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Abstract

This dissertation contains research work attempting to solve many

unknown problems in hydrogen embrittlement phenomenon of BCC

iron. Experimental and computational methods have been employed

and the dislocation motion under hydrogen environment are investi-

gated.

To evaluate the hydrogen effect on coupled evolution of dislocation

velocity and mobile dislocation density in Fe-based alloys, thermal

activation parameters and dislocations structures were obtained using

repeated stress relaxation tests on pure iron, Fe-8Cr alloy and F82H

(IEA heat) steel. For all of the samples, the rates of stress relaxation

are increased by hydrogen. Referring to constant strain, hydrogen

charging decreases the thermal activation volume, internal stress ratio,

and exhausting rate of mobile dislocation density.

In pure iron, The effective activation volume and the thermal stress

were determined at different hydrogen concentrations. The effec-

tive activation volume decreases immediately with cathodic charging.

At high hydrogen concentrations, the activation volume decreases to

lower level and the thermal stress increases rapidly. The density of

mobile dislocations in the hydrogen-charged iron has lower exhaust-

ing rate than the hydrogen-free one. The average dislocation velocity

increases as a function of hydrogen concentration. By using transmis-

sion electron microscopy (TEM), hydrogen-induced tangled disloca-

tions are found, which indicates that the repulsive stress field between

dislocations becomes weak. Hydrogen has two aspect effect in these

metals: shielding the dislocation-barrier interaction due to hydrogen



concentration difference; impeding dislocation motion in low concen-

tration due to solute-solution effect and the produced tangled disloca-

tion. Normally the softening will be observed in well annealed steel.

However, the two-aspect effect may invoke increase of flow stress in

some case, which is depending on the deformation history, surface

condition and internal structure of metals.

In Fe-8Cr alloy and F82H steel, due to the existing of precipitates,

the hydrogen concentration is 10 times and 100 times more than in

pure iron respectively. hydrogen enhanced softening leads to tangled

and polygonized dislocation structures along precipitates. A general

expression of hydrogen-induced thermal activation energy is derived.

The activation energies is reduced in pure iron, while in Fe-8Cr and

F82H steel, the activation energies are almost stable on account of

the pinning effect of precipitates. The short-range interaction of dis-

location and energy barrier is the key factor dominating the hydrogen-

dislocation motion in BCC metals. This interaction varies the thermal

activation energy in a narrow range, but makes the dislocations be

tangled or network or even cell structures. The mechanical property

changes mainly due to the organised dislocation structures in local

area.

By using the density functional theory, hydrogen atoms are found to

increase the density of free electrons in the simulation cell and have

bonding interaction with Fe atom. The increased electron density im-

proves metallic character of iron and enhances softening phenomenon

observed by stress relaxation tests. Caused by anisotropic strain com-

ponents of hydrogen atoms in the tetrahedral sites, elastic interaction

for hydrogen with screw dislocation has been found.

Employing a density function theory based embedded-atom method

potentials, the evolution of edge and screw dislocation core structures

are calculated at different hydrogen concentrations. The hydrogen-

screw interaction predicted by the density functional theory has been

proved. The core energy and Peierls potential of the dislocations are



reduced by hydrogen. A broaden-core and a quasi-split core structure

are observed for edge and screw dislocation respectively. The screw

dislocation and hydrogen interaction in body-centred cubic iron is not

due to the change of elastic modulus, but the variation of dislocation

core structure. The short-range interaction predict by simulation co-

incides with our experimental work.



While we look not at the things which are seen, but at the things

which are not seen: for the things which are seen are temporal; but

the things which are not seen are eternal.

2 Corinthians 4:18
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distance of H from dislocation: 2Å; (c) σxz of screw dislocation,
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Chapter 1

Introduction

1.1 Motivation

Hydrogen almost always has a deleterious effect on mechanical properties a phe-

nomenon generally known as hydrogen embrittlement (HE) (2, 4, 5, 6, 7, 8). The

phenomenon of HE of iron and steel has been known since 1874 by Johnson (4),

after that it has been found to be pervasive and occurs with few exceptions in

all pure metals and their alloys. The HE appears as a loss of toughness that can

result in a sudden catastrophic failure of components at loads significantly below

the design load. The loss of ductility is frequently accompanied by a change in

fracture mode from ductile rupture to cleavage or to intergranular failure. Many

attention has been paid on the degradation of ductility (9), fracture toughness

(10), and fatigue crack growth properties (11) of steels employed in hydrogen

environment, for example, the hydrogen tanks for storage high pressure hydro-

gen gases (12, 13), and the structure material for next generation fusion reactor

(14, 15). In those materials, significant cost and weight savings would be possible

by utilizing a higher strength steel. Unfortunately, it is found that hydrogen en-

hances the susceptibility of high strength steels to brittle fracture, i.e. the higher

the strength the higher the susceptibility (16).

Tensile test under simultaneous hydrogen cathodic charging condition is a con-

venient way for investigating dislocation-hydrogen interaction (17, 18). However,

the ordinary quasi-static tensile test only provides a little information of dislo-

cation motion. In pure iron (19, 20, 21, 22) and also Ni, Al and V (23, 24, 25),

1



1.2 Problem statement

contradictory tensile results were found: referring to similar material, hydrogen

induces softening effect (flow stress decreasing) in some research works but hard-

ening effect (flow stress increasing) in others. Some researchers believe this variety

of results is attributable to unrecoverable damage induced by cathodic charging

process (23). A considerable effort has been expended to avoid damage or phase

formation on surface. They believe the softening effect is due to high mobility

of dislocations with hydrogen. In turn, other researchers give totally different

mechanism based on hardening effect (26). Kirchheim and co-workers (27, 28)

pointed out that there are actually two aspects of hydrogen effects: on one hand,

hydrogen enhances dislocation mobility by decreasing line energy; while, on the

other hand, hydrogen has a dragging effect on dislocation, i.e., hydrogen can both

resist and enhance dislocation motion.

Fe-based alloys with 8 wt% Cr have been intensively studied during the last

decade as candidates for the engineering materials of the first wall and blanket for

the fusion reactor. Due to (n,p) transmutation reaction under 14 MeV neutrons

irradiation, hydrogen production rate in the first wall materials is predicted to be

about 0.9 wppm/dpa (29), and in practical operation, the hydrogen concentration

in structural materials would have a quite high value (30). As an example, in

low operating temperature of 373 K the hydrogen content in the first wall is tens

wppm (31), for the steady state condition of the fusion reactor the temperature

is 573 K, an estimate of about 35 wppm of hydrogen was reported (32). By the

method of tensile test under hydrogen charging condition, it has been reported

that 6 wppm of total hydrogen content in Fe-Cr steel leads to a decrease of

reduction of area from 60% to 15% (33).

1.2 Problem statement

In the course of attempts to understand the mechanisms of HE, a wide range of

observations have been made on the interaction of hydrogen with dislocations and

on changes it induces in the macroscopic stressstrain response of metals. Many

of these studies suffer from a number of shortcomings. Since HE presents a seri-

ous technical problem, many studies were carried out on commercial alloys, the

2



1.2 Problem statement

complexity of which mitigates against the development of a mechanistic under-

standing of the phenomena observed. In addition, many studies were not designed

to focus on the mechanism(s) by which hydrogen affects plastic behavior, in that

they did not take the “special” properties of solute hydrogen into account.

There are many open questions (unknowns) in the HE research:

1. Dislocations-hydrogen interactions:

a) Dynamics of dislocation-hydrogen interactions hardening vs. softening.

(In particular, BCC metal);

b) Relationship between hydrogen enhanced plasticity and failure and fa-

tigue needs to be investigated, validated and generalized;

c) Quantification of the hydrogen-dislocation binding energies for a wide

range of materials;

d) Need to understand dislocation core structures and how atomic hydrogen

alters the structure - dislocation dynamics.

2. Hydrogen interaction with grain boundaries

a) Quantitative and predictive understanding of H-boundary interactions;

b) Need better understanding of grain boundary structure and effect of im-

purities including hydrogen computer modeling and experiment (advances

in electron microscopes offer an exciting opportunity in this regard);

c) H-binding energies, H segregation and distribution as a function of grain

boundary misorientation;

d) Effect of other segregants, both competitive and synergistic.

3. Hydrogen effects not only on tensile properties but on fatigue need to be

understood and predictive models developed.

Many of these questions can not be solved by either one experimental or com-

putational results. Among those questions, the hydrogen-dislocation interaction

is the physical basis for interpreting other problems, controlling and mitigating

the HE. We will focus on solve the following problems in this dissertation:
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1. Finding better methods to evaluate the hydrogen-dislocation interactions;

2. Understanding the hydrogen-induced softening in BCC metal;

3. Relation between hydrogen enhanced plasticity and failure;

4. Binding energy of hydrogen trapped in dislocation and hydrogen interaction

with different type of dislocations;

5. Hydrogen influence on the dislocation core structures.

1.3 Research objective

The research objective of this dissertation is to use experimental and compu-

tational method to examine the hydrogen and dislocation interaction, hydrogen

effect on dislocation motion in iron and ferritic alloys. This research objective is

met through designing and performing systematic studies that answer the afore-

mentioned research questions and any subsequent questions that arise.

For the first and second questions, the normal tensile test is easy to be in-

fluenced by surface conditions, deformation history, and other factors during

experiment. A repeat stress relaxation test is considered for its advantage on

understanding the thermally activated behaviour of dislocations. The hydrogen-

induced softening will be observed from stress relaxation test at hydrogen charg-

ing conditions. The advances in electron microscopes will offer convenience for

investigating the variations of dislocation structures at different hydrogen con-

centrations.

For the third question, Fe-8Cr modelling alloy and commercial steel F82H

will be used to study the hydrogen effect in practical cases. because in these

metals, precipitates, second phases, grain boundary have much more complicated

condition compared with the well annealed pure iron. The failure of these metal

in hydrogen environment will give a relation between the dislocation motion and

fracture mechanism. The data would be useful for evaluating the resistance of

HE in steel production.

The research questions four and five is not easy to be solved by experimen-

tal approach. Density functional theory (DFT) and molecular dynamics (MD)
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simulations will be employed for prove (or predict) some key points for these

two questions. DFT have the advantage for combing the electron structures in

angstrom scale with the strain, energy, and dislocation properties in nano-scale,

but it is hard to simulate a large scale system. The MD simulation is use for un-

derstanding the static and dynamic dislocation behaviour in finite temperature.

The simulation work is expected to show clues for interpreting dislocation and

hydrogen interactions observed in experiments.

1.4 Dissertation structure

This dissertation is organised as follows. The background of this research, the

hydrogen properties in metals, in particular BCC iron, the historical researches

of HE, and the existed mechanisms are presented in Chapter 2. The experimental

methods (stress relaxation test) and computational information (DFT and MD

calculations) are also introduced in Chapter 2.

Corresponding to the research objectives, the research results for this disser-

tation are broken down into four parts: (1) The research of thermal activation

analysis for pure iron, by the means of stress relaxation tests, are placed in the

Chapter 3. The yield stress, hydrogen concentrations, activation volume and

density of mobile dislocations are discussed based on the concept of existed HE

theories. (2) The Chapter 4 is about the ferritic alloys, in which the activa-

tion volume and other important information for dislocation thermally activated

motion is presented. (3) The DFT simulation about strain field of hydrogen

atom in Fe bulk and dislocation hydrogen interaction energy forms the Chapter

5. (4) MD simulation results concerning dislocation behaviour with hydrogen

atmosphere is putted in the Chapter 6. The format of each chapter is based on

submitted and published journal papers, whereby a “Introduction–Methodology–

Results–Discussion–Summary” format is used. In this respect, each chapter is

self-contained, although some knowledge of concepts or summary in other chap-

ters may be required.

The significant overall contribution of this dissertation as a whole is sum-

marised in Chapter 7. A summary of each chapter is discussed along with several
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important conclusions for each chapter. Last, future research directions that build

upon this work are discussed.
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Chapter 2

Background and methodology

2.1 Properties of hydrogen in metals

Hydrogen is a ubiquitous element that enters materials from many different

sources. Different from other solutes, it have several very important respects.

These need to be clarified before we attempt to understand the effects of H on

dislocations and mechanical properties.

2.1.1 Diffusion of Hydrogen atoms

Following the result of Hegi, hydrogen diffusion coefficient in normal lattice sites

of iron can be described by an Arrhenius relation (34):

D = 1.1× 10−7 exp(
−6700

RT
) (2.1)

where R is the gas constant (8.31 J mol−1K−1), and T is temperature. The

diffusivity of H is extremely high in the vicinity of 300 K and its behavior is

characterized by very small activation enthalpies, as shown in Table 2.1.

In addition to the high H diffusivity, the mobility of H is very dependent on

trapping at lattice defects (35). As a consequence, the effective diffusivity, Deff

is described by:

Deff = D
K

K + (αNT )/(βNL)(θT/θL)
(2.2)

where D is the lattice diffusivity; NT is the density of traps; α, the number of

hydrogen atoms that can be accommodated per trap; NL denotes the number
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Table 2.1: Hydrogen diffusivity in metals (3).

System Diffusivity at 300 K (m2s−1) Activation enthalpy (eV)

Pd (FCC) 3.9× 10−11 0.230

Ni (FCC) 6.0× 10−14 0.42

Stainless steels (FCC) 1.7× 10−16 0.561

Fe (BCC) (34) 7.5× 10−9 0.070

Steels (BCC) 1.5× 10−9 0.083

V (BCC) 5.4× 10−9 0.045

of solvent atoms per unit volume; β, the number of lattice interstitial sites per

solvent atom; and K = exp(EB/kT ), the equilibrium constant with EB being

the trapping (binding) enthalpy, k, Boltzmanns constant, and T , the absolute

temperature. Hydrogen occupancy in normal interstitial lattice sites (NILS) θL

and occupancy in trap sites θT in Eq. 2.2 can be related as:

θT
1− θT

=
θL

1− θL
exp

EB
kT

(2.3)

The experimental values of the binding enthalpies indicate very strong trapping at

defects in the temperature range of interest for plasticity and dislocation studies.

In systems such as ferritic steels and stainless steels, the H diffusivity is greatly

reduced by the presence of traps (3, 35) making it difficult to categorize the effects

of H on plasticity without taking this into account, see Table 2.2 for reference.

In the vicinity of 300 K, the range of Deff in different steels is about four orders

of magnitude lower than in pure metals as a result of trapping effects.

2.1.2 Lattice sites for H atoms

Hydrogen resides in interstitial octahedral (1/2, 0, 0) and tetrahedral sites (1/2,

1/4, 0) in BCC and FCC metals as shown in Fig 2.1 (40). As calculated in

Fig 2.1 using 2.52 Åfor diameter of iron atom, the octahedral sites in FCC iron

and tetrahedral sites in BCC iron have a larger space for trapping interstitial

atoms. In FCC system, octahedral site is alway considered as the trapping site for

hydrogen at room temperature (41). In BCC systems, magnetic spin precession

studies of muons in iron indicate tetrahedral site occupancy is favored by hydrogen
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Table 2.2: Data for trapping of hydrogen in pure iron.

System Trapping enthalpy (eV) Reference

H-H 0.046 (36)

H-grain boundary 0.18 (37)

H-dislocation 0.28 (37)

H-Microvoid 0.36 (37)

H-dislocation core (mixed) 0.61 (38)

H-free surface 0.73 (39)

H-Fe3C interface 0.87 (6)

atoms(42). Also, a number of measurements for Group V-A metals, where higher

solubilities make such measurements feasible, indicate tetrahedral site occupancy

for hydrogen and deuterium and this is generally accepted as inferential evidence

for such site occupancy in iron.

Despite the fact that its atomic size is small, hydrogen has a large partial

molal volume of solution, VH , and hence a large distortion field. Curiously, VH

is a constant fraction of the atomic volume in most bcc systems and is constant,

independent of composition, H/M, over the complete range of solid solutions in

fcc systems. For BCC systems, VH=0.17Ω, where Ω is the atomic volume.

In the case of BCC iron which will be the main objective material in this

study, the the diameter of tetrahedral site is 0.72 Å. However, hydrogen atom

have a diameter of 1.06 Å. This induces a distortion of the host lattice.

2.1.3 Hydrogen atom induced strain field

The octahedral and tetrahedral sites posses a tetragonal symmetry and assuming

a coordinate system with the tetragonal axis along the 3-direction, the strain field

can be expressed in a form as:

SH =

ε11 0 0
0 ε22 0
0 0 ε33

 (2.4)

The long rage elastic field can be represented in terms of point force cou-

ples centered at the interstitial site (43), and the average strain produced in a
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2.1 Properties of hydrogen in metals

Figure 2.1: Octahedral sites and tetrahedral sites. - Interstitial sites for H

atom in BCC and FCC iron (40).
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macroscopic body of volume V by a set of couples composed of point force f at

positions x is:

εij =

∫
V

SijklfkxldV (2.5)

where Sijkl is the elastic compliance. A single interstitial is represented by a pair

of forces f1 and −f1 at positions h1/2, −h1/2 and two orthogonal pairs f2 and

−f2 at positions h2/2, −h2/2, thus the strains in Eq. 5.1 are:

ε11 = S1111f1h1 + 2S1122f2h2 (2.6)

ε22 = ε33 = S2222f2h2 + S1122(f1h1 + f2h2) (2.7)

The dilatation produced by single interstitial is:

VH/VFe = (S1111 + 2S1122)f1h1 + (S2222 + 2S1122)f2h2 = (f1h1 + 2f2h2)/3B (2.8)

here B is bulk modulus. Observation of ε11 = ε22 = ε33 can indicate that f1h1 =

f2h2. If ε11 6= ε22, a Snoek type internal friction peak should occur (6).

Because of the small solubility of hydrogen in iron and of the high probability

of trapping at defect sites at low temperature, the direct and indirect experiment

for strain field of H in Fe are in absence of general agreement. Based on diffuse

neutron scattering (44, 45) and Huang diffuse X-ray scattering (45, 46), indicate

that f1h1 = f2h2. However, the hydrogen-induced Snoek type internal friction

peak has been observed in both BCC and FCC iron (47, 48), which indicate that

the possibility of ε11 6= ε22.

This complication is quit interesting and important in understanding the H-

dislocation interaction. As a perfect screw dislocation only expresses shear stress

field, it will not interact with the interstitial atoms which have isotropic strain

tensor. Following one of the most accepted theory (49), if ε11 = ε22, the interaction

of H with screw dislocations is not due to the deviatoric components of the

distortion field but may be attributed to a second-order interaction caused by

the local elastic moduli change close to the H interstitial. On the other hand, the

interaction with edge dislocations would result from the dilatational components

of the distortion field as well as from the local moduli changes. Details of this

issue will be discussed further in other sections of this thesis.

11



2.1 Properties of hydrogen in metals

2.1.4 Mechanisms for hydrogen embrittlement

In non-hydride-forming systems, nowadays, the changes of mechanical properties

caused by hydrogen are described commonly in terms of one of the following

models:

1. The decohesion model (hydrogen-induced decohesion, HID), which is based

on hydrogen causing a reduction in the strength of atomic bonds (5, 50, 51).

According to HID mechanism, hydrogen reduces the cohesive strength of

a crystalline compounds along crystallographic plans, grain boundaries, or

particle/matrix interfaces, thus degrading the fracture toughness of mate-

rials. It should be noted that there is no direct experimental evidence for

the HID mechanism.

2. The hydrogen-enhanced dislocation emission model in which hydrogen low-

ers the surface energy, and this facilitates the injection of dislocations from

the surface. Lynch (52) reported that the fracture surfaces of the liquid-

metal and gaseous hydrogen embrittled surfaces showed evidence of slip,

dimples and tear ridges. These features are all evidence of dislocation activ-

ity and led Lynch to propose that crack growth occurred by localized plastic

ow in both hydrogen and liquid metal embrittlement. Hydrogen embrittle-

ment, like liquid metal embrittlement, was attributed to the chemisorption

of the embrittling element at the crack tip weakening the interatomic bonds,

which facilitated the nucleation and emission of dislocations from the crack

tip. In this model, crack advance in vacuum occurred not by the emission

of dislocations from the crack tip but by dislocations from the bulk moving

to and being absorbed at the crack tip.

3. The hydrogen-enhanced localized plasticity mechanism in which the hydro-

gen atmosphere attached to the dislocation effectively lowers the interac-

tions with elastic obstacles, which means that the shear stress for dislocation

motion is reduced. Beachem (53), based on observations of tear ridges and

dimples on fracture surfaces of hydrogen embrittled steels, suggested that

the effect of hydrogen was to “unlock” rather than “lock” dislocations. That

is “it (hydrogen) allows them (dislocations) to multiply or move at reduced
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stresses”. Beachem′s model was, until the late 1970s, basically ignored by

the scientific community despite evidence on fracture surfaces for ductile

processes occurring during hydrogen embrittlement. To explain the effect

of hydrogen on dislocation mobility Sirois and Birnbaum (54) and Birn-

baum and Sofronis (2) proposed a mechanism in which hydrogen formed an

atmosphere around dislocations and other elastic stress centers. The redis-

tribution of the hydrogen atmospheres as the stress-fields merge effectively

shields the dislocation from the elastic center, reducing the interaction en-

ergy between the dislocation and the obstacle. Consequently, dislocations

can move at lower levels of applied stress.

However, with the exception of the hydrogen-enhanced plasticity model, there

is a paucity of direct experimental evidence for the other mechanisms (2). The

experimental evidence supporting them is associated with a posteriori interpre-

tation of macroscopic tests and observations, see Fig. 2.2 as an example, which

illustrates TEM observation of aluminum with different hydrogen pressure (These

are composite images formed by superimposing a positive image (black) show-

ing the initial position of the dislocation on a negative image (white) showing

the final position). That is, the underlying physical processes responsible for the

macroscopic effect are interpreted based on anticipated and expected deformation

responses rather than through direct observation. Alternatively, they are based

on simulations and models that consider simple and ideal situations that remain

to be validated experimentally.

Of many suggestions for an explanation of the HE, the mechanism of hydrogen

enhanced localized plasticity (HELP) appears to be a most accepted one (2, 54,

55). The HELP mechanism stated that hydrogen-induced screening stress from

obstacles including dislocations and precipitates which is the physical basis for the

plastic deformation process with hydrogen. A series of experimental observations

(56, 57) and theoretical calculations (41, 58) has proved that, hydrogen is able

to increase the velocity of dislocation, which leads to heterogeneously localized

plastic strain and stress concentrations presumably sufficient to enable the growth

of subcritical crack.
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Figure 2.2: Reversal of the direction of motion of dislocations on adding and

removing hydrogen from high-purity aluminum. (a) Hydrogen pressure is increased

from 15 to 75 torr, (b) decreased from 75 to 9 torr, and (c) increased from 9 to 75

torr (1).

Sofronis and Birnbaum (54) have calculated, by using linear elasticity theory

and finite element techniques, the effect of a hydrogen atmosphere on the inter-

action energy between edge dislocations of the same Burgers vector and between

an edge dislocation and a solute atom. In considering the formation of H atmo-

spheres around dislocations, they considered two elastic interactions, a first-order

interaction associated with introducing a hydrogen atom in the stress eld of a

defect and a second-order interaction that results from the change in local elas-
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tic moduli caused by solute hydrogen. The interaction energy of the first-order

interaction, Wint1, can be expressed as:

Wint1 = σdijε
H
ij (2.9)

where σdij represents the stress field of the dislocation and εHij the strain field of

the hydrogen solute. The Wint1 interaction energy varies as 1/r, where r is the

distance from the dislocation. As shown in Fig. 2.3, the hydrogen concentration

changes as the distance of two edge dislocation decreases. The chemical con-

centration differences induces change in strain field of dislocations, and thus the

interaction between them.

Figure 2.3: Effect of the redistribution of hydrogen on the shear stress experienced

by one edge dislocation due to the presence of the other. Both dislocations are on

the same slip plane (2).

The interaction energy of the first-order interaction, Wint2, can be expressed

as:

Wint2 =
1

2
εdijε

d
klVH(C ′ijkl − Cijkl) (2.10)

where εdij and εdkl are the dislocation strain components, and C ′ijkl − Cijkl is the

difference in elastic constants in the presence of hydrogen. This second-order in-

teraction varies as 1/r2, and can lead to a weak, short-range hydrogen atmosphere

if C ′ijkl − Cijkl < 0 or a short-range depletion of hydrogen if C ′ijkl − Cijkl > 0.
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In an isotropic material, the second-order interaction appears through the de-

pendence of the shear and bulk modulus on the solute concentration. The first

order interaction will dominate solute interactions with edge dislocations, whereas

the second-order interaction describes the interaction of solutes with an isotropic

distortion field and a screw dislocation.

These calculations show that the hydrogen-induced elastic shielding causes a

short-range decrease in the elastic force between a dislocation and an obstacle.

The magnitude of the effect decreases with increasing distance between the dis-

location and the obstacle, and increases with increasing hydrogen concentration.

Sofronis and Birnbaum calculated that for a H/M concentration of 0.01, the force

between two edge dislocations separated by a distance of 3b decreases by about

8%. Increasing the hydrogen concentration to H/M=0.1 results in a decrease of

21%. Although the framework of the theory has been built up, investigation for

quantifying the hydrogen effect in BCC alloys is still limited (1, 2).

2.2 Thermal activation analysis and the stress

relaxation test

To fully explain dislocation-hydrogen interaction mechanism, some researchers

realized that thermal activation analysis would be more favorable rather than

simple tensile test. Short-range interaction of dislocation with energy barrier

(e.g. impurities, solute atoms, forest dislocations) takes place in a small volume

that it is strongly influenced by thermal vibrations. As shown in Fig. 2.4, when

dislocation pass through a range of energy barriers, it goes from one equilibrium

position (x1) to another(x2). The swapped area ∆A is the activation area of

dislocation, and V = ∆A× b is the physical activation volume. This short-range

thermally activated process reflects the nature of dislocation-obstacle interaction.

There are many ways to estimate thermal activation parameters, e.g. strain rate

jump test, stress relaxation test and creep test (59). Stress relaxation test was

developed in 1960s (60, 61, 62). It can mainly measure the thermal activation

volume and activation energy.
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Figure 2.4: Model of thermal activation process.

As illustrated by the arrows in Fig. 2.5, the stress decrease during relaxation

is accounted for by an increase in plastic strain γp which relieves the elastic strain

τ/M , where M is the elastic constant for machine and specimen. The eqnarray

of stain for the tensile system can express as:

γ = τ/M + γp (2.11)

Its derivative with respect to time is:

γ̇ = τ̇ /M + γ̇p (2.12)

During a stress relaxation tests, the tensile machine cross-head is stopped after

a yield point, and subsequently the sample is maintained at a constant total

strain, while the stress decreases by an amount of ∆τ with a negative quantity.

When the tensile cross head is stopped, γ̇ = 0. Here the plastic strain rate is

proportional to the stress relaxation rate:

τ̇ /M = −γ̇p (2.13)
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In practice, the relaxation curves can exhibit a logarithmic variation of stress

with time or a non-logarithmic one. The former case has been reported for a

range of materials and deformation conditions and corresponds to a relaxation

curve of eqnarray:

∆τ =
−kT ln(1 + t/Cr)

Vr
(2.14)

where t is the time variable, Cr is the time constant and ∆τ is the decay of the

stress as a function of time during the stress relaxation. Note that Vr here is the

apparent activation volume, not the physical (or effective) one.

Figure 2.5: Schematic representation of a stress relaxation test. Arrows indicate

how some parameters evolve with time.

The single stress relaxation test in early days provided little information of

the mobile dislocation density evolution during relaxation, and it couldn’t give

convincing value of the effective activation volume. After a long time evolution,

Spätig invented the repeated stress relaxation test

The essential “trick” of Spätig′s method is that the quasi elastic reloading

prevents any substructural changes. As an example in Fig. 2.6, γi2, and γf2
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2.2 Thermal activation analysis and the stress relaxation test

which correspond, respectively, to the end of stress relaxation 1 and the onset of

stress relaxation 2 can be compared. The same dislocation density is moving in

both cases. Therefore, effective activation volume in Fig.2.4 can be calculated as:

Veff =
kT ln(γ̇i2)/γ̇f1

∆τ
(2.15)

which characterizes the stress dependence of the dislocation velocity.(63).

Figure 2.6: The procedure of successive stress relaxations (schematics). Definition

of the parameters used. See text.

In the early work of Oriani and Josephic (64), they used stress relaxation test

to investigate hydrogen charged AISI 1045 steel and found a obvious relaxation

after a critical hydrogen concentration. This result was originally interpreted as

hydrogen-induced decohesion and decohesive growth of microvoids. Hydrogen

was not thought to have a direct influence on dislocation mobility. After Oriani,

though stress relaxation tests of hydrogen charged Ni and Ni-C alloys, Sirois’

team found that solute hydrogen atoms have ability to decrease the activation

area and the activation enthalpy for dislocation overcoming barriers (54). This

result was also considered as a strong evidence for HELP mechanism. Abraham

and Altstetter finished a similar work focused on 310s stainless steel (26). They

suggested that hydrogen enhances the mobility of slowly moving dislocations

which can drag hydrogen atmosphere along.

Nevertheless, in the research topic of hydrogen-dislocation interaction, it is not

easy to find more papers using stress relaxation test. Substantial achievements
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have been gained by many other characterization methods. TEM in-situ observa-

tions over a number of metals have confirmed that hydrogen is able to improve the

velocity of dislocations. (1, 56, 57, 65). Some researchers demonstrated that the

formation of new dislocation slip planes and nucleation of equilibrium vacancies

in hydrogen environment (66, 67). Moreover, it also indicated that hydrogen so-

lutes influences dislocation motion by weakening stress field between dislocations

and localized obstacles, named as hydrogen induced shielding effect (or screening

effect). A large amount of calculation and simulation work has been presented

based on this belief (41, 58). However, detail experimental data for quantifying

dislocation velocity, thermal activation energy, and mobile dislocation density

evolutions, are still scarce.

2.3 Density functional theory and electron struc-

ture analysis

Electronic structure calculations have become an indispensable tool for simula-

tions of condensed-matter systems. Nowadays systems ranging from atoms and

small molecules to nanostructures with several hundreds of atoms are studied

routinely with density functional theory (DFT).

Since inception of quantum mechanics by Heisenberg, Born, and Jordan in

1925, and Schrödinger in 1926, there were basically two competing approaches

to find the energy of a system of electrons. One of the approaches was to derive

the many particle wave function Ψ(r1, r2, · · · rN , t) (where the r1 denotes the

coordinates of the 1st electron, r2 the 2nd electron, and so on, and t is time) and

solve the stationary (time-independent) Schrödinger equation for the system:

ĤΨk(r1, r2, · · · rN) = EkΨk(r1, r2, · · · rN) (2.16)

(where Ĥ is the hamiltonian, i.e., the operator of the total energy for the system),

and calculate the set of possible wave functions (called eigenfunctions) Ψk and

corresponding energies (eigenvalues) Ek. This approach is used in tshe traditional

ab-initio calculations, e.g. Hartree-Hock method.
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Another one was rooted in statisticial mechanics and the fundamental variable

was the total electron density ρ(r), i.e., the number of electrons per unit volume

at a given point in space (e.g., in cartesian coordinates: r = (x, y, z)). In this

approach, electrons were treated as particles forming a special gas, called electron

gas. The special case, the uniform electron gas, corresponds to the ρ(r) = const.

The density functional theory is based on this approach.

Kohn & Sham proposed an ingenious method of marrying wave function and

density approach in 1965 (68), which becomes the basis for the modern DFT

calculation and made Walter Kohn award the Nobel Prize in Chemistry in 1998.

They repartitioned the total energy functional into following parts:

E[ρ] = T0[ρ] +

∫ [
V̂ext(r) + Ûcl(r)

]
ρ(r)dr + Exc[ρ] (2.17)

where T0[ρ] is the kinetic energy of electrons in a system which has the same

density ρ as the real system, but in which there is no electron-electron interactions

(but electrons still interact with nuclei).

Ûcl(r) =

∫
ρ(r′)

|r′ − r|
dr′ (2.18)

is a pure Coulomb (“classical”) interaction between electrons. It includes electron

self-interaction explicitly, since the corresponding energy is

Ecl[ρ] =

∫ ∫
ρ(r′)ρ(r)

|r′ − r|
drdr′ (2.19)

and it represents interaction of ρ with itself. V̂ext(r) is the external potential, i.e.,

potential coming from nuclei:

V̂ext =
∑
α

−Zα
|Rα − r|

(2.20)

The last functional, Exc[ρ], called exchange-correlation energy.

With DFT theory, the properties of a many-electron system can be determined

by using functionals, which in this case is the spatially dependent electron density.

Hence the name density functional theory comes from the use of functionals of

the electron density. DFT has come to prominence over the last decade as a

method potentially capable of very accurate results at low cost, when compared to
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traditional methods, such as HartreeFock method aforementioned. In many cases

the results of DFT calculations for solid-state systems agree quite satisfactorily

with experimental data.

There are many approximation to solve Kohn-Sham equations. In this work,

we use a real-space-based implementation of the projector augmented-wave (PAW)

method (69), the open-source program package GPAW to investigate the strain

field of hydrogen atoms and the correlated electron densities. This code solve

the Kohn-Sham equation is done via the “residual minimization method - direct

inversion in iterative subspace” (RMM-DIIS) method (70). It is an all-electron

method (frozen core approximation) and there is a one to one transformation

between the pseudo and all-electron quantities. The detail parameters will be

introduced in the corresponding chapter.

2.4 Molecular dynamics and minimum energy

path

In the simplest physical terms, molecular dynamics (MD) may be characterized as

a method of “particle tracking”. Operationally it is a method for generating the

trajectories of a system of N particles by direct numerical integration of Newton’s

eqnarrays of motion, with appropriate specification of an interatomic potential

and suitable initial and boundary conditions. MD is an atomistic modeling and

simulation method when the particles in question are the atoms which constitute

the material of interest. The underlying assumption is that one can treat the ions

and electrons as a single, classical, entity. When this is no longer a reasonable

approximation, one needs to consider both ion and electron motions. One can

then distinguish two versions of MD, classical and ab initio, the former for treating

atoms as classical entities (position and momentum) and the latter for treating

separately the electronic and ionic degrees of freedom, where a wave function

description is used for the electrons. In this study, we will use the later one, and

an ab initio based embedded atom method (EAM) potential is applied.

A common and important problem in theoretical chemistry and in condensed

matter physics is the identification of a lowest energy path for a rearrangement
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2.4 Molecular dynamics and minimum energy path

of a group of atoms from one stable configuration to another, such a path is often

referred to as the Minimum Energy Path (MEP). The Nudged Elastic Band

(NEB) method is used to find reaction pathways when both the initial and final

states are known. Using this code, the MEP for any given chemical process may

be calculated, however both the initial and final states must be known. The

method works by optimizing a number of intermediate images along the reaction

path. Each “image” corresponds to a specific geometry of the atoms on their way

from the initial to the final state, a snapshot along the reaction path. Each image

finds the lowest energy possible while maintaining equal spacing to neighboring

images. This constrained optimization is done by adding spring forces along the

band between images and by projecting out the component of the force due to

the potential perpendicular to the band. Thus, once the energy of this string of

images has been minimized, the true MEP is revealed. In this dissertation, the

dislocation migration path along 1b distance will be calculation by using the NEB

method within a EAM potential system.
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Chapter 3

Effect of hydrogen on thermally

activated motion of dislocations

in pure iron

3.1 Introduction

The HELP mechanism states that hydrogen interstitials shield (or weaken) the

stress field of dislocations and effectively lower its interactions with barriers (e.g.

impurities, solute atoms, forest dislocations), which is the physical basis for the

plastic deformation process with hydrogen. TEM in-situ experiments on a num-

ber of metals (1, 56, 57) have shown that hydrogen can increase the velocity

of dislocations and induce shear localization. For these reasons, the resolved

shear stress for dislocation motion is reduced (softening). The underlying phys-

ical processes responsible for those dislocation-hydrogen interactions are mainly

interpreted alternatively by simulations or models which consider ideal situations

(41, 58), and remain to be validated experimentally.

Hydrogen mainly affects short-range energy barriers that impede dislocation

motion in small volume. Therefore the hydrogen-dislocation interaction is mainly

determined by thermal vibrations. In thermally activated process, a swept area

resulted from dislocation line overcoming the barriers is termed an activation

area. The product of the activation area and Burgers vector (b) is the effective
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3.1 Introduction

activation volume. There is a range of ways to estimate thermal activation pa-

rameters, including strain rate jump, stress relaxation, and creep tests (71). The

stress relaxation test was proposed in the 1960s (60, 61, 62), it mainly measures

the thermal activation volume and activation energy. Single stress relaxation

tests reveal little information of mobile dislocation densities during relaxation,

and provide no generally acceptable value of the effective (or physical) activation

volume. A repeated stress relaxation test developed by Spätig (63) has shown

advantages in measuring the thermal activation parameters, e.g. effective ther-

mal activation volume (Veff ), strain rate sensitivity (m), and mobile dislocation

density (ρm).

Oriani and Josephic(64) reported large increase in stress relaxation rate after

a critical hydrogen concentration by using the single stress relaxation tests on

hydrogen charged AISI 1045 steel. However, the results were originally interpreted

as a hydrogen-induced decohesive growth of microvoids, and hydrogen was not

thought to have a direct influence on the dislocation mobility in the specimens.

Based on stress relaxation experiments of Ni and Ni-C alloys, Sirois and Birnbaum

suggested that solute hydrogen atoms have the ability of lowering the activation

area and activation enthalpy of dislocations (54), which was considered to be

an important evidence for the HELP mechanism. Abraham and Altstetter have

reported similar work on 310S stainless steel (26), and suggested that hydrogen

enhances the mobility of slowly moving dislocations. However, in the case of body-

centered cubic (b.c.c.) metal, e.g. iron and ferrite-based alloys, experimental data

for quantifying the dislocation velocity (v), Veff , and evolution of (ρm) is very

limited.

In this part we report thermal activation analysis on pure iron under simul-

taneous hydrogen cathodic charging conditions, by method of stress relaxation

test developed by Spätig (63). The Veff determined from this test is a physical

microscopic activation volume and a real signature of the operating deforma-

tion mechanism. The ρm is monitored during stress relaxation process, and the

hydrogen-enhanced dislocation motion is discussed by combining with TEM ob-

servation.
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3.2 Experimental methodology

3.2 Experimental methodology

Pure iron, purity better than 99.95% (produced by Johnson Matthey Chem. Ltd.)

was used as the specimen material. Rods of 5.0 mm diameter were cold rolled

to plates and punched into tensile specimens with the shape and dimensions in

Fig. 3.1. The punched out specimens were placed in a vacuum in a quartz

tube (1 × 10−4 Pa) and then annealed at 873 K for 1 h. Then the specimens

were removed from the tube, and to ensure a smooth surface and eliminate stress

concentrations on the surface, the specimens were electrochemically polished with

Acetic acid: Perchloric acid = 19:1, giving a final specimen thickness of around

0.25 mm. A polymer coating on the ends of the specimens protected these areas

from hydrogen charging.

Figure 3.1: Shape and dimensions of the tensile test specimen.

The repeated stress relaxation tests were performed on an Instron 5564 uni-

versal test machine (Instron Ltd.) with a electrolytic cell for hydrogen charging,

as outlined in Fig. 3.2. The electrolyte for the cathodic charging was 0.5 mol/l

H2SO4 with 50 g/l Thiourea as a promoter. For the isothermal stress relaxation

test, the test temperature was kept on 293 K and the strain rate was set to 1×10−4

s−1 which ensures hydrogen is transported by dislocations moving at low speed

(72). The specimen was initially subjected to 5% plastic deformation (after yield

point).Then the tensile cross-head was stopped and this state was maintained

for 30s and the strain is constant during relaxation. The stress of the specimen

relaxed during this period, and stress data was recorded at 0.3 s intervals. Subse-

quently the stress at the onset of the previous relaxation was restored before the

cross-head was stopped again. Every 30 s in this test is one cycle and which was

repeated till no relaxation was recorded in the relaxation stage. The load relax-

ation due to the machine was obtained with zero-gauge samples and subsequently
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3.2 Experimental methodology

subtracted from the stress decay curves. While there is only elastic deformation

between end of one cycle and onset of the next cycle, without undesired nucleation

of total dislocations, the stress relaxation test gives an information of the mobile

dislocation behavior (73). Continuous cathodic charging was applied during the

whole of the relaxation progress with cathodic current densities of 5 mA/cm2 to

75 mA/cm2 at a interval of 10 mA/cm2. The cathodic polarization curve of the

tensile sample was measured to get the potentials corresponding to the imposed

current densities, with a voltage scan rate of 10 mV/s. The surfaces of speci-

mens were carefully examined to establish if there was surface blistering or other

irreversible damage after the stress relaxation tests. The stress relaxation tests

with the hydrogen-free samples (no cathodic current applied) were conducted at

temperatures from 293 K to 373 K, to establish the zero stress thermal activation

energy.

Figure 3.2: Schematic outline of the equipment for the hydrogen charging stress

relaxation test.

As the magnetic property of iron influences the observations of dislocations,

the sample preparation for the TEM observations in these experiments will be

explained as follows (74). One mm diameter disks were punched out of the hydro-

gen charged areas of the tensile specimens and inserted into 3 mm 316F austenite
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3.3 Results

stainless steel disks. The hybrid foils were prepared by a Struers Tenuupol-5

double-jet electro-polisher, and subjected to TEM (JEM-2010) observations im-

mediately after the insertion to inhibit surface oxidation. For comparison of

the dislocation structures and total dislocation densities, relaxed specimens not

subjected to hydrogen charging, specimens with hydrogen charging at current

densities of 25 mA/cm2, 45 mA/cm2, 75 mA/cm2 were observed in TEM. In or-

der to investigate if there is multiplication of dislocations during stress relaxation

test with simultaneous hydrogen charging condition, ordinary uniaxial strained

hydrogen-free specimens with elongations of 5% (same as the onset of stress re-

laxation) to 30% were also observed.

The shear stress τ and its components are related to the normal stress σ and

its corresponding components by Taylor orientation factor, and this paper uses a

Taylor factor of 3 for iron (75, 76, 77): σ = 3τ , ε̇ = γ̇/3.

3.3 Results

3.3.1 Hydrogen concentration

The hydrogen concentration is an important parameter for the analysis of re-

peated transients at different cathodic currents, and should be determined at

first. Hydrogen occupancy in normal interstitial lattice sites (NILS) θL and oc-

cupancy in trap sites θT follows the Oriani’s theory (35):

θ
(i)
T

1− θ(i)T
=

θL
1− θL

exp
E

(i)
B

RT
(3.1)

where i denotes the type of trap sites, for well annealed pure iron, there are

mainly two: dislocations (d) and grain boundaries (g), E
(i)
B represents the trap

energy, and R is the gas constant, 8.31 J·mol−1K−1. Hydrogen concentrations in

NILS and trapping sites (measured in atoms per unit volume) are phrased as:

CL = θLβNL (3.2)

and

CT = θ
(i)
T α

(i)NT (3.3)
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Table 3.1: Parameters for hydrogen concentration calculations.

Parameter Value

Lattice site density NL (m−3) (80) 8.46× 1028

Lattice parameter a (m) (80) 2.8865× 10−10

α(d) and α(g)(81) 1

Lattice sites per solvent atom β 6

Dislocation density (m−2) 1.2× 1014

Permeation constant ϕ0 (78) 3.70× 10−6

Diffusion constant D0(m
2s−1) (82) 1.1× 10−7

Trap energy (kJ/mol) (6) E
(d)
B = 30, E

(g)
B = 50

respectively, here α(i) is the number of trapping sites per trap, β is the number of

interstitial sites per solvent atom, NL denotes the number of solvent atoms per

unit volume, and NT is the trap density.

At a cathodic current density of ic, the equilibrium H concentration in lattice

sites can be described by the Sievert’s law, CL = Ki
1/2
c . The constant K for

cathodic charging with H2SO4 has been reported by Johnson and Wu (78, 79):

CL =
ϕ0NA

D0

exp[
−11000(J ·mol−1)

RT
]i1/2c (3.4)

where ϕ0 is the permeation constant of hydrogen, D0 is the diffusion constant

of hydrogen, and NA is Avogadro constant. The total hydrogen concentration

CH = CL + CT .

The parameters for hydrogen concentration calculation are shown in Table

3.1. The hydrogen concentration increases from 7.08 appm to 25.77 appm as

cathodic current density increases from 5 mA/cm2 to 75 mA/cm2 (Table 3.2).

The hydrogen atoms in trapping sites occupy about 15 % of the total hydrogen

concentrations.
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3.3 Results

Table 3.2: Hydrogen concentrations at different cathodic current densities and

corresponding yield stresses.

ic (mA/m2) CH (appm) CT (appm) σY S (MPa)

0 0 0 179.25

5 7.08 1.24 179.72

15 12.01 1.90 182.11

25 15.33 2.28 183.29

35 17.98 2.54 178.38

45 20.25 2.75 173.35

55 22.27 2.91 171.20

65 24.10 3.05 168.80

75 25.77 3.18 163.94

3.3.2 Evolution of dislocation structures during uniaxial

tensile test

The yield stresses (σY S) at different hydrogen concentrations were obtained on

the basis of the average tensile results of at least three tensile specimens (error

± 3 MPa), and listed in Table 3.2. Yield stress increases 4 MPa at CH lower

than 15.33 appm. Since the increments of yield stress are about at the numerical

error obtained by tensile tests, we conclude they can be neglected and therefore

the operation of dislocation was hardly influenced at low CH . At CH higher than

25.77 appm, σY S is decreased by more than 10 MPa, indicating the operation of

dislocations is encouraged by hydrogen.

The average grain size of iron after heat-treatment was measured to be 74

µm (±15µm). The stress-strain curve of the iron by an ordinary uniaxial tensile

test in air with strain rate of 1 × 10−4 s−1 is plotted in Fig. 3.3. The ordinate

axis at right side in Fig. 3.3 shows total dislocation densities at certain strain,

which was calculated from related dislocation structures observed by TEM. The

TEM images with different strains are illustrated in Fig. 3.4. Fig. 3.4(a) to Fig.

3.4(d) represent microstructures of specimens which were drawn to 5%, 10%,

20%, and 30% respectively. Dislocation density of tensile sample at 30% strain is
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over 10 times more than the stress-free sample, with dense of tangling dislocation

structures.
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Figure 3.3: Variation of dislocation density during a uniaxial tensile test.

Also stress-strain curve of hydrogen charged specimen is illustrated in Fig.

3.3. In low current density like 15 mA/cm2, the yield stress and flow stress shows

a little increase, which indicates that H could act as a strengthening factor in

plastic deformation according to solute-drag mechanism. Up to 45 mA/cm2 and

75 mA/cm2 both of the stresses decrease, and H induced softening effect was

observed.

3.3.3 Stress relaxation curves

Fig. 3.5 shows stress relaxation curves and indicate that there are apparent

differences between the hydrogen-free and hydrogen charged samples. In Fig.

3.5(a), for a specimen not subjected to hydrogen charging, the stress relaxation

test can only be repeated for 2 cycles. While in Fig. 3.5(b) with a cathodic

current density of 35 mA/cm2, more than 8 cycles cycles are possible and the

relaxation rate in each cycle is larger.

As illustrated in Fig. 3.6(a), stress relaxation can be repeated for more than

50 cycles in 45 mA/cm2 treated specimens. At 75 mA/cm2, the 19th cycle is the
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(a) (b)

(c) (d)

Figure 3.4: Dislocation structures at different strain. (a) 5%; (b) 10% (c) 20%

(d) 30%.

final cycle of relaxation as shown in as shown in Fig. 3.6(b), as the specimen

fractured at the end of the curve under the low strain level.

3.3.4 Thermal activation parameters

The concept of activation volume is central to characterizing thermally activated

motion of dislocations in metal. Driven by an effective stress τeff , a swept area

resulting from a dislocation line overcoming short-range obstacles is termed an
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Figure 3.5: Influence of hydrogen on the stress-time plot of repeated stress re-

laxation cycles. (a) without hydrogen; (b) with cathodic hydrogen charging at 35

mA/cm2.

activation area. The product of the activation area and the Burgers vector is the

effective activation volume Veff . The effective stress is the source of an effective

energy of τeffVeff . The Gibbs free energy ∆G (or apparent activation energy)
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Figure 3.6: Hydrogen induced relaxation cycles at two cathodic current densities.

(a) 45 mA/cm2; (b) 75 mA/cm2.

arising from thermal agitation in a stress-assisted thermal activation process is

negatively correlated with the effective stress: (59, 83):

∆G = ∆F − τeffVeff (3.5)
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where ∆F = ∆G(τeff = 0), is the activation energy required at zero effective

stress. With the above considerations, the rate controlling deformation mecha-

nism of b.c.c. metal under uniaxial tension in a thermally activated process, with

negligible backward flow and all short-range obstacles identical, is described by

an Arrhenius-type law (84):

γ̇p = γ̇0 exp
−∆G

kT
= γ̇0 exp (−∆F − τeffVeff

kT
) (3.6)

where k is Boltzmann constant, equal to 1.381×10−23 J/K, T is the temperature,

and γ̇0 is a characteristic strain rate:

γ̇0 = ρmvD|~b|2 (3.7)

here ρm represents the mobile dislocation density, vD ≈ 10−13s−1 is the Debye

frequency, and |~b| is Burgers vector of dislocation.

Groh and Conte found that the relaxed apparent stress τ yields a function of

strain rate and activation volume (85):

τ̇ = Kγ̇p +
γ̈pkT

γ̇pVeff
(3.8)

where K is a plastic strain-hardening coefficient. The apparent activation volume

Va and the effective activation volume Veff yield the relation:

Va = Veff (1 +
K

M
) (3.9)

with the strain-hardening term for the activation volume Vh = VeffK/M , the

apparent activation volume can be divided into two parts: Va = Veff + Vh.

With Eq. (2.14), the apparent activation volume Va can be determined from a

logarithmic fitting of the ∆τ -time curve. Note that a single relaxation curve is not

sufficient to determine the effective activation volume Veff which is a physically

significant parameter in interpreting the true deformation mechanism, and it is

necessary to establish Vh from a series of successive curves then Veff can be

obtained.
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3.3.4.1 Components of applied stress

The external stress τ in stress relaxation test has two components:

τ = τeff + τµ (3.10)

where τµ is the internal stress signifying the athermal contribution to the flow

stress.

In strain rate controlling plastic deformation, the local effective stress is the

driving force for dislocation motion and the internal stress is the resistance against

this motion. Supposing an external stress at t = 0 is applied to a sample, τ = τ0,

then after the passage of sufficient time, it may be assumed that τ reaches the

average value of internal stress τµ. The plotting of external stress and time in

stress relaxation test was found to follow a hyperbolic expression (86):

τ =
τµ + δτ0
t+ δ

(3.11)

where t denotes time, and δ is a positive coefficient. The thermal and athermal

components of the applied stress can be determined by hyperbolic fitting of the

relaxation curve. Based on the external stresses imposed at the beginning of the

stress relaxation tests (ε = 5%), Fig. 3.7(a) shows the stress components allowing

an evaluation of the ratios of these stress components.

Bellow 25 mA/cm2, the increase in the ratio of effective stress is low. The

yield stress shows small variations which could result in hardening or softening

effects as has been reported and detailed above. As hydrogen concentration in-

creases, up to 35 mA/cm2 there is a marked reduction in yield stress and a rise

in effective stress. Fig. 3.8 illustrates cathodic polarization curve in electrolyte

of this study. The potential in the cathodic reaction area decreases gradually

towards the minus direct as current density increases, it indicates the variations

of mechanical properties are related to the hydrogen concentration directly.

3.3.4.2 Activation volume and strain rate sensitivity

The time derivative of Eq. 2.14 in Section 2.2 gives the stress rate σ̇(t). Assuming

the stress rate at the beginning of the jth cycle as σ̇i,j (j = 1, 2, 3...), and at the

end of the cycle as σ̇f,j(j = 1, 2, 3...), Vh can be determined after measuring σ̇i,j
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Figure 3.7: Parameters for thermally activated process of dislocations at different

hydrogen concentrations. (a) Yield stress (left ordinate), ratios of effective stress

and internal stress compared with total external stress (right ordinate); (b) Acti-

vation volume (left ordinate) and strain rate sensitivity coefficient (right ordinate).

and σ̇i,j+1 from the tangents of the stress-time curve at the onset of a relaxation
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Figure 3.8: Polarization curve of pure iron in the electrolyte used in this study

cycle (63):

Vh = kT
ln (σ̇i,j+1/σ̇i,j)

∆σj
(j = 1, 2, 3...) (3.12)

Where ∆σj denotes stress drop in the jth cycle. After obtained the apparent

activation volume Va from a logarithmic fitting of the ∆σ-time curve, Veff can

be determined by Eq. (3.9).

The average dislocation velocity v can be represented by the strain rate sen-

sitivity m,

v = (
σ

σ0
)m (3.13)

where σ0 is the stress needed for dislocation moving in a unit speed. Since each

stage of stress relaxation test is close to steady state, following Hart’s definition

of m in a tensile test (87), strain rate sensitivity of bcc iron used in this study

can be expressed by an equation as bellow:

d(lnσ) = md(ln ε̇) (3.14)

where σ is applied stress, and ε̇ is the related strain rate. Combining with Eq.

2.13, d(ln ε̇) = dln (−σ̇), one can find:

m =
d(lnσ)

d[ln (−σ̇)]
(3.15)
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m can be derived from the slope of a linear fitting of [ln (−σ̇)] against lnσ.

The Burgers vector |~b| = 0.248 nm for iron was used in the calculation of the

activation volume. The activation volume and strain rate sensitivity coefficient

at different current densities are shown in Fig. 3.7(b). Generally, across the

whole of the hydrogen concentration range, the activation volume decreases with

hydrogen concentration increases. The hardening term of an activation volume

Vh gradually decreases to 0, and the strain rate sensitivity coefficient m expands.

3.3.5 Evolution of dislocations behavior

3.3.5.1 Mobile dislocation density

Under relaxation conditions, at time t the plastic strain rate ε̇p(t) and stress rate

σ̇(t) have a relation (71):

ε̇p(t) = −σ̇(t)/E (3.16)

where E is the elastic modulus for the specimen and machine, thus the Orowan’s

equation,

ε̇p = ϕbρmv (3.17)

can change to:

σ̇(t) = −Eϕbρm(t)v (3.18)

where ϕ denotes a geometric constant for the same dislocation structure in one

experiment. By combining Eqs. 3.18 and 3.13, the mobile dislocation density at

an arbitrary time ρm(t) is:

ρm(t) = − σ̇(t)

ϕbEv0 exp(∆σeffVeff/MkT )
(3.19)

and the mobile dislocation density at the onset of the stress relaxation curve ρm(0)

is:

ρm(0) = − σ̇i1
ϕbEv0

(3.20)
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we define the quotient of ρm(t) and ρm(0) as the mobile dislocation density ratio:

ρm(t)

ρm(0)

=
σ̇(t)

σ̇i1 exp (Veff∆σ(t)/MkT )
(3.21)

in the case ρm(t) is the mobile dislocation density at the beginning of the jth

relaxation (ρm,ij), then ∆σ(t) = 0. Thus Eq. 3.21 reduces to:

ρm,ij
ρm(0)

=
σ̇ij
σ̇i1

(j = 1, 2, 3...) (3.22)

the mobile dislocation density ratios at different cathodic current densities are

plotted as a function of time in Fig. 3.9.
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Figure 3.9: Mobile dislocation density ratios for different hydrogen flux rates

versus duration of the applied flux.

As Fig. 3.9 shows, for low hydrogen concentrations (0 mA/cm2 - 25 mA/cm2)

the mobile dislocation density ratios decrease gradually towards zero. Here it

takes more relaxation cycles for the mobile dislocation to reach zero at higher

hydrogen concentrations. For an example, the data of mobile dislocation density

ratios at 65 mA/cm2 arranged horizontally signifying that ρm(t) is exhausted

slowly as the hydrogen concentration increases. This indicates that the hydrogen

shielding effect is sufficiently strong to weaken the co-existing solute-drag effect of

blocking obstacles impeding the motion of dislocations moving with the hydrogen.
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When hydrogen flux at 45 mA/cm2, ρm(t)/ ρm(0) shows almost no exhaustion

along time axis, which provides evidence that immovable dislocation may be re-

activated by the continuation of injection of hydrogen into the lattice.

3.3.5.2 Total dislocations

The dislocation structures were observed by TEM at two beam conditions with

the same reflection vector g = [110] excited, and the typical results are shown in

Fig. 3.10.

Dislocation structure of a stress relaxed hydrogen-free specimen(at a initial

strain of 5%) in Fig. 3.10(a) and that of uniaxial deformed specimen in Fig.

3.4(a) show no differences in the microstructure and density. This suggests that

there is only quasi-elastic deformation taking place in the reloading process of

stress relaxation test, and that only the mobile dislocation density varied with

time as stress decayed. There are tangling dislocations in Fig. 3.10(c) to Fig.

3.10(d), and the density of the tangling structures increase with the hydrogen

concentration. The average dislocation density in the 75 mA/cm2 sample (Fig.

3.10(d))is nearly one tenth that of ordinary 30% fractured specimen shown in

Fig. 3.4(d), but fracture was induced for this hydrogen charged specimen at low

total plastic strain, as observed in Fig. 3.6(b) above.

To confirm the tangled structure, a larger scale of dislocation distribution at

different hydrogen concentration is shown in Fig. 3.11. The diffraction pattern

and the reflection vector used for the TEM observation is marked in the left

corner. All the foils were tilted to the same ~g vector, and bright field images were

taken with 3~g[110] be strongly excited. The average thickness of observed area

was calibrated by using g/3g dark field condition (88), and indicated below Fig.

3.11.

Compared with the upper left hydrogen-free dislocation structure in Fig. 3.11,

with hydrogen there are some dislocation free zones (marked with arrow heads)

surrounded by tangled dislocations. The area of the dislocation free zones, also

the density of tangled dislocations, increase as CH becomes higher. The tangling

behaviour reveals that repulsive interactions between dislocations get weaker.

The tangled dislocation structures also appear around the grain boundary as

shown in GB area marked in the middle left of Fig. 3.11.
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(a) (b)

(c) (d)

Figure 3.10: TEM images of dislocation structures. (a) after stress relaxation,

without hydrogen charging; (b) after stress relaxation with 25 mA/cm2 cathodic

current density; (c) after stress relaxation with 45 mA/cm2; (d) after stress relax-

ation with 75 mA/cm2 (fractured).

3.3.6 Activation energy

With Eq. (3.6), the thermal activation energy is related to the dislocation velocity

v and temperature (49):

∆G = −kT ln (
v

νDd
) = −kT ln (

ε̇p
ε̇0

) (3.23)
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Figure 3.11: Dislocation structures after stress relaxations in air and at different

hydrogen concentrations. (a) In air, thickness t= 270 nm; (b) CH= 15.33 appm,

t= 240 nm; (c) CH= 20.25 appm, t= 270 nm; (d) CH= 25.77 appm, t= 250 nm.
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where νD ≈ 1013 s−1 is the Debye frequency, d is distance over which dislocation

moves after a successful activation event, and ε̇0 is a characteristic strain rate.

The zero stress thermal activation energy in Eq. 3.5 becomes:

∆F = −kT ln (
ε̇p
ε̇0

) + σeffVeff/M (3.24)

Based on stress relaxation tests at different temperatures, ∆F and ∆G can be

obtained from linear fitted intercept and slope of plotting σeffVeff versus T (83).

However, by using D0 in Table 3.1, the diffusion coefficient D of hydrogen atoms

is 7.02×10−9 m2s−1 at 293 K. With the large value, it is predicable that the hy-

drogen concentration changes considerably as the temperature varies. Therefore,

conventional way for determining thermal activation energy is not proper to be

directly applied to the hydrogen charged iron. In this study a new calculation

method is developed to solve this problem.

Assuming that a additional Gibbs free energy δ∆GH and a zero stress activa-

tion energy δ∆FH are induced by hydrogen, Eq. 3.23 can be written as:

∆G+ δ∆GH = −kT ln (
ε̇Hp
ε̇0

) (3.25)

where ε̇Hp is the plastic strain rate with hydrogen (not the constant strain rate in

tensile test). Equation 3.24 with hydrogen becomes:

∆F + δ∆FH = −kT ln (
ε̇Hp
ε̇0

) + σHeffV
H
eff/M (3.26)

Combing Eqs. 3.16, 3.23 and 3.25 gives the expression of δ∆GH :

δ∆GH = −kT ln (
σ̇H

σ̇
) (3.27)

where σ̇H is the stress rate with hydrogen. Considering Eqs. 3.16, 3.24 and Eq.

3.26 gives:

δ∆FH = −kT ln (
σ̇H

σ̇
) + (σHeffV

H
eff − σeffVeff )/M (3.28)

where V H
eff and σHeff are the effective activation volume and the effective stress

measured from the hydrogen charged samples, respectively. All of the parameters
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in the right hand side of Eq. 3.27 and Eq. 3.28 are already known from thermal

activation analysis in the previous sections. The activation energy in the hydrogen

charged samples can be obtained and the values are as shown in Fig. 3.12 shows

the evolution of activation energy calculated by this method. From Fig. 3.12(a),

the activation energy for the pure iron used in this study is 0.43 ± 0.12eV(≈
0.06µb3), and Fig. 3.12(b) shows that δ∆GH and δ∆FH decreases as hydrogen

concentration (cathodic current density) increases.The value of δ∆GH become

almost constant at high H concentration. Decrease of δ∆FH shows no strong

relationship with cathodic current densities.

3.4 Discussion

3.4.1 Dislocation density

The calculation of effective activation volume and the evaluation of mobile dislo-

cation density obtained before rely upon the assumption that ρm remains constant

(quasi-elastic loading) during the reloading process. As reported by Bonade (73),

an unbalance between operating exhaustion and multiplication mechanisms of

dislocation is likely to exist, which will result as an unreliable value of thermal

activation parameters by former equations. In order to make sure that there is

only change of mobile dislocation density during stress decay process, after repeat

relaxation test the average total dislocation densities at different hydrogen flux

intensities were measured by choosing at least 3 fields in each TEM foil, and are

plotted with error bars in Fig. 3.13. There are less differences in the average to-

tal dislocation densities at different cathodic current densities. Nano-indentation

and calculation work have found a multiplication of dislocations after long-time

hydrogen charging (89). However, the repeated stress relaxation test is one kind

of transient tensile tests operated in a short time range, this multiplication of

dislocations can be disregarded, and the thermal activation analysis performed

in this study is reliable.
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Figure 3.12: Hydrogen-induced activation energy. (a) Activation energy in

hydrogen-free specimens measured by stress relaxation tests at different tempera-

tures; (b) Hydrogen induced activation energies at different current densities.
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Figure 3.13: Average dislocation densities in samples after hydrogen charging

with different cathodic current densities.

3.4.2 Activation volume

In pure iron, there are four main types of the short-range barriers impeding dislo-

cation motion (90): (1) forest dislocations; (2) solute atoms; (3) Peierls-Nabarro

barriers; (4) energy barriers due to the cross slip mechanism. These barriers are

considered to be the main contributors to the stress hardening effect. Assuming

that the distance from dilatation line formed by hydrogen atoms to a dislocation

is r, according to Sofronis’ analysis by finite element method (58, 91), hydrogen

atmosphere induces a stress field which varies like r−2, it affects dislocation and

obstacle interaction in a short range and also decrease the interaction energy

width between them. Such screening of short-range interaction indicates the de-

crease of the effective thermal activation volume. A similar conclusion for Ni has

been made by Sirois et al. (54), we argue that hydrogen have the same behaviour

in BCC iron.

Further, the calculations by Chateau et al. (41) implied that the hydrogen

shielding effect is a diffusion assisted stress relaxation process, i.e. the decrease

in the interaction stress field depends on the concentration and distribution of

hydrogen. Hydrogen induced stress relaxation in local area increases linearly as

the concentration changes (CH − C0) (41): σHkk = −2EVH(CH − C0)/[3(1 − ν)]
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where σHkk is the hydrostatic stress provided by hydrogen atoms, VH is hydrogen’s

partial molar volume, and ν is Poisson’s ratio. The stress field of dislocation is

relaxed by σHkk, and the interactions with impurity atoms or other short-range

barriers are supposed to be decreased linearly as a function of CH .

However, the decreasing Veff has a plateau at CH from 5 mA/cm2 to 25

mA/cm2, and effective stress increases slowly as shown in Fig. 3.7(b). At these

hydrogen concentrations, the yield stresses are in a stable level (see Table 3.2). In

this plateau region, it is reasonable to consider that there are other factors which

can neutralise the hydrogen effect, resulting in unchanged activation length and

resolved stress for operating dislocations. The factors could be:

1. other solute atoms which can impede dislocation motion;

2. the solute-drag effect of hydrogen itself;

3. variation of dislocation structures induced by hydrogen.

The first possibility can be dismissed as the concentration and distribution of

C, N and other solutes can hardly be changed during stress relaxation, they

induce constant variation of activation volume. Kirchheim and co-workers (27, 28)

pointed out that there are two aspects of the effect of hydrogen interstitial atoms:

one that hydrogen enhances dislocation mobility by decreasing line energy; and

the other that hydrogen exerts drag on dislocation, i.e., hydrogen can act both to

slow down and speed up the dislocation motion. The effect of hydrogen solute-

drag cannot be neglected. However, for the high diffusion ability of H atoms, at

room temperature the second possibility could have less contribution.

We argue that the third factor is the main contributor to the variation of

activation volume. As there is no multiplication of dislocations in stress relax-

ation process, the evolution of dislocation structure is mainly due to hydrogen

effect. Once hydrogen is introduced, the short-range interaction is reduced, hence

the effective activation volume decreases immediately and tangled dislocations are

formed. As the repulsive interaction between dislocations is inversely proportional

to the distance between dislocations, it becomes harder to reduce the interaction
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range to a lower value once the tangled dislocations are formed. Hydrogen shield-

ing effect on the tangled dislocations can be suppressed, that is the most possible

reason for the unchanged yield stress and thermal activation length.

At concentrations higher than a threshold value, 17.98 appm in this study, as

the hydrogen shielding effect increases, the dislocation free zone becomes larger

and more tangled structure was found. This is a sign that, as hydrogen accumulat-

ing in the dislocation trapping sites, the impeding effect in tangled substructure

can be neglected and hydrogen shielding effect mainly controls the dislocation

motion.

3.4.3 Internal stress

During plastic deformation, the source of the internal stresses is the sum of the

stresses resulting from the various arrangements of the dislocations and obstacles

in the specimens.

As suggested by Kruml (86), the quality the internal stress calculated from

Eq. 3.11 depends strongly on the type of crystal and stress relaxation condition.

We have tried all the three methods developed by Kruml, and indicate that the

internal stress of hydrogen-free iron does have 90% of the total stress, i.e. by the

classical power law, 206 MPa.

By another method, the Taylor law: σµ = MEαb
√
ρ, in which α is a constant

typically ranges 0.2 to 0.5, indicating the obstacle strength. As it is another

model describing the dislocation motion, calibrating α is out of range of this

work. However, using an typical α value of 0.23 for iron (92), internal stress is

147 MPa. The internal stress from our stress relaxation test is 204 MPa (see

Appendix A), which may be overestimated. Indeed, under different external

stresses, the internal stresses calculated by Kruml express the same tendency as

the results from dip tests. Thus it is reasonable to compare the effective stress

ratio in Fig. 3.7.

In FCC metal, the long-range elastic interaction between edge dislocation,

especially edge partial of screw dislocation, shielded by dislocation is considered

to be key factor due to hydrogen embrittlement. In BCC metal, however, there

is no edge partial for screw dislocation. We suggest that in BCC iron, hydrogen
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mainly influences the short-range interactions and changes the substructure of

dislocations. Because of the formation of tangled structure, the internal stress

reduces and softening can be observed.

The details of the internal stress development make it possible to postulate

that the arrangements of dislocations and obstacles have been changed in hydro-

gen charged samples, leading to a tangling dislocation structures during defor-

mation as observed by TEM above. The tangling structures gives proof that the

shielding stress field caused by H in short range can make the repulsive stress field

between dislocations become attractive, which has been proposed by the HELP

theory based on calculation of the interaction of two edged dislocations (91). As

shown in Fig. 3.14, by observation using scanning electron microscope (SEM),

the fracture surface of specimen after relaxation test (total strain is around 5%)

at 75 mA/cm2 is found to be mainly intergranular fracture, with a small amounts

of transgranular fracture. In Fig. 3.14(a), there are many secondary cracks (ar-

row) and grain boundary yawning (circle) on the fracture surface. Under a higher

magnification in Fig. 3.14(b), micro-pores, and micro-cracks were observed. It

implies that because of the high stressed regions formed by tangling dislocation

structures, a segregation of H would lead to void formation at slip band or grain

boundary, and thus the formation of micro-cracks would be encouraged too. The

motion of dislocations could be blocked by those voids and micro-cracks. As the

dislocations still have a high mobility caused by H shielding effect, suggested

by Birnbaum (2), this would lead to coalescence of the leading dislocations at

the head of a pile-up under external stress, and the formation of cracks will be

encouraged.

3.4.4 Activation energy

The reduction in the thermal Gibbs energy is caused by the increase in effective

stress discussed above. The decrease in the zero stress activation energy indicates

that the energy barriers between dislocations and obstacles are reduced, which

would be consistent with the result of the hydrogen charged Ni observed by Sirois

and co-workers (54). Our study attempted to obtain a relation between H con-

centrations and the variations of activation energy, and it is found that at high H
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(a)

(b)

Figure 3.14: Fracture surface of stress relaxed specimen with cathodic current

density of 75 mA/cm2. (a) Intergranular fracture with secondary cracks and grain

boundary yawning; (b) High magnification image showing micro-pores and cracks.
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concentration degradation of activation energy is independent of cathodic current

density, δ∆GH is almost constant. Hydrogen decreases thermal activation energy

consistent with a hydrogen related decrease in the strength of the dislocation

obstacles which has been proposed by HELP theory.

In practical applications, aiming to improve the mechanical properties of com-

ponents, some high strength compounds have large dislocation or precipitate

densities which supply trapping sites for hydrogen. In such metals, the threshold

value for the hydrogen shielding effect to completely dominate the deformation

process can be easily reached (16). In the case of utilizing these materials in

engineering structures, a result could be that even a low value of external stress

will introduce a considerable effective stress with the resulting initiation of micro-

cracks a likely result, due to the high density of tangling dislocations. This stresses

need for careful investigation when using metal components with high densities

of dislocations or precipitate exposed to hydrogen.

3.4.5 Dislocation velocity

The critical velocity for dislocation to break away from trapped hydrogen can

be calculated using the concept of drift velocity of the dislocation atmosphere

(54): vc = 4DkT/Ebrc, where rc is the dislocation core radius, is about 3.46 Å for

Fe. Thus hydrogen atoms can escape (or de-trap) from mobile dislocation with

velocities higher than vc = 6.5 m/s.

In the uniaxial tensile process, the dislocation velocity can be estimated from

the Orowan equation. Using ε̇ = 10−4 s−1, φ = 1 and ρ = 1.1 × 1014 m−2, the

dislocation velocity is around 3.7 nm/s, which is much lower than vc. During the

stress relaxation process, as the total strain rate is zero, the dislocation velocity

should be calculated from the plastic strain rate in Eq. 3.16. For the hydrogen

free iron, from stress relaxation curve, at the onset of relaxation curve ε̇p(0) =

0.12×10−4 s−1, thus v(0) = 0.44 nm/s. Note that dislocation velocity decreases as

the plastic strain rate reduces in the relaxation cycle. With 25.77 appm hydrogen,

ε̇p(0) = 0.40× 10−4 s−1, vH(0) = 1.48 nm/s. Combining Eqs. 3.17, 3.23 and 3.25,

the dislocation velocity in the presence of H vH indubitably yields:

vH
v

= exp
−δ∆G
kT

(3.29)
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using δ∆G in Fig. 3.12, vH is about 3 times more than v, which matches the

results from Orowan equation well.

3.5 Summary

Hydrogen in the matrix of iron increases the rate of stress relaxation. With

samples strained to the same elongation, increases in hydrogen concentration

increases the ratio of effective stress compared with the total external stress,

and correspondingly reduces the ratio of internal stress. Softening caused by

hydrogen could be observed as the internal stress and the yield stress clearly

decreased beyond a critical value of hydrogen concentrations.

The results of the activation volume measurements and stress components

analysis implied two distinguishable effects of hydrogen on the plastic deforma-

tion: a solute-drag effect (leading to strengthening of the metal) and a hydrogen

shielding effect (leading to a HELP effect), working in a competitive relationship.

The hardening term of the activation volume and dislocation velocity increases

at a slow rate with small amounts of hydrogen. At higher H concentrations, there

was a steep reduction in activation volume and a rise in dislocation velocity which

demonstrates that the shielding effect dominates the deformation process.

Both of the thermal activation free energy and zero stress activation energy

degrade at all hydrogen concentrations, and degradation of the activation en-

ergy is observed to be constant under relative high hydrogen concentrations (45

mA/cm2 - 75 mA/cm2). Considering the observed decrease in internal stress

under hydrogen charging, it suggests that hydrogen reduces the energy barriers

between gliding dislocations and the stress field of the pinning obstacles in b.c.c.

iron, which is consistent with HELP theory.

By observations of the dislocation structure with TEM, the average dislocation

density shows no differences under all the stress relaxation conditions investigated

here. However, the mobile dislocation density has a lower rate of exhaustion than

the hydrogen-free case. The interaction of dislocations and other localized stress

fields arises as a result of the presence of hydrogen. A high density of tangling

dislocations was observed at high H concentration and this indicate the repulsive
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stress field between dislocations can become attractive by H shielding effect, which

possibly leading to crack behavior even at a low total plastic strain.
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Chapter 4

Apply the stress relaxation test

to hydrogen charged iron-based

alloy

4.1 Introduction

The purpose of this chapter is to evaluate the behavior of dislocations at different

hydrogen concentration in pure iron, Fe-8Cr alloy and F82H steel (IEA heat).

The precipitate density is increased in these alloys as adding alloy elements, the

results from those metals would be helpful for understanding hydrogen-dislocation

interaction in complicated structures. Dislocation activation volumes for dislo-

cation overcoming energy barriers and variations of mobile dislocation density

will be obtained from thermal activation analysis (60, 61, 62). Combining with

microstructure observations using TEM, the results here would enable an under-

standing in details for the hydrogen effect on plastic behavior in Fe-Cr alloys.

4.2 Experimental methodology

Three kinds of material were used for fabricating samples, chemical compositions

of the samples are shown in Table 4.1. The pure iron and Fe-8Cr model alloy

were cold rolled to plates with a thickness around 0.3 mm. The F82H steel was
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also made into 0.3 mm plates by slicing from received bulk. All the samples have

the same dimensions as illustrated in Section 3.2 Fig. 3.1.

The Fe and Fe-8Cr plates were put into vacuum quartz tube ( 1 × 10−4 Pa)

and annealed for 1 h at 873 K and 1073 K respectively. There was no heat

treatment applied on the F82H steel. Electrochemical polishing with Acetic acid:

Perchloric acid = 19:1 was taken to provide smooth surface and eliminate stress

concentration on the surface, and the final thickness is around 0.25 mm. The tops

of the tensile specimen were coated with polymer to protect them from cathodic

charging.

Table 4.1: Main chemical compositions of tensile specimens (wt%).

Sample Cr W Ta V C and N etc.

Pure iron - - - - 0.04 Bal.

Fe-8Cr 8.00 - - - 0.04 Bal.

F82H 7.71 1.95 0.02 0.16 0.11 Bal.

The isothermal repeated stress relaxation tests were performed on an Instron

5564 universal test machine with an electrolytic cell for cathodic hydrogen charg-

ing at a constant temperature of 293 K. The electrolyte for the cathodic charging

was 0.5 mol/l H2SO4 with 50 g/l Thiourea (promoter). The strain rate was set to

1 × 10−4s−1 which is slow enough for hydrogen to be transported by dislocation

(72). The specimen was initially subjected to strain after yield point. Then the

tensile cross-head was stopped and this state was maintained for 30 s and the

strain is constant during relaxation. The decay of the stress was recorded as a

function of time with an acquisition frequency of 0.3 s−1 for stress data. Subse-

quently the specimen was drawn to the stress same as the onset of the previous

relaxation, and then the cross-head was stopped again. Every 30 s in this test

is one cycle and which was repeated till no relaxation was recorded in the re-

laxation stage. While there is only elastic deformation between end of one cycle

and onset of the next cycle, without undesired nucleation of total dislocations,

the stress relaxation test gives an information of the mobile dislocation behavior

(73). Continuous cathodic charging was applied in the whole relaxation progress
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at cathodic current densities from 5 mA/cm2 to 75 mA/cm2 with an interval of

10 mA/cm2. The surfaces of specimens were carefully examined to establish if

there was surface blistering after the stress relaxation tests. To obtain the zero

stress thermal activation energy, the stress relaxation tests of the hydrogen-free

samples were also conducted at temperatures from 293 K to 373 K with strain

rate of 1× 10−4s−1.

The results of repeated stress relaxation tests were analyzed based on the

method raised by Spätig (63), which has been illustrated in Chapter 3 too. In or-

der to observe dislocation microstructures in hydrogen charged areas, preparation

of hybrid foil was applied for TEM observations in this study (74). One mm diam-

eter disks were punched out of the hydrogen charged areas and inserted into 3 mm

316F austenite stainless steel disks. The hybrid foils were thinned by a Struers

Tenupol-5 electro-polisher, and subjected to TEM observations (JEM-2010) im-

mediately after polishing in order to inhibit surface oxidation. Hydrogen-free

specimens were also observed after stress relaxation test. The fracture surfaces

for specimens after stress relaxation test, mainly Fe and F82H steel, were observed

using scanning electron microscope (SEM, JSM-6500F).

4.3 Results

4.3.1 Hydrogen concentration

The hydrogen concentrations in different alloys are needed for further comparison

of thermal activation parameters. Hydrogen concentrations in this Chapter are

calculated using the method presented Section 3.3.1. The parameters for hydro-

gen concentration calculation is shown in Table 4.2. Same as in Section 3.3.1 the

trapping sites per dislocation trap α(d) and grain boundary trap α(g) are set to 1

(81). Lattice sites per solvent atom is 6 for BCC metal. The dislocation density

and precipitate density are determined by TEM observation which will be shown

in next sections. Fig.4.1 shows calculation results for the hydrogen concentra-

tions. Different from iron specimens, precipitates (mainly carbides) in Ferritic

alloys have a higher binding energy which are able to trap more hydrogen than

NILS and dislocation trap sites, therefore even at the lowest cathodic current

57



4.3 Results

density (5 mA/cm2) there are relatively high hydrogen concentrations in Fe-8Cr

and F82H steel.

Table 4.2: Parameters for calculation hydrogen concentration

Parameter Value

Lattice site density NL (m−3) (80) 8.46× 1028

Lattice parameter a (m) (80) 2.8865× 10−10

Trapping sites per trap α(d),α(g) 1

Trapping sites per precipitate (6) 2.6× 105

Lattice sites per solvent atom β 6

Dislocation density (m−2)

Iron: 1.2× 1014

Fe8Cr: 0.7× 1014

F82H: 1.5× 1014

Precipitate density (m−3)

Iron: 0

Fe8Cr: 1.9× 1019

F82H: 1× 1021

Permeation constant ϕ0 (78) 3.70× 10−6

Diffusion constant D0(m
2s−1) (82) 1.1× 10−7

Trap binding energy (kJ/mol) (6)

E
(d)
b = 30

E
(c)
b = 85

E
(g)
b = 50

4.3.2 Stress relaxation curves

There are big differences between relaxation curves of hydrogen-free sample and

hydrogen charged one. As shown in Fig. 4.2, charging hydrogen increases the

possible number of relaxation cycles and also the relaxation rate for all specimens.

After 160 s, only the relaxation tests for hydrogen charged samples can continue

the repeated relaxation tests.

At 75 mA/cm2 pure iron specimens fracture with total strain less than 6%

(after 19 relaxation cycles), which indicates that the increase of hydrogen concen-

tration arises the possibility of crack initiation. In F82H steel, hydrogen concen-

tration is more than 1000 appm and the tensile specimen fractures just after the
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Figure 4.1: Hydrogen concentrations in three kinds of samples
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Figure 4.2: Stress relaxation curves of samples with and without hydrogen

yield point when cathodic current density is 45 mA/cm2. However, such fracture

was never observed in Fe-8Cr model alloy even at extra high current density of

125 mA/cm2.
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4.3.3 Activation volume and strain rate sensitivity

The effective activation volume (Veff ), strain hardening term of activation volume

(Vh) and strain rate sensitivity (m) are illustrated in Fig. 4.3(a), Fig 4.3(b) and

Fig. 4.3(c) respectively. The activation volumes of the three samples decrease as

hydrogen concentration increases, the hardening term of an activation volume Vh

gradually decreases to zero, and the strain rate sensitivity coefficient m expands.

As described by HELP theory (58), the effect of hydrogen shielding is to decrease

the range of interaction between dislocation and barrier, which is equivalent to

reduce the effective activation volume as observed in the study here.

There is a plateau of activation volume at low hydrogen concentration (5

mA/cm2-35 mA/cm2) for pure iron in Fig. 4.3(a). Up to current densities more

than 35 mA/cm2, the activation volume decreases steeply to a value lower than

50 b3 which signifies the interaction between glide and forest dislocations can be

disregarded (90). However, the effective activation volumes of Fe-8Cr and F82H

are decreased rapidly without a plateau like that. According to the numerical

calculation work by Chateau et al. (41), hydrogen shielding effect is a diffu-

sion assisted stress shielding process and the decrease of interaction stress field

depends on hydrogen concentration and distribution. The degradation of acti-

vation volume as hydrogen concentration increases in this experiment is in good

agreement with the calculation result.

Vh for pure iron increases at 5 mA/cm2 - 35 mA/cm2 in Fig. 4.3(b).This

indicates that, at low hydrogen concentration, the hydrogen solute solution ef-

fect and tangled dislocation may reduce the influence of shielding effect on the

dislocation-obstacle interaction. When cathodic current density increases up to

35 mA/cm2, Vh decreases rapidly toward zero. As shown in Fig. 4.3(c) after a

slow increasing period at the low current densities, the strain rate sensitivities

increase steeply and the pure iron samples have the largest slope. Although the

F82H samples have the most H concentration among three samples, value of m

is much lower than the others.

As there are more precipitates pinning dislocation motion exist, large H con-

centration is required for decreasing the interaction of dislocation and precipitate.

The results of internal stress ratio calculated by Eq. 3.11 (Section 3.3.4.1) are
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Figure 4.3: Variation of thermal activation parameters of three kinds of samples.

(a) effective activation volume; (b) hardening partial of activation volume; (c)

strain rate sensitivity; (d) thermal stress and athermal stress.

shown in Fig. 4.3(d). For all specimens, τµ/τ decreases as H concentration in-

creases. At 5 mA/cm2, the internal stress of Fe-8Cr decreases to the same level

as Fe at 45 mA/cm2, this might caused by the distribution of dislocations, solute

atoms and precipitates in the matrix. At high H concentrations for both Fe-8Cr

and F82H steel, the decreased internal stress ratios are smaller than pure iron.

The precipitates in Fe-8Cr and F82H could have ability to inhibit the dislocation

mobility even with hydrogen charged.
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4.3.4 Evolution of mobile dislocations

The mobile dislocation density ratio of each kinds of sample have calculated out

by the method used in Section 3.3.5.1 and shown in Fig. 4.4. Exhausting rate of
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Figure 4.4: Evolution of mobile dislocation density ratio of three kinds of samples.

mobile dislocation density becomes lower as cathodic current density increases.

In pure iron the mobile dislocation density ratios at 65 mA/cm2 are almost con-

stant as time changes, which signifies the mobility of dislocation is activated by

hydrogen.

In Fe-8Cr and F82H steel samples, there are barriers (solute elements and

precipitates) pinning the activated dislocations and the dislocations in those alloys

have larger resistance compared with in iron. In this case, the hydrogen shielding

effect has a competition relationship with the pinning effect of precipitates, and

it can weaken the dislocation-precipitate interaction. But the degradation of the

internal stress is not enough for releasing all dislocations from the pinning. For
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the existing of such competition, the decrease of ρm(ij)/ρm(0) is faster in the two

alloys.

Such results make it possible to postulate that here the arrangements of dis-

locations and obstacles have been changed in hydrogen charged samples which

will be illustrated by TEM in the next section. Dislocation structures have been

observed by TEM with two beam conditions by an uniform reflection vector of

g = [110] excited for all samples. Typical results are shown in Fig. 4.5. From

the microstructure shown in Fig. 4.5(a) and Fig. 4.5(b), tangled dislocation are

found in hydrogen charged Fe. Similar structures are also found in Fe-8Cr model

alloy as shown Fig. 4.5(c) and Fig. 4.5(d). For hydrogen-free sample in Fig.

4.5(c), dislocation segments can be pinned by precipitates, which is typical struc-

ture when dislocation overcomes precipitate. With hydrogen, tangled dislocations

arrange in a narrow area between two precipitates, as shown in Fig. 4.5(d), which

indicates the dislocation motion is impeded by the pinning of precipitates even

at high H concentrations. As shown in Fig. 4.5(e) and Fig. 4.5(f) (calibrated in

Table 4.2), the densities of dislocation and precipitate in F82H are much larger

than in Fe-8Cr. Polygonized dislocation structures were found in the hydrogen

charged specimen, and some of the dislocations have network structures.

4.4 Discussion

4.4.1 Average dislocation densities after stress relaxation

test

The average dislocation densities in different cathodic current densities were cal-

culated from several areas in the same TEM foil as plotted in Fig. 4.6. There

is less difference of average dislocation densities in the same kind of samples.

Nano-indentation and calculation works (89) have proved the multiplication of

dislocations during hydrogen charging process . However, the transient tests us-

ing in this study are lasted for short time, thus even under a high hydrogen flux

the nucleation of dislocations could be negligible in this study.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.5: Evolution of dislocation structures in specimens at different con-

ditions: (a) pure iron, without hydrogen; (b) pure iron, 25mA/cm2; (c) Fe-8Cr,

without hydrogen; (d) Fe-8Cr, 25mA/cm2; (e) F82H, without hydrogen; (f) F82H,

15mA/cm2.

64



4.4 Discussion

0 10 20 30 40 50 60 70 80
10

12

10
13

10
14

10
15

10
16

 

 

 Fe
 Fe8Cr
 F82H

A
v
e

ra
g

e
 t
o

ta
l 
d

is
lo

c
a

ti
o

n
 d

e
n

s
it
y
 (

m
-2
)

Cathodic current density (mA/cm
2
)

Figure 4.6: Evolution of average dislocation densities in the three kinds of sam-

ples.

4.4.2 Activation energy and the pinning effect of precipi-

tates

Figure 4.7(a) shows the zero stress activation energy measured by the relaxation

tests in different temperatures. Compared with pure iron, the activation energy

of Fe-8Cr and F82H are increased because of the pinning effect of precipitates.

As shown in Fig. 4.7(b), the ∆GH and ∆FH of pure iron decrease as hydrogen

concentration increases. The reduction of Gibbs energy is contributed by the

increase of effective stress presented before. The decrease of zero stress activation

energy indicates the energy barriers impeding dislocation motion are reduced,

which is consistent with the result of hydrogen charged Ni reported by Sirois and

co-workers (54).

In Fig. 4.7(c), the zero stress activation energy and Gibbs energy of Fe-8Cr

have a little degradation (< 0.02 eV) at all cathodic current densities, and at

high H concentration the value of activation energy is almost constant. As shown

in Fig. 4.7(d), the hydrogen concentration in F82H steel is the largest among

the three samples, and decreased activation energy is the most stable one. These
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Figure 4.7: Activation energies in different kinds of samples: (a) zero stress acti-

vation energies in hydrogen-free samples; (b) the evolution of zero stress activation

energies in Fe and Fe-8Cr; (c) the variation of Gibbs energies at 293K in Fe and

Fe-8Cr; (d) the variation of thermal activation energy and Gibbs energy in F82H

steel;

results provide that the precipitates and solute elements in Fe-based alloys have

ability to decrease the hydrogen shielding effect. Although the dislocation have

a high mobility as analyzed in Fig. 4.4, the barrier energy for dislocation to

overcome is stable even at high hydrogen concentration.

The large scale segregation of dislocations in Fig. 4.5 would induce pile-ups

behind precipitates and interfaces. As the dislocations still have high mobility,

suggested by Birnbaum (2), this would lead to coalescence of the leading disloca-
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tions at the head of a pile-up under external stress, and the formation of cracks

will be encouraged. As illustrated in Fig. 4.3, the levels of activation volume Veff

and Vh are degraded by hydrogen signify that in F82H steel there are dislocations

with high mobility which are impeded by large density of precipitates. The crack

initiation for F82H in high hydrogen concentration could be enhanced and the

fracture of specimens just after the yield point was observed in this experiment.

4.4.3 Contradictory effect of hydrogen

Kirchheim and co-workers (27, 28) pointed out that there are two aspects of the

effect of hydrogen: one that hydrogen enhances dislocation mobility by decreasing

line energy; and the other that hydrogen exerts drag effect on dislocation, i. e.,

hydrogen can act both to slow down and speed up dislocation motion.

In this part, the decreased activation volumes and increased strain rate sensi-

tivities in high current densities of pure iron match with the HELP theory, while

the increase of athermal stress at current density below 35 mA/cm2 is differ-

ent from the softening (decrease of flow stress) phenomenon observed in FCC

metals(1, 2). We note that H induced solute-solution effect must be considered

in the case small amount of H atoms are imposed. H atoms can be trapped by

the stress field of dislocations, and the enhanced local plasticity increases linearly

as the concentration changes (C −C0), which has been suggested by Chateau et.

al (41): σHkk = −2MVH(C − C0)/[3(1− ν)].

As discussed in Section 3.4.2, hydrogen can shielding the dislocation motion,

and also the hydrogen solute-solution effect and tangled dislocation can impede

the shielding effect at low hydrogen concentrations by increasing the resistance

in front of the moving direction of dislocations. The plateau shown in the ac-

tivation volume curve in Fig. 4.3(a) (5 mA/cm2 - 35 mA/cm2) should due to

competition of two effects. At high hydrogen concentrations, steep reduction of

activation volume and rise of dislocation velocity are found, which demonstrates

the relaxation of internal stress caused by the hydrogen shielding effect dominates

the plastic deformation, and the H induced tangled-impeding and solute-solution

effect could be screened by this effect too.
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In the two alloys, because the hydrogen concentration is 10 times and 100

times more than in pure iron, and the hydrogen shielding effect has possibility

to control the dislocation motion even at low cathodic current densities, the

activation volume results of Fe-8Cr model alloy and F82H steel have no plateau as

the pure iron. The competition of the two contradictory aspects of the hydrogen

effect could be one of the key points for determining the mechanical properties

of those BCC metals.

4.5 Summary

In iron, Fe-8Cr and F82H, hydrogen concentrations have been calculated by the

Sievert’s law as a function of cathodic current densities. Due to the existing of

precipitates in Fe-8Cr model alloy and F82H steel, the hydrogen concentration is

10 times and 100 times more than in pure iron respectively.

Many common points was found from the result of stress relaxation tests in

the three kinds of samples. The rate of stress relaxation in iron, Fe-8Cr and

F82H are increased by hydrogen. Hydrogen charging decreases the internal stress

ratio referring to the same stress for each sample. According to observations

of dislocation structure in TEM, the total dislocation shows no difference in all

stress relaxation conditions for the same kinds of samples. However, the mobile

dislocation density has shown a low exhausting rate in specimens with hydrogen.

In pure iron, the hardening term of activation volume and dislocation veloc-

ity increase in a slow rate with small amount of hydrogen mainly caused by the

hydrogen solute-solution effect. At high hydrogen concentrations, the hydrogen

shielding effect increases a lot, and steep reduction of activation volume and rise

of dislocation velocity are found, which demonstrates the shielding of internal

stress field caused by the hydrogen mainly influences the plastic deformation.

The mobile dislocation density rate data shows the dislocation mobility and dis-

location interaction is enhanced by hydrogen, it results as high tangled density

of dislocations, and even fracture with low dislocation density.

In Fe-8Cr and F82H, the hydrogen concentration is higher than in pure iron.

The activation volume and internal stress decrease immediately at low cathodic

current densities. However, the hydrogen enhanced dislocation motion is impeded
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by the precipitates, thus the mobile dislocation exhausting rate in these two alloys

is higher than in iron. In Fe-8Cr, it induces tangled dislocation between precip-

itates. In F82H, polygonized and network dislocation structures are found, and

obvious embrittlement is found when cathodic current density up to 45 mA/cm2.

The calculation of thermal activation free energy and zero stress activation

energy shows that hydrogen reduces the energy barriers between gliding disloca-

tions and the stress field of the pinning obstacles. The large scale segregation

of dislocations would induce pile-ups behind precipitates and interfaces, as the

dislocations still have high mobility caused by H shielding effect would lead to

coalescence of the leading dislocations at the head of a pile-up under external

stress, and the formation of cracks will be encouraged by this mechanism.
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Chapter 5

Strain field of interstitial

hydrogen atom in BCC iron and

its effect on H-dislocation

interaction

5.1 Introduction

In this part we introduce the analysis of electron structure of H-BCC iron system

and the strain field of H atom based on density functional theory (DFT). For the

first time, we combine the DFT calculation results with the classical calculation

method developed by Cochardt et. al (93), which evaluates the interaction of

interstitial atom with dislocation and has been proved to be in good agreement

with experimental results for C interstitial atoms in BCC iron. The interaction of

H with both edge type and screw type dislocations will be discussed. Hydrogen

effects on dislocation motion will also be discussed based on repeated transients

tests.
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5.2 Simulation methodology

The first principle calculations are applied within the density functional theory.

The Perdew-Burke-Ernzerhof (PBE) parametrization is used for the approxima-

tion of the exchanged-correlation (xc) function (94). Spin polarized calculation

is performed with an initial magnetic moment of 2.20 for iron atoms. The grid-

based projector-augmented wave (GPAW) method where the wave functions are

expanded on a real space grid is also used (95). The grid spacing is set to 0.18

Å in all calculations. 0.1 eV of smearing is applied for the bulk calculations.

The calculated lattice constant of Fe BCC bulk is 2.8369 Å which is a slight

shrink (1%) with the respect to the experimental value (2.8665 Å), which can be

attributed to the applied xc-functional (96).

Bulks of BCC iron with (2× 2× 2) cell have been created (Fe16) and vacancy

defect has been created in some bulks by delete one iron atom in the cell (Fe15).

Periodic boundary conditions are considered for all the bulks. H atoms are in-

serted initially into tetrahedral positions of the cell, for the experimental evidence

indicated such hydrogen occupancy for BCC Fe (97). (4× 4× 4) k points of the

Brillouin zone sampling which uses the Monkhorst-Pack scheme is carried out

(98, 99). These conditions give bulk modulus (162 GPa) and magnetic moment

(2.17 µB) for Fe16, which are in good accordance with the results from experiment

(165 ± 5 GPa, 2.22 µB) and other calculations (100). For comparison, strain field

of H atom in FCC iron is also calibrated using a repeated (2 × 2 × 2) cell (32

atoms) with 2×2×2 k points. All calculations were made for 0 K. The variations

of electron charges by adding hydrogen into the iron bulk is analyzed by a fast

and robust algorithm implemented by Tang et. al (101) based on the Bader par-

titioning scheme (102). For confirmation the validity of the DFT result in large

scale, molecular dynamics calculation using embedded atom method (EAM) was

carried out on a Fe106561H1 cell. The EAM potential is based on the Fe potential

from Ackland et al. (103) which fits well to bulk, vacancy, and surface data from

DFT.

The elastic interaction between H and dislocations was studied following the

classical method developed by Cochardt et al. (93). In BCC iron the symmetry

of both the octahedral site and tetrahedral site are expected to produce a strain
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field with local tetragonal symmetry. Since the exact atomic arrangement can

be calculated using DFT method in this study, a strain tensor SH of a unit cell

containing one H atom can be obtained in a form of:

SH =

ε11 0 0
0 ε22 0
0 0 ε33

 (5.1)

If stress tensor TD = σDij of the dislocation field is expressed in the same

coordinate system as the strain tensor SH = εHij , the elastic interaction energy

UDH can be written as:

UDH = −(TD, SH)a3 = −Σijσ
D
ij ε

H
ija

3 (5.2)

where a is the lattice constant. For the strain tensor which are not in the same

coordinate system with σDij , crystallographic relations is used for transforming the

interstitial strain tensor into the same coordinate as the stress field of dislocations,

for details can refer to the calculations focused on carbon atoms (93). Consider an

Fe crystal with a screw dislocation in the [111]-direction, using a similar model as

Cochardt’s (93), the interaction energy of this screw dislocation and an interstitial

H atom is found to be:

US
DH =

√
2bGa3 cosϕ

3πr
(ε11 − ε22) (5.3)

in which ϕ is angle between [211]-axis and the normal direction of plane containing

the screw dislocation and zero point of the coordinate, a is lattice constant, b is

Burgers vector (2.48 nm). US
DH decreases inversely with r and is zero for a pure

dilation (ε11 = ε22).

The interaction energy of hydrogen atom and an edge dislocation laying in

< 211 > with b in the direction < 111 > can be obtained as:

UE
DH =

Gba3

2πr(1− ν)
{1

3
sinψ(1 + ν + 2 cos2 ψ)(ε11 + ε22 + ε33)

−1

2
sinψ cos 2ψ(ε22 + ε33)

−
√

6

3
cosψ cos 2ψ(ε33 − ε22) + ν sinψε11}

(5.4)

where angle ψ is the angle between < 111 > and the radius vector from the

dislocation to the considered elementary cell, and ν is Poisson’s ratio.
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5.3 Results and discussion

5.3.1 Electronic structure

The total density of states (DOS) at Fermi level for Fe16 is 15.16 states/Ry atom

(theoretical value: 15.37 (104)), and for Fe15 is 15.64 states/Ry atom. The DOS

at the Fermi level in the H-containing BCC iron is found to be reduced. This is

different from FCC iron with H occupied at octahedral site, in which the DOS

increases as reported by Gavriljuk’s group (48).

As shown in Fig. 5.1, there is a strong peak for projected DOS (PDOS)

appearing at -8.62 eV (E − EF ) for iron atom which is the nearest neighbor

(Fenn) to interstitial H. The -8.62 eV peaks in all Fe orbitals correspond to the

H-1s states which indicate strong bonding interaction between Fe and H.

The total charge of H, individual iron atom (with no neighbor H atoms, Fein)

and the Fenn atom resulted from the Bader analysis are shown in Table 5.1.

The total charge of Fein remains the same as in the hydrogen free bulk. Charge

variation of +0.4024e− occurs on the H atom, and -0.0724e− occurs on the near-

est neighbor Fe atom. It has been reported that charge transference of -0.31e−

appears from Fenn atom near an edge dislocation of BCC iron (105).

With a grid refinement number of 4, the distributions of all-electron density

(in a unit of Bohr−3) for Fenn, H and vacancy are calculated and characterized by

plotting contour surfaces with different isovalues in Fig. 5.2. Fenn atom expresses

bonding behavior with H atom in Fig. 5.2a, and the distance of Fenn-H bond is

less than the Fenn-Fein bond as shown in Table 5.1. Hydrogen atoms increase

the electron charges in tetrahedral sites of the bulk (Fig. 5.2b) and also in the

vacancy (Fig. 5.2c and Fig. 5.2d).

Although the H-induced variations in DOS at Fermi level for BCC iron are

in opposite tendency with FCC iron, the result that hydrogen decreases electron

density of Fe atom is in accordance with the FCC iron system (48). Unlike the

carbon atom enhances local electron density of iron atoms and assists the covalent

character of inter-atomic bonds (106), hydrogen increases the concentration of

electrons in lattice and promotes the metallic character of atom interactions.
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Figure 5.1: Projected density of states over iron and H atoms.

Compared with covalent bonds, the metallic character could increase the local

plasticity of metal and the mobility of dislocations.

5.3.2 Elastic interaction of H and dislocations

After relaxation via DFT calculations, H atoms are stable in the tetrahedral sites

of the lattice. The atomic forces in three axis for H atom are 0.000 eV/Å and for

Fe atoms are lower than 0.008 eV/Å. The strain field of an interstitial atom is

Table 5.1: Variation of charges and bonding behavior in BCC iron containing H.

Atom Bader charge Bond Distance (Å)

Fein 25.9437 Fein-Fenn 2.392

Fenn 25.8713 Fenn-H 1.681

H 1.4024
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5.3 Results and discussion

Figure 5.2: Contour surfaces of electron density in Fe-H system by Bader analysis.

(a) Fenn atom, contour surface at isovalue of 0.08 Bohr−3. (b) Interstitial H atom

at tetrahedral site of iron lattice, contour surface with isovalue of 0.08 Bohr−3. (c)

Hydrogen-free vacancy, contour surface with isovalue of 0.02 Bohr−3. (d) Vacancy

binding with H atom, contour surface with isovalue of 0.02 Bohr−3.
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calculated from the displacement of Fenn atoms after relaxation, εii = (Li−a)/a,

where Li is length in the i axis of one cell after introducing H. By our DFT

method, the strain tensor of C in octahedral sites of iron is calculated to be

{ε11, ε22, ε33} = {0.21,−0.018,−0.018}, which is comparable to experiment value

{0.38,−0.026,−0.026} used in Cochardt’s calculation (93). The strain field of one

H atom in Fe16H1 is calculated to be {0.014, 0.041, 0.041}. The MD calculation

in large scale results as a strain tensor of {0.015, 0.059, 0.059}, which shows good

agreement with the DFT calculation. The three components were considered

to be identically equaled in none-DFT calculations for supporting HELP theory

(2, 41). However, using the same parameter as BCC calculation in a FCC (2 2

2) cell ( Fe16H1) the strain tensor is calculated to be {0.127, 0.127, 0.127} which

is isotropic.

Following the Cochardt’s model, the interaction energy of hydrogen atoms at

position r = b and an edge dislocation laying in < 211 > with b in the direction

< 111 > is calculated. Since H atom may cause the less dilatation of 0.014 along

axes 1, 2 or 3, there are three sets of constant in Eq. (5.2). The interaction

energies are plotted in Fig. 5.3a, where angle ψ is the angle between < 111 >

and the radius vector from the dislocation to the considered elementary cell. It

is shown that the lowest interaction energy locates at ψ = 270 degrees, and thus

H atoms prefer to stay below the extra half plane of edge dislocations. The

lowest energy comes from H atom with strain field of {0.014, 0.041, 0.041}, and

the minimum UE
DH = −0.24 eV.

The interaction for a screw dislocation in [111]-direction and H atoms at

position r = b is calculated and shown in Fig. 5.3b, where ϕ is angle between

[211]-axis and the normal direction of plane containing r and b. Because of the

trigonal symmetry of < 111 > axis, there is a phase difference of ±120 degrees

for H atom in different positions. The angular dependence of US
DH characterized

in Fig.5.3b indicates that there are three equivalent positions of lowest energy at

ϕ = 0, 120 and 240 degrees with minimum US
DH = −0.051 eV.

During plastic deformation, the cross slip of perfect screw dislocation is more

important than the behavior of edge dislocations, for the unrecoverable jogs it

forms. As the group of Chateau pointed out (41), hydrogen atom influence the

cross slip of perfect screw dislocation in FCC mainly by screening interaction
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Figure 5.3: Elastic interactions of Hydrogen and different kinds of dislocation.

(a) Edge dislocation laying in< 211 >, b=< 111 >. (b) Screw dislocation in

[111]-direction.
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of two edge partials, but this theory can not be applied to BCC metal directly

due to there is no partial dislocations. By comparing the accumulation of H

around a screw and an edge dislocation, one can find that the segregation of

H atom takes place only below the glide plane of an edge dislocation but all

around a screw dislocation, roughly the screw can bind twice as many H atoms

as an edge dislocation. Although the elastic interaction energy away from the

screw dislocation core is much less than the case of edge dislocation, increase of

local H concentration could magnify the H-screw interactions and influence the

mechanical property of BCC metals.

5.4 Summary

In summary, H in BCC iron can increase the electron densities at tetrahedral sites

and vacancy, and that the hydrogen-enhanced metallic character of inter-atomic

bonds can increase the mobility of dislocations and contribute to the HELP the-

ory. Two components of strain tensor for H interstitial atom are calculated to be

unequal, which is expected to cause elastic interaction of H with screw disloca-

tions, as it does with edge dislocations. For the angular dependence of H-edge

dislocations interaction, H atoms prefer to stay under extra atomic plane, while

for screw dislocation there are more positions for the lowest interaction energy

and high local H concentration is possible. The repeated transients tests for

H-charged α-iron indicate that significant hydrogen enhanced plasticity can be

observed with relative high H concentrations, and in those cases, the H-screw in-

teraction should be considered, and it is possible to lead for a new understanding

of hydrogen embrittlement in BCC iron.

The problem of H-dislocation interactions is much complicated. Here we fo-

cused on emphasizing for the influence of unequal strain field, and in the future

work, further calculations for the details of hydrogen effect on screw dislocation

motion will be reported.
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Chapter 6

Hydrogen-induced change of core

structures of edge and screw

dislocations in body-centered

cubic iron

6.1 Introduction

Much attention has been paid on the hydrogen and dislocation interactions, which

is of importance for understanding the internal mechanism of hydrogen embrit-

tlement problem. However, if we review the past researches, most of the H-

dislocation interaction models actually focus on edge dislocation (91) or edge

partials of screw dislocation (41). For instance, in HELP mechanism, the scresw-

H interaction is ruled out due to a assumption of isotropic strain field for H atoms.

This assumption have no problem with FCC metals, as we argued in Chapter 5

(107), due to the anisotropic strain field of H atoms in BCC metals, a short-range

screw-H interaction is possible. Many DFT and MD calculations have reported

the trapping of hydrogen on the screw core and changes in kink pair nucleation

(108, 109, 110), but there is a paucity of studies on the hydrogen effect on evolu-

tion of dislocation core structure. The screw-H interaction in BCC iron needs to

be investigated by simulation and experimental works.
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In this part, the analysis of dislocation core structures and the Peierls bar-

riers at different hydrogen concentrations will be introduced using a DFT based

embedded atom method (EAM) potential. The edge-H and screw-H interaction

will be discussed based on the simulation results.

6.2 Simulation methodology

The MD simulations are performed using the LAMMPS code (111), with a DFT

based Fe-H EAM potential reported by Ramasubramaniam et al (108). Simula-

tions are carried out by integrating Newton′s equations of motion for all atoms

using a time step of 1 fs. The optimization of structure was performed by the

conjugate gradient (CG) algorithm, with a force tolerance of 0.001 eV/Å. The

resulted lattice parameter a for iron is 2.8553 Å.

Here we consider an isolated edge dislocation with Burgers vector 1/2[111],

slip plane normal [1̄10], and line direction [1̄1̄2]. Using the method of Cai (112),

we first create a perfect crystal satisfying the periodic boundary conditions (PBC)

with dimensions 20[111], 20[1̄10], 30[1̄1̄2] along the X, Y, Z axes. Then the 1/4

of the atomic layers normal to the [1̄10] direction are removed to create two

free surfaces, and edge dislocation was introduced as dipole. As one of the two

dislocations in the dipole is intentionally introduced into the vacuum region,

only one dislocation remains after minimization. The edge dislocation system

contains 106560 atoms (97.64 nm×80.75 nm×209.67 nm). As illustrated in Fig.

6.1a, the dislocation was detected by using common neighbour analysis (113). By

the similar method, a isolated 1/2〈111〉{1̄10} screw dislocation was created, as

shown in Fig. 6.1b. The screw dislocation system contains 108000 atoms (98.87

nm×80.75 nm×209.67 nm). The glide planes for the two dislocations are located

at the half length of Y axis, thus the image forces produced by two free surface

are negligible (114).

The Peierls barriers were investigated using the nudged elastic band (NEB)

method, which enabled us to search the energy saddle-point and minimum energy

path (MEP) between initial and final states. The initial configuration for NEB

calculation was obtained by NPT ensemble with a Nose-Hoover thermostat, and

the system was thermally equilibrated at 0.01 K for 50 ps. Then a NVT ensemble
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a b

τxy τxy

Figure 6.1: Schematic geometric of two types of dislocation used in simulation:

(a) 1/2〈111〉{1̄10} edge dislocation; (b) 1/2〈111〉{1̄10} screw dislocation.

was used instead and external stress τxy was applied on the surface atoms with

a constant strain rate of 1.5 × 107 s−1, as shown in Fig. 6.1. By the Peach-

Koehler forces introduced by τxy, edge and screw dislocations move 1b forward

along +X and -Z direction respectively, and these are the final configurations for

NEB calculations. The dislocation displacement can be controlled by the average

difference in displacement per atom between two {1̄10} surface, ∆u. According

to Orowan′ law, when ∆u = b, the dislocation crosses the entire cell. Thus, for a

displacement of 1b, ∆u increases by b/NP with NP denotes the number of Peierls

valleys along the moving direction. Peierls energy and evolution of dislocation

core structure were analysed at different hydrogen concentrations. Hydrogen

atoms were initially putted near the dislocation core (1b distance), and their

positions were optimised by the CG method. We will use H atom per dislocation

length (nm−1) to measure the hydrogen concentration.
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6.3 Results

a b

c d

Figure 6.2: Changes in self-stress field of dislocations by putting hydrogen atoms

(in black) in different positions (a) σxx of edge dislocation, distance of H from

dislocation: 26Å; (b) σxx of edge dislocation, distance of H from dislocation: 2Å;

(c) σxz of screw dislocation, distance of H from dislocation: 28Å; (d) σxz of screw

dislocation, distance of H from dislocation: 2Å

6.3 Results

6.3.1 Trap energy of H atom

The stress field of edge dislocation, and screw dislocation can be obtained directly

from the MD simulation, as shown in Fig. 6.2. Independent of distance from

dislocations, hydrogen atoms weak the stress field of edge dislocation beneath

the half atomic plane in Figs. 6.2(a) and (b). In case of screw dislocations

in Figs. 6.2(c) and (d), different from edge dislocation, hydrogen decreases the

self-stress field in short-range (Fig. 6.2(d)).

Following calculation in Chapter 5, the trap energy distribution around edge
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and screw dislocation have angular dependency. In MD simulation, it is more

direct to get the hydrogen trapping energy at different positions. The trap energy

of hydrogen atom on dislocations can be calculated following the equation (108):

Etrap = [E(FeN0 , H
n)− E(FeN0 )]− [E(FeNd , H

n)− EN
d ] (6.1)

where N and n in the right side denotes crystals containing N Fe atom and

n H atom, E(FeN0 ) and E(FeN0 , H
n) are potential energies of a perfect crystal

without and with hydrogen, and E(FeNd ) and E(FeNd , H
n) are potential energies

of a dislocation system without and with hydrogen. Note that trap energy here is

different from the interaction energy in Chapter 5, always we have “trap energy

= - interaction energy” (interaction energy here is actually the segregation energy

of hydrogen).

The trap energy of hydrogen at [1̄10] direction with different distances from

dislocation core in Fig. 6.2 is calculated and plotted in Fig. 6.3, which is like

a “line scan” of H trap energy around dislocations. In Fig. 6.3(a) the trap

energy is find to have a high value at negative distance from core position, this

indicates that hydrogen is much more stable when it stays under the extra plane

of edge dislocation. Such result matches the DFT calculation in Chapter 5 well.

The screw dislocation have a wavy trap energy and the energy decreases fast as

increasing the distance. This is because that hydrogen are trapped in different

positions in different atomic layers ({1̄10} planes). The trap energy of hydrogen

at edge and screw dislocation core is calculated to be 0.40 eV (ref. value 0.46 eV

(108)) and 0.26 eV (ref. value 0.29 eV (108)), respectively. At 1b distance from

dislocation core the energies are 0.25 eV and 0.08 eV, which are comparable to

DFT+Cochardt method in Chapter 5.

The interaction energy map around a screw dislocation is calculated to verify

the results in Fig. 5.3(b). To do this, hydrogen atoms were given initial coor-

dinates as (rsinϕ, rcosϕ) in {111} plane, where r is the radius from dislocation

core, and ϕ has the same meaning as in Eq. 5.3, ranges from 0◦ to 360◦ with

a internal of 15◦. The result of this mapping is shown in Fig. 6.4. The blue

area indicates the stable positions for hydrogen atoms. The interaction energy

have the same angular dependency as presented in DFT calculation, 0◦, 120◦ and
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a

b

Figure 6.3: Trap energy of hydrogen at several distances from dislocation core:

(a) edge dislocation, hydrogen has a high trap energy (stable) under the extra

atomic plane; (b) screw dislocation, angular dependence.
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Figure 6.4: Mapping of interaction energy of hydrogen atoms around a screw

dislocation core.

240◦. Such dependency has its large effect when hydrogen located at 2b to 20b

distances from dislocation core and it is a short range effect.

6.3.2 Peierls potentials

By plotting stress versus strain in the NVT shear process, the shear modulus µ

can be obtained by linear fitting of elastic region, and the stress at time when

dislocation moves large distance is the Peierls stress σp. The energy of a straight

dislocation line is E = Ecore + Kb3ln(R/rc) per b (114), where Ecore is disloca-

tion core energy, K depends on the elastic constants, R is a long-range cutoff,

and rc is short-range cutoff. We took a rc = 2b and the Ecore was obtained by

subtract the potential energy of perfect lattice from that of a dislocation-centred

cylinder with R = rc. The σp, µ, and Ecore for dislocation with different hydro-
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Table 6.1: Peierls stress (σp), Shear modulus(µ) and dislocation core energy

(Ecore) at different hydrogen concentrations.

CH (nm−1) σp (GPa) µ(GPa) Ecore (meV/Å)

edge-0 0.057 74.58 395.74

edge-0.05 0.045 71.48 387.90

edge-0.14 0.028 71.08 361.16

edge-0.24 0.024 65.32 332.45

edge-0.33 0.019 57.37 306.91

edge-0.43 0.013 52.25 284.20

screw-0 0.90 69.93 278.59

screw-0.10 0.46 69.70 263.19

screw-0.30 0.32 69.55 210.03

screw-0.51 0.30 69.47 155.21

screw-0.71 0.31 69.54 101.67

screw-0.91 0.31 70.77 10.27

gen concentrations are shown in Table 6.1. The σp and Ecore of all dislocations

decrease as the number of hydrogen atoms increases. The shear modulus of edge

system decreases with the appearance of hydrogen, which indicates that hydro-

gen can influence the edge dislocation motion via the second order interaction in

HELP theory (2), by contrast, µ for screw dislocation system is hardly changed.

The expected H interaction with screw dislocation according to the second order

interaction was not observed (41, 91).

Figure 6.5 shows energy barriers for dislocations moving at different hydrogen

concentrations. In Fig. 6.5a, Peierls potential (Ep) of hydrogen-free edge dislo-

cation is about 0.7 meV/b. With hydrogen the height of barrier decreases and at

CH = 0.43 Ep is only 0.05 meV/b. The hydrogen-free screw dislocation in Fig.

6.5b have a Ep around 10 meV/b, which is consistent with the calculation using

the classical EAM potential of Mendelev (115). Same as the Medelvel′s poten-

tial, there is a local minimum at the 0.5b position. This intermediate metastable

configuration, already reported in Refs. (116) and (117), corresponds to the split

core described by Takeuchi (118). The Ep of screw dislocation also decreases as

CH increases. The camel hump peak changes to a single hump one at CH higher
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than 0.30 nm−1.

6.3.3 Dislocation core structures

Without hydrogen, the migration of edge dislocation has no formation of kinks

or change of core structure. Equilibrated hydrogen positions are under the extra

atomic plane of edge dislocation as marked with arrow heads in Fig. 6.6. With

0.24 nm−1 hydrogen (Fig. 6.6a), a column of atoms propagates towards the [111]

direction, with a height of a[1̄1̄2] and width around a/2[111]. In the final image,

the atoms propagated towards [111] reaches the 1b position at first, and the

dislocation velocity is increased by hydrogen. At higher hydrogen concentration

(Fig. 6.6b), the height of propagated atom columns become longer. At the 0.5b

position, some of the propagated columns combine with each other and the edge

dislocation moves forward in a form similar to the classical kink-pair motion.

But the structure here is not exactly a kink structure that always has a bowing-

out shape with several Burgers vectors (110). We will recall this structure as

hydrogen induced broaden-core in the later discussions. The broaden-core always

appears near the H atom positions which locally have low energy per atom, which

suggests the decrease of dislocation core energy are responsible for the formation

of this core structure.

The core structure of screw dislocation is illustrated using the differential dis-

placement map (DDM) as shown in Fig. 6.7 where the small vectors indicate the

relative [111] displacement of neighbouring Fe atoms. The easy-core configura-

tion in Fig. 6.7a(I) and a(III) are typical non-polarized (or non-degenerate) cores

(118), and the numbers in the figure represent the dislocation helicity located at

each triangle (119). The metastable configuration in Fig. 6.7a(II) contains two

+1.0 easy-core structure separated by a hard-core triangle with -1.0 helicity, and

this is the so-called split-core structure. The existence of this core structure is

a debate (120) and we will discuss it later. The optimised hydrogen positions

are located on the migration path of screw dislocation, and 0.7b away from the

initial dislocation position. In Fig. 6.7b(I), with hydrogen the helicity of trian-

gle at easy-core position changes to +1.1. The displacement vectors near to the

hydrogen atoms appear to be heterogeneous, which are connected with the local
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Figure 6.5: Potential energy barriers along MEPs of dislocations with different

hydrogen concentrations: (a) edge dislocation; (b) screw dislocation.
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6.3 Results

Figure 6.6: The evolution of core structures of edge dislocation at different hydro-

gen concentrations: (a) at hydrogen concentration of 0.24 nm−1 ; (b) at hydrogen

concentration of 0.33 nm−1.
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strain field induced by hydrogen in different layers. When dislocation migrates to

the 0.5b position a extra +0.8 core appears in the left of the easy-core position,

which is different from the structure of split-core in Fig. 6.7a(II). Such screw

core with hydrogen will be called as a quasi-split type in this report. As shown

in Fig. 6.7b(III), the final configuration contains two easy-cores with +1.0 and

+1.1 helicity separated by a -1.1 hard-core configuration.

6.4 Discussion

Hydrogen influenced screw dislocation motion should be emphasised here, because

of high Peierls potential and the unrecoverable jogs it causes. Unlike the edge-H

interaction, the shear modulus of screw-H system is unchanged, it indicates that

the change of core structure in short range is the main reason for the decreased

Peierls potential. As illustrated before, this result is at variance with the guess

from HELP theory, which is builded based on assuming isotropic strain field of

H atoms.

The Peierls barrier of screw-H changes from camel-hump to single-hump shape.

The shape of Peierls barrier is depending on whether the split-core and hard-core

are metastable or not (119). Pair and EAM potentials have evidenced the exis-

tence of camel-hump (121, 122, 123). However, recently the DFT calculations on

iron (119, 120) ruled out the split-core structure as saddle point and support a

single-hump. Despite the debate of saddle point, the EAM potentials and DFT

simulations agree that screw dislocation migrates between two easy-core posi-

tions. According to our results, the final easy-core structure can be changed to a

quasi-split core by hydrogen. This core structure have potential energy only 0.5

meV higher than the stable easy-core structure but much lower than the hydrogen

free split-core. The single-hump obtained by the EAM potential is a consequence

of the core structure. This core structure variation for screw dislocation should

take responsibility to the change of dislocation mobility and mechanical property

for BCC metals. We note that the screw-H interaction is strongly depending on

the hydrogen trapping position (107, 110), investigation using different trap sites

is needed in the future work.
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Figure 6.7: The differential displacement maps of screw dislocation with and

without hydrogen. Atomic positions are represented by three different colours to

emphasise the fact that they belong to three different {111} layers: (a) hydrogen

free; (b) at hydrogen concentration of 0.51 nm−1, column of hydrogen atoms is

marked with red dots.
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6.5 Summary

In summary, we applied the empirical embedded-atom method potentials to in-

vestigate the evolution of edge and crew dislocation core structure at different

hydrogen concentrations. With hydrogen, the core energy and Peierls potential

decreases. The edge dislocation mobility is increased by formation of a broaden-

core structure. A quasi-split core structure is observed for screw dislocation with

high hydrogen concentration. Because of the formation of such core structure, the

screw Peierls barrier changes from camel-hump to single-hump type. Hydrogen

influence the screw dislocation motion not due to the change of elastic constants,

but the change of core structure.
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Chapter 7

Conclusions and

recommendations

7.1 Overview

This dissertation focused on studying the pervasive hydrogen embrittlement prob-

lems in metals. For more than 130 years, there are many theory model proposed

to understanding this problem. The hydrogen embrittlement has been mainly at-

tributed to the hydrogen influenced dislocation mobility by the former researches.

However, except the HELP theory, almost all the theory models are lack of ev-

idences. There is a number of independent studies required to gain a better

understanding of hydrogen effect on dislocation motion in BCC iron, including:

• Better methods to evaluate the hydrogen-dislocation interactions;

• Understanding the hydrogen-induced softening in BCC metal;

• Relation between hydrogen enhanced plasticity and failure;

• Binding energy of hydrogen trapped in dislocation and hydrogen interaction

with different type of dislocations;

• Hydrogen influence on the dislocation core structures.
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In order to understand the hydrogen embrittlement mechanism in BCC iron,

verify and improve the existed theory model, a series of experimental and com-

putational work has been done in this dissertation. For the first time, the repeat

stress relaxation test is applied on iron and ferritic alloy under hydrogen charg-

ing environment, and the thermal activation behaviour of dislocation is studied.

To understand the possible hydrogen screw dislocation interaction, originally, a

computational method combing DFT calculation and classical elastic theory is

proposed in this dissertation. The dislocation core structure is studied by DFT

based MD simulations. These studies may give a new approach for answering the

existed questions and lead to a deep understanding on the hydrogen embrittle-

ment in BCC metals.

7.2 Hydrogen-induced softening in BCC metal

The hydrogen effect on dislocation motion has been discussed based on stress

relaxation tests with hydrogen charging. Many common points were found from

the result of stress relaxation tests on iron and ferritic alloys.

1. The rate of stress relaxation in iron, Fe-8Cr and F82H are increased by

hydrogen.

2. Hydrogen charging decreases the internal stress ratio referring to the same

stress for each sample.

3. According to observations of dislocation structure in TEM, the total dislo-

cation shows no difference in all stress relaxation conditions for the same

kinds of samples.

4. The mobile dislocation density has shown a low exhausting rate in speci-

mens with hydrogen.

In iron, Fe-8Cr and F82H, hydrogen concentrations have been calculated by

the Sievert’s law as a function of cathodic current densities. Due to the existing

of precipitates in Fe-8Cr model alloy and F82H steel, the hydrogen concentration

is 10 times and 100 times more than in pure iron respectively. The mechanism
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of hydrogen effect on mechanical properties of these BCC metals are concluded

as bellows:

1. At hydrogen concentrations lower than 20 appm, in pure iron the yield

stress increases 5 MPa and effective stress decreases slightly. Meanwhile,

the effective activation volume is maintained in the same level, which indi-

cates the activated dislocation motion should be driven by a competition

of the hydrogen solute drag effect and shielding effect. At high hydrogen

concentrations, the hydrogen shielding effect increases linearly as a func-

tion of hydrogen concentrations and the solute drag effect is inhibited by

the influence too, consequently the effective stress increases steeply and lin-

ear reduction of activation volume is found. The immobile dislocations is

monitored to have possibility to be activated during stress relaxation with

hydrogen. The mobile dislocation density exhausts in slow rate with hy-

drogen, accompany with the low physical activation volume, the shielding

effect induces high density of tangled dislocations. Both of the thermal

activation free energy and zero stress activation energy degrade at all hy-

drogen concentrations, and degradation of the activation energy is observed

to be constant under high hydrogen concentrations. The large scale segre-

gation of dislocations would induce pile-ups during plastic deformation. As

the dislocations still have high mobility, with sufficient hydrogen concentra-

tions, coalescence of the leading dislocations at the head of a pile-up under

external stress, and the initiation of cracks would be encouraged by this

mechanism.

2. The short-range interaction of dislocation and energy barrier is the domina-

tor point for the hydrogen effect in BCC metals. This interaction varies the

thermal activation energy in a narrow range, but makes the dislocations

be tangled or network or even cell structures. The mechanical property

changes mainly due to the organised dislocation structures in local area.

3. Hydrogen has two aspect effect in these metals: 1) shielding the dislocation-

barrier interaction due to hydrogen concentration difference; 2) impeding

dislocation motion in low concentration due to solute-solution effect and
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the produced tangled dislocation. Normally the softening will be observed

in well annealed steel. However, the two-aspect effect may invoke increase

of flow stress in some case, which is depending on the deformation history,

surface condition and internal structure of metals.

7.3 Relation between hydrogen enhanced plas-

ticity and failure

In Fe-8Cr and F82H, the hydrogen concentration is higher than in pure iron. The

activation volume and internal stress decrease immediately at low cathodic cur-

rent densities. However, the hydrogen enhanced dislocation motion is impeded by

the precipitates, thus the mobile dislocation exhausting rate in these two alloys

is higher than in iron. In Fe-8Cr, it induces tangled dislocation between precip-

itates. In F82H, polygonized and network dislocation structures are found, and

obvious embrittlement is found when cathodic current density up to 45 mA/cm2.

The calculation of thermal activation free energy and zero stress activation energy

shows that hydrogen reduces the energy barriers between gliding dislocations and

the stress field of the pinning obstacles. The large scale segregation of disloca-

tions would induce pile-ups behind precipitates and interfaces, as the dislocations

still have high mobility caused by H shielding effect would lead to coalescence of

the leading dislocations at the head of a pile-up under external stress, and the

formation of cracks will be encouraged by this mechanism.

7.4 Quantification of the hydrogen-dislocation

binding energy in iron by DFT

The strain field of H in iron is of crucial importance in understanding the H-

dislocation interactions. By introducing the analysis of electron structure of H-

BCC iron system and the strain field of H atom based on DFT, this dissertation

find that H in BCC iron can increase the electron densities at tetrahedral sites and

vacancy, and that the hydrogen-enhanced metallic character of inter-atomic bonds

can increase the mobility of dislocations and contribute to the HELP theory. Two
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components of strain tensor for H interstitial atom are calculated to be unequal,

which is expected to cause elastic interaction of H with screw dislocations, as it

does with edge dislocations. For the angular dependence of H-edge dislocations

interaction, H atoms prefer to stay under extra atomic plane, while for screw

dislocation there are more positions for the lowest interaction energy and high

local H concentration is possible.

During plastic deformation, the cross slip of perfect screw dislocation is more

important than the behavior of edge dislocations, for the unrecoverable jogs it

forms. It has been pointed out that hydrogen atom influence the cross slip of

perfect screw dislocation in FCC mainly by screening interaction of two edge

partials, but the theory can not be applied to BCC metal directly due to there

is no partial dislocations. By comparing the accumulation of H around a screw

and an edge dislocation, one can find that the segregation of H atom takes place

only below the glide plane of an edge dislocation but all around a screw disloca-

tion, roughly the screw can bind twice as many H atoms as an edge dislocation.

Although the elastic interaction energy away from the screw dislocation core is

much less than the case of edge dislocation, increase of local H concentration

could magnify the H-screw interactions and influence the mechanical property of

BCC metals. Combing the DFT calculation with the repeated transients tests for

H-charged α-iron, it indicates that significant hydrogen enhanced plasticity can

be observed with relative high H concentrations. In those cases, the H-screw in-

teraction should be considered, and it is possible to lead for a new understanding

of hydrogen embrittlement in BCC iron.

7.5 Hydrogen altered dislocation core structures

In the HELP mode the screw-H interaction is ruled out due to a assumption of

isotropic strain field for H atoms. This assumption have no problem with FCC

metals, as argued in the DFT calculation part of this dissertation, due to the

anisotropic strain field of H atoms in BCC metals, the screw dislocation and hy-

drogen interaction is possible. From our stress relaxation texts, this interaction

could be a short-range type, and the core dislocation structure may dominate
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the hydrogen effect in BCC metal. In order to provide this point, the empiri-

cal embedded-atom method potentials is employed in this dissertation and the

evolution of edge and crew dislocation core structure is calculated at different

hydrogen concentrations.

With hydrogen, the core energy and Peierls potential decreases for all disloca-

tions. The edge dislocation mobility is increased by formation of a broaden-core

structure. A quasi-split core structure is observed for screw dislocation with

hydrogen, this core structure have potential energy only 0.5 meV higher than

the stable easy-core structure but much lower than the hydrogen free split-core.

For the formation of such core structure, the screw Peierls barrier changes from

camel-hump to single-hump type. Unlike the edge-H interaction, the shear mod-

ulus of screw dislocation system is unchanged, and it indicates that the change

of core structure in short range is the main reason for the decrease of Peierls

potential. Hydrogen influence the screw dislocation motion in BCC iron not due

to the change of elastic constants, but the change of core structure.

7.6 Recommendations for the future work

The problem of H-dislocation interactions is much complicated, it is not possible

to explain the the hydrogen embrittlement with one theory model. While this

dissertation has answered the research questions related to hydrogen-dislocation

interactions posed in Chapter 1, further research questions also arise from this

better understanding. Some potential research areas are as follows:

1. Organised dislocation effect on the mechanical properties. In this

dissertation, tangled dislocation is found to impeding the further movement

of mobile dislocations, though all dislocations become to move in a high

velocity with high enough hydrogen concentration. This change process

could be investigated by in situ TEM or MD simulation, and the hydrogen

embrittlement may be controllable by producing center dislocation structure

in metals. The organised dislocation structures also observed in ferritic

alloys, which may have strong connection to the fracture model of hydrogen

embrittlement.
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2. Mechanism for the formation of intergranular fracture. The cell

structures observed under surface of iron intergranular fracture have com-

monalities to the small size grain boundaries in fine grain metals. It is

possible that such structures can arrest the dislocation emitting from the

crack tip, and force the crack to propagate along grain boundaries. This

research have potential for understanding the connection between fracture

surface and the dislocation structure just beneath it.

3. Methods for mitigating hydrogen effects need to be determined

and validated. Connecting with the mechanical properties, those methods

could pay attention to the grain size, microstructure, surface treatments,

new alloys, coatings, liners etc..

4. Dislocation core structure change by different interstitial atoms.

As emphasised in this dissertation, the core structure variation must be

verified by more accurate calculations and observations. A detail study on

interstitial atom effect in BCC metal by using DFT can give us a deep un-

derstanding to the solute effect in different materials. Advances in electron

microscopes (TEM, HRTEM and STEM, etc.) offer an exciting opportunity

in this point.

5. What makes hydrogen so special? This is a question cannot be an-

swered if we do not research the hydrogen effect for a wide range of ma-

terials. And also the similar study may be made to different interstitials,

interstitial clusters, and even interstitial-vacancy clusters. The binding-

energy, electron structure, and Griffith potency could be listed.
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