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Abstract

Abstract

Nucleation and formation of hydride precipitates are important factors on limiting the lifetime
of Ti alloys. In this work, the hydride phase transformation in commercial pure titanium is

thoroughly investigated by experimental and theoretically crystallographic method.

The two dominant orientation relationships (ORs) of hydride transformation by the method of
electrolytic hydrogen charging are {0001} /{001} <1210>//<110> with interface plane of
{1010}//{110} (OR1) and {0001}//{111} <1210>//<110> with interface plane of {1013}//{110}
(OR2). The grain orientations of {1010} or {1013} interface planes parallel to the diffusion surface
are most favorable for OR1 and OR2 hydride transition, respectively. The hydride variants with
interface plane parallel to the diffusion surface is preferentially selected because of the highest
capacity for strain accommodation. The c-axis or a-axis parallel to the diffusion direction are

unfavorable orientations, due to the complicated interactions between different hydride variants.

The multi-dimensional microstructures of hydride layer were characterized to investigate the
accommodation mechanisms for hydride transformation. Plastic accommodation behaviors are
necessary inside hydride layer. Both {1012} extension and {1122} contraction twins are induced
at the interface of OR2 hydride platelets. The selected twin variant has the highest accommodation
capacity for local distortion of hydride nucleation. The {1012} twins are transformed into {1011}
twins in order to the further growth of hydride platelet. Hydride microstructure on the cross section
of hydride layer were observed for the first time, the interactions of different hydride variants relax
the anisotropic misfit strain inside hydride layer. The intergranular hydride pair is another
accommodation behavior during hydrogenation, which prefer to be formed at the grain boundary

with both low angle (< 30°) and high angle (75°< 6c¢ < 85°) boundaries.

The mechanical property of titanium surface changed by hydrogen charging was investigated
by nanoindentation tests and tensile deformation tests. After hydrogenation, the nanohardness
increases while elastic modulus decreases due to the formation of hydride precipitation. The
orientation dependent hardness of d-hydride formed after 168 h charging is less sensitive than that
of a-Ti. The average Hir value of 8-hydride is 3.8 + 0.3 GPa, which is higher than titanium matrix
(2.8 = 0.3 GPa) showing the hard nature of hydride phase. During tensile deformation, hydride

layer shows a poor deformability, but the interactions between dislocations and twins occur for
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Abstract

OR2 hydride platelets: the transmissions of prismatic slips into hydride precipitations and the

hindering of hydrides on the growth and thickening of {1012} tension twins.

Keywords: Titanium; Hydride; Variant selection; Accommodation; Mechanical property;
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Résume

Résumé

La nucléation et la formation d'hydrures jouent un réle important sur la durée de vie des alliages
de Ti. Dans ce travail, la transformation d’hydrure en fonction de 1’orientation cristalline dans le

titane commercial pur est étudiée expérimentalement et théoriquement.

Les deux relations d'orientation dominantes (OR) de la transformation des hydrures obtenus par
une méthode de chargement électrolytique de I'hydrogéne sont {0001} // {001} <1210>// <110>
avec le plan d’interface (OR1) et {0001} // {111} <1210>// <110> avec le plan d’interface de
{1013} // {110} (OR2). Les orientations des grains avec des plans d'interface {1010} ou {1013}
parall¢les a la surface de diffusion sont les plus favorables a la formation des hydrures ayant les
OR1 et OR2, respectivement. Les variants d'hydrure avec un plan d'interface paralléle a la surface
de diffusion sont choisis préférentiellement en raison de leur plus grande capacité d'adaptation a la
déformation. L'axe ¢ ou l'axe a parallele a la direction de diffusion sont des orientations

défavorables, en raison des interactions complexes entre les différents variants des hydrures.

Les microstructures de la couche d'hydrure ont été caractérisées afin d'étudier les mécanismes
d'accommodation lors de la transformation des hydrures. Des mécanismes d'accommodation
plastique sont nécessaires a l'intérieur de la couche d'hydrure. Des macles d'extension {1012} et de
contraction {1122} sont induits a l'interface des platelets d'hydrure OR2. Le variant de macle
sélectionnée a la plus grande capacité d'accommodation de la distorsion locale lors de la nucléation
des hydrures. Les macles {1012} sont transformées en macles {1011} afin de poursuivre la
croissance des platelets d'hydrure. La microstructure des hydrures dans la section transversale de
la couche d'hydrure a été observée. Les interactions des différentes variants d'hydrure relaxent la
déformation anisotrope a l'intérieur de la couche. La paire d'hydrures intergranulaires est un autre
comportement d'accommodation pendant I'hydrogénation. Ce mécanisme se forme sur des joints a

faible désorientation (< 30°) et a forte désorientation (75°< ¢ < 85°).

Les propriétés mécaniques de la surface du titane modifiée par le chargement en hydrogene a
été étudiée par nanoindentation et en traction. Apres I'hydrogénation, la dureté augmente tandis
que le module élastique diminue en raison de la formation d'hydrures. La dureté dépendant de
l'orientation de I'hydrure 8- formé aprés 168 h de charge est moins sensible que celle de a-Ti. La
valeur HIT moyenne de I'hydrure 6 est de 3.8 = 0.3 GPa, ce qui est supérieur a la matrice de titane

(2.8 = 0.3 GPa). L’hydrure est plus dur que la matrice. En traction, la couche d'hydrure est peu

IX



Résume

déformable. Des interactions entre les dislocations et les macles se produisent pour les platelets
OR2. On observe que du glissement prismatique traverse les hydrures et que les hydrures limitent

la croissance et I’¢largissement des macles de tension {1012}.

Mots-clés: Titane ; Hydrure ; Sélection de variant ; Accommodation ; Propriétés mécanique
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1.1 Hexagonal closed packed structure

The hexagonal closed packed (HCP) crystal structure is a common close packed structure,
shown in Fig.1.1. The hexagonal structure of alternating layers is shifted, so its atoms are aligned
to the gaps of the adjacent layer. The closest arrangement of atoms in an atom plane forms a regular
hexagon around a central atom. The middle layer has three atoms nestle in the triangular "grooves"
of the top and bottom plane. The lattice parameters for the hexagonal system can be presented by

{a, a, c, 90°, 90°, 120°}. In an ideal hexagonal close-packed structure, the axial ratio y = c/a is

equal to v8/3 =~ 1.633.

The HCP structure is very common for elemental metals and some examples include Zirconium,
Titanium, Magnesium, Zinc, etc. They have a lot of industry applications. Due to high specific
strength, high corrosion resistance and high biocompatibility, titanium alloys are widely used in
aerospace, marine, chemical engineering and biomedicine industries. Zirconium alloys are famous

in the nuclear industry because of high resistance to waterside corrosion and a low absorption cross
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section for thermal neutrons; Magnesium alloys are widely used in automobile, aerospace, and
computer industries due to their low density, desirable mechanical property and thermal
conductivity. The main uses of zinc alloys are galvanizing steel for corrosion protection and die
castings owning to their lower melting point. The mechanical properties of these material (hardness,
strength, ductility, etc.) are sensitive to different material microstructures (grain size, morphology,
orientation, alloy content, etc.) and working conditions (strain rate, temperature, stress level, etc.).

The improvement of mechanical property is an ongoing and long-term issue.

HCP  Axial ratio c/a
Ti 1.586
Zr 1.594
Mg 1.626
Zn 1.856

Fig. 1.1 Schematic of a reduced sphere unit cell of HCP structure.
1.1.1 Deformation modes
1.1.1.1 Slip

There are five common slip modes in HCP structure materials, as shown in Table 1.1. The
corresponding Taylor axes are obtained from the reference [1]. The limited slip systems have a
large difference in their critical resolved shear stress (CRSS) [2], thus yielding anisotropy is more
severe in HCP structure metals than in cubic structure metals. The most common slip systems in
HCP material at room temperature are basal <a> slip and prismatic <a> slip [2,3], see Fig. 1.2.
Yoo and Wei [4] calculated the relative ease of gliding (CRSS value) by the method of anisotropic
elasticity theory of dislocations, which explains the choice of prevailing slip systems in some HCP
materials. The dominating prismatic <a> slip in Ti and Zr alloys, the basal <a> slip in Mg and the
second-order pyramidal slip in Zn alloys always have lower CRSS. However, the lower CRSS is
not the decisive factor for the selection of dominating deformation mode. The actual stimulation
of slip system is governed by the combination of the Schmid factor (SF) and CRSS (i.e., activation
stress=CRSS/SF) [5-7]. The SF is the ratio of the applied stress to the component of shear stress

on the corresponding slip system [8], which is calculated by the angle relationship between the
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loading direction and crystal orientation. Therefore, in addition to CRSS, both the loading direction

and crystal orientation play important roles on the activation of different slip systems.

Table 1.1 Slip mode of HCP structure and corresponding Taylor axes.

Slip mode Slip type Notation Variant number Taylor axis
{0001} <1210> Basal <a> B <a> 3 <1100>
{1010} <1210> Prismatic <a> P <a> 3 <0001>
{1011} <1210> Pyramidal <a> T <a> 6 <1012>
{1011} <1123> Pyramidal-I <c+a> i <ct+a> 12 <81353>
{1122} <1123> Pyramidal-II <c+a > o <ct+a> 6 <1100>

Normally, the initial yield of HCP material is attributed to slip modes. A huge amount of work
has been done on the effect of slip on strain accommodation and deformation texture evolution.
Many methods were proposed to accurately identify the active slip systems. By transmission
electron microscopy (TEM) technique, both the type (screw, edge or mixed) and the Burgers vector,
b, can be determined via the simple g-b = 0 invisibility criterion [9], where g is diffraction vector.
The in situ TEM is uniquely capable to investigate complex dislocation reactions, while only a few
grains can be processed using this method because of the complexity of sample preparation and

small sample volume.

(a) c (b)

’

a

B<a> P<a> m<a> & m <c+ta> m,<cta>
Fig. 1.2 Main slip systems in HCP materials.

Electron Backscatter Diffraction (EBSD) based slip trace analysis is another technique to
determine the active slip modes [10]. Slip planes can be identified by comparison between the
angle of the slip trace at the sample surface and the one computed from the Euler angles of the
grain. Recently, this method was also used on the strain maps obtained by high resolution digital
image correlation [11]. Sometimes, more than one slip systems have similar slip trace angles to the

experimental one and thus this method cannot differentiate the slip systems sharing the identical
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slip plane with different slip directions. In this case, the second criteria of CRSS-SF is also required
for the slip system determination. Sometimes, the constraint of SF is not enough, because the
loading direction used to calculate SF within individual grain was assumed identical with the
nominal applied stress. A method was proposed to supplement the existing analysis, that is, relative
displacement ratio analysis [12]. This approach can increase the confidence by the combination of
both experimentally-measured and theoretically-calculated relative displacement ratios obtained

by digital image correlation and EBSD measurements, respectively.

The limited number of processed grains and the existing calculation error of the above
approaches may introduce an uncertainty in drawing general conclusion on how individual grains
with different orientations in polycrystalline material response to mechanical loading. For this
purpose, an experimental technique was introduced to determine the dominant slip systems for
individual grain or a large number of deformed grains [1]. The slip induced lattice rotation axis can
be expressed by the Taylor axis, which is lying in the slip plane and perpendicular to the slip
direction,

T=nxb (1-1)
where T, n and b are Taylor axis, slip plane normal, and slip direction, respectively. The Taylor
axes of slip systems are given in Table 1.1. The dominant slip mode in a deformed grain can be
determined by matching the experimentally obtained intragranular misorientation axis (IGMA)
distribution from EBSD measurement to the Taylor axis of a known slip system. The limited

angular resolution of the EBSD analysis needs to be treated with caution in this technique.
1.1.1.2 Twinning

Due to the limited slip systems in some crystalline structures, twinning is an important
deformation mechanism to allow arbitrary shape changes of a grain, which is usually necessary to
maintain polycrystalline compatibility. A deformation twin is produced by a homogeneous simple
shear of lattice. The schematic diagram of twinning is illustrated in Fig. 1.3, the twin frame is set
up by: twinning shear direction (SD), normal of twin habit plane (HPN) and normal of shear plane
(SPN). Twinning shear happens on the twinning plane (invariant plane, K;) along the twinning
direction #,. The second undistorted plane is K;, it rotates to K, in the twin. 1, is the conjugate

twinning direction which becomes 11; after twinning. The twinning directions of different HCP

materials are dependent on the corresponding axial ratio c/a [13]. For an example, the {1012} twin
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in HCP materials with ¢/a > 1.633 is extension twin with shear direction along <1011>, but it is a

compression twin along <1011> in the c/a < 1.633 material.

HPN 7,

Fig. 1.3 Schematic of four twinning elements [14].

(a) (b)

{1121}

........

N £
a
[2110]

Fig. 1.4 Six twinning systems in a-titanium: (a) {1011} twinning plane in yellow, {1012} twinning plane in light blue

and {1013} twinning plane in red. (b) {1121} twinning plane in purple, {1122} twinning plane in green and {1124}
twinning plane in pink [15].

There exist six common twinning systems in HCP materials [15]. Fig. 1.4 illustrates the
classification of the six twin modes into two groups according to the zone axes, <1120> zone axis

(Fig. 1.4a) and <1010> zone axis (Fig. 1.4b). Extension twins can be easily activated when c-axis
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is parallel to tensile direction or perpendicular to compression direction, while compression twins
occur when c-axis parallel to compression direction or perpendicular to tensile direction. Five main
twinning modes in o-titanium are shown in Table 1.2. In deformed o-titanium, {1012}<1011>
extension twinning and {1122}<1123> compression twinning are commonly observed at room
temperature [16]. The fractions of {1121}<1126> and {1124}<2243> increase when titanium is

deformed at high strain rate [17]. However, the {1011}<1012> are rarely observed in titanium.

Table 1.2 Common twinning systems in a-Titanium

Tyvpe Notation K K Misorientation Misorientation

P (i=1...6) 1 g 2 T axis angle

c! {1122y <1123> (1124}  <2243> <1100> ~64°

Compression (1071} <10T2> {1013} <3032> <T2T0> ~57°
twinning

cl (1124}  <2243> (1122}  <I1123> <1100> ~77°

Extension T! (1012}  <I011> (1012} <10T1> <1210> ~85°

twinning T! (1121}  <1126> {0001}  <1120> <1100> ~35°

When a load is applied on polycrystalline material, the inhomogeneity of local stress is
enhanced due to the different shapes and orientations of individual grains. Twinning nucleation can
be induced by both external and local stress and thus can significantly influence the microstructure
evolution and flow stress during deformation, which further affects the mechanical property. A lot
of studies have been carried out on the twin variant selection. The SF is a conveniently criterion,
which is effective on the general variant activation of twin [18,19], as shown in Fig. 1.5. Under

uniaxial stress,
SF = cos(H)cos(4) (1-2)

where 0 is the angle between twinning plane normal (HPN) and loading direction, and 4 is the
angle between shear direction (SD) and loading direction. The generalized Schmid factor (GSF)

can be used under multi-axial loading states.

GSF=d (G " 6:G)'n (1-3)

where d is shear direction, n is twinning plane normal, ¢ is normalized stress tensor and G is the
orientation matrix obtained by Euler angle. The variant with the highest SF is preferentially

activated.
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Loading direction
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7

Fig. 1.5 Schematic of Schmid factor calculation method

During mechanical loading, the first formed twinning cuts across the equiaxed grain into thin,
uniform pieces, and the change of grain shape and size influences the further twinning in the
produced grain pieces. Schuman et al. [20,21] proposed a criterion to explain the variant activation
of primary twin, which considered the change of grain size by the first formed twin via the Hall-
Petch type relation. This criterion was verified in rolled CP-Ti to 10% reduction [22], and it could

accurately predict the activation of primary twinning.

Furthermore, due to the local stress concentration, low SF or anomalous twinning usually
occurs. The displacement gradient accommodation (DGA) criterion was also widely used in recent
decades to explain the local accommodation of twin-dislocation or twin-twin interaction. The
original DGA criterion was proposed by Martin et al. [23] to explain the strong variant selection
during double twinning in tensile deformed Mg—3.4%A1-0.33%Mn with the combination of SF
criterion. They found that the preferred secondary twins do not always obey the SF criterion, while
they always have a better compatibility on primary twin by transforming the displacement gradient
tensors of secondary twins into the reference frame of primary twin. This method was further used
to explore the twinning accommodated by slip systems in neighbor grain through rotating the
twinning displacement gradient tensor into the crystal reference frame of neighboring grain [24].
The contraction twins in stretched AM30 and AZ31 magnesium alloys with lower SF are activated
when they can be easily accommodated by basal slip or extension twin (favorable accommodation
modes in Mg), while the twins need accommodation from difficult deformation systems, such as
prismatic slip, are restricted. The accommodation effect was also explored in tensile CP-Ti by
Wang et al. [25]: it was shown that the twins with high SF and that deformation accommodated by

twins in neighbor grains have higher capacity to propagate, whereas the ones accommodated by
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dislocations are difficult to grow up. Xu et al. [16] also used DGA criterion to explore the twin-
twin interaction inside grain, and they demonstrated that {1012} extension twin can be stimulated

to accommodate the twin-twin junction of two primary {1121} twins.

In addition to the constraint of SF and DGA criterions, for the analysis of double twin
mechanism, the dislocation reaction principle was developed from Beyerlein et al. [26]. The model
considered that the dominant two types of double twin variants can nucleate by a dissociation
reaction of basal <a> slip and only one type double twin is energetic favorable. For the rarely
formed double twin variants, both the dissociations of mixed <c+a> pyramidal slip and dislocation
climb are necessary, which are more difficult than the dissociation of basal slip. Besides the
unfavorable energy factor, the nucleation and motion of <c+a> slip in Mg are much more difficult
than basal <a> slip. Xu et al. [15] systematically studied the variant selection of four types of
double twin (co-family: {1122} —{1121} and {1121}— {1124}, non-family: {1122} — {1012}
and {1124} —{1012}) in compressed CP-Ti sheet by the combination of SF, DGA and nucleation
via dislocation dissociation (NDD). Both the DGA and NDD can predict the only one prevailed
secondary twin variant in co-family double twin. For non-family double twin, the DGA and NDD
are used to obtain the prevailed group of secondary twin variants, the SF is needed to further

determine the most preferred variant.
1.1.1.3 Kinking

Compared with slip and twining, “deformation kinking” is a less common deformation mode,
but important for materials showing strong plastic anisotropy, such as Zn [27,28], Mg/LPSO two-
phase alloys [29,30], where LPSO phase is a long-period stacking ordered phase in Mg alloy. Hess
and Barrett [27] first proposed a dislocation-based model to explain kink band formation, as shown
in Fig. 1.6a. In this model, cooperative operation followed by arrangement of basal dislocations to
align perpendicular to the slip plane were believed to be the basic process to form the deformation
kink boundary. For HCP phase, the deformation kink band boundary was mainly constructed by
the array of basal dislocations [28,31]. In LPSO phase, the kink band can be classified into three
types according to Taylor axes: <1100> or <0110> rotation type, <0001> rotation type and
<1210> rotation type, which are produced by basal <a> slip, prismatic <a> sip and a combination

of two basal slip variants, respectively [32].
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Fig. 1.6 (a) Model of deformation kink band formed in the Zn single crystal [27]. (b) Schematic on the crystal rotation

basal
dislocations
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angle (misorientation angle) and crystal rotation axis of kink band.

The kink band in HCP material induced by basal slip with the misorientation axis focus on
<1010> is illustrated in Fig. 1.6b. The rotation axis can be determined through intragranular
misorientation axis (IGMA) analysis of EBSD measurement and the askew rotation axis from
Taylor axis <1010> due to the other slip systems activated near the kink band. The rotation angle
A¢ is between the basal planes of kink band and matrix, which is related to the dislocation density
and the dislocation wall thickness [32]. The habit plane {121k} of each type kink band is rotated
from {1210} around <1010> axis, the value k varies with the rotation angle A¢. The angle between

{1210} and {121k} is equal to the Ag/2.

Furthermore, kink bands play an important role on the twin nucleation. Wang et al. [33] found
that, in binary Mg-Y alloy, {1012} twin nucleation was almost concomitant with the kink
propagation through a mechanism of basal dislocation dissociation. Some researchers have argued
that {1121} twin can be regarded as “geometry-fixed deformation kink band” [34]. Jin et al. [31]
studied twinning behavior and kinking behavior in CP-Ti under dynamic plastic deformation at
room temperature. They proposed that {1121} twin is formed by a gradual increased

misorientation angle of kink band boundary through accumulative basal dislocations.
1.1.2 Solute effect on plastic deformation

There are two types of interstitial sites for solute atoms in HCP structure, octahedral (O) and
tetrahedral (T) sites, as shown in Fig. 1.7. Based on the solubility and lattice parameter change,
Ehrlich et al. [35] suggested that oxygen atoms occupy O sites in titanium. Due to the limit of

solubility, only one half of these sites are occupied. Inelastic neutron scattering measurements have
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been used to determine the hydrogen site occupied in a-Zr and a-Ti, the result shows that hydrogens
are located in T sites [36]. With the framework of the density functional theory, H occupancy is
confirmed in T interstitial in Zr at low temperature [37]. Although the O site is unfavorable for H
atoms, it also plays an important role for the H atom diffusion. Both jumps between adjacent T and
O sites in the basal plane and between O sites along the c-axis were observed. Besides, the H atoms
can share the bonds of Zr atom and lead to a local softening of the bond between these Zr atoms

and the surrounding bulk, which may change the cohesion property of Zr.

(b)

ay3/22-F—

@ Metal atoms @ Metal atoms

@ Octahedral interstices @ Tetrahedral interstices
Fig. 1.7 Interstitial sites in HCP lattice. (a) Octahedral site. (b) Tetrahedral sites.

Hydrogen embrittlement is strongly related to the interaction of hydrogen with specific
plasticity mechanisms in HCP material under applied loading. In a-Ti and a-Zr, the principal slip
mode is prismatic <a> slip, and secondary slip systems include <a> dislocation gliding in basal
plane and in first order pyramidal {1011}, plus <c+a> dislocation in second order pyramidal
{1122}. The <a> screw dislocations can control the activity of <a> slip systems, and thus play an
especial role on the ductility and work hardening in a-Ti and a-Zr [38]. The addition of oxygen
and hydrogen atoms or their interactions with dislocation core affects the dislocation mobility, and

therefore the mechanical property of material [39].

Oxygen atoms effect on the plastic behavior of Ti and Zr alloys has been widely researched and
can be regarded as a reference to understand the effect of hydrogen solutes. Churchman [40]
investigated the influence of titanium purity on the slip modes during tensile deformation. The

combined oxygen and nitrogen contents of two group single crystals were 0.01 wt.% and 0.1 wt. %,
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respectively. The principle prismatic <a> slips and a few basal <a> slips were observed in 0.01
wt.% group and all types of <a> slip in prismatic, basal and pyramidal planes happen in 0.1 wt. %
samples. The significantly increased critical resolved shear stress (CRSS) for basal and prismatic
slip show stronger restriction produced by oxygen content (especially prismatic slip) than
pyramidal one.

()] Edge dislocation core

>
o

-

%
4 Ti20 3W1% O 0

Fig. 1.8 TEM image of oxygen atoms at octahedral sites and their effect on the dislocation cores in Ti. (a) High-angle
annular dark-field scanning (HAADF)-STEM image of an edge dislocation core in 0.1 wt % O sample with zone axis
of [2110]. The higher-magnification HAADF-STEM (top) and the corresponding bright-field STEM image (bottom)
are shown at right. (b) HAADF-STEM image of a screw dislocation core in Ti-0.1 wt % O (left) and Ti-0.3 wt % O
(right) with beam direction along [1120]. The in-plane displacement vectors are plotted where each blue vector
represents the actual physical displacement of Ti atoms. The black arrows point to the oxygen atom columns in the
screw dislocation core [41].

Ti and Zr alloys are mainly deformed by the prismatic <a> slip, the edge dislocations are
usually with a planar structure and have a greater mobility than screw ones [42]. The gliding motion
of screw dislocations is different in T1 and Zr. In Ti alloys [43], the jerky glide follows a non-planar
structure with a locking-unlocking mechanism, where the locked period means a slow and limited
glide in pyramidal plane and the unlocked period shows a rapid and extended glide in prismatic
plane. By contrast, the prismatic gliding core is the most stable in Zr and leads to a rapid motion.
Yu et al. [41] explored the oxygen strengthening mechanism by the interaction between oxygen
and the core of screw dislocation using titanium samples with oxygen content of 0.1, 0.2 and 0.3
wt.%. Both the core structure of “near-edge” and screw prismatic dislocations were observed. The
“near-edge” dislocations always included both <a> and <¢> components (shown in the Burgers
circuit in green in Fig. 1.8a), the oxygen atoms occupied octahedral sites of dislocation core and
were nearly unchanged with the increase of oxygen content. In Fig. 1.8b, the in-plane displacement

field projection of screw core in the 0.1 wt.% sample significantly reduced in 0.3 wt.% sample and
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the oxygen interstitials were observed close to the screw core of 0.3 wt.% sample. Due to the similar
core of edge dislocation in sample with different oxygen content, the mechanical property
influenced by oxygen solutes was mainly related to the interaction between oxygen atoms and

screw dislocations.

(a) ) Ti-0.1wt%O Ti-0.2 wt% O
IS T ET—
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Ti-0.3wt%0 NP

3.5 F » {
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1 1 o |
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Displacement (nm)

Fig. 1.9 In situ TEM nanocompression tests of Ti with 0.1, 0.2, and 0.3 wt % O, respectively. (a) The engineering
stress-displacement curves of pillar compression tests at different oxygen concentrations with the loading direction
along [0110]. (b) Corresponding TEM images of the pillars before and after compression with g vector along [0110].
The 0.1 wt % O and 0.3 wt % O samples were tested under bright-field TEM mode, whereas this 0.2 wt % O sample
was tested under dark-field mode [41].

Mechanical behavior was explored by in situ TEM nanocompression performed on the pillars
with different oxygen contents [41] (Fig. 1.9a). Both yield strength and durability were increased
in the sample with higher oxygen content. Besides, in Fig. 1.9b, during the compression on pillars
with 0.1 wt.% O, obvious localized shear was observed. In the 0.3 wt.% O pillars, complex
dislocation network happened and the deformation was almost homogeneous. These results were
attributed to the increased interaction of oxygen-screw dislocation as the oxygen content was raised.
Two effect mechanisms were proposed on the interaction of screw dislocation and oxygen
interstitial. First, after the passage of a screw slip, the shear significantly decreases the volume of
octahedral site, after that, oxygen atoms were squeezed out of the interstitial sites and stucked into
a basal plane site. Second, the cross slip of screw dislocation can be produced by the effected
oxygen atoms near the dislocation core, which further led to the dislocation pinning thus eventually

finally the strengthening of material.
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Due to the low solubility of hydrogen in Ti and Zr alloys, the research of hydrogen effect on
the mechanical behavior is limit. The interaction of hydrogen and plane defects in Zr was
investigated by ab initio calculation based on density functional theory [44]. The result shows that
hydrogen atoms can reduce stacking fault energies and enhancing the spreading of intrinsic
dislocation core in the prismatic plane, and consequently hinders cross-slip. But no experiment
observation can be used to verify these calculation results. By a repulsive effect, the presence of
hydrogen on the tetrahedral sites near the dislocation core can be inferred to decrease the oxygen
atoms on the octahedral sites, which would reduce the oxygen effect on dislocation gliding. Besides,
according to the effect mechanism of oxygen, it can be inferred that hydrogen interstitials also

produce a barrier opposing the dislocation motion and thus improving the yield strength of material.
1.2 Hydrogen damage

In practice, engineering materials, such as steel, aluminium, titanium, and zirconium, are
usually exposed to hydrogen and they may interact with it resulting in various kinds of structural
damage. Hydrogen embrittlement, hydrogen attack, cracking due to precipitation of internal
hydrogen, hydrogen induced blistering and cracking due to hydride formation are some hydrogen
induced damage to metals and alloys [45]. There are many mechanisms responsible for hydrogen
damage in material, such as hydrogen enhanced decohesion mechanism, hydrogen enhanced local
plasticity, hydrogen assisted micro-void coalescence and hydride formation [46—52]. The initiation

of hydrogen induced degradation and embrittlement is the combination of these mechanisms.
1.2.1 Practical cases

A most common effect of hydrogen in high strength material such as steels are known as
hydrogen embrittlement [53—55]. Hydrogen embrittlement is a phenomenon that makes steel brittle
where hydrogen gases get trapped in the interior of the liquid metal during the solidification process
and penetrate the interior of the base material causing decohesion and/or the generation of crack
[56]. Hydrogen can also enter into material during processes like electroplating, cathodic charging
and welding. The strength of a material can be reduced significantly by introduction of hydrogen

atom. Simultaneously, decreased ductility of a material makes it brittle.

Austenitic stainless steel has widely used in high-pressure hydrogen applications, such as
pipelines and valves, for fuel cell storage systems or hydrogen refueling stations because they are

less susceptible to hydrogen embrittlement. But after a period of time, embrittlement problem still

13



Chapter 1 Literature review

occurs. Cold work hardening by pre-straining is used to improve the mechanical properties of
austenitic stainless steel. All of the initial dislocation and prior martensite by pre-strain and the
dynamic martensite during service are the important factors for hydrogen-induced cracking
affecting hydrogen environment embrittlement [57-59]. Due to the need of environmental
protection and energy saving, the lightweight aluminum alloy becomes the new trend in the field
of high-speed train and automobile [60]. During the welding process, hydrogen source dissolves in
aluminum alloy weld as intermetallic particles and influences the welding consumable quality
[61,62]. The most prominent defect appeared in the weld is H-induced porosity, which deteriorates
the impact property. H atoms can also interact with lattice defects like dislocations, grain boundary,

and inclusions [63], these defects will be the failure initiation when subjected to the impact load.

Zirconium alloys are the most exclusive material for fuel cladding and pressure tubes in high
temperature water cooled reactors. The precipitation of hydride platelet can significantly affect the
ductility of cladding even when they are formed homogeneously and aligned in the circumferential
(in-plane) direction of the cladding tube [64—66]. The hydrogen embrittlement is enhanced by the
stress-reorientation of hydrides or in presence of radial hydrides [67,68]. The delayed hydride
cracking is an important potential mechanism for stress corrosion cracking [69]. The hydrogen
mobile is related to the concentration, stress and temperature gradients in the fuel cladding. By the
hydrogen redistribution and local maxima in hydride precipitate concentrations in the fuel rod,
hydrides may preferentially precipitate in a so-called “hydride rim” near the outer cladding surface
[64,70] or in hydride blisters - if oxide spallation occurs creating a cold spot in the cladding [71,72].
The cladding ductility can be drastically reduced by these two processes of local hydride
aggregation [66,73]. If the hydride reorientation happens under a high hoop stress, the ductility is

reduced more [74].

The embrittlement problem is also serious in hydrogen transportation and storage system
directly exposed to high pressure hydrogen environment. The widely used nuclear technologies
including energy, medical science, manufacture, agriculture and so on brings with high-level
nuclear waste which has extremely long decay time, strong radioactivity and high toxicity [75].
Titanium is considered as a candidate material for high-level nuclear waste container due to its
superior corrosion resistance [76,77]. Although titanium has reasonably resistant to chemical attack,
severe problems can also arise when titanium-based alloys come in contact with hydrogen-

containing environments, where they can pick up large amounts of hydrogen, especially at elevated
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temperatures [78]. Hydrogen embrittlement in titanium occurs by hydrogen absorption near the
crack tip and the precipitation of brittle hydride, thus promoting crack formation in a stress
corrosion cracking process [79,80]. The hydrogen embrittlement mechanisms in Ti alloys are
similar to that in Zr alloys, due to similar HCP structure. Despite a large research effort in
attempting to understand the mechanisms of hydrogen damage, the hydrogen embrittlement
mechanism in hydride forming metals (Zr and Ti) are too complicated and still not completely

understood.
1.2.2 Hydrogen damage mechanism

Hydrogen enhanced decohesion mechanism is a simple mechanism. When hydrogen atoms are
available inside the material, the internal stress gradient drives the diffusion of hydrogen atoms
towards crack tips and results in the decrease of interatomic strength or cohesive strength [47].
Simultaneously, the surface energy is reduced by the decreased cohesive strength and so that
fracture stress is also reduced and cleavage like fracture occurs below its permissible value. The
hydrogen accumulation near crack tips can also decrease the resistance for dislocation motion [81].
The local yield stress drop accelerates the dislocation movement which corresponds to the slip
bands at the crack tips on the fracture surface [82]. The increase of dislocation mobility also leads
to the local plastic deformation inside embrittled material. By fractography examination, there
appears more local plastic deformation with the reduction of macroscopic ductility, but not direct

link is observed between hydrogen enhanced local plasticity and actual embrittlement.

Micro-void coalescence (MVC) is inherently a ductile fracture mechanism [83,84]. The MVC
crack propagation happens in various stages such as void nucleation, void growth, void coalescence
and crack extension. The MVC crack growth happens in a zig-zag pattern by joining of voids in
crack propagation direction. MVC dimple produced by the effect of hydrogen possesses poor
ductility and final fracture occurs due to shear stress. This is called hydrogen assisted micro-void
coalescence. Besides, the previous research on Zr alloy [85] with various hydrogen contents
proposed that the increase in void density with strain is enhanced by the presence of hydrogen, and
the ductility decreases with increasing hydrogen content. The increased number of void nucleation
sites is due to the formation of hydride precipitates, which increase the void nucleation kinetics

[86].
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In some materials with low solubility of hydrogen, such as titanium and zirconium, formation
of hydride usually takes places once the local hydrogen solubility limit is exceeded. The hydride is
a brittle phase, which actually causes the embrittlement of the material. Hydrogen agglomeration
at crack tips with high stress intensities also results in the hydrogen-embrittlement behaviors due
to delayed hydride cracking, which is a subcritical crack growth mechanism and crack propagates
in a discontinuous mode [80,87—89]. A crack growth cycle includes stress-directed diffusion of
hydrogen towards the crack-tip, hydride formation, which subsequently induces cleavage in front
of a growing crack. Regardless of whether the hydride formation is driven by high internal
hydrogen concentration or by stress-gradient driven high hydrogen flux at a crack tip, it leads to
detrimental effects on mechanical properties, such as loss of ductility and sustained load cracking.

Thus, it is significant to develop a more comprehensive understanding of room temperature hydride

formation, and of its influence on the damage evolution mechanisms.
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Fig. 1.10 Binary phase diagrams (a) Ti-H system. (b) Zr-H system [90].

1.3 Hydride phase transformation

Hydrogen atoms in solid solution state can diffuse very fast in Ti and Zr alloys towards the
areas of local stress concentrations, such as crystal defects, precipitates, grain and phase boundaries.
Thus, these areas are the preferential nucleation position for hydride precipitations in order to
reduce the activation energy. When hydrogen concentration surpasses the terminal solubility limit,
hydride nucleation happens and then the hydrogen atoms will be bonded in the interstitial sites of

the crystal lattice. The Ti-H and Zr-H binary phase diagram is shown in Fig. 1.10 [90]. At 300 °C,
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the hydrogen solubility is around 0.15 wt. % in a-Ti and 0.07 wt. % in a-Zr, which rapidly decreases
as the temperature drops. Thus, hydrides are extremely easy to precipitate at room temperature

(especially for Zr) due to the low hydrogen solubility.
1.3.1 Hydride phases and orientation relationships

Various hydride phases were found in titanium at room temperature depending on hydrogen
concentration, metastable y-hydride (TiH, face-centered tetragonal (FCT), c/a > 1), stable 6-
hydride (TiHx, 1.5 <x < 1.99, face-centered cubic (FCC)) and e-hydride (TiH2, FCT, c/a < 1)) [91—
95]. The 6-phase hydride is the most commonly observed hydride phase formed by multi-step
process. Bair et al. [96] proposed that the shape evolution of the 8-hydride is highly dependent on
the intermediate { and y phase, which was explored by a multiphase field model. The vy, 6 and ¢
phase hydrides also happen in Zr alloys [97,98], while the fourth hydride phase &-ZrH, a
metastable hexagonal phase, was first observed in [99] with a trigonal symmetry structure fully

coherent with HCP Zr matrix.

Table 1.3 Four orientation relationships of hydride transition.

Orientation relationship Interface plane
OR1 {0001} //{001}, <1210>//<110> {1010}//{110}
OR2 {0001}//{111} (angle of 4°), <1210>//<110> {1013}//{110}
OR3 {1010} /{111}, <1210>//<110> {0001}//{112}
OR4 {1011}//{001}, <1210>//<110> {1011} //{111}

Four types of orientation relationships (ORs) between HCP matrix and FCT and FCC hydrides
have been reported in [91-94], which are shown in Table 1.3. OR1 and OR2 are most common
orientation relationships. For OR1 transformation {0001} //{001} <1210>//<110> with interface
plane {1010}//{110}, the atoms on basal plane are moved into face-centered arrangement by the
partial dislocation on prismatic plane, and an additional rearrangement of atoms (shuffles) are also
needed for the rearrangement along the {1010} invariant plane normal [100]. The OR2 adopts habit
plane {0001}//{111} <1210>//<110> with interface plane {1013}//{110} accomplished by the
gliding of Shockley partial dislocation on every two (0001) planes to change the stacking sequence
from ...ABABAB... to ...ABCABC... [100]. This transformation is hardly achieved by
mechanical stress, but feasible by the chemical stress produced by the high hydrogen concentration.

OR3 and OR4 are firstly observed in [91] and the transformation mechanisms is not clear.
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1.3.2 Misfit accommodation

Hydride phase transformation is usually associated with large volume expansion (around 15%),
causing high internal stresses [101]. The complicate mechanism of OR1 and OR2 hydride
transformations results in the anisotropic misfit strain which is regarded as the origin of several
important alloy properties decease, such as ductility and toughness [102]. Both the volume
expansion and misfit strain can be accommodated through the effect of crystal defect, grain
boundary, surface relaxation, external loading, etc. Thus, the research on the accommodation
behavior induced by hydride transition is significant on the improvement of the hydrogen

embrittlement.

Dislocations are necessary to accommodate the dilatation misfit between hydrides and the
hexagonal matrix. The OR1 hydride is nucleated via a simple shear mechanism, the internal
twinning is required to against the shear induced rigid body rotation and keep the undistorted
{1010} habit plane [100]. The growth of OR1 hydride were observed via a ledge mechanism [92]
including a shear component along <1210> and the normal dilatation component along <1010>.
Conforto and Caillard [91] proposed that the OR1 transition produces two opposite prismatic loops
along the interface, which contributes to relax the misfit in the <1210> direction. In previous
studies, twinning is rarely observed for the hydride accommodation. Carpenter [103] suggested
that the hydride in OR2 can be formed by the dissociation of the normal 1/3 <1210> dislocations.
Through the examination of strain field surrounding the hydride, the hydride is formed by the
means of hydrogen diffusion plus a shear transformation caused by the glide of 1/3 <1010>
Shockley partial dislocations on alternate basal plane [103]. Around the top and bottom ends of the
hydride precipitate, shear loop dislocations on the basal plane with b = 1/3 <1210> are punched
out and extend in the direction of their Burgers vectors [93]. Besides, up to now, the formation

mechanism of the hydride following OR3 and ORA4 still not clear.

Crystal orientation is also an important factor for hydride transformation in alloys. Hydride
precipitation always appears a platelet-like shape controlled by anisotropy interfacial energy and
elastic energy [104]. For OR2 hydride, although elastic energy of the large shear lattice mismatch
on the basal plane tilts the hydride from the basal plane, the broad interface is still close to (0001)
plane with smallest interface energy. The broad interface of OR1 hydride is {1010} invariant plane

[100]. Furthermore, Long et al. [105] examined the section surface microstructure of a hydride
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blister grown on normal direction (ND) surface of Zircaloy-4 specimen. The grains with basal
normal parallel to ND (blister growth direction) have more hydrides and less residual matrix, which
shows that the crystal orientation with c-axis parallel to ND is favorable for hydride formation.
Both OR1 and OR2 hydride transformations were observed inside the blister. It is found that OR1
hydrides exhibit a larger resistance on nucleation and growth and more frequently occur in the

grains with c-axis away from ND.

Grain boundary (GB) is a preferential site for second-phase nucleation because of the high
energy and the high density of dislocation which can accommodate the large misfit strain of phase
transformation. The physical origins are GB-solute interaction-induced nucleation and GB
relaxation-induced nucleation [ 106]. Wang et al. [ 107] explored the hydride nucleation of Zircaloy-
4 alloy under moderately slow cooling process. They found that most of hydrides are formed at
grain boundaries in the fine grain and higher proportion of intragranular hydrides in the large grain
sample. Silva et al. [108] proposed that hydride precipitation at grain boundary is directional
depending on the different grain misorientation angle. The response of different hydride variants
to the GB nucleation also corresponds to the geometric relationship between GB plane orientation
and hydride growth direction. The effective growth direction of the hydride macro-platelet prefer
to be aligned with the grain boundary plane orientation [109]. Besides, the precipitation of 6-
hydride at grain boundary produces orientation gradient in the adjacent grain, and further results in
the cross-boundary hydride via an auto-catalytic mechanism [107]. The cross-boundary hydride is
preferred at both low-angle and high-angle grain boundary, which is related to grain boundary

energy and the combined effect of collective shear on the slip plane in both grains.

The stress state is another important factor strongly affecting the formation of hydride. Sharma
et al. [110] investigated the stress reorientation of hydride in Zr-2.5%Nb alloy pressure tube, which
is usually used in pressurized heavy-water reactors after cold worked and stress relieved treatment.
Only circumferential hydrides are formed in the pressure tube under unstressed condition. The
reoriented or radial hydride happens when the fuel cladding tubes are cooled from solution state
under tensile stress produced by the temporary storage and internal pressure of fission gas, which
significantly increases the embrittlement in Zr-2.5%Nb alloy along circumferential direction. The
hydride reorientation was also explored in CP-Ti [111]. The randomly orientated hydrides
produced by cathodic hydrogenation followed by a thermal diffusion treatment were shown in Fig.

1.11a. When the tensile load applied during cooling process, the precipitated hydride platelets are
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aligned to perpendicular to tensile axis (Fig. 1.11b). The external stress can decrease the critical
nucleation energy of the grain boundary normal to the stress direction and further induce hydride
nucleation in it [109]. In fact, the macroscopic hydrides are formed by the stacking of the micro
hydride plates. Han et al. [104] proposed a micromechanical phase-field model for the formation
and transition of the 6-hydrides stacking structure in Zr. The results suggested that hydride grows
by repetitive nucleation, growth and coarsening near the pre-existing hydride platelet. The
nucleation driving force is dependent on the elastic interaction energy around the pre-existing
hydride, which can determine the preferred nucleation site and nucleation probability. The applied
stress changes the energetically favored nucleation site and stacked hydride variant type, therefore

transforms the orientation of macro-hydride stacking structure.
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Fig. 1.11 Hydride distribution (a) before and (b) after tensile tests [111].
1.3.3 Hydride enhanced hardening process

With the hardness increase by the generation of hydride precipitation, the material failure
occurs easier due to the decrease of plastic and ductile deformation. The origin of such failure is
attributed to the brittle nature of the hydride, micro-crack or void nucleation by the interaction
between hydride and dislocation at the hydride interface [112]. The internal stress produced by
strain incompatibility between hydride and matrix material is the reason for the hydride enhanced
hardening process. The hardening is dependent on the crystal orientation and the relationship
between slip plane and hydride habit plane; it has been shown that the hardening is more significant
when the slip plane is close to the habit plane of hydride [113]. Sometimes, the effect of hardening
is weakened because hydrides can also experience plastic yielding under certain working
conditions, which was confirmed by Guillot et al. [114] in a-titanium using TEM technique. After
plastic strain, the cross slip and dislocation loops debris were observed inside hydride. Thus,

hydrides cannot always be regarded as a hard phase in a soft matrix. By the method of ab initio
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calculation, Udagawa et al. [112] suggested that {111} plane slip in FCC hydride shows less
resistance to both detachment and slip than that in {001} and {110} planes.

Chen et al. [115] deeply studied the deformation behaviors of y-hydride platelet in CP-Ti with
77 ppm hydrogen during cyclic process. Both OR1 and OR2 y-hydrides were observed under
scanning electron microscopy (SEM) and TEM techniques and OR1 hydrides are easier sheared by
slip band, which is due to the interface structure and the relative orientation of hydride with matrix.
The ORI hydrides were deformed by the crossed slip through the coherent interface (Fig. 1.12).

The equation for slip crossing process can be written as:
Lis LT 1-4
5[1120](10T0)a © 5[110](110)7 + b, (1-4)

b, is a residual partial dislocation left on the interface equal to 1/10 [2310] when ay = 0.420 nm and
aq=0.295 nm. Under the moderate strain maximum 0.25 %, y-hydrides have a good deformability,
especially OR1 hydride, which results in the perfect continuity between hydride and matrix during
deformation. Thus, no void nucleation occurs when the hydride is fragmented and separated by
titanium matrix. However, voids were observed in hydride platelets and increase significantly at

the necked region under monotonic tensile deformation after a large plastic strain [116].

Matrix Hydride
0001y HP  (001)

Fig. 1.12 Schematic illustrations of atomic arrangements in the y-hydride and matrix ORI {0001}a//{001}y

<1210>,//<110>,, HP ={1T00} [115].

The interaction between dislocation and hydride were further investigated by focusing on the
ORI y-hydride precipitation [117]. Two families of <100> slips on (001) plane occur and intersect
with each other in large hydride plate, while in the thin hydride lamella, the activated dislocations
deviate from (001) plane. The dislocation cells are usually observed near a hydride plate

accompanied by hydride bending around [0001] //[001], axis leading to the alignment of slip
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direction during slip crossing process in Fig. 1.12, which reduces the residual dislocation left at
hydride interface and relaxes the strain incompatibility. Besides, hydride dissolution and strain-
induced hydride caused by the hydrogen/hydride-dislocation interactions further result in the shape

change (refinement) and redistribution of hydride precipitation.

The deformation behaviors of OR1 y- and - hydride was investigated during cyclic
deformation and monotonic tensile tests in the titanium with 350, 720 and 930 wt ppm hydrogen
concentration in [118]. When 6 hydride has the similar size with y hydride, they experience the
same slip transfer mechanism, the kink deformation by twinning shear also occurs in both thin vy
and 0 hydride, but can be difficult in the thicker hydride. The & hydrides deformed by slip bands
and twinning processes are shown in Fig. 1.13a and b. Besides, the cleavage usually happens on
{111}, {110}, {100} planes in massive hydride plates, while on {110} transverse plane in thin
precipitation. In the hydride nearly parallel to tensile axis, the cracks are induced by large internal
stress and oriented normal to tensile axis (Fig. 1.13c). Those hydride plates normal to tensile

direction are difficult to be fractured because the inhomogeneous stress can be accommodated by

the residual compressive stress of hydride transformation and slip transfer process at the interface.
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Fig. 1.13 SEM image (a) 6-hydride deformed by slip bands (b) 8-hydride deformed by twinning (¢) cracks normal to

tensile axis in the d-hydride parallel to tensile axis [118].
1.4 Chapter summary

In this chapter, the researches on plastic deformation and hydride transformation in HCP
materials in the last decades were introduced. The formation of brittle hydride in Zr and Ti alloys
is an important factor for hydrogen damage when materials are applied in hydrogen-rich
environment. Thus, it is significant to study the relationship between hydride precipitation, crystal
orientation and plastic deformation to improve the hydrogen embrittlement process. In the next
chapter, the experiment processes and the crystallographic calculation principles used in this work

will be given.
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2.1 Experimental procedures
2.1.1 Material

The as-received material in the present work was hot-rolled and then annealed CP-Ti sheet T40
(ASTM grade 2) with the thickness of 1.5 mm. The composition of material is shown in Table 2.1.
To obtain fully recrystallized microstructure, the sample cut from Ti sheet was sealed in a vacuum
quartz tube to do the heat treatment. The samples with various grain size can be achieved when the
heat treatment was performed under different temperatures and lengths of time. The texture of

annealed sample is split basal texture (see Chapter 3).
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Table 2.1 Chemical composition of CP-Ti T40 sheet

Element H C N o Fe Ti
Composition (wt. ppm) 3 52 41 1062 237 Balance

2.1.2 Hydrogen charging procedure

Hydrogen atoms were introduced into the specimens through concentration gradient by an
electrolytic method [119,120]. A platinum anode of cylindrical shape was used and the specimen
was located in the center of the electrolytic cell as illustrated in Fig. 2.1. The specimens were
charged with hydrogen in an electrolyte consisting of 1/3 volume phosphoric acid (85 wt%) and
2/3 volume glycerin (85 wt%) [121] under an applied current density of 2 kA/m?. A hydride layer
formed on the sample surface when the hydrogens were supersaturated at the surface and then
restrained further inward diffusion of hydrogen [119]. The structure of hydride layer is presented
in Fig. 2.2, and the thickness d of hydride layer is around 7 um (see Fig. 4.8). The hydrogen
concentration was measured by thermal desorption analysis (TDA) at the Welding and Joining
Institute (ISF) of the RWTH Aachen University using the analyzer G8 GALILEO (Bruker,
Billerica, USA).

e
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1/3 phosphoric acid
2/3 glycerin

Electrical cell Acquisition system
Fig. 2.1 Schematic presentation of hydrogen charging system [120].
2.1.3 Polishing preparation

For orientation detection of initial material, the specimens were ground with SiC papers of grits
from 1200” to 2400” manually on a Struers LabPol-21S equipment. After that, electrolytic polishing

was performed at 35 V 5 °C for 5 s using a solution of 10 vol% perchloric acid in methanol with
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Struers LectroPol-3 machine. Leica Stereomicroscope was used to verify the surface quality for

SEM-EBSD analysis.

In order to perform interrupted in-situ microstructural observation before and after hydrogen
charging, the pre-charged surface was ground and electrolytic polished at 35 V 5 °C for 5 s, and
then the hydride layer can be determined directly under EBSD after charging. For the
characterization of hydride precipitates inside the hydride layer, the polishing processes were
carried out pertinently for different regions: Region I close to titanium matrix and Region II near
diffusion surface, as shown in Fig. 2.2. To observe Region I, the pre-charged surface was ground
to 2000 SiC papers, the hydride layer surface was electropolished for 1 s at 30 V. As for Region
II, the pre-charged surface was ground and electrolytic polished at 35 V 5 °C for 5, the
hydrogenated surface was milled by Ar ion beam (Gatan PECS II) with 5kV for 2h. For the
observation of diffusion cross section, the hydrogenated sample were mounted with Struers
Polyfast resin to protect the diffusion layer during the metallographic preparation process. After
ground and chemical-mechanical polished with OPS (Struers), the cross-section surface was

embellished by argon ion polishing using Gatan PECS II apparatus with 5SkV for 2h.

Hydrogen diffusion surface

[ I [
JVL U JVL Region I1
- ¥ Region I
Hydride laver J‘L
Matrix

Fig. 2.2 Illustration of hydride diffusion layer (d: thickness of hydride layer).
2.1.4 Nanoindentation test

Nanoindentation is employed to measure the mechanical property of a-grains before and after
hydrogenation. Compared with conventional hardness test, it provides high spatial resolutions to
place the indents and a real-time load-displacement data while the indentation is in progress, thus
both plastic and elastic deformations of the material can be measured. In this work, nanoindentation
tests were conducted using the nanoindenter NHT> from Anton Paar equipped with a continuous
stiffness measurements modulus and Berkovich tip indenter (142.3°). This nanoindentation tester
is available for the measurement of hardness, elastic modulus, and other surface properties from

the nanometer to the micrometer scale. With the unique top surface referencing technique (a
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reference ring taking the depth reference directly on the specimen surface), an instrumented

indentation measurement can be made immediately without waiting for thermal drift stabilization.

(a) (b)
A /

pl--——————— / Indenter F
Iy

Suxiiace after unloading¢ /

Load, F

/'S = dF/dh

=
Displacement, h b,

Fig. 2.3 (a) Schematic of load-displacement curve of nanoindentation experiment. (b) Definition of the different
penetration depths. (S is unloading stiffness; F,, is maximum applied load; /,, is maximum penetration depth; /4, is
contact depth, A, is the final displacement after unloading).

A typical load-displacement curve is shown in Fig. 2.3a, which is measured dynamically during
a load-unload cycle of indentation test. The area below the loading curve is the work done by
indentation compression. The area between the loading the unloading curves represents the work
done to deform the material permanently (plastic work) and below the unloading curve is elastic
work. Pharr and Bolshakov [122] founded that unloading curves are well described by the

following power-law relationship:

F=F, ( "y )m @-1)

hy-h,,
where F,, is the maximal load and m is fitted (by the least squares) to best adjust the unload curve.
Many experiments performed by Pharr and Bolshakov [122] leaded to an average value for m close
to 1.5 for the Berkovich indenter. The Definition of the different penetration depths during
interaction between indenter and sample surface is shown in Fig. 2.3b, 4, is the final displacement

after complete unloading, 4,, is the maximum depth and /4, is contact depth during loading. The

stiffness S i1s determined by differentiating the equation (2-1).
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dF
5=

-1
@)h—hm = mF,,(hy-h,) (2-2)

The indentation hardness (Hir) is measured by:

Hyy =
IT = 4, (2-3)
where 4, is projected contact area. The reduced modulus £, measured by the instrument is
Vo S
= 5= (2-4)

E, = —
2 /4,
which represents the elastic deformation in both sample and indenter tip. The plane strain modulus

E" of the tested material is calculated using the following equation:

1 1 12
1 +( Vi)
E,

(2-5)

E E
An indenter modulus E; and Poisson’s ratio v; of 1140 GPa and 0.07 were used in accordance with

the properties of diamond tip [123]. Then the indentation modulus (Err) can be calculated from the

plane strain modulus using a hypothetic Poisson's ratio of tested material (v):

E;r=E"x(1-%) (2-6)

It is sometime difficult to estimate the Poisson's ratio (v), even if the influence on the error made
on it is not large. Thus, in this work, the plane strain modulus E” is used to show the modulus of
tested material.

The value of the projected area A4, is needed to calculate both indentation hardness and modulus.
The interaction between indenter tip and sample in Fig. 2.3b shows a typical sink-in effect. In fact,
both pile-up and sink-in effects can be observed in the indentation test, which depends on the
indentation depth and strain hardening coefficient of the target material [124]. In many materials,
the projected contact area (4, calculated from the contact depth, 4.) is a good approximation to the

projected residual print area.

1
Ap(he) = Cohi + Cihe + Col2 + .. (2-7)
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However, the values 4, are significantly different between pile-up and sink-in effects, as shown in
Fig. 2.4a. This is generally of critical concerns in determining hardness of material as pile-up and
sink-in affecting the contact area which is used to calculate the hardness. Before calculating the /4.,
sink-in or pile- up effect need to be determined. The work of N’jock et al. [ 125] proposed a criterion
to identify the pile-up or sink-in deformation behavior during indentation experiments, according
to the methodology of Giannakopoulos and Suresh [126]. After analysis of Vickers or Berkovich
indentation tests on a wide range of materials, the following criterion is established.

hp
— 2-8
e @8)

A=
As A <0.83, sink-in happens, A> 0.83 corresponds to pile-up, while for A = 0.83, none of the modes
is preponderant. The critical value for a similar criterion in the work of Giannakopoulos and Suresh

[126] is around 0.875. The models to calculate indenter contact depth 4. with respective pile-up

and sink-in deformation modes are as follows:
The Oliver and Pharr Model for sink-in case [127]:

F
ho=h -2 2-9
c m e S ( )

To determine the contact depth, it is necessary to deduce the value of &. When ¢ is considered as
fixed, ¢ = 0.72 is for a conical indenter (m = 2), and ¢ = 0.75 for a paraboloid of revolution (m =
1.5). The value ¢ can also be expressed as a function of the exponent of the power law m in equation

(2-1) [122]:

(o)

val (2(;11-1) (’"'1)>/

where I is the factorial (gamma) function. In the case of pile-up (A> 0.83), we use the model of

(2-10)

e=m| 1

Hochstetter et al. [128]:

Fy,
h=a (h -—+h,ip) @2-11)
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where o is a constant function of the material (usually around 1.2) and /. is the Berkovich tip

defect around 60 nm.

(a) (b) g d

pile-up | sink-in

Fig. 2.4 (a) Cross section of pile-up and sink-in deformation. (b) Cross-sectional scheme of 2 indents, with the
definition of geometrical parameters, contact radius a. and plastic radius Ry,

Furthermore, the important parameters for any indentation test, apart from the selection of load
and indenter geometry, is indentation depth and spacing of indents. According to Constantinides et
al. [129], the indentation depth % should be at most 1/10 of the characteristic size of the
microstructure D (e.g.: particle size in a matrix, grain or void diameter...), in order to apply
continuum indentation analysis to heterogeneous systems and to access phase properties. To
characterize thick coatings on a substrate, Rother and Jehn [130] proposed a range of indentation
depths over coating thickness ratios between 1/10 (10%) and 1/7 (14.3%), to avoid the
imperfections of the indenters, the roughness and the surface pollution. Once the maximum
indentation depth is defined, it is required to well define the distance between each indents. The
cross-sectional scheme of two indents is presented in Fig. 2.4b. To avoid overlap of indents, the
distance d between two indents has to be larger than the plastic radius R, below each indent.
Usually, the plastic radius in metals is between 3 and 6 times the contact radius ac, between the
indenter and the sample surface. And finally, the contact radius is roughly estimated to be 3.5 times
the indentation depth % in the case of Berkovich indentation. According to all of the above, to obtain
accurate results for a Berkovich indenter, indent spacing should be at least 10.5 times the

indentation depth.
2.1.5 Tensile tests

The tensile deformation was performed to investigate the mechanical property of hydride
diffusion layer and the interaction between hydride and plastic modes, such as slip and twinning.
The tensile tests were carried out at room temperature using a DEBEN (Suffolk, UK) machine with

a maximum load cell of 1 kN (see Fig. 2.5a). The measurements were taken under an imposed force
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and with a tensile speed of 200 um/min. Fig. 2.5b shows the gauge dimensions of the tensile sample

with the thickness of 0.5mm, which were designed for the tensile machine. A small pre-load was
typically put on the sample and the slope out of the load train was then used to correct for zero

extension to avoid any compliance issues for the machine.

(b)

O3

4
O
I1

4= hmny

Unit: mm

Fig. 2.5 (a) Illustration of tensile machine. (b) Gauge dimensions of the tensile sample.
2.1.6 Microstructural characterization

Microstructure characterization was performed using a tungsten thermionic emission Jeol-6490
and field emission gun Jeol-6500F SEM. They are equipped with an EBSD detector to provide
crystallographic orientation information of the observed surface and the AZtec acquisition software
package (Oxford Instruments) for data acquisition. Secondary electron imaging and forward
scattered detectors was used to obtain the morphology details. To save the characterization time
and obtain enough information for statistics, Jeol-6490 was used to make EBSD measurements in
large area. Specifically, EBSD patterns were acquired on Jeol-6500F for obtaining more detailed
examination. The HKL Channel 5 software was used to produce orientation image maps and
perform quantitative metallography analysis. Pole figures were processed by using ATEX software

[131].
2.2 Crystallographic calculations
2.2.1 Coordinate transformation

In the present work, there are two phases: hydride (cubic: FCC/FCT) and a-Ti (hexagonal:
HCP), thus only FCC, FCT and HCP phase were involved in the crystallographic calculations.
Before the discussion of coordinate transformation, the different types of coordinate systems used
in HKL Channel 5 acquisition system should be introduced. To obtain the relative crystal

orientation, the orientation image map uses sample surface to define the orthogonal Cartesian
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sample frame (X;-X2-X3), as shown in Fig. 2.6a. On the sample surface, each crystal has
corresponding frame, that is Cartesian crystal coordinate frame (x7-x2-x3). A crystal orientation is
defined as the rotation between crystal and sample coordinate frame. The crystal coordinate frames
corresponding to the Bravais lattice coordinate systems of different crystal structures are presented
in Fig. 2.6b and c. In cubic structure, the Bravais coordinate system is as-bs-cs (a=b=c and
a=L=y=90°) for FCC and a,-b,-c, (a=b#c and a=£=y=90°) for FCT, while the relationship between
crystal and Bravais system is x;//a, x2//b and x3//c. The Bravais coordinate system of HCP structure
1S ar-az-az-cq (a;=a=as#cs, a==90° and y=120°), the relationship with crystal system is x.//az,

x3//cq and x1//(azxcq).

(a) (b) (d) Ca
X3 Crystal frame | i
P4 "*, X, I |
P S ™
g
| W
Sample frame FCT HCP

Fig. 2.6 (a) Relationship between the Cartesian coordinate system for sample frame (X7-X2-X3) and crystal frame (x;-
x2-x3) (b) FCC Bravais lattice basis (as-bs-cs) and crystal coordinate frame (¢) FCT Bravais lattice basis (a,-by-cy) and

crystal coordinate frame (d) HCP Bravais lattice basis (ar-az2-a3-c.) and crystal coordinate frame
2.2.1.1 Bravais < crystal coordinate system

The Bravais coordinate system of FCC structure coincides with crystal system, while the
Bravais and Miller systems of FCT crystal are not orthogonal. To obtain the vector of FCT lattice

in crystal system, the transformation should be done as following,

U, 1 0o O Up
Vol=lo 1 0 [[m (2-12)
wd 1o 0 ¢fallig

The matrix for vector transformed from FCT Miller to crystal system is named by Mcb. But, this
matrix is not suitable for the Miller-crystal system transformation of FCT crystal plane. In FCC
crystal frame, the normal of (H.K_.L.) plane is the same vector as <H_.K_.L.>, but in FCT system
they are different. Thus, to get <H_.K_L_ >, the plane normal of (HzKpLp) needs to be calculated.
For this purpose, reciprocal matric tensor (M") [132] of corresponding lattice structure is

introduced:
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a“a* a" b atc”
M'=1p"a" b"b" b
cat b e
(2-13)
b c? sin’a abc®(cosa cosp-cosy)  ab’c(cosa cosy-cosp)
= — |abc?(cosa cosp-cosy) a*c? sinzﬁ a’bc(cosf cosy-cosa)
ab’c(cosa cosy-cosf)  a’be(cosp cosy-cosa) a®b* siny
V2=a?b*2(1+2c0sa cosf cosy-costa-cos2f-cos?y) (2-14)

where a*, b*, ¢* are three basis vectors of crystal in reciprocal space, a, b, ¢ are lattice parameters,
a, 3, v are lattice angles. The plane normal of (HzKpLy) can be obtained when (HzKpLp) is

multiplied by M", and then <H_.K_.L > can be calculated using the above-mentioned matrix Mep.

Hc HB
[Kc - M- M- KB] (2-15)
Lc LB

The (H.K_L,) is the corresponding plane of (HzK3Lp) transformed from Miller system into crystal

coordinate frame.

As for HCP structure, the Bravais system is not orthogonal and need to be transformed into
orthogonal system during crystallographic calculations. First, the 4-index Miller-Bravais system of

HCP structure (hkil)<uvtw> should be changed into 3-index Miller system (HgKpLp)<UgVp Wp>:

Usl 2 1 0 0]
Ve|={1 2 0 of|Y (2-16)
wel lo o o 1]l
Hgzl 1 0 o o1]”
Kgl=10 1 o0 k 2-17)
zl lo o o 1l

The transformation matrices from 4 index to 3 index are given by Mu3. After transformed into 3-

index system, the <UpVp Wp> vector of HCP Miller system is given in crystal coordinate frame by:

U. V32 0 0 11U
Vel[=1-12 1 0 [| Vs (2-18)
/8 0 0 cy/a,l Wy
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c,/a, is the axial ratio of HCP material and it is equal to 1.587 for Ti. The plane normal of (HzKzLp)

can be obtained by the same method as FCT system.
2.2.1.2 Rotation of crystal coordinate system

The rotation of coordinate system is often involved in crystallographic calculation. The object
itself stays fixed during coordinate rotation, the object can be a vector (1st-rank tensor) such as
crystal direction or force, or a 2st-rank tensor such as stress or strain. For an example, the x;-x2-x3
Cartesian crystal frame is rotated into a-b-c frame. A general method to formulate a transformation

matrix is based on the cosines of the angles between the axes of two coordinate systems:

cos(a, x1) cos(a,x2) cos(a,Xxs3) a; a: as
R = |cos(b,x1) cos(b,x2) cos(b,x3)| = lb; b> bgl (2-19)
cos(c,x7) cos(c,x2) cos(c, x3) cr 2 G

where R is an orthogonal matrix and RT = R'!. In a Cartesian crystal frame, |x;|=|x2|=|x3|=1,
cos(a, x1) is equal to the value of a projection onto x; axis, that is, the x;-component (a;) of a
vector. Thus, in Cartesian crystal system, the coordinate rotation matrix R can also be expressed
by the 9 components of a-b-c. Then, the vector (v) and tensor (T) transformed from Cartesian

crystal frame (x7-x2-x3) to frame (a-b-c) can be obtained by:
v'=Rvand T'=R-T-R’! (2-20)
2.2.1.3 Crystal & sample coordinate system

The crystal orientations measured by EBSD are referred to the fixed sample coordinate frame,
as shown in Fig. 2.7a. A crystal orientation is defined as a triplet rotation from sample frame to
crystal frame, which is usually described with Euler angles introduced by Leonha