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ABSTRACT
INVESTIGATION OF HYDROGEN EMBRITTLEMENT BY A
MULTI-SCALE MODELLING APPROACH

Mehmet Fazil KAPCI
MSc. in Advanced Materials and Nanotechnology
Advisor: Assoc. Prof. Dr. Burak BAL
August 2021

Hydrogen exposure of metallic materials during their service times or during the
application of processes e.g. machining, welding, electroplating leads to degradation of
the mechanical properties which is a phenomenon known as hydrogen embrittlement.
Diffused hydrogen into metal can accumulate in crystal defects and alter the mechanical
behavior under loading. In this thesis, diffusion of the hydrogen as well as the atomistic
mechanisms of dislocation mobility depending on the presence of hydrogen were
investigated for two edge dislocation systems that are active in the plasticity of a-Fe,
specifically %2<111>{110} and 2<111>{112}. In particular, the glide of the dislocation
pile-ups through a single crystal, as well as transmission of the pile-ups across the grain
boundary were evaluated in bcc iron crystals that contain hydrogen concentrations in
different amounts. Additionally, the uniaxial tensile response under a constant strain
rate was analyzed for the aforementioned structures. Lastly, diffusion and back-
diffusion of the hydrogen into bcc, fcc, and hep crystal structures were investigated with
numerical models. The results reveal that the presence of hydrogen decreases the
velocity of the dislocations — in contrast to the commonly invoked HELP (Hydrogen-
enhanced localized plasticity) mechanism -, although some localization was observed
near the grain boundary where dislocations were pinned by elastic stress fields. In the
presence of pre-exisiting dislocations, hydrogen-induced hardening was observed as a
consequence of the restriction of the dislocation mobility under uniaxial tension.
Furthermore, it was observed that hydrogen accumulation in the grain boundary
suppresses the formation of new grains that leads to a hardening response in the stress-
strain behaviour which can initiate brittle fracture points.

Keywords: Hydrogen Embrittlement, Molecular Dynamics, Dislocation, Fracture



OZET
HIDROJEN GEVREKLIGININ COK OLCEKLI MODELLEME
YAKLASIMIYLA INCELENMESI

Mehmet Fazil KAPCI
fleri Malzemeler ve Nanoteknoloji Anabilim Dal1 Yiiksek Lisans
Tez Yoneticisi: Dog. Dr. Burak BAL
Agustos 2021

Malzemelerin kullanim sirasinda veya talaghi imalat, kaynak, elektro kaplama gibi
islemler sirasinda hidrojene maruz kalmasi mekanik davranislarinin bozulmasina
sebebiyet verebilmektedir. Hidrojen gevrekligi olarak bilinen bu durumda atomik
hidrojen metal kristali igerisine niifuz ederek buradaki kristal kusurlar etrafinda
birikmekte ve bu yapilarin yiik altindaki davranislarin1 degistirmektedir. Bu tez
caligmasinda hidrojen difiizyonu ve bunun yaninda hidrojen etkisinde dislokasyon
hareketliliginin atomik mekanizmalari, a-Fe’nin plastisite davranisinda aktif olan iki
kayma sistemi, spesifik olarak 2<111>{110} ve “%<111>{112} kenar dislokasyonlar1
icin incelenmistir. Detayli olarak farkli hidrojen yogunluklarinda tek kristal icinde
dislokasyon yigin1 kaymalari, bunun yaninda tane sinir1 igeren yapilarda dislokasyonun
tane smirindan gegisi bee demir kristallerinde degerlendirilmistir. Bununla beraber,
bahsi gecen yapilarin sabit gerilme orani altinda tek yonlii gekme davranisinin analizleri
yapilmistir. Son olarak bcc fec ve hep kristal yapilarda hidrojen difiizyon ve geri
difiizyonu niimerik modeller ile incelenmistir. Elde edilen sonuglara goére sikca
kullanilan HELP mekanizmasinin aksine hidrojenin dislokasyon hizin1 azalttig
goriilmistiir. Buna karsin tane smiri elastik gerilmelerinin etkisiyle bu bdlgelerde
hidrojen ile dislokasyon lokalizasyonu da g6zlenmistir. Hidrojenin 6nceden varolan
dislokasyonlarin hizin1 diigiirmesi ile tek yonlii ¢ekme davranisinda sertlesme
goriilmiistiir. Ayrica, hidrojenin tane sinirlarinda birikimi yeni tane sinirt olusumlarini
baskilamakta ve gevrek kirilmalara sebebiyet verebilen sertlesme davranisini
arttirmaktadir.

Anahtar kelimeler: Hidrojen Gevrekligi, Molekiiler Dinamik, Dislokasyon, Kirilma
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Chapter 1

1. Introduction

In the first chapter of this thesis titled “Investigation of Hydrogen Embrittlement
by a Multi-Scale Modelling Approach”, the hydrogen embrittlement phenomenon is
introduced. First, the effects of hydrogen that lead to degradation of mechanical
properties of metallic materials are discussed in detail with several proposed
mechanisms in literature. Moreover, modelling methods of the hydrogen concentration
in the crystal defect sites at different length and time scales are represented by focusing
on the edge dislocation and symmetric tilt grain boundary where the effects of hydrogen
on the behaviors of these defects are included in the upcoming chapter (Chapter 2).

Finally, the aim and the objectives of the thesis were explained in the second subsection.

1.1 Motivation and Background

1.1.1 Hydrogen Embrittlement

Hydrogen embrittlement (HE) is a type of fracture mechanism of metallic
materials that can affect a wide range of applications by leading to failure of materials
during their service times [1]. In particular, materials show a premature fracture or they
lose their toughness unexpectedly due to the atomic hydrogen diffused into crystal
lattice. Especially the high strength steels, aluminum, titanium, and nickel alloys
possess a high susceptibility to hydrogen embrittlement which are used as structural
components in the automotive and aerospace industries [2]. Additionally, detrimental
effects of hydrogen can be seen in the application areas that contain high hydrogen
contaminant in the environment such as oil/gas or nuclear industries. Beside all these,
during the production, cathodic protection, welding, or electroplating processes, metals
can expose to high amount of hydrogen that can lead to reduction in mechanical
strength and elongation [3-5]. Additionally, using the hydrogen as an alternative energy

source also brings up the problem of hydrogen related failures. Increasing demand on



the new alternative energy sources is gaining importance gradually due to the
consequences of the harmful effects and shortage of the fossil fuels. Although the
hydrogen energy stands as a possible solution for this issue, degradation effect of the
hydrogen on metallic materials during the production, storage, and transportation of the
hydrogen is one of the key challenge to use this alternative energy in a wide range of
applications [6].

Degradation effect of atomic hydrogen when it diffuses into metallic materials is
known for over a century and many investigations have been conducted to understand
the underlying mechanisms of this effect. After the diffusion of the hydrogen into
material, it can be accumulated in several defect sites, e.g. surface/subsurface, the cores
of the edge and screw dislocations, grain boundaries, and vacancies. Figure 1.1
illustrates the possible accumulation sites of the hydrogen after diffusion into

microstructure [7].

......... SR e

Figure 1.1 Possible hydrogen accumulation sites in the microstructure. Hydrogen
a) in interstitial positions in the lattice, b,c) trapped hydrogen in surface and
subsurface, d) in grain boundary, e) in dislocation core, f)in vacancy (adopted from

[7D).

Once hydrogen atom diffuses into these crystal defects, depending on the
concentration, it can alter the volume, potential energy, and stress field of the defect by
changing the orientations of the atoms around [8-10]. Eventually, the behaviors of these
defects as well as the interactions with other defects are influenced by the presence of
the hydrogen atoms. Thus, understanding the hydrogen-defect interactions constitute a
significant place in order to evaluate and prevent HE phenomenon. Although the
underlying mechanisms of HE have been investigated by many studies until now, there

are 3 main commonly invoked mechanisms in the literature. These mechanisms can be



listed as HEDE (hydrogen enhanced decohesion), HELP (hydrogen enhanced localized
plasticity), and hydrogen induced hydride formation and fracture mechanisms [11].

[llustrations of the mechanisms are given in the Figure 1.2.
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Figure 1.2 Hydrogen embrittlement mechanisms. a) Hydrogen enhanced
decohesion (HEDE) (adopted from [11]), b) hydrogen induced hydride formation
(adopted from [11]), c) Hydrogen enhanced localized plasticity (HELP) (adopted
from [11]).

In the HEDE mechanism, it was proposed that atomic hydrogen decrease the
cohesive energy between the lattice layers which leads to separation of these layers as a
consequence of weakened interatomic bonds between metal atoms[12]. Additionally, it
was stated that when the hydrostatic stress is high in a region e.g. ahead of the crack tip
or the regions near the other defects such as inclusions and dislocations, hydrogen is
keen to accumulate in these regions due to elastic stresses and dilation of the volume
between the surrounding atoms. Thus, accumulation of atomic hydrogen in these sites
can lead to separation of the atomic layers under lower stresses [13,14]. For the
materials that contains hydride forming elements such as V, Zr, Nb, Ta, Ti etc., another
mechanism, stating that hydrogen induced hydride formation is responsible for
premature fracture, was proposed. Increase in the hydrogen content depending on
hydrostatic stress, induces the formation of brittle hydrides which eventually starts the
cleavage along the brittle hydride phase [15-17]. The third mechanism is HELP
(hydrogen enhanced localized plasticity). It was stated in this mechanism that presence
of the hydrogen in the lattice, increases the mobility of dislocations and has a shielding

effect for the dislocation-dislocation and dislocation other defects interactions.



Eventually, reduction in the elastic stresses between defects leads to localized plastic
region in the microstructure and facilitates the propagation of the cracks [18,19].
Hydrogen induced fracture was investigated by many experimental studies with
different material microstructures, loading conditions and hydrogen content [20-24].
After charging the samples with hydrogen, various types of loadings can be applied to
the materials e.g. tensile, impact, fatigue loading to determine the effect of hydrogen on
macroscopic mechanical response. Additionally, the fracture surface evaluations can be
conducted via different microscopy techniques such as optical microscopy, scanning
electron microscopy (SEM) or transmission electron microscopy (TEM) to evaluate the
type of fracture which could be intergranular fracture due to the hydrogen segregation in
the grain boundaries or brittle transgranular fracture by facilitated crack propagation in
the hydrogen presence. On the other hand, revealing the atomistic origin of the
hydrogen embrittlement and H-defect interactions requires using of modelling methods
in both atomistic scales and macro scales. Altered macroscopic behaviors of the
materials after the hydrogen exposure are rooted in various factors take place in the
short timescales including hydrogen-defect and also defect-defect interactions under the
influence of hydrogen. Thus, modelling the atomistic scale behaviors and integration of
the outputs of these models into the macroscale models is important for a

comprehensive understanding of the HE phenomenon.

1.1.2 Modelling of Hydrogen Concentration in the Crystal Defects

Investigating the diffusion of the hydrogen into crystal defect and revealing the
concentration in this defect sites relative to lattice is important to understand hydrogen
embrittlement phenomenon. Several modelling techniques can be utilized in this
context. In this part, modelling the hydrogen concentration was discussed for the edge
dislocation and symmetric tilt grain boundary in accordance with the further studies
presented in the thesis.

One way to observe the hydrogen diffusion and concentration in the vicinity of an
edge dislocation is the steady-state model by using diffusion-convection equation and
continuum level stress field of the dislocation. Considering a body with a volume V and
surface S, mass conservation states that the rate of change in the hydrogen concentration
in V is related to the flux through the surface S as

a
Efcdv+ [JndS =0 (1.1)



where % is the partial derivative with respect to time, c is the hydrogen concentration, |

is flux and n is outward unit normal vector to dV. The flux is proportional to the
chemical potential gradient, which is driving force for diffusion, diffusion coefficient
and hydrogen concentration as follows [25]:

J=—-—mVp= —%Vu (1.2)
where m is mobility, D is the diffusion coefficient, R is gas constant, T is temperature
and p is chemical potential. Negative sign indicates that the transport is from high to
low chemical potential. From fundamental thermodynamic relations the chemical

potential of the hydrogen atoms can be expressed as considering the Helmholtz free

energy [26]:

]
n= (%)T,P = po + RTInc + p, (1.3)

where p, is the reference chemical potential and p, is stress dependent part of the
chemical potential which can be calculated as
ly = =2V, (1.4)

where Vy is partial molar volume of hydrogen and oy, is applied stress. The elastic

stress field of the edge dislocation in the x and y directions are defined as

oo = — Gby (3x%+y?) oo = — Gby(x%-y?)
XX T @ (1- 9)(x24y2)2 T YY T 2m(1- 9)(x2+y2)?

(1.5)

where G is the shear modulus, b is Burgers vector and, 9 is Poisson’s ratio. As an
illustration, figure 1.3 represents the elastic stresses o, and g, around the edge

dislocation in bcc iron crystal.

Figure 1.3 a) o, and b) a,,, stress field of the edge dislocation in the center. Blue
colors represent compressive and red colors represents tensile region



Substitution of the Eq. (1.3) and (1.4) into Eq. (1.2) the flux can be obtained as
J=—-DVc— % cv 2k (L6)
Considering the Fick’s first law with the addition of convective term, flux can also
be defined as
J =—=DVc —uc 7
where u is the velocity of the hydrogen transport around dislocation driven from the

chemical potential gradient which can be obtained as

= DVh g ik (18)
RT 3 '

Finally, the partial derivative of hydrogen concentration with respect to time can be
related with flux as follows

% = V) = DV?c — 2 (L% 4 gy L)) (L9)

Utilizing this equation to the FE (Finite Element) method for the bcc iron by using
the diffusion coefficient of hydrogen in the iron gives the 2D steady state hydrogen
concentration around the dislocation (Figure 1.4). It can be observed from the figure
that hydrogen tends to accumulate in the core of dislocation and in the tensile region

whereas the compressive region has a lower hydrogen concentration.
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Figure 1.4 FEM analysis of hydrogen concentration around the edge dislocation
(dislocation is located in the center x=0, y=0, initial hydrogen cy=1).



Additionally, classical molecular dynamics (MD) method is another useful tool to
evaluate the hydrogen concentration around the crystal defects. In order to model the
hydrogen in the defects, an interatomic potential should be utilized to define the
interaction between metal and hydrogen atoms where the parameters are obtained by ab-
initio simulations. Currently, there are several interatomic potentials in the literature that
define binary Fe-H interaction including EAM (embedded atom method), MEAM
(modified embedded atom method), and Tersoff-Brenner potentials [27—-30]. After the
definition of the interatomic potential and generation of the simulation cell with defects,
MD simulations can be performed including energy minimization and equilibration
under pressure and temperature. Thus, hydrogen atoms can either accumulate in crystal
defects or stay in the lattice in interstitial positions. Figure 1.5 demonstrates the
hydrogen concentration in the bcc iron lattice and in the symmetric tilt grain boundary.
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Figure 1.5 Hydrogen concentration obtained by MD method in grain boundaries
and crystal lattice. Brown and green colors represents different grains and initial
hydrogen concentration in the lattice co= 1.



1.2 The Aim and Objectives

In this thesis, diffused hydrogen and crystal defect interactions are investigated in
order to understand the atomistic mechanism of HE. Molecular Dynamics (MD) method
was utilized for (body-centered cubic) bcc iron nanostructures that contains dislocation
and grain boundaries. Specifically, the simulations were performed on 3 different
structures; 2 single crystals that contain edge dislocations in different glide planes, and 1
bicrystal that also contains edge dislocations. For each of the three simulation set,
hydrogen atoms were introduced in different concentrations. After that, each structure
was exposed to shear and tensile loadings respectively. Thus, dislocation mobility as
well dislocation-grain boundary interactions was evaluated under the influence of
hydrogen. Additionally, effects of the altered responses of crystal defect on the overall
mechanical behavior were observed by the tensile loading simulations. Finally, 1D and
2D transient diffusion of the hydrogen were modelled in the macroscale for the
materials that possess bcc, fcc, and hcp crystal structures. Also, these simulations were
performed in a timescale which is comparable with the charging times of the metallic

specimens to use in the experimental studies.



Chapter 2

2. The Role of Hydrogen in the Edge
Dislocation = Mobility and  Grain
Boundary-Dislocation Interaction in a-Fe

2.1 Introduction

The embrittlement effect of hydrogen in metals was firstly discovered in 1875 by
Johnson when studying changes of the macroscopic mechanical properties of a piece of
iron that had been immersed in hydrochloric and sulphuric acids [31]. The presence of
H in the metal facilitates the transition from ductile to cleavage type in the macroscopic
fracture process when applying external stresses. This degradation of the mechanical
properties causes failures of the material in a great number of engineering applications
such as storage tanks, oil gas pipelines, structural components relying on high-strength
steels and alloys, etc. [32—-36]. Reduction in the yield and tensile stresses by the effect of
hydrogen was observed in many previous studies including the deformation at slow,
quasistatic, and high strain rates [37—-40]. Additionally, hydrogen was reported to
decrease ductility, facilitate crack propagation and, decrease fracture toughness that can
result in brittle transgranular or intergranular crack formation in the microstructure [41-
43]. Nonetheless, degradation of these properties by the presence of hydrogen depends
upon several factors, such as hydrogen content exposure, mechanical state, and
microstructural properties of the material [7,44]. There exist many models and theories
which try to explain the embrittlement mechanism of metals due to hydrogen
[11,45,46], and it is imperative to understand the underlying complexities involved.
Discovering the fundamental mechanisms of hydrogen embrittlement (HE) requires
information about the source of hydrogen - usually via chemical absorbtion of hydrogen
atoms from the metal surface, or due to a release of hydrogen from chemical reactions
inside the material -, and also about the diffusion of hydrogen through the lattice and its
interaction with microstructural trap sites such as dislocations and grain boundaries
[47,48].



Although the exact mechanism of hydrogen embrittlement remains unclear and
various factors can contribute to the ultimate response, there are three generally
accepted main mechanisms: hydrogen enhanced decohesion, hydride formation, and
hydrogen enhanced localized plasticity. The hydrogen enhanced decohesion (HEDE)
mechanism suggests that the diffused hydrogen decreases the cohesive energy between
the metal atoms in the lattice and weakens the bonding across the atoms at the crack tip,
which leads to the sequential separation of the layers and enhancement of the crack
propagation under tensile stress [12,49]. Additionally, many experimental and
theoretical studies support a mechanism according to which the accumulated hydrogen
along grain boundaries can lead to an increased likelihood of fracture by intergranular
crack formation [50-53]. Finally, the hydride formation mechanism suggests that
regions with high hydrostatic stress, such as those ahead of the crack tip, can
accumulate a large amount of hydrogen. This leads to the formation of brittle hydride
phases, in particular, in the presence of hydride forming alloying elements V, Zr, Nb,
Ta, Ti etc., which results in the propagation of the crack through the brittle phase
[11,54]. For systems that do not form hydrides, hydrogen enhanced localized plasticity
(HELP) is another frequently invoked mechanism involving the movement of
dislocations: Based on the examination of fracture surfaces, Beachem [55] proposed the
enhancement of the dislocation mobility in the presence of mobile hydrogen, which
leads to an increased plasticity localized at the crack tips and thus causes brittle
cleavage already for low applied stresses. Subsequently, this theory was supported by
theoretical studies of Birnbaum and Sofronis [56]. Beside noting the effect of hydrogen
on the velocity of the dislocations, they also claimed that hydrogen can shield the elastic
stresses facing the dislocation due to elastic obstacles such as other dislocations, thereby
contributing to the enhanced localized plasticity.

Dislocation behavior in materials containing hydrogen has also been investigated
by in-situ TEM and HVEM tools [57,58]. It was proposed that the presence of
hydrogen increases the dislocation velocities, and that stress shielding can reduce the
distances among dislocations, resulting in pile ups, and between dislocations and defects
that can serve as pinning points of the dislocations such as grain boundaries and solutes.
Again, it has been observed that in the presence of hydrogen, the cracks can propagate
already under low stresses, due to the localized plastic behavior ahead of the crack tip
which is associated with an enhanced dislocation velocity and higher emission rate of

new dislocations from the crack tip. However, due to the small size of the hydrogen
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atoms and the difficulty to keep track of the dislocations in-situ, it is difficult to
establish an explicit and statistically valid correlation between the dislocation mobility
and the hydrogen concentration only from experimental data. Therefore, atomistic
modelling of the hydrogen-defect containing structures is required to elucidate the
underlying mechanisms.

There exist many studies investigating the role of hydrogen on the embrittlement
mechanism via molecular dynamics simulations. Several investigations of the crack
propagation in a-iron and nickel crystals reveal that hydrogen accumulated around the
crack tip can inhibit the dislocation emission that leads to a ductile to brittle failure
transition ahead of the crack tip [59-63]. Furthermore, hydrogen segregation along the
grain boundaries and intergranular cleavage leading to a decrease of the cohesive energy
has also been observed for various grain boundary orientations and grain sizes [64,65].

An important phenomenon to be understood is the role of hydrogen in the
dislocation mobility and in the effective interaction of the dislocation with other defects.
Several atomistic studies support the claim that hydrogen enhances the dislocation
mobility and leads to a shielding of the stresses acting on dislocations [62,66]. On the
other hand, in a study of the effect of hydrogen on a-iron '%<111>{110} edge
dislocation pile ups, Song and Curtin [67] suggested that, unlike the previous TEM
observations that supported the HELP mechanism, hydrogen does not increase the
velocity of the dislocation but rather acts as a drag on the dislocations and thus
decreases the velocity, and, in addition, no remarkable shielding can be observed when
the dislocations encounter an elastic obstacle. Moreover, for the same dislocation
orientation, Zhu et. al [68] claimed that vacancies containing hydrogen have a pinning
effect on the dislocation, and that the strength of the pinning increases with the
concentration of hydrogen trapped in the vacancy. Katzarov et. al [69] investigated the
mobility of screw dislocations in a-iron using the kinetic Monte Carlo approach; they
suggested that although for low hydrogen concentrations and applied stresses the
velocity of dislocations increases, for higher hydrogen concentrations the dislocation
velocity is lower than the one without hydrogen due to a dragging effect of the
hydrogen atoms.

In the current study, the effect of hydrogen on the mobility of dislocations was
investigated for two slip systems (Y2<111>{110} and 2<111>{112} edge dislocations) of
a-iron by using molecular dynamics. Furthermore, the interaction of the %A<111>{112}

dislocations with the X3<110>(112) symmetric tilt grain boundary was studied for
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different hydrogen concentrations. Lastly, single crystal and bicrystal structures with
dislocations exposed to tensile loadings were studied with the goal to understand the

effect of hydrogen on the reaction of the system to applied tensile stresses.

2.2 Simulation Models

Molecular dynamics (MD) simulations were performed using LAMMPS (Large-
scale Atomic/Molecular Massively Parallel Simulator) [70]Jon a-Fe crystals. Under pure
shear loading, the mobility of /2<111>{110} and "2<111>{112} edge dislocations was
examined for different hydrogen concentrations. The two orientations were chosen,
because the <111> direction and the {110} and {112} planes are the most dominant slip
systems in a-Fe, and in other bcc crystals as well [71,72]. Additionally, transmission
across of the 2<111>{112} dislocations through the grain boundary in the presence of
hydrogen was investigated by using a symmetric tilt-high angle grain boundary
¥3<110>(112) that has the lowest energy among the various grain boundary types of
interest in this system [73]. Finally, uniaxial tensile loadings were performed for the
three aforementioned configurations, in order to understand the effect of the hydrogen-
defect interaction on the overall mechanical response.

The interatomic interactions among Fe and H atoms were described by using an

EAM (embedded atom method) potential [27] where the total energy is given by [74]
E = Y F(p:()) +% 2, D(1i)) 21)
F; is the embedding energy as a function of p; which denotes the electron density
at position 7; and @ is the electrostatic pair potential between atoms i and j that only
depends on their separation distance r;;. Configurations were displayed by OVITO
software [75], and dislocation analyses were performed using the dislocation extraction

algorithm DXA [76]. Atomic stress calculations were conducted via the virial stress
theorem [77];

o= (-mSt ® S+ 2 STy ® fiy) 22)
where V is the volume that was calculated by the VVoronoi tessellation method, m;

and u; are the mass of the particle i and the displacement relative to a reference

position, respectively, r;; is the vector between particles i and j, and f;; denotes the

interatomic force between the two particles.
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2.2.1 Dislocation Velocity in a Single Crystal

Single crystal simulations were conducted by using two different bcc iron
crystallographic orientation sets of simulation cells with dimensions of 500 A x 250 A x
30 A for the x, y and z directions, respectively. Each simulation cell contains five
periodically arranged and equally spaced dislocations that were located 100 A apart
along a line in the x direction in the center of the cell; the glide planes are oriented along
y and the Burger’s vectors were oriented along the x direction (see Figure 2.1). Periodic
boundary conditions were used along the x and z directions, and a shrink-wrapped
boundary along the y direction was utilized for each simulation cell, i.e., atoms are
encompassed by the boundary along the y direction. In order to observe the dislocation
velocity under shear stress, a 25 A region at the bottom (Y = yporrom) Was kept fixed
and a 25 A region at the upper part (y = yy,,) Was treated as rigid; in this top region,
every atom was exposed to a force parallel to the x direction, such that an average shear

stress 7., 0f 1 GPa was established. Figure 2.1 illustrates the initial configuration used

for the first set of simulations.

~Force
—_—

Fixed Atoms

y

|

4

Figure 2.1 Initial configuration for the dislocation velocity simulations in a single
crystal with %2<111>{110} dislocations [78].

For the first set, the directions [111], [1-10] and, [-1-12] of a-Fe were aligned
along the x, y and z directions, respectively, with five equally spaced (periodic)

¥<111>{110} dislocations along the center line parallel to the x direction. For the
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second set, the [111], [-1-12] and [1-10] directions were oriented along X, y and z
directions, respectively, with again five equally spaced '2<111>{112} dislocations
along the center line in the x direction with the same simulation cell dimensions and
initial boundary conditions. After constructing the initial configurations, hydrogen was
introduced to each of the two orientation sets with concentrations of 0.25% H/Fe, 0.5%
H/Fe and, 1% H/Fe. Figure 2.2 shows the configuration with 0.25% H/Fe concentration
for the first set of orientations.

Figure 2.2 Initial configuration of the simulation cell containing five 2<111>{110}
dislocations, with 0.25% H/Fe concentration. Recall: the directions [111], [1-10]
and, [-1-12] of a-Fe are aligned along the x, y and z directions, respectively [78].

Prior to loading, the energy was minimized for each simulation cell and the system
temperature was equilibrated via NVE ensemble simulations for 50 ps by rescaling the
temperature of the atoms to 300 K in each step, in order to let the hydrogen atoms
diffuse through the system; usually, the H-atoms reside at various interstitial positions
in equilibrium. Finally, a constant average force was exerted on the atoms belonging to
the upper part of the simulation cells (at y = y,,) parallel to the x direction, F=
F,,g%, that is computed via the formula

Txy X (Lx X 1z)
Favg = yT (23)
Here, 7., is the shear stress exerted on the region that contains the dislocations,
and [, are the length of the supercell along the x and z directions, and n is the total

number of atoms in the rigid part at y = y;,,. The loading stage simulation was
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performed for 50 ps for two crystallographic orientations and all hydrogen

concentrations studied.

2.2.2 Grain Boundary-Dislocation Interaction

In order to evaluate the effect of hydrogen on the transition of the <111>{112}
dislocations through the £3<110>(112) symmetric tilt grain boundary, a simulation cell
of the same size as the one in the single crystal case was generated. The structure
consisted of 2 crystals of equal size that were connected via a tilt grain boundary, and
which contained a total number of 6 equally spaced dislocations. The normal vectors of
the two grain boundary planes were oriented in the x direction, and the grain boundaries
were located in the middle and at the border of the periodically repeated simulation cell.
The initial configuration is shown in Figure 2.3. Regarding the hydrogen concentrations,
we employed the same ones as we had for the single crystal simulations (0.25%, 0.5 %
and 1%), and, similarly, the energy minimization step was followed by a NVE ensemble
simulation at 300 K to equilibrate the temperature prior to shear loadings for 50 ps. For
the shear loading, the force was again applied to the atoms at the upper part of the cell
(¥ = ytop); however, a shear stress of 1.5 GPa was applied and the loading stage

simulations were performed for 150 ps.

y

1

z

Figure 2.3 Initial configuration for the simulations containing six dislocations and
two grain boundaries, one in the center and one at the border of the simulation cell
[78].
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2.2.3 Tensile Properties

Simulations of tensile properties were performed for each of the three systems in
order to elucidate the mechanical response of the structures containing defects as
function of hydrogen content. For the single crystals, not only the aligned sequence of
five dislocations (figure 2.1) was used, but also the dislocations that had been randomly
distributed through the simulation cell (figure 2.4), and for the bicrystal the same initial
configuration (figure 2.3) was used. We first relaxed the hydrogen-free initial
configurations at 0 GPa pressure, and afterwards equilibrated the temperature (in the
NVE ensemble) and then the pressure (in the NPT ensemble) at 300 K and 0 GPa
pressure for 50 ps with periodic boundary conditions in all three directions. We also
employed periodic boundary conditions along the y direction rather than shrink-
wrapping as in the previous simulations; since there are extra half planes of atoms for
each dislocation at the upper side of the dislocations, new dislocations were formed and
more dislocations were obtained for each simulation set. After this stage, hydrogen
atoms were inserted into each structure, again with concentrations of 0.25%, 0.5% and
1%, and the temperature was equilibrated at 300 K. For all subsequent simulations, a
uniaxial tensile load was applied parallel to the x direction with the strain rate of 10
1/ps (10° 1/s) with periodic boundaries in all directions up to a 50% strain. The
simulations were then performed in the NPT ensemble by keeping the pressure at 0 GPa
along y and z.
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Figure 2.4 Randomly distributed five dislocations through the simulation cell for
tensile simulations [78].

2.3 Results

2.3.1 Dislocation Velocity in a Single Crystal

Before evaluating the dislocation mobility under shear load, virial stresses and
total energy of the dislocations were investigated after the temperature equilibration.
The (local) total energies per atom of the Fe atoms within the 5 A cut-off around the
dislocation cores (Eg;siocation) Were calculated for each simulation cell (Figure 2.5a).
Figure 2.5b shows the average normalized energy E of the dislocations with respect to

the energy of the reference crystal (Er¢ference)

~ Egistocation—Ereference
E= L (2.4)

|Ereference |

For both systems, the local energy of the system with dislocations was larger than
the one for the reference system if no hydrogen atoms had been added, i.e., £ > 0,
where the 'A<111>{112} dislocations caused a larger energy increase than the
¥<111>{110} dislocations. In both systems, it was found that the local energy of the
crystal distortion at the dislocation cores was reduced by the hydrogen accumulation for
each glide plane, where a larger energy change was observed for the 2<111>{112}
dislocations. However, for a hydrogen concentration of 1%, both systems were found to

be more stable when compared to the reference state, i.e., £ < 0.
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Figure 2.5 a) Fe atoms within the 5 A cut-off from the dislocation cores in the case
with %<111>{112} dislocations and 0% hydrogen concentration. b) Normalized
energy values for two glide planes and four hydrogen concentrations [78].

Furthermore, virial stresses in the x direction were evaluated both for the
compressive and tensile region within a 40 A wide (in the y-direction) band along the x
direction above and below the line at y = 125 A, on which the dislocations had been
placed (Figure 2.6a). It was observed that hydrogen accumulation increases the
compressive stress oy, in the 20 A wide region above the dislocation core (125 A <y <
145 A) in the overall behavior; here, the 0.25% H concentration shows a larger stress
value compared with the 0.5% case, for the %2<111>{112} dislocations (Figure 2.6b). A
more monotonic increase in the magnitude of the stress field was observed in the tensile
region, 105 A <y <125 A, for both types of dislocations (Figure 2.6c), where hydrogen

accumulation in the dislocation core reduced the stresses for both glide planes. It should

18



be noted that unlike the potential energy of alpha-Fe, the magnitude of the change in the
stress was higher for the /2<111>{110} dislocations.
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Figure 2.6 a) Tensile and compressive stress (o,,) representation within the 40 A
wide band around the line of dislocations. Positive stress values correspond to
compressive and negative stress values corresponds to tensile stress, respectively.
b) Average stress above the dislocation cores and c) average stress below the
dislocation cores for different hydrogen concentrations [78].
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The average dislocation position in the direction of the Burger’s vector as a
function of time is shown in Figures 2.7a and 2.7b, and in Figure 2.7c and 2.7d, the
velocities, respectively, for the 2<111>{110} and 2<111>{112} periodic dislocations.
It was observed that the velocity of dislocations decreases with increasing H
concentration for both orientation sets, with a strong effect for the 1% H-concentration
in the %5<111>{112} dislocation set. Moreover, the point in time when the dislocation
started to due to the accumulated shear stress in the initial stages of the shear loading
step of the simulations, was delayed by the presence of hydrogen around the dislocation
cores. It can be concluded that hydrogen has a pinning effect for both slip systems and
that it is more active along the {112} glide plane. In summary, it was found that the
presence of hydrogen decreases the velocity of the edge dislocation in a-iron, with the
amount depending on the slip system and the dislocation movement regime under
consideration. Although the separation distance between the dislocations is stable for
both glide planes, the pinning of the “A<111>{112} dislocations is more pronounced for

the high hydrogen concentrations.
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Figure 2.7 Average dislocation position x vs time graph for a) %2<111>{110} and b)
12<111>{112} periodic dislocations. Average instantaneous velocities of c¢)
1%4<111>{110} and d) ¥»<111>{112} periodic dislocations [78].

2.3.2 Grain Boundary — Dislocation Interaction

Figure 2.8 shows the movement of the '2<111>{112} dislocations in the
simulation cell containing two grain boundaries for various hydrogen concentrations.

Once a single dislocation closely approaches a grain boundary it gets absorbed by the
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boundary and requires an additional elastic stress field, e.g., of a subsequent dislocation,
to overcome the energy barrier and to continue its movement through the crystal lattice.
However, as the hydrogen concentration increases in both the dislocation cores and the
grain boundaries, the mobility of the dislocations decreases overall. In the case of no
hydrogen (0% H/Fe concentration), after the shear loading, the system stabilizes with
two dislocations absorbed in the grain boundaries and with a pair of dislocations stuck
behind each grain boundary (Figure 2.8a). Furthermore, after ca. 50 — 70 picoseconds,
the accumulation of three dislocations behind the absorbed dislocation builds up a
strong enough stress field to nucleate the absorbed dislocation into the crystal on the
other side of the grain boundary. However, Figure 2.8b shows that in the presence of
0.25% H/Fe, the elastic stress fields of the dislocations are insufficient to nucleate, and
thus re-activate, the dislocation absorbed in the grain boundary. In fact, at higher
hydrogen concentrations, more than one dislocation can be absorbed in the grain
boundary as shown in the Figures 2.8c and 2.8d. We conclude from these grain
boundary + dislocation simulations that hydrogen can increase local plasticity by
shielding the elastic long-range interactions between the edge dislocations and other
elastic obstacles. This result is consistent with the shielding effect discussed in the

context of the HELP mechanism.
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Figure 2.8 X Positions of the single dislocations within the simulation cells
containing 2 grain boundaries for a) 0% b) 0.25% c¢) 0.5% and d) 1% H/Fe
concentrations. Grey dots represents the periodic boundaries [78].
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2.3.3 Simulations of Tensile Properties

Each of the three supercell orientations mentioned above was exposed to a tensile
loading with a constant strain rate and periodic boundaries in all three dimensions in
order to evaluate mechanical characteristics and the effect of hydrogen on the pre-
existing defects. For the structures without grain boundaries, no fracture was observed
up to 50% strain. In contrast, in the supercell containing a grain boundary, intergranular
cleavage surfaces were obtained after the deformation-induced grain formation by the
same X3<110>(112) symmetric tilt grain boundaries.

We first discuss the simulations with single crystals. In the simulations that
contained 2<111>{110} dislocations from the outset, all simulation cells showed a
similar elastic response and yield stresses were decreased gradually by increasing
hydrogen concentration. An immediate softening was observed by yielding with the
formation of new dislocations; for increasing H/Fe concentration, the softening process
starts earlier, and the pre-existing dislocations showed no mobility for all simulation
cells. Tensile stress versus strain graphs are shown in the Figure 2.9.
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Figure 2.9 Stress and total dislocation length vs strain graphs of the simulation set
with 2<111>{110} dislocations, for the single crystal, a,b) for the random initial
distribution of the five dislocations, c,d) for the aligned sequence of five
dislocations along x axis. Note that the maxima in the dislocation lengths correlate
with minima in the stress. Very similar results were observed for the initial
distribution with five aligned dislocations and for the initial random distribution:
the maximal stress was slightly reduced compared to the random dislocation
arrangement, while the strains where the peaks and the minima of the stress and
the dislocation lengths occurred were the same [78].
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For the simulations with /2<111>{112} dislocations, each configuration showed
the same elastic modulus and a hardening stage was observed after yielding with the
mobility of pre-existing dislocations (Figure 2.10). Hydrogen was observed to delay and
restrict the mobility of the pre-existing dislocations. Also, depending on the hydrogen
concentration, dislocations were observed to follow different paths during hardening. In
all simulations for the four hydrogen concentrations, the pre-exisiting dislocation
mobility was observed along the [-1-11] direction after the yielding that corresponds to
the hardening phase. It was also observed that the mobile pre-existing 2<111>
dislocations form a junction and nucleate 1<001> dislocations when they encounter
each other (Figure 2.11). It was found that the pinning effect of hydrogen on the pre-

existing dislocations increases the stress by inhibiting the pre-existing dislocation

activity.
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Figure 2.10 Stress and total dislocation length vs strain graphs of the simulation
set with %:<111>{112} dislocations, for the single crystal. Again, a,b) are the results
found for the random initial distribution of the five dislocations, and c,d) the
results for the aligned sequence of five dislocations along the x axis [78].
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Figure 2.11 Strain paths of pre-existing dislocation in 2<111>{112} dislocation
containing supercell after yielding and junction formation, for the single crystal
[78].

Turning to the simulations in the presence of grain boundaries, Figure 2.12 shows
the stress-strain behaviour for simulation cells containing the two grain boundaries and
dislocations, for various hydrogen concentrations. Unlike the single crystal simulations,
pre-existing dislocation activity starts immediately after the tensile load was applied in
the x direction. For each hydrogen concentration, the pre-existing 2<111>{112}
dislocations follow the same path and glide in the <111> direction until every
dislocation is absorbed in the grain boundary. Our results reveal that the presence of
hydrogen restricts the movement of the dislocations in proportion to the hydrogen
concentration and eventually increases the stress for the same strain levels. After that, a
softening stage begins with the formation of a new £3<110>(112) grain boundary along
the [111] direction inside the single crystal part. We observed that the presence of
hydrogen inhibits the formation of new grain boundaries and thus, eventually, inside the
supercell more stress accumulates during the loading. Figure 2.13 shows the grain
configurations for the simulation cells with four different H-concentrations, at the same
strain level (7.5%).
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Figure 2.12 Stress and vs strain graphs of the simulation set with grain boundaries
and %<111>{112} dislocations. Note that the softening earlier than for the case
without grain boundaries, c.f. Figure 2.9 [78].
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Figure 2.13 X3<110>(112) grain boundary formation at 7.5% strain for %0 H/Fe,
0.25% H/Fe, 0.5% H/Fe, and 1% H/Fe supercells. Each colour represents different
grains where the newly formed deformation induced grains have the same
¥3<110>(112) grain boundary [78].

2.4 Discussion

During the movement of a dislocation through the crystal lattice, different regimes
and mechanisms can play a role depending on the temperature, applied stress, and slip
system. At 0 K temperature, an infinitely long dislocation needs to exceed the so-called
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Peierls stress in order to start the glide along the Burger’s vector direction [79,80]. It is
known that the Peierls stress for the 2<111>{112} dislocation is significantly higher
than the one for the '2<111>{110} dislocation. Owing to the asymmetrical core
structure, the {112} glide plane exhibits different critical stresses depending on the
loading direction especially for low temperatures [81]. We note that in one regime, the
dislocation movement through the crystal lattice is controlled by the phonon drag
dynamics [82]. During the movement of the dislocation, a drag force is acting on the
dislocation with a drag coefficient B(T) which depends on the temperature, and the

velocity of the dislocation can be expressed as [82,83]

b
v=om , (2.5)

where 7 is the shear stress and b is the magnitude of the Burger’s vector. Although
several mechanisms contribute to the viscous damping of the dislocation glide,
according to this model phonon scattering is the main factor determining the drag
coefficient [83,84]. However, atomistic and continuum level studies show that although
the phonon drag dynamics is capable of modeling the mobility of the {110} glide plane
for appropriate stresses and temperatures, more than one regime should be considered
[81-83] when evaluating the behavior in the case of a {112} glide plane. It is also
possible for dislocations to move at shears below the Peierls stress when the
temperature is high enough to generate thermally activated kink pairs. It was observed
in a MD study that the motion of the 2<111>{112} dislocation takes place via
nucleation of the kink pairs at temperatures below 100 K, while for higher temperatures
the drift of kinks is the dominant process [81]. The velocity of the dislocation that

moves by the kink pair formation is defined as [85,86]

()
bLh Ugp (T)
Vkp = Wp x—czexp l:—Tl (2.6)

where wj, is the Debye frequency, xi is the number of possible kink pair formation sites,

L is the length of dislocation, h is the periodicity in the barrier, and U,E;)(T) is the kink

pair activation energy.

In simulations, for both dislocation types, we observed the formation of kinks
while the dislocations glide through the crystal lattice. However, more rapid kink pair
formation and reversion, and also gliding as more straight dislocation lines occurred for
the {110} glide plane dislocations. On the other hand, {112} glide plane dislocations

showed advancement via the nucleation of kink pairs in comparatively higher numbers
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and also sustained kink formation for a longer time. These results can also be seen from
Figure 2.7: unlike the {110} glide plane dislocation, the average position of the {112}
dislocation shows a nonlinear advancement due to the trapped kink pairs which become
more distinctive as the hydrogen concentration increases. It was observed from the
simulations that when a part of a straight dislocation line encounters a hydrogen-rich
region, it gets attracted and trapped within that region with a hydrogen rich medium.
Based on this observation, hydrogen was proposed to inhibit the nucleation of new
kinks by decreasing the number of kink pair formation sites, and also by reducing the
activation energy for the kink pair formation process which is dependent on shear stress.
Thus, rather than the drag coefficient being changed by a phonon-impurity scattering,
the pinning effect by influencing the kink pair nucleation is observed to be the active
mechanism for the reduced mobility of dislocations in the presence of hydrogen.
Moreover, although the hydrogen atoms in the core of the dislocations decrease the
elastic stress field of the {110} glide plane by more than for the {112} glide plane, the
velocity and the total energy around the dislocations was found to decrease by a larger
amount for the {112} glide plane than for the {110} dislocation. As a consequence,
when there is hydrogen present in the lattice, the pinning effect was observed to be more
pronounced for the {112} glide planes, showing an inhibited mobility of the dislocation
movement when the dislocation advancement is based on the kink pair nucleation
mechanism.

In general, restriction of the movement of the pre-existing {112} dislocations was
seen to cause more hardening in the behaviour of the uniaxial tensile stress in addition
to a delay in the activity of the pre-existing dislocation until the first maximum in the
stress has been reached (Figure 2.10). Although in the single crystal tensile deformation
simulations, the dislocations followed different paths, in the initial stage of the grain
boundary simulations each dislocation follows the same path and the hardening occurs
with increasing hydrogen concentration (Figure 2.12).

Such a hydrogen-induced hardening effect had also been observed in earlier
modelling and experimental studies of the pinning role of hydrogen on dislocations
movement [87—90]. Unlike the second simulation set with {112} dislocations, structures
containing {110} dislocations did not show any dislocation mobility before the emission
of new dislocations, since not enough shear stress could accumulate along the <111>
direction during tensile loading (Figure 2.9). However, the yield stress was sufficiently

reduced by the emission of new dislocations when increasing the hydrogen
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concentration. In earlier studies, it had been found that hydrogen can facilitate
dislocation emission by decreasing the critical stress intensity at the crack tip [91,92].
From the uniaxial tensile simulations of the single crystalline structures containing pre-
existing dislocations, we conclude that hydrogen presence can suppress plasticity and
lead to local brittle regions where restriction of the movement of dislocations leads to
hardening. On the other hand, we also found that the presence of hydrogen atoms can
enhance plasticity by facilitating the emission of new dislocations if there is no pre-
existing dislocation activity and plastic behavior occurs via emission of new
dislocations.

Movement of the dislocations in the bicrystals with grain boundaries revealed that
hydrogen can lead to localization of the regions with enhanced plasticity near elastic
obstacles. It was observed from the simulations that the presence of hydrogen decreases
the elastic stress fields around the dislocations (Figure 2.6). Furthermore, it was found
that in the presence of hydrogen, the transmission of the dislocations across grain
boundaries is less likely, due to the reduced elastic field of the sequence of dislocations.
Furthermore, a larger energy was required for a dislocation to leave the hydrogen
segregated grain boundary. Beside the shielding effect of hydrogen, it was also observed
that for a high hydrogen concentration (1% H/Fe), the grain boundary can absorb more
than one dislocation, while only one dislocation can be absorbed and emitted at a time
for the lower hydrogen concentrations (Figure 2.8). In earlier investigations of Ni and
Fe symmetric tilt grain boundaries and screw dislocations interactions, it had been
observed that when the hydrogen segregates along the grain boundaries, this can
increase the energy barrier for the dislocation-GB interactions such as transmission,
absorption, and emission [93,94]. Additionally, tensile simulations of the bicrystals
reveal that strain-induced grain nucleation was suppressed by the increasing hydrogen
concentration. For the same strains, we observed grain formations in various volumes
depending on the hydrogen concentration (Figure 2.13). Furthermore, in previous
molecular dynamics studies on the bcc Fe nanograins, it was found that hydrogen can
inhibit the GB-related deformation processes such as grain boundary migration,
rotation, sliding, and also dislocation and deformation twin nucleation from the grain
boundary due to the grain boundary disorder and reduced mobility of the grain
boundaries which eventually suppress the plastic deformation [65,95]. Finally, from the
simulations, we can conclude that hydrogen can facilitate the existence of local brittle
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fracture points around the grain boundary by suppressing the strain-induced grain

nucleation.

2.5 Conclusion

In summary, we investigated the role of hydrogen on the edge dislocation mobility
and also grain boundary-dislocation interactions in alpha-iron. To further evaluate these
systems, uniaxial tensile loadings were performed under constant strain rate. The
following conclusions can be drawn from the study;

(1) The presence of hydrogen in the crystal lattice decreases the velocity of the edge
dislocations and the movement regime is a determining factor regarding the
magnitude of the reduced mobility. It was observed that the pinning effect of the
hydrogen atoms on the dislocation is more pronounced when the glide occurs via
kink pair formation.

(2) When the dislocations encounter an elastic obstacle, hydrogen can shield the
elastic stress fields between dislocation pile ups and it can facilitate plasticity
localization as suggested in the HELP mechanism. Moreover, the energy
required for dislocation transmission across the grain boundary is higher in the
presence of hydrogen, which can lead to enhanced plastic behavior around the
grain boundary.

(3) While the pre-existing dislocations are mobile in the single crystal and bicrystal,
hardening was observed, suggesting the pinning effect of the hydrogen atoms as
the mechanism. Although this can lead to inhibition of plasticity and formation
of brittle crack initiation points, it was also shown that hydrogen presence can
decrease the required stress for emission of dislocations and actually enhance
local plasticity.

(4) Atomic configuration disorder at the grain boundary by segregated hydrogen can
contribute to the nplasticity localization by increasing defect absorption.
However, brittle behavior was also observed in bicrystals by the reduction of
strain-induced grain nucleation capacity under the effect of hydrogen.
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Chapter 3

3. Investigation of Hydrogen Diffusion
Profile of Different Metallic Materials for
a Better Understanding of Hydrogen
Embrittlement

3.1 Introduction

One key factor on the hydrogen embrittlement susceptibility of the metallic
materials is the diffusivity of the hydrogen in the crystal lattice. It is known that close-
packed structures possess a lower hydrogen diffusivity compared to less dense
materials. Considering the high strength steels, hydrogen has a lower diffusivity in
austenite (fcc) or deformation induced e-martensite (hcp) than ferrites (bcc).
Determination of the hydrogen diffusivity is conducted by hydrogen diffusion
coefficient calculations in materials. Many ab-initio simulations were performed so far
to determine the diffusion coefficient of hydrogen in different crystal structures. In first-
principle studies, it was found that diffusion coefficient of the hydrogen in the three
different crystals of the iron structure can be sorted as Dy _r, > Dy_pe > De_p, [96,97].

In bce iron, ab-initio studies show that hydrogen atoms mostly occupy tetrahedral
sites in the crystal whereas in high concentration regions occupation of octahedral sites
can be observed [98,99]. Usually, diffusion in the lattice takes place via the migration of
the hydrogen from tetrahedral site to the nearest tetrahedral site by classical overbarrier
jump migration [96-100]. In the fcc nickel, octahedral sites are the favorable hydrogen
occupation sites and indirect diffusion occur through a metastable tetrahedral site
between two octahedral sites [100,101]. Theoretical studies on the preferable sites of the
hydrogen in hcp titanium show that octahedral sites are more stable whereas previous
experimental works indicates that the tetrahedral sites are more stable [102]. Thus,

evaluating the diffusion of the hydrogen in hcp titanium requires to consider O-O, T-T,
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O-T energy barriers for hydrogen to migrate along lattice [103]. Investigating the
hydrogen diffusion in these three crystal structures is important for understanding the
susceptibility to hydrogen of the materials and alloys that includes the same crystal
types. Additionally, many experimental studies conducted so far to understand the effect
of hydrogen on the materials by introducing the hydrogen into material microstructure
either by pressurized gaseous hydrogen or cathodic charging of the specimens. In the
cathodic hydrogen charging, both specimen and an anode is submerged into an
electrolytic solution where H+ accumulates on the specimen surface with the flux
produced by the potential applied to the system [104]. This is a widely used method to
evaluate the mechanical properties of the materials e.g. tensile, fatigue, fracture
toughness and, impact properties after the introduction of the hydrogen into the
microstructure [41,105-107]. However, it is crucial to understand the hydrogen content
and distribution in the specimens depending on the charging time, temperature and also
hydrogen diffusivity of the materials. Thus, modelling the hydrogen concentration in the
materials by these parameters is significant to understand the effect of the hydrogen
during experimental testing and also to evaluate the susceptibility of materials to
hydrogen embrittlement. Additionally, removal of the hydrogen and preventing the
hydrogen embrittlement can be accomplished by baking of the specimens under certain
temperatures and baking times [108,109]. Thus, modelling the concentration profile of
the hydrogen charged materials subsequent to a discharge can enable to specify the
required baking times and temperatures to prevent the hydrogen embrittlement.

In this study, 1D and 2D transient diffusion profiles of the hydrogen were
investigated in bcc iron, fcc nickel, and hcp titanium by utilizing numerical models in
MATLAB. Diffusion coefficients for the three types of materials were utilized in the
material model with different temperatures. Analyses were performed with different
charging times and corresponding hydrogen concentrations were observed.
Additionally, back-diffusion of the hydrogen from the material surfaces was also
evaluated by the effect of temperature and the concentration change along the charged

materials were observed for different baking times.
3.2 Methodology

In order to define the hydrogen diffusion model for three material types, Fick’s

second law of diffusion and a numerical diffusion equations were used for 1D and 2D
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mediums respectively. Diffusion analysis were performed by MATLAB both for 1D
and 2D transient models. Each model was utilized for iron, nickel, and titanium
elements with bcc, fcc, and hep crystal structures respectively. For the 1D diffusion
model, normalized concentration value at the position x is defined according to Fick’s

second law of diffusion [110];

C(x)—Cs
Cs—Co

X
=1—erf (ﬁ) (3.1)
Where C(x) is the concentration at point x, C, concentration at boundary, C, initial

concentration and D is the diffusion coefficient of the specific crystal when no hydrogen

trap is considered. According to Arrhenius equation D can be defined as;

D = Dyexp [— ki“T] (3.2)

Where D, is pre-exponential factor and E, is the activation energy of the hydrogen
diffusion. Diffusion coefficient of the hydrogen in a single crystal can also be defined
by the transition state theory [96,97];

_ ,y2ksT _Ea
D = nL a exp[ o (3.3)

where the n is a numerical coefficient, L is the distance between the two neighboring
stable position of hydrogen in the crystal e.g. in bcc crystals nearest tetrahedral sites
where the hydrogen atoms can reside and h is the Planck’s constant. Table 1 represents
the diffusion coefficients used in the study for the three types of materials at applied

temperatures [111].

Table 3.1. Diffusion coeffecients of Fe, Ni, and Ti used in the study at 25 °C, 80 °C,
and 100 °C temperatures [111].

Material D (m®s™), 25 °C D (m°s™), 80 °C D (m®s™), 100 °C
Iron 2.5035%10 2.9845x107 3.1925%x10°
Nickel 9.3296x10™ 2.0007x10™" 2.6342x107
Titanium 4.2183x10™ 8.7690x10" 1.1371x107%

In the 1D diffusion model (eq.1), hydrogen concentration profiles were calculated
by the diffusion coefficients at 25 °C and 80 °C temperatures. For each material the

concentration in 5 mm depth was calculated after the 1, 8, 24, and 72 hours of charging.
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Subsequently, a transient numerical diffusion model was utilized to obtain hydrogen
concentration in a 2D 10 mm x 10 mm medium. Considering the hydrogen
concentration C,,, . in a 2D cartesian coordinate system in position X, y and in time t,

the rate of the concentration change with respect to time can be defined as;

Cxyt _ [azcx,y,t azcx,y,t]

at 92x2 82y2 (3.4)

The subsequent concentration in the position after a time increment can be found by;

Cyyi+1 = Cxyr + d[Cx+1,y,t + Cx_1yt+ Coysre + Cxyore —4Cxyt ] (3.5)
where the d is defined as;

d=D—> (3.6)

Calculations of the 2D transient model were utilized by the eq.5 and €g.6 in a 10 mm X

10 mm medium where the initial hydrogen concentration C, = 0 and the surface
concentration C,; = 1 for different time intervals.

Finally, back diffusion of the hydrogen under the 100 °C temperature was

modelled after the 24 hours charging of each material types without the hydrogen

concentration along surfaces.

3.3 Results & Discussion

1D hydrogen diffusion profiles of the iron, nickel, and titanium in a 5 mm depth
were shown in the figure 1 for different charging times. Only in bcc Fe hydrogen was
observed through total depth for all charging times due to the high diffusion coefficient
of the hydrogen in bcc structures (figure 1a). However, in nickel (fcc) and titanium
(hcp) lattices, hydrogen presence was not observed along the total length for each
charging times. Increase in the hydrogen concentration by the effect of temperature was

also observed for the same charging times.
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Figure 3.1 1D diffusion profiles of the a) Fe b) Ni ¢) Ti at 25 °C and d) Fe e) Ni f) Ti
at 80 °C for 1, 8, 16 and, 72 hours charging times.

2D diffusion profiles of the hydrogen in the materials are shown in the figure 2.
Due to the natural symmetry of the system only the diffusion through x axis was
illustrated at y = 5. Compared to 1D diffusion model with the Fick’s second law of
equation, bcc iron showed a larger difference on the amount of hydrogen diffused into
system. Indeed, concentration gap between the 1D and 2D models was more distinctive
in the bcc iron with a higher diffusion coefficient since the hydrogen diffusion through y

axis reaches to 5 mm in all charging times.
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Figure 3.2. 2D diffusion profile of the hydrogen along x direction (y=5) into a) Fe
b) Ni and ¢) Ti at 25 °C and d) Fe e) Ni and f) Ti at 80 °C.

Both 1D and 2D results revealed that concentration profile after hydrogen
charging is dependent on the material type, temperature, and also charging time. In bcc
iron, it was observed that hydrogen concentration in the material was equilibrated with
the surface concentration after 2 hours of charging. However, fcc nickel and hcp
titanium lattices showed that even after 72 hours of charging no hydrogen concentration
can be observed in the center of the specimen and the hydrogen permeation is limited
with 2 mm depth subsurface region. Thus, crystal structure type was observed as the
determinant parameter on the diffusion of the hydrogen and materials with bcc crystal
structure type are the most susceptible to hydrogen diffusion. In an experimental study
on the diffusion profile of B-titanium (bcc) alloy, it was observed from the numerical
calculations for a radial specimen that after 10 minutes of charging hydrogen
concentration was equilibrated with the surface along 1 mm depth under 500 °C
temperature [112]. The effect of the hydrogen in the microstructure can also be
observed by transition in the failure mode i.e. ductile failure to brittle failure of
materials. Thus, investigation of the fracture surfaces of the hydrogen charged

specimens can indicate the hydrogen diffused regions in the microstructure. In an
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experimental study, from fracture surface of the cathodic hydrogen charged fcc nickel
based alloy, 135 um and 300 um depth brittle zone was observed after 1 hours and 5
hours of hydrogen charging respectively [113]. Additionally, TDS (Thermal Desorption
Analysis) is a widely used method to understand the hydrogen accumulated within the
materials. Hydrogen atoms can reside in interstitial positions or can be trapped in the
defects sites e.g. grain boundaries, dislocations, and vacancies with different binding
energies. Hydrogen desorption flux thorough the surface of the material can be observed
by TDS method by increasing temperature where the flux shows a peak when the
trapped hydrogen inside the defect have enough energy to overcome binding energy
[114]. In an experimental TDS analysis that investigate the pure iron and nickel alloy
hydrogen desorption content under tensile loading, highest amount of hydrogen
desorption was observed in bce iron due to the higher diffusion coefficient [115].

One prevention method of the mechanical degradation effect of the hydrogen is
the back diffusion of the hydrogen from the surface by the effect of temperature.
However, in order to specify the ideal time and the temperature it is required to
understand the hydrogen content in the material and also diffusivity of hydrogen.
Results of the hydrogen back diffusion simulations for 24 hours charged materials were
shown in the figure 3. Remaining hydrogen concentration after the baking operations,
also change in the hydrogen concentration after back diffusion of hydrogen under 100
°C temperature was illustrated for different baking times. Results revealed that most
hydrogen concentration was accumulated in the middle of the hydrogen charged region.
Since the hydrogen concentration was equilibrated with the surface concentration after
charging in bcc iron, the peak hydrogen content and the least hydrogen concentration
change was observed in the middle of the simulation area. On the other hand, after the
baking, the mass center of the hydrogen concentration was located at the subsurface for
nickel and titanium lattice. During the back-diffusion hydrogen was observed to
permeate both through surface and through center of the medium. Thus, although the
fcc and hcp structures have a less hydrogen diffusivity compared to bcc, back-diffusion
of the hydrogen requires larger charging times and higher baking temperatures. An
experimental study on the different baking temperatures and times of martensitic steel
revealed that although the baking under 100 °C temperature showed a slight hydrogen
desorption difference for different baking times, under 150 °C and 200 °C temperatures
with minimum 20 minutes of baking, HE susceptibility can be eliminated for the

martensitic steel [116]. Additionally, in an experimental study of gaseous charged

36



austenitic steel, 48 hours baking of the specimen under 160 °C temperature was found
to eliminate the embrittlement effect of the hydrogen due to the removal from the
surface despite the hydrogen presence inside the material [117]. Our results also showed
that the most reduction in the hydrogen concentration occurred at the surface in fcc and

other crystal structures as well.
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Figure 3.3. Remaining hydrogen concentration after the back diffusion for a) Fe b)
Ni c¢) Ti and normalized hydrogen concentration with initial hydrogen
concentration for d) Fe e) Ni and f) Ti.

3.3 Conclusion

In this study, 1D and 2D transient hydrogen diffusion profiles of iron, nickel, and
titanium crystals were investigated with bcc, fcc, and hep crystal structures respectively.
Results revealed that hydrogen concentration is dependent on the crystal structure,
temperature, and hydrogen exposure times of the materials. Back-diffusion of the
hydrogen was modelled for each material under certain baking temperature. Results

showed that although the hydrogen diffusion susceptibility of bcc crystal is higher
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compared to the fcc and hcp structures. Back-diffusion of the hydrogen in these crystals

requires larger baking times and higher temperatures.
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Chapter 4

4. Conclusions and Future Prospects

4.1 Conclusions

In this thesis, hydrogen diffusion and hydrogen defect interactions as well as the
influences of these interactions on the mechanical response were evaluated by a multi-
scale method. Detrimental effects of the hydrogen on the metallic materials were known
for a long period of time. Unveiling these effects requires modeling the metal and
hydrogen interactions in both macroscopic and atomistic scales. The concentration of
the hydrogen around the defects was investigated by both utilizing continuum level
theoretical and atomistic approaches. Furthermore, dislocation mobility in the single
crystal and transmission of the dislocation across a grain boundary were evaluated in the
presence of hydrogen. The influence of the dislocation mobility on the mechanical
response was also evaluated in addition to the deformation behavior of the bicrystal
under uniaxial stress. Finally, numerical modelling of the hydrogen diffusion into bcc,
fcc, and hep crystal structures were conducted in order to observe the HE susceptibility
of the materials followed by hydrogen back diffusion analysis as well. Results revealed
that hydrogen inhibits the mobility of the edge dislocations in bcc iron that induce a
hardening response during the pre-existing dislocation activity. Additionally, in the case
that plasticity occurs via emission of the new dislocation, hydrogen facilitates the new
dislocation emission and causes an earlier softening under loading. Moreover, it was
observed that hydrogen inhibits the nucleation of the new grains that can lead formation
of brittle fracture points in the materials. Finally, it was observed from the hydrogen
diffusion simulations that although more hydrogen accumulation was observed in the
bcc crystals for the same conditions, fcc and hcp containing materials requires higher
baking times and temperatures in order to remove the hydrogen and to prevent the

hydrogen embrittlement.
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4.2 Societal Impact and Contribution to Global

Sustainability

Hydrogen energy stands as a promising clean and sustainable energy source and
attracting attention gradually while fossil fuels are being endeavored to replace with
new alternatives [118,119]. Additionally, the use of hydrogen as an energy source has a
high potential on the solution of energy shortage, pollution arising from fossil fuel
usage, and also economic cost of currently used energy sources. When the hydrogen
used in the fuel cells only water is being produced at the end of the energy generation
process. Also, hydrogen is the most abundant element in the universe and it can be
obtained by other clean energy technologies such as wind power solar power. After the
hydrogen is produced, it can be stored and transported for any energy required
application. However, there are key issues to be overcome to use hydrogen in stationary
and on-board applications. Thus, the development of new hydrogen storage
technologies is crucial to construct such a hydrogen economy for the future.

One of the most important challenges is the transportation and storage of hydrogen
[120-122]. Due to the small size, atomic hydrogen is very prone to diffuse into metallic
materials, and interaction of the hydrogen with crystal defects can cause degradation of
mechanical properties a phenomenon known as hydrogen embrittlement. In this thesis,
atomic mechanisms of hydrogen-defect interactions were investigated in order to
understand the hydrogen embrittlement phenomena. Although there are many studies in
the literature, the exact mechanism of hydrogen induced degradation of metals is still
unclear. Many factors such as hydrogen content in the environment and the load
exposure of the material can contribute to ultimate results. However, the most important
factor can be considered as the behaviour of the hydrogen in the microstructure and
interaction with crystal defects. Thus, revealing the underlying mechanism can provide
to develop new metallic materials to be used in the storage and transportation of

hydrogen.
4.3 Future Prospects

In the thesis, mostly the effect of the hydrogen on the long range interactions of

defects and mechanical behavior of defect containing structures were examined by an
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interatomic potential from the literature. However, for the future prospect hydrogen
diffusion mechanisms and interaction with defects will be studied in detail by ab-initio
calculations. Furthermore, the nano-scale outputs of the study with current molecular
dynamics results e.g. dislocation velocity will be used as input in the continuum and
FEM models in order to obtain a more comprehensive multi-scale model for the

hydrogen embrittlement.
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