thermal desoprtion spectroscopy evaluation of the hydrogen-trapping capacity of NbC and NbN precipitates. Metallurgical and Materials Transactions A 2014; 45:5:2412-2420.
[42] Zhang S et al. Effect of Nb on hydrogen-induced delayed fracture in high strength hot stamping steels, Materials Science and Engineering A 2015; 626:136-143.
[43] Wei F-G, Tsuzaki K. Hydrogen trapping character of nano-sized NbC precipitates in tempered martensite. Proc. 2008 Intern. Hydrogen Conf. Wyoming, USA 2008; 456.
[44] Ohnuma M, Suzuki J, Wei F-G, Tsuzaki K. Direct observation of hydrogen trapped by NbC in steel using small-angle neutron scattering. Scripta Mater 2008; 58:142-145.
[45] Lee HG, Lee J-Y. Hydrogen trapping by TiC particles in iron. Acta Metall Mater 1984; 32.1:131-136.
[46] Lee SM, Lee J-Y. The effect of the interface character of TiC particles on hydrogen trapping in steel. Acta Metall Mater 1987; 35.11:2695-2700.
[47] Takahshi J, Kawakami K, Kobayashi Y, Tarui T. The first direct observation of hydrogen trapping sites in TiC precipitation-hardening steel through atom probe tomography. Scripta Mater 2010 63:261-264.
[48] Wei FG, Tsuzaki K. Quantitative analysis on hydrogen trapping of TiC particles in steel. Metall Trans A 2006; 37:331-353.
[49] Winzer N et al. Hydrogen diffusion and trapping in Ti-modified advanced high strength steels, Materials & Design, Volume 92, 15 February 2016, Pages 450-461
[50] Wallaert E, Duprez L, Atrens A, Verbeken K, Thermal desorption spectroscopy study of the interaction of hydrogen with TiC precipitates. Metals and Materials International 2013; 19:4:741-748.
[51] Perez Escobar D, Duprez L, Atrens A, Verbeken K, Thermal desorption spectroscopy study of experimental Ti/S containing steels. Materials Science and Technology 2013; 29:3:261-267.
[52] J.P. Hirth. Effects of hydrogen on the properties of iron and steel, Metall Trans A 1980; 11.6:861-890
[53] Pressouyre GM, Bernstein IM. A quantitative analysis of hydrogen trapping. Metall Trans A 1978; 9.11:1571-1580.
[54] Stopher MA. (in press). The effects of neutron radiation on nickel based alloys, Materials Science and Technology. DOI: 10.1080/02670836.2016.1187334.
[55] Turnbull A, et al. Hydrogen transport in nickel-base alloys. Metallurgical Transactions A 1992; 23:12:3231-3244.
[56] Pound BG. The effect of aging on hydrogen trapping in precipitation-hardened alloys. Corrosion Science 2000; 42:11:1941-1956.
[57] Qi WJ, et al. Hydrogen Embrittlement Susceptibility and Hydrogen-Induced Additive Stress of 7050 Aluminum Alloy Under Various Aging States. Journal of Materials Engineering and Performance 2015; 24:9:3343-3355.
[58] Verners O, Psofogiannakis G, van Duin ACT. Comparative molecular dynamics study of fcc-Al hydrogen embrittlement. Corrosion Science 2015; 98:40-49.
[59] Alexopoulos ND, Velonaki Z, Stergiou CI, Kourkoulis SK. The effect of artificial ageing heat treatments on the corrosion-induced hydrogen embrittlement of 2024 (Al–Cu) aluminium alloy. Corrosion Science 2016; 102:413-424.
[60] Laurino A, Andrieu E, Harouard JP, Odemer G, Salabura JC, Blanc C. Effect of corrosion on the fatigue life and fracture mechanisms of 6101 aluminum alloy wires for car manufacturing applications. Materials & Design 2014; 53:236-249.
1

image2.emf
J


image92.emf
[

]

2

)

1

(

k

L

L

k

k

Tk

L

L

Tk

K

c

V

K

K

V

V

dc

dc

-

+

=


image93.emf
Ti

D


image94.emf
i


image95.emf
n


image96.emf
L

V


image97.emf
Tk

V


image98.emf
L

V


image99.emf
Tk

V


image100.emf
V


image101.emf
Tk

V


image3.emf
÷

ø

ö

ç

è

æ

-

×

÷

÷

ø

ö

ç

ç

è

æ

×

-

×

=

t

T

k

G

Z

N

J

B

t

b

exp

exp

*

*

0


image102.emf
L

c


image103.emf
L

c


image104.emf
L

L

V

y

/


image105.emf
Tk

c


image106.emf
k


image107.emf
Tk

c


image108.emf
Tk

Tk

V

y

/


image109.emf
k

K


image110.emf



yTk










y

Tk


image111.emf



H
 tr



ap
pe



d 
/ %



0



20



40



60



80



100



grain diameter / µm
1 10 100 1 000 10 000



H
 tr



ap
pe



d 
/ %



0



20



40



60



80



100



grain diameter / µm
10 100



(a) (b)










H

 

t

r

a

p

p

e

d

 

/

 

%

0

20

40

60

80

100

grain diameter / µm

1 10 100 1 000 10 000

H

 

t

r

a

p

p

e

d

 

/

 

%

0

20

40

60

80

100

grain diameter / µm

10 100

(a) (b)


image4.emf
0

N


image112.emf



 



H
 tr



ap
pe



d 
/ %



0



20



40



60



80



100



dislocation density / m-3
1010 1011 1012 1013 1014 1015 1016 1017










 

H

 

t

r

a

p

p

e

d

 

/

 

%

0

20

40

60

80

100

dislocation density / m

-3

10

10

10

11

10

12

10

13

10

14

10

15

10

16

10

17


image113.emf



 



H
 tr



ap
pe



d 
/ %



0



20



40



60



80



100



temperature / C
100 200 300 400 500 600



10 µm
100 µm
1000 µm










 

H

 

t

r

a

p

p

e

d

 

/

 

%

0

20

40

60

80

100

temperature / C

100 200 300 400 500 600

10 µm

100 µm

1000 µm


image114.png
A ref.[33]

v ref. [33]
this work

— this work

IS

»

ferritic
microstructure|

H content in matrix / ppm
»

<\ martensitic
microslructure

0 500 1000 1500 2000 2500
time /s





image115.emf



τ










t


image116.emf



τ = τo +αGb ρ










t=t

o

+a

Gb

r


image117.emf



α










a


image118.emf



G










G


image119.emf



b










b


image120.emf



τo










t

o


image121.emf



ρ










r


image5.emf
Z


image122.emf



H
 c



on
te



nt
 tr



ap
pe



d 
/ p



pm
w



0



0,1



0,2



0,3



0,4



0,5



0,6



0,7



Plastic strain
0 0,05 0,1 0,15 0,2



di
sl



oc
at



io
n 



de
ns



ity
 / 



m
2



1010



1011



1012



1013



Plastic strain
0 0,05 0,1 0,15 0,2



ref. [37]
this work



ref. [37]
this work



free hydrogen total trapped hydrogen



H trapped at dislocations
H trapped at grain boundaries










H

 

c

o

n

t

e

n

t

 

t

r

a

p

p

e

d

 

/

 

p

p

m

w

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

Plastic strain

0 0,05 0,1 0,15 0,2

d

i

s

l

o

c

a

t

i

o

n

 

d

e

n

s

i

t

y

 

/

 

m

2

10

10

10

11

10

12

10

13

Plastic strain

0 0,05

0,1

0,15 0,2

ref. [37]

this work

ref. [37]

this work

free hydrogen

total trapped hydrogen

H

 

t

r

a

p

p

e

d

 

a

t

 

d

i

s

l

o

c

a

t

i

o

n

s

H trapped at grain boundaries

[40]

[40]


image123.emf



m
ea



n 
ra



di
us



 / 
nm



1



10



time / h0 20 40 60 80 100



nu
m



be
r d



en
si



ty
 / 



m
-3



-3



1



105



1010



1015



1020



1025



time / h
0 20 40 60 80 100



H
 c



on
t. 



in
 m



at
rix



 / 
pp



m



0
0,5



1
1,5



2
2,5



3
3,5



time / h
0 20 40 60 80 100



(a)



(b)



(c)










m

e

a

n

 

r

a

d

i

u

s

 

/

 

n

m

1

10

time / h

0 20 40 60 80 100

n

u

m

b

e

r

 

d

e

n

s

i

t

y

 

/

 

m

-

3

-

3

1

10

5

10

10

10

15

10

20

10

25

time / h

0 20 40 60 80 100

H

 

c

o

n

t

.

 

i

n

 

m

a

t

r

i

x

 

/

 

p

p

m

0

0,5

1

1,5

2

2,5

3

3,5

time / h

0 20 40 60 80 100

(a)

(b)

(c)


image124.emf



 



H
 tr



ap
pe



d 
at



 N
bC



 / 
pp



m



0,2



0,4



0,6



0,8



1



temperature / C
300 400 500 600 700 800



ref. [38]
this work



[43]










 

H

 

t

r

a

p

p

e

d

 

a

t

 

N

b

C

 

/

 

p

p

m

0,2

0,4

0,6

0,8

1

temperature / C

300 400 500 600 700 800

ref. [38]

this work

[43]


image125.emf
)

(

7

10

7

0

.

22

TiC

mean

TiC

H

r

E

×

×

+

=

D

-


image126.emf



 



Ti
C



 v
ol



um
e 



pe
rc



en
t



0



0,1



0,2



0,3



0,4



temperature / C
200 400 600 800 1 000 1 200 1 400 1 600



ref. [43]
this work



[48]










 

T

i

C

 

v

o

l

u

m

e

 

p

e

r

c

e

n

t

0

0,1

0,2

0,3

0,4

temperature / C

200 400 600 800 1 000 1 200 1 400 1 600

ref. [43]

this work

[48]


image127.emf



tra
pp



ed
 H



 / 
pp



m



0



0,2



0,4



0,6



0,8



temperature / C
200 400 600 800 1 000 1 200 1 400 1 600



ref. [43]
this work



[48]










t

r

a

p

p

e

d

 

H

 

/

 

p

p

m

0

0,2

0,4

0,6

0,8

temperature / C

200 400 600 800 1 000 1 200 1 400 1 600

ref. [43]

this work

[48]


image128.emf



sc
al



ed
 n



um
be



r d
en



si
ty



10-14



10-12



10-10



10-08



10-06



0,0001



0,01



1



precipitate size / µm
0,5 1 1,5 2



sc
al



ed
 n



um
be



r d
en



si
ty



10-14



10-12



10-10



10-08



10-06



0,0001



0,01



1



precipitate size / µm
0 0,5 1 1,5 2



sc
al



ed
 n



um
be



r d
en



si
ty



10-14



10-12



10-10



10-08



10-06



0,0001



0,01



1



precipitate size / µm
0 0,5 1 1,5 2










s

c

a

l

e

d

 

n

u

m

b

e

r

 

d

e

n

s

i

t

y

10

-14

10-

12

10

-10

10

-08

10

-06

0,0001

0,01

1

precipitate size / µm

0,5 1 1,5 2

s

c

a

l

e

d

 

n

u

m

b

e

r

 

d

e

n

s

i

t

y

10

-14

10

-12

10

-10

10

-08

10

-

06

0,0001

0,01

1

precipitate size / µm

0 0,5 1 1,5 2

s

c

a

l

e

d

 

n

u

m

b

e

r

 

d

e

n

s

i

t

y

10

-14

10

-12

10

-10

10

-08

10

-06

0,0001

0,01

1

precipitate size / µm

0 0,5 1 1,5 2


image6.emf
2

1

2

2

2

1

÷

÷

ø

ö

ç

ç

è

æ

¶

D

¶

×

-

=

n

G

T

k

Z

B

p


image7.gif




image8.emf
n


image9.emf
*

n


image10.emf
G

D


image11.emf
n


image12.emf
B

k


image13.emf
T


image14.emf
G

D


image15.emf
*

n


image16.emf
*

b


image17.emf
*

b


image18.emf
1

1

0

0

0

4

2

*

*

)²

(

4

-

=

ú

û

ù

ê

ë

é

-

W

=

å

n

i

i

i

i

mi

D

c

c

c

a

pr

b


image19.emf
*

r


image20.emf
a


image21.emf
W


image22.emf
ki

c


image23.emf
i

c

0


image24.emf
m


image25.emf
oi

D


image26.emf
i


image27.emf
t


image28.emf
²

*

2

1

Z

b

t

=


image29.emf
*

G


image30.emf
g


image31.emf
vol

G

D


image32.emf
)²

(

³

3

16

*

vol

G

G

D

×

=

g

p


image33.emf
(

)

å

å

å

å

+

+

+

=

=

n

m

m

n

i

mi

mi

m

n

m

m

oi

i

c

N

G

1

2

1

1

3

1

0

,

4

3

4

g

pr

m

l

pr

m


image34.emf
i

0

m


image35.emf
i


image36.emf
mi

m


image37.emf
i


image38.emf
m


image39.emf
mi

c


image40.emf
m

l


image41.emf
m

r


image42.emf
r


image43.emf
dt

d

dt

d

dt

d

-

+

-

=

r

r

r


image44.emf
r


image45.emf
L

b

M

dt

d

j

r

&

=

+


image46.emf
M


image47.emf
j

&


image48.emf
b


image49.emf
L


image50.emf
r

A

L

=


image51.emf
A


image52.emf
j

r

r

&

M

b

d

B

dt

d

ann

2

×

-

=

-


image53.emf
B


image54.emf
ann

d


image55.emf
(

)

f

v

s

Q

b

G

d

n

p

-

=

1

2

4

ann


image56.emf
s

G


image57.emf
n


image58.emf
f

v

Q


image59.emf
d

D


image60.emf
(

)

2

eq

2

3

d

2

r

r

r

-

-

=

T

k

b

G

D

C

dt

d

B

s


image61.emf
eq

r


image62.emf
C


image63.emf
d

a


image64.emf
.

*

d

d

i

D

D

a

=


image65.emf
*

i

D


image66.emf
i

g

i

TM

R

D

=

*


image67.emf
i

M


image68.emf
i


image69.emf
i

M


image70.emf
*

i

D


image71.emf
g

R


image72.emf
T


image73.emf
G


image74.emf
k

E

D


image75.emf
[

]

[

]

.

)

1

ln(

)

1

(

ln

)

1

(

ln

)

1

(

ln

1

0

ï

þ

ï

ý

ü

ï

î

ï

í

ì

ï

þ

ï

ý

ü

ï

î

ï

í

ì

D

-

-

-

+

+

-

-

+

+

=

å

=

m

k

Tk

Tk

g

k

Tk

Tk

Tk

Tk

Tk

L

L

L

L

L

g

N

y

T

R

E

N

y

y

y

y

N

y

y

y

y

T

R

G

G


image76.emf
L

N


image77.emf
m


image78.emf
Tk

N


image79.emf
k


image80.emf
m


image81.emf
L

y


image82.emf
Tk

y


image83.emf
k


image84.emf
k

E

D


image85.emf
k


image86.emf
Tk

y


image87.emf
k

g

k

l

Tk

Tk

l

K

T

R

E

y

y

y

y

=

÷

÷

ø

ö

ç

ç

è

æ

D

-

=

-

-

exp

)

1

(

)

1

(


image88.emf
k

E

D


image89.emf



yTk =
yL



Kk + yL (1−Kk )










y

Tk

=

y

L

K

k

+

y

L

(1

-

K

k

)


image90.emf
,

~

,

,

1

*

t

x

L

t

x

n

i

L

Ti

Ti

i

eq

dc

dc

dc

dc

D

D

D

÷

÷

ø

ö

ç

ç

è

æ

+

=

å

=


image91.emf
[

]

,

)

1

(

1

1

1

2

-

ú

û

ù

ê

ë

é

-

+

+

=

å

m

k

L

L

k

k

Tk

L

L

K

c

V

K

K

V

V

dc

dc


